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ABSTRACT

The first purpose of this report is to establish the electromagnetic properties
of a land area containing numerous 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 c]osely 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.

. iii



This page intentionally left blank,~

iv



CONTENTS

I INTRODUCTION .................................. 1
A. Purpose . .................................... 1
B. Approach .................................. 2

H ELECTRIC AND MAGNETIC FIELDS ABOUT A MONOPOLE
ANTENNA ...... ................................. 7
A. General ..................................... 7
B. Vertical Electric and Azimuthal Magnetic Fields .......... 9
C. Radial Electric Field ........................... 10
D. Calculation of Antenna Effective Height, he .............. 11
E. Field Equations . ............................... 13
F. Calculation of Antenna Capacitance, Ca .................. 13
G. Polarization of the Radiation Electric Field Components ..... 14

III CABLE CURRENT THEORY .......................... 21
A. General ............................ . ....... 21
B. Equations for Transmission Line ..................... 23
C. Wire Current from Wait's Theory .................... 25
D. Impedence and Admittance of the Conductor ............... 27
E. Summary ....................................... 33

IV INSTRUMENTATION .............................. 35
A. General ........................... ......... . 35
B. CW Transmitter ............................... 35
C. CW Receivers ................................. 40

1. General .................................. 40
2. Magnetic (Loop) Antenna Receiver .................. 40
3. Electric (Plate) AntennaReceiver .................. 43
4. Cable-Current Receiver ..................... 43

D. Pulse Transmitter .............................. 44
E. Pulse Receivers ................................. 46

v



V SYSTEM OPERATION AND CALIBRATION ................. 49 A

A. General ..................................... 49
B. CW Transmitting System ........................... 49
C. Voltmeters ................................... 51
D. CW Receiving Systems ............................. 52

1. Operating Procedure ............................ 52
2. Electric Field Sensor (Plate) ..................... 58
3. Magnetic Field Sensor (Loop) ...................... 59
4. Current Sensors ................................ 60

E. CW System Performance ............................ 63

VI WIRE-CURRENT MEASUREMENTS ON THE SURFACE ........ 67
A. General ..................................... 67
B. Radial Insulated Wire with Ends Floating ................. 68
C. 100-Foot-Diameter Loop ......................... 78
D. Summary . ................................... 81

VII WIRE CURRENTS MEASUREMENTS BELOW THE SURFACE .... 83
A. General .................... ................ 83
B. Bare 10-Gauge Copper Wire (Cable Z) ................. 83
C. Insulated Cable (Cable N) ........ ................ 87
D. Conducting Sheath Cable (Cable L) .................... 98
E. Lead Sheath Cable (Cable A) . ...................... 101
F. Pie-Shaped Loop .............. ................ 111
G. 100-Foot Diameter Loop ................... 118
H. 100-Foot Diameter Loop with Guard Ring .............. 120
I. Aluminum Sheath Arcs (Cables T1 and T2 )............... 125
J. Sum mary .................................... 127

VIII FIELD MEASUREMENTS NEAR CABLES AND BUNKERS ....... 135
A. General ....................... 135
B. Bare 10-Gauge CopperWire (Cable Z)..... 136
C. Conducting Sheath Cable (Cable L) ................... 145
D. Pie-Shaped Loop .............. ................ . 147
E. Bunkers 5.601 and 519.03 ......................... 160
F. Sum mary .................................... 176

IX PULSE MEASUREMENTS ........................ ... 179
A. General ..................... ............... 179
B. Data Processing ............... ............... 180
C. Currents in Buried Radial Cables .................... 190
D. Currents in Pie-Shaped Loop ...................... 198
E. Electric and Magnetic Fields ....................... 198
F. Comments on Pulse Measurements ................... 205

X SUMMARY AND CONCLUSIONS ........................ 211

vi



APPENDIX A SOLUTION TO THE CABLE-CURRENT EQUATION .... 215

APPENDX BEQUIPMENT SCHEMATICS..................... 227

APPENDIX C TABULATED CW DATA ***..............249

APPENDIX D FOURIER TRANSFORM.................... 265

REFER~ENCES .. . .. ... .... .......... . . .. . .. .. . . . 271

vii



ILLUSTRATIONS

F ig. 1 Location of Transmitter for Evaluation Tests ......... 3

F ig. 2 Cable and Bunker Test Area . ................. 5

Fig. 3 Transmitter and Antenna System...................... 8

Fig. 4 Polarization Ellipse for E Field (a =.......................... 15

Fig. 5 Polarization Ellipse as Function of kr................. 17

Fig. 6 Transmission Line Model of Radial Conductor............ 22

Fig. 7 Round Conductor Immersed in Conducting Soil.............28

Fig. 8 Idealized Conductor Configurations for Estimating
Line Parameters..................... ...... 32

Fig. 9 CW Transmitter Block Diagram ... ........... 36

Fig. 10 CW Transmitter Loading Coil ............ 38

Fig. 11 Transmitting Antenna Base.......... ........ 39

Fig. 12 CW Receiver Block Diagram ..... o.......... ...... 41

Fi1g. 13 Pulse Transmnitter.o......................... 45

Fig. 14 Pulse Receiver Block Diagram ................... 47

Fig. 15 CW Receiving System ........................... 53

Fig. 16 E - and H -Field Meas -r.,.ent Setup...............54

Fig. 17 E- and H-Field Sensor-Receiver Orientations .... .. .... 55

Fig. 18 Response of Current Sensors to Transmitter Fields . .. ... 62

Fig. 19 System Performance EField ......... .. .... ... 64

Fig. 20 System Performance HField .......... ............. 65

Viii



Fig. 21 Measured Magnitude of Current Induced in 10-Gauge
Insulated Wire ................................. 69

Fig. 22 Measured Phase of Current Induced in 10-Gauge
Insulated Wire .................................. 70

Fig. 23 Polar Plot of Current Measured at Center of Wire as
Wire Length is Varied (f = 62 kc) ...................... 72

Fig. 24 Induced Current Measured at 62 kc for Resonant Length and
2500-Foot Length .............................. 73

Fig. 25 Computed Magnitude of Current Induced in 10-Gauge
Insulated Wire ................................ 74

Fig. 26 Computed Phase of Current Induced in 10-Gauge
Insulated Wire .................................. 75

Fig. 27 Polar Plot of Current in 10-Gauge Insulated
Wire at 510 kc .............................. . 77

Fig. 28 Measured Magnitude of Current in 100-Foot-Diameter Loop .. 79

Fig. 29 Measured Magnitude of Current in Bare 10-Gauge
Copper Wire .................................. 84

Fig. 30 Measured Phase of Current in Bare 10-Gauge
Copper Wire . ................................ 85

Fig. 31 Characteristic Impedance and Propagation Factor for
Buried, Bare 10-Gauge Copper Wire ............... 86

Fig. 32 Computed Magnitude of Current in Bare 10-Gaug8
Copper Wire ............................... 88

Fig. 33 Computed Phase (Relative to Antenna Voltage) of Current in
Bare 10-Gauge Copper Wire ....................... 89

Fig. 34 Computed Phase of Current in Bare 10-Gauge
Copper Wire . ................................ 90

Fig. 35 Measured Magnitude of Current in Insulated Cable ........ 91

Fig. 36 Measured Phase of Current in Insulated Cable ............ 93

Fig. 37 Characteristic Impedance and Propagation Factor for
Insulated Cable ..... ........ .................. 94

Fig. 38 Computed Magnitude of Current in Insulated Cable ........ 95

ix



Fig. 39 Computed Phase of Current in Insulated Cable ............ 96

Fig. 40 Measured Magnitude of Current in Conducting Sheath Cable * 99

Fig. 41 Measured Phase of Current in Conducting Sheath Cable ..... 100

Fig. 42 Measured Magnitude of Current in Lead Sheath Cable ...... 102

Fig. 43 Measured Phase of Current in Lead Sheath Cable ......... 103

Fig. 44 Characteristic Impedance and Propagation Factor for
Lead Sheath Cable .............................. 104

Fig. 45 Computed Magnitude of Lead Sheath Current Using
Transmission Line Theory ........................ 105

Fig. 46 Computed Phase of Lead Sheath Current Using
Transmission Line Theory ......................... 106

Fig. 47 Computed Magnitude of Current in Lead Sheath or Conducting
Sheath Cable Using Wait's Theory and Transmission Line
Theory ..................................... 109

Fig. 48 Measured Magnitude of Shield Current in Pie-Shaped Loop . . 113

Fig. 49 Measured Phase of Shield Current in Pie-Shaped Loop ..... 114

Fig. 50 Measured Magnitude of Core-Wire Current in
Pie-Shaped Loop ............................... 115

Fig. 51 Measured Phase of Core-Wire Current in Pie-Shaped Loop . . 116

Fig. 52 Measured Magnitude of Current in 100-Foot-Diameter Loop . . 119

Fig. 53 Measured Phase of Current in 100-Foot-Diameter Loop ..... 120

Fig. 54 Measured Magnitude of Currert in 100-Foot-Diameter
Loop with Guard Ring (Total Current) ................. 121

Fig. 55 Measured Magnitude of Current in 100-Foot-Diameter
Loop with Guard Ring (12-Gauge Wire Only) ............ 122

Fig. 56 Measured Magnitude of Current in 100-Foot-Diameter
Loop with Guard Ring (4/0-Gauge Wire Only) ............ 123

Fig. 57 Measured Phase of Current in 100-Foot-Diameter
Loop with Guard Ring (Total Current) ................. 125

Fig. 58 Measured Phase of Current in 100-Foot-Diameter Loop with
Guard Ring (12-Gauge Wire Only) ................... 126

x



Fig. 59 Measured Phase of Current in 100-F at-Diameter Loop with
Guard Ring (4/0-Gauge Wire Only) .................... 127

Fig. 60 Measured Magnitude of Current in Arc 500 Feet from
Transmitter .................................... 128

Fig. 61 Measured Phase of Current in Arc 500 Feet from
Transmitter .................................... 129

Fig. 62 Measured Magnitude of Current in Arc 2000 Feet from
Transmitter .................................... 130

Fig. 63 Measured Phase of Current in Arc 2000 Feet from
Transmitter .................................... 131

Fig. 64 HoMagnitude Near 10-Gauge Copper Wire at 1760 Feet ..... .137

Fig. 65 Hp Phase Near 10-Gauge Copper Wire at 1760 Feet ........ 138

Fig. 66 He Null Magnitude Near 10-Gauge Copper Wire at 1760 Feet 139

Fig. 67 Hr Null Magnitude Near 10-Gauge Copper Wire at 1760 Feet 140

Fig. 68 H Tilt and H Yaw Near 10-Gauge Copper Wire at 1760 Feet . 142

Fig. 69 H Tilt and H Yaw Near 10-Gauge Copper Wire at 1760 Feet . 143

Fig. 70 HO and HI Magnitudes 10 Feet from 10-Gauge Copper Wire ... 144

Fig. 71 HOMagnitude Near Conducting Sheath Cable at 2030 Feet .... 146

Fig. 72 HO Phase Near Conducting Sheath Cable at 2030 Feet ...... 147

Fig. 73 H Null Magnitude Near Conducting Sheath Cable at
2030 Feet ................................... 148

Fig. 74 H Null Magnitude Near Conducting Sheath Cable at
2030 Feet .......................... .......... 149

Fig. 75 H Tilt and H Yaw Near Conducting Sheath Cable at
2030 Feet .... ................................ 150

i Fig. 76 H Tilt and H Yaw Near Conducting Sheath Cable at
2030 Feet .................................... 151

Fig. 77 Hoand Hy Magnitudes 10-Feet from Conducting
Sheath Cble ........................ 152

Fig. 78 HO Magnitude in Pie-Shaped Loop .................... 154

A xi



Fig. 79 H0 Null and Hr Null Magnitude in Pie-Shaped Loop ......... 155

Fig. 80 H Tilt in Pie-Shaped Loop ........................... 156

Fig. 81 E 0 Magnitude in Pie-Shaped Loop .................... 158

Fig. 82 Er Null and EO Null Magnitude in Pie-Shaped Loop ........ 159

Fig. 83 E Pitch in Pie-Shaped Loop .......................... 160

Fig. 84 Bunker 5.601 Plan View ............................ 161

Fig. 85 Bunker 519.03 Plan View .......................... 162

Fig. 86 HOMagnitude Near Bunkers ....................... 164

Fig. 87 H TiltNearBunker5.601...........................165

Fig. 88 H Yaw Near Bunker 5.601 ........................... 166

Fig. 89 H Tilt and H Yaw Near Bunker 519.03 .................. 168

Fig. 90 E6 Magnitude Near Bunkers ....................... 169

Fig. 91 Er Null Magnitude Near Bunkers ..................... 171

Fig. 92 E Pitch and E Tilt Near Bunker 5.601 .................. 172

Fig. 93 E Pitch Near Bunker 519.03 ........................ 173

Fig. 94 E Tilt Near Bunker 519.03 .......................... 175

Fig. 95 Pulse Recordings with Calibrations ..................... 181

Fig. 96 Fourier Transform Processing Error ................... 183

Fig. 97 Transmitted Pulse Time Waveform and Frequency Spectrum.. 185

Fig. 98 Comparison of 100-kc and 500-kc Processed
Time Waveforms ............................... 187

Fig. 99 Comparison of 100-kc and 500-kc Processed
Frequency Spectrums ............................ 188

Fig. 100 Pulse Wire Current at 1000 Feet in Bare 10-Gauge
Copper Wire ......... . ......................... 191

Fig. 101 Pulse Wire Current at 1750 Feet In Bare 10-Gauge
Copper Wire .................................. ... 192

xii



V Fig. 102 Pulse Wire Current at 3000 Feet in Bare 10-Gauge
Copper Wire. ............................... 193

Fig. 103 Pulse Current at 1050 Feet in Conducting Sheath Cable .... 195

Fig. 104 Pulse Current at 2050 Feet in Conducting Sheath Cable.... 196

Fig. 105 Pulse Current at 3050 Feet in Conducting Sheath Cable .... 197

Fig. 106 Pulse Sheath Current in Outer Arc of Pie-Shaped
Loop (Bunker 523. 08) .......................... 199

Fig. 107 Pulse Core Current in Outer Arc of Pie-Shaped
Loop (Bunker 523. 08) ............................ 200

Fig. 108 E0 at 1600 Feet ............................... 202

Fig. 109 H,0 at 1600 Feet ............................. 203

Fig. 110 Predicted E 0 and H,0at 1600 Feet .................. 204

Fig. 111 E6 Over Bunker 519. 03 ........................ 206

Fig. 112 H Over Bunker 519.03 ...................... 207

Fig. 113 E0 Over Bare 10-Gauge Copper Wire at 1740 Feet ...... 208

Fig. 114 Ho Over Bare 10-Gauge Copper Wire at 1740 Feet ...... 209

Fig. B-1 Switchable Frequency Oscillator Schematic ........... 230

Fig. B-2 CW Transmitter Power Amplifier Schematic ........... 231

Fig. B-3 Matching Transformers and Antenna Current Monitor
Schematic ........................... ...... 232

Fig. B-4 Antrnna Voltage Monitor Schematic ................ 233

Fig. B-5 CW Transmitter Power Supply Schematic ............ 234

Fig. B-6 Plate Matching Network Schematic ................. 235

Fig. B-7 Loop Matching Network Schematic . .... .... 236

Fig. B-8 Mo-Permalloy Current Sensor Schematic ............ 237

Fig. B-9 Ferrite Current Sensor Schematic ................. 238

Fig. B-10 Wide-Band Preamplifier Schematic ................ 239

- i xiii



Fig. B-11 Switchable Frequency Receiver Schematic .............. 240

Fig. B-12 Phase Reference Receiver Schematic ................ 241

Fig. B-13 Quadrature Signal Generator Schematic .............. 242

Fig. B-14 Calibration Oscillator Schematic ................... 243

Fig. B-15 Pulse Transmitter Schematic ...................... 244

Fig. B-16 Plate Matching Unit (Pulse) Schematic .............. 245

Fig. B-17 Plate Amplifier (Pulse) Schematic .................. 246

Fig. B-18 Loop Receiver (Pulse) Schematic .................... 247

Fig. B-19 Current Receiver (Pulse) Schematic ................. 248

xiv



TABLES

Table I CW Transmitter Parameters....................... 51

Table 11 Sensor Parameters............................. 58

Tablelil Properties of Bare Cables......................... 105

Table IV Pulse Systems Inverse Frequency Response .............184

Table C-1 Induced Current in 10-Gauge Insulated Wire........... 252

Table C-2 Induced Current at 62 kc in Resonant-Length 10-Gauge
Insulated W~Aire................................ 253

Table~ C~-3 Induced Current in 100-Foot-Diameter Loop............ 254

Table C0-4 Induced Current in Bare 10-Gauge Copper Wire
(Cable Z).................. ............ . 255

Table C-5 Induced Current in Insulated Cable N..................25C

Table C-6 Induced Current ini Conducting Sheath Cable L........... 257

Table 0'7 Induced Currentin Lead Sheath CableA............... 258

Talt- nue hedCretInPeSae op.......5

Table 0 -9 Induced Shril Current in Pie-Shaped Loop..............260

Table 0-10 Induced CoCurrnt in 2-Gaug e d -ooimee Loop...... 261

Table C-li Induced Current in 12Gue 100-Foot-Diameter Loop .... 262

Table 0-12 Induced Current in Are of Aluminum Sheath Cable........ 263

xv



This page intentionally left blank.

xvi



I

INTRODUCTION

A. Purpose

Accurate measurement of electromagnetic fields may be used to deduce

some characteristics of the sr~trce of the fields if the electromagnetic proper-

ties of the region of space containing 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 characteristics

of the region. One purpose of the research described in this report was to

establish the electromagnetic properties of 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



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 at 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. IFor 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:ie of

this mognetic field and its orientation in space. I 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 took place in an area (shown in

Fig. 1) that was free of known man-nade structures. The ground conduc-

tivity in the testing area was ii,2asured to a depth of 2000 feet. Fifty-two

measurement locations about the transmitter tower were surveyed and marked.

Measurements were made at these locations about the transmitter to develop

operating procedures and an understanding of the measurements systems.

This procedure required some 1700 individual measurements and is described

2
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I

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 show± 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 kc. 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.

k
54
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ELECTRIC AND MAGNETIC FIELDS ABOUT A MONOPOLE ANTENNA

LI

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 -

and 2 x 10 - 2 mhos/m). 1,2" This antenna (shown in Fig. 3) is provided with

a giound 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 frequencies of interest, as-

suming the relative dielectric constant of the soil to be 10,

S 4x 10- 3  7.2 x 10 6
a f: >>€oc 2 X x 0-9ff

36v 0

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

*References are listed at the end of the report.

i 7



0-4427-164

FIG. 3 TRANSMITTER ANh ANTENNA SYSTEM

8



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, E0 , and the azimuthal magnetic field, H4,
3

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

E0 2[ r + 1-1"--kr
n rh e3 2 e sin 0 (1)

11- 1 o + e-jkr sin 0 (2)

where

10 = Base current in amperes (with the factor ej~t omitted)

he = Effective height of monopole in meters

CO = 2f , the signal radian frequency

PO = 4 ir x 10-7 , the permeability of free space

(o = (36f x 109)-i , the permittivity of free space

k = , % 0 the phase constant

170 = jA , the intrinsic impedance of free space

j= -- i

and r, 6 , and 0 are the spherical coordinates with the origin at the antenna

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

*Unrationalited 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

I0 a- J aa

where Ca 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 terminals, therefore, the

field strengths at a distance r from the transmitter are

E0  heCa I[ ~ o +1 j a) 170 e-jkr(3Va  2y r 0 r3 +  r (3)

n'e a -kw + j (4)
Va 29 r

at the air/earth interface ( 0 = fr2) when r >> he

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

and the impedance per unit length in the radial direction is readily obtainable

from the theory of the surface impedance of skin effect:

Z r y r

10



where a is the soil conductivity and 5 is the skin depth defined by

3 -- 1

The radial electric-field strength at the interface is thus

E =I Zr r r

or

1/2
E /nV7f Po\ HOEr -(1 + j) V (5)

a V a

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, he

The electric field components E 0 , Er , and HO derived in Sees. H-B

and H-C are those measured near the ground at a distance r from an elec-

trically short transmitting antenna. If the anLenna internal resistance and

radiation resistance are neglected, the transmitting antenna moment is speci-

fied by applied voltage, Va effective height, he, and input capacitance,

Ca

11



4The effective height for the monopole is defined as follows.

h

he= -f I(z) dz (6)
100

where 10 is the current at the base, 1(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 Hallen, King, and Harrison; and the analysis

is discussed by Kraus. For an electrically short antenna, the current distri-

bution is the following:

1(z) = sink (h -IzI (7)10 kh cos kh

Substituting Eq. (7) into Eq. (6) and integrating gives the following expression

for effective height:

h --h(l - cos kh) S
(kh)2 cos kh

For the case of the electrically short antenna, kh << 1 , therefore Eq. (8)

can be expanded to give the following approximation:

he 1 + -Ekh)2  kh << 1. (9)

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

monopole.

12



E. Field Equations

Equation (8) can be combined with Eqs. (3), (4), and (5) to give the field

components around a short vertical monopole in the 0. 5-to-510-kc frequency

range. These components are

E 0 C r 1(1 - Cos kh)l 1r k -( 2] (0
Va 21re r3 [ (kh)2 cos kh [

H V J)C a [h{1 - coskh)l 1 +r 2 1  k]11
Ht 1c~ + .1 (11)a 2fr L (kh)2 cos kh

for r >> h, and

E / 0 f 1/2 H o

v -(1 +j)- -P- (12)a a-a

for r >> h , and r >> .

F. Calculation of Antenna Capacitance, Ca .

The antenna input capacitance of the electrically short monopole has been
6

thoroughly investigated and is discussed by Schelkunoff. For a cylindrical

antenna the capacitance is given as

Ca 21rh (3
a ln(h/ae) - 1 (13)

where ae is the cylindrical antenna radius or the equivalent radius of an

antenna whose cross section is noncircular. The antenna cross section used
7

in this case is an equilateral triangle. According to Lo, the radius of an

equivalent cylindrical antenna is

13



a 0.4214s (14)
e

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 E0 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 E0 and Er using

standard phasor notation are given as follows:

e0 (t) = I E6I cos aot (15a)

er(t) = I Er cos (t + a) (15b)

where a is the time phase difference of er (t) with respect to e0 (t) . Equation

(15) generally describes an electric field phasor that is elliptically polarized in

the E0 , Er plane. The general spatial configuration for this ellipse, shown

in Fig. 4, is simply described by the following expression: 8

-tan 2 r 2pcosa (16)
1 - p

where p = I Er /IE6 1 , normally a number < 10- 2 for the case here, and r

is the space "tilt" angle of the ellipse and is the spatial angle between E0

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

is obtained by rotating the E6 , Er coordinates into E1 , E2 , which are

the major and minor ellipse axes respectively (see Fig. 4). Since both E,

E and Er , E0 are pairs of orthogonal coordinates, the amount of rotation

is given bythe space angle of rotation, r . The rotating phasor, e(t) , whose

tip describes the ellipse, is calculated from Eq. (15). An arbitrary orientation

e(t) , at a space angle 4 , can be written as follows:

14
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tan- 1 (eri 0  -1 ta p(cos a -sina tan cot) j (17)

so that the angular velocity, of e(t) is:

d.e a) p sin a
p 2  (18)dt cos2 t + p cos2(at + a

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

for circular polarization, p = 1 and a = rr/2 .)

Examination of the electric fields defined by Eqs. (10) and (12) shows that

the time angle, a , varies from - f/4 (near zone) to -3v/4 (far zone), as

shown in Fig. 5(a). As indicated in Eq. (16), the polarization ellipse tilt

angle, 7" , tilts backward for a > - rr/2 , is vertical for a = -/2 , and

tilts forward for a < - if/2 I shown in Fig. 5(b) I." 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., In all cases, the ellipse must fit inside a rectangle

bounded by EI E0I and ± I ErI (shown in Fig. 4).

Thi projection of e(t) on any axis at the space angle ' shown in Fig. 4 is

e0(t) = e0 (t) cos 0 + er(t) sin . (19)

Equation (19) can be shown to be

e = IEqcos (Wt + ) (20a)

* where

2os2 20\1/2
! El I E0 1 os 0 + p cosa sin 2o+ p2 sin )hi (20b)
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= tan-l( P sina sin 2
cos 0 + pcosa sin0 (20c)

The instantaneous field in the 0 direction, eo, is always a cosinusoidal

function of frequency co and of amplitude I E4,I and phase, < , both of which

are determined by the axis angle, 4 , the original signals E0 , Er , and

their time phase relation, a

If the sensor is oriented with its maximum sensitivity in the 0 direction,

the peak magnitude and phase of this sensor signal are determined by the tan-

gent to the ellipse which is perpendicular to 0 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 4 xvd .
Thus, it is seen that the sensor does not always measure the magnitude and

phase in the direction of the 4' axis. The sensor does measure the magnitude

and phase of e(t) in the direction of the sensor when the 4 axis is aligned

with either the major axis (peak field measurement), and 4 = Omax = 01

= .r, or with the minor axis (minimum or null field measurement), and 4 =

Ormin = 01 = 1/2 + '

In addition, from Eq. (20) it can be seen that for 4 = 40 = 0, correspond-

ing to vertical sensor orientation, then I EO=o1 = I E0l and C =o = 0.

Similarly, for O = r = v/2, corresponding horizontal antenna orientation,

then IE 0--_rr/2 = I Er and CO=Y/2 = a. Thus, the sensor oriented vertical-

ly or horizontally measures exactly E0 or Er , respectively, with the proper

phase. *

Substituting r = " into Eq. (20b) gives the E1 and its time phase with

respect to E8 to be:

E E -  2 + p cos a sin 2' + p (21a)

*This assumes that the sensor response to a signal oriented in the sensor null
is identically equal to zero.
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tan1 s in a sin T (21b)1 -cos + pcosa sin /

Substituting 02 
=  /2 + r into Eq. (20b) gives E and its time phase with2

with respect to E 0 to be:
(c2 121/2

1E21 = I Er (co2 cos asin2n n (22a)2cs sin P 2

2 -1 p sin a cos Z
2 sin + Pcosacos9]" (22b)

From Eq. (20c), the rate of change of C with respect to 0 Is

d _ 
p sin a E61 2

d7= Cos 20 + P cosasin 20 + P2 s 2 s0 =  psina (23)

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

Omax is near Ot0 and 0min is near 0 f ff/2. Thus

d 0  f 1/p sin a (24a)

min

anu

d-- ft p sin a (24b)

Equation (24) shows that the rate of change of C with respect to 0 near 02

gives a relatively rapid change in 4 , whereas a slight change in 0 near 0 1

gives a relatively slow change in 4.
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The dependence of the magnitude and phase of the sensor field Eo is shown

in pictorial form in Fig. 4 as b is varied from v to 3n/2 . The circles (o) 2 :

correspond to a phasepoint, , on the ellipse for a particular position of e(t)

The corresponding cross (x), with the same number, gives the sensor orienta- A

tion angle for observing this . It is 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 parameteTs of this resulting field can be measured. The field

described by Eq and Er , where I Ee1 >> Eri , is elliptically polarized in

0-r plane. Measurements of E0 (both magnitude and phase) can be made by

orientation of the sensor in the vertical (0) 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 I Erl

but is approximately I Erl . 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 oiientation, both fields can be defined.
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HII

CABLE CURRENT THEORY

A. General

As indicated in Sec. H, a short vertical monopole driven against an infinite,

conducting ground plane will produce an azimuthal magnetic field H4, and a

vertical electric field Ee 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 mainer 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 umit 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 to 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.)
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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
Wthe conductor/ground transmission line. Because the characteristics of the
I: 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

Ao and the line attenuation may be fairly high. Hence, current on the line does not

22



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. If 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

dVdV. - E (25)

and the rate of change of the line current is

dI

.-= -VY . (26)

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

differential equation for the line currents:

d21d ZYI = YE (27)
dx2
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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(x) = K eYX + K e-YX + F(x) (28)

where

+ ~ l g x ) Y(X + a) 0

F(x) = -A coshy(x + a) log(x + a) + 2 n • n!
n=1

+ e-(x + a) -( (29)
2 n=1n n!

and

nfj.. hCaVa

A =  Y(1 - J) 41r

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)

Ca , Va Capacitance and driving voltage of the transmitting antenna

Y 2 = 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 zero 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:

1iO- Z z2= (30)
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where Z1 and Z2 are the terminating impedances at the near end (x = 0)

and at the far end (x = d) , respectively. From Eqs. (26) and (28),

V(x) d Z [ K e y x - K2 
e -YX + Fv(X) (31)

where

z o = Y/y =V_/

F_x)_-1 d _ 1 (32)Fv x) = Z0Y dx y dx

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

From Eqs. (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 conductors 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 Theory 9

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 7 of the soil and the wave impedance Zq 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

1 + Z (33)

where

It  -217r H (34)

jC7 ) ((7 + (35)

For a parallel-wire grid, the wave impedance for normal incidence with the

E-vector parallel to the grid wires is

Zq =  log -- o (36)

0

where ro is the wire radius and b i0 the wire spacing (b should be less than

the skin depth in the soil). For a ground screen of N radial wires uniformly

spaced about the base of the antenna, Wait lets

2"r: ~b = 2n.
N

so that

Zq : log . (37)
0
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Using HO from Eq. (4) we can write, for the total current in all N wires,

e a arV kI e-jkr[
e wh CVa r + + j) logr

(38)

2ffr
where it is assumed that h < x , h << r , and 8> T

e eN

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 10

of inside radius rI and outside radius r 2 is

z 1 - I 1 0o(X 1)H,(1)(X2)(1 - JI(X2)H°(1)(X1)]

TJ(XI)HI (X2 )  JI(X2)H(1) (X) ]

where X1 = (1 - j) r1 /8 and X2 = (1 - J) r2 /8 , when the driving field

is on the inside of the tube. If the outer radius r 2 is allowed to approach

infinity, the impedance approaches

2 { (1 j)
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since

lir (1)(X2)

X2-- 0 Jl(X2)

Thus, the contribution of the grolnd 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,

Ys = y- 2  (40)Z s

SOIL
(o, q o)/ /

0
/

'/ CONDUCTOR/ (o'., q., ,uo)

FIG. 7 ROUND CONDUCTOR IMMERSED IN CONDUCTING SOIL.
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where

2yS joj(a + jCo0) f jwpao

11
The internal impedance per unit length of a round wire of radius r0 is[} ro

zw = r (41)

oawl

where aw 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:

r1
X log- (42)

e 2,n r

and the capacitive susceptance is

Be 2 TLw (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 tdmittance of the soil.

The series impedance per unit length of the conductor and its return is

thus
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Z Z + Z + jXs w e

(r8rr

jYB)
+ I~ og' o (44)

Js~e
Y Ys B e (45)

Ys + Be

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 f Ys' and

if the conductor is insulated, the ground admittance is large compared to B
e

so that Y f JBe . 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

v30



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 Lhe 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 uncertainties 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.

I If the conductor 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 Zs for the

configuration shown h Fig. 8(c). If r1 >> r ° , 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 gives 12

?3



AIR CONDUCTOR

(o~,Ao)(o~s~s 0)Z' 2z [SEE EQ. (44)]
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FIG. 8 IDEALIZED CONDUCTOR CONFIGURATIONS FOR ESTIMATING
LINE PARAMETERS 3



[i1 11
y(y) = y-1 + 1 1.12 (4G)? (a + jw) yr 1

Z(y) =Z + clog ' 2 1/ (47)
rl(Ys + y2)

where Yi = jBe is the insulation admittance and y2 = Z(y) Y(Y).

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 tc 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 yO = jk

since y0 would be the propagation factor if the &round were a perfect conductor

(assuming the dielectric constant of the insulation is 1). By using this value for

y and noting that or >> wt , Eqs. (46) and (47) can be written

Y = [1 log-'' + k(B - )2 +J 4e

Z =R + cu + Li  + -t log 1 ]85 (49)

where

. ~Ri +ij WL =Zw

E. Summary

Two theoretical models have been established for corwDuting 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 and 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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IV

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,

electrially short, vertical antenna. The radiated signal power is sufficient

for the desired measurements to be carried out within a radius of approximate-

ly 2 km. 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 operated Class B push-pull and provides

an output of 50 volts 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 coanected to the tuning coil and the ground lead is con-

nected to an antenna current monitor. This current monitor measures the

total current through the series tuning coil and the antenna. (This current is

not used as an accurate measurement of antenna current because it also includes

35



Oz

(CY

Ldi
-- j
(Ln

< , z
; : w w w w-I -

u z 0

2 1- > - z s -j6

, Ir 36



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 kc. 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 %nd 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 antenna 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 theIcoil. 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 Isf 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

adjacent 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.

Ihe 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 0. 5 kc to

3 x 1010 amp/meter at 510 kc. To obtain this sensitivity, the antenna is tuned
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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 outpats 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:

(M 1+ M2) 1/2 (50)

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

the reference signal and is determined by-,

-1 M2
tan - . (51)

M 1

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 a.Id tuned amplifer

that is switch-tuned to the desired frequency. The output of the tuned amplifier

is applied to a quadrature signal g(,aerator. The output of the quadrature signal

generator has two components 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 allows 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 t.v/m at 0.5 kc to

0. 004 v/m at 510 kc. 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 to 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

kc. At all higher frequencies, only a fraction of the turns is used. * Above

20.6 kc, 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, 100, 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

containing the transmitting antenna (tuning capacitor removed). Except for the

dc high-voltage supply, the entire pulse transmitter was mounted atop the CW

transmitter van. The pulse transmitter 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 load 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 kc. A damping resistor is mounted

between the upper gap and the transmitting antenna to reduce antena 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 used. 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 heights, 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), Ca (antenna

capacitance), he (antenna effective height), and known physical constants. The

antenn, effective height I see Eq. (9)J 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 Ca from Eqs. (13) and (14) for the 31. 1m triangular

tower 0. 52m on a side is 438 lp f. Measurements to confirm the antenna cap-

acitance were made. However, such measurements are not clearly defined for

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
i 1% due to meter reading accuracy.
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(1) Total capacitance with tuning capacitor near minimum--509 pjif

(2) Capacitance with tuning capacitor removed--486 p p f

(3) Feed tube capacitance--43 ip f. Th.3 capacitance is the difference

between the capacitance (2) and the capacitance after removing the

feed tube.

(3) Tower capacitance--426 ppf. This capacitance is the change in capa-

citance when the tower is removed from the three insulators, leaving

the insulator capacitance as 12.5 p p f.

(4) Insulator capacitance measured 4.2 pf for each insulator or 12.6 p pf

for all three insulators.

The measurements indicate that the active antenna capacitance is about

426 ppf with a base capacitance of about 80 pp f, with the trimmer on minimum.

Calculated (438 pgf) and measured capacitance are in fair agreement. Meas-

ured capacitance of 426 pp f 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 voltage divider (see Fig. B-4

Appendix B) to give 0. 03 volts rms on the HP 400D. Thus, the voltage recorded

times 104 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 I.
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Table I

CW TRANSMITTER PARAMETERS

Tuning
Tuning Voltage Antenna Antenna

Frequency Capacitance Peak-Peak Current Voltage
(kc) (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 claibration 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. All 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 300 F to 1500 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 b,,bble level. Figure 16 pictures the

system setup for E0 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 and operator had to be placed beyond ] 5 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 Ho and E, (major field

components) the sensors were mechanically set to the positions shown in

Fig. 17. For all other field component directions the sensors 'Vere 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 signal 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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FIG. 16 E- AND H-FIELD MEASUREMENT SETUP
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FIG. 17 E- AND H-FIELD SENSOR-RECEIVER ORIENTATIONS

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 (M1 and M2). A calibrate signal was injected* 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 kc) 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!

The recorded data was computer processed to give signal amplitude:

ISi - V cal Asig 103
IPK Acal Va  (52)

where

ISI = Amplitude in 10-6 units/ 10 3 antenna volts

Vcal = Calibration voltage in 10- 6 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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A Sig Signal amplitude using Eq. (50)

Acal Calibrate amplitude using Eq. (50)

Va Transmitter antenna voltage,

and signal phase:

phase S = Phase Asig - phase Acal (53)

where phase 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 tbr

computer indicated a gain error in the system, 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 II),

so that neither short-circuit nor open-circuit assumptions are valid for deter-

mining the sensor sensitivity. The sensor capacitance was determined by
substitution 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 j#lif) giving an antenna capacitance of 184 fjif. These capacitors were

used as a 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-mcter section
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Table II

SENSOR PARAMETERS

Plate Loop

Current
Tuned Common Calibrate Calibrate Tuned Calibrate Pickup

ModeFrequency Rejection Ratio Constant Frequency Constant Calibrate
Constant

(kc) (db) (K p (kc) (KL) (KI)

0.495 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 600

20.555 58.1 207 32.7 20.601 7100 600

62.026 75.3 197.5 31.2 61.973 7100 426

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* The

short-circuit current was measured to determine the vertical electric field E0

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

'short circuit = 2nfo A pE01 (54)

where

f = Signal frequency

*The 5 mil-gap insures that the maximum error in area is less than 0. 1%.
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= 8. 854 x 10- 12 farads/meter

A = Area in square meters.

By measuring the vertical electric field E0 at the same time and location with

the system parallel-plate field sensor, the effective height of 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- Af 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 Kp 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
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

A i

signal Lc

where

Vca 1 = Calibration voltage

R = Calibration resistance = 10. 19 kilohms

A = Loop area = 2. 17 square meters

7° = 120 n

L Loop inductance = 3.92 mecrohenries

c = Velocity of light

IHI = Magnetic field strength--amps/m

For a Icalibrate equal to Isignal,

I,-' = 0= 7100 K. in Eq. (52) (55)

H Lc

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 assumed 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 inaicate

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
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through a single conductor in the sensor opening. This conductor was perman-

ently placed on the sensor and terminated in a 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 long 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 iesponse 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 with 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 500, 1000, 2000, and 3000 feet from the trarns-

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 normally 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 a . 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).

Phase measurer-n,'LA with respect to E0 are only reliable on current

measurements, on E9 and on HO (phase during null is not easily described

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 phase can be determined is a function of the zero beat

accuracy between calibrate signal and transmitter frequency.

The measured null for the plate antenna was 4 degrees wide between points

20 db above the null. In normal operation the three itadings 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 frequency

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 insulated 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 vegetatior 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 powcery,

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 600oU feet from the trans-

mitter). 1 In addition, the resistivity was measured to a depth of 4000 feet at

the 2000-foot distance. While the apparent resistivity varies somewhat with

depth and distance from the transmitter, the mean resistivity was of the order

of 250 £-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 mils.
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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 kc. All measured data presented in this section are tabulated in

Appendix C, Tables C-I, 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. 2, 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 inclated 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 kc 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 wavres are apparent, and the mag-

nitude of the current is limited by line losses rather than by dcgree of coupling.

68



104

0

0

Li.
00

0 2 3 4c
DITA C FRO TR N M T E - llt

FIG 21MAUE AGIUEO URETIDCDN1-AG

w 69



300

2 kc

10 kc
200-

100-

62 kc

0'

4)

>-00

w -200
a-

D 200 kc

0, 510 kc j
a.
-400

0 2 3 4 5
DISTANCE FROM TRANSMITTER - -kilofeet

FIG. 22 MEASURED PHASE OF CURRENT INDUCED IN 10-GAUGE
INSULATED WIRE

70



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, E0 , as a reference, only the difference between

the phase of the current wave and the free-space wave was obtained. This

difference 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 significant 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 ci'arent 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 considerably at the higher

frequencies. Some of this meandering is caused by interference between the

current wave propagating down the line and the current injected by the radial

electric field along the line.

At 62 kc, the line appears to be somewhat longer than one-half wavelength.

It was therefore decided to adjust the length of the line until it resonated at 62

kc. This was done by mnonitoring the magnitude and phase 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 lrc when the wire is approximately 3250 feet

long.

While the line length was 2500 feet, the current was measured as a function,

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 Fig. 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 the resonant length at 62 kc. This was done by adjusting the capacitance

and inductance per unit length of the line in such a manner that i/ C 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 correctee'

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

(LC) 1/ 2 remained constant, the computed currents for frequencies of 10 kc and

higher would be in excellent agreement with the measured currents in both mag-

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 reduction 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 kc, 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 kc was much lower, and the large current

induced in the first few hundred feet of the wire was still large enough after

propagating to 2000 feet and beyond, to be the predominant currenL in determin-

ing the phase of the iine 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 kc is plotted for the 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 transmitter 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) spirals 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 1 ange. Had the computed line

76



10-GUAGE INSULATED WIRE -- +j1000
510 Ikc

1500"
-- ~~ -- x 500

-%

le3500'l

00+ " +2500,

-100001I0x %

3001000

100 

500 
+J0

2000 r '"*) 500
0/

jno b00 WCOMPUTED

FIG. 27 POLAR PLOT OF CURRENT IN 10-GAUGE INSULATED WIRE AT ;10 kc

77



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. With the other formulas, Eqs.

(40), (12), (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 .00-foot-diameter closed loop of insulated 10-gauge copper wire was

laid out on the s"-face of the ground with its center 750 feet from the trans-

nmitter. 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 vegetation

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 cLrrent 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 point,- 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 perfect circle lying in the plane interface between the ai:

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 vd/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 coupl'ng 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 power 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 theposition 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 kc the measured currents are near the

sensitivity limit of the current senior, so that these data are of doubtful sig-

nificance.

D. Summary

Measurements on a long 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. IH. 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 loop. In addition, the azimuthal magnetic field (HO)

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 lo'wer frequencies where the radial currents are small the

circulating currents predominate.
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VII

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-

figurations (see Fig. 2). The cable currents were measured at various dis-

tances from the transmitter at frequencies ranging from 0.5 to 510 kc. Soil

resistivity2 at the site was about 50 -m. All lnea3ured data presented in this

section are tabulated in Appendix C, Tables C-4 thrzcagh C-12.

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

This wire extended radially from a point 725 feet from the transmitter to

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 1000,

1750, and 2380 feet from the transmitter.

The magnitude and phase of the wire current a3 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 curve in the 10-to-100-kc frequency range.

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

The impedance per unit length and the admittance 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 Z0 were computed

and are plotted in Fig. 31. It is noted that the real and imaginary parts of the

10 1 I I I I I I I I I2

ro= 1.29 x 10-3m
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propagation factor are almost equal, and that the real part is greater than 10- 2

for almost 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 kc 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 only

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 (E0 ) 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 current 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 rff, exposing the end of the shields

and core wires. Thig end was buried without any protective cover over the

exposed conductors. At the other end of the cable (at 3300 feet) the outer shield

was connected to the grounded steel 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 originally 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 kc, the current appears to increase as the 5/2 power of frequency, as would

be expected for an insulated conductor I see Eq. (A-4), Appendix A. Above

10 kc the magnitude of the current fluctuates somewhat %, ith 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 i the cable

90



T 1I] IF I I I

10, ,

/
- - 1

I

_ a2

o --

uI

/ S
_ / -

uji

</

I,I,
I

I

, I'
II,

iu o I

0 /0 550 ft
w /0 o-2 6 10 ,50 ft

I-- I / 1550 ft
z x 2050f -

I * 2550 f t-

I'

E IV3050 f t

II
II

II

II
I0

3  
I _

0-

I,

10-4  1I _
05 1 2 5 10 21 62 100 200 510 1000

FREQUENCY - kilocycles

FIG. 35 MEASURED MAGNITUDE OF CURRENT IN INSULATED CABLE

91



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 cable and the soil, it is uncertain whether or not the wet splice

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 kc, 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 alided 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 Z1 . 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 resonances. At very

low frequencies the current increases as the 5/2 power of frequency, but as the

first resonance at 11. 3 kc is appvoached, 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 Z 1, 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 kc, 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 jB efven using Y = jB e, 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 kc. 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 kc 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). Below 250

kc, however, the line attenuation is less, and current induced near the ends or

reflected from the ends propagates without severe attenuation. Below 250 kc,

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.

Comparison 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 kc, where the

computed current is an order of magnitude too high. It is noted that at 10 kc

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 shown in Fig. 38 were somewhat

arbitrary, the frequency and current magnitude shown for 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 cm 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 3300 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 the 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 wi'e, the discrepancy becoming

greater as the frequency decreases. The current phase also exhibits a peculiar

behavior. Whereas the phase of the bare copper wire current (see Figs. 30

and 3 4) 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 about 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 cn a lead sheath having an outside diameter of 4. 1 cm and a thickness of

about 0.3 cm. The cable extended iradially from a point 170 feet from the

transmitter to 6000 feet from the transmitter. 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 lead, and all conductors terminated. Currents

were measured 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 cable 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 cur rent

in the bare copper wire) at the low frequencies and the discrepency becomes

greater as the frequency deoreases. The phase of the lead sheath cable current

is also characterized by a 90-degree shift similar to that of the corducting

sheath cable.

The propagation factor and the characteristic impedance of the lead sheath

cable have been computed from the impedance and admittance per unit length.

The admittance and impedance per unit longth were computed from Eqs. (40) and

(44), respectively, assuming that the lead sheath was a solid lead conductor.

The computed propagatior Iractor and characteristic impedance are shown in

Fig. 44. The cable current was then computed 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 computed 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)

the proximity of the near end of the conductor to the transmitter, (3) the mater-

ial between the metal conductor and the sol, and (4) the depth at which the con-

ductors are buried. These differences are summarized in Table III below.
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Table III

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 i Oxides or salts
of copper

Lead sheath 0.47 170 4 Oxides or salts
of lead

Conducting 0.17 300 3 Conductive plastic
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-kc frequency range could be approximated by resonance phe-

nomena similar to that shown in Fig. 38 between 10 and 500 kc. This expla-

nation of the high currents below 100 kc 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 were improperly compounded so that the plastic was only slightly con-

ductive but %as 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 Eq. (12).
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The current is attenuated by a factor exp. (-x/6) 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 kc, where 8 =

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 kc, 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 o = 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 transmiteer. The dashed portion of the curve is computed

from Wait's theory IEq. (38) 1 and the solid curves were obtained from the

transmission line theory IEq. (A-35)I. 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 kc, 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 cables. This 180-degree discrepency has not been satisfactorily resol-

ved. Above about 50 kc, 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 effect 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, although 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 sheath cables (as it appears to be) 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-admittan2e) 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 cable 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-

teri)ration 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 witb

one large conductor. For the iength 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-to-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 shcwn 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 wbln 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 produced 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 kc these currents differed by al-

most an order of magnitude. It is perhaps significant that the pie-shaped loop

was adjacent 'o 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 maie 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 900 fcet where the current was measured in

the bunkers. AL 1500 feet the current in the arc was measured in the bunker,

which is over 150 feet fron the corner, so that the current at this point is

much lower thar 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.

VI, which shows the currents measured 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-frequency 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, indivat-ing that these currents are induced by the radial electric field.

The phase of the high-frequency currents at the ends of the loop is somewhat

erratic, as might be expected if these were the residual currents remaining

after the interference of the currents coming in from the two sides of the loop.

At the low frequencies onL 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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II. 100-Foot Diameter Loop with Guard Ring

A second closed circular loop of insulated 12-gauge copper ,.'ire, 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 arACI 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 conlsistent with the contention that the low-frequency currents are cir-

culating currents induced by the azimuthal magnetic field. The large 4/0

shorted turn ihus reduced the magnetic field linking the 12-gauge loop. At the

higher frequenc.es (100 kc and higher) the currents are induced by the radial

electric field, anO 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., . large part of the voltage per unit length along the wire

is dissipated across the insulation capacitance).

The phase of the me.'sured currents is shown in Figs. 57, 58, and 59.

Figure 57 shows the phase ')f the total current in both wires, and Figs. 58 and

59 show the phase of the 12-gluge wire current and the 4/0-gauge wire current,

respectively. The currents art, assumed to be positive when flowing in the

counterclockwise direction. It L noted that the currents at frequencies o' 10 kc

and lower are in phase, in agreem:nt 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 because 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 1I and T 2)

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 tbree points approximately 7.5 degrees apart on each

arc (see Fig. 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 m -itude 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 2000 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.

J. Summary

Currents were measured in four kinds ol 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 feet be-

low the surface

(3) Copper shield cable with outer conducting plastic sheath three feet 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 kc, cur-

rent increased as the 5/2 power of frequency, as would be expected from the

theory for an insulated conductor I see Eq. (A-4), Appendix AI. The resonances,

being complex functions of the dielectric constant of the insulation, length 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 cables 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 (see 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 conidered 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 frequencies 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 respose 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 in the large pie-shaped loop were made in each radial

leg and to one side of center in each azimuthnl arc (340 and 1500 feet). 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 measured 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 currents 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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VIII

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-- 6

direction (vertical) for electric field (E0 ) and 0 direction (azimuthal) for mag-

netic field (H). The sensor wag then oriented to obtain two null readings,

one in each of the remaining orthogonal directions. This procedure produced

the major field magnitude and phase with respect to E 0 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. H-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 Eo. The sensor common-mode signal in the

null is aL-out 50 db below Ea. Thus, the signal magnitude in the null, called

Er null, is mostly due to E and not common mode and is meaningful as ar r

magnitude only.)

Measurements were made along a radial line (N15 050'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 Eqs. (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

kc 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 I 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 HO 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, HO is essentially inde-

pendent of the wire. At the three lower frequencies, HO 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 He referenced to E0 is shown in Fig. 65 along with the

Ho free-space phase at 1600 and 2000 feet. The phase shows a maximum var-

iation at 10 kc 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 kc, 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 HO null (vertical) is shown in Fig. 66 along with the

theoretical value of Ho at 1600 feet. As can be seen, If0 null approaches the

magnitude of H~p, indicating a large anomalous vertical magnetic field. (For

the free-space measurements, HO null and Hr null were of the order of 40 db

below HO,.) At all frequencies except 10 kc the He 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, H0 null over the wire is the maximum

signal recorded.

136



40 1
ADL DISTANCE FROM WIRE (COUNTER-CLOCKWISE)

v 0 ft

30 l oft

AI 20 ft

o 40 ft

a 80 ft
20- D Oft (REPEAT)

200ftj FREE SPACE
*2000 ft

E 0
00

U)

z I

0W 0

1)

-20

-30

-40
0.5 1 2 5 10 21 62 100 200 510

FREQUENCY - Ailocycles

FIG. 64 H MAGNITUDE NEAR 10-GAUGE COPPER WIRE AT 1760 FEET

The Hr null magnitude is shown in Fig. 67 along with theoretical H 0 for

1600 feet. Hr null magnitudes are generally less than H0 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 null and H null data presented in Figs. 66 and 67 were the mini-
r

mum reaaings 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 readings 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 theoretical negative 11(p
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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

kc. Yaw is evident at 10, 62, and 100 kc. 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 tL.e direction of propagation. This field will add to

the propaating field Hp to cause an elliptic polarization of the H vector more

general than that shown for the E vector in Sec. I-G because HI and Ho

need no longer be orthogonal in space. The effect for currents flowing t(ward

the transmitter (positive current) is a negative H tilt counter-clockwise from the

wire and positive H 0 ,locWise from the wire. H tilt should be zero above

the cable, however, the magnitude of HI should add (using proper phase) to 1e

magnitude. The H-tilt data in Fig. 67 shows the general behavior described

above. In Fig. 70 are shown the 110 predicted at 1600 feet and HI 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 HO magni-

tude and phase ,hould occur at 10 kc with minimum effects at the lowest and

highest frequencies. The magnitude and phase observations 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 He and HI effect thb general description outlined above and can cause con-

siderable variations with distance and frequency.

Radial urform currents in the wire cannot cause radial magnetic fields

or H-yaw distortions. However, all current is not confined to the wire.

*The dta presentation format described here and shown in the figures is used
throughout this report and was selected for easy presentation of both E and
H spacial distortions.

141



10

5

0

-25

C e 15 -

-15-

DISTANCE FROM WIRE (COUNTER -CLOCKWISE)
v Oft

-30 loft I
* z 2Oft _

* 4Oft PROBABLE NULL
a3 8ftO ft (REPEAT) H

-4 POSSIBLE NULL TILT

I K 1600 ft FREE SPACE

!: A,,o
0.5 II0 62 I00 200 510

FREUENCY- kilocycles

FIG. 68 H TILT AND H YAW NEAR 10-GAUGE COPPER WIRE AT i760 FEET

142



0)

TI LT

LI I

3

510 kc

800 40 20 10 0
4-~~~~ ~- DIT+EFO IE-fe

FIG.69 TIL AN H YW NAR 1-GAGE CPPE WIR AT1760FEE

62143



4 O I I I I I I I l I

Ho AT 1600 ft

HI AT 1750 ft

/ /

, -20 0/

//
//

//

E

--

0

U/

LLJ

/
0 -

,1

>/

-60 /

05 I 2 5 10 21 62 100 200 510

FREQUENCY kilocycles

FIG. 70 HoI AND H] MAGNITUDES 10 FEET CROM 10-GAUGE COPPER WiRE

144



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 kc 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

kc along an arc at 2030 feet from the transmitter (20 feet toward the transmitter

from a hole where cable current measurements were made). Measurements

we.-e 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 Hep (reference to E0 ) are shown in Figs. 71

and 72. Both magnitude and phase are very nearly equal to the free-space

measurements. The magnitude at 10 kc 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 null (vertical) is shown in Fig. 73 alorg with the

predicted curve for HO at 2000 feet. Except for 0.5 kc where He null ex-

ceeds predicted He, He is about 20 db below HO and 40 db above H null

in free space. He null is a minimum over the cable, a maximum at 10 feet,

and decreases with distance from tha cable. Hr null (radial) shown in Fig. 74

generally is of the same magnitude as He null; however, there doe3 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 HO 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 fre-

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 C;ssected the pie-shaped loop shown in Fig. 2. The inner and outer loop

arcs are at 340 and 1500 feet so that all measurements were within the loop

area. A buried cable of undetermined length ran on a radial beneath the meas-

urement:i 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, i.s shown in Fig. 78 with predicted H,5 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. Below 100 kc for 600 and 900 feet, HO

is increasingly enhanced with decreasing frequency and distance from traas-

mitter. This enhancement may be due to inadequacies in the field theory. *

The H5 measurements at all frequencies at 1200 feet are some 10 db below

predicted free space H5. The phase of H,5 (not shown) did not agree with

predicted free-space phase for ai'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 H0 null and Hr nall are shown in Fig. 79 with predicted HO for 600,

900, and 1200 feet. H0 null is generally larger than Hr null and is nearly

equal to the predicted H5, indicating a distorted H field. H0 null decreases

with distance from transmitter except at 0.5 kc. H null does not follow ar
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 Figs. 48 through 51 do not show any correlation with

the H-tilt field distortions shown in Fig. 80. H weer, H tilt and HO shew

similar patterns (low-frequency distortion).

H yaw (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 62 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 E0 measurements within the pie-shaped loop are

shown in Fig. 81 with the predicted free-space E 0 . Free-space E0 data at

1000 feet are shown and they agree with predicted E0 for this distance. The

measurements within the pie-shaped loop are all some 5 db above predicted

free-space E0 .

The magnitude of Er null and EO null is shown in Fig. 82. For the dis-
tances shown, the predicted electric field ellipse formed by E0 and E r 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 E magnitude is greater than ther
sensor null response to E0 . Predicted E r and Er null are shown in Fig. 82;

the two curves meet at kr = 1. Far-field conlitions occur only at the highest

frequencies at 900 and1200 feet. Measured E null agrees fairly well withr
theory at the four higher frequencies, where the common-mode signal from

Eo is smaller than E. At 0.5 and 10 kc, E null is not measurable since
r

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, ard is unexplained.)

Spatial orientation of the total electric field is defined by the electric field

sensor orientation when measuring Er null and Eo 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 orientation associated with E null measurements is shown inr
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 E0 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 Eo 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

1200-foot measurements. For 600 feet, all frequencies were about -0.5 degree,

indicating a possible error ir 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 magritudes of the measurements of the azimuthal magnetic field, 1t,

near the two bunkers are shown in Fig. 86 along with free-space HO at 1600

feet. Except for a few data at 10 kc, all measurements are in essential agree-

ment with the measurements in free space and with theory. The phase (not

shown) of all HO data (including 10 kc) were within 3 or 4 degrees of the H(P

phase measurements in free space. In addition, H0 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 H0 null and Hr null, indicating

no abnormal out-of-phase magnetic field components. The null readings at 0.5

kc were barely greater than the free-space null readings for some selected

locations.

Sensor orientation for the H0 null and Hr null measurements near

bunker 5.601 are shown as H tilt (vertical) in Fig. 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 Hp magnitude and

phase and the H0 and Hr null magnitudes indicate that magnetic fields in

spatial directions different from the predicted Hp direction can only exist as

fields in-time-phase (or out-of-time-phase) with HO. (Linear polarization 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 HO field. If bunker

5.601 could be considered to be a large loop oriented to respond to HO, * 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
lr~nr 14
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circulating current in this hypothetical loop would cause the HO field to be

repelled in the observed manner. Furthermor2. 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 HP

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 bunkei

acts like a loop.

The H-tilt and H-yaw orientations from the H0 nuli and Hr null meas-

urements near bunker 519.03 are shown in FiR. 89. Both H tilt and H yaw are

within ±1 degree of the theoretical HO, 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 differnnce is constant for all lo-

cations, the data appears to be a sensor orientation problem and not a field

phenomena.)*

The vertical electric field E0 magnitudes near bunkers 5.601 and 519.03

are shown in Fig. 90 along with free space data at 1000, 1600, and 2000 feet.

Ee near bunker 5.601 was in good agreement with the theory and free-space

E0 . All data were between the two values (top and rear edge) shown in Fig. 90.

E0 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 tile radial

line through the bunker center. Measurements along the radial beyond the data

shown in Fig. 90 are not presented since they were essentailly at free-space

E 0 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 fll is oriented

to the local earth's surface.
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The magnitude of EO null near both bunkers did not differ from free-space

EO null. The magnitude of E r 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 E null for all data near bunker 519.03. Maximumr
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 free-space measure-

ments. All other E null measurements near bunker 519.03 were in agree-r
ment with the free-space Er null shown in Fig. 91.

E null magnitudes near bunker 5.601 were only above the sensor common-r
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 E null. Over the bunker, E null is reduced by about 10 db,r r
probably due to the presence of a better conducting ground plane.

E p'teh and E tilt associated with Er null and E null measurements

near 5.601 are shown in Fig. 92. Theoretical E pitch from Sec. fl-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. T~e data appears

to contain a sensor base orientation error with respect to the loc i1 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 (measure-

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 E null data near bunker 519.03 is shown in Fig. 93.r
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 tj earth's gravitational field.
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around this bunker is compatible with the EO field terminating on the grounded

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

E tilt near bunker 519.03 from the Eo null measurements is shown in

Fig. 94. This data confirms that angular distortion around this bunker is

caused by the presence of the conducting vertical pole at the bunker rear edge.

The distortio:n due to the pole will cause E 0 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 E0 angular distortion will alter the ellipse formed by E 0 and

Er (see Sec. II-G) and will result in an increase in E r 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 E r null 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 some 10 to

20 db above the common mode threshold near the pole. The phase of E nullr

with respect to E 0 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 E r null at low

frequencies indicates that the pole is reradiating the E 0 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 nearly the same as E0 .* 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 frequency ,see Eq. (12)).
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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 ttadnsmitter to give

an elliptically polarized field in the plane normal to the radial 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 orientation to 1 degree. The electric field near buried

cables was not measured. Measurements near cables on the earth's surface

indicated that field lines terminate on the cable and are detectab!e 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 loop (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 of a 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 field 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 radial 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 distoi'tions arc possible.

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

bunker near the surface the azimuthal magretic 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 field 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 on the electric field could not be determined. The electric field

was observed to terminate on the vertical copductor 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 PULSE 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 signal 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 kc (± 2 percent) using a sweep speed of 20 psec/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 bandwidth3 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 did 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 the receiving and recording system I C

The receiving systems were band-lin-ijed (100 kc and 500 kc) and consequently

had a non-constant amplitade and phase response as a function of frequency.

To obtaip the true received pulse the recording characteristicz had to be re-

moved front the data. This was accomplished as described below 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 qweep

speeds of 0. 5, 1, 5, and 10 p sec/cm along witl two calibration levels. (The

calibration frequency for this set of data w=_ XI0 kc 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 a 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 kc. Thus, the peak-to-peak amplitude of the

two 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 ktlovolts 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 calibrations were transferred to the zero 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 calibration signal in Fig. 95(f) is at 100 kc (period 10 psec) using a sweep

of 20 psec/cm. Thus, the peaks are spaced 10psec for a 20-psec/cm sweep
and represent 0. 1-, 0. 5-, 1-, and 5-psec spacing for 0. ,-, 1-, 2- and 10-
jisec/cm sweeps respectively.
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time equal zero (t = 0). Figure 95(a) was then scaled each 0. 1psec 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 (t'= 1. 6isec).

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 jsec. Figure 95(b) was scaled each 0. 1 1sec.

to t = 5 Asec for a total of 50 time points. Thereafter all scalings were at

0. 2-lisec spacings. Scalings were continued with matching from one picture to

another out to where the waveform returned to the zero line which was 100 /sec

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 ased for all waveforms recorded.

Scaling was terminated whenever 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 waveform data obtaincd 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 kc from 0 to 1000 kc. As a check on the

computer processing, the frequency- specti urn 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 3tic.

This filter characteristic P(aw) was measured in both amplitude and phase and

was transferred to cards as 1/P(&) at each 2 kc from 0 to 1000 kc. The shape

of 1/P(cj) and the corresponding plate, loop, and cable current recording

characteristics for 100- and 500-kc bandwidths are indicated in Table IV.

The product of 1/P(o) 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 waveform. 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 kc, has a secondary peak near 260 kc, * 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.
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out to about 650 kc. 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 usable 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 kc. For frequencies up to 275 kc

(30 db below the spectrum peak), the spectrum is usable but inaccurate. Above

275 kc (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. Theoretically the two wave-

forms and two spectrums should be identicai after the recording 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-ke 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 Fig. 98. The proc-

essed 100-kc spectrum enhances frequencies above 200 kc; 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 several 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 kc out

to abcut the maximum transmitted frequency of 650 kc. Above '350 kc the spec-

trunis 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-ke data as rep-

resenting the actual received pulse. In some instances the received pulse was

predominantly composed of high frequencies. For 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 rc-presenting the received pulse spectrum was

further processed to obtain the transfer function G(co) from tne pulse irans-

mitter to the receiving location so that the CW and pulse data can be compared.

G(c)) was obtained by dividing the received spectrum by the transmitted spec-

trum shown in Fig. 97, For the CW measurements, the magnitude of G((o) is

Presented as the 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 ca'ds at time points 0. 1 and 0.2 u sec 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 currenL were made at 1000, 1750, and 3000 feet in

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. TI.e computer-

processed data, in the form of a received pulse time waveform and its associ-

ated transmitter voltage (V )-to-wire 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 are 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 30G0 feet. The low-

frequency component of the pulse decreases with distance, being nondiscernible

at 3000 feet. This low-frequency behavior 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 107 of peak pulse ampli-
tude. Processing to eliminate recording syvtzm frequency functions from
the data enhances the high frequencies. Thus, the processed time waveforms
start at some arbitrary time and magnitude after the actual pulse bez'inning.

190



I A

E

z
Id
a:
a:

0 10 20 30 40 50 60 70
TIME - sec

10 I I I I I CW MAGNITUDE ~ 6

~08

06 ~PHASE-> -

3 80
MANCUD,

~ 04 MAGNITUDE-

02

0 0

0 200 400 600 800 10
FREQUENCY - kc

FIG. 100 PULSE WIRE CURRENT AT 1000 FEET IN BARE 10-GAUGE COPPER WIRE

191



60 II I I I I I I

40

Q20
x

tmox--40

z

-20
D

w

-40-

-60 1 1 1 1 1
0 10 20 30 40 50 60 70

TIME usec

10 - 1 I I 1 I I I - I I I I 1 I I I T - 360

* CW MAGNITUDE

08

x . .. ..

o 4

w PHASE--.' 80a " , 180

I-}

I , • .. I
t

C

C"MAGN ITUDE

gC w

0 - i I I I I I I I I....J.......*.* I I I0
0 200 400 600 800 1000

FREQUENCY kc

FIG. 101 PULSE WIRE CURRENT AT 1750 FEET IN BARE 10-GAUGE COPPER WIRE

192



40) 1 1

30

0

E

zw 0

w
~c1

-1011

0 10 20 30 40 50 60 70
TI ME - sec

1.0 1 1 F -I I I I I I I I I 1 1 1- 360

C W MAGNITUDE

E

o9 i PHASE--,06,

0- MAGNITUDE

ol 0

0 200 400 600 800 1000
FREQUENCY - k

FIG. 102 PULSE WIRE CURRENT AT 3000 FEET IN BARE 10-GAUGE COPPER WIRE

193



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 kc, 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) a-re 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 fron 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 kc. The transmitted pulse spectrum is inaccurate above this

frequency and the data presented are prebaolv invalid. The magnitude peak of

260 kc 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 kc 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 kc.

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 kc.

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 kc with a 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 assumed to describe a smooth curve. The pulse data

indicate considerable frequency dependance from 0 to 200 kc 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 (Ee and H5) vere measured over the

bare 10-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 (E6 ) and magnetic
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(HO) pulse fields in the open area are shown 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 fVeld also has a low-frequency component. From

Eq. (10) the transfer function magnitude for E0 should be relatively flat for

frequencies below 150 kc and increasing with frequency above 150 kc. From

Eq. (1i), the transfer function magnitude for Ho 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 Hp pulse data agrees well with theory (Fig. 109). *

The transmitted spectrum, shown in Fig. 97, contains considerable energy

at 12 kc and a secondary peak in energy at 260 kc. Thus, using Eq. (10) for

the E0 transfer function, the received E0 spectrum at 1600 feet will contain
a peak 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 kc 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 HO, 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 kc.

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 frequencies.

The predicted time waveforms for Ee and HO using 'he transmitted spectrum

and theoretical transfer functions, are shown in Fig. 110. The predicted wave-

shapes agree well with the measured data. Measured magnitude of E0 agrees

with predictions; however, predicted and measured HO magnitude disagree,

probably due either to system calibration error or to inaccurate transmitter

spectrum, or to both. This ability to predict E0 and H indicates that the

measured CW transforms and Fourier transforms can be used to give pulse

data, providing the total system is linear.

*The 260-kc peak is due to scaling inaccuracies in the transmitted pulse.
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The major electric E 0 and magnetic Ho 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 thie 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 meas,'ied 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 filings 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 inhoi.,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 CW at 0.5, 1, 2, 5, 10, 20.6, 62, 100, 200, 450, and 510 kc and a 100-kv

pulse whose spectrum was peaked at 12 kc.

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 Pre spaced several skin depths (in the

soil) apart, and for insulated conductors above or below the surface if the capaci-

tive admittance per unit len6 th of the insulation is small compared to the admit-

tance per unit length contributed by the 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 field3 in the ground (e.g. buried, bare

conductors, or insulated conductors at frequencies high enough that the capaci-

tive admittarce 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 structures have pointed out that two

coupling mechanisms are generally active in inlucing currents in closed loops.

Coupling to the electric field in the ground occurs either through direct contact

(on bare conductors) or through tie 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 adequate 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 protectod 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 defipe 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
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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 which 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 mea'urements 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 5 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 (3) the

spatial orientation of a resulting total field that contains more than one field

component can be measured 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 showed

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 bmker 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 orieintation 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 present).

The measurement of complex electromagnetie coupling phenomena can be

made using the fixed-frequency CW system described in this reporE, providing

the coupling is a fairly smooth function of frequency. 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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APPENDIX A

SOLUTTON 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

d21 2
d I YE (A- 1)

dx
2

where

y = ZY, the propagation factor squared

Z = R + jcoL, the w-re impedance per unit length

Y = G 4 jcoC, the wire admittance per unit length

and

E = .(1- C [f--hCaVa k + 1 l -jk(x+a) (A-2)
N a( 47 x+a (x+a)2

is the driving field, the radial field at the air/earth interface. * The differentiai

equation to be solved is thus

d2 I - = A j k  + -a) 1 - jk(x+a) (A--3)

dx 2L~ (xl-a

*It has been pointed out by W. R. 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., iithin one skin depth of the antenna base). Very
near the antenna base, the current density in the soil will be 'ipproximacely
spherically distributed in the ground instead of parallel to the surface -.nd
exponentially decaying with depth as assumed in deriving Eq. (A-2).
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where

( f'-- jhCaVa

A (1-j) Y ;ii 4nh a (A-4)

The solution of this equation is 1 5

I(x) = 1 y + K A-x L yx -+a - 1 eik~x+a~dx
1e2 e Y XfYX) 2 1

- e Y X f eyX [ Ik ( ] -jk (x + a)d x j (A -5)

- e- - - + (x+a) 2

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

- y in the solution for the first. Hence, letting

_ 'Yx fk I -22 jk(x+a)dxX+ (x+a)2

(A-6)

ejka [.kfe -(jk+Y)x (Jk+Y) x

we can make use of the integral formulas1 6

fx+ a nn log(x+a) + [(n! (A-7)

n=1

and

qx qx + - (A-\1 n8jf e" x q -og(x+a) + q. .

x'xaadx xa+ qe~ z-,(~a H-57q-a, (A-8)
n=1
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so that

j ka -(jk+y)x e -(jk+y)x -(jk+y)x~d
e 3- jkf x"' dx - x(a - k+y)f x da

After rearranging,

e Iy e- y~jk) (x+a) Y -(jk+y) (x+a) dx(A9
= - x~a yfe x+a d A9

Thus

F(x) A 4e Yx~ -Y PX~

A ey(x+a)fe (jk+y) (x+a) + yxa e- (jk-y) (x+a)

After performing the integrations and rearranging,

F(x) = -A Ijcosh y(x+a) log (x+a)

(A-10)

00x~) I(jk+y) (x+1k) I n ey(x~Za) Cc k-)(~) nj
2 +-n 2 n-n!

n=1 n~

The wire current is then

I 1-)=KIeY -K2eY -,- F(x) (A-11)

where K1and K2 are arbitrary constants determined by the terminations at

the end of the wire.

For large values of (jK~iy)(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,

-u -U[ -q(x+a)] n
-U- du - e - log q(x+a) - 2. n-n!

q(x+a) n-

N (A-12)

e-q(x+a) I

q(x+a) ~n=O -q(x+a)]n

from which

n -q(x+a)N
n-n y ae - log q(x+a) q(x+a) n

n=1 n=0

(A-13)

where ye = 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

dIdx YV(x) . (A-14)

Thus the wire voltage V(x) can be written

V(x) =-Z. 1K1 eYx - K2 eYXJ - " dF(x) (A-15)

where Zo 
= Y/Y = F/Y is the characteristic impedance of the line.
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Letting

1 dF(x) - Z F (x) (A-16)

Y dx o v

we have

V(x) = -Z. [K 1 eyx - K2 e
-Yx + Fv(X) (A-17)

where

I eJk(x+a)

F v(x) -A sinh y(x+a) log (x+a) +I~y (x+a)

eY(x+a) - [-jk+ )(x+a)I (A-18)

2 n.n!
n=1

e-Y(x+a) 0 [(jk-/) (x+a) n

At x 0 the wire is terminated in an impedance Z1 ) so that

-Z 1 1(0) = V(0) (A-19)

or,

-z + K2 + F (0)J 1K - K2+ F(2)I (A-20)
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Similarly, at x = d , the wire is terminated in an impedance Z2 , so that

S2I(d) = V(d) and

2  KI eyd + K 2 e-Yd + F(d)J -Z. fI eyd - K(2 e-yd + Fv(d)

(A-21)

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

- Z2/Z F(0) - F(o)j + (1+ +1)/[' Fv(d) + F(d)j

1 e-(1 (1ed 0 + P)( + eYd

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

Eq. (A-22) are substituted in Eq. (A-il). Four special cases of interest will

now be considered.
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Case I -- The line is terminated with the same impedance at both ends (Z2  Z1).

Equations (A-22) then reduce to

yd z0 Fzo )F(O) z zo
K, 1 + (1 +

e1  2

(A-23)

K e ~eyd (1 + !) Z F (0) - F (1 F (d) + F(d)z z z v
LO~.2 e-yd + (iZ) e yd

Case II -- The line is open-circuited at both ends (Z 1  Z2 =oo). Equations

(A-22) then reduce to

K1  F(0) e- y d -F(d
2 sinh yd

(A-24)

F(d) - eyd F(0)K2  2 sinh yd

and Eq. (A-11) becomes

I(x) = F(O) sinh y(x-d) - F(d) sinh yx + F(x) (A-25)
sinh yd

Case III -- The line is terminated in its characteristic impedance (Z 1 = Z 0 ).

Equations (A-22) reduce to

K1 = IFv(d) + F(d) e - yd

(A-26)

K IF() - F(0J
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and Eq.. (A-11) becomes

INx = F(x) F .Iv(d) + F(d)J e y(xd) + 2 jF V1) - F(O)j e-YX

(A-27)

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

of the ends.

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

then become

K e-yd (1 - y) ( F()-F(O)J + (1+ Y) {yF (d) + F(d)j
K1 2-

(1-y) e-Yd +(+Y) eyd

(A-28)

-eyd (1 + y) lYFv(O) - F(O) - (1 - y) I YFv(d) + F(d)

(1-Y) 2 e-yd _ (1+y)2 eyd

Case IV is applicable to the buried bare conuctor to within a fLw 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 (d) + F(d)

(1 + y) eyd

(A-29)

yFv (O) - F(o) - y YF, N(d) + F(d)
2(1 + y)2 eyd
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Substituting Eq. (A-13) in Eqs. (A-10) and (A-18),

yFv(d) + F(d) - A I eY(d + a) B(y) e-Y 1) -y(d + a) B(-y) (y41)

(A-30)

e-k(d +a) 1-1 -±I S(y,d) - Y 4l S(-yd) -11
d-i a jk +y jk -y

and

F(x) A- I e x+a) B(,) + e y(x+a) B(-y)

(A-31)

e-jk (x+ a) _ + S(- Y X)

x+a jk+y jk-y ]

where

B(y) = log k 0.577 2157 (A-32)

and

N

S(y,x) = n! (A-33)

n=o I- (jk + y)(x+a)n

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

I(x) = K1 eyx + K2 e- y x 4 F(x)
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we obtain

A -Jk(x+a)
Ai) S- [ ) + S(-y,x)IN) * x+a IY y ky

-,x e-jka Y -1 F S(-Y')-1 (A-34)-e a -- l j -y K-- y

e-Y(d-x) e-jk(d+a) (yd) y-1 S(-y,d)
d~a I jk+ y y-l jk - y

where terms involving exp j y(x+d) J and exp I-y(2d + a - x) jhave been
neglected. Far from the ends of the wire, exp I-y(d-x) I 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,

I(x) s% A e- jk(x+a) 2jk (A-35)
2 x+a y2

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. If 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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APPENDIX B

EQUIPMENT SCHEMATICS
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XPFEIDIX B

EQUIPMENT SCHEMATICS

This appcadix contains the sch, matics of all equipment described in Secs.

IV and V. Figures B-1 thr,;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 pulpe

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 pp'f for micro-microfarads and

either jif or unmarked for microfarads. Capacitors showing polarity signs

and/or voltage are electrolytic.
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TRANSMITTING
ANTENNA

R2IOM - -  S2 R
-- -~ 0 0 v ' '

C2

0 5 R3J,. LI -- - ANTENNA CAPACITANCE
HIGH VOLTAGE (500 pf
SUPPLY

0-120 kv DC
O-5mo RI SI R4

20 Mj-

0 10005

NOTE:

CI,C2 FOUR OF 600-502N 60kv 0.005 mf LI 36 mh 200kv OIL FILLED
CAPACITORS COMBINED TO GIVE (SRI)
0 005 mf AT 120 kv
(PLASTIC CAPACITORS, INC.) SI SPARK GAP BETWEEN 45"

DIAMETER SPHERES (SET
R I, R2, DZZ-I 125 kv TO 15")
R3 (RESISTANCE PRODUCTS CO.)

SS2 SPARK GAP BETWEEN 4.5"
R4 3.5 kn. 200kv* WIRE WOUND DIAMETER SPHERES (SET

(SRI) TO 25")

R5 500-. CARBON FILM

(SRI)

FIG. B-15 PULSE TRANSMITTER 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 verV.cal electric field (E0 ). Distance from transmitter

(r) is in feet, and frequency is in kc. For convenience in relating the tabu-

lated data 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 selected 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
(kc)

2 10 62 200 510

Distance From
Transmitter Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase

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

300 -68.03 -17.87 11.68 23.86 37.28
400 14.18 -43 40. 15 -37 58.79 -160
500 -36.35 87 -13.28 59 17.37 -46 44.04 -59 59.81 174
600 21.25 -70 45.64 -90 61.11 157
700 24.15 -80 47.23 -128 61.13 127

750 -33.89 88 -7.68 56
800 28.04 -91 47.75 -153 61.03 112
900 29.75 -97 48.93 -176 64.52 77
1000 -33.29 84 -5.81 57 31.65 -105 49.12 170 63.27 65
1100 33.35 -111 49.87 159 60.35 71

1200 34.50 -115 51.01 154 60.16 65
1300 34.91 -120 50.83 149 57.57 40
1400 36.01 -134 50.46 152 55.17 23
1500 -33.45 83 -4.56 54 36.68 -138 50.38 148 55.27 16
1600 37.10 -140 49.91 144 53.14 -4

1700 37.62 -157 49.41 142 50.97 -2G
1800 38.99 -150 47.71 141 46.79 -85
1900 39.77 -156 47.20 123 49.10 -126
2000 -34.79 79 -5.11 51 39.73 -157 46.54 109 50.74 -168
2100 39.57 -156 47.07 99 50.96 -177

2200 40.92 -150 48.48 88 51.85 159
2300 39.97 -150 47.79 78 52.76 123
2400 39.19 -150 48.21 71 54.39 114
2500 -36.69 80 -7.25 49 39.09 -146 48.11 66 54.32 115
2600 39.67 -141 47.31 69 54.51 104

2700 39.85 -138 45.77 65 52.18 88
2800 39.35 -130 43.47 65 32.18 69
2900 38.72 -126 39,11 73 52.63 62
3000 -39.69 75 -9.78 48 39.18 -125 34.96 25 52.50 57
3100 37.59 -123 37.26 -23 49.92 70

3200 37.08 -119 41.25 135 43.72 64
3300 36.27 -118 42.99 -55 39.67 -18
3400 35.63 -117 44.32 -55 42.98 -18
3500 -44.57 75 -14.53 46 34.94 -115 46.16 -58 45.27 16
3600 32.57 -110 45.20 -62 42.68 85

3700 30.06 -107 43.49 -64 45.74 151
3800 25.72 -108 39.90 -54 47.68 -169
3900 18.55 -109 33.41 -51 44.14 -142
1000 -91.28 -66.98 -8.63 -9.86 11.59

*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
Wire

Distance 2500
From (ft) 3250

Transmitter (r) __ _

Magnitude Phase 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
3100 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

Lop 4/0 Gauge 12 Gau4/Ba/0 Gauge 12 Gauge

Frequency Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase

(kc) (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 1. 11 -27 3.64 225 8. 18 125

-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

Loore 4/0 Gauge 12 Gauge Both 4/0 Gauge 12 Gauge

Frequency Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase Magnitude Phase

(kc) (db) (deg) (db) (deg) (db) (deg) (db) (deg) (db) (deg)

0.5 -22.21 140

2 -19.65 184 -20.98 179

5 -33.06 293

10 -31.06 276 -13.92 270 -31.77 277

20.6 -24.95 282 -10.93 266

62

100 27.5.5 8 17.78 28 15.89 234 7.87 224
8. 10 208

200 32.60 -12 28.7z -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

F(w) = . I f f(t)e-Jo'tdt (D-1)

+00

f (t) = - F(a)) eJctd" (D-2)

to transform time functions to frequency functions and vice-versa. A time

function v(t) for t > o and v(o) = 0 is transformed (by numerical integration)

to obtain

j(ji 11 (t - [k1)v(tk) +v(tk- .1)] e-c)i ) (D-3)
V~r k=1 tl 1 2 ]

where tk are the positive time values where v(t) is defined and ci are the

angular frequency values to be determined. If A tk = tk - tk_ 1 is constant,

the phase of the exponential term in Eq. (D-3) increases in increments of

-auiAtk. Hence for faithful integration,

WiAtk << 2n (D-4)
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or

LAtk«TL.

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

gration),

M [V(w,) - V (COi-1) ] e itk COi+C n
v N 2 -Re ( C-.-1) 2 -i(D 5)v V f2 2

Ii=1

where advantage has been taken of the fact that

f F(w))e Jtdo = 2 Re fF(co)eJJtd j (D-6)

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

odd function of o) . If Aw i = Woi-6)i_ 1 is constant, the phase of the exponential

term increases in increments of Aw itk and faithful integration requires that

Acitk<< 2n (D-7)

or

Af'. 1

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 theory is 2.
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Using a Afi = 2 kc 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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