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ABSTRACT

This thesis proposes the design of a space based tethered antenna satellite

system for ELF/VLF communications with submarines in the far northern

latitudes, and under the polar ice. By using the dynamo effect of a moving wire in

a (geo)magnetic field, the tether cable can produce tens of kilowatts of its own

radiation power. The transmitted signal of lKHz-3KHz will use whistler mode

propagation to couple to the earth's field lines and follow them down to the surface.

The signal can penetrate 100m of seawater, and ice of unlimited thickness. A

constellation of 12 satellites will provide 75% duty cycle coverage for each

submarine operating area of over four million square kilometers. Issues examined

are: tether electrodynamics and mechanics, debris survivability, ionospheric

radio and plasma physics, plasma contactors, satellite and constellation design

concepts, cost analysis, and military mission needs analysis.
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I. INTRODUCT

Almost one-half of America's nuclear strategic warhead

arsenal is carried aboard nuclear powered ballistic missile

submarines (SSBN's). These forces, as one leg of the nuclear

triad, are by mission concealed beneath the surface of the

ocean, deployed to all areas of the world. The strength of

this strategic arm lies in its ability to hide in the depths

of the world's oceans, denying an enemy total neutralization

of U.S. nuclear forces in a surprise first strike, thus

allowing the U.S. an assured survivable retaliatory force.

The key to submarine survivability is stealth. [Ref. 1].

Contributory factors to stealth include the vastness of

the world's oceans in which to operate and hide within, and

the increasing opaqueness of seawater to the electromagnetic

spectrum with increasing depth, affording reduced

detectability. Submarine commanders must avoid detection in

order to carry out their mission and be effective, but in

order to utilize their powerful ballistic missiles they must

maintain a critical communications link with the National

Command Authorities (NCA) for positive release instructions

via emergency action messages (EAMs), a process that

presently increases their vulnerability to detection.

Whether or not the submarine radiates in a communication

process, just to passively monitor transmissions increases
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the vessel's operational security problems. Seawater

effectively cloaks underwater electromagnetic signals, a

process that occurs for both transmission and reception. To

reduce the opacity, the ship must put an antenna above the

water, on the water, or just below the water's surface, a

proceedure that confines the submarine's operational

performance and places the submarine into a realm of

increased detectability by others. [Ref. 2].

At the other end of the communications links are the

initiating transmitters of emergency action messages

authorizing nuclear release. Although there are

several methods of transmission, multiple transmitters,

platforms, and frequencies, the system is essentially for

peacetime use only and is not projected to survive intact

after a nuclear exchange, or even limited tactical targeting

by an aggressor intent on weakening our command,

communication, and control networks (C cubed).

The problem that exists, is that at one end of a vital

national defense command link the transmitters are

vulnerable to attack from all levels of offensive

escalations, and at the other end the receivers are

vulnerable to detection and further prosecution while in the

act of trying to receive their own command instructions. If

this communications link is severed, or if the receptor is

localized and attacked, then a significant portion of U.S.

2



strategic forces will have been lost for each ballistic

submarine that is unable to respond as directed.

The following thesis proposes a spacebased, gravity

gradient, long wire tethered antenna satellite that would

increase operational security and strategic systems

survivability. Recent advances in technology and

understandings of space environment suggest new methods of

communicating with submarines that would be superior to

existing systems, including the ability to communicate above

70-80 degrees latitude and through the polar ice cap to

submarines lurking beneath. A constellation of Extremely Low

Frequency / Very Low Frequency (ELF/VLF) orbiting antennas

proves to be a cost effective, relatively low risk

technology, that could be put into operation expeditiously.

This thesis examines the principles of tethered space

operations, of electromagnetic propagation in the upper and

lower ionosphere from low earth orbit, and suggests a

possible operational satellite (and constellation) design

that would satisfy the identified security problems. It also

recommends that an experimental satellite be deployed first,

to test new ideas and collect data, before committing to an

operational system.

Chapter II will trace the history and background of the

present submarine communications network and its identified

mission requirements for future operational security. Then

it will discuss basic tether fundamentals and how a tethered

3
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antenna can meet the nation's security requirements.

Chapter III will examine tether electrodynamics, Chapter IV

space physics environment, and Chapter V tether mechanics.

Chapters VI, VII and VIII, respectively, will look at the

proposed tethered satellite concept and constellation

system operations, program costs, and future studies,

including an experimental satellite to gather data and

prove concept feasibility.

4



II. HISTORY AND BACKGROUND

A. PRESENT COMMUNICATIONS CAPABILITIES

1. Electromagnetic Transmission Properties of Seawater

Due to the opacity of seawater across most of the

electromagnetic spectrum, there are only two communications

windows in which submarines may communicate from below the

surface of the water. Outside of these two windows, all

communications techniques require the exposing of an antenna

above the water. Raising of such an antenna puts the crew at

grave risk of discovery. Not only does the antenna provide

a radar cross section, but its motion through the water

creates a feather wake that is easily seen at great

distances. Because of this risk to operational security,

present and future critical communications networks

emphasize the use of low profile antennas, preferably

submerged. Although long wire antennas can be trailed on

the surface, they are clearly discernible from an airplane

or satellite. But, putting an antenna below the surface

immediately restricts the frequencies available to

communicate. Of the two usable communications frequencies,

one is in the lower RF, and the other is in the visible

spectrum (Ref. 3: pp. 223-239]. The blue-green visible

option is a future possibility, and will be mentioned later.

The lower RF window that is not opaque to seawater is

5



used presently for submarine communications, and is divided

into three adjacent bands: Low Frequency (LF) from 30khz to

300khz, Very Low Frequency (VLF) from 3khz to 30khz, and

Extremely Low Frequencies (ELF) from 10hz to 3000hz (Ref. 4:

p. 21].

Low frequencies (LF) use an exposed antenna that has

a high degree of detectability. Signals at very low

frequencies (VLF) can penetrate no more than about 30 feet

of seawater. This forces the submarine to trail a lengthy

antenna that must lie on the surface, or just under the

surface. In either case, the trailed antenna can broach or

affect surface water patterns, and increases the risk of the

submarine's discovery (Ref.'s 5 and 6]. There are also

restrictions on submarine speeds, maneuverability, depth,

and the operation of its own acoustic counter detection

equipment when its antenna is unreeled near the surface

(Ref. 7: p. 33].

Extremely low frequencies (ELF), though allowing

only an extremely low data rate, do penetrate seawater down

to a sufficient depth where submarines can more safely

operate with reduced operational security problems [Ref. 7:

pp. iv, 49-51J. Sea-ice is essentially transparent to ELF,

so under-ice operational communication depth is only

regulated by how close the skipper wishes to get to the

underside of the icepack, and the depth capacity of his

vessel. In the rare event that a submarine does broadcast

6



(vs receive only), a radiating antenna above the surface

can be rapidly triangulated and geo-located, while a

submerged ELF/VLF antenna (if used as a transmission

antenna) is not directional, and would be hard to locate

[Ref. 3: pp. 233- 239, 253).

2. Present Communications Networks

The existing (original) VLF network consists of

worldwide ground station transmitters, augmented by

additional LF stations. This system is reliable, redundant,

widely dispersed, and is still operated continuously in

several simultaneous modes. However, the susceptibility of

fixed foreign ground stations to attack and jamming led to

the development of mobile VLF transmitters, in 1973, in the

form of EC-130 Hercules aircraft (soon to be replaced by a

new 707-320B derivative Boeing airframe). These airborne VLF

transmitters, called TACAMO, are more survivable than their

ground based relatives because of their mobility, but they

still transmit a signal which puts the submarine at risk to

receive; the VLF signal has a shallow penetration depth. A

follow on ELF system was developed to reduce this risk at

the receiving end, allowing a greater submarine depth for

reception, but now utilizing ground stations that are

(again) vulnerably exposed. [Ref. 2: pp. 48-49].

The mobile VLF network reducea the vulnerabilities

of the fixed base international VLF transmission systems,

and the newly built ELF system was to have further improved

7



upon the mobile VLF system by allowing the submarines to

receive their EAMs at a greater depth. This ELF system is

based in Michigan and Wisconsin, and hence is more secure

than foreign installations [Ref. 8], but due to

environmental and political interference, operational

effectiveness has been compromised [Ref. 7: p. iii]. The

present system is considered nonsurvivable in a nuclear war.

Sabotage, malfunction, or a single nuclear strike can

disable it permanently. Its purpose is now to serve as a

"bellringer", i.e., if the signal is lost, the worst is

assumed to have happened w.r.t. national security (Ref. 9].

B. SUBMARINE CONMUMICATION ALTERNATIVES

There are a number of high frequency radio satellite

communications systems currently used by submarines. These

HF, VHF, UHF, and EHF bands are primarily for basic

communications traffic and secure voice/data (and NESP, the

Navy EHF Satellite Communication Program). All present

satellite communication systems require a submarine to raise

an antenna mast.

There are alternative communication capabilities that

can be developed in the near future. At present, one heavily

investigated possibility is called SLCSat, for Submarine

Laser Communications Satellite. Designed to operate in the

blue-green spectrum, this laser satellite would downlink

emergency action messages from the President to submarine

8



operating areas. Submerged submarines would have upward

viewing sensors to receive these signals through the water.

This program has substantial scientific validity and

technical momentum. It is also still in development, and a

space qualified laser transmitter of sufficient power and

reliability is still speculative. The first prototype

satellite is well over ten years away, and the operational

system is projected to be an expensive program, with cost

effectiveness driving deployment timing. Realistic

expectations for deployment are well beyond the year 2000,

and its capability to transmit through sea-ice is also being

questioned [Ref. 1: p. 45].

Other futuristic ideas worthy of mention include: (1),

Sea bottom landline plug-ins, whereby the ocean bottom is

crisscrossed with communication cables. At predetermined

times subs are required to "plug in", either physically or

through coupling, to pick up status reports. (2), Hydro-

acoustic sono nodes. Here, sonobouy fields are deployed in

sub operating areas and equipped with radio antennas,

receivers, and hydrophone acoustic transmitters. The

sonobouys are relays, converting the RF signal into a coded

acoustic signal at some noninterfering audio frequency that

can be received and decoded by a local submarine, or

intermittently by a distant sub at convergence zones. (3),

Towed submarine radio bouys connected by severable fiber

optic wires of great length.

9



A final alternative expands upon an idea originally

tendered by M.D. Grossi in 1972, considering an orbiting

ULF/ELF antenna [Ref. 10]. This thesis expands on that idea,

proposing a communications satellite that broadcasts in the

ELF/VLF band. Common colloquialism has blurred the exact

boundary division between ELF and VLF, but the expected

broadcast window for this system would be between 1khz and

3khz, providing the penetration depth advantage of ELF and

the higher data rate of VLF. High transmission power, short

transmission path length, and focussed propagation paths to

the submarine operating areas will increase the power

arriving at the receiver. This approach is also expected to

have low risk technology, rapid prototyping, competitive

cost, early deployment, and affordable replacement and

sacrifice.

C. STRATEGIC CONSIDERATIONS FOR SATELLITE SORVIVAL

An orbiting satellite is more survivable than a

corresponding ground station that carries out similar

functions. In a low level conflict, a ground station could

easily be destroyed by a single saboteur, or tactical

strike. A satellite is an expensive national resource, as

are anti-satellite weapons. A satellite is not likely to be

attacked in prenuclear hostilities. In nuclear exchanges,

several of the following factors may determine the

vulnerability of satellites.

10



Moving the battle into space crosses a threshold that is

much more serious than attacking equivalent hardware on the

ground. We have not yet fought in space. Once that boundary

is crossed, it will be difficult to retreat. Satellites are

considered national resources, and the loss of a space based

national (security) resource would draw a much harsher

retaliatory response than the loss of a ground station.

Satellites are much harder to replace and provide advantages

that ground stations cannot. An attacker would delay

attacking a space based asset much longer than an earth

based installation because of this possibly very dramatic

retaliatory response.

There are hundreds of orbiting satellites in space that

have been identified and cataloged, but an enemy will not

know the mission and purpose of each and every satellite.

The very number of satellites in orbit provides its own

level of security: which satellites should one prosecute,

and of course, did one get them all?

Finally, the agressor's own anti-satellite weapons are

also national resources. He would have to expend

considerable military resources, that are not rapidly

renewable, to destroy a sufficient number of satellites at

once.

Thus a satellite has at least four advantages that

increases its survivability: the tactical / strategic

threshold of permanently moving the battle to a new

11



frontier, the response to the loss of a national resource,

camouflage by numbers, and the resource threshold of the

attacker who must ponder the commitment of his own scarce

national resources.

D. IDINTIFICATION OF A MILITARY MISSION MEDS REQUIRDIDT

1. The Problem

The military defense industry has strict

requirements and guidelines for the aquisition and

procurement of hardware. Before any requests for proposals

can be distributed, there must be a mission needs analysis

that defines the shortcomings or problems with existing

systems. It has become apparent that the present ELF

communication system, and the previous systems superseded by

ELF, are vulnerable at both the transmission end and the

receiving end. The only two ELF transmission locations are

vulnerable to attack and are limited in power and coverage

areas. The present system is not capable of covering the

polar areas, or of reasonable data rates.

2. The Solution

What is required is a system that is less vulnerable

to being put out of action, provides greater power to the

receiver, and covers more of the submarine operating areas,

including below the polar ice cap. It should increase

submarine operational flexibility. It should be redundant

and inexpensive enough to be sacrificed and replaced.

12



Solutions for this mission need involve satellite

transmitters which can offer greater survivability. Such a

system would increase the operational effectiveness of our

stategic nuclear forces by ensuring that emergency action

messages get transmitted with a higher degree of reliability

and survivability in a nuclear exchange or crisis.

X. TETHERS

1. Tether Fundamentals

Tethering, as a concept, was first described by

Tsioklovskii in 1895 as a possible space tower to

weightlessness. If an equatorial tower were built to extend

beyond geostationary altitude, one would experience

weightlessness at geo, and "inverted gravity" farther out,

i.e., centrifugal force. In 1960 a Russian engineer,

Artsutanov, suggested that a massive satellite be "anchored"

in space and a cable be dropped down until it touched the

earth. In the opposite ("upward") direction from the

satellite, a cable would be deployed with a ballast mass to

offset the earth deployed cable mass, such that the

satellite maintains a center of gravity that remains in

geosynohronus orbit. In the 1970's the idea gained a more

practical aspect as more concepts were developed,

particularly in using the space shuttle orbiter as a

research tether platform, as in Colombo's (1974) concept of

tethering a subsatellite 100km below (or above) the

13
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shuttle to conduct atmospheric and magnetospheric

experiments. [Ref. 11].

Basic tether fundamentals can be best described by

quoting from the introduction of "Tethered Satellite System

(TSS) Core Science Equipment", by C. Bonifazi [Ref. 12),

and by referencing Figure 2.1 in the Appendix at the end of

the thesis:

... The principle by which the system works is quite
simple and can be explained with reference to Figure 2.1
showing the stabilizing forces acting on tethered
masses. An elementary tether system has "dumbbell" form
with two masses connected by the tether. The top mass
experiences a larger centrifugal than gravitational
force, being higher than the orbit of the center of
gravity, whereas the reverse occurs at the bottom mass.
Displacing the system from the local vertical generates
restoring forces at each mass, tending to return the
system to local vertical. The system will remain aligned
with the local vertical or "gravity gradient" vector.
The center of mass, halfway between equal masses, is in
free fall, but the end masses are not. The top mass
travels too fast for its altitude, thus giving rise to
the excess centrifugal acceleration felt as tension in
the tether, with the inverse occurring in the lower
mass. The masses experience this tension as artificial
gravity....

In this proposal the tether is an antenna tensioned

by artificial gravity, and stabilized along its entire

length with the local vertical. If the vertical tether is

also a conductor, and it is in a low equatorial orbit

cutting the earth's magnetic field lines almost

perpendicularly, then we have in effect a generator (a

moving dynamo), &nd a generated electromotive force along

14



the wire. In the moving reference frame of the wire there

is an electric field perpendicular to both the orbital

velocity vector and the geomagnetic field vector, and this

field vector is directed along the wire. The generated

electric field results in an emf in the wire, making one end

of the tether positive and the other end negative. Electrons

collected at the positive end will be pumped to the opposite

end via this emf boost, producing a tether current. Plasma

contactors at each end can be designed to more efficiently

exchange electrons with the surrounding plasma than the bare

wire ends can, thus increasing the level of current. If a

load is inserted in the wire, then the flowing current can

be harnessed for work. Work comes at a cost however, because

the power extracted across the voltage drop comes out of the

angular momentum of the system. Removing work from the

system causes electromagnetic drag which decelerates the

system and drops it into a lower orbit. This decay will

continue until atmospheric drag becomes the predominant drag

force, and rapidly destroys the system.

The concept can also be reversed. If a current is

pumped through the wire in the opposite direction from its

normally self generated direction (from a separate power

source), then the system is accelerated within the

geomagnetic field and boosted to a hijher orbit. Thus,

extracting power out of the tether drags the system to

lower orbits, and pumping in power boosts the system to

15



higher orbits. If that load should be a transmission

antenna, then by alternating between normal drag modes and

powered boost modes, at ELF cycles, one can obtain an ELF

radiating antenna in orbit that is gravity gradient

stabilized and altitude controllable. The next two chapters

will examine tether properties and the space environment

more closely.

2. Tether Programs

The history of tether programs, and related antenna

studies, goes back a short time, with only a few directly

related experiments. In late 1966, the Gemini XI and XII

spacecraft and the Atlas-Agena D exhausted stage were

coupled in the first tethered application experiments. Two

modes of operation were examined. One mode explored inducing

angular momentum into the tethered system via translational

thrusting, and the other mode studied the stationary gravity

gradient motion of the system. Both experiments were

successful and verified analytical assumptions. (Ref. 11).

In 1971, the OV1-21 satellite experiments (NASC-117)

showed that straight-forward transmitters were not effective

at driving electrical dipole tether antennas at ELF/VLF

frequencies (400hz - 14.5khz) because antenna impedances

varied wildly. This problem was a result of the coupling

between the antenna and the surrounding conducting plasma

environment [Ref. 13]. A solution to this problem would be

to better connect the ends of the tether antenna to the

16



immediate environment through the use of plasma contactors,

or better yet, to use the naturally occurring tether

currents, modulated at the appropriate frequency (ELF), to

drive the antenna.

The United States and Japan conducted a series of

tethered rocket experiments in the early 1980's. A

significant experiment called Charge 2 (Ref.'s 14 and 15]

studied the effects of a 200 meter tether wire as an antenna

in the VLF bands with electron beam emissions, and then

again when the tethered system's bodies (mother and daughter

satellites) were charged to high voltages.

In November, 1985, MAIMIK was launched to study

electron beam interaction with a plasma environment and

neutralization of charged vehicles in the ionospheric

plasma. Also examined was how the non-neutralized plasma

wake behind a space vehicle is modified by electron beam

emissions. [Ref.'s 16 and 17].

There is one major funded program in the near

future, called Tethered Satellite System One (TSS-1), to be

launched around 1991 as a shuttle orbiter payload. It is a

joint Italian-American project that will examine tether

dynamics and electrodynamics. With the shuttle at a 200km

orbit, one test will deploy a subsatellite upward on a 30km

tether to examine interactions with the earth's magnetic

field, energy generation, and thrust production. Mesospheric

studies of this kind are virtually impossible by other

17



techniques. A proposed (but unfunded) mission will lower a

subsatellite down a 100km tether to study the upper

atmosphere. [Ref. 12].

3. Tether's Future

While tethers are a relatively new concept

(historical experiments are few, and present applications

limited), the science and space related journals are

publishing many new ideas on how to use them. This thesis

proposes a very basic use of the tether, as an antenna, but

there are some very novel and ingenious proposals suggesting

new uses. Some of these are: a power generation system using

the dynamo technique; space station applications such as

microgravity experiments; gravity gradient fuel (or liquids)

transfer in space; micro-g materials processing;

conservation of angular momentum when deorbiting spacecraft

or garbage; and the transfer of angular momentum between

bodies for various purposes, including Mars space operations

[Ref. 18].

F. THE SPACEBASED LF/VLF TRANSMITTER AND MISSION

REQUIREMENTS

This thesis is proposing that an ELF/VLF, spacebased

transmitting anttnna system, be placed in orbit. Using well

identified basic concepts, this satellite system will be

composed of a constellation of gravity gradient stabilized

antennas, each antenna several kilometers in length and in
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complementary orbits, but with propagation paths that permit

communications with submerged submarines in those operating

areas which are poorly covered at present, particularly

under and near the polar ice cap. By moving the critical

transmitters to space we increase the likelihood that the

message will get out because of increased transmitter

survivability, reliability, multiple satellite redundancy,

power reception density increases, and coverage patterns.

Using a gravity gradient approach for antenna

construction provides a stable platform with a constant and

known orientation. By driving the antenna alternately

between its natural current state and the powered state

(with the use of plasma contactors) we obtain an effectively

radiating antenna system. As will be shown in Chapter IV,

by using the properties of the earth's geomagnetic field, and

plasma physics in the ionosphere, we can "focus" our

propagation paths directly to the areas of desired coverage

(increasing the received signal strength and the penetration

depth of the signal), thus further increasing operational

security by limiting and controlling areas of reception /

interception. In the next chapter the physics of tether

electrodynamics will be studied and Chapter IV will

examine the near-earth space environment.
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III

A. NOTION INDUCED ELECTROMOTIVE FORCE

A conductive wire in orbit with an earth radial

orientation, that cuts the earth's magnetic lines of force,

will develop a voltage potential across its ends. If "v" is

the tether velocity vector, "B" the geomagnetic field

strength vector, "I" the tether direction vector, "L" the

tether length, "I" the tether current, "X" a cross product,

and "." the dot product, then the electric field is (v x B),

the associated voltage is (v X B . l)*L, and the Lorentz

force is (I X B).

Opposite ends of an insulated conducting tether will

accumulate opposite charges based on the induced emf.

Current will attempt to flow through the tether, and the end

"electrodes", drawing from the available electron plasma.

The ionospheric plasma is itself a conductor, so

electrostatic fields between the ends, and external to the

cable, will slightly reduce the accumulated charge that the

moving conductor emf boost created. The plasma sheaths at

each end of the tether act as either charge

reservoirs or sinks, depending on the orbital direction of

motion. The ionospheric plasma allows for the return current

path to be completed, supporting a continuous current flow

through the wire, and into the plasma. [Ref. 19: p. 3].
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If we assume v is to be east (the tether orbital

velocity and direction), and B north, then (v X B) is up. If

the end electrodes are inefficient in exchanging charge with

the surrounding plasma, there will be minimal current flow

induced in the insulated tether wire, and the ends will

develop large voltage potentials with respect to the local

plasma, with positive at the top and negative at the bottom.

If the electrodes (commonly called plasma contactors) can be

made more efficient in their current coupling so that

significant current can be passed through the tether and

into the plasma (with an insignificant voltage drop across

the connection junction) then the tether ends will float at

the local plasma potentials. The entire open circuit voltage

(v X B . L) will be across the tether and any loads in

series with the tether.

Due to the properties of insulators, they have much

higher breakdown voltages if they are surrounded by

positively charged plasmas than by negatively charged

plasmas. Therefore, a load should be placed at the

negative end of the tether (the bottom), because that would

leave the majority of the tether length negative with

respect to the surrounding plasma. In the same vein, if the

tether is to be used as a thruster, by reversing the current

flow and overcoming the emf, then the electrical power

source should also be inserted at the bottom (negative)

end. Figures 3.1 and 3.2 diagram the tether potentials in

21



both the generator and thruster modes. In both figures, the

tether is deployed upwards, and the load or power supply is

at the bottom. Typical voltages that might be induced by a

20km long tether range from 1500 to 4500 volts, depending

on the angle at which the field lines are crossed. [Ref.

20J.

B. MAKING CONTACT WITH THE PLASMA

A plasma contactor needs to fulfill several performance

criteria. In order to make the system efficient, and the

return path impedance low, the plasma contactor should have

a low resistance to current flow. It should have minimal

power consumption, and it should be capable of electron (or

ion) emission as well as collection (for switching between

the generator and thruster modes). A general implementation

of a contactor can be visualized as a balloon. The contact

surface area is great, and the method is mass and energy

efficient, so it is an effective electron collector.

Unfortunately, as a positive charge collector, the current

limits are restricted to microampere levels. To improve

upon simple collection of positive charge one could emit

electrons through thermionic emission and electron guns.

Higher positive current is definitely available with this

option, but plasma impedance and filament energy losses are

significant [Ref. 21]. The most effective method to date

uses a device called a Hollow Cathode to produce an
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