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The Use of Optics Underwater Abstract

Abstract

This thesis describes the development of an fiber optical diver communication
system (FODICS) for use by divers in a Mine Counter-Measures Diving
environment. The thesis describes the development of a practical, waterproof
optical microphone design from an simple "in air" microphone system. The thesis
also describes the complimentary optical earphone system. Two evaluation
methodologies are described; the Modified Rhyme Test and the Articulation Index
along with the results of these test procedures. The FODICS system was evaluated
against an existing diver communication system, the results are presented that show
the FODICS provided a greater degree of intelligibility than the commercial system.
Finally, future work is proposed to further improve the intelligibility of the FODiCS
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Glossary of Terms

Acoustic Optic Modulator
A device that modulates the intensity of a laser source by means of an alternating

electrical signal input.

Al
Articulation Index, an objective measure of communication system fidelity. The
Articulation Index is essentially a measure of the dynamic range of a system’s

frequency transfer function.

B+K

An abbreviation of Bruer and Kjzl, a Danish company that specialise in the

manufacture of high quality broad band hydrophones, microphones and frequency

analysers,

CCL
An abbreviation for Cambridge Consultants Ltd, part of Arthur Anderson

Consulting. The company provides technical consultancy and design services.

CW, cw
An abbreviation for continuous wave. This term describes a constant, non-pulsed,

non-modulated laser light source.

Down-link
This term describes the surface to diver communication link in whatever form it

takes i.e. sound, light or physical interaction (rope signals).

FDDI
A type of dual optical fibre connector. The connector design is such that it can only
be connected in one orientation. Abbreviation of Fiber Distributed Data Interface,

a set of ANSI protocols for sending digital data over fiber optic cable.
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Fibre based optics
This term is used to describe optical fibre systems where the light energy is confined

to optical fibres and other optical components.

FODiICS

An acronym for the Fibre Optical Diver Communication System, the final title given
to the optical microphone and earphone system developed and tested to form a
communication system suitable for Mine Clearance Diving operations by the Royal

Navy.

Freespace optics
This term is used to cover any optical system in which the light energy passes through

air between fixed lenses and other optical components.

Frequency Transfer Function
This is a measurement of the frequency response characteristic of a communication

system, or sub-component of that system in response to a known input signal.

HeNe
An abbreviation and contraction of Helium and Neon. A mixture of these gases at low
pressure forms the working medium of a gas laser that produces visible light

(~630nm wavelength) in the red part of the spectrum.

MCM
An abbreviation of “Mine Counter-Measures”: the use in this report covers any Royal
Navy diving operation to neutralize explosive ordinance found in the marine or littoral

environment.

Modified Rhyme Test
This is a methodology that is used to assess the intelligibility of a communication
system by comparing the monosyllabic words trained listeners receive and identify

with the words that trained speakers speak into the communication system under test.
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Partial Pressure (pCO;)

The fraction of the total pressure of a mixture of gases of any one component of the
gas referred to. It is equivalent to fraction of the gas mixture, but the Partial Pressure
is often physiologically important, and so is referred to without reference to the total

pressure.

Pa., Pascal
The standard unit of pressure, equal to a force of 1 Newton/m® . Atmospheric

pressure is approximately 10° Pa.

Passive Device
In the context of this thesis it is a device which functions without an external power

supply. An alternative term would be “self powered”.

Plankton
A generic term used to describe the free floating microscopic plants, animals and

bacteria found in the marine environment.

Piezo

An abbreviation of Piezo-electric, an electromechanical phenomenon exhibited by
certain materials which generate an electrical charge when pressure is applied (from
the Greek piezo = pressure). Piezo-electric materials can also mechanically deform

when an electric field is applied.

SCUBA
Self Contained Underwater Breathing Apparatus. The breathing equipment
typically used by sports divers.

SMA
A type of single fibre optic connector.

SONAR

Sound Navigation (and) Ranging. An acoustic means of detecting objects and

distances through water in the manner of Radar.
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SPL

Sound pressure level. Absolute measurements in Pascals (Pa) are the internationally
accepted units. The ANSI and IEC standards for hydrophones specify levels in dB re
1pPa and sensitivities in dB re 1v/puPa.

ST
A single fibre optic connector.
TOS

A standard semi-conductor package, typically of metal construction, Smm diameter,

Smm depth.

Up-link

This term refers to any communication link between the diver and the surface.
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Chapter One: The use of optics

underwater

1.1 Introduction

This chapter introduces the concepts of sub-sea marine exploitation, with particular
reference to the operational aspects of the Mine Counter Measures (MCM) activities
of the Royal Navy. The introduction sets out the current state of diver
communication technology and states the technical limitations to the use of existing
commercial diving communication systems in the MCM environment. It is

concluded by a summary of each of the following chapters.

1.2 The Use of Optics Underwater

Mankind has sought to use underwater optics from classical times, the ancient
Greeks reportedly fashioned diver goggles using thin, translucent slices of tortoise
shell to act as lenses. The desire to see underwater then, as now, was driven by a
mixture of curiosity and economics.  The early use of optics underwater was
however effectively limited by the capabilities of the diver holding his breath.
Modern life support systems have enabled man to breathe and do useful work
underwater. The diver’s ability to see underwater has been extended by the advent of
electrical and electronic devices, by providing electrical lighting systems and by
underwater camera systems. Underwater camera systems and deep diving vessels
have increased the knowledge of deep ocean depths that are beyond the reach of
human diving physiology.

The importance of the marine environment to the ambitions of nation states, as a
source of food and the prospect of sub-sea oil reserves and mineral deposits have both
had a significant impact on the development of marine technology, particularly within
the last 50 years [1].  Before the introduction of fiber optics to the marine
technology, the constraints of refraction, absorption and scattering of light as it

propagates through the aquatic medium limited the use of underwater cameras. This
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thesis will consider the practical effects of these physical phenomena as applied to
underwater fiber optic systems, and will describe a novel fiber optic communication
system, developed within the constraints imposed by the needs of military diving,
specifically the Mine Counter Measures environment. The optical system to be

described is the fiber optic diver communication system (FODiCS).
1.3 The Mine Counter Measures diving environment

Maritime mines remain a serious threat to naval operations and to the execution of the
United Kingdom’s national defense strategy. In operations as disparate as the
Falklands and Gulf wars, the threat to Royal Navy ships has been significant. Faced
with this threat and the continuing proliferation of mines the United Kingdom’s Mine
Counter Measure (MCM) capability exists [2] as an enabling force to guarantee safe
passage for warships and merchant vessels. The Royal Navy remit also includes
safeguarding UK waters from maverick threats of any source, including terrorist
attacks on offshore oil and gas production platforms.
Effective counter-measures have been identified as key capabilities for successful
Joint Operations, particularly in littoral waters and for the projection of forces ashore.
It should also be noted that there is also a residual threat to the shoreline of the United
Kingdom from maritime mines laid during World War II, 66% of which are still
unaccounted for [3].
The Royal Navy has two classes of ships engaged in mine countermeasures, the Hunt
and Sandown class. Both types use active sonar systems for mine detection. Both
types of vessel carry a Remote Control Mine Disposal Vehicle (RCMDV) and a team
of MCM divers. Mines can be broadly divided into two types:- 1 tethered, 2 seabed.
e The tethered mines are usually less complex, and are deployed in a known
location at or just below the surface of the water. They are usually contact mines;
physical contact between the target vessel and the mine triggers the explosion.
This type of mine is more easily swept for and is usually disposed of without the
need for diver intervention.
e Seabed mines are more complex, being sensitive to the following stimuli from

passing shipping: - hydrostatic pressure, a change in the local geomagnetic field
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and the amplitude and frequency of waterborne noise, all of which can be
indicative of a vessel of military or commercial importance. The seabed mines
may be equipped with other environmental sensors, as well as a degree of
programmable behaviour to frustrate remote mine sweeping operations. The
programmable nature of the devices may also be used in order to deny access to
mined areas during specific periods of time known only to the deploying agency.
These qualities make the remote sweeping of such mines difficult, and call for

individual detection and destruction by RCMDV or by MCM divers.

1.3.1 Principle of magnetic mine operation

Magnetic influence mines are designed to trigger when a steel ship passes within
detection range of the mine. Magnetic influence mines developed in Germany prior
to the Second World War were the first to be deployed to devastating effect until
effective counter-measures reduced the threat to a manageable level. The Allies
efforts to understand the mechanism of this new type of mine was led by Charles
Goodeve, working at H.M.S. Vernon in Portsmouth, Hampshire [4 ]. An intact fuse
mechanism was recovered and it was determined that the sensor was constructed to
sense the enhanced north-pole-down magnetic field induced beneath a steel vessel by
the Earth's magnetism (enhanced south pole down in the southern hemisphere). The
sensor was mechanical in nature, when the dip field changed, an armature in the
fusing mechanism moved in response to this, and made electrical contact to complete
an fusing circuit, causing the mine to detonate. A drawback with this type of sensor
is that it cannot differentiate between a large, distant, ferro-magnetic object
signature and a small ferro-magnetic signature at close range. It is this factor which
therefore places limits on the maximum magnetic and ferro-magnetic signature that
any diver may present to the mine. An understanding of the fuse mechanism led to
the development of successful magnetic mine sweeping methods based on electro-
magnetically generated local fields. Understanding the mechanisms also led to the
introduction of protective "degaussing" of vessels, so that they did not set off
magnetic influence mines. The degaussing was achieved by imposing a south pole

down field on the hull of each vessel by means of a coil carrying a current of 1-2000
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Amperes. The term "degaussing" was coined by Charles Goodeve in honour of
Charles Frederick Gauss [5 ]

1.3.2 Modern magnetic mine technology

The use of magnetic influence fuses continues in modern mines. Typically the fuse
sensor uses flux gate devices to sense disturbances in the local magnetic field, are
usually allied to complex systems designed to defeat simple mine sweeping
techniques, and may have a sensor suite comprised of flux gate sensors, hydrostatic
pressure sensors, electric gradient sensors plus the ability to turn on and off to suit

the intentions of the deploying force [6].
1.4 MCM diving research

With the changing nature of the MCM threat it is necessary to engage in research that
enables the MCM diver to function effectively and safely whilst working on maritime
mines. This research is conducted for the Royal Navy at DERA Alverstoke, and
covers all aspects of diving physiology and life support system development and
evaluation. This thesis describes the prototype (FODICS) that I developed whilst at
DERA Alverstoke. The need for such a communication system for MCM divers can
be illustrated by considering the organisation of MCM diving, and the constraints
imposed by the nature of MCM diving operations.

1.5 MCM Diving Operations

The complexity of modern mines, plus the threat from WWII magnetic mines mean
that MCM diving equipment has to be manufactured from materials such that the
fully dressed diver is not exposed to the risk of triggering magnetic influence mines
when he approaches them.

These limits have been calculated and codified into a NATO classified equipment
specification STANNAG 2809 (Annex C) [7]. This specification sets the limits for
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magnetic signature of diver equipment, and these targets had to be met in order for
the FODICS to be a success.

The consequence of STANNAG 2809 (Annex C) is that conventional voice
communication systems pose an unacceptable risk, and divers have to rely on a
simple communication method of “Rope signals”. Rope signals are usually
conducted by a series of long and short pulls (known as bells and pulls) on the diver’s
lifeline. The diver's attendant sends signals to the diver by long and short pulls, and
the diver replies in kind. The diver’s attendant relays all such messages between the
diving supervisor and the diver. It can be seen that such a simple method of
communication is not capable of transmitting technical information, and is in fact
limited to simple instructions to and from the diver. The signals are still part of all
diver training, as they can serve a useful purpose if the voice communication systems
fail. Appendix A lists the rope signals used by MCM divers. The FODICS was
developed specifically to meet the STANNAG 2809 (Annex C) requirements so that
the MCM diver could work more efficiently and in greater safety than previously.
This can be illustrated by consideration of a typical MCM diving operation. A MCM
diving operation is initiated in response to a seabed contact being detected by
SONAR equipment on a Minesweeping vessel. If the contact is classified as
unsuitable for the use of the Remote Control Mine Countermeasures Vehicle
(RCMCYV) then the diving team is readied. The diving team consists of 5 people; two
divers, 1 standby diver, diver attendant and diving supervisor. The MCM diver uses a
re-breather life support system, which has a maximum depth capability of 80 meters
of seawater (m.s.w.). The maximum amount of time that the diver can spend working
at this depth is approximately 10 minutes. Ten minutes of bottom time at 80 m.s.w.
necessitates “in water” decompression stops with a total time of about 90 minutes.
An example table of diving depth, time at depth and decompression stops is given in
appendix B. The divers work solo, the first diver makes contact with the seabed
object, and examines it using a laid down series of procedures to establish the nature
of the object. The diver commits details of the object’s dimensions, as measured by
hand spans, and external features (number of bolt heads etc), to memory. The diver is
likely to be working in zero visibility conditions, and with limited dexterity so
underwater writing aids are not effective. The memorized details are then recounted

at the surface after the decompression. It is clearly too difficult to relay meaningful
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information without prior information by the “rope signals”, and the cold and
inactivity during the decompression period have been shown to be detrimental to
memory function [ 8 ].

The availability of a means of voice communication between the diver and supervisor
will clearly have a significant impact on the duration and course of a MCM diving
operation, and will result in fewer dives needed to establish the nature of a seabed
contact. Thus the exposure to risk of the divers is reduced, and greater operational
efficiency occurs. A secondary benefit of voice communication systems is that the
diving supervisor can listen to the pattern of the diver’s breathing, which is important
as a monitor of the stress on the diver. The type of breathing apparatus used in MCM
diving is known as a closed or semi-closed circuit breathing apparatus. This type of
equipment has the twin advantages of extended dive duration and a low acoustic
signature in comparison to the more familiar sports SCUBA equipment. The
disadvantage with these systems is that they may have elevated partial pressures of
Carbon Dioxide (pCO.) in the breathing gas. Increased partial pressures of CO, in
the inhaled gas are deleterious to diver well being [9] and a gradual increase in pCO»
may not be noticed by the diver experiencing it. Increased pCO; causes increased
respiration rates, this can be noticed by the diving supervisor, who will tell the diver
to take the corrective action of clearing and replenishing the counter-lung of the
breathing apparatus. Thus the voice communication system increases diver safety in
indirect ways as well as reducing the risk of exposure to seabed explosive ordinance.
An fiber optic diver voice communication system should have a quality equivalent
to that of conventional diver communication systems. These systems typically have a
frequency range of 300 Hz to 5Khz.

1.6 Chapter Two : Review of Relevant Work

This chapter introduces the original concepts and designs of a diver communication
system based on an all-optical microphone design and “traffic light” down-link
system. The chapter describes the incremental design changes which culminated in a
system capable of two-way voice communication.  Potential optical microphone

topologies are discussed in terms of their potential for practical implementation in a
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diving environment.  The novel concepts of the Acousto-optic Modulator are
introduced, along with improvements made to the existing voice down-link system.
Down-link designs were developed and tested to determine to the best all round

solution appropriate to the MCM diving environment.
1.7 Chapter Three :Acousto-optic modulator patent

This chapter describes the patent granted for the Acousto-optic Modulator which is
the novel core technology of the FODIiCS. It is the acousto-optic modulator that
enables the FODICS to meet the stringent non-magnetic requirements for Royal Navy
Mine Counter Measures diving operations. This chapter also discusses the prior art
discovered in the course of the patent application, and discusses the impact of this

prior art on the patent application.

1.8 Chapter Four : Assessment Methodologies

This chapter introduces the concepts and methodologies of the two principle
techniques used to assess the intelligibility of the FODiCS. Two methods are
described; the Modified Rhyme Test and the Articulation Index. The modified
Rhyme Test (MRT) is a subjective measure, as it relies on the interpretation of the
spoken word by trained listeners. The Articulation Index (AI) measurement
essentially an analysis of the dynamic range of the system transfer function, and is

therefore independent of subjective responses.

1.9 Chapter S : Underwater hearing response

This chapter records methodology, test environments and results obtained from a total
of 21 subjects that established the diver’s underwater hearing response. A series of
underwater audiogram tests were conducted in the purpose designed acoustic water
tank facility at DERA Alverstoke. The principle objective of the tests was to establish
an underwater hearing threshold response curve at the standard octave band center
frequencies, and to as low a frequency as could be practically achieved.
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The establishment of an underwater hearing response is necessary to understand and
validate the Al and MRT results.

1.10 Chapter six: Articulation Index experimental

design

This chapter records the methodology; test environments and results obtained using
the Articulation Index methods for a commercial through-water diver communication
system, the FODICS system and its sub-components. The results of the FODiCS Al
scores are compared with the Al scores obtained from the test of a commercial

through water diver communications system.

1.11 Chapter Seven: MRT experimental design

This chapter describes and discusses the test environment, methods and results

obtained when nine divers participated in a total of 61 dives to establish Modified
Rhyme test scores for the FODIiCS and a Helle® 3145A through-water

communication system [10].

1.12 Chapter Eight: Conclusions and Future Work

This chapter concludes the thesis with a synthesis of the results from the MRT and Al
test protocols, and suggests further work to improve to the system, with the aim of
making the FODICs acceptable for use in the Royal Navy as part of Mine Counter-

Measures diving equipment.
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Chapter Two - Review of previous work

2.1 Introduction

The original diver optical microphone system was designed and built, under contract
to the Experimental Diving Unit [11], by Cambridge Consultants Itd [12]. The
company first undertook a feasibility study [13] into microphone and earphone
topologies which identified the appropriate technologies to make a system practical
for underwater use. Cambridge Consultants Ltd (CCL) then supplied an initial system
for evaluation in a diving environment [14]. The system met the initial communication
requirements by providing a diver to surface voice link, by means of a two fibre
optical microphone system, and a surface to diver (non voice) signalling system by
means of a three fibre, three colour “traffic light” down-link.

2.2 Original concept and construction

The original surface unit and microphone is shown in figure 2.1, and schematically in
figure 2.2
The principle components of the unit were:

1. A mains to low voltage power supply.

2. A 3mW cw HeNe laser.

3. A 1 mW infra red, cw laser diode.

4. A photodiode detector system.

5. Free-space optics for diver microphone system.

6. A set of free-space optics for the “traffic light system
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Figure 2.1 CCL Surface Unit and Microphone
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Figure 2.2 Schematic of Fibre Optic Communication System
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2.3 Original microphone concept and construction.

The microphone supplied by CCL was a design for use in a nominally dry environment
of a full face, oronasal type diving mask, in which the mouth and nose are enclosed in
an oro-nasal cavity inside the mask. This construction reduces the "dead volume" in
the breathing system, and allow natural speech. The alternative is a bite type
mouthpiece which restricts the production of natural speech. The microphone is
shown in figure 2.1 and it's design schematically figure 2.3. The microphone
construction and function is as follows: An optical fibre (1) conducts cw laser light
from the surface unit to the microphone. The light beam is expanded by means of a
rod lens (2), integral to the fibre optic bulkhead connector (3). The light beam passes

AT

AT TS ===

Figure 2.3 Sectional View of CCL Microphone

through the beamsplitter (4), and passes to a second lens (5) which focuses the light
onto a reflective diaphragm (6). The laser light reflected from the microphone
diaphragm is collimated by the lens (5) and by internal reflection in the beamsplitter (4)
and the prism (6) into the second bulkhead fibre connector/rod lens assembly, and

hence into the second optical fibre (7). This second fibre conducts the returning
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modulated laser light to the surface unit. The diaphragm assembly was originally part
of a high quality capacitor microphone, and consists of a mylar film with a thin
conductive coat of gold deposited on it by means of vacuum deposition techniques.
The microphone diaphragm was taken from a Sennhieser MK417 microphone. The
microphone capsule was originally a variable capacitance microphone element [15].
When used as an optical microphone component, it simply functions as a reflective
diaphragm that moves about a rest position under the influence of ambient pressure
changes. The microphone body incorporates a means by which the position of the
diaphragm can be moved through the focal plane of lens (5), and fixed when at the
correct distance. Other design features not shown the sectional drawing are the
fixings for the beam-splitter/prism assembly that allow for the correct alignment of
the part with respect to the optical bulkhead connectors. It is the case that a portion
of the light reflected from the diaphragm will pass through the beam-splitter (4) and
return to the optical fibre (1). This characteristic of the design was noted by CCL
[14] and the option of single fibre operation was included in the equipment, by the
provision of a second beam-splitter contained within the surface unit. This choice of
siting the beam-splitter at the microphone or surface unit has been retained in the final
design.

2.4 Principle of the optical microphone

The system as described by CCL was said to function by means of the diaphragm
moving through the focal plane of the lens (5) as shown in figure 2.3. Consider the
two extremes of diaphragm displacement shown in figure 2.4. The diaphragm is
considered to be a plane reflective surface in this example. The “at rest” position
shows the diaphragm at the focus of the lens, and therefore the reflected light intensity
is at a maximum, as the lens effectively collimates only the light passing through the
focal point. At maximum displacement the light from the source is de-focussed to
cover a larger area, and therefore, as the intensity per unit area illuminated is reduced,
so the returned light signal is reduced. What happens in practice, however, is due to

lens aberrations etc. there is never a position at which the light can be considered to be
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focused to a true point source, so a more accurate description of function is that the

two extremes of travel are actually different diameter spots.
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Figure 2.4 Optical microphone schematic mode of operation (1)

A consequence of this mode of operation is that when the diaphragm is positioned at
the focal point at rest, then movement either towards or away from the lens will affect
the intensity of the returned light by the same magnitude. This ambiguity is not
resolvable and thus for a sinusoidal displacement about the rest position the resultant

output of the reflected light will be a frequency doubled sinusoidal waveform.
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Figure 2.5 Optical microphone schematic mode of operation (2)
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