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ABSTRACT

The first purpose of this report is to establish the electromagnetic properties

of a land area containing nimerous buried wires, cables, and other subterranean
structures by measuring the deviations produced by these structures in the
electric and magnetic fields from an electric monopole antenna of known charac-
teristics. The second purpose of this report is to determine the currents induced
in the buried conductors and to establish a practical method of predicting these
currents for conductors near the surface of the earth. The portable system
utilized in the experimental work is designed to perform the necessary field
mapping (both CW and impulse) in the 0.5- to 510-kc frequency range. This
system is described and evaluated. Field mapping accuracy is demonstrated to
be 5 percent for magnitude, 5 degrees for phase relative to local vertical electric
field, and 1 degree for the spatial orientation of the fields. A cable current
theory based on a transmission line model is developed for isolated or widely
separated cables. This theory and Wait's wave impedance theory for currents
induced in closely spaced cables are experimentally confirmed by measurements
of currents induced in conductors on or near the surface of the earth, For pulse
field and current calculations, the transfer functions from the transmitter to

the receiving location are obtained using a computer program for Fourier
transforms.
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INTRODUCTION

A. Purpose

Accurate measurement of electromagnetic fields may be used to deduce
some characteristics of the srurce of the fields if the electromagnetic proper-
ties of the region of space coutaining the source and the field measurement
site are known. Conversely, if the characteristics of the source of the electro-
magnetic fields are known, accurate measurements of the electromagnetic
fields may be used to deduce some of the characteristics of the region of space
about the source. In a practical experiment in which unknown source character-
istics are to be determined by measuring fields about the source, it is neces-
sary to establish, either experimentally or by construction, the characieristics
of the region. One purpose of the research described in this report was to
establish the electromagnetic properties »f a land area containing numerous
buried wires, cables, and other structures and subterranean geological proper -
ties by measuring the electric and magnetic fields produced at points in the
area by an electric monopole antenna of known characteristics. A second pur-
pose of this research program was to determine the currents induced in the
buried conductors and to establish a practical method of analysis applicable to
buried conductors near the surface of the ground,

For radiated electromagnetic fields in free space, the electric and mag-
netic components are assumed to be orthogonal and related in magnitude by the
free-space impedance. The presence of the earth, which may not be homo-
geneous, can alter the field structure. Thus, to make measurements that can
lead to an understanding of the cause for a particular electromagnetic field
structure, all possible field parameters should be independently measured.
For electromagnetic waves these parameters are the magnitude and phase of
all components of the electric and magnetic fields. Electric fields must be
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measured with electric field sensors and magnetic fields must be measured
with magnetic field sensors. For this research effort, measurements were to
be made over an area to determine if inhomogenities, both known and unknown
below the earth's surface, could cause the electromagnetic fields in the vicin-
ity of a vertical radiator to differ appreciably from the fields computed assum-
ing a homogeneous earth.

B. Approach

The frequency range of interest was limited to 0.5 to 510 kc. To generate
the electromagnetic field in this frequency range an easily transportable low-
power switchable frequency transmitter operating 4t a continuous frequency of
0.5, 1, 2, 5, 10, 20.6, 62, 100, 200, 450, or 510 kc was constructed to drive
a 100-foot tower, Special narrow-band battery-powered receivers and electro-
magnetic field sensors were constructed to measure individual wave com-
ponent magnitude and phase and component spatial orientation. [ For example,
the major magnetic field near the transmitter is predicted to be azimuthal and
counterclockwise about the radiating antenna. (See Sec. II). The magnetic
field receiving system was designed to determine the magnitude and pha:e of
this mognetic field and its orientation in space.| The equipment, described
in Sec. IV and Appendix B, was designed so that electromagnetic fields could
be mapped out to about 2 km,

Field distortions that may exist due to earth inhomogenities are not ex-
pected to be large. Thus, very precise measurements are desirable. Design
goals were signal magnitude accuracy to better than 5 percent (0.4 db), phase
accuracy to 5 degrees, and field orientation accuracy to 1 degree. These
goals were essentially attained by careful equipment design and considerable
testing of the entire system. This testing tock place in an area (shown in
Fig. 1) that was free of known man-made structures. The ground conduc-
tivity in the testing area was n.casuced to a depth of 2000 feet. Fifty-two
measurement locations about the transmitter tower were surveyed and marked.
Measurements were made at these locatinns about the transmitter to develop
operating procedures and an understanding of the measurements systemns.

This procedure required some 1700 individual measurements and is described
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in Sec. V. Simple man-made structures were installed in the area shown in
Fig. 1, to determine effects and system performance in the vicinity of such
structures under relatively controlled conditions, These structures were sim-
ple radial and azimuthal cables and circular loops on the surface. Equipment

to measure the currents in such structures was designed and evaluated. The
results of these measurements (presented in Sec. VI) formed the experimental

test of the analytical expression for induced cable currents.

Upon rompletion of the evaluation tests, the entire system was moved to
the area shown in Fig. 2. This area contained many buried cables and bunkers.
Cables were located on one side of the transmitter and no cables were located
on the opposite side of the transmitter. As was done for the test area, ground
conductivity was measured to a depth of 2000 feet. Electric and magnetic
field measurements above the surface and cable current measurements below
the surface were made at the locations shown in Fig., 2. Sections VII and VIII
present the results of these measurements.

Upon completion of the CW measurements outlined above, the system was
modified to transmit and record a transient pulse at selected locations. The
transmitted pulse spectrum was peaked at about 12 ke, The pulse system gave
continuous spectrum data that was compared with the CW data obtained at fixed

frequencies, and gave directly the pulse waveforms that were received on the
various cables for an impinging transmitted pulse. Section IX presents the
pulse data,
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ELECTRIC AND MAGNETIC FIELDS ABOUT A MONOPOLE ANTENNA

A. General

The monopole antenna described in this section is a 100~foot-high tower
installed over relatively dry earth (with soil conductivity between 4 x 10"3
and 2 x 10”2 mhos/m). 2*%* This antenna (shown in Fig. 3) is provided with
a ground screen consisting of ninteen ground radials of 10-gauge copper wire
extending to a radius of 100 feet from the antenna base. At the 100-foot
radius, the ground radials are connected to 6-foot copper-clad ground rods
driven into the soil.

It is desired to determine the electric and magnetic fields produced at the
air/earth interface by such an antenna at various distances from the antenna.
For this purpose, the antenna may be considered a point source of radiation
with little error, since, in the range of interest, the antenna height is usually
less than 10 percent of the horizontal distance to the point where the fields
are to be determined. Throughout the range of fraquencies of interest, as-
suming the relative dielectric constant of the soil to be 10,

o o 4x10° _z2x10®
we o Ry 0% t

so that for the purpose of calculating the principal components {i.e., vertical
electric and azimuthal magnetic) of the fields, the ground may be treated as a
good conductor. To determine the magnitude of the radial electric field, huw-
ever, it will be necessary to take into account the finite conductivity of the
soil, Finally, because the 100-foot transmitting antenna is electrically short

VR PG SR, Y ame

*References are listed at the end of the report.
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throughout the frequency range (at 510 kc, the antenna is only 0. 052-wavelength

high), well known formulas for the fields about short -dipoles will be applicable.

B. Vertical Electric and Azimuthal Magnetic Fields*

The vertical electric field, Eg , and the azimuthal magnetic field, H‘P ,

at a distance r from an electrically short monopole in phasor form, are3

3
o
I

j =

ILh |jou n .
s - Oe 0 1 0] -jkr .
Eg sal T T 3 t—5|e sin @ (1)
]w(or T
1h
o eljk 1 | =-jkr .
Hqﬁ“z?[j?*‘;z]e’ sin 6 @
Base current in amperes (with the factor ejwt omitted)

Effective height of monopole in meters

2mf , the signal radian frequency

4m x 1077, the permeability of free space
(367 x 109)'1 , the permittivity of free space
W '1)‘0 , the phase constant

uo/ ¢, » the intrinsic impedance of free space

N

and r, 6 , and ¢ are the spherical coordinates with the origin at the antenna

base, and the axis of the antenna is the 4 = 0 line.

*Unrationalized MKS units are used throughout this report.
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Since the input impedance of the antenna is almost entirely capacitive re-

actance, the input current can be replaced by

IO a ]wCaVa

where C a is the antenna input capacitance (exclusive of the stray capacitance
of the base of the antenna), and Va is the antenna driving voltage,

In relation to the voltage applied to the antenna terminuls, therefore, the
field strengths at a distance r from the transmitter are

AT 3 (3)

2
Eg _ heCa [ “*Hy 1 ]+ . “T -jkr
a r

H‘f’ h C .
_P__ealko W | ,-jkr
v, 2n |T ° jrz € 4)

at the air/earth interface (6 = #/2) when r > h e

C. Radial Electric Field

The radial electric field strength at the surface of a ground of finite con-
ductivity can be computed from the radial earth current and the surface im-
pedance per unit radial length of the earth. The radial current is directly
related to the azimuthal magnetic field by

I = -2nrH
T

é

and the impedance per unit length in the radial direction is readily obtainable
from the theory of the surface impedance of skin effect:

10
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where o is the soil conductivity and § is the skin depth defined by

5= —— .
Jr;fua ’

The radial electric~field strength at the interface is thus

Er - Ir AI‘

S

or
1/2
E nf H
r _ N i)
Ee-e (G o2 ®

Thus, the radial electric field lags the azimuthal magnetic field by 135 degrees
in phase and differs in magnitude by a factor involving the square root of the

frequency.

D. Calculation of Antenna Effective Height, hg

The electric field components E 'L Er , and H¢ derived in Secs. II-B
and II-C are those measured near the ground at a distance r from an elec-
trically short transmitting antenna. If the anienna internal resistance and
radiation resistance are neglected, the transmitting antenna moment is speci-
fied by applied voltage, Va , effective height, h e * and input capacitance,

Ca.

11
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The effective height for the monopole is defined4 as follows:

h
hy =+ f 1(z) dz (6)
0 (o]

where I0 is the current at the base, I(z) is current distribution along the
antenna, and h is the antenna length. It is assumed in the model that the
earth can be approximated to be a perfect conductor for the purpose of using a
perfect image and hence using an antenna current distribution symmetrical
about the ground (z = 0) . This is a reasonable assumption for frequencies of

concern here.

The current distribution of a monopole of length h and effective radius a,
has been thoroughly investigated by Halle/n, King, and Harrison; and the analysis
is discussed by Kraus. 5 For an electrically short antenna, the current distri-
bution is the following:

Iz) = Ioiilgﬁl%??-l?lﬁd')' 0

Substituting Eq. (7) into Eq. (6) and integrating gives the following expression
for effective height:

hgl - coskh)
h = . (8)
© (kh)~ coskh

For the case of the electrically short antenna, kh << 1, thereforz Eq. (8)
can be expanded to give the following approximation:

h 5 .2
h ~ -2-1+i-§(kh)],kh<< 1. (9)

At zero frequency, h e = h/2 , which is the effective height of a very short
monopole.

12
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E. Field Equations

Equation (8) can be combined with Eqgs. (3), (4), and (5) to give the field
components around a short vertical monopole in the 0. 5-to-510-ke frequency

range. These components are

E C
?V_G - 33 h(1 ; COS@] [1 + jkr - (kr)2:| (10)
a 2msor (kh)” cos kh
E? J9C, [ - coskh)
- = = 5 1 + jkr (11)
a 2nr | (kh) cos kh
for r > h, and
Er <ﬂfu0 >1/2 H¢
I S ) 5 (12)
v, o Va

for r > h, and r > §.

F. Calculation of Antenna Capacitance, C, .

The antenna input capacitance of the electrically short monopole has been
thoroughly investigated and is discussed by Schelkunoff. 6 For a cylindrical

antenna the capacitance is given as

2meh (13)

Ca - ln(h7ae) -1

where ag is the cylindrical antenna radius or the equivalent radius of an
antenna whose cross section is noncircular. The antenna cross section used
in this case is an equilateral triangle. According to Lo,7 the radius of an

equivalent cylindrical antenna is

13
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a, = 0.4214s (14)

where s is the length of one side of the triangular cross section.

G. Polarization of the Radiation Electric Field Components

The total electric field at any point of observation around the electrically
short vertical transmitting antenna is described by the two space orthogonal
electric field components Eg and Er . The received electrical signal at any
specific distance from the transmitting antenna is the spacial vector sum of
these two field components. The instantaneous values of EG and Er , using
standard phasor notation are given as follows:

egt) =1 Eyl cos wt (15a)
e (t) = IErl cos (wt +a) (15h)

where a is the time phase difference of er(t) with respect to 2g(t) . Equation
(15) generally describes an electric field phasor that is elliptically polarized in
the EO . Er plane. The general spatial configuration for this ellipse, shown
in Fig. 4, is simply described by the following expression:8

tan2 7= 2 o (16)

1-»

where p = 'ErMEGI , normally a number < 10'2 for the case here, and 7
is the space "tilt" angle of the ellipse and is the spatial angle between Eg

and the major axis, and also between Er and the minor axis. Equation (16)

is obtained by rotating the EO , Ep coordinates into E1 , E2 , Wwhich are
the major and minor ellipse axes respectively (see Fig. 4). Since both E 1°
E2 and Er . E6 are pairs of orthogonal coordinates, the amount of rotation
is given by the space angle of rotation, = . The rotating phasor, e(t) , whose
tip describes the ellipse, is calculated from Eq. (15). An arbitrary orientation

e(t) , at a space angle ¢ , can be written as follows:

14
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= tan"1 (e./ey) = tan”! p(cos a - sina tan wt) a7
r' e
so that the angular veiocity, of e(t) is:

_f= _ w p sina (18)

d
dt coszwt + p2 cosz(wt +a)

The angular velocity of e(t) is not generally constant. (It is constant only

for circular polavization, p= 1 and a = #/2.)

Examination of the electric fields defined by Egs. (10) and (12) shows that
the time angle, a , varies from -m/4 (near zone) to -3n/4 (far zone), as
shown in Fig. 5(a). As indicated in Eq. (16), the polarization ellipse tilt
angle, 7 , tilts backwardfor a > - /2, is vertical for a = -n/2 , and
tilts forward for a < -n/2 |shown in Fig. 5(b)| . This implies that the field
minimum (null) occurs at a forward angle above the horizontal in the near zone,
and below the horizontal in the far zone. For negative a , which includes all
situations considered here, Eq. (18) shows that the ellipses are always 'back-
ward" polarized — that is, they appear to be "rolling'" toward the transmitter.
For positive a , the ellipses are "forward' polarized and appear to be rolling
away from the transmitter. I all cases, the ellipse must fit inside a rectangle
bounded by | Egl and + | Er' (shown in Fig. 4).

TL« projection of e(t) on any axis at the space angle ¢ shown in Fig, 4 is
ew(t) = eg(t) cosy + er(t) sin v (19)
Equation (19) can be shown to be
ey = |E¢)cos (wt + <) (20a)
where
| E¢| = | E0| <cosz,p + p cosa sin 2¢, + p2 sin2¢>1/ (20b)

16
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osy + pcosa siny

{ = tan—1<c p sina siny > ' 20¢)

The instantaneous field in the y direction, ey is always a cosinusoidal
function of frequency « and of amplitude E¢,l and phase, ¢ , both of which
are determined by the axis angle, { , the original signals E ' Er , and ;
their time phase relation, a .

If the sensor is oriented with its maximum sensitivity in the y direction,
the peak magnitude and phase of this sensor signal are determined by the tan-
gent to the ellipse which is perpendicular to ¢ axis (see Fig. 4). Phase is
determined by the point of tangency at the point (A) on the ellipse, and mag-
nitude is determined by the intersection (A) of the tangent and the ¥ axis.
Thus, it is seen that the sensor does not always measure the magnitudc and
phase in the direction of the ¥ axis. The sensor does measure the magnitude
and phase of ¢(t) in the direction of the sensor when the ¢ axis is aligned
with either the major axis (peak field measurement), and ¢ =

¢max - 'pl
= T, or with the minor axis (minimum or null field measurement), and ¢y =

wmin = '/'1 = n/2 +7T,

In addition, from Eq. (20) it can be seen that for ¢ = l//o = 0, correspond-
ing to vertical sensor orientation, then |E¢=°| = |E0| and sz 0 = 0.
Similarly, for ¢ = ¢r = n/2, corresponding horizontal antenna orientation,
then |E¢= "/zl = | Er' and ¢ V=m/2 = a . Thus, the sensor oriented vertical -
ly or horizontally measures exactly E0 or Er » respectively, with the proper
phase. *

Substituting "'1 = 7 into Eq. (20b) gives the E1 and its time phase with
respect to EG to be:

lEll = IEO' (co:.a2 T+ p cos a sin 27 + p> sinz'r) 1/2 (21a)

*This assumes that the sensor response to a signal oriented in the sensor null
is identically equal to zero.

18
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_ -1 p sinasinT
Cl tan (cos 7+ pcosasin 7) ’ (21b)

Substituting ¢2 = m/2 + 7 into Eq. (20b) gives E2 and its time phase with
with respect to E g to be:

1/2
|E2| = |Er| <cos27' - -}-;cosa sin27 + ;;—sinz'r> (22a)
_ -1 psinacos T
42 = tan <— sinT + p cosacos'r> ’ (22b)

From Eq. (20c), the rate of change of ¢ with respect to ¥ is

2

E
I 9 psina (23)

| By

dC= p Sin a
kL cosng + pcosasin 2y + p

sinng

2

For p << 1 (the case of interest here) the angle 7 is small so that

Ypax 18 meary~0 andy . - isnear Y~ n/2. Thus
d
Fé’l% v "~ 1/p sina (24a)
min
anu
a5
av Iw’:gax ~ p sina . (24b)

Equation (24) shows that the rate of change of ¢ with respect to Y near ¢2
gives a relatively rapid change in ¢ , whereas a slight change in ¥ near *”1
gives a relatively slow change in ¢ .

19
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The dependence of the magnitude and phase of the sensor field E v is shown
in pictorial form in Fig. 4 as ¢ is varied from = to 3n/2. The circles (o)
correspondtoa phasepoint, { , ou the ellipse for a particular position of e(t) .
The corresponding cross (x) , with the same number, gives the sensor orienta-
tion angle ¥ for observing this ¢. Lis immediately apparent that the phase
is changing most rapidly near the field minimum, since the (x) are more closely
spaced for the relatively evenly spaced (o) , and that the phase is changing
most slowly near the field maximum, since the (x) are more widely spaced for

the relatively evenly spaced (o) .

It has been shown that for fields that contain more than one spatial component
that only certain parameters of this resulting field can be measured. The field
described by Ee and E _ where IEG' > | Er' , 1is elliptically polarized in
@-r plane. Measurements of EG (both magnitude and phase) can be made by
orientation of the sensor in the vertical (g) direction. Orientation of the
sensor for minimum output defines the ellipse axis orientation which defines the
spatial orientation of the resultant field. The magnitude in this null is not IErI
but is approximately IErI . Phase in the null is very sensitive to sensor ori-
entation and is consequently very inaccurate, These parameters (major field
magnitude and phase, total field spatial orientation, and limited minor field mag-
nitude are the only measureable parameters that can be made on any electromag-
netic field composed of two components where one component is very much
larger than the other. For two fields within one order of magnitude of each
other, generally, by proper sensor oxientation, both fields can be defined.

20
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CABLE CURRENT THEORY

A, General

As indicated in Sec. II, a short vertical monopole driven against an infinite,
conducting ground plane will produce an azimuthal magnetic field H¢ and a
vertical electric field E 9 at the surface of the ground plane., If the ground
plane is an imperfect conductor such as the surface of the earth, a radial com-
ponent of electric field will also be produced in the ground as a result of ground
currents and ground impedance. Any radially directed conductor in or near the
ground will therefore have a current induced in it by the radial electric field.
The mawuner in which the conductor is coupled to the radial electric field in the
ground determines the induced current, which is of primary interest in this

section.

A conductor lying in or near the ground may be visualized as a two-conductor
transmission line with the ground serving as the return conductor. The line
will have an impedance per it length and an admittance per unit length, the
same as any other transmission line, and from these a propagation factor and
a characteristic impedance can be determined. In the presence of a radial
electric field in the ground, the line is driven by a distributed generator. An
appropriate transmission line model for the radial conductor under the in--
fluence of a radial electric field is shown in Fig. 6. The series impedance Z
of the line element is due te the resistance and reactance of the conductor and
the ground return, and the admittance Y of the line element is due to the
capacitive susceptance between the conductor and ground and to the admittance
of the ground itself, The distributed generator voltage per unit length E is
the radial electric field strength (or, in the event the wire is not parallel to the
radial field strength vector, the component of the radial field along the wire.)

21
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FIG. 6 TRANSMISSION LINE MODEL OF RADIAL CONDUCTOR

This model of the radial conductor is appropriate if the presence of the con~
ductor does not appreciably alter the radial electric field strength in the ground
except in the immediate vicinity of the conductor.

At each point along the conductor, a current increment is injected through
the admittance Y by the radial electric field. This current combines (with
proper regard for phase) with current arriving from farther up the line and
propagates down the line in accordance with the propagation characteristics of
the conductor/ground transmission line. Because the characteristics of the
conductor/ground transmission line are determined in part by the properties
of the ground, a wavelength on the line is shorter than a free-space wavelength
and the line attenuation may be fairly high. Hence, current on the line does not
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propagate with the same phase as the radial electric field (which propagates in

accordance with free-space conditions}), and an interference between the radial

field and the line current occurs. This interference is sometimes complicated

by the fact that the line current is attenuated as it propagates, so that currents
induced far away (several wavelengths) from a point of interest are so greatly

attenuated that they do not appreciably affect the current at the point.

At the ends of the conductor, the current wave is reflected in the same

manner as on a conventional transmission line., Hence standing waves are set

up on the line. I« the line is electrically long, however, the line attenuation
may be such that the reflected wave is attenuated to an insignificant value be-
fore it has propagated very far from the reflecting end. In this case, the

standing wave exists only near the end of the conductor. Far from the end,

the standing wave appearance of the current distribution is actually the result
of interference between the conductor current propagating down the line and

the current injected along the line by the radial electric field.

B. Equations for Transmission Line

To compute the current induced in a conductor under the influence of a
radial electric field, the model of the transmission line element shown in Fig. 6
will be solved. From the figure, the rate of change of the line voltage is

av _ .
i 1Z E (25)

and the rate of change of the line current is

&= vy . (26)

Differentiating Eq. (26) and substituting for dV/dx in Eq. (25), we obtain the

differential equation for the line currents:

2
4L gy = vE . (27)

dx
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The solution of this equation when E is the radial electric field of a vertical
monopole antenna is derived in Appendix A, and is:

I = K™ + Kye?* + Fix) (28)
where
A S [k ¢y + @)ﬁ
F(x) = -A{coshy(x + a)log(x + a) + 5 ngl ~a—
- + 4]
el Z -yt ) ] (29)
and
mfr. hC Va
A=Y= )\ —o—gs
a = Radial distance to the end of the conductor nearest the
transmitter
x = Distance along the wire measured from the near end
(x + a = r, the radial distance from the transmitter)
Cc a’ \% a Capacitance and driving voltage of the transmitting antenna

~
it

ZY , the propagation factor for the line squared.

For a particular conductor, the constants K1 and K2 are evaluated from

considerations of the line terminations. If the ends of the conductor are open-
circuited, the current is zerc at the ends and the constants can be evaluated
directly from Eq. (28). In the more general case, where the conductor is not
open-circuited at the ends, the constants can be evaluated from:

V(0) _ vid) _
o = -2, -I-@)l =z, (30)
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where Z1 and 22 are the terminating impedances at the near end (x = 0)
and at the far end (x = d) , respectively. From Egs. (26) and (28),

V) = - 'Sl?c%% =% [Kl e - Kze-yx * F® (31)
where
Z, = VY =/Z/Y
- 1 dF(¥) _ 1dF®
BT ZI R Ty T (32)

Fv(x) and the constants K1 and K2 are derived in Appendix A.

From Eqgs. (28) and (31), therefore, the current in the conductor and the
potential of the conductor relative to local undisturbed ground potential can be
computed for arbitrary terminations, provided the impedance per unit length
and the admittance per unit length can be determined for the conductor.

The abcve analysis is based on the assumption that the conductor is long
compared to a skin depth in the soil and that there are no other conductors
close enough to affect the ambient radial electric field in the ground (i.e.,

there are no other conduciors within a few skin depths of the conductor under
consideration). If the conductors are close enough together that mutual coupling
effects become significant, the transmission line analysis becomes very com-
plex, and other approaches to the cable current problem are desirable.

C. Wire Current from Wait's Theory9

Wait has analyzed the problem of determining the current induced in
closely spaced antenna ground radials on a wave impedance basis, rather than
on the transmission line basis used above. Wait's analysis of the currents

induced in radial cables is based on the division of the antenna ground current
between the wave impedance n of the soil and the wave impedance Z q of the
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ground radial system. Hence, of the total current It at radius r from the

antenna, a portion I is carried by the ground radials and the remainder is
carried by the soil. The wire current is thus

I = n+ZIt (33)

where

L = -2 Hy (34)

"= \/ jwe .(:a ~ \/'J'%'E - 10+3j ) )

For a parallel-wire grid, the wave impedance for normal incidence with the
E-vector parallel to the grid wires is

_ Jopb b
Zy 2= log 7, (36)

where r o is the wire radius and b i3 the wire spacing (b should be less than

the skin depth in the soil). For a ground screen of N radial wires uaiformly
spaced about the base of the antenna, Wait lets

2my

b'—’-""'

N

so that

_depr o T
7, =JgLE 10g N (37)
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Using H¢> from Eq. (4) we can write, for the total current in all N wires,

- _ J . -jkr 1
1=-ohCV, |L-k|e PP
( VNG gNro

(38)

where it is assumed that he &K A, he < r, and & > %%1 .

D. Impedance and Admittance of the Conductor

The conductors of interest in this report are round wires or cables which
may be either insulated from the ground or in direct contact with the soil. The
impedance and admittance per unit length of round wires with coaxial cylindri-
cal return conductors are available from elementary texts on electromagnetic
theory. When the return conductor is the rather poorly conducting soil, the
impedance and admittance per unit length must take into account the resistance
and the reactance of the return conductor. The problem of computing the im-
pedance and admittance of the ground return is also a skin effect problem in
cylindrical coordinates. The impedance per unit length of a tubular conductor
of inside radius ry and outside radius r

218

1
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where X1 = (1 - j)rl/'o‘ and X2 = (1 - j)r2/8 , When the driving field
is on the insid_e of the tube. If the outer radius Iy is allowed to approach
infinity, the impedance approaches

D
2] 2 ro

39
] (39)
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Thus, the contribution of the grovnd to the impedance of a round conductor im-
mersed in a conducting soil of infinite extent (see Fig. 7) is obtained.

The admittance per unit length of the soil is most readily obtained from the
propagation factor for the soil and the impedance. Thus,

Y = (40)

CONDUCTOR
(a.'l ‘wt #o )

FIG.7 ROUND CONDUCTOR IMMERSED IN CONDUCTING SOIL.

28

gk
g
355
s
]
T}:
%
p

SR X et

RS R e




e wk‘m

where

)’52 = jou(o + jwe) x jopo -

The internal impedance per unit leng*h of a round wire of radius r, is11

r
_ Jo[(l - 3%]
w 2n1r :7 15 T (41)
oww Jl[a - j)i]

Z

where Oy and 8w are the conductivity and skin depth for the metal of the
wire.

The dielectric gap between the conductor and the soil contributes to the
external inductance of the conductor and the capacitive admittance. The ex-
ternal inductive reactance is:

r
X, =& 10g L (42)
o

B = 2nwe ) (43)

The inductive reactance is in series with the internal impedance of the wire
and the impedance of the ground return. The capacitive susceptance is in
series with the sdmittance of the soil.

The series impedance per unit length of the conductor and its return is
thus
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. r,
+ % log-;— (44)
o

(45)

where Ys and Be are defined by Eqs. (40) and (43). Often, if the conductor
is bare, the susceptance Be is large compared to Ys so that Y =~ YS , and
if the conductor is insulated, the ground admittance is large compared to Be
sothat Y ~ ;]Be . The former approximation may be poor at very low fre-
quencies (particularly if the wire is oxidized or polarized), and the latter ap-
proximation may be poo': at very high frequencies where the capacitive suscept-
ance becomes large.

The conductor impedance and admittance derived above apply strictly only
to a conductor immersed in a conducting soil of infinite extent. Because the
soil nearest the conductor contributes the most to the impedance and admit-
tance, however, these impedances and admittances should be approximately
correct for any conductor submerged several conductor diameters below the
surface of the ground. Under this condition, the conductor is sufficiently
covered with soil that the capacitive admittance of the insulation, the internal
impedance of the conductor, and the external inductance of the conductor are
essentially the same as for a conductor buried at an infinite depth. The admit-
tance of the soil is also affected only slightly, because this admittance is
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limited primarily by the soil in the immediate vicinity of the conductor. The
only significant difference between the properties of the conductor buried at a
finite depth and the conductor buried at infinite depth, therefore, is in the
internal impedance of the soil. For ihe conductor buried at a finite depth, the
internal impedance of the soil will be somewhat larger than that determined by
Eq. (39), because the internal impedance of the soil is also determined to a
large extent by the soil nearest the conductor. However, the error incurred
by using Eq. (39) for a conductor buried several conductor diameters deep is
probably no greater than the error incurred as a result of uncertuainties in the
soil properties and in uniformity. For the buried conductors of interest in this
report, therefore, these values should be satisfactory, since all of these con-
ductors are buried at least 10 conductor diameters deep.

- If the condretor is at the air/earth interface or above ground, approxi-
mations such as those suggested by the primed quantities in Fig. 8 may be
used to estimate the impedance and admittance per unit length. If the axis of
the conductor is in the surface, the upper half of the conductor can be neglected,
as illustrated in Fig. 8(a). All impedances except the external inductance are
then approximately doubled and the admittances are approximately halved. For
conductors with small external inductance (i.e., bare conductors or conductors
with thin insulation), therefore, the propagation factor is essentially unchanged,
but the characteristic impedance is approximately twice that for a conductor

immersed in an infinite medium.

For a conductor above ground, as shown in Fig. 8(b), the impedance of
the wire, the external inductive reactance, and the capacitive susceptance of
the air space can be computed frum conventional formulas. An approximation
to the impedance of the ground return may be obtained by computing Z s for the
configuration shown in Fig. 8(c). If ry M ro, the ground admittance YS
will be negligible compared to the capacitive susceptance of the air space.

In addition, Sunde has derived approximate expressions for the impedance
and admittance of an insulated wire at the air/earth interface or in the ground.

These expressions are, however, transcendental functions of the complex

propagation factor. Sunde g’ives12
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FIG. 8 IDEALIZED CONDUCTOR CONFIGURATIONS FOR ESTIMATING
LINE PARAMETERS
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-1
_ -1 1 1.12 -
Yo =1y ¢ n(o + jmf)log YTy (49)

(47)

where Yi = jBe is the insulation admittance and y2 = ZOYM.

Because of the transcendental form of these expressions, it is virtually im-
possible to solve for y explicitly. Since Z and Y vary only as the logarithm
of y , however, it should be adequate t¢c make a prudent guess at the value of

y and to use this value to calculate Y and Z from Sunde's expressions above.

An appropriate choice for y might be
Y=y, = jk

since Yo would be the propagation factor if the ground were a perfect conductor
(assuming the dielectric constant of the insulation is 1). By using this value for
y and noting that o >> we¢ , Egs. (46) and (47) can be written

-1

|1 1.12 _d
Y = "rl log krl + j(Be 5 or) (48)

: 1.85
7 = R, + 24 jolL, +.E.10g._..‘__.__.] (49)
i 8 [ i 2n 1y [wpo
where

E. Summary
Two theoretical models have been established for comouting the current
induced in a conductor in or near the ground by an electric field directed along
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the conductor. The first, which will be called the transmission line model, is
applicable to isolated conductors or to conductors that are sufficiently far from
neighboring conductors that the neighboring conductors do not appreciably affect
the electric field strength in the vicinity of the conductor of interest. In the
transmission line model, a conductor lying in or near the ground is visualized
as a two-conductor transmission line with the ground serving as the return con-
ductor. The line will have an impedance per unit length and an admittance per
unit length that are determined from the electrical properties of the conductor,
its insulation, and the soil. From these, a propagation factor and a charac-
teristic impedance can be determined. When a radial electric field is estab-
lished in the ground, the field may be visualized as a distributed generator
driving the line along its entire length. Formulas for computing the impedance
per unit length and the admittance per unit length were developed for both bare
and insulated conductors.

The second theoretical model, which will be called the "wave impedance"
model, is applicable to groups of conductors that are closely spaced so that
mutual coupling effects are significant. The wave impedance model was de-
veloped by Wait to study the currents flowing in antenna ground radials. In
essence, the wave impedance model consists of the intrinsic impedance of the
soil shunted by the wave impedance of the grid of conductors. The current
induced in the grid/soil complex by an electromagnetic wave propagating into
the soil is divided between the soil impedance anc the impedance of the grid
of conductors. The wave impedance of the grid of conductors is determined by
the conductor size and spacing. The wave impedance theory is applicable to
conductors that are spaced less than two or three skin-depths (in the soil) apart
and tightly coupled to the soil,
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INSTRUMENTATION

A. General
The source of CW signals for the electromagnetic mapping is a low-power

switchable~frequency transmitter operating at fixed frequencies of 0.5, 1, 2,
5, 10, 20,6, 62, 100, 200, 450, and 510 kc. The transmitter drives a tuned,

electri. ally short, vertical antenna. The radiated signal power is sufficient
for the desired measurements to be carried out within a radius of approximate-
ly 2km. The mapping is accomplished by using transportable receivers that
have the capability of performing electric and magnetic field measurements

and measurement of currents flowing in cables,

B. CW Transmitter

A block diagram of the CW transmitter is shown in Fig. 9. Schematics

are shown in Appendix B.

The switchable-frequency LC oscillator provides low-level signals on each
of the eleven frequencies used. A different set of tuning elements selected by

a front-panel switch is used for each frequency.

The wide-band power amplifier covers the frequency range 0.5 to 510 kc.
The output of the power amplifier is cperated Class B push-pull and provides
an output of 50 vo'lts peak to-peak into 10 ohms (30 watts), This output is
matched to the resonated vertical antenna by means of five matching trans-

formers, one of which is selected for each frequency. These are high-quality

transformers that have negligible insertion power loss. The output lead of the

matching transformer is counected to the tuning coil and the ground lead is con-
This current monitor measures the

nected to an antenna current monitor.
(This current is

total current through the series tuning coil and the antenna.
not used as an accurate measurement of antenna current because it also includes
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current in the stray capacitance of the tuning coil and antenna base structure. )
The voltage appearing on the transformer output lead is relatively low, being
the antenna voltage divided by the antenna -circuit quality factor (Q).

The series-tuning coil for resonating the antenna is a high-Q, high-voltage
coil that must withstand voltage equal to that applied to the antenna. Different
coils are used at each frequency with inductances ranging from approximately
200 henrys at 500 cps to 0.2 henry at 510 ke. The coils have Q's ranging from
about 75 to 250. Each coil is wound on a 7. 5-cm-diameter phenolic tube that
is approximately 30 cm long. The windings are multilayer solenoidal windings
with insulation between windings. The windings are vacuum-potted with a semi-
flexible epoxy resin potting compound to provide good high-voltage performance.
A ferrite core in the form of a single E is used for all frequencies and has a
center post that accommodates the phenolic tvbe upon which the coils are wound.
The E-core configuration provides a large air gap in the magnetic path, thus
allowing a relatively large amount of reactive power to be handled by a small
core without saturation (the energy is stored in the air gap instead of in the
core). Figure 10 shows the E-core, a loading coil, and the antenna feed tube
in their high-voltage protective housing.

The radiating anteana is a triangular-cross-section tower 30.5 meters in
height. The triangle cross section is 0.52m on a side. This tower is supported
by three high-voltage insulators mounted on a support base atop the transmitter
van., A ground plane consisting of 19 radials is supported 8 feet above the
ground out to a radius of 30 meters and is then terminated in the ground using
6-foot ground stakes.

A cylindrical tube approximately 7.5 cm in diameter extends through a
hole in roof of the van into the tuning coil housing to connect the antenna to the
coil, Each coil provides approximately the proper inductance for tuning the
antenna; however, a vernier tuning control is provided by a vacuum capacitor
mounted next to the antenna on the roof of the van. The tuning capacitor, base
insulators, and antenna feed are shown in Fig. 11. The tuning capacitor has
a tuning range of 20 to 200 upf and a voltage rating of 100 kv. A drive mechan-
ism extending through the roof of the van provides convenient operator control.
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In order to monitor the antenna voltage, a capacitive probe is mounted
adiacent to the antenna base on the van roof. The probe consists of a flat plate
mounted on insulators and connected to a monitor inside the van via a coax cable.
The antenna voltage monitor consists of voltage range switches, amplifier for
providing an output for an external meter, and an amplitude detector that oper-
ates a panel meter. The antenna voltage monitor is calibrated at voltages suf-
ficiently low to allow a voltmeter to be connected directly to the transmitting
antenna.

A low-voltage power regulator provides dc power to all circuits associated
with the transmitter. The input to the regulator is standard 117 vac, 60 cps,
provided from a portable supply.

C. CW Receivers
1. General

The receivers used to measure the fields produced by the transmitter are
transportable units that operate on self-contained batteries. Although the elec-
tronic units of the receivers are easily hand-carried, two men are required to
carry the antennas and supporting bases, and the antennas are normally trans-
ported by a small truck.

A block diagram of a typical CW receiver is shown in Fig. 12, Schematics
are shown in Appendix B, This typical receiver is that used for all continuous-
wave signals,

2. Magnetic (Loop) Antenna Receiver

The loop antenna consists of a single turn of thick-wall (2-in-diameter)
aluminum tubing in a square shape approximately 1,5m on a side. The loop is
mounted on a swivel and gimbal that allows the antenna to be oriented to the
desired direction. The area of the loop antenna was determined to give adequate
sensitivity and the conductor cross section was chosen to give good low-frequency
performance., Threshold sensitivity varies from 10'8 amp/meter at 3.5 kc to

3x 10_10 amp/meter at 510 kc. To obtain this sensitivity, the antenna is tunec
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and matched to a low-noise wide-band preamplifier. * The output of the pre-
amplifier is applied to the receiver that provides additional selectivity and amp-~
lification. The output of this receiver is detected with respect to two phase-
quadrature synchronous reference signals. The outputs of the two detectors
appear on meters. Proper combination of these two output readings provides
magnitude and phase of the incoming signal, the magnitude being determined by:

(Mi " Mg)l/ 2 (50)

where M1 and M2 are tne two output mrter readings. Phase is with respect to

the reference signal and is determined by:

-1 M2

tan —
Ml

. (GRY)

The phase reference is the local vertical electric field. A short vertical
whip antenna approximately 2 meters tall is used as a reference antenna. The
reference antenna is connected to a low-noise preamplifier aad tuned amplifer
that is switch-tuned to the desired frequency. The output of the tuned amplifier
is applied to a quadraturc signal gcaerator. The output of the quadrature signal
generator has two compounents that have been clipped to constant amplitude level
and whose phase difference is 90 degrees.

The phase and amplitude response of the receiving system is calibrated by
applying appropriately attenuated signals to the receiving and reference antennas
from a common calibration oscillator. The grounds for the calibration and
receiving systems were connected only at each end of the 20-foot cables (see
Fig. 12). The calibration injection points at the sensor and at the reference

receiver were permanently connected through ungrounded connectors.

*To reduce the antenna sensitivity to electric fields, the primary of a matching
transformer is balanced with center tap grounded and has an electrostatic
shield between primary and secondary.
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3. Electric (Plate) Antenna Receiver

Except for the sensing antenna and matching network, this receiver is iden-

tical to the loop antenna receiver described in Sec. IV-C-2.

The electric antenna consists of two parallel plates 1.5 m on a side and
separated by 20 cm. The mesh plates are supported by phenolic insulators.
The antenna is mounted on a swivel and gimbal identical to the loop antenna
mount that aliows the antenna to be oriented to the desired direction.

The size and spacing of the antenna plates were determined to provide
adequate sensitivity. Threshold sensitivity varies from 0.1 uv/m at 0.5 ke to
0.004 uv/m at 510 ke. As in the loop receiver, the antenna is tuned and matched
with a balanced shielded transformer to a low-noise wide-band preamplifier.

4, Cable~Current Receiver

Except for the sensing antenna and matching network, this receiver is
identical to the loop antenna receiver described in Sec. IV-C-2, The sensor
for the cable current receiver is a toroidal core that is bisected to enable the
core {0 be placed around a conductor. A molybdenum-permalloy-powder tor-
oid having a relative permeability of 125 and nominal dimensions of 4. 0 inch
outside diameter, 2.25 inch inside diameter, and 0,625 inch thickness was used
for the core. A single-layer winding consisting of 260 turns of 22-gauge en-
ameled copper wire was wound on the core, and the winding and core were cast
in an epoxy resin and fitted with a hinge and latch, The exterior surface of the
casting was copper plated to reduce electrostatic coupling between the wire
and the winding. (A gap was left in the copper plating so that it did not act as

a shorted turn,)

The full 260 turns are paralleled with a fixed capacitance to resonate at 0.5
ke, At all higher frequencies, only a fraction of the turns is used, * Above
20, 6 ke, the pickup could be used without tuning. (Above about 40 kc, the core
losses reduce the Q of the windings sufficiently to make resonating of little
value.) A more sensitive ferrite-cored pickup device was built to operate at

the higher frequencies. The high-frequency ferrite-cored pickup was tuned

*The pickups were later modified so that the full 260 turns were used at fre-
quencies from 0.5 to 20.6 kc (see Sec., VII).
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with fixed capacitors at 62, 160, 200, 450, and 510 kc. On both sensors, the
tuning capacitors and an attenuator were contained in a chassis attached to the
pickup device.

D. Pulse Transmitter

The high-voltage pulse generator for the pulse transmitter consisted of two
capacitor banks that were charged in parallel from a dc high-voltage supply and
connected in series to discharge through a highly damped oscillatory circuit
contzining the transmitting antenna (tuning capacitor removed). Except for the
de high-voltage supply, the entire pulse transmitter was mounted atop the CW
transmitter van. The pulse teansmitter is pictured in Fig. 13. The pulse
transmitter schematic is shown in Appendix B. Two 120-kv capacitor banks
are charged in parallel from a 120-kv dc power supply through the 125-kv, 20-
megohm resistors., A spark gap (lower gap), which consists of two 4~1/2-inch-
diameter aluminum spheres, is adjusted to fire at about 100 kv. When the lower
gap fires, the charged capacitor banks are connected in series through the
spark channel, so that the voltage across the upper spark gap is suddenly in-
creased to approximately 200 kv, and the upper gap fires, allowing the capaci-
tors to discharge through the circuit containing the transmitting antenna and a

pulse~-shaping load impedance (inductance and resistance).

The time constant of the capacitor banks and the dc charging resistors is
much greater than the time constant of the capacitor bank and load impedance,
so that the pulse shape is determined by the damped oscillation of the capacitors
with the load inductance and the load resistor. When both gaps are conducting,
the effective capacitance shunting the loac is the series combination of the ca-
pacitor banks in parallel with the antenna capacitance. This capacitance and
the load inductance resonate at about 12 ke, A damping resistor is mounted
between the upper gap and the transmitting antenna to reduce antenna ringing.
The pulse repetition rate is determined by the sparking voltage of the lower
gap and the time required for the capacitor banks to charge. Repetition rates

of 1 or 2 pulses per second were normally used.
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E. Pulse Receivers

A typical pulse receiver is shown in Fig. 14. Three similar pulse re-
ceivers were usec, Schematics are shown in Appendix B. The magnetic and
electric receivers use the CW loop and plate sensors. The cable-current-
pulse receiver includes a new wide-band current sensor. Matching networks
appropriate for the loop antenna, plate antenna, or the cable-current sensor
match these sensors to a wide-band preamplifier. The output of the preampli-
fier is further amplified and then observed on an oscilloscope. Two bandwidths
are available -~ 100 and 500 kc. The oscilloscope trace is photographed by
opening the camera shutter and single-triggering the oscilloscope. Calibration
is provided by a signal -generator and attenuator to current-inject a signal di-
rectly into the plate sensor through a small capacitor, into the loop sensor
through a resistor, and into the current sensor through a single turn through

the sensor.
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v
SYSTEM OPERATION AND CALIBRATION

A. General

Signal measurements were made using manual recording of data with re-
dundancy and overall calibration of the system for each measurement. This
procedure removed the effect of equipment variations from the data, thus allow-
ing relatively simple instruments to be used. Parameters not calibrated with
each measurement, such as antenna characteristics, calibraticn heighis, and
meters were repeatedly calibrated to ensure that their characteristics were
known.

B. CW Transmitting System

The equations developed in Sec. II completely describe the electro-magnetic
fields around the transmitter as functions of Va (antenna volts), C a (antenna
capacitance), he (antenna effective height), and known physical constants. The
antenn- eftective height | see Eq. (9)| for a 102-foot tower (100-foot mast on
2-foot insulators) is one half the physical length or 15.55 meters except for

small increases above 100 kc.

Antenna capacitance C a from Eqs. (13) and (14) for the 31.1m triangular
towexr 0.52m on a side is 438 uuf. Measurements to confirm the antenna cap-
acitance were made, However, such measurements are not clearly defined ior
the transmitting antenna feed tube (see Fig. 11) contributes to both the antenna
capacitance and the base capacitance. Measurements using a capacitance
voltage divider method* were made to determine the following:

*Calculations of capacitance from these measurements are no better than
+ 1% due to meter reading accuracy.
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(1) Total capacitance with tuning capacitor near minimum--509 puf
(2) Capacitance with tuning capacitor removed--486 upuf

(3) Feed tube capacitance-~~43 uuf. Th.3 capacitance is the difference
between the capacitance (2) and the capacitance after removing the
feed tube.

(3) Tower capacitance--426 uuf. This capacitance is the change in capa-
citance when the tower is removed from the three insulators, leaving
the insulator capacitance as 12.5 puf.

(4) Insulator capacitance measured 4.2uuf for each insulator or 12.6 puf

for all three insulators.

The measurements indicate that the active antenna capacitance is about
426 upuf with a base capacitance of about 80 uuf, with the trimmer on minimum.
Calculated (438 puf) and measured capacitance are in fair agreement. Meas-
ured capacitance of 426 uuf was used as the antenna capacitance.

The voltage, Va on the transmitting antenna was monitored using a cap-
acitance probe (insulated plate) near the base of the transmitting antenna and a
capacitance voltage divider to give a voltmeter indication of the antenna voltage.
The voltmeter was an HP 400D VTVM. The probe was calibrated by applying
300 volts rms to the antenna and adjusting the volvage divider (see Fig. B-4
Appendix B) to give 0,03 volts rms on the HP 400D, Thus, the voltage recorded
times 10% equals the antenna voltage. This calibration was verified at each

frequency and was repeated every two weeks during operation.

During operation of the CW transmitter, the frequency is monitored to in-
sure a constant frequency to within 0.1%. Transmitter tuning is monitored by
oscilloscope display of the power amplifier output, Correct tuning occurs when
this voltage is at a minimum and is symmetrical in wave shape. The relative
antenna current and voltage were normally adjusted to the values shown in
Table 1.
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Table I
CW TRANSMITTER PARAMETERS

Tuning
Tuning Voltage Antenna Antenna
Frequency Capacitance Peak-Peak Current Voltage
(ke) (turns) v) (%) (kv)
0.508 26 48 62 19.0
1.005 12 48 71 17.0
1.997 11 34 94 16.0
5.011 12 34 96 10.0
10. 008 10 28 87 7.00
20,586 11 22 100 5.00
62. 105 14 22 67 3.00
100. 212 15 46 46 1.60
200. 480 15 20 62 2.00
450,286 13 20 26 1.20
509,989 10 20 15 1.00

C. Voltmeters

All measurements of fields were normalized to transmitter antenna volt-
age. Antenna voltage was monitored with an HP 400D, with a standard accuracy
of 2%. The receiving system claibraticn used HP 403A battery-operated volt-
meters. These voltmeters were always used at one of six voltages so that it
was possible to use the HP 400D as a standard and scribe the HP 403A scale
to agree with the HP 400D. Thus, for measurements normalized to the trans-
mitter antenna voltage, the meter calibrations were accurate to the reading
capability of the operator. Ali voltmeters showed frequency variations that
varied over a +2% range but did not vary between instruments by more than a
total range of 1%. Since all data were normalized to the transmitter voltage,
this variation resulted in a 1% inaccuracy that was not calibrated out of the
data.

The effects of temperature on the HP 403A meters over the normal opera-
ting range of 30°F to 150° F could not be noticed within the normal meter
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reading accuracy. The same was true for the HP 400D which was always oper-

ated in an air conditioned environment.

D. CW Receiving System -

1. Operating Procedure

Three field measurements were made with one basic receiving system.
To aid in easy transport, the common receiving system was mounted on a
ground plane on a little red wagon as shown in Fig. 15. The receiving system
was connected to a sensor (and matching network) with two twenty-foot coax
cables (one for calibration and one for sensor output). For E- and H-field
measurements, the base of the sensor mount was aligned on a radial line through
the transmitter by sighting on the transmitting antenna. The base was then
leveled to better than one degree using a biitble level. Figure 16 pictures the
system setup for EO and H¢. Orientations for all six field component directions
are shown in Fig. 17. For magnetic field measurements (and for the cable
current measurements) the receiving system is placed so that the 20-foot cables
are perpendicular to the radial and vertical E fields, so that minimum currents
will be induced in the cables. For electric field measurements, the receiving
system 2und operator had to be placed beyond 15 feet from the antenna in the
antenna null to avoid distorting the antenna field pattern. This criterion was
most critical when measuring Er and E¢. For H¢ and EG (major field
components) the sensors were mechanically set to the positions shown in
Fig. 17. For all other field component directions the sensors were nulled on
the major field components using a 20-foot wooden-pole drive shaft to adjust
the sensor position. In a null, the sensor output was very sensitive to sensor
position (see Sec. II-G). Normally, three readings were obtained for each null
so that the nimimum could be found* These three readings were normally with-

in one or two degrees of sensor orientation.

Each sensor has a calibration terminal through which a known calibra-

tion signol was injected directly onto the sensor so that the entire receiving

*7'he quadrature outputs being both phase- and amplitude-sensitive only crudely
indicate when a minimum magnitude is obtained.
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system circuitry could be calibrated for each measurement. For each data
point, in addition to the housekeeping functions (time, date, location, operator,
equipment serial numbers, sensor, and sensor orientation), recordings were
made of transmitter voltage, transmitter frequency, sensor gain setting, re-
ceiver gain setting, reference gain setting, reference signal level, and the two

output signal levels (M 1 and M2). A calibrate signal was mjected* and ad-

*The calibration oscillator was off during signal measurements.
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justed in frequency to give a zero beat (with the transmitted signal) in the ref-
erence receiver. The zero beat was within a few cycles per second at the
highest frequency (510 kec) and to within one or two cycles per minute at the

lowest frequency (500 cps). To insure a maximum phase error less than 5

degrees, the calibrate signal frequency had to be within 0. 1%**(or better) of

the transmitted frequency. With the transmitter off, the HP attenuator was

then adjusted to give outputs near those recorded when measuring signal.

Voltage into the HP attenuator, HP attenuator setting, reference signal level,
and the two output signal levels was recorded along with the outputs when the

HP attenuator was at a maximum (110 db). This last measurement was used

as an indication of the stray coupling from the calibrate signal source into the re-
ceiving system and indicated calibration validity. This recording procedure

gave an accurate measure of receiving system gain and included redundancy in
the form of gain settings to check the operator and the calibration.T

The recorded data was computer processed to give signal amplitude:

Is| = Y_cgl_ Asig 10°
R A, TV, (52)
where
10 5units/. 3
|S| = Amplitude in 10" antenna volts
V. = Calibration voltage in 1075 volts
20 log R = HP attenuator setting
K = Sensor calibration constant

**Receiver predetection filter has a Q of 50.
tEach component of the receiving system was periodically checked to verify
that system gain was known and essentially stable for each gain setting.
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b
n

Signal amplitude using Eq. (50)

sig
cal Calibrate amplitude using Eq. (50)
V, = Transmitter antenna voltage,

and signal phase:

phase S = Phase Asig - phase Ac (53)

al

where vhase is determined using Eq. (51).

In addition, the computer indicated when the gain measured during calibration
was incompatible (+ 50%) with known system gains from gain settings, and the
value of the calibration pickup in percent of full-scale output. Whenever the
computer indicated a gain error in the systeni, that data was not used unless a
reasonable recording error could be demonstrated. The calibration pickup
normally was below 1 or 2 percent of full-scale output; exceptions generally

being with system gain at maximum (small signal levels).

2. Electric Field Sensor (Plate)

The electric field sensor was a parallel-plate antenna whose effective
height or area and capacitive reactance were measured. The sensor was tuned
with a Q of about 5 at each frequency {the frequencies are listed in Table 1),
so that neither short-circuit ner open-circuit assumptions are valid for deter-
mining the sensor sensitivity. The sensor capacitance was determined by
substituiion of a high-quality capacitor in place of the sensor. The substitution
capacitor was selected to give a tuned frequency within 0.1% of the values in
Table II. For this measurement the sensor matching network was non-terminated
(high Q). The capacitor was made of two series capacitors (368.1 and
368.1 uuf) giving an antenna capacitance of 184 yuf. These capacitors were
used as 2 dummy antenna for other measurements described below.

The effective height of the electric field sensor was measured by

comparison with a plate antenna of known area. A one-square-mecter section
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Table II

SENSOR PARAMETERS

Plate Loop
Common . . . qurent
Tuned Mode Cal 1b_rate Calibrate Tuned Calibrate Pi pkup

Frequency Rejection Ratio Constant | Frequency | Constant %ahbrate

onstant
(ke) (db) (Kp) (ke) (Kp) (Kp
0. 485 67.9 193 30.5 0.505 7100 600
0.993 75 193 30.5 0.996 7100 600
1.995 59.8 184 20.1 1.997 7100 600
4,980 56.5 193 30.5 4,989 7100 600
10. 022 68 197.5 31.2 9.989 7100 6900
20.555 58.1 207 32.7 20.601 7100 600
62.026 75.3 197.5 31.2 61.973 7100 126
100. 017 73.7 200 31.6 100. 194 7100 426
200. 227 62.9 212 33.5 200.749 7100 426
451. 380 67.2 224 35.4 449.919 7100 426
510,281 66.3 224 35.4 508.770 7100 426

of a large ground plane was isolated from ground with a 5-mil gap’f‘ The

short~circuit current was measured to determine the vertical electric field E 0

impinging on this one-square-meter area. For such an antenna,

where

I

short circuit =

2nf(oAp‘Ee|

f = Signal frequency

(54)

*The 5 mil-gap insures that the maximum error in area is less than 0.1%.
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¢ 8.854 x 10712 farads/meter

0

A

p Area in square meters.

By measuring the vertical electric field E9 at the same time and location with
the system parallel-plate field sensor, the effective height o1 the electric field

sensor was found to be 0. 158 meters.

The calibration signal for the electric field receiving system was in-
jected through a nominal 2- uuf capacitor onto the sensor. The capacitance
used to determine the sensor capacitance was used as a dummy sensor to
measure the ratio of the injected calibration signal to the sensor signal. This
ratio is shown in Table II along with the value of K D for Eq. (52) and the com-
mon mode rejection in db¥ The variation with frequency occurs since a new
matching network with its associated stray capacitances is switched in at each

frequency.

3. Magnetic Field Sensor (Loop)

The magnetic field sensor is a single-turn square loop made of 2-inch-
diameter aluminum pipe. The center-to-center distance on the loop is 58 inches
for a loop area of 2. 17 square meters. The loop reactance was measured to be
3.92 microhenries. The loop-antenna calibration signal is injected through
10.19 kilohms (measured on a bridge), providing a current source for the

calibration signal.

Thus

Icalibrate R

*Common mode rejection was maximized prior to the above measurements by
balancing the system stray capacitance from the sensor leads to ground at
each frequency.
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and

AT
1 -_Lo H|
signal Le
where
A" cal - Calibration voltage
R = Calibration resistance = 10.19 kilohms
AL = Loop area = 2,17 squara meters
TIO = 120n
L = Loop inductance = 3.92 mecrohenries
¢ = Velocity of light
|H | = Magnetic field strength-——amps/m
Fora I calibrate equal to ISi gnal,
A ARN
—-I?Iil- =1z © = 7100 = K in Eq. (52) (55)

KL is only as accurate as knowledge of the effective area and induc-
tance. The inductance is probably known to no better than +3%. Since the loop
is made of 2-inch-diameter pipe, its acutal effective area may differ from that
assumed. However, attempts tc accurately determine loop area using large-
wire antenna theory indicated that the effective area does not vary greatly from

the agsumed pipe-center-to-pipe-center area.

Common-mode rejection for the loop antenna system could not be di-
rectly measured or adjusted with any degree of accuracy since it was not pos-
sible to construct a good balanced dummy antenna. Measurements did indicate
that the common-mode rejection was in excess of 40 db at all frequencies.

4. Current Sensors

The current sensors were calibrated by placing a known current

60




through a single conductor in the sensor opening. This conductor was perman-
ently placed on the sensor and terminated in & coax connector. For current
sensor calibrations the calibration attenuator (HP attenuator) termination

(600 ohms) was placed in series with the calibration cable to provide a known
calibration current (voltage/600 ohms). This calibration current was compared
with known currents in lcag conductors of various sizes (diameters) in all parts
of the sensor openings. For the low-frequency sensor (Mo-permalloy), the
calibration current and test current produced identical responses, giving

KI = 600. For the high-frequency sensor, the response to the calibration
current differed from the response to current through all straight conductors
by a constant, giving KI = 426. This difference was due to the structure of

the high-frequency sensor. The calibration and output windings were close
together and on the same half of the toriod, so that coupling to the calibration

winding was stronger than to a conductor through the window.

A measurement was made to determine whether the pickup device in-
fluenced the cable current. By using the ferrite pickup to monitor the current
in the test wire, the response was observed as the Mo-permalloy pickup was
clamped over the test wire about 100 feet down the line from the ferrite pickup.
No change could be detected in the receiver output as the Mo-permalloy pickup
was clamped over the wire or removed. Tests wita spacings as close as 5 feet
between the pickups produced similar results, leading to the conclusion that
the presence of the core did not significantly affect the wire current.

The sensitivity of the current pickups to the electromagnetic fields of
the transmitting antenna were also determined in the course of the measurement
program. At radial distances of £00, 1000, 2000, and 3000 feet from the trans-
mitter, the current pickups were placed on the ground in the position that was
normally used when current in a radial conductor was being measured. With
the transmitter on, the response of the pickup to the fields (principally azimuthal
magnetic field) was measured. This response is shown in Fig. 18, where the
solid curves are the response of the low-frequency (Mo-permalloy) pickup and
the dashed curves are the response of the high-frequency (ferrite) pickup, A
similar set of response curves was obtained with the pickups in the pusition
that was normzally used when current in azimuthal arcs was being measured.
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These curves were almost identical to those of Fig. 18 except that the response

was an order of magnitude (20 db) lower in this (azimuthal arc) position.

E. CW System Performance

Measurements yielding over 1700 individual data points were made to de-
termine the system characteristics and develop operating procedures described
above. These measurements were made at the location shown in Fig. 1. Upon
completion of this developmental phase of the program, a series of measurements
were made over a three-day period to demonstrate system performance prior to
moving the system to the site shown in Fig. 2. Electric and magnetic fields
were measured at 1000 and 2000 feet. These data are shown in Figs. 19 and 20.
As can be seen, electric field measurements and predicted fields agree to better
than 5%. Magnetic fields agree to better than 10%. These percentages do not
include any averaging among data points. The good agreement between theory

and measurements indicates the accuracy of both.

Cable current measurements were repeated over a three-day period and
showed a maximum amplitude variation, at any one frequency, of 1.6 db or
20 percent, part of which was undoubtedly due to variations in soil conditions
(see Sec. VI-B).

Pliase measuremeiits with respect to E, are only reliable on current

]

measurements, on E, and on H¢ (phase during null is not easily described

0
or measured, as is shown in Sec. II-G). Phase for these data is no better than
+5 degrees < id may be £10 degrees at the three lowest frequencies since the
accuracy with which pbase can be determined is a function of the zero beat

accuracy between calibrate signal and transmitter {requency.

The measured null for the plate antenna was 4 degrees wide between points
20 db above the null. In normal operation the three icadings near a null were
made usually within one degree so that orientation of the total electric field was
determined to better than one degree, referenced to the antenna mount which
was accurate to about one degree. Electric field orientations were accurate to
one degree from one antenna set-up to another set-up. For measurements
using a single antenna set-up, the change in field orientation with {requency
was accurate to about 1/4 degree.
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The measurement of magnetic field orientation was only accurate to 2 or 3
degrees. This lesser accuracy is due to the loop null being generally 20 db
above the plate null and due to the geometry of the loop. (The diameter of one
side subtends a 1.5-degree angle viewed from the center of the opposite side.)
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VI
WIRE~CURRENT MEASUREMENTS ON THE SURFACE

A. General

Initial wire-current measurements were made on an irsulated solid copper
wire lying on the surface of an unimproved roadway extending radially from the
transmitting antenna in the test area shown in Fig, 1. Since this roadway had
apparently been made by grading the vegetation and a few inches of surface soil
off the open range land, the roadway surface was essentially equivalent to the
undisturbed range land. The surface of the soil appeared to be dry and powdery,
but moisture was visibly evident within two inches of the surface. During the
initial wire-current measurements, a U, S. Geological Survey team measured
the soil resistivity at dc, to a depth of 300 feet at the four field measurement
sites along the road (i.e., at 1000, 2000, 4000, and 600U feet from the trans-
mit;ter).1 In addition, the resistivity was measured to a depth of 4000 feet at
the 20C0-foot distance, While the apparent resistivity varies somewhat with
depth and distance from the transmitter, the mean resistivity was of the order
of 250 Q-m.

The procedure for laying the wire was to reel the full length of the wire off
onto the roadway, then stretch the wire to remove bends. When the wire was
reasonably straight, the tension was removed and the wire was allowed to as-
sume the contour of the road surface. The surface of the wire insulation was
thus in physical contact with the surface of the roadway throughout its length,
except at a few short dips in the roadway where the sag of the wire did not
quite bring it in contact with the soil. The wire-current experiments were per-
formed with insulated 10~-gauge AWG solid copper wire of the type ordinarily
used for interior house wiring. The plastic insulation (Polyvinyl chloride) on
this wire is about 47 mils thick, so the outside diameter of the insulation is

approximately 196 miis,
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For the current pickup to,be clamped about the wire, the wire had to be
lifted about 4 inches off the ground and supported in the window of the pickup.
The wire generally sagged enough to touch the ground within 5 feet of the pickup.
Checks similar to those made with the pickup devices (see Sec. V-D-4) were
made to ascertain that this slight discontinuity did not affect the wire currents.

In all cases, the wire currents were measured at frequencies of 2, 10, 62,
200, and 510 ke. All measured data presented in this section are tabulated in
Appendix C, Tables C-1, C-2, and C-3.

B. Radial Insulated Wire with Ends Floating

Several experiments were conducted using insulated 10-gauge AWG wire
with the ends floating (open-circuited). In the first experiment, the wire ex-
tended from a point 300 feet from the transmitter to a point 4000 feet from it.
The wire current was measured at both ends and at each 100 feet along the wire
at frequencies of 62, 200, and 510 kc. At the low frequencies, the current was
measured at the ends and at 500-foot intervals.

The magnitude of the wire currents in the insulated, floating wire extend-
ing from 300 to 4000 feet are shown in Fig, 2i, where the wire current induced
by 1.0 kv of transmitter voltage is plotted as a function of distance from the
transmitter for each frequency. Also indicated in Fig. 21 is the sensitivity
limit of the current sensor when the sensor was 300 feet from the transmitter.
The phase of the wire current relative to the phase of the loca: vertical elec-
tric field is shown in Fig. 22,

Since the wire was inculated and the ends were open circuited, the line is
only moderately lossy. Current injected along the line therefore propagates
for a considerable distance at the lower frequencies before it is dissipated
through line losses. Since coupling to the line is primarily through the capac-
itance between the wire and ground, the coupling increases with frequency.

In addition, as the frequency is increased, the electrical length of the line and
the line attenuation increase, Hence, at frequencies below 10 ke the line is
less than one-half wavelength and it is almost lossless, while at 200 kc and
above, the line is more than one-half wavelength and the losses have become
significant., At these frequencies, standing waves are apparent, and the mag-
nitude of the current is limited by line iosses rather than by degree of coupling.
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The plot of the phase of the current as a function of distance in Fig. 22
illustrates the difference between the free-space wavelength and the line wave-
length. Since the phase of the current was measured using the phase of the
local vertical electric field, E()’ as a reference, only the difference between
the phase of the current wave and the free-space wave was obtained. This
diiference is relatively constant at the lower frequencies where the line is
short and entirely in the near field of the antenna. At 62 kc the phase changes
considerably along the line, partly because the line length is a siguificant frac-
tion of a wavelength at 62 kc, and partly because the antenna fields go through
the transition from near field to far field along the length of the wire. At the
higher frequencies (200 and 510 kc) the cuirrent phase changes even more rapia-
ly with distance because of the greater electrical length of the line at these fre-
quencies. It is also noted that the phase meanders considerdbly at the higher
frequencies, Some of this meancering is caused by interference hetween the
current wave propagating down the line and the current injected by the radial

electric field along the line.

At 62 ke, the line appears to be somewhat longer than one-half wavelength,
It was therefore decided to adjust the length of the line until it resonuted at 62
ke, This was done by moenitoring the magnitude and phasc of the current at the
center of the wire as segments of the wire were cut off and removed. Figure 23
is a polar plot of the current at the center of the wire as the wire length was
shortened from 3700 feet to 2500 feet. From the polar plot, it ap_ears that the
half-wave resonance occurs at 62 k¢ when the wire is approximately 3250 feet

long.

While the line length was 2500 feet, the current was measured as a functio:,
of distance along the line. The line length was then increased to 3250 feet and
the current was again measured as a function of distance along the line, These
data are plotted in Fig., 24 with the 62-kc¢ data from Fig. 21, Comparison of
the amplitudes of the current at the center of the 3250-foot-long wire in Fig. 23
with those of Fig. 24, indicate that a discrepancy exists between these current
magnitudes. It is suspected that the properties of the wire as a transmission
line vary considerably because of changes in the surface of the soil. If the sur-
face of the soil dries out during the day, the effective height of the conductor
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above the conducting soil increases and the capacitive admittance and propaga-
tion factor are correspondingly altered. Overnight, however, the surface soil
may be rendered conductive by moisture absorbed from the subsoil, Thus,
measurements made early in the morning of a sunny day may not be consistent
with measurements made in the afternoon. The currents shown in Fig. 24 were
measured on the morning after the currents of I'ig. 23 were measured.

For comparison with the currents of Figs, 21 and 22, the currents were
computed from Eq. (28}, using Eqs. (48) and (49) to estimate the propagation
factor y. The imaginary part of y was adjusted to agree with the value obtained
from tae resonant length at 62 kc. This was done by adjusting the capacitance
and inductance per unit lengti of the line in such a manner that \/176— re-
mained constant., Thus, only the imaginary part of the propagation factor and
the coefficient A in Eq. (29) were affected. The magnitude and phase of the
computed currents are shown in Figs. 25 and 26, respectively.
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The form of the computed current magnitudes is remarkably similar to the
form of the measured currents, particularly at 200 kc and lower frequencies.
The computed current magnitudes are slightly lower than the measured currents
at frequencies of 62 kc and higher and are considerably lower at 2 and 10 kc.
This implies that the coefficient A in Eq, {29), which depends on the capacitance
per unit length, is too small. The computation was not rerun with the correctec

values of capacitance and coefficient A since it was felt that results shown in
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Figs. 25 and 26 were adequate to demonstrate the validity of the cable current
theory. It is noted, however, that if the capacitance were increased by a factor
of about 2.3 and the inductance were reduced by the same factor, so that
(LcyM2
higher would be in excellent agrcement with the measured currents in both mag-

remained constant, the computed currents for frequencies of 10 ke and

nitude and standing wave-form. Such an adjustment of the inductance and capac-
itance would alter the attenuation factor, the real part of y, but as will be dis-

cussed below, a reducticn in attenuation factor is desirable at the higher fre-
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quencies for better agreement with the measured phase. Even with these chang-
es, the computed current at 2 kc will be lower than the measured current.
This discrepancy is probably attributable to the high radial electric field that
exists within a skin depth of the transmitting antenna. At 2 kc and lower fre-
quencies, the end of the wire is within this high-field region.13
The computed phase of Fig, 26 is also in good agreement with the measured
phase of Fig, 22 except at 510 kc. At 510 ke, the measured phase relative to
the local vertical electric field decreased rapidly between 1000 and 2000 feet,
but the computed phase increased in this interval. Thus, as the end of the wire
at 4000 feet is approached, the measured phase is about 360 degrees less (more
negative) than the computed phase. The reason for this peculiar behavior of
the phase at 510 kc is that the line attenuation used in computing the current was
higher than the actual line attenuation, Thus, in the theoretical case, the cur-
rent induced in the line in the first few hundred feet of the line was so greatly
attenuated in propagating a few hundred feet that it was no longer of sufficient
magnitude to be the predominant factor in determining the phase. In the actual
wire, however, the attenuation at 510 k¢ was much lower, and the large current
induced in the first few hundred feet of the wire was still large enough after
propagating to 2009 feet and beyond, to be the predominant current in determin-
ing the phase of the line current, This behavior is depicted more clearly in a
polar plot of the magnitude and phase of the line~current phasor. In Fig. 27,
the contour swept out by the current phasor at 510 ke is plotted for thc measured
current (dashed curve) and the computed current (solid curve), In Fig, 27, the
phase angle is measured relative to the voltage applied to the transmitting an-
tenna, and the magnitude is in microamperes of line current for each kilovolt
of transmitier voltage. (The measured magnitudes have been suppressed at
900 and 1000 feet to smooth the contour). Note that the measured current
phasor of Fig, 27(a) spirais around the origin twice between 500 feet and 2500
feet to produce a 720-degree phase change. In particular between 1000 feet
and 2000 feet the contour encloses the origin and the current accumulates over
360 degrees of phase. The computed current phasor of Fig. 27(b) encircles the
origin only once between 500 feet and 2500 feet, and between 1000 feet and 2000
feet the loop formed by the computed current does not enclose the origin; hence

only about 100 degrees is accumulated in this 1ange, Had the computed line
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attenuation been less, the loop between 1000 feet and 2000 feet in Fig. 27(b)
would have been large enough to enclose the origin (i.e., the amplitude would
not have decayed so rapidly after the first maximum) and the computed phase

and magnitude would have been in better agreement with the measured phase.

It is worth nothing in this connection that Eqs. (48) and (49) lead to an at-
tenuation factor that increases more rapidly with frequency than the propaga-
tion factor does in the 200-to-500-kc range., Witn the other formulas, Egs.
(40), (42), (43), and (44), the ratio of attenuation constant to propagation con-
stant varies only slightly with frequency. For all subsequent computation,
therefore, the latter formulas have been used,

C. 100-Foot-Diameter Loop

A 100-foot-diameter closed loop of insulated 10-gauge copper wire was
iaid out on the surface of the ground with ils center 750 feet from the trans-
mitter. The terrain in this region was typical of the undisturbed range land of
the area. The surface soil was loose and sandy, and the principal vegataticn
was sagebrush., The sagebrush was removed along the path of the wire in an
effort to bring the wire in contact with the soil, but the irregularity of the
cleared surface prevented continuous contact with the soil, Imperfections in
the geometry of the loop also resulted from the difficulty of stretching the wire
to remove small bends in the copper. By weighting the wire down with rocks,
contact with the soil was improved. The loop is estimated to have been within
8 inches of a perfect circle at all points. The insulated wire used for the loop
had slightly thinner insulation than the wire used for the radial line, The out-
side diameter of the insulation was 170 mils.

Wire current was measured at four points on the loop -- two points at the
intersection of the circle by a radial from the transmitter through the center
of the circle and two points at the intersection of the circle by a line perpendic-
ular to the radial and passing through the center of the circle. These points
are illustrated in Fig. 28 and have been labeled according to the approximate
bearing of the points from the center of the loop. The measured wire currents
are also plotted in Fig. 28.
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If the loop were a periect circle lying in the plane interface between the aiv
and the soil, one would expect that equal current would be induced in each semi-
circle formed by splitting the loop along the north -south diameter. At frequen-
cies such that nd/2 = 157 feet is less than one-half wavelength on the line (i.e.:

below about 1.2 Mc), these currents would be maximum at the center of the
semicircles (at the east and west points) and would exactly cancel each other

at the ends of the semicircles (at the north and south points). Furthermore,
because of the capacitive coupling between the soil and the wire, the current

at a given point on the loop should increase approximately as the 5/2 power of
frequency for frequencies below the first resonance. A 5/2 power line has

also been drawn on Fig. 28. It should be noted that the measured high-frequen-
cy currents fall close to the 5/2 pcwer line, but that they are not equal in mag-

nitudes and do not cancel exactly at the north and south points.

Two imperfections in the loop probably account for most of the deviation
of the actual loop currents from the ideal loop currents. One is the variation
in coupling between the wire and the radial electric field in the ground result-
ing from irregularities in the position of the wire relative to the surface of the
ground. Such irregularities affect the characteristic impedance of the line as
well as the coupling, The other imperfection is the imperfect decoupling of the
loop from the azimuthal magnetic field of the transmitting antenna, This coup-
ling would predominate at the lowest frequencies, where the coupling to the
radial electric field (which is frequency-dependent to the 5/2 power) is the
smallest. Coupling to the azimuthal magnetic field would produce circulating
currents in the closed loop, while variations in coupling to the radial electric
field would tend to produce asymmetrical currents in the sides of the loop. At
the low frequencies (2 and 10 kc) the current appears to originate almost en-
tirely from coupling to the magnetic field since the magnitude of the current is
the same at all points about the loop and well above the sensitivity limit of the
current sensor. As the frequency is increased, however, the current appears
to follow the 5/2 power curve, indicating that coupling to the radial electric
field is producing the current. The inequality of the currents at the east side
and west side and the failure of the currents to cancel at north and south ends
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is probably caused by non-uniform coupling between the wire and the radial
electric field at 200 and 510 kc. At 62 ke the measured currents are near the
sensitivity limit of the current sensor, so that these data are of doubtful sig-

nificance.

D. Summary

Measurements on a leng radial wire on the earth's surface are shown to
be in general agreement with the transmission-line theory for wire currents
developed in Sec. III. This theory predicts wire currents caused by the radial
electric field. Values for constants in the theory were not optimized for maxi-
mum agreement; however, suggested values to improve agreement are pre-
sented.

Wire currents in a circular loop on the earth's surface are shown to be
caused by two processes. The transmission-line theory predicts the radially
flowing currents in the ioop. In addition, the azimuthal magnetic field (H¢)
couples into the loop (due to imperfect loop orientation) causing a circulating
uniform current. At the higher frequencies the radially flowing currents pre-
dominate. At the lower frequencies where the radial currents are small the
circulating currents predominate.
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vl
WIRE CURRENT MEASUREMENTS BELOW THE SURFACE

A. General

After the preliminary measurements with wires on the surface were com-
pleted, some modifications were made on the current sensors and the test sys-
tem was moved to a site where a variety of buried wire and cable configurations
had been installed. The low-frequency current pickup was modified so that the
full 260-turn winding was used at all frequencies from 0.5 kc through 20. 6 kc.
This modification was made to make the sensor less sensitive to the azimuthal
magnetic field of the transmitter. The electrostatic shielding of the high-
frequency pickup was improved by replacing the conductive silver paint with
copper -coated dielectric (printed-circuit board), and the calibration loops on

both pickups were reduced in size to accommodate the larger cables.

Eight cable types or configurations were available. These included both
bare and insulated cables, radial and tangential cable runs, and three loop con-
tigurations (see Fig. 2). The cable currents were measured at various dis-
tances frora the transmitter at frequencies ranging from 0.5 to 510 ke. Soil
resistivity2 at the site was about 50()-m. All measured data presented in this
section are tabulated in Appendix C, Tables C-4 thrcagh C-12.

B. Bare 10-Gauge Copper Wire (Cable Z)

This wire extenaed radially from a point 725 feet from the transmitter t»
a point 3000 feet from the transmitter, The wire was buried approximately 1
foot deep.. Pits were dug to expose the wire at the points where the current
was to be measured. Measurements were made at both ends and at points 1009,
1750, and 2380 feet from the transmitter,

The magnitude and phase of the wire current as a function of frequency for

1.0 kv on the transmitting antenna are shown in Figs. 29 and 30, respectively.
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The magnitude of the current appears to increase as the 3/2 power of frequency,
although there is an offset in the cucve in the 10-to-100-ke frequeancy range.

(For a further discussion of this offset, see Ser. VII-E.)

The impedance per unit length and the admitiance per unit length of the
bare 10-gauge copper wire are defined by Eqs. (44) and (40). From these,
the propagation factor y and the characteristic impedance Zo were computed
and are plotted in Fig. 31. It is noted that the real and imaginary parts of the
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propagation factor are almost equal, and that the real part is greater than 10—2

for aimost the entire frequency range. This implies that a current in the wire
is reduced by a factor of 1/3 in propagating 100 meters or less down the line
(at 500 ke the current is reduced by 1/3 in propagating only 5 meters). The
current at a particular point along the line is therefore dependent only on the
current and fields in the immediate vicinity. Reflections are of concern cily
very near the end »f the wire, and resonances are too heavily damped to be
detected.

Using the approximation of Eq. (A-35)*, the magnitude and phase of the
wire current were computed and are shown in Figs. 32 and 33, respectively.
For comparison with Fig, 30, the phase relative to the local vertical electrical
field (EG) is shown in Fig. 34. The computed magnitude of the wire current
varies very nearly as the 3/2 power of frequency (for a constant antenna voltage),
and the magnitude is in general agreement with the measured currenl magnitude.

The computed phase executes a 180-degree change between 10 kc and 500 kc (see
Fig. 34), agreeing well with the measured phase of Fig. 30. The theory lead~

ing to Eq. (A-35), therefore, appears to describe the bare 10-gauge-copper -

wire case rather well.

C. Insulated Cable (Cable N)

Cable N was a double-shielded multi-conductor (19 pair) cable with an outer
insulating jacket (polyethylene). The mean outside diameter of the outer shield
(copper) was 4.4 cm, and of the plastic sheath, 5.1 cm. The cable extended
radially from a point about 400 feet from the transmitter to a point 3300 feet
from the transmitter.* The cable was buried about 3 feet deep. The end of the
cable nearest the transmitter had been cut off, exposing the end of the shields
and core wires, This end was buried without any protective cover over the
exposed conductors. At the other end of the cable (at 3300 feet) the cuter shield
was connected to the grounded stzel case of an underground bunker and the core

wires were open-circuited, Measurements were made of the total current in
the cable (shields and core wires) at 550, 1050, 1550, 2050, and 3050 feet from

the transmitter,

*This cable vriginally started at 300 feet; however, because the first 100 feet
had been badly damaged by earth-moving equipment, this section was removed.

*See Appendix A,
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The measured magnitude of the current in the entire cable--core wires as
well as shields--is shown in Fig. 35 for an antenna voltage of 1.0 kv. Below
10 ke, the current appears to increase as the 5/2 power of frequency, as would
be expected for an insulated conductor [see Eq. (A-4), Appendix A|{. Above
10 ke the magnitude of the current fluctuates somewhat with both frequency and
distance from the transmitter, It was initially thought that these fluctuations
indicated a discontinuity in the cable, but subsequent analysis of the cable cur-
rents indicated that such fluctuations were to be expected. A splice ia the cable
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was found at 2350 feet from the transmitter, and it is possible that the shields
were grounded at this point. The junction box was found to contain water when
it was unearthed. Because the act of unearthing the splice disturbed the con-
tact between the cakle and the soil, it is uncertain whether or not the wet srlice
served as a good ground. The measured phase of the current relative to the
phase of the local vertical electric field is shown in Fig. 36. Above 20 ke, the
actual phase is subject to a 360-degree uncertainty, since the measurement
system indicates an angle of only -180 degrees to +180 degrees. Additional
increments of -360 degrees were added on the basis of computed results de-
scribed in the following paragraphs.

The admittance per unit length and the impedance per unit length of the in-
sulated copper shield were computed from Eqs. (43) and (44), respectively.
The propagation factor and characteristic impedance computed from these ad-
mittance and impedance values are shown in Fig, 37. In computing the imped-
ance and admittance, it was assumed that the copper shield was a solid copper
conductor, so that the impedance per unit length was somewhat in error at the
low end of the frequency range. It was also assumed that the admittance of the
soil was large compared to the admittance of the insulation, so that the admit-
tance per unit length was slightly in error at the high end of the frequency

range,.

The magnitude and phase of the current in the shield of the insulated cable
were computed from Eqs. (28) and (A-23) with 1000 ohms for the terminating
impedance Zl. The cable was assumed to extend from 300 feet to 3260 feet
from the transmitter. (Note that this differs slightly from the experimental
cable, which extended from 400 feet to 3300 feet from the transmitter.) The
computed results are shown as a function of frequency at a distance of 2050
feet from the transmitter in Figs. 38 and 39. Of particular interest in Fig, 38
are the resonances and the high currents associated with rescnances., At very
low frequencies the current increases as the 5/2 power of frequency, but as the
first r2sonance at 11.3 ke is approached, the current rises more steeply. From
the first resonance frequency to about 500 kc the current amplitude fluctuates
with frequency as higher-order resonances are encountered, but the mean amp-
litude increases only slightly with frequency. At the first resonance the cur-
rent is almost two orders of magnitude higher than the current in the bare 10-
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gauge copper wire at the same frequency, however. The amplitude at this
resonance is dependent upon the terminating impedance and the dissipation of

the insulation (the dissipation factor was assumed to be zero in the computa-
tion). It is noted from Fig. 37 that the characteristic impedance is 30 ohms or
less, so that the terminating impedance Zl’ which was arbitrarily assumed to
be 1000 ohms, reflects almost as well as an open circuit. It should also be
pointed out that the cable on which the data of Fig. 35 were taken was terminated

in a much lower impedance at 3300 feet; in fact, the actual termination may
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have been sufficiently close to the characteristic impedance (about 25 ohms)
that reflections were minimal. At frequencies above 500 ke, the capacitive
admittance per unit length becomes so high that the cable begins to behave al-
most as though it were bare. In this frequency range, a better approximation
would have been obtained if the complete admittance function of Eq. (45) had
been used instead of jBe' TFven using Y = jBe, however, the current appears
to approach the 3/2 power frequency variation observed on the bare 10-gauge

copper wire.
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The phase of the computed shield current shown in Fig. 39 is typical of a
low-loss transmission line until the frequency approaches 250 ke, At this
point the rate of change of the phase changes and the phase oscillates as a new
rate of change is established. It is believed that the explanation of this be-
havior of the phase is that above 250 ke the line attenuation is such that cur-
rents propagating from either end toward the 2050-foot point are greatly atten-
uated so that they do not appreciably alter the current at 2050 feet (which is as-
sumed to have been induced in the shield near the 2050-foot point). Belov‘v 250
ke, however, the line attenuation is less, and current induced near the ends or
reflected from the ends propagates without severe attenuation. Below 250 ke,
therefore, the phase at a given point on the line is determined by the line length
and the integrated effect of the current induced at all points aiong the line propa-
gating to the point of interest, in some cases after being reflected from the ter-~
minations, It should be pointed out that the computed phase shown in Fig. 39 is
the phase relative to the transmitting antenna voltage, whereas the measured
phase shown in Fig. 36 is the phase relative to the local vertical electric field.
Compariscn of the computed and measured phases, therefore, must take into
account the phase of the vertical electric field relative to the transmitting an-

tenna voltage.

Comparison of the computed magnitude of the current in Fig. 38 with the
measured magnitude at 2050 feet in Fig, 35 indicates that these currents are
in reasonable agreement (within a factor of 2 or 3) except at 10 ke, where the
computed current is an order of magnitude too high. It is noted that at 10 k¢
the computed current is on the rapidly rising approach to the first resonance,
and that the current magnitude is strongly influenced by the proximity of the
resonance, The frequency of the first resonance depends on the dielectric
constant of the insulation, the length of the cable, and the shield termination.
The height of the resonance is also a function of the dielectric loss and termin-~
ating impedance. Since the properties of the dielectric and the terminations as-
sumed in computing the current magnitude shewn in Fig, 38 were somewhat

arbitrary, the frequency and current magnituce shown foy the first resonance
(and higher -order resonances) are not necessarily representative of the values

that would be obtained in a practical installation.
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D. Conducting Sheath Cable (Cable L)

This cable was identical to Cable N (Sec. VII-C) except that the outer shield
of corrugated copper was covered with a sheath of conductive plastic. The
mean outside diameter of the copper shield was 4.4 ¢m and the mean outside
diameter of the plastic sheath was 5.1 cm, The cable extended radially from
a point 300 feet from the transmitter to a point 3300 feet from the transmitter
and was buried about 3 feet deep. The exposed end of the cable was buried
without protection at 300 feet, and the shield was terminated at a grounded steel
bunker case at 3360 feet. The core wires were open-circuited in the bunker.
Current measurements were made at 550, 1050, 1550, 2050, and 3050 feet

from the transmitter.

The magnitude and phase of ihe total cable current are shown in Figs. 40
and 41, respectively. Since the resistivity of the conductive plastic sheath on
this cable was supposed to be much lower than the soil resistivity, it would be
assumed that the outer shield would behave as a buried bare conductor. Com-
parison of the current magnitudes of Fig. 40 with the currents obtained for the
bare 10-gauge copper wire in Fig. 29 (meacured) or Fig. 32 (computed) indicates -
that the magnitudes and the rate of change with frequency are comparable only
above 100 kc. Below 100 kc, the conducting sheath cable currents are higher
than the currents in the bare 10-gauge copper wire, the discrepancy becoming
greater as the irequency decreases. The current phase also exhibits a peculiar
behavior. Whereas the phase of the bare copper wire current (see Figs. 30
and 54) starts at 140 to 150 degrees at the low frequercies, executes a 180-
degree shift, and approaches -40 degrees at the high frequencies, the phase
of the conducting sheath cable current starts at ahout 50 degrees at the low
frequencies, executes a 90-degree phase shift and approaches —40 degrees at
the high frequencies.

Because the properties of the conducting sheath cable current are also
characteristic of the current in the lead sheath cable discussed in Sec, VII-E
below, further discussion of this case will be deferred until the lead sheath

cable measurements have been presented.
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E. Lead Sheath Cable (Cable A)

The lead sheath cable was composed of insulated copper core wires (100
pairs) surrounded by a plastic sheath and fiber wrapper. The cable was en-
cased m a lead sheath having an outside diameter of 4.1 cm and a thickness of
about 0.3 cm. The cable extended iadially from a point 170 feet from the
transm:itter to 6000 feet from the transniitter. The cable appeared to be con-
tinuous out to 4000 feet, but it was not determined whether or not it was contin~
uous beyond 4000 feet., The cable was buried 4 feet deep. At 170 feet the
cable end was sealed off with iead, and all conductors terminated. Currents
were n.easured at 500, 1000, 1500, 2000, and 4000 feet,

The magnitude and phase of the currents measured in the lead sheath cable
are shown in Figs., 42 and 43, respectively. As can be seen, the magnitude and
phase of the lead sheath cuble currents are remarkably similar to the currents
in the conducting sheath -able, in spite of the fact that neither appears to be
consistent with the bare copper wire data, As with the conducting sheath cable,
the magnitude of the lead sheath cable current is higher (relative to the current
in the bare copper wire) at the low frequencies and the discrepency becomes
greater as the frequency decreases. The phase of the lead sheath cable current
is also characterized by a 90-degree shift similar to that of the conducting
sheath cable,

The propagation factor and the chacacteristic impedance of the lead sheath
cable have been computed from the impedance and admittance per unit length.
The admittance and impedance per unit length were computed from Eqs, (40) and
(44), respectively, assuming that the lead sheath was a solid lead conductor,
The computed propagatior ‘actor and characteristic impedance are shown in
Fig. 44. The cable current was then comput.'d from the approximate formula
of Eq. (A-35). The computed magnitude and phase are shown in Figs. 45 and
46, respectively, As in the case of the bare copper wire, the compuied mag-
nitude varies almost as the 3/2 power of frequency, and the phase {(relative to
the vertical electric field) displays a 180-degree shift between 10 and 1000 kc.

Since both theory and intuition indicate that the lead sheath cable currents
should be similar to the bare copper currents, one is inclined toward seeking

differences in the installations that would account for the discrepancies between
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the measured currents. The principal differences between the bare copper wire
and the other two cables appeared to be (1) the cross section of conductor, (2)

ithe proximity of the near end of the conductor to the transmitter, (3) the mater-
ial between the metal conductor and the scil, and (4) the depth at which the con-

ductors are buried. These differences are summarized in Table III below.
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Table I
PROPERTIES OF BARE CABLES

Conductor
Conductor | Closest Approach | Depth Contacts Soil
Conductor Cross Section To Transmitter Buried Through
(sq. inch) (feet) (feet)
#10 copper 0. 0082 725 1 Oxides or salts
of copper
Lead sheath 0.47 170 4 Oxides or salts
of lead
Conducting 0.17 300 3 | Conductive plastic 1
Sheath

If the conductor were actually coupled to the soil capacitively (e.g.,
through an oxide coating), in such a manner that the wavelength on the line so
formed were very much shorter than a free space wavelength, the behavior in
the 0, 5-to~100-ke frequency range could be approximated by resonance phe-
nomena similar to that shown in Fig. 38 between 10 and 500 ke. This expla-
nation of the high currents below 100 ke is inconsistent with the constant phase
observed on both the conducting and lead sheath cables, It is consistent with the
observation that the lead sheath cable is long, so that if it were insulated by an
oxide film it would resonate at a very low frequency. The conducting sheath
cable could also meet the 'long line" criterion if the '""conductive' plastic
sheath wers improperly compounded so that the plastic was only slightly con-
ductive but was sufficiently loaded with conductive solids to raise the effective
dielectric constant to a very high value. Because this theory does not explain

the behavior of the phase, and because of the extremely high dielectric constants
inherent in this theory, it is felt that this theory does not satisfactorily explain

the low-frequency currents.

It was also considered possible that, because the conducting and lead
sheath cables were terminated much closer to the transmitter than the copper
wire, the higher low-frequency currents might be caused by the higher radial
electric fields existing within a skin depth of the transmitting antenna base. At
distances within a skin depth of the antenna base, the radial electric field
strength is of the order of 8/r times the field strength computed from Eda. (12),
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The current is attenuated by a factor exp. (-x/8) in propagating down the line,
however. The higher radial electric field due to the spherical distribution of
current at the antenna base is thus significant only close to the transmitter and
at the lowest frequencies, and cannot account for the higher cable currents at

frequencies from 2 to 100 kc.

Consideration may also be given to the possibility that a copper -cuprous
oxide junction at the surface of the wire might rectify the alternating current
flowing to the wire and produce anomalous effects. Such action would cause
the wire to charge to a negative dc potential, but it does not appear likely that
this would have a significant effect on the ac characteristics of the conductor.
It is assumed that the line would charge to a negative equilibrium potential
within a few cycles of the applied alternating field. Subsequently, the junction
would appear to alternating signals as a large capacitance per unit length,

Examination of the wire spacing was made to determine whether the trans-
mission line theory or Wait's wave impendance theory was applicable. The lead
sheath cable and the conducting sheath cables are only 15 degrees apart and are
only 15 degrees from other cables in the area. Hence, at 0,5 ke, where § =
520 feet, the cables are separated by a skin depth or more at radial distances
greater than 1980 feet, while at 50 kc the cables are separated by a skin depth
or more at distances greater than 198 feet. It thus appears that the cable spac-
ing is less than one skin depth for significant radial distances at frequencies
below 50 ke, and that Wait's wave impedance theory might be more appropriate
than the transmission line theory over a limited range of frequencies and dis-
tances. Accordingly, the magnitude of the cable currents was computed from
Eq. (38) with N = 24 (15 degree spacing) and r, = 0. 02 meter. Rather than
stopping at the frequency and distance at which the cable spacing is equal to
the skin depth, however, the computation was carried out until the current mag-
nitude curve from Eq. (38) intersected the current magnitude curve from Eq,
(A-35). These curves are shown in Fig, 47 for distances of 1000, 2000, and
4000 feet from the transmitcer, The dashed portion of the curve is computed
from Wait's theory IEq. (38)] and the solid curves were obtained from the

transmission line theory lEq. (A-35)|. Comparison of these curves with the

curves obtained from the measurements on the lead sheath and conducting

sheath cables, Figs. 40 and 42, reveal the similarity of both the general shape
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and the magnitude of the curves. The computed curves appear to drop a little
faster below 2 ke, particulariy at 1000 feet, than the experimental curves, but
this discrepancy may be at least partially accounted for by correcting for the
high radial fields that exist within a skin depth of the antenna. The phase of

the: current relative to the local vertical electric field computed from Wait's
theory is relatively constant at 230 to 240 degrees for frequencies out to 20 kc,
beyond which the phase begins to decrease. This phase is roughly 180 degrees
more than the phase of the measured currents in the lead sheath and conducting
sheath cahles. This 180-degree discrepency has not been satisfactorily resol -
ved. Above about 50 ke, the measured phase tends to agree with the phase com-

puted from the transmission-line theory.

It is also peculiar that the lead sheath and conducting sheath cables should
obey Wait's theory while the bare 10-gauge copper wire obeys the transmission-
line theory. This is particularly disturbing when it is recognized that the 10-
gauge copper wire is only 9.5 degrees from another bare lead sheath cable (not
shown on Fig. 2). There were, in fact, three lead sheath cables spaced 15 de-
grees apart, the closest of which was 9.5 degrees counterclockwise from the
10-gauge copper wire, Hence, although the copper wire was 20 degrees from
the insulated cable (cable N), it was very close to an array of bare lead sheath
cables having the same spacing as the array including the conducting and lead
sheath cables. A possible explanation for this behavior is that the large lead
sheath cable adjacent to the copper wire acts as a guard wire for the copper
wire, shorting out the radial electric field about the copper wire at low fre-
quencies where the skin-depth is large. It is noted in Fig. 29 that the magni-
tude of the current in the copper wire appears to follow the trend set by the

larger bare cables as frequency is decreased, but at 10 kc the current begins
to drop more rapidly with decreasing frequency: suggesting that some other
effect begins to occur. This new efiect could be the almost exponential de-
crease in field strength about the copper wire as the range of influence of the
lead sheath cable increases with decreasing frequency. It is also difficult to
justify the application of Wait's theory to distances as great as 4000 feet from
the transmitter with the 15-degree spacing, elthough one would expect a smooth
transition from wave-impedance theory (for closely space cables) to the trans-

mission-line theory (for isolated cables).
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It should also be remarked that if Wait's theory is applicable to the lead
sheath and conducting sheuth cables (as it appears to be)j the theory should be
restricted to conductors tightly coupled to the conducting soil, since the grid
of conductors does not effectively shunt the ground impedance unless low-
impedance contact between the conductor and soil exists., Thus, if the
conductors are above ground or have thick insulation, the relatively high-
impedance (low-admittance) capacitive coupling between the conductor and
ground limits and shunting action of the conductors at low frequencies. At
high frequencies where the coupling impedance is low, the skin depth in the
soil is small so that the conductors are effectively isolated (unless the spacing

is very close).

F. Pie-Shaped Loop

A loop formed by two radial lines 30 degrees apart and two arcs, one at
340 feet and one at 1500 feet from the transmitter (see Fig, 2), was formed of
the conducting sheath rable used for cable L (see Sec. VII-D). The radially
directed sides of the loop passed through underground bunkers at 900 feet from
the transmitter and the arc at 1500 feet passed through a similar bunker. A
hole was dug about 20 feet from the counterclockwise end to expose the cable
at one point on the arc at 340 feet. The cable was buried 3 feet deep. In the
bunkers, the shields were connected to the grounded steel bunker case, and the
core wires passed through the bunker without shielding other than that provided
by the bunker. Current in both the shields and the core wires was measured in
the three bunkers, and total current wus measured at the hole on the 340-foot
arc.

Some difficulty was experienced with the pie-shaped loop because of de-
terioration of the cable installation., The cable had been cut in two places close
to Bunker 523.09, Splices were made at these cuts, but instead of splicing
individual core wires, all core wires were connected together and spliced with
one large conductor, For the length of the splices (2 feet and 10 feet), the core
wires were unshielded. Where the cable entered the burkers, it passed through
a 4-inch-diameter plastic pipe about 6 inches long that was intended to isolate
the cable from the steel bunker case, At the end of the plastic pipe inside the

bunker were the terminal fittings for the shields and an opening through which
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the core wires passed into the bunker. The shield terminal fittings were found
to be shorted to ground through a low resistance when the site was first exam-
ined. The terminal fittings were removed, and it was found that the plastic
pipe and the end of the cable were filled with mud. The plastic pipe sections
were all cleaned to restore the isolation between the terminal fittings and the
grounded steel bunker case, There was apparently moisture and mud inside
the cable, however, and the core-to-shield resistance was found to vary from
several megohms to 50 kilohms during about six months. This core-tc-shield
resistance change had a noticeable effect on the current induced in the core
wires,

The magnitude and nhase of the currents measured in the shield of the
cable are shown in Figs. 48 and 49, respectively. The magnitude and phase of
the currents measured in the core wires are shown in Figs. 50 and 51, respec-
tively. The core-wire currents seem to be exceptionally high, particularly
along the outer arc at 1500 feet. Because of the poor and variable isolation be-
tween the core wires and the shields, however, the significance of the core-
wire currents is somewhat questionable, Two sets of core wire data are shown
in Figs. 50 and 51. One set was taken when the core-to-shield resistance (as
measured with a dc ohmmeter in one of the bunkers) was 50 kilohms, and the
other set was taken whan the core-to-shield resistance was 500 kilohms. The
current magnitude differed by an order of magnitude for these two sets of meas-
urements. Because of such irregularities, little credence is given to trends
that might be suggested by the core wire current measurements.

The currents measured in the shields should be somewhat more reliable,
but the circuit arrangement is so complex that it is difficult to establish a
quantitative theoretical explanation of the measured values. The cable formed
a closed loop, and if the loop were isolated and perfectly nulled so that no azi-
muthal magnetic field linked the loop (a doubtful condition), the only current:
induced in the cables would have been those preduced by the radial electric
field in the soil. These currents would have been equal in the radial sides of
the loop and would have cancelled at the centers of the azimuthal arcs. Since
neither of the current measurements on the arcs was made at the center, how-
ever, this property of the loop was not checked. Although the bunkers along the
sides of the loop were at the same distance from the transmitter, the currents
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in the cable were not exactly equal, and at 2 ke these currents differed by al-
most an order of magnitude. It is perhaps significant that the pie-shaped loop
was adjacent to the cable array that included the lead sheath cable and the con-
ducting sheath cable discussed in the preceding paragraphs (one side of the
loop was only 15 degrees from the lead sheath cable). The shield currents in
the pie-shaped loop were also influenced by the low-impedance grounds that
were intentionally installed at each steel bunker case. Since the bunker on the
arc at 1500 feet is not in the center of the arc, the ground connection at this
bunker undoubtedly contributes to asymmetrical currents, Late in the mea-
surement program it was found that a radial cable was buried along a line be-
secting the pie-shaped loop. The ends of this cable were not located. The en-
tire loop might thus be within the range for which Wait's wave impedance
theory applies at low frequencies, but because of the length of the sides of the
loop and the manner of terminating, the validity of applying this theory is

doubtful even if the other complicating factors are overlooked.

The current in the arc at 340 feet (see Fig. 48) seems at first glance to be
rather high, but when it is taken into consideration that the cable from which
the loop was made has a low-resistance conductive plastic sheath so that the
cable behaves as a bare conductor, this high current seems more plausible.
The inner arc serves as a large, essentially equipotential ground connection
for the two radial sides of the loop. The current flow into this ground connec-
tion is distributed over the arc length, and since the measurement was made
near the corner, a large fraction of the current flowing from the arc into the
radial conductors flows through the cable where the current was measured.
The curcent in the radial side cables at 340 feet may be comparable to, or

even greater than, the current at 902 feet where the current was measured in
the bunkers. A 1500 feet the current in the arc was measured in the bunker,
which is over 150 fect froin the corner, so that the current at this point is

much lower than the current in the sides, because of both the radial distances

from the transmitter and the arc length from the corner.
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G. 100-Foot Diameter Loop

A closed circular loop of insulated 12-gauge copper wire was located with
its center 750 feet from the transmitter. The wire was buried about one foot
deep except where it entered a bunker on the side opposite the transmitter.
Where it entered the bunker, the wire was approximately 8 feet underground.
The wire current was measured at four equally spaced points on the loop, in-

cluding a measurement in the bunker,

The magnitude and phase of the currents measured in the loop are shown
in Figs. 52 and 53, respectively, Comparison of Fig. 53 with Fig. 28 in Sec.
V1, which shows the currents measurec in a 10-gauge wire loop lying on the
surface of the ground, indicates the similarity between the current magnitudes
in these two cases. As in the earlier case, the low-frequency currents appear to
be caused by coupling to the azimuthal magnetic field, while the high-frequency
currents are caused primarily by coupling to the radial electric field. The
high-freguency currents are somewhat higher in the 12-gauge ioop because the
loop is buried and, therefore, better coupled to the radial electric fields than
was the 10-gauge wire lying on the surface of the soil. The phase of the high-
frequency current appears to substantiate the assumption of capacitive coupling
to the radial electric field, At the low frequencies (10 kc and lower) the current
is in phase at all four measurement points, as would be expected if these were
circulating currents induced by the azimuthal magnetic field. The currents
are assumed positive when flowing in the counterclockwise direction. At the
high frequencies, the currents are 180 degrees out of phase at the sides of the
loo;, indicating that these currents are induced by the radial electric field.
The phase of the high-frequency currents at the ends of thc loop is somewhat
erratic, as might be expected if these were the residual currents renaining
after the interference of the currents coming in from the two sides of the loop.
At the low frequencies onc would expect currents induced in a loop in a verti-
cal plane to be 90 or 270 degrees out of phase with the local vertical electric
field, rather than the 190 degrees observed. Capacitive coupling to the ground
and the shunting effect of the ground have some effect on the phase, however,
Coupling to the radial electric field at these frequencies will also have a slight

effect.
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H. 100-Foot Diameter Loop with Guard Ring

A second closed circular loop of insulated 12-gauge copper wire, identical
to the first, was installed with a closed loop of insulated 4/0-gauge copper wire,
The installation was the same as for the first loop, except that the 4/0-gauge
wire was taped to the 12-gauge wire. Current measurements were made on

each wire individually, and on the two wires together.

The magnitudes of the currents measured in the wires are shown in Figs. 54,
55, and 56, Figure 54 shows the total current induced in both the 10-gauge
and the 4/0-gauge wire. This current is similar in magnitude and variation
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with frequency to the current induced in the 10-gauge and 12-gauge loops dis-
cussed previously., Figure 55 shows the current measured in the 12-gauge
wire, and the current in the 4/0 gauge is shown in Fig, 56. It is observed that
the current induced in the 12-gauge wire is generaily less than that induced in
the 4/0-gauge wire, particularly at frequencies of 10 kc and lower. This re-
sult is coasistent with the contention that the low-frequency currents are cir-
culating currents induced by the azimuthal magnetic field. The large 4/0
shorted turn 1hus reduced the magnetic field linking the 12-gauge loop. At the
higher frequencies (100 ke and higher) the currents are induced by the radial
electric field, and although the 4/0 wire also tends to short circuit the radial
electric field, it is less effective because of the low capacitive admittance of
the insulation (i, c., 1 large part of the voltage per unit length along the wire

is dissipated across thLe insulation capacitance).

The phase of the mecsured currents is shown in Figs. 57, 58, and 59.
Figure 57 shows the phase of the total current in both wires, and Figs. 58 and
59 show the phase of the 12-gouge wire current and the 4/0-gauge wire current,
respectively. The currents are assumed to be positive when flowing in the
counterclockwise direction. It it noted that the currents at frequencies oi 10 kc
and lower are in phase, in agreemant with the theory that there are circula-
ting currents induced by the azimuthal magnetic field. At 100 kc and above,
the currents are 180 degrees out of phose, in accordance with the theory that
these currents are produced by the radiai electric field.

The manner of coupling to the 4/0-gauge guard ring has important impli-
cations relative to the effectiveness of the guard ring in limiting the current
induced in the circuit to be protected (the 12-gauge wire in this case), The in-
stallation described is fairly effective in protecting the 12-gauge loop against
currents induced by magnetic field linking the loop, but it is less effective
against currents induced by a radial electric field becausc of the poor coupling
to the soil through the insulation. If the 4/0-gauge loop had been a bare con-
ductor, it would have been much more efficient in short-circuiting the electric

field in the vicinity of the 12-gauge wire,
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I.  Aluminum Sheath Arcs (Cables T, and TZ)

1
Two aluminum sheath cables were buried along arcs subtended by 30-

degree angle located at 500 and 2000 feet from the transmitter. The aluminum
sheath was 8 mils thick and was covered with an outer jacket of polyethylene

65 mils thick, The outside diameter of the cable was 0.78 inch. Current mea-
surements were made at three points approximately 7.5 degrees apart on each
arc (see 1ig. 2).

The magnitude and phase of the current measured in the arc 500 feet from
the transmitter are shown in Figs. 60 and 61, respectively. The me¢znitude of
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the current is at least an order of magnitude lower than the current measured

in insulated radial cables at similar distances (compare Fig. 60 with Fig. 35,
for example). If the arc had been perfectly laid out and the ground had been
perfectly uniform and smooth, this current should have been zero. If we visual-
ize the conductor as an electric dipole antenna, however, a comparison of the
current in the arc to the current in a similar radial conductor indicates that the
null response of this dipole is over 20 db down from the main-lobe response,
Such a null response is fairly typical of dipole antennas that are not carefully
constructed to produce good null characteristics.
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The magnitude and phase of the current in the arc at 2600 feet are shown in
Figs. 62 and 63, respectively. Comparing the magnitude of the current in this
arc with the current at a similar distance in the radial conductor (see Fig. 35)
shows that the current in the arc is about 2 orders of magnitude below the cur-
rent in the radial conductor. The currents in the arc at 2000 feet were so low

that they were barely measureable.

Jd. Summary

Currents were measured in four kinds ot long buried cables running radial-

ly from the transmitter:
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(1) Bare 10-gauge copper wire one foot below the surface

(2) Copper shield cable with outer insulating plastic sheath three feel be-

low the surface

(3) Copper shield cable with outer conducting plastic sheath three ieet be-

low the surface
(4) Lead sheath cable four feet below the surface.

The measured currents in the insulated cable could be predicted fairly well
using the transmission line theory developed in Sec. III. This cable, being in-
sulated from the ground, contained resonances above 10 kc. Below 10 ke, cur-
rent increased as the 5/2 power of frequency, as would be expected from the
theory for an insulated conductor | see Eq. (A-4), Appendix A]. The resonances,
being complex functions of the dielectric constant of the insulation, lcngth of
cable, and cable terminations were not exactly as predicted; however, general

agreement between theory and measurements was indicated.

The currents in the bare wire and cabies with ouier conducting sheaths
could be predicted (using the transmission line theory) for cables that could be
considered as single buried radial conductors. For such cables, both theory

and measurements show that current increases as the 3/2 power of frequency,

When more than one cable was buried in an area, so that cables were within a
skin depth of each other, then Wait's wave impedance theory (sce Sec. III)
would predict the cable currents. Generally, at the higher frequencies and
large distances from the transmitter, the cables were sufficiently isolated from

each other to be cons.idered as single cables, Near the transmitter at low fre-
quencies, the cables had to be considered as an array. For the bare 10-gauge
wire at freauencies below 2 kc the measured currents did not behave as pre-
dicted by either current theory. It was thought that a nearby large-diameter
lead sheath cable was acting like a guard cable at these frequencies and was
effectively shorting out the radial electric field near the 10-gauge wire.

Currents were measured in three buried loop structures:

(1) 100-foot diameter circular loop of insulated 12-gauge wire one foot

below the surface
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(2) 100-foot diameter loop of insulated 12-gauge wire with insulated 4/0-

gauge guard loop, both one foot below the surface

(3) Large pie-shaped loop of multi-conductor cable with conducting outer

sheath three feet below the surface.

The measured currents in the circular loops indicated that two current
sources existed. At the higher frequencies the measured currents were in
agreement with the transmission line theory, causing radially {flowing currents
in either side of the loop. At low frequencies, the loop respouse to the azi-
muthal magnetic field due to imperfect loop orientation causes circulating cur-

rents that are larger than the radially flowing currents.

Comparison of the currents in the guarded and unguarded 12-gauge loops
indicate that the insulated 4/0-gauge guard loop shields the low-frequency cur-
rents caused by the azimuthal magnetic field, reducing these currents by a fac-
tor of about ten. The radially flowing currents in both loops are nearly alike,
indicating little or no shielding for currents caused by the radial electric
field, To improve shielding, the guard ring should have been uninsulated to

provide a more effective short for the radial electric field.

Measured currents ‘n the large pic-shaped loop were made in each radial
leg and to one side of center in each azimuthal arc (340 and 1500 fect), At
three locations the cable entered bunkers with the core wires continuous through
the bunker and the shield connected to the bunker case. Deterioration of the
cable had caused leakage between the shield and core wires that varied with
soil and weather conditions. The ineasured core and shield currents were not
very repeatable or predictable; however, the general behavior was like that

observed on the 100-foot loops.

Currents measured on two azimuthal buried cables indicate that such
cables appear as electric dipoles with their pattern null in the electric field
direction so that the currcnts induced in such cables are reduced by one to two
orders of magnitude compared to radial cables at similar distances. The
amount of reduction appears to be dependent upon the effective null of the dipole.
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vill
FIELD MEASUREMENTS NEAR CABLES AND BUNKERS

A. General

CW field measurements were made near selected buried cables and bunkers
shown in Fig. 2 to determine magnitude, phase, and spatial differences from
field measurements in an open (free space) area (also shown in Fig. 2). These
measurements were made with the electric and magnetic field systems described
in Secs. IV and V. At each measurement location the sensor was first oriented
with a maximum sensitivity in the direction of the major field component-- @
direction (vertical) for electric field (EG) and ¢ direction (azimuthal) for mag-
netic field (H¢) . The sensor was then oriented to obtain two null readings,
one in each of the remaining orthegonal directions. This procedure produced
the major field magnitude and phase with respect to E g and the spatial orienta-
tion of the total electric or magnetic field. The measurements during a null do

not represent the fields orthogonal to the major field components (see Sec. II-G).

In the null, this measurement technique gives a phase that is very sensitive to
antenna orientation and is consequently sufficiently inaccurate to be meaningless
as phase of the null component. Magnitude in the null is only meaningful when
the null signal is greater than the sensor common-mode signal from the major
field. (For example, at the higher frequencies and greater distances, Er“
radial E--is about 25 db below Eg. The sensor common-mode signal in the
null is alout 50 db below Eg. Thus, the signal magnitude in the null, called
Er null, is mostly due to Er and not comm.on mode and is meaningful as a

magnitude only.)

Measurements were made along a radial line (N15°50'E--see Fig. 2) from
the transmitter at 1000, 1600, and 2000 feet. This area was selected to have
no known man~-made inhomogenities in the immediate area. These measure~
ments indicated that the electric and magnetic fields around the CW transmitter

were as predicted using Eqgs. (10), (11), and (12).
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B. Bare 10-Gauge Copper Wire (Cable Z)

Magnetic field measurements were made at 0.5, 10, 62, 100, 200, and 510
ke along an arc at 1760 feet from the transmitter (10 feet beyond a hole where
wire currents were measured.) Measurements were made above the wire
(buried 1 foot) and at distances of 10, 20, 40, and 80 feet along an arc to the left
of the wire facing in the direction of propagation (counter-clockwise from the
wire). Measurements above the wire were repeated after a two-week interval.

The magnitude of H¢ is shown in Fig. 64 along with free-space theory and
data. The free-space data are at 1600 and 2000 feet. The data at 1760 feet
should fall between these free-space data if there are no magnetic field distor-
tions above the wire. At the three higher frequencies, H¢ is essentially inde-
pendent of the wire. At the three lower frequencies, H ¢ is enhanced due to
the presence of the wire., However, the field enhancement does not follow any
particular pattern as a function of distance from the wire.

The phase of H¢ referenced to E 9 is shown in Fig. 65 along with the
H¢ free-space phase at 1600 and 2000 feet. The phase shows a maximum var-
iation at 10 ke and smaller variations a' the higher frequencies. Phase accuracy
is no better than +5 degrees. The maximum phase deviation from theoretical
phase occurs over the wire. At 10 ke, phase retards (decreasing phase angle)
as the cable is approached. This tendency occurs at 62 kc but is not evident at

other frequencies.

The magnitude of Hg null (vertical) is shown in Fig. 66 along with the
theoretical value of H ¢ at 1600 feet. As can be seen, H 9 null approaches the
magnitude of H¢ . indicating a large anomalous vertical magnetic field. (For
the free~space measurements, H6 null and Hr null were of the order of 40 db
below H¢.) At all frequencies except 10 kc the H0 null magnitude is a mini-
mum over the wire (0 feet), maximum near the wire (10 feet), and decreases
smoothly with distance approaching the 0-foot magnitude at 80 feet. At 10 kc
the distance dependance is the same as at other frequencies if the measurements
over the wire are neglected. At 10 kc, Hp null over the wire is the maximum

signal recorded.
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The Hr null magnitude is shown in Fig. 67 along with theoretical H¢ for

1600 feet. Hr null magnitudes are generally less than Hg null (being 20 db
below H¢) but are greater than Hr null in free space at 1600 feet. The data

are

closely grouped except at 10 and 62 kc. There is no smooth pattern as a

function of distance from the wire.
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The Hp aull and Hr null data presented in Figs. 66 and 67 were the mini-
mum readings obtained in the null. Three readings were obtained near each
null. The orientation of the sensor for the smallest magnitude reading defines
the orientation of the total H field (see Sec. II-G). For the magnetic field, the
remaining two resdings were at angles greater than =1 degree from this mini-
mum (see Sec. V), and the magnitudes were not always greatly different from
the minimum magnitude. The angular orientation of the H field near the buried
10-gauge wire is shown in Figs. 68 and 69. The angle associated with the mini~
mum magnitude is shown as the probable null. The angles for the remaining
two readings are shown by the vertical line through the probable null. H-field

orientation is shown as change in orientation from the theoreticat negative H¢
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direction.* H tilt is the change in the vertical direction (positive change down)
and H yaw is the change in the horizontal direction (positive change toward the

transmitter).

Figure 68 shows H tilt and H yaw as functions of frequency for the measure-
ments near the 10-gauge copper wire along with the free-space data. The H
field shows a negative tilt (up) at most frequencies with the maximum tilt at 10
ke. Yaw is evident at 10, 62, and 100 ke. Figure 69 shows the tilt and yaw as
a function of distance from the wire. Tilt shows definite distance dependence
that can be related t¢ current in the wire. A current flowing toward the trans-
mitter in a long radial wire will create a magnetic field HI counterclockwise
around the wire looking in the direction of propagation. This field will add to
the propagating field H‘P to cause an elliptic polarization of the H vector more
general than that shown for the E vector in Sec. II-G because H; and H¢

need no longer be orthogonal in space. The effect for currents flowing toward
the transmitter (positive current) is a negative H tilt counter-clockwise from the
wire and posiitive H tid rlockwise from the wire. H tilt should be zero ahove
the cable, Lowevar, the magunitude of HI should add (using proper phase) to H &
magnitude. The H-tilt data in Fig. 67 shows the general behavior described
above. In Fig. 70 are shown the Hg predicted at 1600 feet and H; at 10 feet
from the wire from the measured wire currents at 1750 feet (Fig. 29). Ob-
viously, maximum field distortion effects in the form of H tilt and H¢ magni-
tude and phase should occur at 10 k¢ with minimum effects at the lowest and
highest frequencies. The magnitude and phase obscrvations shown in Figs. 64,
65, and 66 generally agree with the assumption that the field distortion is
caused by the measured radial wire current. The geometry and relative phase
of Hg and HI etfect the general description outlined above and can cause con-
siderable variations with distancz and frequency.

Radial ur.iform currents in the wire cannot cause radial magnetic fields
or H-yaw distortions. However, all current is not confined to the wire.

*The dnta presentation format described here and shown in the figures is used
throushout this report and was selccted for easy presentation of both E and
H spacial distortions.
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Currents flow in the ground that converge on the wire which is a better con-
ductor than the ground. These ground currents that are not totally radial can
cause H yaw. Figures 67, 68, and 69 show evidence of a H~yaw distortion

between 10 and 62 ke whose exact cause is unknown.

C. Conducting Sheath Cable (Cable L)

Magnetic field measurements were made at 0.5, 10, 62, 100, 200, and 510
ke along an arc at 2030 feet from the transmitter (20 feet toward the transmitter
from a hole where cable current measurements were made). Measurements
were made above the cable (buried 3 to 4 feet) and at distances of 10, 20, 40,
and 80 feet along an arc to the left of the cable facing in the direction of

propagation.

The magnitude and phase of H‘P (reference to Eg) are shown in Figs. 71
and 72. Both magnitude and phase are very nearly equal to the free-space
measurements. The magnitude at 10 ke shows an enhancement at ail distances
except at 80 feet and a large phase difference from free-space measurements
at 2000 feet, The data at 0,5 kc is limited but does show a large signal

enhancement and a phase distortion.

The magnitude of H P null (vertical) is shown in Fig. 73 alorg with the
predicted curve for H¢ at 2000 feet. Except for 0.5 kc where H P null ex-
ceeds predicted H¢, H 6 is about 20 db below H¢ and 40 db above Hy null
in free space. HG null is a minimum over the cable, a maximum at 10 feet,
and decreases with distance from thsa cable. Hr null (radial) shown in Fig, 74
generally is of the same magnitude as Hy null; however, there does not seem

to be a uniform distance dependence to the variation in magnitude.

Magnetic field distortion angles H tilt and H yaw are shown versus
frequency in Fig. 75 and versus distance in Fig, 76, H tilt (distortion in
vertical direction) shows some distortion at all frequencies, with the greatest
distortion at the low frequencies. Maximum tilt (up) occurs at 10 feet (Fig. 76)
and is increasing with decreasing frequency. Figure 77 shows H¢, in free
space at 2000 feet and the magnetic field HI at 10 feet from the cable, calcu-
lated from the measured cable currents at 2050 feet shown in Fig. 40. The

summation of these two fields would cause maximum H tilt at the lowest fre-
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quency that is compatible with the measured H tilt. H tilt is apparently

caused by the radial current in the buried cable.

H yaw shows little distortion at the higher frequencies. The lowest [re-

quencies show maximum distortion. H yaw behavior is similar to H tilt,

indicating a common cause for the two distortions.

D. Pie-Shaped Loop

Magnetic and electric field measurements were made at 0.5, 10, 62, 100,
200, and 510 kc at 600, 900, and 1200 feet along a radial from the transmitter

that ¢'ssected the pie-shaped loop shown in Fig. 2. The inner and outer loop
arcs are at 340 and 1500 feet so that al. measurements were within the loop
area. A buried cable of undetermined length ran on a radial beneath the meas-

urement:s at a depth of 1 foot. The pie-shaped loop cable was in poor physical
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shape, having several repaired breaks and a time-varying (slow) sheath-to-core

resistance (see Sec. VII-F).

The magnitude of H¢ i3 shown in Fig. 78 with predicted H¢ for 600, 900,
and 1200 feet. At 600 and 900 feet and above 100 kc the measured field is
nearly the free-space predicted field. Bclow 100 ke for €00 and 900 feet, Hg
is increasingly enhanced with decreasing frequency and distance from traas-
mitter. This enhancement may be due to inadequacies in the field theory.*

The H¢ measurements at all frequencies at 1200 feet are some 10 db below
predicted free space H¢. The phase of H¢ (not shown) did not agree with
predicted free-space phase for 'y distance. All phase data were below (more
negative) predicted phase. The frequency-distance dependence shown in the
magnitude data was not displayed in any manner in the phase data. The mag-
nitude of H 9 null and Hr ndall are shown in Fig. 79 with predicted H¢ for 600,
900, and 1200 feet. HG null is generally larger than Hr null and is nearly
equal to the predicted H¢, indicating a distorted H field. H 0 null decreases
with distance from transmitter except at 0.5 ke. Hr null does not follow a

distance function for all frequencies.

The magnetic field distortions in the form of H tilt are shown in Fig. 80.
H tilt (vertical) shows a large field distortion at 0.5 kc that decreases with in-
creasing frequency. At 600 and 1200 feet the H field is tilted up and at 900
feet the tilt magnitude is the same magnitude as other distances but is in the
down direction. A uniform radial current in the radial cable directly beneath
the field measurements cannot cause the observed H tilt. The pie-loop current
measurements shown in IFigs. 48 through 51 do not show any correlation with
the H-tilt field distortions shown in Fig. 80, Hiwever, H tilt and H¢ shew
similar patterns (low-frequency distortion).

H vaw (not presented) showed no distortion at 600 and 1200 feet and showed
a small H yaw (one degree) toward the transmitter at 900 feet at all frequencies.

Assuming a +1° accuracy, the H yaw may have only existed at 52 and 100 kc.

*The field theory used is increasingly invalid as the transmitter is approached
where the antenna cannot be considered a point source. Near the antenna (in
wavelengths) the theory used will give field magnitudes that are too small.
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The magnitude of the’ EO measurements within the pie~shaped loop are
shown in Fig. 81 with the predicted free-space EO . Free-space EG data at
1000 feet are shown and they agree with predicted Eg for this distance. The
measurements within the pie-shaped loop are all some 5 db above predicted

free-space EG .

The magnitude of Er null and E ¢ null is shown in Fig. 82. For the dis-
tances shown, the predicted electric field ellipse formed by EG and Er varies
from a near-field backward-leaning (toward the transmitter) to far-field
forward-leaning ellipse (see Sec. II-G). Thus, Er nuil will equal Er in the
intermediate zone when kr = 1, providing Er magnitude is greater than the
sensor null response to Eg. Predicted Er and Er null are shown in Fig. 82:
the two curves meet at kr = 1. Far-field conditions occur only at the highest
frequencies at 900 and 1200 feet. Measured Er null agrees fairly well with
theory at the four higher frequencies, where the common~mode signal from
EG is smaller than Er . At 0.5 and 10 kc, Er null is not measurable since
the sensor common-mode signal is above predicted Er null. E¢ null is
generally 15 to 20 db below Er null but above the sensor threshold at the
higher frequencies. E¢ null is a maximum at 600 and 1200 feet and a minimum
at 900 feet. (This behavior is similar to some of the H-field behavior described

above, and is unexplained.)

Spatial orientation of the total electric field is defined by the electric field
sensor orientation when measuring Er null and E¢ null. As was done with
the magnetic field sensor, three readings were made for each null. The mini-
mum magnitude is the null magnitude. All three orientations were generally
within +0.1 degrees for readings taken with the same sensor base set up. For
readings between separate set-ups, orientation was accurate to about +0,7
degree. The urientation associated with Er null measurements is shown in
Fig. 83 as E pitch with positive being a field ellipse leaning away from the

transmitter* (far field). Theoretical E pitch from Sec. II-G is also shown.

*E-pitch reference is taken from the negative EO vector (see Fig. 83) for con-
venience of presentation.
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The measurements show remarkable agreement (constant 0.5 degree error)
with theory at 900 and 1200 feet. The 600-foot data shows little agreement with

theory, the exception being 510 kc.

Orientation associated with E¢ null measurements is labeled "E tilt"

with positive tilt being a clockwise rotation of the E field facing in the direc-

tion of propagation. E tilt (not shown) did not differ from zero for the 900- and

1290-{oot measurements.

For 600 feet, all frequencies were about -0.5 degree,

indicating a possible error in sensor base orientation.

E. Bunkers 5.601 and 519.03

Magnetic and electric field measurements were made near bunkers 5.601
and 519.03 shown in Fig. 2. Bunker 5.601 at 1600 feet from the transmitter

consisted essentially of metal and could be considered as a box flush with the

surface 36 feet wide, 43 feet long, and some 36 feet deep. The top surface of

this bunker is shown in Fig. 84, with the various locations for the field meas-

urements indicated.
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Bunker 519.03, also at 1600 feet from the transmitter, was a small con-
crete bunker near other concrete bunkers all flush with the earth's surface.

This bunker and the field measurement locations are shown in Fig. 85.
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The magnitudes of the measurements of the azimuthal magnetic field, H¢,,
near the two bunkers are shown in Fig. 86 along with free-space H‘P at 1600
feet. Except for a few data at 10 ke, all measurements are in essential agree-
ment with the measurements in free space and with theory. The phase (not
shown) of all H(/, data (including 10 kc) were within 3 or 4 degrees of the H¢
phase measurements in free space. In addition, H6 null and Hr null magni-
tudes at all frequencies for all measurements around both bunkers were of the
same ord-r of magnitude as the free-space H¢ null and Hr null, indicating
no abnormal out-of-phase magnetic field components. The null readings at 0.5
ke were barely greater than the free-space null readings for some selected

locations.

Sensor orientation for the Hy null and Hr null measurements near
bunker 5.601 are shown as H tilt (vertical) in Ffig. 87 and H yaw (horizontal)
in Fig. 88. H tilt at the higher frequencies shows an up-tilt (-) for all meas-
urements except those over a radial line through the center of the bunker. As
frequency is decreased, H tilt is decreased. Maximum H tilt occurs over the
azimuthal line through the bunker. H yaw shows a yaw (-) away from the
transmitter for the measurements not over the bunker and essentially no yaw
for measurements over the bunker. H yaw decreases with frequency and is in

the opposite direction at 0.5 kc.

The H-tilt and H-yaw data show a field distortion that tends to bend the
azimuthal magnetic field lines away from the bunker. The H¢ magnitude and
phase and the HG and Hr null magnitudes indicate that magnetic fields in
spatial directions different from the predicted H¢ direction can only exist as
fields in-time-phase (or out-of-time-phase) with H¢. (Linear polarizaticen is
equivalent to a single field at a new direction. For this field, orientation is
affected more than magnitude for small field distortions.) Thus, the cause of
the distortion must be associated with or caused by the H¢ field. If bunker

5.601 could be considered to be a large loop oriented to respend to H¢, * the

*The loop assumption does not require the bunker to appear physically as a
loop. A solid conducting structure will appear to an impinging magnetic field
as a loop type structure in that circulating currents will flow in a continuous

loon 14
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circulating current in this hypothetical loop would cause the H¢ field to be
repelled in the observed manner. Furthermor:. at low frequencies, the re-
duced efficiency of the loop (lower Q) would cause the effect to be reduced.
For the distortion to be caused by a loop type structure, the magnitude of H¢
over the bunker should be enhanced particularly at the higher frequencies.
Such an enhancement is possibly indicated in the data shown in Fig. 86. The
behavior of H yaw at 0.5 kc is not explained by the assumption that the bunke:

acts like a loop.

The H-tilt and H-yaw orientations from the H(-) nuli and Hr nuil meas-
urements near bunker 519.03 are shown in }ig. 89. Both H tilt and H yaw are
within 1 degree of the theoretical Hq,, indi -ating essentially no H-field distor-
tion. (All H-tilt data above 0.5 kc is about 2 degrees negative compared to the
free-space measurements: however, since this differrnce is constant for all lo-
cations, the data appears to be a sensor orientation problem and not a field

phenomena.)*

The vertical electric field E@ magnitudes near bunkers 5.601 and 519.03
are shown in Fig. 90 along with free space data at 1000, 1600, and 2000 feet.
Eg near bunker 5.601 was in good agreement with the theory and free-space

EG . All data were between the two values (top and rear edge) shown in Fig. 90.

E9 magnitude near bunker 519.03 shows considerable change (in the form
of signal reduction) from free-space measurements. Maximum reduction (mini-
mum magnitude) occurs at the rear edge of the bunker (behind the pole--see
Fig. 85) and appears to be symmetrical about this measurement along the radial
line through the bunker center. Measurements along the radial beyond the data
shown in Tig. 90 are not presented since they were essentailly at iree-space
Ey magnitudes. Measurements azimuthal from the center of the bunker were
like the free-space magnitudes except for the measurement at 2.5 feet off the
side of the bunker, which fell just above the top data shown in Fig. 90.

*The sensor is oriented to the earth's gravitational field and Hy is oriented
te the local earth's surface.
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The magnitude of E¢ null near both bunkers did not differ from free-space

E & null. The magnitude of Er null near both bunkers is shown in Fig. 91 for
the measurement locations listed in Fig. 90. At the lower frequencies, Er
null is above free-space Er null for all data near bunker 519.03. Maximum
field occurs nearest to the rear edge, with apparent symmetry along a radial
about this point. At the higher frequencies, Er null does not follow a decent
pattern; however, the field appears to be enhanced over iree-space measure-
ments. All other Er null measurements near bunker 519.03 were in agree-

ment with the free-space Er null shown in Fig. 91.

Er null magnitudes near bunker 5.601 were only above the sensor common-
mode threshold at the higher frequencies. All data except the data taken over
the bunker agrees with the rear-edge data shown, and is in agreement with
free-space Er null. Over the bunker, Er null is reduced by about 10 dk,
probably due to the presence of a better conducting ground plane.

E p'tch and E tiit associated with Er null and E ) null measurements
near 5.601 are shown in Fig. 92. Theoretical E pitch from Sec. II-G is plotted
for 1600 feet as the solid curve. Free-space E pitch agrees well with theory.
All data near the bunker are displaced in the positive direction from free-space
E pitch. The data appears to follow the shape of the theory curve if the curve
is displaced (dashed curve), except at the highest frequency. Tle data appears
to contain a sensor base orientation error with respect to the locil ground. *

E pitch at 510 kc appears to be more negative than free-space E pitch. E tilt
near bunker 5.601 shows a tilt of the E field away from the bunker (mmeasure-
ments off side of bunker) and no tilt over the bunker. The E tilt may be

caused by the H tilt distortion shown in Fig. 87.

E pitch from the Er null data near bunker 519.03 is shown in Fig. 93.
The data show pitch away (+) from the transmitter for data taken behind (further
from transmitter) the rear edge of the bunker and pitch toward (-) the trans-
mitter for data ahead of the rear edge. The pole at the rear edge of bunker
519.03 (see Fig. 85) contains a cable with a grounded shield. All E-pitch data

*Sensors are oriented tu earth's gravitational field.
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around this bunker is compatible with the E6 field terminating on the grounded

pole cable shield, causing a field distortion symmetrical around the pole.

E tilt near bunker 519.03 from the E¢ null measurements is shown in
Fig. 94. This data confirms that angular distortion arcund this bunker is
caused by the presence of the conducting vertical pole at the bunker rear edge.
The distortion due to the pole will cause Eg magnitude to be reduced as the
pole is approached (see Fig. 90). Furthermore, in the far field (100 kc and up
at 1600 feet) the Eg angular distortion will alter the ellipse formed by Eg and

Er (see Sec. II-G) and will result in an increase in Er null magnitude near

the pole toward the transmitter and a decrease in magnitude near the pole away
from the transmitter. Figure 91 shows this tendency. In the near field (low
frequencies) the ellipse is normally tilting toward the transmitter (see Fig. 4),
and the change in Er nul! magnitude should decrease on the transmitter side of
the pole and increase on the far side. Er null at low frequencies is normally
not of sufficient amplitude to exceed the sensor common mode threshold so that
this near-field distortion cannot be observed. However, Er null at low fre-
quencies (see Fig. 91) was measured near bunker 519.03 as being scme 10 to
20 db above the common mode threshold near the pole. The phase of Er null
with respect to E6 cannot be measured accurately; however, all Er null sig-
nals measured near the pole over the bunker (toward the transmitter) were
around -100 degrees and the phase behind the pole was around +100 degrees at
low frequencies and near -100 degrees at high frequencies. The phase reversal
at the lower frequencies and the abnormally high magnitude of Er null at low
frequencies indicates that the pole is reradiating the E 9 field and creating a
new radial electric field around the pole. Near the pole, this re-radiated field
will vary with frequency in a manner very nezrly the same as Eg. * Thus, at
low frequencies the re-radiated radial field can predominate, and at high fre-
quencies the transmitter radial field Er can predominate, which is observed.

*For distances very near to a vertical radiator with constant voltage the radial
voltage is nearly independent of {requercy see Eq. (i12)).
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F. Summary

Electric and magnetic field measurements in the area shown in Fig. 2 indi-
cate that the fields are in agreement with the theory developed in Sec. II except
near buried structures. The magnetic field near radial cables is distorted due
to the magnetic field produced by radial currents in the cable. This disturbing
field adds spatially to the azimuthal magnetic field from the transmitter to give
an elliptically polarized iield in the plane normal to the radiai wire. For cables
buried to a depth of four feet, the magnetic field distortion is discernible to
about 80 feet from the cable using a system that is accurate in magnitude to 10
percent and in spatial crientation to 1 degree. The electric field near buried
cables was not measured. Measuremenis near cables on the earth's surface
indicated that field lines terminate on the cable and are detectable as spatial
distortions out to ten feet from the cable. For buried cables this distortion

should be less noticeable.

Measurements along a radial line bisecting a large pie-shaped locp (see
Fig. 2) within the loop area indicate both magnetic and electric field distortions.
The magnetic field showed relatively large magnitude and phase distortions of
the azimuthal field component and the presence «f 2 vertical component that
caused the field to tilt £20 degrees as functions of both distance and frequency.
A buried radial cable at a depth of one foot also bisected the pie-shaped loop:
however, the currents in this cable should not tilt the magnetic field directly
over the cable. The magnitude of the vertical electric field showed a consistent
enhancement. The orientation of the ellipse formed by the vertical and radial
field components generally behaved as predicted. (That is, the total electric
field near--in wavelengths--the transmitter leans toward the transmitter and
as distance is increased the total fieid goes through vertical to an away-leaning
field at great distances.) Considerable azimuthal electric field was observed.
The cause of all field distortions is not known; however, due to the complex
structures in the immediate area (pie-shaped loop and radiai cables) and due
to poor and changing conditions of the pie-shaped loop with soil conditions (cable
had varying sheath-to-core leakage), complex field distortions are possible.

Measurements near two buried bunkers showed that for a conducting (metal)

bunker near the surface the azimuthal magnetic field was ''repelled' away from
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the bunker due to induced currents in the bunker structure. The orientation of
the magnetic field was observed to deviate from the azimuthal direction by as
much as 15 degrees. The increased conductivity directly over this bunker
caused a decrease in radial electric tield magnitude and a small spatial electric
field orientation distortion near the bunker edge due to field termination on the
bunker. For a small buried concrete bunker, the magnetic field was essentially
unaffected by the bunker. Due to a vertical conductor near this bunker, effects
of the bunker ov the electric field could not be determined. The electric field
was observed to terminate on the vertical conductor above the earth's surface,
causing a cone-shaped electric field distortion discernible to 25 feet from the
conductor. The re-radiated electric field from the vertical conductor was ob-

served to distort the radial electric field near the conductor.
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IX PVLSE MEASUREMENTS

A. General

The pulse transmitter and receiving systems described in Secs. IV-D and
IV-E were used to make pulse measurements of cable current, major electric
field (vertical), and major magnetic field (azimuthal) at selected locations
where CW measurements were made. The received pulse signai was observed
on a self-triggering oscilloscope and photographed on Polaroid transparent
film at several sweep speeds (typically 0.5, 1, 2, 5, 10, and 20 usec/cm) so
that both rapid and slow variations could be recorded. Also placed on film were
amplitude calibrations at 50 ke (= 2 percent) using a sweep speed of 20 usec/cm.
Thus, calibrations of nonlinearities in the oscilloscope time sweep were made
along with the amplitude calibrations, Pictures were taken at each observation

point using receiving bandwidths of 100 and 500 kc,

The recorded transmitted pulse was well above the noise, and produced
good repeatable pictures using a single oscilloscope sweep. * The received
pulses could often be recorded on a single sweep; however, noise (interference)
was always observable, In some instances the received pulse had to be photo-
graphically integrated using several sweeps, to separate sweeps triggered by
interference and sweeps triggered by the wanted pulse, Self triggering of the
oscilloscope always eliminates some portion of the pulse leading edge., Trig-
gering was tried on both negative-going and positive-going portions of the want-
ed pulse and most often resulted in a triggering level at less than 10 percent of

peak pulse amplitude.

*The transmitter pulse was continually monitored and photographed throughout
the pulse measurements program using the pulse monitor circuit shown in
Fig. B-4. The pulse shape cid not noticeably change with time.
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B, Data Processing

The waveform pictures ecorded were the result of the transmitted pulse
modified by the transfer function IG(w)I from the transmitter to the receiving
point and the transfer function of th2 receiving and recording system l P(w)} .
The receiving systems were band-limiied (100 kc and 500 kc¢) and consequently
had a non-constant amplitude and phase response as a function of frequency.
To obtainr the true received pulse the recording characteristicz had to be re-
moved fron, the data. This was accomplished as described helow on an IBM

7090 computer, using the Fourier transforms described ir Appendix D,

The time pictures for the transmitted pulse are shown in Fig. 95 for sweep
speeds of 0.5, 1, 5, and 10 u5ec/em alang with two calibration levels. (The
calibration frequency for this set of data w2< 240 ke and not the normal 50 kc
used at the receivers.) The calibration signal for the transmitted pulse re-
cordings was applied directly to the oscilloscope since the transmitter monitor
system consists of 2 plate antenna and simple passive filter (see Fig. B-4).
The transmitter monitor output was measured (using the CW probe calibration
scheme described in Sec. V-B) to be 0. 1 volts per kv on the transmitting
antenna at frequencies below 110 ke. Thus, the peak-to-peak amplitude of the
iwo calibration signals of 0.5 and 2.5 volts rms in Figs. 95(e) and 95(f) cor-
respond to 14. 1 and 70. 7 kilovolts on the transmitting antenna, * This gives an
oscilloscope deflection of 28.8 x 103 volts/cm, The dot at the left edge of
the pulse pictures corresponds to zero volts on the transmitting antenna and a
line parallel to the peaks of the calibration signal through this dot represents
zero volts for all times in each picture. The distance between peaks gives the
time scale, ** The zero volt line was transferred to the pulse picture shown in
Fig. 95(a). The time calibraticns were iransferred to the zcro volt line with

the intercept of the zero volt line and the extrapolated pulse beginning being

*As can be seen the oscilloscope gain is set so that on 2 volts/cm, the deflec-~
tion is approximately 2. 8 volts/cm. This was done to give a pulse amplitude
near peak deflection.

**The calibratior signal in Fig. 95(f) is at 100 kc (period 10 usec) using a sweep
of 20 usec/cm, Thus, the peaks are spaced 10 usec for a 20-usec/cm sweep
and represent 0,1=, 0,5-, 1-, and 5-usec spacing for 0.2-, 1-, 2- and 10-
psec/cm sweeps respectively.
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time equal zero (t = 0). Figure 95(a) was then scaled each 0. 1usec after

t = 0 for the amplitude in transmitter antenna volts. The scaled amplitude
was the smoothed pulse waveform shown by the fine line drawn on Fig. 95(a).
Scaling was accomplished on a Benson-Lehner Oscar F analog-to-digital sys-
tem. Scaling on Fig. 95(a) gave the first 16 scaling points (¢ = 1.6 pusec).
Figure 95(b) was then scaled after first matching the data from Figs 95(a) and
(b) for the times t = 1 to 1.6 usec. Figure 95(b) was scaled each 0. 1 usec.
to t = 5 usec for a total of 50 time points, Thereafter all scalings were at

0. 2-usec spacings. Scalings were continued with matching from one picture to
another out to where the waveform returned to the zero line which was 100 usec
for the waveform shown in Fig. 95. Thus, for the transmitted pulse, 526 times
(including t = 0) and their associated waveform amplitude values were punch-
ed on cards. This scaling procedure was used for all waveforms recorded.
Scaling was terminated when2ever the waveform being scaled had returned to

the zero volt line, indicating the end of the pulse waveform. Thus, a different

number of time points were scaled for each waveform.

The time waveforin data obtained from Fig. 95 was transformed to a fre-
quency spectrum using the computer program outlined in Appendix D, Ampli-
tude and phase were calculated each 2 k¢ from 0 to 1000 kc. As a check on the
computer processing, the frequenc: spectr um was inverse transformed back
to time at the same time points as the original scaling, This inverse transform
time function and the original scaled time function (2 curves) are both plotted
in Fig, 96. As can be seen, the two curves in Fig. 96 are nearly indentical.
Where the two curves differ, the error (indicated in Fig., 96) is less than 0.5
percent of peak amplitude,

The time waveform shown in Fig, 96 is the result of the voltage-time func-
tion on the transmitting antenna modified by the recording filter character stic.
This filter characteristic P(w) was measured in both amplitude and phase and
was transferred to cards as 1/P(w) at each 2 kc from 0 to 1000 kc. The shape
of 1/P(w) and the corresponding plate, loop, and cable current recording
characteristics for 100- and 500-kc handwidths are indicated in Table IV,

The product of 1/P{w) and the frequency spectrum obtained by transforming

the scaled time waveform, is the transmitt- 1 spec.~um, and the inverse trans-
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form of this transmitted spectrum is the transmitted time wavefcrm, The

transmitted time waveform and spectrum (magnitude and phase) for the recorded
waveform in Fig. 96 are shown in Fig. 97. The time waveform is very similar
to the recorded waveform in Fig. 96 since the filter function in Table IV is
relatively constant with frequency. The transmitted spectrum is peaked near

12 ke, has a secondary peak near 260 ke, * and appears to contain energies

*Reactance measurements on the pulse transmitting antenna system showed a
secondary resonance between 250 and 260 kc caused by self resonance in the

antenna load inductance.

183




Le8'2 [ 129°T | 9€8°S | T12°9 | 922°% | €26°T | €82°9 | €211 | 60T 9 | 52872 | 218G | 6607 | 195°L | 9991 | 0001
BLE'Z | 62¥°L | T06°% | 469°G | S08°¢ | $SL'T | ¥L0'9 | S°0T | T02°S | 628°T | 908°S | 60.°6 | +0z°T | 8651 | 006
FPOL™Z | 992°T | S9¢°% | T8T°S | vee'e | SIS'T | ceo'e | vev°6 | €927 | 296°0 | 008°% | c2vs | 26071 | eev-1 | oog
06°T | 9BT'T | 0T2°% | T89°% | 298°2 [ T€0°T | LTT°S | ote's | T6v"e | 29670 | 62" | w612 | 0680 | zee 1| ooy
88S'T | 920°T | 28L°¢ | STT'% | T6£°2 | 000°T | 8eS"% | evT-L | 228'2 | cer°1 | 28.°¢ | s86°c | 0v2-0 | $¥2°1 | 009
BOE°T | 81670 | 662°¢ | 60S'€ | 686°'T | UTO'T | 626°¢ | 236°c | $og"z | 202°T | 198 | Te8 % | 009°0 | 8911 | ooc
280°T | ¥G570 | 018°2 | 096°2 | 9€S'T [ 000°T | €0%'¢ | 808" | 988°T | c02°T | €622 | 929°¢ | 28v70 | 2011 ooF
BE8°0 | vS6°0 | 692°2 | 3¥E'Z | 89T'T [000°T | 238°2 | 059°¢ | ¥8%°T | 43171 | 9822 | 299°2 | 6280 | 20071 | ooe
69970 | 886°0 | €69°T | 829°T | 89L°0 [ 000°T | 66T°Z | 6972 | 2T0°T | 2L0°T | 82271 | eeL°T | 9220 | o10°T | 00z
€92°0 | 000°T | 1660 | 8TT'T | #8870 | 000°T | 64T | 09%°T | 65570 | 210°T | 2101 | 0611 | 0cr70 | 000°T | 00T
L8070 | €COO°L | 695°0 | 4%0°T | 0¥8°0 | 000°T | 054°0 | €TT'T | 8%2°0 | T00°T | T5°0 | 920°T | 0%0°0 | 000°T | 0
86T "9 | 01O T o |oro'T 0 Jooo't}uto]jooot] o |ooot| o | o001 0 | o000t o1
PO8'E | BBTT | L¥8'G | 09T"L | 60179 | 000°T | 60T°9 | 000°T | 0sss | vt | oge's | o611 | o | 000°1| 2
(*pea) Byt (‘pex) | -Sew | (‘pex) | Sew | (‘pea) | Sew | (‘pea) ‘Jew | (*pea) | -Bew | ("pea) | “Sep
aseydq ‘109 | sseyq ‘199 | eseyg ‘199 | eseyg ‘199 | oseyd | ‘199 | eseyg | ‘1oy | eseygq ‘Y | (O%
9% 008 93 001 9% 008 o3 00T o3 00G o3 00T Fomuoly ] Poid
w33sAg doo wo)SAS o1elq waysAg JuaIan) orqen ISPIWSURI]L

ISNOdSTYH AONIANDIAYA ASHAANI SIWALSAS ASTNd
Al d1qeL

184




T T T T T T T i T T
20| -
."_' o —
3
8-20- —
i
s ~40F .
g
g - —
> .60|- -
<{
Z
4 —
W
5
<-80 -
100} -
. J
ol | ] | ! L | i L 1 N J
0 20 40 60 80 100
TIME pnsec
o7 T T 7T T T T T T T 1T T T T 1T T T T T 30
08} B
]
Q
.
L H
_O .1}
06 4 5
3
w —180
S
£ o
204 -~ <
e T
; a
. PHASE
- PARSNN /VA’N“' “YaN B
P ‘-\ ; v \--‘-‘~~\\
[ Sen
02 b s . -
RN Cren N
NEOsANy " \\\\"Ilf/\\J \
B \<MAGNITUDE N
ol 1 1 T Tty o 4 o
0 200 400 600 800 1000
FREQUENCY ke
FiG. 97 TRANSMITTED PULSE TIME WAVEFORM AND FREQUENCY SPECTRUM

185




out to about 650 ke, This spectrum from 0 to 1000-kc has a magnitude

variation in excess of 40 db, The film recording scaling accuracy is probably
accurate over a 20-db dynamic range and may be usahble but inaccurate to 30 db.
Consequently, the transmitted spectrum is accurately defined over a 20-db amp-
litude range or for frequencies up to about 100 ke, For frequencies up to 275 kc
(20 db below the spectrum peak), the spectrum is usable but inaccurate. Above
275 ke (over 30 db below the spectrum peak), the transmitted spectrum pre-

sented in Fig. 97 is considered to be noise.

For the received pulse data, processing similar to that described above
was used to obtain the actual received time waveform and spectrum. Since two
recordings were made for each received pulse (100- and 500-kc bandwidths)
two waveforms and two spectrums were obtained. Theoreticallv the two wave-
forms and two spectrums should be identicail after the recerding filter charac-
teristics are removed, and often they were nearly identical, Figure 98 shows
the results of the recorded and processed time waveforms for the 100-kc and
500-kc bandwidth pulse current recordings at 2050 feet on Cable L when the
pulse of Fig, 96 was transmitted. The scaled waveforms show considerable
differences due to the reduction of the higher frequencies in the 100-kc band-
width recording., The processed waveforms show good agreement between the
100-kc and 500-kc recordings. The 100-kc processed time waveform appears
to contain higher frequencies., This is caused by the data processing, which
multiplies the low-amplitude recorded high-frequency energy by a large num-
ber to correct for the recording filter characteristic. This portion of the 100-kc
recording is very inaccurate, as can be seen in Fig, 99 which shows the 100-kc
and 500-kc spectrums for the processed time waveforms in ¥ig. 98, The proc-
essed 100-kc specirum enhances frequencies above 200 ke; consequently, the
higher-frequency portion of the 100-kc recording is very inaccurate. For the
data in Figs. 98 and 99, the 500-kc waveform and spectrum are selected to
represent the received signal,

The spectrums in Fig. 99 show scveral features that limit the usefulness
of the pulse data, The transmitted spectrum has two predominant frequency
components at 12 and 260 ke, These show as the major frequencies in Fig. 98
and consequently as magnitude peaks in the spectrums shown in Fig, 99. The
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spectrum at these two frequencies is probably scaled very accurately, with a
decreasing scaling accuracy away from either frequency. In addition, the re-
cording filter response limits scaling accuracy above either 100 or 500 ke out
to abcut the maximum transmitted frequency of 650 kc. Above 550 ke the spec-
trum:s presented are considered to be invalid.

The comparison and selection process described above was made for each
set of data and generally resulted in selecting the processed 500-kc data as rep-
resenting the actual received pulse. In some instances the received pulse was
predominantly composed of high frequencies. Tor these pulses, the 100-kc
recordings gave sufficient high-frequency accuracy and sufficient low-frequency
signal so that the 100-kc recording was selected (o represent the received
pulse.

The spectrum selected as representing the received pulse spectrum wis
further processed to obtain the transfer function G{w) from the pulse irans-
mitter to the receiving location so that the CW and pulse data can be compared.
G(w) was obtained by dividing the received spectrum by the transmitted spec-
trum shown in Fig. 97. For the CW measurements, the magnitude of G(w) is
presented as tl.e magnitude of the received signal per unit transmitter volt.
This is the data presentation form used for all CW data,

This 6-step data processing for all pulse data presented is summarized
below,

Step 1--The data from each set of photographs were semi-automat-

ically placed on cavds at time points 0, 1 and 0, 2 usec apart, *

Step 2-~-The time cards were plotted and compared with the photo-
graphs.

Step 3--The time cards were transformed to amplitude and phase and

multiplied by the inverse of the transform of the recording sys-

tem to create the received pulse amplitude and phase spectrum,

*Amplitude calibrations were corrected for the filter characteristics listed in
Table IV,
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Step 4--The spectrum obtained in Step 3 was transformed to time to
give the received time waveform.

Step 5--The spectrums and time waveforms obtained from the 100- and
500-kc recordings were compared and one selected for presen-
tation in this report.

Step 6--The spectrum selected in Step 5 was divided by the transmitted
spectrum to obtain the transfer function G(w).

C. CURRENTS IN BURIED RADIAL CABLES

Measurements of pulse curreni were made at 1000, 1750, and 3000 feet i
the buried bare 10-gauge copper wire (cable Z) and at 1050, 2050, and 3050
feet in the conducting sheath cable (cable L) shown in Fig. 2. Tle computer-
processed data, in the form of a received pulse timc waveform and its associ-
ated transmitter voltage (V a)—to-\vire current transfer function (magnitude and
phase), for the bare 10-gauge copper wire are shown in Figs. 190, 101, and
102. The three processed time waveforms show a reasonable pattern with dis-
tance. All waveforms show considerable 260-kc* energy. The first positive
pulse is recognizable as the same pulse in each time waveform. Details prior
to this pulse arc not discernible with the recording and data processing tech-
niques used, ** The high-frequency part of the time pulse is about equal at
1000 and 1750 feet and about one order of magnitude down at 3060 feet. The low-
frequency component of the pulse decreases with distance, being nondiscernible
at 3000 feet. This low-frequency pehavior is indicated by the recorded pulse

time duration shown as tmax in each figure.

The transmitter voltage-to-wire current transfer function for the bare

10-gauge copper wire is shown in the lower half of Figs. 100, 101, and 102 as

*Secondary peak in transmitted spectrum (see Fig. 97).

**Pictures were obtained with self triggering at about 10% of peak pulse ampli-
tude. Processing to eliminate recording system frequency functions trom
the data enhances the high frequencies. Thus, the processed time waveforms
start at some arbitrary time and magnitude after the actuza! pulse bezinning,
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magnitude (solid line) and phase (dashed line). These transform functions
demonstrate some of the inherent limitations in the pulse transform functions
presented. First, there is little transmitter energy beyond about 650 kc; there-
fore, the received data above this frequency is probably noise. In addition,

the transmitted spectrum contains considerable energy near 260 kc, This energy
is the predominant received energy in Figs. 100, 101, and 102, resulting in an
enhancement in the received spectrum accuracy around this frequency. The

CW magnitude data from Sec. VII, Fig. 29 is shown in Figs. 100, 101, and 102,
Both the pulse and CW transmitter -to-wire current transfer functions show
magnitude increasing with frequency out to the validity of the pulse data (650 kc).
Both the pulse and CW data agree fairly well up to about 200 ke, indicating that
the dynamic range for the accurate portion of the transmitted spectrum shown

in Fig, 97 may be slightly greater than the assumed 20 db. The inaccuracies

in the transmitter spectrum above 200 kc are evident, particularly near 260 kc.

The pulse current data in the conducting sheath cable (cable L) are shown
in Figs, 103, 104, and 105 for 1050, 2050, and 3050 feet from the transmitter,
respectively, For all three distances, the initial negative impulse is alike, as
is the higher frequency ringing that follows, At 1050 feet there is definite
evidence of a low-frequency component (10 > 20 kc) that decreases as a func-
tion of distance from the transmitter. The general shape of the pulse current
in this cable is like that of the transmitter.

The transfer functions for transmitter voltage-to-cable currents, along
with the CW magnitude data from Fig. 40, are shown in the lower portions of
Figs., 103, 104, and 105, The CW data indicates that the magnitude is smooth-
ly increasing with frequency. The pulse data generally agrees with the CW data
up to 200 or 300 ke, The transmitted pulse spectrum is inaccurate above this
frequency and the data presented are prebaoly invalid. The magnitude peak of
260 ke is probably caused by scaling inaccuracies in the transmitted and re-
ceived pulses in the vicinity of this frequency, and indicates some of the

inherent limitations of the pulse data. The magnitude of the 260-kc peak and
the magnitude below about 150 k¢ show good agreement with the CW data,

The measured pulse and CW transfer functions for two buried radial cables

(bare 10-gauge copper and conducting sheath) show sufficient agreement (smooth-
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ly increasing with frequency) to indicate that the transfer function determined
at a limited number of CW frequencies was adequate to define the function for

all frequencies from 0.5 to 510 ke,

D. CURRENTS IN PIE-SHAPED LOOP

Pulse current measurements were made for both the shield and core cur-
rents of the pie~shaped loop shown in Fig. 2 and described in Sec. VII-F. These
measurements were made on both the inner and outer arcs and in both radial
legs of the loop. In clockwise rotation the location of cable current measure-
ments are: (1) inner arc, (2) South radial (Bunker 523.09), (3) outer arc
(Bunker 523, 08), and (4) North radial (Bunker 523.07). The pulse data for
the shield and core pulse currents in the cuter arc are shown in Figs. 106 and
107 respectively. The core current waveform (Fig. 107) looks like the shield
current waveform (Fig. 106) if time equal to zero on Fig. 107 is set at about
7 microseconds in Fig, 106, The high frequency leading pulse edge for the
shield current is not present in the core current time waveform, The transfer
function shown for the outer arc core current in Fig., 107 agrees with the shield
current below 200 ke.

The shield and core currents in the two radials and the shield current in
the inner arc all were similar in waveform and spectrum to the data shown in
Figs. 106 and 107, All spectrums showed considerable frequency structure,
The two magnitude maximums near 52 and 88 xc with 2 minimum near 66 kc
was evident in all pie-shaped loop data. The CW data for the pie~-shaped loop
(See Sec, VII-F) was assured to describe a smooth curve. The pulse data
indicate considerable frequency dependance from 0 to 200 ke that was not de-
fined by the CW measurements. The pie-shaped loop cable exhibited a time
dependance shield~to-core resistance so that direct comparisons of data are
not possible.

E. ELECTRIC AND MAGNETIC FIELDS

The major magnetic pulse fields (EO and H¢) were measured over the
bare i0-gauge copper wire at 1740 feet, at 1600 feet in an open area, and on
top of Bunker 519, 03 (see Fig. 2), The major electric (EG) and magnetic
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(H¢) pulse fields in the open area are showr in Figs. 108 and 109 along with
their transmitter voltage-to-field transfer functions. Both the electric and
magnetic fields show the 260-kc high-~frequency portion of the transmitted
spectrum. The electric field also has a low-frequency component. From
Eq. (10) the transfer function magnitude for Eg should be relatively flat for
frequencies below 150 ke and increasing with frequency above 150 ke, From
Eq. (1i), the transfer function magnitude for H¢ should increase with frequen-
cy for all frequencies. (These theoretical values are shown in Figs. 108 and
109), The predicted behavior can be seen somewhat in Figs, 108 and 109 for
the pulse data. Below 40 kc the electric field transfer function is relatively
flat, The H¢ pulse data agrees well with theory (Fig, 109). *

The transmitted spectrum, shown in Fig, 97, contains considerable energy
at 12 ke and a secondary peak in energy at 260 ke, Thus, using Eq. (10) for
the EO transfer function, the received E@ spectrum at 1600 feet will contain
a neak near 12 kc due to the peak in the transmitted spectrum and the constant
(near-field) transfer function at low frequencies, and a peak at about 260 ke due
to the combined effects of the increasing magnitude of the transfer function in
this frequency range (far-field) and the secondary peak in the transmitted
spectrum at 260 kc. For H¢, the resulting spectrum at 1600 feet using Eq.
(11) will contain essentially one peak at about 260 kc caused by the increasing
transfer function and the secondary peak in the transmitted spectrum at 260 ke,
The peak in the transmitted spectrum at 12 kc is suppressed in the magnetic
field spectrum by the very low values of the transfer function at low frcquencies.
The predicted time waveforms for E9 and H¢ using ihe transmitted spectrum
and theoretical transfer functions, are shown in Fig, 110, The predicted wave-
shapes agree well with the measured data. Measured magnitude of Eg agrees
with predictions; however, predicted and measured H¢ magnitude disagree,

probably due either to system calibration error or to inaccurate transmitter

spectrum, or to both. This ability to predict E; and H¢ indicates that the
measuied CW transforms and Fourier transforms can be used to give pulse

data, providing the total svstem is linear,

*The 260-kc peak is due to scaling inaccuracies in the transmitted pulse.
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The major electric Eg and magnetic H¢ pulse fields over Bunker 519, 03
are shown in Figs, 111 and 112, The time waveform data are very similar to
the open area data, The transfer function magnitude for the magnetic field
(Fig. 112) agrees with the open area data while the transfer function for the
electric field (Fig. 111) is reduced. This reduction is compatible with the ob-
served electric field distortion described in Sec. VIII-E, but is greater in mag-
nitude than that recorded using the CW system,

The fields over the bare 10-gauge copper wire at 1740 feet are shown in
Figs. 113 and 114, The electric field (Fig. 113) is larger in both peak ampli-
tude and transfer function magnitude than the measurements at 1600 feet, The
magnetic field agrees well wi.h the other pulse measurements except for a

slight enhancement at the low frequencies.

F. COMMENTS ON PULSE MEASUREMENTS

The pulse measurements presented here were made following a fairly com-
plete CW measurements program at a limited number of frequencies. These
data were adequate to describe the measured currents and fields in the 0.5-to-
510-kc frequency range, providing that behavior between the measured CW data
did not vary radically with frequency. In this section, examples have been
given in which pulse data, being relatively continuous in frequency, were used
to compute transfer {functions throughout the frequency range of interest, The
use of the pulse data for this purpose demonstrated the limitations inherent in
pulse measurements. The pulse data did indicate, however, that all CW data,
except possibly the pie-shaped loop data, were sufficient to define the transfer
functions, and that by using the measived transfer functions, the transmitted
waveform, and the Fourier transforms it is possible to predict the received
pulse data, Such predictions naturally require that the entire system contain

no saturation or hysteresis.

The transmitter-voltage-to-received-pulse transfer functions presented in
this section showed considerable failings due to the limited film-reading
accuracy and to the tendency of the transfer functions to accentuate the high-
frequency end of the received spectrum, This reading accuracy and the wide
transfer function variations with frequency will limit the accuracy of data ob-

tained from any pulse system,
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X SUMMARY AND CONCLUSIONS

An experimental and theoretical investigation was made to determine the
electromagnetic effects of man-made inhown'ogeneities buried in the earth. These
investigations determined currents in cable structures and distortions in electric
and magnetic fields above the earth's surface.

Measurements were made using a low-power portable transmitter to trans-
mit CWat 0.5, 1, 2, 5, 10, 20,6, 62, 100, 200, 450, and 516 ke and a 100-kv
pulse whose spectrum was peaked at 12 ke.

A study of the cable current problem has led to the development of a rela-
tively simple analytical theory based on a transmission line model for calcula-
ting the current induced in a conductor by electric fields tangential to the surface
of the ground. In this transmission line theory it is assumed that the conductor
is isolated or that other conductors, if present, are far enough away that they do
not appreciably affect the tangential electric fields in the vicinity of the conductor.
Currents measured in the cables studied in this report indicate that the trans-
mission line theory is valid for isolated conductors, for arrays of bare conductors
in contact with the soil when the conductors are spaced several skin depths (in the
soil) apart, and for insulated conductors above or below the surface if the capaci-
tive admittance per unit length of the insulation is small compared to the admit-
tance per unit length contributed by ihe soil.

Measurements made on buried, bare radial conductors spaced less than a
few skin depths apart indicate that the currents induced in these conductors are
in general accordance with Wait's wave impedance theory. It is important to
note that the wave impedance theory appears to apply only to conductor arrays
that are tightly coupled to the electric fields in the ground (e.g. buried, bare
conductors, or insulated conductors at frequencies high enough that the capaci-
tive admittar ce per unit length of the isolation is large compared to the soil

admittance per unit length.) Unless such tight coupling exists, the wave
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impedance of the conductor array does not effectively shunt the wave impedance

of the soil as is assumed in the derivation of the wave impedance theory.

Current measurements in cables oriented along a tangential arc about the
transmitter indicate that such cables are effectively electric dipoles, with the
dipole null oriented with the major electric field components. The currents in
cable arcs are approximately two orders of magnitude below the current in a long
radial conductor at a corresponding distance from the transmitter.

Current measurements on closed-loop sfructures have pointed out that two
coupling mechanisms are generally active in uvlucing currents in closed loops.
Coupling to the electric field in the ground occurs either through direct contact
(on bare conductors) or through iae capacitance of the insulation. Coupling to
the magnetic field occurs if any magnetic flux passes through the loop (some
magnetic coupling will exist even in a carefully designed loop). Magnetic
coupling induces circulating currents in the loop, while electric coupling in-
duces currents that flow inthe same direction down the two sides of the loop.
In the small (100-foot-diameter) insulated loops studied in this program, elec-
tric coupling predominated at frequencies above 62 kc, and magnetic coupling
predominated at frequencies below 20 kc where the insulation admittance was

too small to provide adequaie electric coupling.

Studies of a closed loop (100-foot-diameter) provided with a guard ring
consisting of a shorted turn of large insulated wire revealed information impor-
tant to the design of circuit-protection systems. The shorted turn proved
effective in reducing the circulating current induced in the protect-d loop by the
magnetic field, but because it was insulated and did not short circuit the elec-
tric field in the ground, it was not very effective in reducing the current induced
in the protected circuit by the electric field. To protect a buried circuit from
currents induced by the electric field, the guard conductor should be bare so that
it is more effective in short circuiting the electric field in the ground.

It is also concluded that CW measurements at selected frequencies are
adequate to defire a transfer function for use in analysis of the response of
conductor currents to pulsed electromagnetic fields if the natural resonances of
the conductor are suppressed due to (1) termination of the conductor in its

212




characteristic impedance, or (2) tight coupling between the conductor and the

soil. If the conductor is insulated and is not terminated in its characteristic -
impedance. the conductor will resonate at frequencies at whick its length is in-

teger multiples of a half wavelength. CW measurements at many frequencies are

required to accurately define the transfer function when such resonances occur.

CW measurements of electric and magnetic fields above the earth's surface,
with no inhomogeneities in the earth, demonstrated the capability to measure
the major electromagnetic fields (vertical electric and tangential magnetic) with
a magnitude accuracy better than 5 percent, phase accuracy to L degrees, and
spatial orientation accuracy to better than 1 degree. In addition, the normal
forward electric field was observed whenever it exceeded 50 db below the vertical
electric field (usually above 62 kc). For imperfect field sensors {with limited
signal rejection in the direction of minimum response to a field) it has been shown
that (1) the magnitude and phase can only be measured accurately on major fields,
(2) the magnitudes of small orthogonal fields in the presence of large fields can
only be crudely measured (their phase is essentially indeterminate), and () the
spatial orientation of a resulting total field that contains more than one field
component can be meuasured even for fields with complex polarization structures.

All other variables in complex wave structures cannot be measured directly.

Measurements near buried cables showed magnetic fields above the surface
caused by currents in the cable and surrounding ground due to the presence of
the cable. These current-induced fields were generally detectable out to 100
feet. Electric and magnetic field measurements near buried bunkers shewed
distorted fields. For a large metal bunker flush with the earth's surface in good
conducting earth, the magnetic field was observed to be distorted by the induced
circulating current from the tangential field. The distortion resulted in a rejec-
tion of the normal field near the bunker. In addition, over this bunker the for-
ward electric field was reduced (improved local ground conductivity), resulting

in a change in total electric field spatial orientation.

Field distortions due to a small concrete bunker were not discernible.
However, for the bunker used, there was a vertical wooden pole in the vicinity
with a cable along this pole. This cable was observed to terminate the electric
field in the vicinity, causing a conical spatial distortion of the electric field
around the pole.
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Field measurements and theory indicate that the measurement of electric
and magnetic fields near buried bunkers can be misleading unless great care is
taken to make the electromagnetic characteristics of the bunker compatible with
the desired field measurements. (This includes care in the se..sor design to
minimize field distortions.) Small electromagnetic field components (orthogonal
to large fields) can be only crudely measured by proper orie.tation of the sensor
pattern null to minimize (not eliminate) the large field. For such measurements,
orientation is critical to a part of 1 degree. Antennas mounted in fixed orienta-
tions to observe orthogonal fields are generally not oriented this accurately to
the resulting fields. Measurements generally can be made on orthogonal field
components that are large (not over one order of magnitude below the largest

field component ;resent).

The measurement of complex electromagnetic coupling phenomena can be
made using the fixed-frequency CW system described in this repor:, providing
the coupling is a fairly smooth function of frequeacy. Pulse measurements
contain continuous frequency spectra and can consequently shov the presence
of peaks and nulls under complex coupling conditions. However, accuracy at
all frequencies is difficult to obtain, indicating that a slow-sweeping CW
measurement is desirable to obtain accurate electromagnetic coupling data in

a broad frequency band.
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APPENDIX A

SOLUTION TO THE CABLE-CURRENT EQUATION
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APYENDIX A
SOLUTW¥ TO THE CABLE~-CURRENT EQUATION

The differential equation for the current induced in a radial wire in or near

the surface of the ground was shown to be of the form

2
& - vi - YE (A-1)
dx
where
yz = ZY, the propagation factor squared
Z = R + jwL, the wire impedance per unit iength
Y = G 1 jwC, the wire admittance per unit length
and

—whC V_[. .
E = ()T —2 [—&lfa g 1) }e Jk(xta) (A-2)
Xt+a

is the driving field, the radial field at the air/earth interface.* The differentiai
equation to be solved is thus

2 . .
9——12 - Y =a [-}-{l}a—’ + —l—] e—Jk(X+a) (A-3)
dx (x+a)

*It has been pointed out by W. K. Graham and D. Marston at AFWL that tne
above expression for the radial electric field will be in error very close to the
base of the antenna (i.e., within one skin depth of the antenna base). Very
near the anienna base, the current density in the soil will be 2pproximacely
spherically distributed in the ground instead of parallel to the surface :nd
exponentially decaying with depth as assumed in deriving Eq. (A-2).

217



where

th V
= (1-)) Yv (A~-1)

The solution of this equation is15

: yX -“yx , A J yx [-yx | jk_ 1 ~jk(x+a)
10 = K™ + Ke?™ + 2% e [x+a PR S PN dx
[ (x+a)

—}’X f YX
x+a

(A-5)

]gﬁ%ﬂ&
"’

Because of the similarity of the two integrals, it will be necessary to solve

only one of them; the second integral can then be evaluated by replacing y by
- yin the solution for the first. Hence, letting

f e VX [——jl.‘ TR ]e-jk(X+a)dx
x+a 2

il

4

(x+a)
(A-6)
_ -(jk+Y)x - (jk+Y)x
- Jka [ka — dx +fe : dx
(x+a)
we can make use of the integral formulas16
odX 0 [ n
_ q(x+a) l
m dx = e llog(x+a) + Z -?‘Tl_‘l {(A-T)

n=1

and

S eqx

© n
log(x+a) + [%’_%?l] } (A-8)

n=1
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sc that

(Jk+Y)X -(k+y)x ~(jk+y)x
- o ika e . e V- 7
= [ f x+a T T xta (]k+Y)f Xt 9x | -

After rearranging,

~(y+ik) (x+a) ~(ik+y) (x+a)
_ ya e e
S R 'Yf—xTa——dx) - (A9
Thus
Fx) = -247 '*d - e—ychz}
= o Y(5+3) f (]k+Y) (xta) dx + o Y& f e (kY (x+a) dx‘ .

After performing the integrations and rearranging,

F(x) = -A {cosh y(x+a) log (x+a)

(A-10)

y(x+a) ® . n -y(x+a) ]

+ & Z [—(3k+y) (x+9.)] + & Z [(]k-)/} (x+a)

2 n.n! 2 n-n!
n=1 n=1
The wire current is then

1) = K™ + K, e + Fy (A-11)

where K. and K, are arbitrary constants determined by the terminations at

1 2
the end of the wire.

For large values of (jkty)(x+a), the series is difficult to evaluate because

the terms become very large before the series begins to converge. For large
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arguments, therefore, the asymtotic expression for the exponential integral
may be used. 17 Thus,

®oe > [-ae+a)]®
f T = - Ye ~ log q(x+a) -Z n-nl
q(x+a) n=1
(A-12)
e-q(x+a) . n!
q(x+a)

n=0 [-q(x+a)] n

from which

N

@ [-q(x+a) n e—Q(X+a) n!
- = -y, - logq(x+ta) - ——r—p— -

(A-13)

where Yo = 0.577 2157..., and N is chosen by considering the accuracy

desired and the magnitude of the argument -q(x+a) .

To obtaia the potential of the wire relative to the undisturbed ground poten-

tial, we note that

dI

-(K = —YV(X) . (A_14)

Thus the wire voltage V(x) can be written

V) = -zo(K1 e - K, e VX - -%- %ﬁ (A-15)

where Z = ¥/Y = /Z/Y is the characteristic impedance of the line.

220




Letting

1 dF
S A
we have
- _ YX YX
V(=) Z K1 e Kze + Fv(x)
where
-jk(x+a)
Fv(x) = -A {sinh y(xta) log (x+a) + W
y(xta) *© - n
e = |-]k+ 2(x+a2]
* 2 Z n-n!
n=1
i —y(x+a) o0 [ (k) (x+a
Iy Rl
n_-

At x =0 the wire is terminated in an impedance Z1 , So that
—Z1 I(0) = V(0)
or,

-z, |k + K, + F(O)] - -7 lKl - K, + F_(0)

221

(A-16)

(A-17)

(A-18)

(A-19)
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N

Similarly, at x=d, the wire is terminated in an impedance Z2 , so that
ZZI(d) = V(d) and

z, |k 4 4 g oV

= - yd _ ~yd
. , + F(d)] z, lKle K, e’ + T @

(A-21)
Solving Egs. (A-20) and (A-21) for K1 and K2 , we get

z Z \[7

e F(0) - F(O) F(d) + F(d)
Z, 'z, [ %2V

Z,

Z
1 Z
0\ .-y 0 \yd
- = - (1+=\1+=
< ) <z1><
(A-22)

Z Z Z
0 0 0 0
-e < E;)Kz—-)l" 0) - F(O)] - <1 __z—i)[z—z Fv(d) + F(d)
K2 i ~yd ZO | Z yd |
- 15 e - (1vsE )15
Ca)e-) - (a2

The general solution is thus obtained when the values of K1 and K2 from

Eq. (A-22) are substitutecl in Eq. (A-11). Four special cases of interest will
now be considered.

N
=

PN Lo
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Case I -- The line is terminated with the same impedance at both ends ( 22 = Zl)"

Equations (A-22) then reduce to

) zZ\[ z zZ\[Z
e yd<1 - -Z-Q\[ Z—O F, (0) - F(O)J + (1 +'z_(.:>['z—(1) F(d) + F(d)]
; |

_ 1,171
17 z.\2 7.
<1 - -29-> e-yd - (1+ Z—O- eyd
1 1
(A-23)
Z \[ Z Z.\[ Z
yd o\ 0 - _(1-29}) 20
-e <1 tz )[ = F(0) F(O)} <1 = >[ 5 F () + F(j,
_ /1“1 1/l “1
K, = —

2 2
V/ Z
—E-Q evd - <1+ Z—O- e¥d
1 1
Case II -- The line is open-circuited at both ends (Z1 = 22 =0). Equations
(A-22) then reduce to

K. = Fo)e? - Fg)
1 2 sinh yd
(A~24)
yd
K. = F(d) - e’ F(0)
2 2 sinh yd
and Eq. (A-11) becomes
I(x) = F(0) sinh y(x-d) - F(d) sinh yx +FX) . (A-25)

sinh yd

Case III -- The line is terminated in its characteristic impedance ( 2= 22 = ZO).

Equations (A-22) reduce to

K, = --;— [Fv(d) " F(d)] e~vd
(A-26)
s <} [ro - v
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and Eq. (A-11) becomes
I(x) = F(x) - -%- F (d) + F(d) YD —;- F,'0) - F(O)i VX
(A-27)

Case Il is applicable to buried bare conductors except within about a skin aepth

of the ends.

Case IV -- The line is terminated in an impedance 1/Y . Equations (A-22)

then become

ey [ - Fo)] s asn [F@ ¢ RO

' -y’ - @y’ e
(A-28)
-’ (1+y) (7,0 - FO)] - @ -9 [yE @ + @)
Ky = 7 _—yd 2 yd :
@-n"e? - @nTe

Case IV is applicable to the buried bare conuuctor to within a fow meters of the

ends.

When (y* jk) (x+a) is large so that the approximation of Eq. (A-13)
applies and when yd is so large that the denominator of Eqs. (A-28) can be
replaced by -(1 + y)2 exp (yd) , Eqs. (A-28) approach

_F @) + F@)

Loaene”
(A-29)
RO SO, YR ¢ FE
2 1+Yy a +),)2 eyd
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Substituting Eq. (A-13) in Egs. (A-10) and (A-18),

VR + F@) = -5 1"V By ) - VD gy v 7y

(A-30)
-jk(d + a)
e y+1 F1
- [ e - FE st -1
and
Fx) = - & | ® By) + e VEH gy
(A-31)
-jk .
_ B sy xSy
x+a jk+y jk-vy
where
1
B(Y) = log 55 - 0.577 2187 (A-32)
and
N
!
S(r.x) = D) . (A-33)
o |7 (K VExra)

Using these values in Eqs. (A-29) and noting that

YX

Ix) = K, e + K, e " 4 Fx)

1
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T
:

we obtain
A [e7Tkxt) o S(-, %)
Ix) ~ 2 %), 5CY.
2 x+a jk+Yy jk -y
. VX e Jka y=1 5(y,0) _ S(-y,9) _ 1] (A-34)
a y+1 jk+vy jk -y
-jk(d+ ~
_ o Wdx) e @) (5059 _ y-1 SCyd) 1,,

Fa [ Kkry TYyT K-y

where terms involving exp I-y(x+d)] and exp [-y(2d +a-~ x)l have been
neglected. Far from the ends of the wire, exp l -y(d-x) ] and exp (-yx) are
both small if the real part of the argument is large. Furthermore, when
y(x+a)>>1 , the value of S(y,x) is closely approximated by the first term.
Assuming also that y >> k,

-jk(x+a) ..
\ A e 2jk
1y "2 x+a y2

(A-35)
far from either end of the wire. This approximation is useful for computing the
current induced in buried bare conductors over a few hundred meters from the
transmitting antenna. I« the other two terms of Eq. (A~34) are included, the

current can also be computed near the ends of the wire,
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APTENDIX B

EQUIPMENT SCHEMATICS

This appeadix contains the schematics of all equipment described in Secs.
IV and V. Figures B-1 *hr.ugh B-5 are for the CW transmitter. Figures B-6
through B-14 are for the CW receiving systems. Figure B-15 is the pulse
transmitter. Figures B-16 through B-19 are the pulse receivers. Schematic
symbols are generally self explanatory. Resistors are 1/4 watt unless indi-
cated. Resistor values are unmarked for ohms, and marked k for 103 ohms,
and M for 106 ohms. Capacitors are marked uuf for micro~microfarads and
either uf or unmarked for microfarads. Capacitors showing polarity signs

and/or voltage are electrolytic.
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FIG. B-15 PULSE TRANSMITTER SCHEMATIC
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FIG. B-16 PLATE MATCHING UNIT (Pulse) SCHEMATIC
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APPENDIX C

TABULATED CW DATA

The tables in this Appendix contain the CW wire current data presented in
the body of this report. Magnitude is tabulated in decibels relative to 1.0
microampere normalized to 1.0 kilovolt applied to the transmitting antenna,
The phase is tabulated in degrees, and in all cases the phase is measured
with respect to the local vertical electric field (Eg). Distance from transmitter
(r) is in feet, and frequency is in kc. For convenience in relating the tabu-
lated datz to the data plotted in the figures in the body of the report, the figure
in which the data is plotted is indicated in each table, The format of the various
tables is selecied to be compatible with the form of presentation used in each

figure,
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Table C-1
INDUCED CURRENT IN 10-GAUGE INSULATED WIRE*
Frequency
2 200
Distance From
Transmitter | Magnitude |Phase | Magnitude | Phase | Magmtude |Phase | Magnitude | Phase Phase

(r) (db) (deg) {db) (deg) (db) (deg) (db) (deg) (deg)

300 -68.03 ~17.87 11,68 23. 86

400 14,18 -43 40, 15 =37 -160

500 -36.35 87 -13.28 59 17.37 -46 44,04 -59 174

600 21,25 =70 45,64 -90 157

700 24,15 -80 47.23 -128 127

750 ~33. 89 8g ~7.68 56

800 28,04 ~91 47,75 ~163 112

900 29,75 -97 48,93 ~-176 77
1000 -33.29 84 -5.81 57 31.65 -105 49,12 170 65
1100 33.3% -111 49, 87 159 71
1200 34,50 -115 51,01 154 65
1300 34,91 =120 50. 83 149 40
1400 36.01 =134 50,46 152 23
1500 -33.45 83 -4,56 54 36. 68 -138 50,38 148 16
1600 37.10 -140 49,91 144 -4
1700 37.62 -157 49,41 142 =23
1800 38,99 -150 47,71 141 -85
1900 39.177 -156 47.20 123 -126
2000 -34.79 79 =5.11 51 39.173 -157 46, 54 109 -168
2100 39.57 -156 47.07 99 -177
2200 40, 92 -150 48,48 88 159
2300 39,97 <150 47,49 78 123
2400 39.19 -150 48.21 71 114
2500 ~36, 69 80 ~7.25 49 39.09 -146 48,11 66 115
2600 39,67 -141 47.31 69 104
2700 39.85 -138 45,77 65 88
2800 39,35 -130 43,47 65 69
2900 38.72 ~126 39.11 73 62
3000 -39.69 75 -9.78 48 39,18 -125 34,96 25 57
3106 37,59 -123 37. 26 ~23 70
3200 37.08 -119 41,25 135 64
3300 36,27 -118 42,99 -55 -18
3400 35,63 -117 44,32 ~55 -18
3500 -44,57 75 ~14,53 46 34,94 -115 46,16 -58 16
3600 32,57 -110 45,20 -62 85
3700 30,06 |-107 | 3.49 -64 151
3800 25,72 ~108 39,90 -54 -169
3900 18, 55 -109 33.41 ~51 =142
41000 -91, 28 -66, 98 -8, 63 -9, 86

*Data on this table are plotted on Figs. 21 and 22,
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Table C-2

INDUCED CURRENT AT 62 KC IN
RESONANT-LENGTH 10-GAUGE INSULATED WIRE*

Length of
Distance™\_ " L& 3250 2500
From (ft)
Transmitter (r)
Magnitude {hase Magnitude Phase
(db) (deg) (db) (deg)
300 -6, 38 -9.55
500 32.84 -49 32, 84 24
750 40.29 -64
- 1000 44,03 -70 39,97 17
1300 41,33 10
1500 46. 95 -89 42,49 1
1700 47,89 -101 41,13 -7
1900 47,97 -104
2000 39,39 -32
2100 48, 05 -108
2300 47,07 -98
2500 32,29 -67
2800 43, 83 -98 -22, 80
3200 38,94 -112
2400 32,38 -111
3550 -25, 22

*Ref. Fig. 24.
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Table C-11
INDUCED CURRENT IN GUARDED 100-FOOT-DIAMETER LOOPS*
Location Bunker 523, 05 Inner Hole
chfr o 4/0 Gauge 12 Gauge Both 4/0 Gauge 12 Gauge
Frequency Magmitude | Phase | Magnitude | Phase | Magnitude | Phase | Magnitude | Phase | Magnitude | Phase
(ke) (db) {deg) (db) (deg) (db) (deg) (db) (deg) (db) (deg)
2 -20,82 186 -34.10 196 -18. 64 182 21.51 172 =32, 77 197
62 -3.20 192 ~14,58 108
100 -11,55 -46
0.24 -25 -13.40 -38 .11 -27 3.64 225 8.138 125
-12, 17 ~-32 -1, 07 -44
200 9,10 -90 11,35 164 4,92 13
450 17.64 | =221 30,51 ~201 22,97 44
510 16,02 [ -203 31,13 -207 20,61 ~50
Location South Hole North Hole
Lo\?ﬁre 4/0 Gauge 12 Gauge Both 4/0 Gauge 12 Gauge
Frequency Magnitude | Phase | Magnitude | Phase | Magnitude | Phase | Magnitude | Pkase | Magnitude | Phase
(ko) (db) {deg) (db) (deg) (db) (deg) (db) (deg) (db) (deg)
0,5 -22,21 140
-19, 65 184 -20,98 179
5 -33. 06 293
10 =31, 06 276 -13, 92 270 =317 277
20,6 -24,95 | 282 -10,93 266
62
100 27,55 8 17.78 28 15, 89 234 7.87 224
8,10 208
200 32,60 ~12 28,72 -22 35, 77 -16 36, 16 161 28, 00 156
39, 04 -13 26, 84 162
450 51,28 | -182 60, 80 =192 51,75 -5
510 51,52 | -204 61,13 =204 51,95 -18

*See Fig 2, Data in this table are plotted on Figs, 54 through 59,
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APPENDIX D

. FOURIER TRANSFORM
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APPENDIX D
FOURIER TRANSFORM

The pulse analysis presented in Sec. IX uses the Fourier integral pair

+00
I | ~jwt
F(w) = ft)e bt (D-1)
J2r
+00
f) = 1 jwt ,
© = — F(w)e’ "dw (D-2)

V2T _

to transform time functions to frequency functions and vice-versa. A time
function v(t) for t>o0 and v(o) = 0 is transformed (by numerical integration)
to obtain

V(mi) =

(et R
1 X V(tk)+ "( -1) S\ =3 (D-3)
J2m kgl(tk - tk-1> 5 e ( >

where tk are the positive time values where v(t) is defined and w; are the
angular frequency values to be determined. ¥ A tk = tk - tk-l is constant,
the phase of the exponential term in Eq. (D-3) increases in increments of
-wiAtk. Hence for faithful integration,

wiAtk < 2n (D-4)
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or

L
—

Atk << - ‘

The inverse transform, Eq. (D-2), is then (again using numerical inte-
gration),

M Vwi -V @, j wi+wi-1
vt = ‘E‘%Re le (“’i"“’i-l)[ ( ) 2( 1>} etk 2 }(D-S)

where advantage has been taken of the fact that

o0 Q0
/ Flo)e'“tdw = 2 Re f Flw)e'®tdo (D-6)
- 00 (o]

if the magnitude of F(w) is an even function of w and the phase of F(w) is an

odd functionof w . If Ami = W, is constant, the phase of the exponential

i-1
term increases in increments of Awitk and faithful integration requires that

Awitk < 2n (D-7)

or

Afi <<-1--.

b

Using a Atk = 0.2 microseconds and a maximum frequency of 500 kc, the in-
equality in Eq. (D-4) is 10 and the numerical integration in Eq. (D-3) is a

good integration. At a maximum frequency of 1000 kc the inequality is 5 and .

the integration is still fairly good. The theoretical limit for the inequality from
sampling theoxy is 2.
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Using a Afi = 2 ke and a maximum time duration of 100 microseconds, the
inequality in Eq. (D-7) is 10 giving good integration in Eq. (D-5). For a

maximum of 200 microseconds the inequality is 5 giving fairly good integration.
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