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ABSTRACT

An underwater fiber optics communication link has bSeen
shown to be a realistic alternative to the currently nlanned
coaxial cable link for the shallow-water torpedc tracking
range at the Naval Undersea Warfare Engineering Station.

The currently planned system 1s reviewed in this thesis and
a fiber optic alternative is discussed. Several possible
modulation techniques are studied and compared. Choosing
pulse code modulation, a fiber optic link was built and
tasted using a microprocessor controlled signal simulatocr.

A discussionr of this link; including signal format, optical
transmission and reception is included. Fiber optic communi-
cations in general is an emerging field with new concepts

and active research. Several of these concepts are dis-
cussed and their possible integration into a fiber optic

shallow-water torpedo tracking rangs 13 sugzested.




TABLE OF CONTENTS

I INTRODUCTION= = = = = = = = o o = o o & = o o - -
} A. DESCRIPTION OF CURRENT PLANNED SYSTEM - - - -
? 8. FIBER OPTIC ALTERNATIVE- - - = = = = = - - -
C. FIBER OPTICS - AN EMERGING FIELD- - - - - - -
ITI. PROPOSED SYSTEM = = = = = = =0 = = & o = = o - - -
A. OVERALL DESCRIPTION AND BLOCK DIAGRAM - - - -
B. SIGNAL SIMULATOR- = = = = = = = = « =« - - - -
C. SIGNAL MODULATION - = = = = = = = - = - - ~ -
: D. OPTICAL TRANSMITTER - = = = = = = = = - - - -
E. FIBER LINK- = = = = = = = = = = = = = =« - - <
F. OPTICAL RECEZIVER- - = = = = = = = = - - - - -
G. SIGNAL DEMODULATOR- = ~ = = = = = = =« - ~ - -
H. SIGNAL FOWER BUDGET AND DISPERSION
CALCULATIONS= = = = = =~ = = = o« - = = - - - -
IIT. CONCLUSICNS AND RECOMMENDATIONS = - = - - - - - -
LIST OF REFERENCES- = = = = = = o - - = - o - o o - -
INITIAL DISTRIBUTION LIST = = = = = = = o o = = = - - -

o




I. INTRODUCTION

The field of optical communications is widely viewed as
a new technology, however, in 1880 Alexander Graham Bell
invented and patented a light-wave communications device,
the Photophone. The light beam was acoustically modulated,
transmittad through the atmosphere‘and demodulated using 2
selenium detector [1]. Atmospheric absorption and scattering
presented a fundamental problem, the solution ultimately
being the optical waveguide. Today, one hundred years since
8ell first communicated on light beams, optical fiber communi-
cations is one of the fastest growing areas of modern elec~
tronics for a variety of reasons.

One potential application of this expanding technology
is undersea communication links, specifically an underwarer
torpedo tracking range at the Naval Undersea Warfare
Engineering Station, Keyport, Washington. Earlier works
relating to this application have shown the feasibility and

viability of a fiber optic link [2, 3]. The purpose of thi

[¢7]

work is to discuss scome previously unmentioneu advantages
of an optical fiber communications system for the shailow-
water range at Xeyport and to present 3ome nN2aw CONC2pIs
being actively researched. Several possible mecdulation

schemes are discussed and zompared. Finally, one sys+tem .

oroposed and documented.




A. CURRENTLY PLANNED SYSTEM

Current plans for the shallow-water torpedo tracking
range at Keyport, Washington are tentative and any infor-
mation in this section must be viewed in that light. The
shallow-water range referred to as the Quinault Under-water
Tracking Range (JQUTR) will be located in the copen ccean.
All other tracking ranges at Keyport, Washington are in
protected waters. The layout of QUTR is represented iIn

Figure 1. As a torpedo passes through the tracking range

09

it emits a signal which is picked up by the array of hydro-
phones. The signal contains identification and telemetry
information which is transmitted over coaxial cable fron
each hydrophcne to a multiplexer and then on to the shore
facility at XKalalock, Washington. TFrom there, the infor-
mation is conditioned and transmitted over a microwave link
to the Pacific Beach Tracking and Control Center for Final
orocessing.

™
-

he mcdulation scheme to be usad for QUTR is

193]

paced

fraquency Shift Keying (SFSX). This is idential to normal

1]

frequency shift keying except that there is a space or dead-

time between each different frequency signal as shewn in

Figure 2. 3Because of the shallow-water and highly reflective
sandy bottom, a serious multipath problem exists. The space

tetween Ifrequency transmission allows for some of this

J

signal =2chc ftc attenuate before another tone purst is sent,

(
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as shown in Figure 2. 3Since the information is contained in

the frequency of the signal and not the amplitude, atten-
uation 1s not a concern. The speed of a torpedo varies and
can range up to 60 knots. At the higher speeds, the Doppler

shift in frequency must be accounted for:
Af = 12 (1)
A

where Af is Doppler shift, is relative velocity, f 13 the
operating frequency and ¢ is the speed of light. Although
this Doppler shift seems to be a disadvantage it may “e used
to recover a component of torpedo velocity. The JUTR fre-
quency bands are shown in Figure 3. Bands 1 and 2 acccmmo-
date high speed torpedos while Band 3 1is used for tracking
a low speed torpedo.

QUTR will be located in the Pacific Ocean. Therefcre,
the range will experience higher sea states then those in
protected waters. Also, the cable to shore will have to

pass through the surf zone.

3. TIBER OPTIC ALTERNATIVE

Commercial fiber optic systems for telephone communica-
tions have been proven in an operational status now for
about three years. Today's development efforts are not
concentrating on making fiber optic communications work,
but rather improving them with new technologv. For this

reason, a fiber optic system proposed for installation
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today for QUTR will be different than one proposed for

installation several years in the future. Fortunately, a
system installed today could be added to and improved upon
without a complete redesign.

Initially the I1ink frem the multiplexer to Kalaloch,
see Figure 1, could be an optical fiber cable. Then the
links from the individual hydrophones to the multiplexers
cled be connected to fiber cable. Current trends indicate
that optical multiplexers are a future possibility and
several research groups are even doing studies on fiber
optical hydrophones. A complete fiber optic system from
hydrophene to microwave link may be realizable in the next

five years.

C. FIBER OPTICS-AN EMERGING FIELD

airha Ve AR AN N e

Man has employed optical means in communications since

ancient times. Early Greek writers refer to visual signal-

il ki

ing such as flag and smoke signals. The Navy began exper-

o Ly 4K

imenting with flashing light in the 1800's [%]. During the
last twenty years technological advances have led to the

| construction of large-bandwidth optical information-transfer
systems. The development of the laser and light emitting

1 diode in the sixties began the rapid evolutio>n of fiber
optic communication. Once waves at optical frequencies were
generated, a low loss transmission medium and sensitive

receiver were needed. These needs were filled during the

12
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seventies with the production of the first low-loss fiber
optics transmission link and the invention and development of
silicon PIN and avalanche photodiode detectors.

Today, the essential ingredient in each fiber optic
system is the crucial utilization of one or more of the five
attractive features of optical fibers: low-loss, wide band-
width, small crossection, light weight, and non-inductive
property. These advantages have been developed and relatad to
the QUTR elsewhere [2, 3] and consequently will not be dis-
cussed here. The optical fiber is not just a replacement of
coaxial cable; rather it performs what the coaxlial cable
could do peorly or simply could not do. Consequently, the
disadvantages of new technology (2.g., short history, possible
unknown factors, inexperience) count little. Currently the
cost of fiber optic cable iIs about equal to that of coaxial
cable. The future will bring nothing but higher copper costs
and, as technclogy and demand increase, lower fiber optic
cOStsS.

The fact that fiber optics is a relatively new field
can be viewed as an advantage. New concepts and active
research are continually increasing the potential of such
systems. To design for the future, it is important to
recognize the current and projected potential of fiber optic
cable systems. To aid in this effort, some new and novel

concepts in fiber optics will be presented.

13
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One trend very evident in the technology today is <the

3

[

move towards longer wavelengths of operation. This

primarily to achisve the lower attenuation levels possible
there. Attenuation losses in fibers are due to several
phenomena which often operate simultaneously:

1. Absorption losses are primarily due to O0H ions and

certain transition metal ions which have electronic trans-

itions in the wavelength range of interest and which cause

absorption of bands. High silica waveguides are regularly

made in which the metal ions do not contribute to the loss.

The only impurity for which a direct correlation has been

made is *the OH radical, whose bands at 725, 325, 875 and

350 nanometers are clearly visible in Figure 4. The strength
of the 950 nanometers band has been shown to be approximately
1 dB/km/ppm [5]. All absorption in the spectrum shown can

be accounted for by OH™ absorption. It can be seen that

absorption decreases at
1 micron).

2. Scattering loss in

is attributed primarily
These may be due to inhomogeneities frozen into the
during the drawing process ¢r more importantly, the
of intrinsic inhomogeneities of the material. This
scattering 1s believed to represent the fundamental
This

attenudation in waveguides [5]. loss, a_,

Pl

calculated as follows:

14

state-of-the-art low-loss

certain higher wavelengths (above

fibers

to scattering centers in the fibers.

glass
result
intrinsic

limit to

can be
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= 2T (n“-1)kT3 (2)
S AY
3A

w

&~
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where T 1is the transition temperature at which the fluctua-
tions are frozen into the glass, 3 is the isothermal com-

pressibilitv, X 13 the wavelength cf the transmitted light,
n is the index of refraction and k is Boltzmann's constant

P
=

[6]. Usinz present day silica materials, Eguation (2) can
[=) r -

be reduced to

a, = RA™Y 4B/km (3)

where X\ is expressed in microns and the constant R takes the
value of 1.5 dB/km-micron [7]. Equation (3) clearly shows
that it will be advantageous to move to a longer operating
wavelength as long as the material absorption loss 1s small
at that wavelength.

3. Radiation losses are caused by the bending of fibers,

particularly at small radii of curvature, or geometric irre-
gularities in the optical fiber and imperfections at the
core to cladding interface. A specilal type of bending called
microbending can be created during the cabling process. Ix
is caused by microscopic bumps in the cabling media. These
losses are independent of wavelength and are generally
negligible for bend radii in excess of ~10 cm.

Attenuation losses decrease dramatically as wavelength

increases above 1 micron as shcown in Figure 5. Tor A
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greater than 1.6 micron, the infrared absorption loss of
doped silica glass becomes the Jominant factor, as it
sharply increases with wavelength [3].

Besides the lower attenuation, the longer wavelengths
have tThe advantage of lower overall dispersion rates.
Attenuation as well as dispersion limits the length of
transmission lines between repeaters; however, dispersion
or pulse spreading, also limits the data capacity of the
system. There are three main causes of dispersion in fiters.

1. As frequency changes, the dimensions of the wave-
zuide, in wavelengths, changes. This normally causes the
phase term to vary with frequency, leading to so-callead

waveguide discersicon. This is of importance in single mode

guides while for multimode guides it can be neglected since
it affects only high-order modes which are attenuated to
irrelevance in long lengths of fiber [3].

2. Material idispersion i3 Zue to the frequency depen-
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from material dispersicn 1s given by:

.. . . LAy 4T \
Material Jdisversion = (==)(==5):3 ()

where L 13 the length of the fiper, i iz the wavelength of

cransmitted light, ¢ i3 the spead of 11
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core refractive index and A\ is the spectral width of the
light source. Finding a value of A for which dzn/dx2 is
zero will eliminate this source of dispersion. It has been
determined [8] that for pure silica a "zero material dis-
sersion'" (ZMD) point occurs at A = 1.27 microns. Adding
certain dopants can shift the ZMD point within the bounds of
approximately 1.2 microns to l.4 microns.

3. ignal distortion will occur i mcre than one pro-

197

mode discersion results from

-

97}

pazating mode 1is excited. Mult

different rays of light of the same wavelenzth propagiating
through the fiber core along different paths. This resulrs
in different path lengths and therefor=, Jdifferent arrival
times for rays launched into a fiber coincidentally. Mulri-
mode dispersion is a function of fiber langth, refractive
index, and type of multimode fiber ~- zraded index or s<tep
index. It is independent of wavelength.

Figure 6 [8] gives a clear understanding of the overall
dispersion picture. When ster index fiber 1s used, multimede
dispersion 1s the critical cause of pulse broadening resard-
less of the source or wavelength. Cn the cther hand, when

Zraded index fiber is used along with an LZD source, the

longer wavelengths decrease the pulse spreading considerably.
The attractiveness of longer wavelengtihs 135 spurring the

search for new materials to prcduce LED ani laser scurces in
the range l.J micron <A<l.6 micron. This year the first long-

wavelength communications system was put inte peraticn Iin

13
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Sacramento, California. The system 1iges in LIZ osperatin

(L]

at 1.3 microns. The receiver is an indium zallium arsenide

p-1i-n diode [3]. The best detector for the 1.1-1.7 micron

range 1s not a clear cut choice but several high-sensitivity
optical receivers that operate efficiently in this area have
been developed [3]. In a proposed trans-Atlantic fiber optic

cadble, Bell laboratories have suggested the following:

Source: Single mode InGaAsP lasar
Detector: In3aAsP p-i~-n diode
Fiber: <1dB/kn
Wavelength: 1.3 microns.

France will soon install an experimental fiter cptic network

to ogserate at 2ither 1.3 or 1.55 microns [12]. This is but

19

a sampling of the work being done in research and develcpment
of the longer wavelengths. Low-loss systems operating in
the 1.1 to 1.6 micron waveband show promise of high perfor-
mance with long repeater spacing due to low loss and low
material dispersion of fibers in that waveband. T[igures 7
and 3 graphically illustrats the fact that the zreatest
bandwidth-distance product or minimum dispersion wavelenzth
coincides with one of the loss minima, 1.3 microns. igure
8 1lso indicates the use ¢f InGaAsP sources and detectors
above J.3 mizrons.

in anticipation of *he move toward longer wavelengths,
fiber manufacturers are making fibers with their lowest

attenuation in the 1.1 to 1.7 micron band. Zorning 3lass

29




10 Y

b o

L 4

laser -
monaomode
system

LED-
M mulitimode

0.1 b

€
x
.
N
I
o
-
Q
3
°
o
b
e
]
o
c
3
-
-
°
£
-
T
3
8
€
L]
2

wavelength, nm

THE RANGE OF BANOWIDTH LIMIT FOR LED-
MULTIMODE AND LASER-MONOMOQODE SYSTEMS.

10

loss, dB/km

GaAlAs InGaAsP

0.1

800 1000 1200

1400 1600 1800

wavelength, nm

THE RANGE OF LOSS SPECTAA NF FIGERY FOA
LONG - WAVELENGTH DPERATIONS

800 1000 1200 1400 1600 1800




Works has recently annaunced a line of fibers thev call the

Jouble Window Fiber (DWF). Through improvements in composi-
tion and manufacturing techniques, they offer superior
rerformance at the wavelengths of present sources (0.3-3.3
microns) and improved attenuation performance at wavelengths
2ropesed for second generation operation (1l.1-1.5 microns).

Therefore, they are both non-obsolescent and upgradeable.

Cas

9]

bt

The at+tenua+tion 1s characterized for .350 microns and 1.

=

I
ot
J

microns. AT .332 microns the attenuation ranges from 2.3

3.5 JdB/km while the attenuation at 1.3 microns 1s abous 5
dB lower. This difference 1s due to the scattering loss of

If double window fibers are good, triple window IJibers
should be even bet*rer. With the proper choice of zomposition,
operation optimized at 1.55 micron is also feasible [11
Multiple window fibers are being marketed and bought for the
advantage of being installed in a system today which could be
later upgraded to longer wavelength operation without replacing
the Fiber. Another advantage to these fibers which 135 growing

in popularity 13 simultanecus multiple wavelength operation.

triplad over a single windew fiber., 3Sermanv 1s planning a

t2lephone system for 1233 using fiber with low-1oss windows

™/
v
t
| N—

a2t J.3, 1.3 and 1.5 microns to allow rfor future upyoradin

A
o >

(21

Prasently, almest all optical ZJiber communications swstens

le wavelength transmissions on a fiber. By using

wtilize sing

Uy
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different wavelengths, it is possible to transmit several
communications channels cver the same fiber bidirectionally.
This capability adds a third dimension to the conventicnal
frequency division multiplexing and time division multiplexing
which is unique to op*ical fibers. Actually, two-way communi-
cations over the same fiber can occur at the same wavelength
if 3-dB directional couplers are used at each end [11]. Bi-
directional single fiber communications and wavelength
division multiplexing are receiving 2 lot of attention and
have recently been repor+ted cn by a number of different
laboratories worldwide [13-17].
One final area of fiber optic research worth mentioning
is fiber optic sensors. Sensing of changes in temperature,
pressure, radiation and other phenomena has been forecasted
to explode into a major market in the late 1980's and the
1990's for both high and low performance optical fibers.
The possible application of fiber optic sensors to the JUTR ]
would be the development of a Ifiber optic hydrophone. The
underwater siznal from the torpedc is an accustic wave wit!
oressure variations. These pressure changes on a fiber mesh
can modulate a highly coherent source such as a laser. The '
U.3. Naval Research Laboratory in Washington, D.C., is doing
active research on optical fiber senscors along with several
other laboratories [13, 13]. NRL has tested sevaral sensor

configurations and categorized different fiber

O
g
ot
v
[@]

32Nnsors

by f{requency response, fiber type, source, and adivantazes.




In the next twenty y=2ars fiber optics technology will
continue to develop and fulfill its tremendous potential.
Attenuation will be well uander 1 dB/km with low dispersicn,
allowing bandwidths in excess of 1 gigahertz. ttenuation
will be so low that transmission will be taken for granted
much as the conductivity of copper wire. High performance
cable will be available at less than ten cents per fiber
meter. Cost today 1s viewed as neither an advantage nor s
disadvantage for optical fibers in general, however, the
orospect for advantageous cost values in certaln applications
will soon be realized. By the year 2300 virtually all new
installations will use fiber vice copper. Also, many copper
cables will be replaced by fiber.

Undersea applications are becoming especially attractive.
Broad bandwidth and low losses allow for higher data capacizty
and fewer repeaters. The physical size of fiber cable is
significantly less than its ccaxial cable counterpart.
Because of the small fiber crosstalk, a number of fibers
n

Z an

b

can be fabricated into a single cable. Rather than us
underwater multiplexer for the JUTR (see Figure 1) each

individual hydrozghone cable could be incorporated intc one
capl2 a2t the current multiplexer point and that cable could
be run to 31 shere based multiplexer. Bv bringin

2lexer out of the water and onto the beach, *ths eleztrizal

power required underwater is reduced. IS siznal zecuri<s

i3 a requirement, moving the multiplexa2r =2 znire




another advantage. The optical signal experiences ilmos<
total internal reflection. The cladding surrounding the

fiber is made thick enough so that for all prac+i
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there is no field outside of the cladding.
istic aids in the overall security of the link.

Sone is the day when fiber optics systems needed *o bea
proven. Today they are being improved. The maiority of the
improvements in second zesneration systems stem from The 31ifT
of operating wavelength from the near infrared, 1.3 %o 2.9
microns, to the wavelenzth range 1.1 to 1.7 microns. Fiber
optic multiplexers and sensors are two novel devices now

being tested in the labecratory.




ITI. PROPOSED FIBER OPTIC SYSTEM

A. OVERALL DESCRIPTION AND BLOCK DIAGRAM

Figure 9 lays out in block diagram format, the test
system designed to demonstrate the principles of the fiber
optic system proposed for QUTR. It consists of a signal
generator, digital modulator, fiber optic link, digital
demodulator and signal processor. The sigral generator
simulates the electrical signal from the torpedo. This
spaced frequency shift keyed (S¥SK) signal is an analog
modulated digital signal (see Figure 2). The analog
modulating wave is then digitized in the digital modulator
and converted into optical energy for transmission over a
fiber link. A detector then converts the signal into
digital voltage levels for entry into a computer for
processing. Once the signal is digitized at the transmitting
end, there is no need to convert back to analog at the
receiving end since the signal is to be processed in a
digital computer. Each section of the system will be dis-
cussed in some detail including a description of operation,
output waveform, advantages, disadvantages and trade offs

made in the system design.
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3. SIGNAL SIMULATOR

The signal simulator used was a very versatile and pro-
Zrammably powerful minicomputer. The Single Beard Computer
(SBC) 30/10A is one of Intel Corporations original equipment
manufacturer (JEM) computer svstems. The SBC 80/10A is a
complete computer system. The CPU, system clock, read/
write memory, nonvolatile read-only-memory, I/0 ports and
drivers, serial communications interface, bus zontrel logic

and drivers all reside on a single 5.75-Dy-12 inch prinzted

ot

circuit card. The central processing unit is an Intel 30383A
microprocessor chip.

In order to use the SBC 830/10A as an SFSK signal genera-
tor, an additional circult card was required - - the PRDO 30
Frequency Synthesizer. This single card unit manufactured
by Proteon Associates Incorporated is mechanically and
electronically compatiblé with the SBC 80/10A. The progran
for the system was written by Jay Chase cof the Naval Undersea
Warfare Engineering Station, Keyport, Washington, using the
Intel 8080 instruction set.

The user link with this micrcprogrammable signal simula-
tor is through a keyboard into an Elzctronics Industries
Association (EIA) interface. The EIA interface used in this
application was the R3-232C. This interface specifies
voltage levels whereby control and data signals are exchanged
between the SBC 80/10A and the keyboard >f the terminal.

All data signals are sent using binary serial signaling




conventicn. The actual hardware consists of two 25-pin

plugs which can be mated togetrher. Each pin except the
ground is activated by either the keyboard or the computer;
thus the pins may be regarded as directional. ELach pin
will, at any point in time, carry 31 voltage level corres-
vonding to binary 1 or 0. These binary signal levels are
used to indicate the activation or deactivation of control
functions on contrcel pins and the values of bits in the
data stream on data pins. In most applications, only some

1 connectead

[

of the 25 linesg are actually used but they are a
through mating of the connectors. Specifications of the
RS-232C interface permit a certain degree of applicaticns
engineering leeway. There is no guarantee that any two
devices with RS-232C interfaces can be connected together
and be completely compatible. There are many variations

of the standard interface which become strongly applications
dependent [20].

The keyboard terminal used in this application was the
Computer Devices Miniterm. This terminal is designed pri-
marily to be used with a modem using *t=2lecommunication iinks.
Communicating directly with the SBC 30/10A is different fron
the designed application for the terminal and therefore
several wiring changes in the interface wers reqguired.

Figure 1J documents *the individual switch settings and wiring
changes made on the Computer Devices Miniterm in order o
successfully communicate. Only those lines required in the

R3-232C interface were connected.
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Pin #1:

Pin #7:

Pin #2:

Pin #3:

Pin #11:

?in #18:

Protective Ground-electrically bonded to the

equipment ground.

Signal Ground/Common Return - establishes

common ground reference potential for all other
interface lines except line #1. Strapped o

Pin #1 on computer and terminil interface.
Transmit Data -~ Serial data on this circuit is
generated by the receiver with logic "1" wvoltage
level between -3 V and -12 V and logic "J"
between +3 V and +12 V.

Receive Data - Serial data on this circult is
generated by the data terminal. Logic "1

level is between -3 V and -12 V into a 3K2

load. Logic "0" level is between +3 V and +12

Vv into a 30K 1load.

Local - a TTL output from the terminal indi-
cating the placement of the terminal mode

switch into the LCOCAL mode when the voltage
level is less than +0.8 7.

Local Full - a TTL signal input which will
place the terminal in full duplex mcde when

jumpered to pin 11 (used for hardwire connec-

tion only).

Program control i1s accomplished through the keyboard

using a few simple commands. 3witching power to the

80/10A initializes the program. From there, any one of

{3
[es]
(@]
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eight preprogrammed SFSX signals, called "setups" in the

pr—

program, may be selected. The capability also exists to

ganerate a custom signal from the keyvbeoard by specifying

modulating rfrequencies, bit time, space time, and frequency

1

sequence. Referring to Figure 2, the setup required to

simulate the Band 1 telemetry signal would consist of tre

following.
FREQUENCY A (HZ = 3033325 |
FREQUENCY B (HZ = 0034755
FREQUENCY C (HZ) = 3035245
f FREQUENCY D (HZ) = 3037300
h; TIME OF BITS (US) = 1015030 |

These specifications would produce a SFSK signal consisting
of a 1.5 msec. burst of 33.325 kHz., followed by an 11 msec.
space, a 1.5 msec. burst of 34.755 kHz., an 11 msec. space,

a 1.5 msec. burst of 36.245 kHz., an 11 msec. space, and a

i 1.5 msec. burst of 37,300 kHz.. This sequenc= will repeat

on the next positive gcing pul

()]

e from the trizger (see
Figure 13). The programmed sequence may have up t> 1286
frequencies and spaces in place of the eight (four fre-
quencies and four spaces) shown above.

The signal simulator i1s a very handy and convenilent

device to simulate the signal transmit+ted from the torpedo

being tracked. It is very versatile in that almost all




- 4

components of the signal may be altered {or exrverimentation.
When used alone, however, there are two Jdeficiencies that
must be noted. Beth deficiencies stem from the fact that
the signal out of the SBC 80/1JA simulates the clean signal
transmitted rrom the torpedo and not the noilsv s3iznal
received at the hydrophone.

First, there is no provision for adding in the severe

tipath problem mentioned earlier and illustratad in

b

jeiey

rry

igure 2. One possible method of introducing multipath

nterrference to the signal would be to run the 2uTtput o the

[N

SBC 80/10A through an analog delay device. 3ingle chip
"Bucket Brigade" devices such as the SAD1QZ4A may do the

job with a minimum of external circuitry. The SAD1G2u4A

has two separate Sl2-stage shift registers which ca: be used
ndependently or in combination to provide a continucusly

variable electronic delay to create reverberation, echo or

-~
-

Hty

ohase shi

.

The second deficiency of the system is *hat nc »rovision

15 made for the occurance of

a Doppier shif

The Pro 80 Frequency Synthesizer has the cap

frequency slewing with extremely fine granularity.

maximum freguency update rate is limited by the microprocessor
spead. The SEC 33/10A microcomputer has a 430 narccecond

clock period and this corresponds to a minimum time reguired

to increment the output frequency of 24 mizroseconds per




. e

increment. This means that during one pulse of 1.5 milli-

secends, as many as 62 frequency increments cculd occur.

C. SIGNAL MODULATION
The modulation scheme selected is important to the total
system architecture of any communication system. The infor-
mation to be transmitted may be encoded in any of several
ways; the proper choice depending on the characteristics
of the system. Modulation technijues can be groured into
one of two categories - - analog or digital. After a brief
discussion of analog modulation, several Jdifferent digital
schemes will be 1nvestizated and compared. The basic dif-
ference between mcdulation of optical carriers and 2f rf
carriers stems from the nature of the devices used. In
optical systems the intensity (square of the electric field)
is modulated directly rather than the amplitude as in rf
systems [21].

Analog modulation can be further divided into two cate-
gories: continuous analog modulation and sampled analog
modulaticn. In continuous analog modulation the scurce is
not encoded but rather the informaticn signal varies
continuously with amplitude (AM), frequency (FM), phase
(PM) or intensity (IM). IM analog transmission iz the most
compatible with existing light sources. The value >f the
intensity is directly proportional to the valie of

and therefore IM analog modulation reqguires

3u




linearity. In general, a laser source will produce ncrs

linear operation than a light emitting diode source.

1,

Sampled analog modulaticn, also referre

L
ot
(@]
[
4]
MO
[
b
17}
[N

modulation, reguires veriodic samples orf the information
signal which are encoded through one of several parametars
of the intermittent carrier. In other words, i1 -ulse has a
varying amplitude, duration, or time of occurrence according
to the information sample. Sampled anzlog medulation has
been confused with digital nmodulation tecause o7 the indi-
vidual pulses and sampling involved. If tha sulse has

continuously varying values of amplitude, Zuraticn or tine

occurrence the scheme is analoz. I£ there is a finite
number ¢f Jdiscrete values I amplirtude, 2uration, etc., then

the scheme is a digital one. Analog svstems reguire less
bandwidth than digital systems; however, bandwidth is no=:

usually a constraint in optical fiber systems. Digital

but this also 1s not a problem with modern semiconduc+or
tachnology. The propertias of optical systems maks them
well suited to reap the benefits of a iizital modulation
scheme.

The advantages of using a digital modulation scheme
include the following:

1. Dizital signal regeneraticn mav be accompliszhed 1+
the repeater or receiver with a minimal amount of noise as

compared to analog signal regeneration. In an analiog

35




system, noise, once introcduced, cannot be eliminated and

the signal is degraded accordingly. This 1s not the case
in digiral transmission. As long as the receiver can make

a binary decision on the presence or absence of

)

e}
fd
’;)
U

e,
the perturbations of the signal due =o the precedin
transmission section are eliminated.

2. Substantial bandwidth is available in optical systems

and digital modulation can utilize that bandwidth to zoad

4, The use of a digital computer at the receiver sicz
for processing of the signals means that the signal mus:t te
digitized at some point prior to entry into the coﬁputer.

5ix different digital modulation schemes will be Zdis-
cussed: Pulse Intensity Modulation (PIM), Pulse Wii+
Modulation (PWM), Pulse Position Modulation, Pulse Foeguenc:
Modulation (PFM), Delta Modulation (2M), and Pulse laode
Modulation (PCM).

Pulse Intensity Modulation is not particularly attractive.
Discrete intensity levels are set and the source intensi*y
becomes one of these lavels according t: the mes3sa
As in the analog case, this requires 2 highly iinear source
and exact attenuation measurements from transmitter to

receiver in order to correctly decode the 3ignal.

(9%}
an




A pulse width modulated waveform consists of a secuence

of pulses, the width of each pulse being proportional to the
values of a message signal at the sampling instants. The

problem here 1is with dispersion. The transmitted pulse ]
width will always be less than the received pulse width.

This will increase the difficulty of the receiver *to correctly

decode the signal.

Pulse Position Modulation consists of Tulses in which

%)

the displacement from a2 specified time reference Is cropor-

t
}4_4

ional to the sample values of the information bearing signa

PPM is particularly attractive for optical communications

systems because the optical source can be cperated at a low

duty cycle to extend the lifetime c¢f the Jevice. PPM systems

share with PWM systems the problem of dispersion menticned.
Generally, PPM will be useful at low bit rates where pulse

broadening is negligible.

)

Pulse frequency Modulation is a method of pulse modula-

"

tion in which the information signal is used to freguency
modulate a carrier wave consisting of a repetitive pulse
tra2in. The PFM approach 1s being tested by the British
2ffice in Milton Xeynes, a town ncrth of London. Even though
the signal consists of a train of pulses, they consider it

an analcg system because the electrical modulators and

bde
rr}

emocdulators work on 2inalog principles. PIM can be zcnsilered

fraquency modulation of a sguare wave, The pulselikz2 nature

>f the PFM 3ignal lcwers the susceptibility to scurze and




detector ncenlinearities which are critical in zonventional

analoz systems as mentioned earlier. The other Zisadvantaze

(&

analog systems however, still holds. Noise nicked up

~
v

e
oY

during transmissions is passed on and amplified
repeaters [12].

Jelra Modulation was invented in 1346 as a method

W
bty

analog-to-digital conversion using principles not in ccmmen

13age atr the time. DM pulses represent binary Jeclsions

based on whether the difference between the mcodula+ting
p=)

32znal and the approximation of the signal at the time of
sampling 1s positive or negative. The =ncoder contains a

difference circuit which subtracts the output of & pulse

[ 27}

integratcer from the modulating a signal. The difference
between the actual siznal and the approximated value then

controls th2 julse generator to produce either positive

t

or negative pulses of uniform duration and of constant
5 IS

anplitude for that pulse interval. A comparison made bv
ITT ra2deral Laboratoriss between a deli+a modulation and a
sulse code modulator (to be discussed next) shows that above

40 kilcbits per second, PCM was superizr in s3iznal to noise

U

ratio [22]. 0One advantags of DM, however., is that syn-
chronizaticon is not reguired at the receiver rTc demcdulate
the signal. The decoder consists oI an integratcor identical

to the osne in the encoder and a lcw pass filter.




SO

Pulse Code Modulation will be shown to be well-suited
to transmission over optical Ziber systems. PCM means that
an analoz modulating wave 1s sampled, quantized, and coded.
Standard values of a quantized wave are indicated in the
modulated wave by a series of coded pulses that, when de-
coded, indicate the standard value of the original guantized
wave so that it may be reconstructed. When using optical
sources, the codes will usually be binary, where the code
for each cuantized level will consist of pulses and spaces.
Besides having all the advantages of Zigital transmissiocn,
PCM possesses two additional advantages. & single pulse
onlv carries a fraction of a bit of information similar to

sread soectrum tedhniques mentioned in an earlier work on

9]

QUTR [23]. The analog value of a wave 1s set to ‘the closest
guantized level and then that level causes an n-bit julse
Train to be transmitted.

PCM is computer compatable. The string 27 coded pulses

representing an analog value can even be the American Standard

Code For Information Interchange (ASCII) or Binary loded
Decimal (3CD). What this means 1s that very little i1f any
code conversion is required prior to the signal being input

to the cocmputer.

ct

nteres*ting characteristic of PCM important to the

[

Cne

JUTR appliration is the fact that the frequency 2f the analog

signal can be reccovered directly from the digital culse




TR\t N ST )

at the receiving site. All the information in the SFSK

signal is contained in the frequency of the modulating wave.
Therefore, PCM seems to be ideally suited as the digital
modulation technique for the QUTR because of the follcocwing
advantages:

- binary detection has the greatest noise immunity

a single pulse carries only a fracticn of a bit of

information
- excellent compatability with a computer processor
- the frequency of the analog wave may be recovered
without demodulating the PCM signal
PCM enceding entails three steps as indicated in Figure
11: sampling, quantization and binary word assignment.
Sampling thecry states that to be recovered completely, a
signal must be sampled more than twice per cvcle. Another
way to describe ‘the limitation is by the Nyvquist frequency,
which is equal to one-half the digitizing rate. No signal
at or above the Nyquist frequency can be recovered. If a
signal is sampled less than two times per cycle a phenomena
called aliasing can occur, in which the reconstructad signal
turns out to be a lower-frequency version, or alias, of the
actual signal. Aliasing can only be prevented one way - by
sampling a signal more than two times per cycle of the high-
est frequency it contains. The highest frequency planned
for QUTR is 49.407 kHz. Sampling rate must be greater than

98.814 kEz or essentially 100 kHz.

Lo

e e e
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Quantization is the process of assigning a set cof dis-
2rete output levels to analog amplitude levels. It 1s here
where the primary error is introduced for this application.
Quantizing error is the difference between the value of the

output.

(=]

analog input aud the digita

Finally, the quantized value is coded into n-bits
from most significant bit (MSB) to least significant bit
(LSB). It is this code which may be ASCII, 3CD or straizht
binary.

The block diagram (Figure 12) of the PCM transmitter
designed and built snows the analog wave input to an analog
to digital converter (ADC). The ADC used was Datel Systams
Inc., Model ADC-gH3B3l1. Of the several possible methods of
analog to digital conversion, the most commen method and
the one employed in this converter is successive approxima-

tion. The successive approximation converter is known for

its high resolution combined with high speed. It ope

3

-
“

1)

ates
at a fixed conversion time; independent of the value 27 the
analog input.

Referring to Figure 12, the 2 MEz system <lock iz Zed

through a divide-by-~twenty counter, giving a 120
5 r 5 =3

[}
=
o ]
t

sample
rate for the ADC. Thi:z is above the Nyquist sampling rate of
38.814 kHz mentioned earlier. The actual conversion time 27
the ADC-EH3B1l is 4 usec. @When the conversion i3 complete,

the end of convert (ZZC) status line goes low indicatin

that the parallesl data out is valid. It remains low until
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the next clock pulse, which causes it to zo high again. The

EOC status line transition from high to low triggers a pulse
from the monostable multivibrator which enables an up counter
and multiplexer. The counter counts from 0000 to 01ll. On
the very next clock pulse the counter 1is reset *o 3000 and
turned off until the next sample has been ccnverted. The
result of this section of the circuit is to sample the eight

parallel inputs and serialize them for transmissicn. The

first bit is used for timing in the receiver and is always
transmitted .aigh.

Using seven outputs of the ADC result in 27-1 or 127
possible discrete sampling levels. By referring to Figure 13,
the actual transmissicn rate can be figured as follows:

Timing bit duration = Tl

Seven information bits duration

a8

2
Lapse time = T3
Telemetry bit Rate = oo = 1 — = 107 3PS
17°2°°3  (.5+3.5+6)x107°
(5)
Baud Rate = gy s i s 2ibaud  (5)
2 3.5x10 ~/7

Confusion can arise here since one bit of telemetrv infor-
mation is represented by seven PCM bits, one timing bdi* and

a Jdead time of approximately 6 usec. A PCM bit periold is

44
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approximately .5 usec. Therefore, one bit of telemetry

information is sent every 10 usec giving an information
transmission rate of 100 X3PS as shown in Figure 13.

Fizures 1l4-13, taken from the multiplexer output, show
the PCM signal just pricr to conversion into cptical Tower.
In Figure 14, only the timing bit is seen (all other bits
are zero) indicating that the modulating wave is at -5

velts. ALl bits in the PCM word in Figure 135 are high

except the MSZ, indicating the wave value at this goint is

de

b
V7]
[ X
w

-J.J34 volts. Thi

just prior to the zero crossing. The

t

next digital ep (Figure 15) indicates the analog wave 1is

Uy

now crassing zero. Ffinally in Figure 17, the wave i3 at
its maximum value of +5 volts. Figures 13 and 135 are
randomly chosen samples. It is easy to see that the analcz
wave 1s at some voltage greater than zero in Figure 13

4

and at some voltage less than zero in Figure 13. Thi

u

L o

observation can be made simply by looking at the M3B.

D. OPTICAL TRANSMITTER

[
G
o

Uty
3
fu
}. 4

The optical transmitter converts an elec*rica

tty

(]
=

E}

Ute

into an optical signal by modulating the >utput o
source, usually by varying the source drive current.
Solid state light emitting dicdes (LLIDs) and laser
diodes are the two main sources for optical fiber trans-
mission since their output can be rapidly con*troilsd by

varying their bias current. Additiosnal attractive features
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include: high brightness, small size, emission wavelength
and low drive voltage. There are some definite advantages
to be realiczed by using a laser source, mainly because of
its coherence and all the implications thereof: lar
width, high power densities, small divergerce angle, mono-

chromaticity, linear polarization [23]. Lasers can generally
produce 13 dB or more optical power than LEDs can produce.

Coupling losses from the source to the fiber are alsc lower
for lasers due to their greater power outpudt and smalliser
divergence angle. Typically, 10 dB more power can he zcupl=d
into a fiber from a laser than from a LED.

As with every real-world device, there are certain
trade-offs with a laser source that must 2e considered.
important requirement for an optical source 1s that iz Ze
capable of stable, continuous operaticn at room temperature

for years. The laser must be operated in a restriztad

current range just above its lasing threshold currvent. This
threshold current may change with time and tsmperature
thereby requiring laser drive circults %o employ special
feedback or =lactronic drive circuits, The cost =I lLaser
sources 1is gererally two to four times that of LED., Tfor a

single point %o point communications system that initial
cost i3 not as important as it 1is In a system 3uch as the

SUTR where there would be a number of scurces; on2 at each

hydrophone. The threshold current for lasers i3 abourt double
“he current rejuirement of LEIDs. This 1s anocther important
59




consi.zration for the QUTR where each hydrophone must have a

source OIr power, either from the beach or interal supbply.
Light emitting diodes are the simpl=st of solid state

sources. Thev have adequate output power, coptical bandwidth,

and can be directly modulated. Their low cost and long

1ife make them the choice for this application. The primary

limitation is their relatively wide output spectrum. There-

Zore the bandwidth is limited primarily by the fiber dis-
persion characteristics rather than by Fiber losses. As
mentioned earlier, longer wavelength operation cculd dras-
tically reduce this limitation. In fact, InGaAsP LEDs
operating at the longer wavelength have been fabricated for
some time and now actually perform bettTa2r <Than tne 5aAlAs
LzDs operating in the 0.8-03.3 um range [24]. Because the
electrical signal can directly drive the LED source and
because of the simplicity of contrecl circuitry, low cost
and high reliability, the LED source was chosen for the
croposed JUTR system.

The LED 1is primarily characterized by its radience at
a given drive current. Radience is the radient flux ger
unit solid angle per unit area. Some LED sources are pur-
chased with a shert fiber pigtail attached. In that case

the radient fluwx or optical power coupled into the fiber i

w

usually given in watts. Other Important parameters are

o

listed in Table 1 for a Laser 2izde IRE-163FE LED.




LIGHT EMITTING DIODE
IRE -~ 1lo0FB

Min Tyvp Max
Total Optical Power Out: 40 w50 .w

(into pigtail with 100 ma DC current)

Forward current DC: 100 ma 150 ma
Voltage: Forward at 100 ma DC: 2V

Reverse: 3 v
Peak wavelength of emission: 805 ;m 820 um .835 um
Spectral Width (3 dB points): .040 um
3 dB Optical Power Bandwidth: 40 MHz
Rise Time: 14 ns

Table 1. Laser Diode Laboratories Inc.
IRE 160FB LED Specifications

52
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The LZID drive circuit (Figure 20) designed for the JUTR

is similar to cone usad by the Naval Ocean Systems Center

m
-

(NCSC) in San Jiego, California. he primary advantage of
this circuit is the fac* that it is TTL compatable. The
digital signal frcm the PCM circuit is fed directly into one
of the inverters which Dresents one TTL load. The inverted
signal is then fed to five inverters in paralliel. Since
each inverter will actually sink about 290 ma, the LZD drive

~

current of 100 ma is achieved. In order to determine *he
orebias point of the LED, a plot of the I-V characteristic

of the diode was made (Figure 21). Prebiasing is one method

- -3

of increasing the speed 2 response of the LED and therefore

-~

g

the bandwidth. ‘When the LED 1is off, a small < le current

3

(less than 3 ma) flows so that the LED is not completaly
off. When the LED is turned on by the paralileled iInverzers
sinking current, the 40Q resister acts as current limit so
as not tc overdrive the LED. In order to further increase
the speed of response the dashed pertion of the circuit may
be added. At turn-on, the capacitor looks like a short

nce the LD 1is

(@]

circuit thereby decreasing turn-on *time.
on, the capacitor acts as an open circuit permitting currenz
ts flow only through the 430 resistor.

Althcugh Table 1 indicates the typical cptic

fu

1 Dowar
cutput is 53 uwatts, the actual power output was experimen-
tally measured in the cirzuit as 72 uwatts or -11.33 dBm.
This value will be uzed latsr in some power budget calcula-

tions.
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E. TFIBER LINK

they are most accurately described as an optical waveguide

with a number of propagating modal states. One major dif-

ference is that the optical radiation becomes the signal

carrier and as such 1its frequencies are far above those

encountered in the electronic signal region. Consejuently,

the method of signal transmission consists of modulating t:

optical power ocutput of the source.
Selection cf the proper optical fiber is one 2 the
critical considerations in the design of optical fiber

communication systems. Since the fiber's attenuation is

wavelength dependent (see Figure 4) and the dispersion pro-
perties of a fiber are a function of the fiber construction,

fiber choice establishes an upper limit on system bandwidth

and transmitter-to-recelver spacing. Engineering consi-~

derations in the selection of the proper fiber and cable

for the QUTR have been researched and reported on in earliier

works [2, 3]. The primary new trends that need to be empha-

sized are the lower attenuation values combined with the
shift to longer operating wavelengths. The primary cause

of attenuation at lower wavelengths in silica fibers is

Rayleigh scattering which decreases as the fourth power of

the wavelengths. At longer wavelengths, Rayleigh scatterin

becomes negligible, however, infrared absorption begins to>

dominate as shown in Figure 5. Doping of the fiber with

w
fez)

Optical fibers are similar to coaxial cable only in that




certain elements will affect the exact optimal wavelength

of operation. This wavelength should coincide with the
source wavelength and highest spectral response of the
detentor.

For the QUTR, the relatively slow bit rate of 2 MBPS,
means that dispersion or pulse broadening is not the zritical
problem. A good quality fiber such as ITT's T-200 series
with a dispersion of 3.5 ns/km is adequat2 to Transmit the
?CM signal from hydrophone to the beach. Tiber attenuation
will, however, prove to be a critical factor in fiber
selection. A sample power calculation and bandwid®th calcu-
lation will be made in Secticn H of this werk.

Besides the actual fiber cable, a fiber 1ink alsc consists
of connectors. Connector installation was the largest single
nightmare encountered in the experimental wcrk associated
with this paper. Although the connectors used in the
laboratory system would not be the same used in an under-
water environment the problems encountered will be similar.
In addition, the QUTR will have the problem of the watar
tight integrity of the connector. The meost frustrating
problem is lack of connector standardization. At Tresent
a variety of approaches to the connector problem have led
to customized and uniqjue designs on an individual 3ys<en
basis.

Fiber optics connectors are not the siaple deviczes that

are common in the electrical connector fiezld. Many fiber




optic connectors tend to have more bulk than their electrical

counterparts and their use involves various splicing and

epoxy casting and polishing steps not required in the =2lec-
trical demain. The various connecter designs by manufacturers
are radically different and incompatibla. Most designs rely
on some type of precise fiber-to-fiber aliznment In the
connector mechanism to provide a loss of 3.5 to 3.0 dB.

These connectors range in price from abour 3 dollars *o ov

[t
"y

60 dollars per connector.

Two different connectors were applied to single fiter
optical cable. Both connectors required the use of apoxy
for securing the fiber iIn the connector. A successful ter-

onnector.

[#]

mination was made using an Amphencl 305-210-5021
This connector employs the use of four touching cvlinders
placed in a hollow cylinder as shown in Figure 22. The
fiber is then guided down the center of the hollow cylinder

uides.

in such a way that the four cylinders act as aligzr

:J
3
1]
3
1
(g

tv

poxy is then drawn into the hellow cylinder to secure <he
fiber. T[inally, the four cylinders and fiber extend silizhtlv
from the end of the connector so that they may be sround
and polished down to the required smooth surface.

A number of terminations were attempted using a Cannon
ITT FOT-FJ series single fiber connector shown in TI
Although the ITT manual for terminating these <vpe connectors

S : S

was followed as closely as possible, none of the *erminatiins

(&9

nade were successful. The connector design permits termination
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of fibers with diameters ranging from 50 um to 250 um. This
flexibility 1is achieved through the use of a jeweled ferule
illustrated in Figure 23. The sapphire jewel used is a

standard watch jewel. One side of the jewel is cup shaped

L Y

and serves to guide the fiber into the appropriate size hole.
The outside diameter of the fiber used (T-203) was 125 um
and therefore a jeweled ferule slightly larger was used das
stated in the ITT manual. Zpoxy was then drawn into the
ferule using a syringe and rubber tubing. TFinally, the
jeweled end of the assembly 1is ground and polishad.

To test the connector, an optical power meter was used.
First, in order t> test for breaks in the one kilometer
fiber length, a helium neon laser was aligned and the bean
was launched intc the fiber end with no connector. An
Amphenol connector was applied to the other end »f the
fiber and the laser light was visible coming out of the
connector. Application of the ITT connector however,
resulted in no visible or measurable optical power out of
the connector. The reasons for this failure are beliaved to
be rela+ted %o the polishing s3%tages of connector aprolication.
Examination of the connector end under a mi.roscope reveals
that the surface is not as highly polished as it shculd be.

The conclusio>n reached was that connector application today

i3 more of an art than a science., In order to become pro-

[e%

ficient one would need instruction, demonstratis>n an

practice.




The future of optical connectors is bright. Standards

are being developed and imposed on manufacturers so that
next generation devices will be smaller, more compatible
and simpler to install. The proposal by Bell Telephone to
lay a trans-oceanic fiber optic cable will spur research
and development of a good underwater connector.

Because of the inability to install connectors, an off
the shelf fiber optic system was used to demonstrate the
moculation and demodulation schemes designed for the JUTR.
The system, marketed by Spectronics, is called "The llissing
Link" and comes with Siecor optical cable and installed l
Amphenol connectors.

The transmitter module, SPX 4143, comprises a complete
functional optical transmitter for digital data. TTL
coempatibility allows direct connection to the encoding

| circuit described in Section C. The GaAlAs LED is integra-

ted into a connector which is compatible with the Amphenol

connectors attached to the fiber. Peak emission wavelength
is 0.82 um with mazximum power out of .75 mW. This power
decreases with fiber core diameter down to .27 mW intc a
103 um aperture. Data rates of up to 10 MHz are possible.
The SPX 414l is the Spectronics receiver module matched
to the 3PX 4140 transmitter. The voltage out of the receiver
! is TTL compatible allowing direct connection to the Zemo-

dulation circuitry described in Section 3. The PIN diocde
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detector has a peak responsivity at 0.82 um. The data format
of the input is critical in that its short-term average must
be constant. Pulse code modulation of 2 sinusoild satisfies
this restraint.

Both the transmitter and receiver modules operate fron
a single +5 volt power supply. The supply, ground. and
data pins were connected and the PCM signal was successfully
transmitted over the Siecor fiber optic cable supplied (13
meters). The recelver was sensitive enough to be operated
without applying an external bias vol=age to the DPIN diode.
An increased cable length would require bias voltage on the

PIN diode to increase its sensitivity.

F. OPTICAL RECEIVER

Optical detectors needed for fiber optic transmission
systems must satisfy certain requirements regarding perfor-
mance, compatability and cost. Important performance reguire-
ments are as follows:

1. High responsivity or sensitivity at the system

operating wavelength.

[
.

Adequate bandwidth or speed 2f response to accommodate
the data rate.

3. Minimum additional nolse gener

&)

ted by the detec=or.

fu

4, High reliability and low susceptipility of perfcr-
mance characteristics to encircamental conditions

and changes.

(o 3]
Lo
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Compatibility requirements for the QUTR application
involve several considerations, although not as stringent
as the optical transmitter which will be underwater. Physi-
cal size, fiber coupling and power supply requirements still
need to be taken into account. Solid-state photodiodes
satisfy most all requirements of performance, compatibility
and cost. The two types of photodiodes which match the
wavelengths of existing light sources are the avalanche pho-
todiode (APD) and the PIN diode. The APD has an internal
gain and therefore 1ts responsivity is one to two crders of
magnitude better than the PIN diode. The APD is about an
order of magnitude more expensive than the PIN dicde. In
order tc choose a detector, the smallest received signal
must be matched to the smallest detectable signal without
reducing the system bandwidth, or bit error rate. If a PIN
diode would meet the specifications it would be the desired
receiver over a APD.

The overall receiver transfer function can be defined
by the ratio of output voltage to input current from <the
detector. The Jdetector converts optical power into current
and later stages of the receiver convert the current into
voltage and then amplify it - usually to the same level as
the voltage input to the transmi<ter (TTL). This transfsr

function is known as the transimpedence.

[ 2}
£




The receiver of a fiber optic system includes a low-
noise front end amplifier optimized for use with the detac-
tor. Modules are commercially available which have detectors
coupled to a preamplifier in a small, light-weight package.

The detecteor current produces a voltage across a load

1]

resistor or feedback resistor. This voltage can be cal-
culated by multiplying the received power, the responsivit;
and the effective load resistance.

The most important performance parameter for a digital
communications systen is bit error rate {(BER). BER is the
ratio of incorrect bits tc total bits received. The 2ER
decreases dramaztically with small increases in optical power

as the receiver 2R passes through the neighborhced of 23 43

el

(25]. For examplie, if 3 PCM system 1s operating at a 3ER
-3 . . . -
of 10 7, an increase in optical power of 1 d2 will raduce
=10
the BER to 13 .

Using a dewlett Packard PIN photodiode Ior a destector

-

Y

ver circuilt was designed and bullt. However, due tcC

b

1 rece
problems encountered with connectcr application mentioned
earlier, this circuit was neither fully tes<ed nor com-
pletely operational.

It is =zhown in Figure 24 only as 2 possible starting
point in the construction of a receiver circuit and for

signal power cal:culations in the following section. The

HP-4220 is a low noise, hign sensitivity, high spee=d PIl

o
w

l
|
|
?
1
!
1
|
|
|
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photodiode. The CA 3140 is a PMOS/bipclar operaticnal
amplifier with a MOS/FZT input stage. The MOS/TET input
stage provides very high input impedance, very low input

current and exceptional speed performance.

3. SIGNAL DEMODULATOR

Prior to discussing the demodulation scheme, a quic]
review of the overall system should be helpful tc the
reader. First, the torpedo traversing the shallow water
range 2mits 1.5 usec bursts of energy in the form of acoustic
waves every 12.5 usec (see Figure 2). These waves vary in
frequency from 30 to 30 kHz. The hydrophones cetect these
signals and convert them *o analog electrical voltage signals.
These analog signals are then pulse code modulated, and a
timing sigznal is inserted. The TTL voltage levels are then
convertad to current levels in order to on-off medulate a
lizht emitting diocde. The optical power out of the LED is
then coupled into a fiber and transmitted to the beach
(assuming the multiplexer is on the beach) where an optical
detector and receiver convert the optical energy into current
and then TTL voltage levels again. !low the PCM signal is
present on the beach for further processing.

Recall from the earlier discussion of the signal format,
that all the information transmitted is contained in tre
frequency components of the signal. The task at hand Is to

extract the frequency informaticn from the PCH signal. 2ne

A e A il bl T bt bt e 2




obvious method would be to demodulate the PCM signal using
a digital to analog converter and then measure the fre-
quency of the reconstructed wave. This conversion would
introduce additional error and although it is one alterna-
tive, a better alternative would be to somehow extract the
frequency information directly from the PCM signal without

a conversion to analog values. There is a simple method for
accomplishing this which is ideally suited to a digital
computer.

First, assume no noise is present. The received signal
will be as illustrated in Figure 25. When the voltage value
of the analog wave 1is greater than zero, the most significant
bit (MSB) of the received signal is always high. When the
analog signal falls below zero, the MSB is always zero. In
other words, the MSB acts as a zero crossing detector. A
square wave of the same frequency as the analog wave could
be reconstructed using digital circuitry or the frequency
itself could be computed through a simple software program
if the data stream was input to the computer. The preferred
method for the QUTR application would be through a computer
for reasons to be discussed later.

A digital circuit was designed, built, and tested to
demonstrate the capability of extracting the frequency
component from the PCM signal. Looking at Figure 26, the

PCM signal is fed to a decoder acting as a one to eight

68
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demultiplexer. The signal is also fed to a J-K flip-flop.
The first bit or timing bit turns on the flip-flop which
activates a counter. The counter will allow the decoder to
demultiplex the seven bits of data. Feeding the counter
outputs through a NAND gate back into the flip-flop turns
off the counter until the next timing bit is received.

The clock required for circuit cperation must be set on or

close to the clock frequency of the transmitter. This

LEN

frequency is not real critical since the clock, in effect,
is synchronized after every eight bits by the timing pulse.
The more interesting part of the circuit is the section
containing the multivibrators. The monostable multivibrator
(74121) generates a .4 usec pulse for every timing bit as
shown in rhe timing diagram (Figure 27). The MSB out of
the decoder is inverted and logically ANDed with the .4 usec
pulse from the 74121 in the retriggerable monostable multi-
vibrator (74123). When the MSB is low and the 74121 output
is high, a pulse is produced slightly longer than 137 usec.
Now if two or more MSB's in a row are high, the multivibrater
N1ll retrigger until a low MSB is received. It will then
stay low until a high MSB is received. The result is a
square wave whose average frequency is that of the analog
wave at the hydrophone.

Due to the lack of a constant frequency square wave

3t the output, the use of an oscilliscope to observ=: the
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output was impossible. The scope would never trigger and

presented only a blur on the screen. With a HP 5332A fre-
guency counter connected to the output, the frequencies and
their variations were observed. Good correlation with the
frequency transmitted was obtained as long as the trans-
mitted frequency was under 50 kHz, the idyquist freguency.
Since only the MSB is used in this circuit, the question
arises as to the value of the remaining six bits of each
eight bit word. When the sampling rate is only slightly
greater than the Nyquist rate, very little information is
contained in these bits as far as the freguency component
1s concerned. As noise 1s introduced, the prcbability of
error markedly increases. We are making our decision on only
one bit out of each eight bit word. As the sampling rate
is increased to much greater than the Nyquist rate, *he
frequency information begins to spread out into the other
six bits. A good fraction of the frequency information is
still in the MSB but now we can alsc use the other bits to
help in the extraction of the frequency component >f the
signal. A computer program could be written to check all
the bits in the ncisy signal and compare them with prior

words and future words to determine the most likely siznal

3

D
A ‘nli)

jo

sent. As the sampling rate is increased from 130 k=H

method will give more accuracy at the expense 2f 3iznal

1 be seen in the next section, *he optical

[

bandwidth. As wi
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channel is not close <u being bandwidth limited. Although
the analog to digital converter in the PCM modulator is
limited to a sample rate of 250 kHz, there are other con-
verters that can give an order of magnitude faster sample

rates.

d. SIGNAL POWER BUDGET AND DISPERSION CALCULATIONS

While optical fibers offer lower losses of signal power
than do coaxial cables, scme attenuation does exist. In
addition, some loss of signal power occurs wherever a
connection is made, whether it be a source-fiber connector,
fiber-detector connector, or fiber-fiber connector. Power
losses in a connector are causes by core diameter mismatch,
core numerical aperture mismatch, fiber gap separation,
axial misalignment of fibers, angular misalignment of fibers,
and fFresnel reflection at interfaces.

Signal pcwer loss calculations enable the designer to
plot a loss budget analysis and predict the performance cf
a fiber optic communication system. For the propcsed system,
a link power budget was made for both the standard wavelenzth
5f 0.82 um and the higher wavelengths. Optical losses zasso-
ciated with the various system components can be clearly
seen in Figure 28 and opportunities for improvement or limi=-
tations identified.

First, the minimum optical power required by the receiver

~

nust be determined. This value may be ziven as the nclise

74




equivalent power (NEP) which is the radient flux necessary
to give an output signal equal to the detector noise.
Another way to determine minimum detectable power is by
deriving an expression for signal to noise ratio at the
amplifier output, set that value equal to one and solve for

the power as follows:

) '

v~

L

.z + iL
N1 N2

ZlWn

. PV . 2 . .
where i_ is the mean square signal current, iy, is the mean
- 2

square shot noise current, and i iz the mean sguare thermal

VL

<

1

noise (Johnson).
Shot noise is caused by the random fluctuations in the
rate of arrival of the electrons at the collecting electrode.

Shot noise is represented by:

T2 . ,
iyp * ZedeAf (3)
Wwhere e 1s the charge of the electron, I is the average

dec
DC current, and Af is the siznal bandwidth.

Thermal noise is white noise occurring in all conducting
materials. It 1s a consequence of the random motion of
electrons through a conductor. Thermal ncise 15 given by:

e BKT_AF

. e

e * —F— (3)
L




T VYT Y T e ey 1 =

31abpng 1omog T1eo13do ‘gz @anbig

"WX “HI9NIT 378%)
9T of HT ¢t ¢C T OT 6 8 [/ 9 & ® ¢ ¢ 1T ©

T T 1T 1T J _//_.ﬁ,_,,ﬂ,f./_/fx_ﬁ _ 0P~
//”HWHMWHMW“”V// //////,mu>_uuum 1V Y3MO4 TYI1LdO WIWINIW //MHMWH””/HWLHHHWMHW/L n/-
\
W\ AN
wx/ad G'¢ Wi/9a q

Wn ¢'T B ¢0C-1—% "WN (7R € ¢0Z-1 1 06-

Wi/80 G'T 0
wn ¢'T e TIcT-1 - oh-
(9dg) Sso07 mw>_uuum|m|_m<ul.ll/.' 4 c¢-
(90 Z) SSO1 319vI-374VD —— “
(80 ¢) $S07 31AYI-NIVIOId— 4 oz-
(80 TT) ¥3MOd TWNIIS— "
) - m.d.ﬂl

(M0 Z/) Lnd1no 4_<po_m:1\\\

10
(MN pOg) 1ndino augllx\\

wga




where k is Boltzmann's constant, Te is the effective input

noise temperature and R is the diode load resistance.
In order for the photodiode to have a fast enough response
time to accommodate the modulation frequency of the lizht,

R, must be kept at a small value since:
d

where w is the modulating fregquency and Cd is the diode
capacitance [25]. With RL small, the value of i§2 becomes
large. This noise term becomes dominant over the shot noise
term. Therefore, the detector is thermal ncise limited and
shot noise can be ignored. Under these assumptions the

signal to noise ratio becomes:

2(Pen/hv)2

where P is the signal power, n is the detector efficiency,
v 1s the light frequency given by v=C/A, Av is the signal
bandwidth and h is Planck's constant.

Setting SNR toc one and solving for P gives the desired

expression for minimum detectable power:

Pain *en 7 TR, (12)
Since in practice, RL is related to the signal bandwidth
and the junction capacitance C, by [25],

“d
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Av = 2n;- s (13)
L7d

this expression can be substituted into Eguation (11) to

give:

P .= 247 h;ﬁr VRIS, (14)
where h = 6.6 x 107°% watt sec?

v=oa/h o= 3 x 10°/.820 x 107% = 3.86 x 10°Y secTh

Av = 2/7t = 1.27 x 10° sec”™l, = PCM bit period
e = 1.6 x 10—19 joule
n = .7, from HP 4220 specifications

x = 1.38 x 10723 watt sec o™t

Te = Td + (F-1) x 2380, assuming a noise figure of

6dB and diode temperature of 29C °K

Te = 290 + (4-1) x 290 = 1160 °K
19
Cy = 1.5 x 10 12 farads, from HP 4220 specifications.
So:
P . =1.5x 1077 watts or -58dBmW (13)
min

Now that the minimum detectable signal is known, the
signal to noise ratio required for a certain bit error rate
(BER) must be determined. Earlier it was mentioned that as
receiver SHR passes through the neighbcrhcod of ZC 13 the
BER decreases dramatically. Using <the standard assumption

that the noise is Gaussian, the probability of error surves
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for binary pulse trains may be used to determine that Zfor

a BER of 10™° the current SNR must be [35]:

—~—=— = 11.9 (21.5dB) ' (13)

Converting this to power gives about 11dE shown on the

power budget graph (Figure 28) as signal power. The LED

output of 300 uwatts is from the IRE 16J FB specifications

and the power out of the fiber pigtail was measured as 72

U

04

uwatts. The connector losses of 3dB for fiber to device and
2dB for fiber to fiber are maximum l1osses for current tech-
nology. Future connectors will improve upon these figures.
Using T-203 fiber at .82um the losses are 5dB/km. Ffor
comparison the plot for T-203 fiber at 1.3 um and another
ITT fiber T-1211 at 1.3 um is shown in Figure 28. Using
T-203 fiber would not allow signal transmission at the
desired BER for the required 16 kilometers. Several alter-
natives are available:
1. Use a higher power LED. These are, in fact, avail-
able in the 1 mw area for various wavelengths.
2. Increase the maximum acceptable BER. This wculd
help very little since large changes in BER
in this area give only small changes in SIIR.
3. Use of different fiber with lower attenuation. This
solution will give by far the largest improvement.
Shown in Figure 28, is the T=-1221 fiber, with 3 1.5

dB/km attenuation at 1.25 um.
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Using a T-1211, 3 fiber link could be run from a hydro-

phone to the beach with no repeaters involved. A connector
fitting where the muitiplexer is now planned could connect
each individual hydrophone fiber into one multi-fiber cable
to the beach.

Rise time is a valuable measure of a fiber's dispersive
properties. It is used in a system design analysis to ensure
that the components selected operate at the required speed.
System rise time must be calculated in order to determine if
the signal dispersion is a bandwidth limiting factor. Since
the dispersion decreases as wavelength increases up to about
1.3 um, if an acceptable value is obtained for 820 nm, the
value for 1.3 um will be even better. For 2 MBPS the maxi-
mum required rise time is 350 nsec which 1is much greater than

the system rise time of 86 nsec as shown in Tatle 2 [6].
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Light Source: IRE 160 FB
A

AN

820 nm

40 nm

Photodetector: HP 4220
-20 v bias

Modal Dispersion: T 203 fiber
3.5 ns/km x 16 km

Material Diapersion

4

9

16 km x 820 x 10 7 x 40 x 10~

. L 2,,2,.2. .2
System Rise Time = 1.1l1 tl+t2+t3+t4 =

Total Allowable Rise Time for 2 MBPS Digital NRZ

Table 2. Rise Time Calculation
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Time

14 ns

56 ns

52 ns

86 ns

0.7/2 us

350 ns




Fiber optic technology has been progressing at such a
rapid rate that a noticeable advancement in several areas
has taken place just since the outset of this work.
creased attention has been directed towards standardization -
one of the biggest problems.
Industries Association formed a committee with the intent
and purpose of standardizing the fiber optic area.

Department of Defense has allocated a Federal Stock Group in

I1I.

CONCLUSIONS AND RECOMMENDATIONS

their supply system for fiber optics.

60 1s divided as follows:

6010
6015
6020
6030
6070

6030

This step by the Defense Supply System should contribute to

Fiber
Fiber
Fiber
Fiber
Fiber

Fiber

Optic
Optic
Optic
Optic
Optic

Optic

Conductors
Cables

Cable Assemblies
Devices
Accessories

Kits

standardization among military users.

Operating wavelengths greater than one micrometer are
fast zaining in popularity.

racently tested a 1.3 micrometer receiver using a GalInAs

IV chotodiocde and an FET amplifier.
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received optical power was -u4i4 dBm at a BER of 10"9. In

Long Beach, Bell Telephone has installed a link operating
at the longer wavelength. Incorporation of longer wave-
length sources and detectors into the QUTR could allow
repeataerless links of up to 20 kilometers with current
technology.

Emphasis on simplicity in a fiber optic link seems to
be increasing. A direct result of longer wavelength opera-
tion is circuit simplicity in the transmitter and receiver.
Some systems no longer need the power of a laser source
or sensitivity of an avalanche photodiode. This means the
simpler circuitry associated with LED's and PIN diodes can
be employed. A concentrataed effort in simple cable termina-
tion must also be made.

\ Longer wavelengths prove advantageous in the quest for
having less electronics underwater in the QUTR application.
A fiber link from each hydrophone directly to the beach is
now feasible with regard to attenuation. One pessibility
would be to have an "octopus" type fitting where the multi-
plexer is now planned. Individual cables from each hydro-
phone could be connected to one fiber of a multi-fiber cable
running to the beach. For 16 hydrophones a 16 fiber cable
would be required. By coupling power into 18 fibers instead
of one, the bandwidth is improved by 16 since the receiver
noise goes up linearly with receiver bandwidth. Also, since
the power is increased 16 times at the receiver, a longer

transmission distance at the same bandwidth is achieved.
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Pulse code modulation offers a flexible and efficient

means of achieving improved noise performance with bandwidth
expansion and is particularly attractive for fiber optic
systems. Because of the bandwidth capability of optical
fibers, the bandwidth expansion caused by the binary repre-
sentation of analcg information tends not to be the dis-
advantage that it often is with strictly band-limited chan-
nels., Because the Doppler shifted carrier wave is being
digitized, the Doppler information is contained in the
digital signal. This information could be used in torpedo
velocity determinations and potentially help in the tracking
algorithm.

All the signal infcrmation can be extracted from the
PCM digital pulse stream without converting back to an
analog waveform. As the PCM sample rate is incre=ased, the
bits other than the most significant bit become more impor-
tant. Because noise is introduced into the system, a linear
interpolation algorithm becomes beneficial. If a bit is in
errcr, the computer program locks at the preceding word and
the next word and then interpolates between the two. This
computer "guessing'" of the correct bit works best on smooth
waveforms which is the case with SFSK.

The future of fiber optic systems is bright. Current
trends and developments have been discussed and related tc

the QUTR. A range layout and data format have been suzgested
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and shown to be performable. Although individual component

costs werementioned and compared, an overall cost analysis
was not undertaken. The best system is the cheapest system
that will do the job. It has been shown that relatively
cheap sources can be used if a higher quality fiber is em-
ployed. In general, the price of the optical sources should
be kept down since there may be up to 16 of them. The costs
and tradeoffs of moving the multiplexer to the beach need
yet to be studied. Once the costs have been determined
favorable to a fiber optics system for the QUTR, total
system acceptance will be a function of component matruity
and management commitment. It can be concluded from this

work, that component maturity is no longer a limitation.
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