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ABSTRACT

This dissertation examines three methods of recovering signals cheaply trom one class of
highly sensitive-Optical Fiber Interferometric Sensors (OFIS). This class of sensors consists of
a laser light source; a 2X2 optical fiber couplerto split the beam in two; a ditferential transducer
which converts a signal of intcrest into optical phase shift in the-aser light transmitted through
the two optical fibers-in the interferometer; and a 33 optical fiber coupler-which-recombines-
the two beams, producing interlerence which can be detected clectronically. The threc outputs:
can be operated on syfnmclrically or asy;nr_nelrically—to recover the signal of interest. The use
of the 3x3 coupler permits Passive ‘Homodyne Demodulation-ol the phase-modulated signals
provided by the interferometer without feedback control or modulation of the laser itself and
without/requiring the use of clectronics within-the interferometer. One of the three methods
discussed in this dissertation performs symmetric demodulation with analog clectronics. Another
uses analog-to-digital conversion of the signals-and performs asymmetric demodulation in digital
hardware. The third method discussed uses asymmetric fringe-rate demodulation. The three
methods are characterized by -their harmonic distortion, minimum detectable signal. bandwidth,

dynamic range, noise, complexity, and approximate cost.
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TABLE OF SYMBOLS

In this dissertation: we use units from the Systéme International d’Unités, or SI.
For a good description- of this system, see Appendix B:in Hayt [Rel. 1, pp. 501-
506]: A table of prefixes- to units in this system is given at the end of the table of
symbols. Generally we usc italics to -denote scalar variables, bold to -denote vector
variables, and ordinary type to-denote units. For cxample, x is a scalar variable. x is a

vector variable;.and s is-the abbreviation for “second”.

7 7Symbol 7 o ‘ Definition

-The amplitude ol the signal-of intcrest when it is a simple sinusoid

1 ol the form:
A sin(w?).

Tts_units vary with the context: it may bc:measured:in-units of the
signal of interest, or.in radians of phase shift created-in-the optical -
fiber-interlcrometric sensor when the-signal ol interest impinges

on the sensor. For-example, in an acoustic sensor.it could be

| mcasured'in pascals (Pa). After demodulation of a phase-modu-

“lated signal, A-could be-measured in volts.

iiThc,mégnelic t]ux:idrcnsily. Ii xs mcaéurcd invj Lcsia (i‘)br, céui\é-
1 lently, webers per square meter (W / m?). In-fundamental SI

units, one tesla is the ratio-of -kilograms to the product of cou-

_lombs and seconds, or 1 T = 1 kg / (Cs).




-Definition

The sbced—of; light, which-was redefined in-1983 to have:th;: value i
2.99792458x10* meters per second (m-/ s).

’(:)ne coﬁlomb, the:fundamental-unit 61’ charée in SI unfts. . |

-interterometric sensor fluctuates. Its units vary with the context:

;I:hc central valuc éround.which the*o,ulpﬁtbf thc:opticél ﬁbéf

it may be-measured-in watts of-optical power, or. after the light
strikes -a photodiode, in.amperes of current, or, alter passage of

that current-through a transimpedance amplifier, in volts.

The electric tlux density, measured in units of coulombs per square - »

1 meter.

junits ol D described above.

The amplitude of the output of the optical fiber interferometric

sensor. Its units vary with the context in-the same manner as the

1 The electric field in,tensit_y, measured in units-ol volts per coulomb

(V /-C). In-fundamental SI units, this is cquivalent to kilogram

meters per coulomb per second squared-(kg-m / C s°).

| The conventional frequency of the signal ol interest, measured-in.

hertz (Hz).

~amplifier of gain 10 providing the input voltage signal. This is the ||

in volts and-the output in.radians of peak phase shift.

The scale factor of tae Optical Fiber Interferometer with a power 7

conversion factor between the pecak input to-the power amplifier




| the conversion factor between the peak input in volts and-the

Definition

The scale factor of the Analog Interferometric Simulators. This is |

output-in radians of pcak phase shift.

| The scale factor of the Symmetric Analog Demodulator. This-is
| the conversion factor between the-input in radians of phase shift

|- and the-output in volts.

1 kilograms and cubic-meters divided by the product of seconds

1 squared and coulombs squared [(kg m®) / (s* C?)].

~One farad. the SI unit of capacitance. One farad is cqual to one

-volt per-coulomb (V / C), or, in fundamental units, the product of

| One henry. the SI unit of inductance. One henry is-equal to onc

‘weber per ampere (Wb / A), or, in fundamental units, the product
of kilograms and -meters squared divided by coulombs squared
[(kg m*) / C*]

The magnetic field intensity measured in-units of amperes._per

meter (A / m).

| One hertz, the SI-unit-of frequency. One-hertz is defined to be

one cycle per second (s™'). Since. one cycle comprises 27 rad.

I Hz = 27 radfs.
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Symbol Definition
1 The,irﬁa’ginary riiumberg—-ﬁsuallyr— called { by;ﬁ]athefnaticiansgand
| physicists. It is-called j by electrical engineers in.order to.avoid
: “contusion with the conventional use of the symbol / for electrical
i current.
j= i
J {Thc currcnt density, measured in ampefc;s per squzxrc meter
1 (A md).
k A Z -Boltzmann’s constant, with a value of 1.38% 10;33 J/K.
@Oncr kclvin, thrc‘:;unit ol:‘lnhcrn}c‘)_dynamiAc_ tcmperaturc 7Unti>l’ the
1 13th General Conference on Weights and Mcasures changed the
K | namen 1967, this was called the degree Kelvin (°K). The degree
' Celsius.mcasurcs the same interval of temperature,-but the Celsius.-
}7’scalc has a ditferent origin: 0°C = 273.16 K. [Ref. 2,
p. F-100]
kg "One —kii()grzlm._ the l'undameﬁtal SI unit of. mass. o “
m 7 One mélér—,the 'l'undarﬁéntal SI uhit of length. i
rad | One radian. There are 2w rad in a (}il;Clé;
{ The rézllv,part of the quahiity w‘h,ich, follows. For)‘c'xamplé;»i“frz—‘is a»
| complex quantity, then
Re
Relz] = Re[x + jy] = x.

~—




Definition

One second, the-fundamental SI unit of time.

One sicmen, the ratio of amperes-to volts (A / V). (Formerly the
siemen was often called a mho-and either-the symbol U or Q™!
was used to.represent it.) ‘In fundamental SI units, one siemen

equals the product.of seconds and coulombs squared divided by

~the-product of kilograms and cubic-meters [(s C*)./ (kg m")].

The time in-seconds (s).

The period-of one oscillation of the signal-of interest. T is mea-

sured. in=units-of seconds (s). It is related to the conventional

| frequency [ by

-

The kth output of the optiéal fiber interferometric sensor. In:an
interferometer using 3x3 optical tiber couplers at the-output; &
can takc on-the values 1, 2, or 3. In such an-interferometer.

%= D+ Eoogt - 617 v

The other symbols in this expression afe defined elsewhere in this

“table.

The -permittivity of a given substance; measured in:farads per

.meter (F/ m). In isotropic materials, it is a scalar-constant. ‘In

anisotropic materials, it.is a tensor. [Ref. 1, p. 149]
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Symbol - Definition

B , - - - _

| The (dviclectric):pérmittivity of free space. Tﬁis'ph;rsiéal cbnstéht

€
’ has the value 8.854x 107" farads per meter(F /:m).

The permeability -of a given-substance, measured in-henrys per
u meter (H / m). In isotropic materials, it is a scalar constant. In

anisotropic materials, it is a tensor. [Rel. 1. p. 315]

The permeability (;(' frec space. This pﬁysical consﬂtant is det’ijncd
Ho 1 to-have the value 47x107 henrys per meter (H / m).

“The ratio between-the circumference of a circle and its diameter.

There are 27 rad=in a circle.

| This symbol represents a signal of interest. It is a function of
-time, and so-can also be written as £(¢). Frequently in this disser-
1 tation we assume ¢ is a_simple sinusoid with amplitude 4 -and-:

natural-trequency.-w, so
§@)- = A sin(wi).

| This assumption simplifies certain mathématical manipulations, but ||
1 in general. il § is-periodic, it -may be represented-as a Fourier

scries consisting of many trequencies. of various -amplitudes.

The (electrical) conductivity,. measured:in units of siemens per

meter (S / m).
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Detinition

“The phase Sﬁit’t in the ouiéut of'fthe—op,_iical’ fiber inte’rt‘er’dﬂ}etric
sensor due to various, miscellaneous causes excluding the cause
7which the sensor was designed to-detect. For example, in an
_acoustic sensor, fluctuations in phase due to changes in tempera-

ture would be-lumped in with ¢. Although written-as a constant..
| @ is not necessarily fixed. If it is not fixed, we-generally write it as
@(1). ‘Olten, however, its frequency of variation is-well below the
frequency range of the signal of-interest. In this case, we call'¢

| "quasi-static™. For example, temperature and.-pressurc usually

vary much more slowly than acoustic-waves and so-the changes in- |

-phase induced-by changes-in temperature or pressure are quasi-

static compared to-changes:in phase induced by-acoustic waves.

“The phase shift in a;;geiner;lv sinuso}d. We use this symbol-rather 7 1

than ¢ only-to avoid.the impression that. some-phase shift under

discussion is necessarily-a-phase shift induced in an-interferometer.

- The natural trequency in units of-radians per second:(s™'): It is

related o the conventional frequency f-in hertz (Hz) by

w = 2nf

| Used as a superscript to-indicate the ‘complex-conjugate of-a

~quantity. For example, if z = x + jy, then z* = x - jy.

Used as a superscript to indicate:that a.quantity is.a-spectral
density. For example, e could symbolize a voltage spectral

| density in volts per root hertz (VA Hz).
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Used-to signity the parallel combination of twg),,impédances. For
“example, the impedance of Z; and Z, taken in_parallel-can be

| computed as

1.1 Zl +Z,

+

’ ‘—Used*’to sighjl’y thié logiéél AND of two lo,giical—ciuantitics. For
-example, the AND of 4 -and B-is written A A B.. The result-of the

operation 4 A B is TRUE it A=B=TRUE and FALSE otherwise. ||

“Used to signify the logical OR:,okf t;;o 'logiéal quantities. 'Fof
fexamplc, the OR of A and B is written-4-V B. The result of the

+-operation A V B is TRUE unless A=B=FALSE, in which case the

1 resuit-is FALSE.

71Usertd:iuz’)\,sjig;iif},' the logical EXCLUSIVE-OR of-two l(;gical 7;]uam‘i; 7

ties. For ezxample, the EXCLUSIVE-OR of 4 and B.is written
A @ B. The-result-of the operation.4 @ B is TRUE if A#B and
FALSE otherwis:

‘Used-to signity that one-quantity is approximately cqual to anoth- 7

er. For example, if A=, then A4 and B arc roughly the same.




Detinition

~Used to signity-that one .quantity is-very much less:than another.
For example, if A«B, then A is very much less than-B. This is-a
« | somewhat vague expression;. it simply means that in:a comparison,

" A is negligible_.compared-to B. Some authors-interpret A «B-to

-mean that 4<B/10.




STANDARD PREFIXES USED-WITH SI UNITS

This table is adapted {rom Hayt [Ref. 1, p. 506].

Abbrev-

Prefix o Meaning Prefix ,Ax.bl).rev- Meaning
iation iation
atto- a- 107 deka-  da- 10"
femto- {= 107" hecto- 7 h; 10°
pico- p; o Kilo- Tk 7107-"’
naﬁo- n; 10~ mega- M- ‘ —10"7‘
mic;o- ) ],1 ”10';" - giga- ’G-; 10°
milli- m- 107 j tera- T 10°
centi- c- 0 pctz;- P 10
deci- d- 107 \ éxzr— E-i 10

i




‘GLOSSARY
AC Alternating current.

AC CoupLING Electronic devices can'be connected to one-another cither by AC.coupling:
or by DC coupling. In-AC coupling,:the lowest frequencies arc removed from a signal
before it is-passed to the following stage. Some instruments, the HP3561A Dynamic
Signal Analyzer for cxample, have z -sclectable option to permit the user to sclect the

mode of coupling he -preters.

A/D Analog-to-digital converter. A/D converters generate an analog signal from a
sequence of digital words. An analog signal can assume a continuous range of
amplitudes, whereas a digital word can represent only a discrete number of amplitudes.
Consequently, only some ol the possible analog signal levels can be generated. The
abrupt changes in output level which result from changes in the magnitude of the input
word generate high-{requency noise in the output, which_is usually filtered by a-low-pass
filter in order to mitigate this cffect. A/D converters arc characterized by the range of
analog voltages over which they can-operate, by the number of bits which fhéy usc to

represent the voltage, and by the time it takes them to perform.a.conversion.

D/A converters generate a digital word representing the magnitude of an analog signal.
An analog signal can assume a continuous range of amplitudes, whercas a digital word
canrepresent only a discrete number ol amplitudes,.so the conversion process introduces
quantization-errors. D/A converters are characterized by the range of analog voltages

which they can generate, by the number of bits which they use to represent the voltage,

and by the time it takes them to perform a conversion.




AM Amplitude modulation. The amplitude of a-sine wave-can be changed as a function

of time, i.e., it can be modulated.

APPLICATION-SPECIFIC INTEGRATED CIRCUIT (ASIC) Tt is increasingly common for many
complex electronic functions to be combined onto a single-integrated circuit on-a silicon
(or other) substrate. These custom-designed circuits-are known by the acronym ASIC.
The digital implementation of the demodulator, in particular, would benelfit greatly from
the use of application-specific integrated circuits since it requires the largest number of
interconnections, and, so. is the most complicated of the demodulators considered in this

dissertation.

COHERENT LIGHT The coherence of a source-of clectromagnetic radiation is a-measure
of how pure its wavelength is, or equivalently, how narrow its bandwidth.is. In reality,
there are no perfectly coherent -sources: all sources have a finite (non-zero) band of
component wavelengths. However, it is convenient to compare.a real source to an ideal
(coherent) one. There are two-aspects to coherence. Firstly, we generally require that
any two photons coming from the source have the same frequency. Secondly, we require
that the phase of a photon depend only on its distance {rom the source. To measure
coherence, we can split light from the-source into two'beams, permit cach beam to travel
along separate paths of known length, and then permit these two-beams-to recombine.
The electric fields of each of the two beams add vectorially. II' they happen to be of
equal magnitudes and opposite directions, then they sum to zero, and the result is zero
optical power. Conversely, il they point in the same direction, then the sum of their
amplitudes and the corresponding power is non-zero. In gencral, the sum will be

intermediate between these.

The only optical detectors currently available detect optical power, not electric field
strength and direction, because optical frequencies are too high for current electronics

to keep up with. Nowiif the difference in the two path Iengths is large enough, then the

two beams are no longer synchronized, which is another way of saying that they are no




longer. coherent. Upon recombination, no recognizable pattern of bright and dark
“fringes” is detectable. All that appears is a smear of essentially constant brightness.
The minimum path difference necessary to produce this-effect is called the coherence
length of the light source: The amount of time-it takes light to propagate over this path
difference is called the coherence time of the light source. The light from the sun and
from incandescent and fluorescent lamps is.incoherent: there is no-path-difference so
smalil as to permit an interference pattern to be visible. Laser light, in contrast, exhibits
some coherence. Difterent laser sources have different degrees of coherence, that is,
different coherence lengths. The semiconductor lasers used in the research described in

this paper have cohercnce lengths on the order of a few centimeters.

D/A Digital-to-analog converter. D/A converters generate a digital word representing
the magnitude-of an analog signal. An analog signal can assume-a continuous range of
amplitudes, whereas a digital word.can represent only-a discrete number of amplitudes.
Consequently, the conversion process introduces quantization errors. It is possible for
signals of more than one frequency to generate the same-output sequence, a-phenome-
non known as aliasing. To eliminate 1. effect, frequencies exceeding the Nyquist
frequency (half of the sampling frequency) must be removed prior to conversion. This is
generally done:by-passing the analog:signal through a low-pass lilter before sending it to
the D/A converter. D/A converteis aie characterized by the range of analog voltages
which-they can-generate, by the number of bits which they use to represent the voltage,

and by the time it takes them to perform a cenversion.
DC Direct current.
DC CoupLING Electronic devices can be connected either by AC coupling or by DC

coupling. With DC coupling, all frequency components of a signal (even those of zero

frequency) are passed to the following stage.
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DECADE In the expression per decade increase of frequency, we mean for every ten-fold

increase in frequency.

DQPMS (DIGITAL QUADRATURE PHASE MODULATION SIMULATOR) This is an interfero-
metric signal simulator we designed and built using a mixture of analog and digital
circuitry. It produces.in-phase and:-quadrature signals which resemble the outputs of an
optical fiber interferometric sensor terminated with a 2x2 optical fiber coupler, rather
than a 3x3 coupler. However, the waves are squared-off, not smoothly varying. (As is
the case with all digital signals, some overshoot always exists, and-it takes some time for
the signal-to settle at the new level after a transition, but these ctfects can usually be

neglected.)

DSP Digital Signal Processor. These are integrated circuits which perform a dedicated

signal-processing function. They arc similar to the more general-purpose microprocessor.
*

EG&G PRINCETON APPLIED RESEARCH MODEL 5210 Lock-IN AMPLIFIER This lock-in

amplifier permits very small signals to be detected synchronously. It provides variable

time constants, sensitivities, and filter skirts with-either —6 Db or —12 Db. per octave

change in frequency.

EMI Electromagnetic interterence. Electric and magnetic fields can propagate through
space. As a consequence, despite the fact that these fields are attenuated as they
propagate, and even though their sources may be quite some distance away, electrically
responsive elements can be affected by them. EMI can also penetrate through to-a
system through power supplies, if they are connected to the power mains, and from other,
less obvious, mechanisms. The latter include optical effects (such-as the noise-induced
in diodes by fluorescent lighting), acoustic coupling, vibration, and even thermal

fluctuations.




FRINGE The output of an intcrferometric sensor is a sequence of -bright and dark light.
If the recombined.waves undergo a shift of 27 radians (one wavelength), a complete cycle
from-bright to dark and back to-bright will occur. This is called-one fringe. To obtain-
one fringe, the amplitude of the stimulus. must be = radians, which results in a total
excursion in phase of *7 radians. It is possible for the direction of the phase shift to
change in the middle of such a cycle, andin this case we speak of a sub-fringe. A sub-
fringe is a shift of less than 27 radians (phase amplitude less than = radians),or less than
one wavelength of light. For example, if the wavelength A of the light in-a vacuum is 830
nm and the change Al in relative path lengths within the two legs of the interferometer
is 3 um, then the interfcrometric output will undergo 27nAl/A = 33.6 rad of phase shift,
which.is 5.4 fringes. Herc. we have taken the index of refraction n=1.48, which is a

typical value for glass.

HP3314A FUNCTION-GENERATOR This device can generate sinusoids, triangular waves,
or square waves, as well as more complicated waveforms. The user can command a
desired signal amplitude, frequency, phase shift relative to some reference, and a DC
offset. We found that thc commanded signal amplitude-was inaccurate at low levels.
Using the Gertsch Model 480 Ratio Standard to reduce a strong -output from the

HP3314A to the desired low level was much more accurate.

HP3456A DIGITAL VOLTMETER This digital voltmeter-provides up to six digits of accuracy.
It has an averaging capability. The number N specifies the number of readings which the
HP3456A takes before computing an average. Individual readings are averaged over a
number of intervals of the power line cycle. With 60 Hz operation, one cycle is 1/60 s
= 16.7 ms. We typically specified either 10 or 100 power line cycles per reading in
making noise measurements, depending on how erratic the measured signal was. As the
period of observation lengthens, the variance of the average computed by the instrument
diminishes, although the variance in the signal itself (which the instrument also computes)

is unaffected.
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HP3561A DYNAMIC SIGNAL ANALYZER This device is capable of performing a Fast
Fourier Tra"isform-(FFT) on its input. The resultant display of amplitude vs. frequency
‘makes-analysis of the spectral content of a signal quite straightforward. The device has

a mode for computing noise on a basis which is normalized for the bandwidth. This

means that the measured amplitude is divided by the square root of the -bandwidth in-

which that amplitude was measured. -Unfortunately, the-display does not-make this fact
highly evident. The device can measure frequencies of up to 100 kHz. Tt adjusts its

dynamic range as needed. It can perform averages, too.

HP4194A IMPEDANCE-GAIN/PHASE ANALYZER This instrument makes the measurement
of gain and phase of a electronic system very casy. The.range of {requencies one wishes
to have applied to the system under test can be specified. The output signal is applicd
to the system under test and the output of that system is applied to the test input of the

HP4194A. The difference in magnitude and phase can-be plotted with cither linear or

logarithmic scales. This device can generate similar plots of .the-impedance of a system'

under test, and can calculate the equivalent parameters of resistance; capacitance, and
inductance for a variety of models such as-a series connection of"a resistor, capacitor and

inductor.

INCOHERENT LIGHT Incoherent light is that in which the phase of onc wave-of light is nci
related to the phasc of another wave except by some random differencc. The most
common example ol incoherent light is that from the sun. Of course, if-the two waves
do not have the same [requency, then they arc generally not regarded as coherent even
if their frequencies are commensurate: they have to have cqual [requencies and their
phases must not bear a random relationship to one another betore they can be.reg': -ded

as coherent waves.

INPUT PHASE SHIFT A demodulator of interferometric sensor outputs is a device which

senses optical phasc shift and gencrates a voltage proportional to the phase shift. In

sensing-applications, the quantity of interest is more apt to be a measugc of pressure (in




pascals),-distance (in mecters), temperature (in kelvins) and so on. The [unction-of the
transducer. is to convert this physical phenomenon, the signal of interest, into an

equivalent differential phase shift of the light within the two legs of the interferometer.

In the case of optical fiber sensors, this usually-is done by causing the signal of interest
to strain the glass fibers in direct proportion to the-amplitude of the signal. This-makes
the amount of phase shift dircctly proportional to-the amplitude of the phenomenon
being measured. This in turn means that -the output of the demodulator is dircctly
proportional to the amplitude of the signal of interest. In short, the phase shift is a

measure of the signal of interest, no matter what that signal might be.

JFET Junction Field-Effect Transistor. A unipolar transistor in which the current
flowing between two terminals of the device is-controlled by the electric ficld applied to

a-third terminal.

Laser This is an acronym standing lor Light Amplification by the Stimulated Emission of
Radiation. The essence ol laser operation is that the atoms in a substance are excited
by some form of “pumping” action so that there are more of them in an excited state
than in the usual, relaxed state. When any such atom relaxes into the state of lower
energy, it emits a photon. Such emission occurs spontancously. by chance. When this
photon interacts with another cxcited atom, it can cause this second-atom torelax-to the
lower state too, during which process the second atom also emits a photon. This process
is known as stimulated emission. The significant fact is that the original photon is not
absorped in the interaction, but continues onward, and the new photon has the same
frequency, phase, and direction of propagation as the first photon. Because the supply
of excited atoms is kept artificially high by pumping, the process can repeat itself over and
over again. A resonant cavily usually partly or completely surrounds the cmissive
material, and it cnsures that the process occurs often cnough for a uscful level of
amplification to occur. (Some lasers provide sufficient amplification without a resonator.)

The consequence is an intense beam of coherent photons. A partially transmissive
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element, such as a partially silvered mirror, permits the beam to escape [rom theresonant
cavity, if-one is used. The term laser has come to reter to the process itself, to the device

in which the process lakes place, and to the beam produced by the device.

MAaseR This is an acronym standing for Microwave Amplification. by the Stimulated
Emission of Radiation. Apart from the fact that the electromagnetic radiation emitted.
by the maser process is in the microwave region of the spectrum, rather than in the
visible region, the process.is exactly the same as was described above under the heading

LASER. Historically, the maser was invented before the laser.

MAXIMUM: PERMISSIBLE SIGNAL (MPS) The largest amplitude of the signal of interest
which can be processed by a demodulator -without introducing undue distortion. Some

atitude exists in-establishing the amount ol distortion which is regarded as acceptable.

MINIMUM DETECTABLE SIGNAL (MDS) The smallest amplitude of the signal-of interest
which can be-distinguished from noise. This is the level of signal which provides a signal-
to-noise ratio of .1 (0-dB). For a particular purpose, a higher or lower ratio of signal-to-
‘noise ratio may be appropriatc. For example, communications systems typically need
more than 10 or 20 dB between signal and noise.

OrticAL FIBER CouPLERS These devices take the place of partially silvered mirrors and
prisms, which were the only means of splitting light beams and recombining them in-
interferometers in the days before optical fibers had been invented. They are
manufactured by laying two or more fibers parallel to one another and fusing them.
together. The geometry of the arrangement and the-length of the tused sectionboth are
crucial in determining the characteristics of the coupler. Two common examples-of these
couplers are 2X2 couplers and 3X3 couplers. The 2X2. coupler brings two fibers into
close contact; hence it has two inputs and two outputs. Either end of the coupler can

function either as input or as output; in other words, the 2X2 coupler is bidirectional.
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The 33 coupler brings three fibers into close contact. Hence it has three inputs and-

three inputs,.and it, too, is bidirectional.

PLA (PROGRAMMABLE LOGIC ARRAY)- An integrated circuit which contains-flip-tlops for
storing bits of data and which has programmable logic. In the-variant of this that we use,
an Aliera EP310, one can designate _vhich-pins are inputs, which arc outputs, and how
the outputs should be derived from the inputs. One can also-make-this particular PLA
operate in a synchronous (clocked) or asynchronous (unclocked) mode. Using a PLA is
a convenient way to reduce numerous discrete-logic integrated circuits to a single chip.
The EP310 can be crased (by exposure to ultraviolet light) and reprogrammed, making

it an excellent choice for prototype systems.

‘PHASE RATE The multiplicative-product of the phase of the output ot an‘interferometric
sensor and its frequency. It is measured in radians per second and.is-an indication-of the
highest frequency-components prescnt in the interferometric output. The chief limitation
on acceptable phase rate is the bandwidth of the demodulator. If the -signal is
differentiated, the phase rate appears-as a factor in the‘magnitude ol the derivative, and
so the possibility of saturating amplifiers also-arises it phase rate is too high. This is the

second principal limitation on acceptable phase rate.

POLARIZATION ANGLE The light from many lasers is lincarly polarized. As it passes
through an interferometric sensor, the polarization direction changes due to several
uncontrollable factors. Onc of these is twisting of the fibers themselves. As a result, the
light which is recombined at the output of the interferometer often- does-not have the
optimum polarization. The optimum polarization occurs when both intertering beams are

polarized in-a parallel direction, the specific-direction being irrelevant.

When-two beams of light have entirely orthogonal polarizations and no components of

parallel polarization, no interference results. This would result in an output of uniform

intensity, In practice, we have never observed this, The implication is that the light in




our interferometer is not purely linear in its polarization. The Sharp LT015 laser diode
is linearly polarized in a ratio of 5:1 for 1 mW output power, 100:1- for 10 mW -output
power, and 250:1 for 30 mW output power [Rel. 3], which is consistent with .our
observations. So cven though the visibility of the interference pattern does indeed
wander with time, it ncver vanishes totally. This has a beneficial effect on all the
demodulators we consider in. this dissertation, for it means that therc always is some
signal to process, which would not be the case if the interference pattern were wholly

absent.

RMS Root-mean-squared. In general, the root-mean-squarc of a function v(1) is

= | i . ..l '7;2 A
Vaus \] lim. [
When v(t) is a periodic signal with -period 7, then we obtain the same result without

taking the limit, and the RMS value is given by

- ‘i T2
Vaus Tfov,(t) dt.

If v(1) = A sin(wt), or v(t) = A cos(wt), then its RMS value is A/y/2.

SPST Single pole, single throw. A type of switch which can connect two-terminals

together or leave them open.

TEK2430 DiGITAL OSCILLOSCOPE This device has two input channels. It digitizes the
inputs-and stores them in memory. This means that a display can be frozen, and the
scales of time and amplitude can be altered to provide increased resolution. It has a
mode in which Channel 1 can be displayed. along the horizontal axis and Channel 2 can

be displayed along the vertical axis, permitting the display of Lissajous -patterns. This
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makes accurate measurements of the phase angle between two signals possible, since a

~ariety of measurement functions is provided, including voltage, time, and frequency.
'YL (TRANSISTOR-TRANSISTOR LOGIC) A particular family ot digital logic integrated .
circuits. “Signals can take on only two valid voltage levels. The low state is.at roughly

0 V. The high state is at roughly 3.3 V. The supply voltage is at +5 V. [Ref. 4]

VCO (VOLTAGE CONTROLLED OSCILLATOR) A circuit which outputs a sinusoidal, square

wave, or triangular wave whose-frequency is directly proportional to the input voltage.
The EXAR Archer XR2206 is an example of a VCO, and is the one we employed in the
cesign of the Digital Quadrature Phase Modulation: Simulator (DQPMS).




I. OPTICAL FIBER SENSORS

A.  APPLICATIONS OF OPTICAL FIBER SENSORS

That anything at all can be detected with strands of glass fiber comes as a complete
surprise to the average person. One readily thinks of glass as a useful substance for
windows and for beverage containers. That silicon, the raw material from which glass is
made, is now the most widely-used substance in [abricating integrated circuits is known
to many. The widespread introduction of optical fibers into the telecommunications
industry has of course made the existence of optical fibers a matter of common
knowledge. Many consumcrs even have seen their use by artists to make exotic lamps.
Their use as sensors, howcever, is largely unknown to the ordinary citizen and seldom
mentioned in the popular press.

Yet optical fiber sensors have attracted considerable interest in the scientific and
technological community since 1977. They have been used successfully to sense a variety
of phenomena, including acoustic fields, temperature, magnetic fields, displacement, fluid
level, torque, current, strain, pressure, acceleration, rotation, and seismic activity.
[Ref. 5, p. 626] Apart [rom the apparent versatility ol application of optical fibers
as sensors, a number of other reasons for this great interest are shown in the list-of their
advantageous characteristics presented in Table I. Some disadvantages to-the use of

optical fibers are also given in the table.

B. THE NEED FOR LOW-COST SENSORS

Of particular interest to-the United States Navy is the possibility of using optical
fiber sensors as highly sensitive underwater hydrophones. This interest -has been a
principal, underlying motivation behind the research-into optical fiber sensors_currently

in progress at the Naval Postgraduate School, as well as at the Naval Research

Laboratory. In a-time of great fiscal constraint, indeed, at any time, the Navy is very




Table I Advantages and-disadvantages of optical fibers sensors.

o B 7 Ad}.iantages 7 o -

Optical fibers are lighter-in weight than metal. Therefore a length of optical fiber require much
less structural support than a comparable length of metal wire.

Optical fibers are made from sand, which potentially could make them much cheaper than metal
wires.

Losses-in optical fiber are-very low.

Optical fibers arc immune 1o electromagnetic interference (EMI). This makes them suitable for
use in “noisy” environments.

Optical-fibers are geomelrically versatile. They can be stretched ou, coiled up. and embedded in

epoxy, plastic, or composite materials very readily.

Glass is immune 10 the effects of many chemicals which corrode metals. Consequently optical
fibers can sometimes be used in environmenis which would be harmful to metal wires.

Sensors made from optical fibers are compatible with optical fiber communications systems.

Power consumption is very low in optical fibers.

Large separations between sensor and detector are feasible.

Disadvantages

As of the time of writing (1991), optical signal processing is not as highly developed as electronic

" signal processing. so conversion of optical signals 10 electronic form is usually required. Thus a
purely optical system is generally impractical. One could expect costs to be lower if mixed
processing were unnecessary.

Connecting optical fibers together requires splicing, and reflections and losses invariably occur at
the splices. These cffects may be small if slices are performed by fusing the glass strands
together, but joinilg glass fibers together by this means is much less convenient than soldering
metal wires together.

Tapping into an optical fiber requires the use of optical fiber couplers, and these devices are
more costly, less convenient. larger, and heavier than the soldered connections permissible with
metal wires.

Optical fibers are more delicate than metal wires. Although glass is an amorphous crystal and
~can be stretched 1o a limited degree, it will break much more-readily than metal wires of
comparable diameter if its radius of curvature is made too small,




concerned about the immense cost of much of the modern technology used in military
applications. In particular, it is infeasible to deploy ‘large numbers of underwater
hydrophones if their price is exorbitant.

In addition to the cost of the sensor itself, there is a cost associated with extracting
information from it about the phenomenon it has detected. It is of little utility- to have
inexpensive sensors if the means to recover the signals of-interest is not correspondingly
cheap.

The purpose of this research is to describe threc inexpensive ways to recover signals
from very sensitive optical [iber interferometric sensors. Whether the signals are derived
from acoustic sensors, acccleromceters, scismometers, or any -other kind of optical
interferometric sensor, the signals can be recovered in the identical, inexpensive manner

presented.in this dissertation.

C. PRINCIPLES OF OPERATION-OF OPTICAL FIBER SENSORS

Since awareness of optical fiber sensing is not yet widespread, it is the purpose of
this section to examine in general terms the means by which optical fibers can be madc
to act as sensors of physical phenomena. The phenomenon under consideration may
have a natural origin, as in the case of seismic waves, or it may have a man-made origin,.
as in the case of noises cmitted by a submarine. In cither case, we shall refer to the
phenomenon which we want to detece as the “signal of 'interest”.

Detection of some signal of interest by an optical fiber sensor can be done if we
transmit-light through the fiber and if we somehow niodify the light within the fiber. This
step is cailed the modulation of the optical (light) wave by the signal of interest. Of
course, merely altering the light within the fiber may -be necessary, but it is hardly
sufficient. Our goal is to examine the modified light when it finally emerges from the
optical fiber and to infer from it what must have been the stimulus, that is, the quantity-

of interest to us. This latter step is the demodulation of the optical wave.! A general

! We often speak loosely of demodulating the signal since it is the signal which

interests us, not the optical wave itself. This is not strictly accurate, however.




goal in the design of sensors is to ensure that only the signal of interest induces the
modulating effect. As.this is a matter pertaining to-the design of transducers for specific
applications, we shall not discuss this in-detail.

There are three fundamental aspects of light which can be moditied to encode the
information we are interested in detecting. These are amplitude, polarization, and phase.
While it is possible to modulate all three aspects of light simultaneously, typically only one
of them is modulated. Some workers inthis field also speak of modifying the wavelength,
the-length of the delay in receiving a response to a pulse, or the spatial position-of the
received radiation [Rel. 6, p. 596]. We shall regard these latter three as essentially

the same as modifying the phase of the light.

1. Amplitude Modulation

The quantity being sensed-can-be made to modulate the amplitude of coherent
or incoherent light transmitted through the fiber. (Recall that the amplitude of light is
the amplitude of the continually changing electric and magnetic ficlds that comprise light.)
In one example of this method, external pressure is applied to the fibers and induces
small bends in it. These so-called micro-bends change the transmission characteristics
within the fiber, and this, in -turn, changes the amplitudec of the light within the fiber.
Upon the emergence of the light from the optical fiber, thc change in amplitude is
manifested as a change .in intensity. [Rel. 6: pp. 600-601] Standard methods of
electronic amplitude demodulation- permit recovery of the signal inducing the changes in
intensity, e.g, the acoustic field being measured.

A primary drawback to the use of amplitude modulation is the variation.in the
intensity of the output of the light source with variations in temperature, aging, and other
causes. Compensation lor changes in temperature is feasible, but it adds to the
complexity and the cost of these systems. Compensation for other causes of the
variations in the intensity of the light is not so easy. In any case, the variations distort
the output, as anyone who has cver listened to AM radio during a thunderstorm- will

attest.




2. Polarization Modulation-

The quantity being sensed can be made to modulate the polarization of the
light within the-fiber. By detecting-the change, it is possible to recover the signal. As an.
-example of the use of this form ol light modulation, quartz will rotate the plane of
polarization of a beam of light [Rel. 6, p. 614]. The -amount ol rotation is linearly
dependent on temperature. as shown in Figure 1. One could therefore design a sensor
of temperature by taking advantage of this effect and observing the amount of rotation

of the polarization which a light wave underwent. A disadvantage of this particular
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Figure 1 Variation of the angle of rotation of polarization in quartz as a function of
temperature. Adapted from Busurin, et al. {Rel. 6,-p. 614]




example is that the light must leave the fiber and then enter it once more. The-optical
fiber is reduced to being.a mere conduit for the signal and is not really itself a sensor.
A more general disadvantage of polarization modulation is the tendency of the
optical fibers to get twisted, altering the polarization of the light emitted from the fiber.
To counter this, one can use polarization-preserving-optical fiber, but it costs morc than
ordinary fiber. The use of polarization controlling: devices is another possible solution,
but these operatc by twisting ‘the fiber by an amount which corrects an error in
polarization. Simple polarization controllers do not detect the amount of the error, nor
do they prevent the fibers from twisting further and so spoiling the corrective eftect.
More elaborate controllers do detect the error and attempt to keep it-constant, but'they

are correspondingly more costly to use.

3. Phase Modulation

The field being sensed can be made to modulate the phase of the light within
the fiber. This is most casily done by arranging the fibers-so that they arc stretched or
relaxed by changes in the signal of interest. If the length of a fiber changes- by one
wavelength A, there will be 27 radians of phasc shift in-the light reaching tivz furthest end
of the fiber.. Since a wavelength of light is very small (830 nm in a vacuum-or 560 nm in
the glass for the infrared-laser diodes used in this research), mecasuring phase shifts of

one radian is equivalent to measuring changes of length of only

L = .Sio._nin_ = % nm. (1)
2n 2n
It is possible to measure considerably less than 1 radian without great difficulty, and with
care, phase shifts on thc order of as little as 1 prad [Ref. 7, p. 1652] can be
detected during an observation.lasting one second. Clearly, one does not need to stretch

the glass very much to crcatc an casily observable effect. Since there are many

phenomena of nature which can be induced to stretch the optical fibers, even a little bit,




by applying a strain to them. optical tibers-make very sensitive and versatile-detectors of

a great many different phenomena.

D. OPTICAL FIBER INTERFEROMETRIC SENSORS

Of the three general methods of modulation applicable to the design of optical tiber
sensors, one stands head and shoulders above the others in its ability to detect small
signals. This is the method of phase modulation. For this method to be usetul, a method

of measuring the phase shift must be found. This section discusses how this can be done.

1.  Principles of Operation

The difference in phase between two coherent beams of:light can be detected
by interferometric lechniques, which are the most sensitive Lechniques known for
measuring changes in-distance (optical path length) [Rel. 6, p. 606; and Ref. 5, p. 661}.
No sensors exist [or directly measuring the electric or magnetic ficlds of an optical signal.
The reason for this is that visible, and even infrared, radiation have frequencies much
higher than those sustainablc in-any electronics available today. For example, the slightly
infrared light emitted by the laser diodes used in our research has a wavelength of 830
nm. The frequency of this light is 361 THz (3.61x 10" Hz), well beyond the maximum
bandwidth of our fastest electronic components.

We do, however, have detectors which can measure the intensity of light, and,
if the intensity varies with time, they can detect this variation, provided that it does not
vary too fast. For example, photodiodes with bandwidths of many GHz (10° Hz) arc now
available.

The oscillating phase shifts created by many phenomena have a sufficiently low
frequency content to be casily detectable by photodiodes if they can only be converted
to variations in the intensity of the light. To perform such a conversion, coherent light
is passed through two ftibers. Together, the two fibers constitutc the arms of an

interferometer. The.field being measured is made to induce a ditference in the phasc of
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the light in each-arm by applying a strain to them, but-in opposite:directions.” When the
light waves are recombined, they interfere both constructively and destructively. The
resulting pattern of light and dark “fringes” contains information about the original
signal. ‘

Whether the output contains enough information to recover the signal depends
-on the means by which the light is recombined. We shall claborate on this key point

presently.

2. Schemes for Recovering Signals

Numerous schemes have becn devised:-tor recovering signals from optical fiber

interferometric sensors. Several of thesc -are described here.

a. Phase Generated Carrier Homodyne Demodulation

One method of demodulating a phase-modulated-interferometric output

is that called Phase Generated Carrier Homodyne Demodulation [Ref. 8]. This
scheme is also known as Pscudo-Heterodyne Demodulation. In this technique, the
current which drives the laser source is modulated in amplitude. The result of this is to
create a modulation of the laser’s output power and wavelength. If there is a difference

in the-length of the two legs of the-interferometer, the change in wavelength manitests

2 It is possible to arrange matters so that only one fiber is atfected by the field of
interest. This is an inferior approach since in practice it is impossible to avoid having
extraneous effects such as temperature or pressure create length ditferences between the
two fibers. The result is a sensor which detects both the quantity of interest and other
quantities which one would prefer to have suppressed. The rejection of these unwanted
quantities is best achicved by using a push-pull arrangement in which unwanted-effects
are applied equally to each arm, whereas the desired cffect induces opposite effects in
each arm. The output yields enhancement of the desired quantity and rejection of the
unwanted quantities.




itself as a change-in phasc at the output.® This guarantees the presence of a fundamen-
tal frequency in the received signal. namely, the [requency of the current modulation.
The modulation frequency and its harmonics each carry in their sidebands
a replica of the phase-modulated signal-crcated when-the signal. of-interest impinges on
the-sensor. Two ol these replicas are isolated by the use of bandpass lilters. Proper
control of the strength of the modulation also guarantees that cach ol these replicas has
the same_strength. The recciver uses these tones as inputs to two mixers. The output
of this signal processing is a pair of signals. One contains a voltage signal proportional
to the trigonometric sine ol the signal of interest. The other contains that signal's
cosine. That is, if s(t) is the signal of interest-expressed in units of induced optical phasc

shift, the two outputs are

x,(0) = A,sinfs()) Q)
and
X,(0) = A,cosisin)]. 3

Onc can sum these signals, obtaining a signal like a conventional phase-

modulated signal, namely

() + x0) = JAZ+A2 sin{s(x) + m'{i—)] 4)
1

This signal can be demodulated using techniques which are standard in the communica-
tions ficld, the goal being to extract the varying phase term s(r). Usually the fixed phase
term, the one dependent on A, and A,, would be discarded. However, in forming the sum

of x,(1) and x,(1), we cffectively discard onc signal, since we are left with only a single

* In the absence of a difference in the path lengths, this is not the casc. The larger
the difterence in path length, the larger the phase shift caused by a modulated wave
length. [Ref. 7, p. 1652]




sinusoid. The absence of an orthogonal signal (the cosinusoid). causes an-ambiguity in

trying to recover the phase: which, after all, is simply the argument-of the-sine function.
For examplc, if the sine.given in Equation (4)-has the instantaneous - e

1/2, we cannot tell whether the-phase angle is 30° or. '150°. If we knew:the cosine, it

would either be /3/2 for a phase angle of 30° or —/3/2 for a phase angle of 150°.

Even with both the sine and the cosine, however, we need more information to‘
distinguish between the four primary quadrants (—180° to +180°) and all other
quadrants. If thephase amplitude can [all outside this range, we must keep track of the
history of the wanderings of the phase angle in order to:know in which quadrant it
presently lies.

Keeping track of these wanderings still does-not climinate the need for
both the sine and the cosinc. The reason-for this is that, in general,-we do not know the
waveform-in advance. Suppose-we have only-the sine. Then it becomes-impossible to
disti..zuish between a signal of interest which, after rising in phase amplitude, hesitates
briefly at 90° before continuing to grow, and one which hesitates briefly at this same
point before beginning to diminish in amplitude.

As an alternative to the standard methods of phasc recovery, one can use
a-method which will be explained in Chapter VII. In this method, the sine and cosine
information-can both be used in such a way as to recover their mutual argunient, i.e., the
signal of interest. This metk~d implicitly keeps track of the wanderings of the phase
angle outside the four primary quadrants, and so it is capable of demodulating very large
phase amplitudes.

There are three principal -drawbacks to Phase-Generated Carrier
Demodulation.

1. A mismatch in the lengths of the two legs of the interferometer is-mandatory.
Without-the mismatch, the fluctuationsin the-output wavelength of the laser do
not induce fluctuations in phase shift at the output-of-the interferometer. The
inclusion of a mismatch in length has an adverse effect on the coherence of the
light emerging from each leg, which shows up as a reduction in-fringe visibility,
the contrast between bright and dark at the output. This is equivalent to a
reduction in the ratio of signal-to-noise. Also, phase-noise from the laser source,




already present-in both legs of the interferometer, is-effectively enhanced by a
mismatch in length into differential phasc noise upon-recombination of the two
beams into an interference pattern. Thus it -contaminates the interference
pattern créated by the signarof interest.

The phase modulated signal generated by the signal of interest appears as
sidebands around the modulation frequency and each ot its harmonics. The
separation of thesc harmonics places a limit on the bandwidth of the signal of
interest which can be sustained. In fact, only half of the modulation trequency
is available as signal bandwidth. If this frequency limitation is cxceeded, the
upper-sideband around the modulation frequency mixes with the lower sideband
around its second harmonic, creating distortion in the demodulation process.
Since the amplitude of the signal of interest determines-its bandwidth, there is
therefore. a limit on its strength due to the choice of modulation frequency. The
demodulator itsell must operate over a bandwidth at least five times larger than
this permissible signal bandwidth, in order to encompass the upper sidebands of
both the modulation frequency and its second harmonic. In Dandridge [Ref. 7],
a.peak of about onc radian in the signal of interest was permissible. In 1982,
there were no optical fiber interferometric sensors capable of creating much
bigger phase shifts than this, so the use.of the Phase Generated Carrier scheme
was convenient. The situation is-now different. Sensors capable of generating
very large phase shifts are available. A demodulator whose entire bandwidth is
devoted to handling the signal of interest is preferable to one which nceds
additional bandwidth duc to the choice of demodulation scheme.

To achieve large dynamic range with.a sensor which is limited to peak phase
shifts of less than about one radian requires successful processing ot peak phase
shifts far below one-radian. To achieve a dynamic range of, say, 100-dB when
the peak signal is on the order of -one radian requires that signals -of under 10
urad be demodulated. Such small phase shifts correspond to very small changes
-in intensity-of the interference pattern at the output of the interferometer. Such
small intensity changes are contaminated by noise, so much attention must be
paid to the demodulator in order that it may separate the signal from the noise.
This tends to make-such demodulators expensive. It also makes necessary the
use of more costly laser sources with small amounts of phase noise in order to
reduce the severity of the cffect. At the end of its travel down a fiber, the
beam’s phase oscillates because the number of wavelengths which fit into the
fiber keeps on changing. To increase the operating range with phase-generated
carrier demodulation, the modulation frequency must be increased with the
consequent adversc effect on bandwidth mentioned in the previous paragraph.
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b.  Synthetic Heterodyne Demodulation

This techniques -bears a great resemblance to the Phase Generated
Carrier Demodulation scheme just discussed. It difters principally in that rather than
creating a phase shift in the carrier by modulating the laser current, the phase shift is
modulated with a piezoelcctric cylinder around which one leg of the interferometer is
wrapped and to which a sinusoidal voltage signal is applied [Ref. 9. p. 695].

The principal drawback to this scheme is the need to introduce electronics
into the interferometer. Since a primary objective in using optical fiber sensors is to
eliminate electronics [rom the sensor, this requirement defeats the purpose.

Another drawback is the different treatment of each leg of the
interferometer. This loss of symmetry reduces the rejection of unwanted signals such as
changes in pressure or-temperature since they-are likely to-act ditferently on-that leg-of
the interferometer ‘which contains the piezoelectric cylinder. Once two -complete
sidebands of the interferometric output have been isolated, the demodulation proceeds
as with the Phase Generated Carrier method.

c.  Fringe-Rate Demodulation

When large amounts of phase shift are provided by an interferometric
sensor, another technique becomes feasible. This technique comes in two variants, One
is called fringe-counting, the other s called tringe-rate demodulation
[Ref. 10, 11].  These approaches rely on the transitions of interferometric
outputs across some central value.

In the fringe-counting variation, the transitions are counted digitaily-in
a given period of time. The instantaneous ratio of-count to time is the frequency of the
phase-modulated interference pattern. By integrating this-number over time, the phase
can be:recovered. Of course, it is impossible-to obtain an-instantaneous count, so one
must in practice wait a short time to produce at least one count.

In the fringe-rate variation, the transitions are used as inputs to a
frequency-to-voltage converter. In a sense, the converter is itself a counter. However,

it does.not perform-a precise count of crossings per unit time. Instead, each transition

12




triggers a boosting of the output by causing an increment of charge to be-pumped onto
a capacitor. The .passage -of time, conversely, causes the output to droop since the
capacitor is drained of"its accumulated charge through a. resistor. The combination of
these two tendencies is a voltage which is .proportional to the frcquency. Again,
integration of the result permits recovery-of the phase information.

When signals are weak, however, there arc no transitions at all. The
minimum detectable signal is that necessary to create at least one transition. This-signal
is on the order of 7 radians peak phase shift. When signals-are still only a little stronger
than this threshold, an erratic output {rom the charge pump due to the incremental
nature of the charge which is added to the capacitor whenever a transition occurs can be

objectionable. This noise is lessened when large signals of interest are present.

d.  Homodyne Demodulation

Whereas the synthetic heterodyne technique has generally been limited
to less than 7 radians peak phase shift, the fringe-counting and (ringe-rate -techniques
stop working below w radians peak phase shift. To bridge this rcgion, we can use a
number of Aomodyne demodulation techniques.* These methods all are predicated on
the use of orthogonal components of the phase-modulated signal obtained from the
interferometer without using heterodyne methods.

Normally, an interferometer has only one output. Optical fiber
interferometric.sensors usually have two, since they.employ 2 X2 optical fiber couplers to
combine the two legs of the interfcrometer into an interference pattern. From the law
of conservation ol energy, it is-casy to sec that the two outputs must be 180° out of
phase from one another: when one is dark, the energy must.all be present in the other

output-and vice versa. There are no orthogonal components in-the outputs, and for this

* The word homodyne literally means “similar-power”. That is, there is no mixing
with a reference frcquency in the receiver, as with heterodyne (“different power”)-
techniques. The term homodyne is more commonly used to mean that only one
frequency is present, whercas heterodyne usually means that more than one frequency is
present. Since photons of different frequencies contain different quantities of energy, the
two meanings for each term are completely consistent with one another.
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reason, heterodyning in the various forms described above ‘has becn used to obtain-

orthogonal components artificially as sidebands to the carrier frequency.
3. The Use of 3x3-Couplers to Facilitate Signal Recovery

There is.a way to modify the output stage of the interferometer-to obtain
orthogonal components directly. To achieve this, we can use a 3X3 optical fiber coupler
to create the outputs of the-interferometer.. Thetwo legs of the interferometer now are
used to generate three interferometric outputs which do contain orthogonal components.
The details of this will be discussed extensively in Chapter III. Methods of extracting the
amount of optical-phase shift present in the interferometric outputs will then occupy our
attention throughout the rest of this dissertation. Suffice it to say, for the present, that
with a 3X3 optical fiber coupler at-the output, recovery of the signal is feasible without

the drawbacks listed tor the other techniques of demodulation already discussed.
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Ii. SCOPE OF THE RESEARCH

A. OBJECTIVES OF THE RESEARCH

In the previous chapter, we considered-the motivation behind the generalresearch
into optical fiber sensors. We stated that the use-of optical fiber interferometric sensors,
in particular, which apply the techniques of interferometry to the use of phase-modulating
optical fiber sensors, could produce extremely sensitive sensors. The-use of 3x3 couplers
at the output of the interferometer, we said, could permit us to obtain orthogonal signals.
from which the signal of interest could-be recovered, without elaborate modulation of
laser current on‘the-one hand and without inserting modulating elements into one leg of
the-interferometer.

It was the goal of our research to investigate three methods of recovering signals.
of interest from optical fiber interferometric sensors with 3X3. couplers at the output.
It is the goal of this dissertation to present the results-of this research.

The sensors we arc-interested in are capable of generating phase shifts of thousands
of radians and-more. In principle, a sensor producing even greater -phase shifts should-
permit recovery of smaller and smaller signals, until thermal-and other sources of noise
become significant. The phenomena sensed- by the sensor are of secondary importance
in this research. The chicl requirement is that the phase shift they induce in-a sensor be

lincarly proportional to their amplitude.
B. ORGANIZATION OF THE DISSERTATION
In this section, we outline the organization of the rest ol this dissertation in-order

to help the reader grasp the results of the research. To explain this sensibly, it will be

useful to consider the situation at the outset of the research.
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In the summer of 1989, when we began this tesearch, we did not yet have any
optical fiber interferometric scnsors with 3x3 optical fiber couplers at the output for the
simple reason that tl..y wercnot yet commercially available. Their appearance was then
imminent, but in order not to be dependent on their arrival to commence the reseairch,
we resorted to simulating interferometric signals in order to begin to address the
requirements of demodulation. Wec used two such simulators, one-of-which was of our
cwn.design and construction. Thesc are described in the appendices to this dissertation.

In Appendix B, we present-relevant portions of the theory of optical fiber couplers.
This lays the foundation [or Chapter IIl, in which we show how 3X3 couplers can be
incorporated into a Mach-Zender optical fiber interferometric sensor. The purpose of
this is to make it clear how the usc of 3X3 couplers produces interferometric outputs
which contain both the sinc and the cosine of the optical phase shift-induced by signal of
interest. Dandridge [Rel. 7] showed how one could recover the signal of interest,-once
its-sine and cosine had been isolated. In Chapter VII we explain his method, which we
refer to as asymmetric demodulation.

By the summer of 1990. the 3X3 couplers had arrived-and we quickly sought to
produce an optical interfcrometer Lo replace the simulators. Although parallel research
was going on by other members of our research group into the design of hydrophones,
there were still no-practical sensors with 3 <3 couplers at the output. Consequently, the
author designed an optical fiber interferometer to-sense voltage signals, as these could
easily be generated in the laboratory. The construction of this sensor is-described in
Chapter 1V.

The easiest demodulation method investigated in-this research is the Fringe-Rate
Demodulation scheme described by Crooker [Ref. 10] and Crooker and Garrett [Ref.
11]. The design of the Fringe-Rate Demodulator is the subject of Chapter V. Some
modifications have been made to the scheme originally discussed in Crooker, and these
are detailed here. In Chapter VI, we present experimental mcasurements of the
performance of the Fringe Rate Demodulator.

To demodulate interferometric outputs with peak phase shifts of magnitudes

extending both above and below 7 radians, we have invented a new -demodulation
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technique which we call symmetric demodulation. The author wishes to. give credit to Dr.
Robert Keolian and-to Dr. Steven Garrett for the discussions that made-this invention
possible. The method of this-new demodulation scheme is explained in Chapter VIII.
In Chapter IX we describe the design of an analog implementation of this new algorithm,
the Symmetric Analog Demodulator. A

A key difference between the Symmetric Analog Demodulator and the Fringe Rate
Demodulator is that the latter cannot properly handle phasc shifts of less than
approximately /2 radians (more, in practice). The-former can handle signals all the way
down to the demodulator’s noise level. In order-to describe the performance of the
Symmetric Analog Demodulator, then, we must -consider its noise floor. Therefore, in
Chapter X we digress briefly to describe-how we measure low signal levels and noise in
the laboratory. We also describe some of the theory that .permits us to-predict noise.
The close match between theory and observation provides a-high degree of confidence
in the noise measurements included-in the next chapter, Chapter XI, which.describes the
performance of thc Symmetric Analog Demodulator using all the criteria mentioned
earlier in Chapter VI on the performance of the Fringe Rate Demodulator, as well as
its noise level. Thc noisc of the Fringe Rate Demodulator was not quantified -because
signals of less than #/2 radians in amplitudc cannot successfully be demodulated by it
anyway.

The use of digital signal processing-techniques-has become increasingly common:in
recent years because of-the continuing reductions in cost and. increasing capabilities of
microprocessors. Such techniques can be applied to signals recovered from optical fiber
interferometric sensors, 100. To demonstrate-this, we describe in Chapter XII the design
of an Asymmetric Digital Demodulator which implements the asymmetric demodulation
scheme of Dandridgc {Rel. 7}, described in Chapter VII of this dissertation. Our design-
employs discrete digital logic with digital signal processing integrated circuits and a pipe-
lined architecture which exhibits an ability to process signals at a speed limited only- by
that of the analog-to-digital converters it uses. The performance of the Asymmetric

Digital Demodulator is described in:Chapter XIII. The performance is-characterized in
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the-same manner as was done in Chapters VI and- XI dealing with the performance of
the Fringe Rate Demodulator and the Symmetric. Analog Demodulator, respectively.

The final chapter in- this dissertation, Chapter XIV, presents a synopsis of the
results and discusses arcas for further research-and improvements in the- demodulation
schemes presented earlier.

In the appendices we provide mathematical details omitted {rom the main,bodyfof
the dissertation in an attempt to make it somewhat more readable, although there is
ample mathematics in the body of the-dissertation already! We also include analyses of
both the interferometric simulators we used early in-the course of our rescarch: analysis
of a simple aralog circuit capable of performing intégration. difterentiation, and bandpass
filtering (a circuit which we used repeatedly in the design ol the Symmetric Analog
Demodulator); and a detailed analysis of the noise in the Symmetric Analog

Demodulator.

C. MEASURES OF THE PERFORMANCE OF THE DEMODULATOR

As mentioned above. threc chapters of this dissertation. are devoted to presenting
measurements of the performance of the demodulators we have built. namely the Fringe
Rate Demodulator, the Symmetric Analog Demodulator, and the Asymmetric Digital
Demodulator. ‘For the sake of completeness, we complete this chapter on the scope-of
the research with a list of the criteria by which- we assessed the performance of the

demodulators. These are:

1. the stability of the scale factor, which expresses the voltage out of the
demodulator per radian of input optical phase shift;

2. the.small-signal bandwidth;
3. the maximum permissible signal (MPS), which is the greatest phase shift which

can be demodulated correctly without an unacceptablc level of total harmonic
distortion;

4.  the minimum detcctable signal (MDS), which is the smallest peak phase shift
which can be detccted. It is defined as being equal to the noise threshold (in a




one hertz bandwidth) which is output by-the demodulator. This noise threshold
is expressed in terms ol input-phase:shift. This definition of minimum detectable
signal is-inappropriatc for the Fringe Rate Demodulator; since it cannot handle
signals of less than w/2 radians;

5. the dynamic range, which is the difference between MDS and MPS;

6.  complexity of the circuit; and

7.  component cost.

We have attempted Lo-account [or ditferences between the predicted and observed

performance.
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II. THEORY OF 3x3 MACH-ZENDER OPTICAL FIBER INTERFEROMETERS-

A. KEY RESULT OF THE THEORY

In this chapter we derive a mathematical prediction of the performance of an
optical fiber interferometer in the Mach-Zender configuration. The Mach-Zender
configuration is distinguished from the Michelson configuration in that the two Voptical
paths in the interferometer are only traversed once by light, rather than twice. Thc
implication of this for an optical fiber interferometer is that there must be two optical
fiber couplers: one tor the input and a second for the output.

In general, Mach-Zender interferometers produce more output power than- do

Michelson interferometers because they do not rely on:reflection -for light to-be output.
On the other hand, Michelson interferometers are twice as sensitive as Mach-Zender
interferometers because the light is twice subject to the phase shift induced by the
transducer, once for each pass through the interferometer. They are cheaper, too, since
only one optical fiber coupler is required, instead of two.

Figure 2 is a schematic drawing of a Mach-Zender optical fiber interferometric
sensor with 2X2 optical fiber couplers at both. the-input and the output. Figure 3 is a
schematic drawing ol-a Michelson optical fiber interferometric sensor with asingle 2x2
optical fiber couplers serving as both the input-and the output. The drawback to the use
of 2x2 couplers is that the two interferometric outputs are 180° out of phase from each
other, and so there is insufficient information-in them faithfully to reconstruct the signal
of interest. In the case ol the 2Xx2 Michelson configuration, there is-only one output,
and the inability to reconstruct the input is more blatant, although no more real.

To take advantage ol passive homodyne demodulation techniques, we can use a
3x3 coupler at the output. Figure 4 shows a Mach-Zender optical fiber interferometric
sensor with a 2x2 optical fiber coupler at the input and a 3x3 optical-fiber coupler at

the output. Figure 5 shows a Mach-Zender optical fiber interferometric sensor with a
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Figure 2 Mach-Zender Optical Fiber Interferometer with 2Xx2-optical tiber couplers at
input and output.

Differential
Transducers
< N
R
Output 5.5 Mirrored
Coupler Ends

Figure 3 Michelson Optical Fiber Interferometer with a single Ix2 optical fiber coupler
for input and output.

3%3 optical fiber coupler at the input and a 3x3 optical fiber coupler at-the output. One
could also construct a Michelson interferometer with a 3x3 coupler serving both as input
and output. In this case, there would be only two outputs available, since one of the
three strands.-of glass in the coupler-is devoted to the input. This situation is depicted in
Figure 6.

The purpose of the derivation in this chapter is to obtain a theoretical model of the
optical power in the output generated by a Mach-Zender cptical tiber interferometric

sensor like those in Figure 4 and Figure 5. Of these two, that using the 2X2 coupler at
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Figure 4 Schematic of a Mach-Zender optical fiber interferometer with a 2x2.coupler
at-the input and a 3X3 coupler at the output.
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at the input and-a 3X3 coupler at the-output.

the input is more efficient. As we shall show, this yields a 1.76 dB improvement in
output power.

The model we derive in detail in the balance of this chapter is given by Equa-
tion:(5).

2
I—a’%lﬂl =D+ Eun[.{(t) £ &) - (k-l)%n:. (5)

We shall complete the derivation of the model described in Equation (5) tor the
interferometer whose input is a 2X2 coupler, that of Figure 4. The completion of the

model for the interterometer whose input is-a 3X3 coupler, that of Figure 5, proceeds
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F ighre 6 Michelson Optical Fiber Interferometer with a:singlc‘3x3'obtical fiber coupler
for input and output.
upon very similar lines. most of which are supplied in this chapter.

In Equation (5), & is-an index which can take on the values 1, 2, or 3. It specifies
which- of the three outputs is being considered. D represents a central value, around
which the outputs of the interferometer can fluctuate by =E, at most. Whether or not
they actually reach the two extrema at D+E and D—E depends on the signal £(z). Ifit
has a very small amplitude, then the cosine will not vary much and so the extreme values
will not,.in general, be achieved. On the other hand, if £ has a very large amplitude,
more than %+ radians, in: particular, then the signals are guaranteed to reach both
extrema, possibly many times for each cycle ol £. The term (1) is contributed to the
phase by phenomena which are ot no interest to us.

In an acoustics application, for example, we would prefer that acoustic waves
impinging on the interferometric sensor ve the only phenomena to induce a phase shift
in the light within the interferometer. Acoustic waves are the signals of interest in this
application, and we represent them by £(1). Temperature changes also can induce phase
shifts within the interferometer, although we do not desire this effect. Thus they
contribute to the unwanted phase shift, é(r). We often lind that the frequency of &(t)
is much less than the frequency band of the signal of interest, which makes its elimination

somewhat easier. With proper construction of the transducer, unwanted effects can be
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made to produce the same effect on both legs-of the-interferometer, and:this helps to-

suppress ¢(t), too. In any event, we shall often suppress this term {or mathematical

convenience, and becausc it can be remove~ by filtering, but it.is never truly absent.
In Figure 7 we show sranbe clinree samples of the kind of outputs-described- by

Equation (5). These graphs were drawn by computer. Superimposed over the threé

interferometric outpu - “is a-plot of-the stimulus itself, {(f)=Asin(2nft). This graph is not

to the same scale as ihe other three; it is centered vertically over the middle output for

convenience. For thc purpose of illustration, we chose to let the signal of interest be a.

pure tone (a sinusoid) with- phasc amplitude A=57 radians:. The plot does.not show the
scale of time along the horizontal axis, and so the -choice of the freqzncy f is not
specified. By suitable scaling of the time axis, the plot'will look the same no matter what
f might be. The three plots are offset from one another vertically only to make them
easy to see. The model specifies that they will- all-really be-centered-around the same
central value D,

The choice of amplitude A4 dictates the amplitude cf ¢, of course, but it also
dictates the number-of fringes (completc ¢ycles-of 2 radians, or multiples of 7 in A) in
the three outputs between cach-successive extremum of ¢.

As the stimulus passes through zero (its midpoint), it changes.at its most rapid rate.
Gimultaneously, the-outputs-achieve their highest .instantancous frequencies. When the
stimulus,stops-chan_ging {when it reache$ an extremum), the outputs also stop changing
-and their instantancous {requency dropsio zero. The phase shift is.directly proportional
to . Theinstaniancous frequency-of ti:c-interferometric-outputs is given by the rate of
change of ¢ A Fourier scries (or the -interferometric outputs is presented in Equa-
tion (282) on-page 177. '

In Figure 8 we show another sét of sample graphs. They differ from those of
Figure 7 only-in the different chaice for the amplitude of the stimulus, 4=10.5 radians.

Note that there are mort. {ringes in this second -example than-in the first. Yet the

locations of the points where the instantahcous frequency reaches its maximum and

-where it.rgaches zcro have not changed, since thesc-depend-only. on the frequency f of

the stimulus.
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lFigure 7 Simulation of an interferometric output with a peak phase aimpli‘tudei of 5w
radians.

It is worth-discussing the units of ¢ at this.point. In the previous. paragraph, we
treated ¢ as measured in radians. ¢ is indicative of the amount ol strain on the glass in
the optical fiber-interferometer. The signal of interest, no matter what its natural units,
produces differential strain in the two legs of the interferometer, with a consequent
differential optical path length. The number of wavelengths of differential path length
corresponds to the number of multiples of 27 radians of phase shiit induced in the

interferometric output.
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Figure 8 Another simulation of interferometric output for a sinusoidal: stimulus of
amplitude A=10.57 radians.

B. DERIVATION OF THE KEY RESULT OF THE THEORY

The differential equations which describe the araplitudes-of the phasors within the
2x2 and 3x3 couplers are -given in Sheem [Ref. 12, p. 3865; and Ref. 13,
p. 869]. Before presenting the ditferential equations themselves, we-first. establish some
notation.

The fibers will be-denoted by numbers 1 and-2 for the 2X2 case and 1, 2, and 3 for
the 3x3 case. We shall denote electrical field intensities by phasor amplitudes. The
electrical field phasor a,(z) within liber k is a tunction of position : measured from the

point where light enters the coupler. For instance, a,(z)-is the clectric field in optical
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fiber 1 at a distance z from.the-entry point. The ditferential cquations include coupling
coefficients K, between fibers i and j.° For example, K, is the coupling coefficient
between optical fibers- 1 and 2 within-a coupler. For the 2x2 case, the differential

- equations. given by Sheem arc

da{;iz) + K a;2) = 0 (6)

and
9D | K e =o. ™

For the 3X3 case, they arc very similar:

da,@ | K@) + jKpay(@ = 0 (8)
13 * JKy3a3(2) + jKya,(2) = 0, ®)

and
da;z(Z) * JK;18,(2) + jK3pa,(2) = 0. (10)

If we compare thesc equations with the general result given-in Equation (420)-in
Appendix B on page 279, we may note two differences. Firstly, Sheem [Rets. 12 and 13]
renames Snyder’s [Ref. 20] coupling coefficients C, and brings them to the left-hand side
of the equations as K,. This is a minor difference in notation, which we shall nonetheless

adopt in order to-keep this chapter’s developments similar to Sheem’s.
A more important difference is the dropping of the term JjB;a; in Equation- (420)
on page 279. The effect of the missing lerm is zero in.*, ase-where the three fibers

are identical. [Ref. 14] That they all are identical *  -reascnable approximation in a.

* We assume that K; = K; for all combinations of i and j.

27




-3X3 optical fiber coupler. This chapter provides details of the solution of the differcntial
equations where this approximation is valid.

It will be noted that in equations (6) and (7) there is little point in appending
subscripts to the coupling coelficient X;,, so-we shall-replace it with coupling coefficient

K and rewrite these equations as

da (z)
- d

2%

+ jKa,(2) =0 (1)

and

da;(z) + jKa,2) = 0. (12)

Also, in equations (8) through (10) there are:three distinct coupling coetficients. K, K,;,
and Kj;. Strictly speaking. the coupling between each pair of optical fibers in a 3x3
coupler may be different. However,-in order to make the mathematics tractable. we shall
assume that the coetficients all are equal to the same value, K.* This-would obviously
"be a valid assumption-for three [ibers-arranged equidistant from each other, as-if at the
vertices of an equilateral triangle. However, it is not valid for three fibers aligned in a
plane. As it turns out, this assumption leads to a good description of the actual behavior
of the interferometers we¢ have built in the laboratory. A more elaborate theory could
be created treating the coupling coefficients as random variables dependent. on the
position z, something we have not found necessary to get uselul results, but-which might
assist in optimization of a-practical system.
Replacing all coefticients K;; by K, equations (8) through (10):simplify to

daf)_ + jKay(2) + jKay(2) = O, (13)

% Not necessarily equal to the K in cquations (11) and (12).
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da‘;@ + jKay(2) + jKay2) = 0, (14)
and
da‘;&) + jKay@) + jKay2) = 0. (15)
Sheem [Rel. 13,.p. 3865] gives. the solutions to equations (11) and (12) as
a,(2) = a,(0)cos(Kz) - ja,(0)sin(Kz) (16)
and
a7

a,(2) = a,(0)cos(Kz) - ja;(0)sin(Kz).
We can verity that these are indeed solutions by differentiating equations (16) and
(17) and substituting intc-cquations-{1.1)-and (12). Because this is straightforward, we

omit this verification.
The solution to equations (13) through (15) is also given by Sheem [Ref. 12,

p. 869]:
a,(2) = c,e’® + de K (18)
a,(2) = c,e’™ + de’?K, (19)
and
a,(2) = c,e/* + de VK (20)
where
(21)

€ +¢ +e¢y =0

We can verify that equations (18) through (20) are i