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ABSTRACT

It is technically feasible to radiate an adequately strong ELF signal

for submarine communications by utilizing a number of independent antenna

sites (e.g. either 50 separate sites or 5 arrays of 10 antennas each). Each

antenna must be properly phased so as to constructively add the amplitudes

of the individual signals. The dispersed system makes up for the degrada- 4'
tions caused by higher ground conductivity by use of a high power (5 mega-

watt) generator for each antenna. For a system composed of 50 antennas each

20 km long, the total power consumed -- 250 megawatts -- is much larger than

the present Sanguine/Seafarer system but the real estate demands are much

less. The higher power per individual antenna may entail using a number of

parallel cables or more deeply buring some cables to avoid environmentally

unacceptable high surface magnetic fields. Lastly it is proposed that a

VLF communications system link the various antenna sites.
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]:I INTRODUCTION

~Because the Sanguine/Seafarer system has experienced political difficul-

ties in deployment, the question has arisen: why not deploy a number of

smaller antennas at various sites around the United States to effect the same

communications mission? Answering this question raises a number of issues

which include: to what accuracy must the individual antennas be phased? How

many antennas must be used? Does not the higher average ground conductivity

seriously degrade the antenna performance? How does one communicate with the

various antenna sites?

This report will attempt to answer these questions by showing how the

radiation field will depend on the parameters over which we have some control:

the power into an individual antenna, its length and construction, and the

ground conductivity associated with each antenna. We shall then apply these

formulas to two heuristic cases: (1) 5 antenna arrays of dimensions 20 km x

20 km, an array consisting of 10 individual antennas each fed by a 5 megawatt

generator and located so that the average ground conductivity is three times

higher than the Michigan Seafarer site, and (2) 50 separate antennas of 20 km

length, each fed by a 5 megawatt generator, and located so that the average

ground conductivity is again three times higher than Michigan Seafarer site.

These lheuristic systems have traded off antenna length for greatly increased

total power consumption. Furthermore each individual antenna will be carrying

peak electric curreaLs of ouL-y 3 killoaaps, so that 'it ust, a- act,

copsdoIogl 0 parallel cables to keep the surface magnetic fields !

below 1 gauss if this is indeed an environmental requirement.
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II RADIATION FIELD OF A GROUNDED WIRE ANTENNA

The radiation magnetic field H from a single grounded loop wire antenna

I
is well known, and for our purposes can be written as

3/2 -ar
H 1 I6c e wr(1

H3/2 1/2 cos 4 cos (- - Wt + p)(amps/m)
4rc 32hr 12c

where

[6 = (2/wp 0a1/2 skin depth (meters)I
I = current in wire (amps)

Z.-antenna length (meters)

4
h = height of earth-ionosphere waveguide (z 8 10 meters)

a = ground conductivity - mhos/m

= azimuthal angle from antenna direction

r = range (meters)

w = 21. (45 Hz)

a = attenuation of earth-ionosphere waveguide 
m - 1 )

c = speed of light (3 •108 m/sec)

Let us use this formula to estimate what phase variations will occur

between various sites. We obtain

_r -i -3
- ~ , 3 x 10 sec (2)
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'6where 6r 3 10 meters was used to estimate the difference in range be-

tween various antenna locations. Hence CONUS represents an area roughly half

a wavelength in size and a collection of antennas 
located within CONUS can

be expected to have some moderte directive properties, depending on how they

are phased. To achieve phasing, absolute time must be maintained to an ac-

-4curacy of 10 sec--not a difficult feat by modern time standards. Time

synchronization can be updated via the VLF system proposed to communicate

with the various antennas. The directivity patterns for a half-wavelength

size source region are roughly 450 in width, sufficient to subtend interest-

ing ocean areas. Like any phased array antenna, the dispersed ELF anten-

na beam can be electronically 
steered.

Next, let us derive the formula for the total radiated field strength

of an assembly of antennas. We shall assume that the antennas are all receiv-

ed in phase at the appropriate receiving site. The impedance of a grounded

wire antenna has both resistive and inductive parts.

0R z 8 ( )

8

Z inductive Z kn (4)
2w M

where S is a distance defined in Equation (12) below. We shall assume the

inductance is tuned out, but note that, in any event, the resistive and

inductive impedances scale the same way with length and frequency, and

differ only by a modest numberical factor Lkn (S/S) 4 . Hence the power

dissipated is

3



1 2 R (5)

and our formula for the radiated magnetic field from a single antenna

becomes

H k ) 1 3/2 /2 . cr cos + cos (wr- Wt + 1 (6)

From this formula, it is evident that the received field depends on the

factor (P/1/2 plus other factors that have little to do with antenna
properties. If a system of N dispersed antennas is to be equivalent to a

single large antenna, then (assuming the dispersed antennas are all in

phase)

0 i o

where the subscripts io denote the small and large antennas respective-

ly. Equation (17) can be solved directly for the required number of small

antennas.

P2.a 1/2

N = P (8)

Equation (8) is our key result for comparing the effectivenss of dis-

persed systems versus a single large antenna. Evidently the dispersed

system involves a total length k = Nki of antennas and consumes NPi power.

) 4 '



III HEURISTIC DISPERSED SYSTEMS

This section starts from the ad-hoc premise that k. = 20 km is the

largest politically acceptable antenna. The present Seafarer plans, ac-

cording to Aviation Week and Space Technology,2 calls for 9Z 4000 km
0

and P = 16 megawatts. If we take Z. = 20 km and power each individual

antenna with P = 5 megawatts, and also assume that a i/0 3, then we

find

N 44 . (9)

It will take some 40 -50 antennas to equal the proposed Seafarer

system. The antennas can be arranged into 5 square arrays where the spac-

ing between individual antennas within an array must be at least a skin

depth (6 2 5 km). Consequently, each 20 km x 20 km array will consist

of 10 individual antennas and total power consumed by an array will be

50 megawatts. Alternatively, the 50 antennas could be located at 50

separate sites, each requiring a 20 km x 100 meter right-of-way. Evidently,

a system composed partially of arrays and partially of single sites is also

possible. Only 1,000 km of antenna length is involved, but the system

uses 250 megawatts of power, supplied by 5 megawatt modules. From (3) we

find that the impedance of a 20 km antenna is 1Q, resulting in rms currents

of 2.2 kilo amps and rms voltages of 2.2 kilovolts--both realistic values.

i5



IV MAXIMUM CURRENTS AND SURFACE MAGNETIC FIELDS

Since both the power is higher and the individual antenna resistance

is lower because of its shorter length [ee (3) in the dispersed system,

the peak currents flowing in each individual antenna will be quite high:

Ipea = (2P/R) /2 Z 3 kiloamps (10)

These high currents mean that the oscillating magnetic field strengths

B in the immediate vicinity of an antenna will also be quite high

6 gauss (1 meter) ( Ias)(1It, M - ( 3 kiloampsi(1

where S is the separation between the observer and the antenna wire and

M the number of cables for a single antenna. By comparison, the earth's

magnetic field has a strength of 0.5 gauss.

If a 6 gauss fluctuating magnetic field is deemed an environmental

hazard, then the antenna must be designed so as to reduce B. There are

two approaches to this, which can be employed separately or together. The

first is simply to bury the antenna cable to a depth of 10 meters so that

I ~S must always exceed 10 meters. The second is to make the antenna out

of a number M z 10 separate cables, with the separation between cables

being roughly twice the buried distance. Each cable then carries a fraction

ft 6



l/M of the total current, and can be corcespondingly smaller and cheaper.

The multicable approach also has the advantage of lowering the induc-

tance of the antenna to the extent that the quantity S used in Equation

(4) is given by

Ms multicable
(12)

a single cable0

where a is the wire radius.
0
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V COMMUNICA'IONS TO THE I)LSPERSED SITES

As long as buried antennas are being put down, it seems natural to

include a buried VLF receiving antenna at each site that will provide

communications which are relatively secure and hard. A communications

channel centered near 10 kHz will provide adequate updates of the time

synchronization needed to maintain the phasing between the various ELF

antennas.

8I
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VI DISCUSSION

It is clear that an effective dispersed ELF antenna system is tech- I
nically possible. Roughly 50 separate antennas are required. Furthermore,

it has the atractive features from a management point of view that it j
can be gradually built up, and will employ modules which can be produced ii

in quantity. Political difficulties associated with a particular site

will not hold up construction at other sites. Let us also note that, from

Equations (3-4), the impedance which the power supply sees is not depen-

dent on ground conductivity (which we can not precisely control) but only

on antenna length (which we do control) so economies associated with serial

production can be expected. We expect that 5 megawatt power sources

(which are typical of submarine propulsion systems) can readily be con-

structed utilizing diesel engines, and that submarine batteries will pro-

vide an energy reserve in the event that the diesel fails. Lastly, we noted

that if high surface magnetic fields are environmentally unacceptable, they

can be reduced by constructing an individual antenna with roughly 10 paral-

lel smaller (and hopefully cheaper) cables.
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