AD-A171 227 Q

AGARD-CP-383

AGARD-CP-383

m\( r—v/“\l‘i?,,l

A[)VI\()RY (;R()UP F(lR AT BOSPAC l' Rt SH\'R( H & l)[V-l ll)PNH Nl

B
-~

CPRUEANCELL S Ny SR SEINE FRANLE -

AGARD CONFERENCE PROCEEDIMGS No.383

Guided Optical Structures in the
Military Environment
TIC |
ELECTE pell |
A6 26 1085 N |

This document has been approved
for public release and sale; its
diskibution is unlimited.

!

NORTH ATLANTIC TREATY ORGANIZATION . - -

1.

M _FILE COEY

DISTRIBUTION AND AVAILABILITY
ON BACK COVER




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



—=

AGARD-CP-383

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD)

AGARD Conference Proceedings No.383
GUIDED OPTICAL STRUCTURES IN THE
MILITARY ENVIRONMENT
Edited by
Dr H.Hodara, US
and

Prof. B.Crosignani, I'T

Papers presented at the Electromagnetic Wave Propulsion Panel Specialists’ Meeting held in
Istanbul, Turkey, 23—27 September 1985,

[EE— P



————

THE MISSION OF AGARD
The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science and
technology relating to aerospace for the following purposcs:
-- Exchanging of scientific and technical information;
— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;
- [mproving the co-operation among member nations in acruspace research and develupment;

- Providing scie itific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

— Rendeting scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

-- Providing assistance to member nations for the purpose of increasing their scientific and techincal potential;

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community.

The highest authority within AGARD {s the National Delegates Board consisting of officially appointed senior
representatives from each metber nation. The mission of AGARD is carried out through the Paneis which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme, The results of AGARD work are reported to the member nations and the NATO Authoritles through
the AGARD series of publications of which this is one.

Participation in AGARD actlvities s by invitation only and is normally limited to citizens of the NATO nations,

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published May 1986

Copyright © AGARD 1986
All Rights Reserved

ISBN 92-835-0391-0

Printed by Specialised Frinting Services Limited
40 Chigwell Lane, Loughton, Essex IG10 3TZ



THEME

The last AGARD mecting dealing with related topies was in 1977, jointly with the Avionics Panel: “*Optical Fibres,
Integrated Optics and their Military Applications”. Seven years have elapsed and a whole new technology has arlsen: single-
mode structures in the form of optical fibres and planar waveguldes operating ut long wavelengtk, 1.3 pm and beyond, with
minimum attenuation and dispersion. Fibres with attenuation below 0.5 dB/km, and bandwidths in the hundreds of GHz-km
have opened up long distance, repeaterless transmission on land and underwater; and addition, the single-mode structure has
bred a new class of passive devices: sensors capable of detecting sound, magnetic field, motion, temperature, humidity and
meny other charncteristics, all of them apyroaching the theoretical detection limit. Planar waveguides built out of dimensions
fess than one micron cupable of confining light and creating high-power densities with a few applied volts are responsible for
new aciive components: single mode high efficlency, long-life chips operating at room temperature, electro-optic switches,
and components capable uf generating new frequencies through Raman scattering and other nonlinear phenomena.

‘The conibination of single-mode structures and low loss operation at 1.3 um and beyond are responsible for far
reaching military applications of tactical and strategic import; for instance:

= Rapidly deployable tactical communication.
- Undersen surveillance systems.

—  Interferometric and evanescent coupling sensors, in particular fibreoptic gyroscopes, magnetometers, and
hydrophones.

The new technnlogy and the resultant military systems and components formed the basis of this meeting. This
Specialists’ Meeting brought together experts from the military, academia and industry to combine and unify the technology
aud the military applications.

.

La dernidre réunion AGARD traitant de sujets apparentés fut organisée en 1977 en association avec le Panel
Avioniques. Le théime en était “Fibres Optiques, Optique Intégrée et leurs Applications Militaires”, Sept années se sont
écouldes depuis cette date, et toute une technologie nouvelle a pris naissance: les structures & mode simple sous forme de
fibres optiques et de guides d'ondes planaires fonctionnant & de grandes longueurs d'ondes (1,3 pm et au deld) avec une
atténuation et une dispersion minimales, Les fibres caractérisées par une atténuation inférieure & 0,5 dB/km, et des bandes
passantes de I'ordre de plusieurs centaines de GHz-km ont ouvert la voie aux transmissions longues distances suns répéteurs
sur terre et sous l'eau. En outre, la structure & mode simple & donné naissance & une nouvelle classe de dispositifs passifs: des
senseurs capables de détecter I« son, le champ magnétique, le mouvement, la température, 'humidité et bien d'autres
caractéristiques approchant toutes de la limite théorique de détection, Des guides ('ondes réalisés dans des dimensions
inférioures & un micron, capables de renfermer la lumidre ot de créer des puissances volumiques élevées avec applications de
quelques volts, sont & 'origine de nouveaux composants actifs: des “chips” laser & mode simpie, de rendement élevé, de
grande longévité, fonctionnant  la température ambiante, des commutateurs électro-optiques et des composants capables de
produire de nouvelle fréquences par diffusion Raman et autres phénomenes linéaires.

L'association de strictires i mode simple et d'un fonctionnement & faible taux de perte, & 1,3 pm et au deld, permet
d'envisager des applications militaires de grande envergure, et d'importance tactique et stratégique, comme par exemple:

~~  Des communications tactiques i déploiement rapide,

~  Des systémes de surveillance sous-marine.

—  Des senseurs de couplage interférométriques et évanescents, en particulier des gytoscopes en milieu fibré, des
magnétométres et hydrophones,

Cette technologie nouvelle alusi que les systdmes de composants militaires qui‘en ont résulté constituent 1a base de la
réunion qui vous a été presentée. A cette réunion de spécialistes, ont pris part des experts militaires, universitaires et
industriels qui se sont efforces d'assocler et d’unifier la techpologle et ses applications militaires.
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EDITORS' INTRODUCTION

The AGARD meeting on “Guided Optical Structures in the Military Environment", held in Istanbul, Turkey, provided
the participants with a broad up-to-date survey of the progresses recently achieved in two very important sectors of civil and
military applications: fibre optic communications and fibre optic sensors. Many experts from leading industries in Canada,
Europe and the United States, various universities, and government laboratories attended the meeting and contributed to
create a particularly lively and productive scientific atmosphere,

To many participants who believed flbre optics technology and development had reached a plateau, this meeting
showed that the field is still expanding, especially as far as sensors, devices and new fibre materials are concerned. For
example, the exploiting and control of various kinds of nonlinear optical effects allow us to foresee a number of new
applications where fust response and low power requirements play a fundamental role, The performance of fibre sensors
such as fibre gyros are rapidly approaching theoretical limits; in addition sources, modulators and detector are now capable
of furnishing bandwidth beyond 15 GHz. The investigation of new materials for infrared waveguides, with expected losses of
10 dB/km in the 2.55 um region, also aroused a great deal of interest in the audience for its potential in long repeaterless
telecommunication links. Traditional optical fibre communication systems have been shown 1o have reached a degree of

technological maturity and reliability which make them particularly valuable in connection with tactical and military
applications.

In conclusion, the meeting was fruitful as it presented a balanced blend between advanced research and applications,
and left the attendees with a favourable impression of the relevance and timing of the work they are pursuing.

B.CROSIGNANI and HHHODARA
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TECHNICAL EVALUATION REPORT
by

B.Crosignani
Fondazione “Ugo Bordoni”
ISPT
Viale Europa 160
00153 Roma, Italy

and

H.Hodara
President
Tetra Tech. Inc.
630 North Rosemead Bld
Pasadena, CA 99107, USA

The AGARD meeting on “Guided Optical Structures in the Military Environment" held in Istanbul, Turkey was
divided into four sessions: Sensors, Devices and Techniques, Glass Fluoride and Crystalline Fibres, and Communications.

The technical content of each of the sessions was fairly advanced, and the quality of the papers and of their presentation
consistently high, Because of the remoteness of the meeting place, the size of the audience was smalt, about cighty
participants, However, this small size coupled with the specialized nature of the talks contributed to create a sense of
closeness among the participants which gave rise to a lively scientific atmosphere and allowed for a lot more personal
discussions and interactions,

The first session, “Sensors”, concentrated on fibre gyros. The French, English and American groups presented a very
up-to-date overview of the state-of-the-art and illustrated their specific projects; the audience was introduced to the very
core of the current problems and was able to make a comparison with the more conventional mechanical and laser gyros,
‘That session also produced review papers on fibre optical sensors that amply covered other tvpes of sensors (acoustic,
magnetic), thus broadening its scope.

The second session reviewed significant engineering progress in devices and techniques, The talks were busically
technology oriented, except for theoretical papers on nonlinear optics with applications tn a number of new devices. The
quality of the speakers was gond, and they were able to convey a feel for the technical problems encountered in producing a
good device, as for example an R.F, spectrum analyzer, The general impression was that of confidence in the possibility of
realizing practical telecommunication applications in the near future.

The third session, although the shortest, was the most exciting one: it was entirely devoted to new materials for infrared
wavegulde. This new technology will have a significant impact, particularly in transoceanic telecommunication systems,
becauss of the low losses exhibited by some of the new materials; it may also have application in endoscopy, laser machining,
remote IR spectroscopy, and so on. In addition, the possibility of new devices appears promising thanks to the development
of single crystal fibres that use a technique which transforms high melting oxides in short length single crystal fibres,

The last session dedicated to applications helped the audience to assess present results, and pointed out the potentials
of optical fibres in solving a number of practical problems, especially in the military environment: for ingtance, a fibre optic
based radar systom and a missile-borne imaging device,

In conclusion, the meeting served the dual purpose of 1) presenting an up-to-date review of the latest developments in
fibre optics that impact military applications, and 2) disseminating technical information among the NATO scientific
community and providing internationul synergy to the solution of military problems.
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SUMMARY OF SESSION I
SENSORS
by

G.Winger, Chairman

Sensors based on gulded optical structurea - a tschnology which is inoremsingly being talked about. After
optioal communications, thim type of ssnuorics constitutos another important applications area of wavegui-
de optics. In practice of course, optical sensors are always used in conjuotion with optieal-fiber routes
for tranamitting measured signals. An example im a section of prassure-sens!tive fiber which is spliced
into the measuring wone between two sections of pressure-insensitive tranamiamsion fiber. It iws only
fashionsble to try to find optical slements responsive to stimuli for all kinds of sensors, or is it the
advantuges of this new technology that spark intensive sotivity in this area? Both explanations are right.
The benefits include, in many cases, small sensor volume and weight, incroased mensitivity to the parame~
ter to be measured, no maintenance, ruggedness, no warmup tine mnd, finally, undisturbed transmission of
the measursd mignal through electromagnetically polluted surroundings. Two clamses of cptical mensors com-
plement wach other: the simple and already widely distributed amplitude~mode sensors, and interferometric
sensorn, In the former, the Intensity of the transmitted light signal is amplitude-modulated by the measu-
red parameter, whereas the latter can detect even extremely small changes in light phase caused by the
measured parameter affecting the optical path in the interferometer. T.0. Gimllorenzi presented an intro-
duction to optical senmor technology, whioh is of particular interest to military applications, und also
explained the market situation with 1ts strong growth rates and the state-of-the-art at Naval Research
Labs.

Session I - Sensors ocoupied the antire firat day of the conference, with ten lectures. In terms of num-
bers, the contributions on optical gyros predominated. The strong R&D activity as well as the market com-
petition in this sector are clearly reflected by the confusing plethora or acronyms for the various gyro
systems: FOG, AFOG, DFOG, MOG, RLG etec..
The conference participants focused their attention particularly on three contributions during this ses-
sion. In their paper on "Comparison of ring lasers end fiber-optic gyro technology", E. Udd, 5,F, Watenabe
and R.F, Cahill presentod results obtained with both types of optical gyro and explained the requirements
of the variocus product application ureas. "Rate grade gyros" are the domain of fiber gyros, "inertial na-
vigation grade gyros" that of ring lamer gyros. "Tactical grade gyros" represent the prinoipal field of
current ccmpetition between theme two types of gyro. The fiber gyro's less attractive performance data,
such as its zero stability of 0,1-10 deg/h (as against 0.01 deg/h for laser gyros) must be even more
strongly countered or overridden by its nther strenghts such as cost benefits, small dimensions, weight,
power requirements and design flexibility. In their paper on "Progreas in optical fiber gyroscopes using
integrated optics' (ref,9A), H.C.Lefevre, J.P. Bettini, S.Vatoux and M.Papuchon shcwed that considerable
progreas had meanwhile been made in the development of fiber gyros.
A device from Thomson CSF's central laboratories with a small houming 35 mm in height and 100 mm in diame-
ter is almost ready for full-scale production. It contains a fiber coil, transmitter, receiver, fiber cou-
pler and @n integrated-optical lithium niobste cirouit (power divider, polarizer and phase modulator).
The gyro has a wignal drift of 0,12 deg/h and can be further improved. A special feature ls the modulator
oontrolled by an incremental, digitally generated voltege ramp., This allows simpler evaluation of the pha~
se shift generated by the modulator and thus of the gyro's rotational speed. An original contribution was
made by J.P. Dakin and C.A., Wade on svaluating the mignals of & hydrophonic array by s time multiplexing
method with the aid of optical time domain reflectometry (QTDR).
It wes presented in their paper entitled "Progress with multiplexed sensor srrays bLased on refleotion at
spliced joints between msensors". Optical pulse pairs genermted with the ald of a Bragg nell can be cohe-
rently detected after reflection at local splices inserted between the sensor's fiber coils specifically
for thims purpose.

The brief discussion which concluded the ten lectures on mensors meemed to lack anthusiamm.

What were the reasons for this? Did the chairman's prompting lmck fire or did the partiocipants find the
first day of the oonference after arrival long enough and the "warmup" time too short, or had the leotu-
rers felled to work out olearly enough the relevance of their subject to the field of military upplica-
tions? All theme factors may have played their part, au well as the fact that the users had been isuffi-
niently insistent in telling the developers exsctly what they wanted and needed. And yet, if we regard
this meeting as & mirror reflecting the motivities covered by the major cpecialist conferences in tha field
of optical fiber sensor (OFS) technology, it is well to state that the audience in Istanbul could obtain
from 1t an undistorted pioture of the state-of~the-srt of this still young and exoiting technology.




PROGRESS IN OPTICAL FIBER SENSORS
by

T.G.Glallorenzi
Naval Research Laboratory
Washington, DC 20375-5000

ABSTRACT

A review of the status of Optical Fiber Sensor Technology is presented and the effects of
lager noise end demodulation techniques on performance are reviewed. Recent work on the
development of fiber telemetry scheme for use with optical fiber sensors is also detailed,

1 INTRODUCTION

Based on recent technological progress, Optical Fiber Sensor technology is on the verge of commerclalization,
Recent market forecasts! predict a hundredfold increase in the size of the fiber sensor market by 1993, The basis of these
forecasts is the fuct that many optical fiber sensors (OFS) have been domonstrated with competitive performance and
cost projections, These sensors appear to have found unique applications in laboratory instrumentation where extreme
sensitivities, hostile environment operation and/or probe compactness are principal prerequisites to their use. Fiber
sensors permit probing of perturbations in inaccessible locations, in the presence of high electrical and magnetic fields,
und in corrosive and other hostile environments,

In control systems, fiber sensors are sulted for machinery and process monitoring and have been demonstrated to
possess adequate sensitivity, Presently several machine manufacturers offer optical fiber sensors as options whereas wide
utilization awaits definitive demonstrations of their advantages. This is expected to be reulized when fiber sensors are
integrated with optical fiber telemetry to provide a “dielectric” control systum which can operate in particularly noisy or
hostile environments, Power plants and heavy machinery manufacturing facilities appear to be prime candidates for carly
usage. Optical talemetry also provides unique capabilities to remotely sense hazardous environments, Detection of
exnlosive gas accumulation in inaccessible pnd/or remote locations is readily accomplished with fiber optics while at the
same time eliminating the dangers of sparking from electrical sensor or telemetry shorts,

Medical instrumentation bused on fiber sensors has been developed and has begun to find clinical and laboratory
use. While no breakthrough in market development is yet predicted in thiy area, it is generally realized that fiber sensors
are idealiy suited for invasive probing because of their small size and biochemical inertness. These sensors presently offer
competitive capabilities and when further developed should be as common place as endoscopos. Finally, the military is
examining the use of fibet sensors and has actively pursued the development of several sensor types. Control systems
sensors and nionitor sensors (damage control, fuel status, etc.) are being evaluated and are expected to find application.

With the technical progress of the past several years along with the appearance of several important applications, the
basis for the use of fiber sensors will gradually grow. first with specialty upplications where some unique fiber sensor
attribute makes them the device of choice, then eventually with common, widespread functions when the marriage of
fiber sensors and telemetry is fully realized.

In the following sections, a brief review of senxor progress and trends will be presented. Discussion will then centet
on demodulation techniques and injection laser noise. Potential telemetty configurdtions currently under study for use
with OFS will be described,

Il SENSOR DEVELOPMENTAL TRENDS
(A) Amplitude Mode Sensors

In this class of sensors, the light intensity transmitted by optical fibers is amplitude moduiated by the pertutbation
under study. This class of sensor has been widely developed and is being 2valuuted for usc in flight controls, industrial
process monitoring, medical probes, laboratory Instrumentution to name a few applications, Bucause amplitude
modulation sensors are easy und cheap to fabricate, many laboratories huve developed devices of this type; however,
packaging and tailoring these devices for specific applications has been somewhat more limited, Current research and
development has now shifted from simple demonstration of amplitude sensors to perfecting these devices for




- adiEnl

Sy
-

—

———T

1-2

incorporation into tpecific applications, For example, a high temperature microbend pressure sensor has been developed
by Babcock and Wilcox? for use "a flight control systems. The sensor (Figure 1) was characterized up to £ 690 kPaand
temperatures to 540'C. The experimental data showed a linear cependence on the applied pressure and a minimal offset
and slope change when the temperature was varied. These variutions will be calibrated out before the sensor is used in
flight applications. This work illustrates the shift in sens or development to qualify OFS over the full range of
raquirements for specific applice tions.

A second trend which will be described in greater detall later is the use of OFS with fiber telemetry. A representative
example of fiber sensor telemetry is a remote gas sensor for Ch, and CyH, which used a 20 km optical fiber for remote
sensing®, Adequate sensitivities were demonstraied and the uge of the fiber remote sensor permits probing in hostile
(corrosive gases, heat, etc.) environments.

(B) Gyroscope

The development of optical fiber gyros has progressed to the point where it now appears certain that they will
impact many inertial navigation and control applications. The attractivaness of these devices arises from their potential
for low cost, compact size, ruggedness, extremely high sensitivity and reliability. This last feature is based on the fact that
fiber gyros pussess no moving parts. Research and developmeni efforts to date have concentrated on the demonstration
of gyro sensitivity whereas the more recent efforts have not shifted to dynamic range, lineazity, scale fuctc: _:ability and
packaging issues,

Nonreciprocal Generated Noise Sources. A Sagnac interferometer measures nonreciprocal effects, i.e. the sigh of the
ohase shift of the light depends on the direction of propagation in the fiber loop. Non-reciprocal effects occurring in the
fiber such as the Faraday effect and the nonlinear Kerr effect, produce nonreciprocal phase shifts that a Sugnac
interferometer will measure, These latter offects appear as noise sources and must be minimized.

The Faraday effect, which is a magnetically induced rotation of the optical polarization, is observed if the fiber loop
is placed in a field gradient, ot if the optical polarizaion changes its orientation as the light propagates around the loop.
Since this effect Is indistinguishable from a Sagnac signal, it results in noise and zero shifts in the gyroscope outpui. Both
magnetic shielding and polarization-holding fibers have been used to reduce Faraday effects in fiber gyroscupes to
acceptable levels.

The Kerr effect is an optical-intensity-induced nonreciprocity. At high optical intensities, ti.e propagation constants
for the counterpropagating beams become intensity uependent, This is a uonlinear optical effext related o four-wave
mixing that has found application in nonlinear spectroscopy. In particular, when the counterpropagating beams have
unequal intensities, the propagation constants become unequal and cause a nonreciprocal phase shift indistinguishable
from the Sagnac effect. This effect has been minimized by the use of a broadband laser or superluminescent diode source
with a broad frequency spectrum, When summed over the wavelength components of such a source, the Kerr-induced
phase shift averages to zero,

Fiber Based Noise Sources, There are additional difficulties which arise from the input coupler and the nature of
single-mode fiber, and result in nonreciprocal operation. For reciprocal uyro operation the countei propagating beams
should posses: identical optical polarization states and should travel a common path. This means that the beams should
enter and exit the fiber coupler through a common pert. The polarization state may be specified by a polarizer placed
before the fiber coupler.

The setup with a polarizer provides the output Sagnac signal 2¢,. A mathematical analysis shows that the signal
obtained from the unused port of the originul Sagnac beamsplitter (or coupler) hus an additional phase bias or zero shift
¢, added to the Sagnac signal 29,. This additional phase bias depends on the detailed properties of the coupler and is
cavironmentally sensitive leading to large drifts, Therefore only the input port of the interferometer is monitored,

Polurization mode coupling in the fiber is a second source of non-reciprocal noise in the gyro, A single-mode fiber
actually supports two polarization modes that have very similar transverse mode structures but that are polarized at 90°
to each othet, In ordinary single-mode fiber, slight ellipticities in the core of the fiber cause tese polarization modes to
have slightly different propagation velocities, Coupling between the polarization modes is caused by fiber bends or jacket
pressure and is very sensitive to thermal and acoustic fluctuations, Nonreciprocal gyro operation results when one beam
travels one path between the polurization modes and the counter-rotating beum traveis a different one. Because of the
rapid temporal fluctuations of the mode-coupling ceiters, the nonreciprocal output of the Sagnac interferometer due to
this effect appears as nolse aild is referred to as polarization noise. The most straightforward solution to this problem is
achle\t{ed by using high-birefringence polarization-mainaining fibers which are now available from several
manufacturers,

The final noise source resulting in the fiber is due to Rayleigh back-scattering. Rayleigh backscattering occurs when
light is reflected from microscopic density fluctuations in the flber, and the next backreflected signal is the sum of each
component from each segment of the fiber. If & coherent laser is used there Is coherent summation of scattered light. The
composite phase from all the scattering centers is influenced by thermal and acoustic perturbations along the fiber,
resulting in the backscattered signal becoming & rapidly time-fluctuating quantity. In fiber gyroscopes the Rayleigh
backscattered components mix with the counterprepagating beam, and after intorference are indistinguishable from a
Sagnac signal. Since Rayleigh backacattering is a coherent effect, it may roadily be reduced if the coherence of the laser ls
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reduced. This was successfully achieved by the use of superluminescent diodes. The point of using a limited coherence
source Is that such a source has adequate cokerence to measure the very small Sagnac phase shifts due to rotation since
the counter-rotating beams travel almost identical pathiengths (within a few microns), but that its limited coherence
reduces the magnitude of many noise sources, such as Rayleigh scattering by limiting the amount of scattered noise that
can coherently add at the detector,

Sensitivity and dynamic range. The theoretical sensitivity of the fiber gyro is illustrated in Figure 2, along with
currently achieved results, The quantum limit of sensitivity in fiberoptic gyroscopes is caused by shot noise in the optical
detector, Siice shot noise has a white noise spectrum, a random drift coefficient can be derived, which is usually
expressed as units of degrees over the square root of time in hours, The theoretical performance of fiber gyros, when
det2rmined in this fashion, appears to exce«d the equivalent theoretical performance of ring laser gyroscopes.

The current status of high-sensitivity rotation detection is illustrated by a fiber gyroscope recently demonstrated at
the Nuval Research Laboratory. This device used polarization-holding fiber in the coil and Sagnac coupler, Ths fiber
length was 430 m wound on a 16-cm radius drum and had a sensitivity of 5 X 10~ 4 *hr, This and other experiments have
shown, at least in a laboratory environment, that the fiber optical gyro can operate at the level required for navigational
quality strapdown inertial systems,

One of the most serious current limitations in the use of a passive fiber gyroscope is the limitation on linear dynamic
range cause by an output proportional to sin 2¢,. At large rotation rates the sin function is non-linear, and, for 2¢, values
of near 90°, sensitivity to changes in rotation vanishes, Between a noise floor and a linearity limit of ppm the linear
dynamic range of about four decades is obtained. For rotation rates exceeded 10* times the noise floor gyro output is very
non-linear, Since many initial navigation applications require tive to six decade of linear dynamic range, this difficulty
currently represents one of the major problems to implementation, Two strategies have been developed for solving this
problem, signal nulling and signal processing,

In the signal-nulling approach, an output phase shift i artificlally gencrated of equal magnitude but opposite sign to
the Sagnac phase shift so that the gyro is always operating about its zero point, where it is linear, The rotation rate signal is
derived from the nulling signal required. The dynamic range is only limited by the ability to generate the phase-nulling
signal. The most popular implementation of this approach is the use of an acoustic-optic Bragg cell in the fiber loop,
which frequency-shifts the light passing through it in one direction relative to the counteipropagating beam. This
frequency shift is scen as a phase shift in tho output which is used to null the total output signal, A feedback loop from the
derctor is used to drive the Bragg cell and also provide a frequency output signal, in which frequency is propottional to
rotation,

The phase-nulling gyro simulates a ring laser gyroscope, in that a frequency difference between counterpropagating
beams is proportional to rotation, This is expressed by the output equation

f=—Q.
nA,
Unfortunately fiber index of refraction n appears explicitly in this equation whereas previously it did not, Due to the
temperature dependence of n, therma drift problems are introduced and make it more difficult for this type of gyro to
operate stably over a broad temperature range.

Another approach to the linear dynamic range problem is to apply some type of signal processing to linearize the sin
output. The accuracy and speed with which these processes cun be carried out are of great interest because this technique
avoids the addition of extra optical components in the gyro.

(C) Mach Zehnder Interferometric Sensors

Thesc sensor types have been widely researched and together with the Sagnac sensor offers the petential for
extremely sensitive devices. Table 1 presents a comparison of the state of the art of conventional sensors and the
theoretical sensitivity of the fiber aensors. Based on the potential for major advances in sensor sensitivities, many
research laboratories have pursued work on interferometric sensors which can be divided into research on fiber coatings
and demodulation schemes. The key to widespread applicability of interferometric sensors is the fact that the shift in
optical phase caused ty a particular environmental parameter-pressure, tsmperature, magnetic/electric field, etc, can be
effectively controlled by application of appropriate jacketing materiels on the optical fiber. The application of these
coatings usually involves straightforward procedures, and, more importantly, does not affect the opticul performance of
the optical fiber waveguide. This “dissociation” of the waveguide itself from the designer's attempt to control its
sensitivity is perhaps the most important factor responsible for the rapid pace at which this generic sensor technology has
been developed.

For the usual case in which the perturbing tleld gencrates fiber strains whose wavelengtha are large compared to the
fiber diameter, the normalized phase shift is given by:
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9’3 -t —92- [(P.l + Py)e, - Pul.]

on .
[hon




BEE T _a eeien L

where e,, ¢, are the axial and radial strains induced in the fiber core, the P's are the photoelastic constants and
(0n/0T,), is the index variation of the core with temperature at constant strain. Thus, except for the case of temperature,
the calculation of the phase response of an optical fiber sensor is reduced to the mechanical problem of calculating the
strains communicated by the perturbation to the fiber core, and because these struins depend strongly on the fiber jacket
parameters, the sensitivity can be optimized by careful design of the coating.

For example, the application of an appropriate coating to the optical fiber prod:uces a composite structure which can
provide substantially increased strain levels in the fiber core. This is accomplished for the acoustic case by elastomeric
coatings with high compressibility, for magnetic sensing with magnetostrictive coatings, for the thermal case with large
linear expansion coefficient materials and for electric field sensing with piezoelicetric materials, Elaborate computer
prograras now exist with which to perform these designs,

The principles of coating technology are now well understood and materials researci 1s centered on reducing these
principles to practice. Further developtaent of coatings and perfection of demodulation technique should permit
realization of the performances predicted in Table I while at the current time compaetitive performance with conventional
sensors has already been demonstrated as is illustrated in Figure 3. This figure illustrates sensor performance relative to
the theoretically predicted performance for an acoustic sensor,

Il DEMODULATION TECHNIQUES

In a Mach-Zehnder sensor, one of the fiber arms of the interferometer serves as the signal arm, the other as the
reference arm. The resulting optical phase shift is converted interferometrically to an intensity signal, The design of the
demodulation scheme is made non-trivial by the presence of low frequency random temparature and pressure
fluctuations which the arms of the interferometer experience. These fluctuations produce ditferential drifis between the
arms of the interferometer. The drift causes changes in the amplitude of the detected signal (signal fuding), as well as
distortion of the signal,

‘The purpose of tk.s demodulation scheme in fiber optic interferameters is to transform the optical output of the
Interferometer into an electrical signal propartional to the amplitude of the relative phase shift. Typical requirements of
the detection scheme are: to be able to resolve signals corresponding to 10~ ¢ rad phase shift, to have a linear response
and to have a large dynamic range (10¢ = 107), Specific requirements such as packaging and low power consumption are
also important. In this paper, we will concentrate on two new techniques using laser tuning; passive homodyne
techniques and (3 X 3) directional couplers. Each of these schemes have achieved urad performance; however, each
scheme has specific advantages and disadvantages which will be briefly described below.

‘The homodyne scheme (referred to as phase swept) uses a large phase modulation (produced by laser tuning)
applied to the interferometer, such that by appropriate beating and filtering, two signals with a %/2 relative phase shift are
produced.

The variation in the light intensity detected at the output of an interferometer may be written os
I= A+ Bcosot) (1)

where 8(t) is tiie phase difference between the arms of the interferometer, The constants A and B are proportional to the
input optical power, but B also depends on the mixing efficiency of the interferometar. If a sinusoidal modulation with a
frequency w, and amplitude C is imposed on the interferometer, then (1) becomes

1= A+ Bcos(Ccosw,t + $(1) (2)

where $(t) includes not only the signal of interest, but eavironmental effects as well, Expanding (2) in terms of Bessel
functions produces
I=A+B l[lo(C) +2 % (- 1)‘1,.(C)coazkmot] cosé(t)
k=1
- 3)
- [2 E (~1)* Iy, 4(C) cos 2k + 1)w,t] uint(t)]
-0

From this expression it is clear that when ¢(t) = 0, only even multiples of w, are present in the output signal,
whereas for ¢(t) = n/2 rad (quadrature condition), only the odd multiples of w, survive.

In a similar fushion the phase angle $(t) can be separated into a signal component of frequency w and the
environmental drifts Y(t), (§(t) = D cos wt + y(t)) and expanded
cosd(t) = |J(D)+ 2 E (~1)* J,(D) cos 2kwt ['cos (t)
k=1
- (4)
- [2 Z (= 1) Kg- (D) cos (2k + 1) wt| sin y(t)

k=v

_— A .. _.a .




sin o(t) = [2 ; (= 1Y Jyue (D) cos (k + l)wt} cos A(t)

k=0

lwm
+ [J.,(D) + I (~— 1) Ju(D) cos 2kwl] sin P(t)

L k=1

These equations along with (3) show that when (t) = 0, even (odd) multiples of w are present in the output signal
centered about the even (odd) multiples of w,, For (he case when y(t) = %/2 rad, even (odd) raultiples of v are present
about the odd (even) multiples of w,, .

The sidebands contain the signal of interest and are either present about the even or the odd multiples of w,,. The
signal is obtained by mixing the total output signal with the proper multiple of w, and low-pass filtering to remove the
tering above the highest frequency of intevest,

For the cartior frequencies considered in the experiment, namely 0, w,, and 2w, the output signals after mixing and
filtering are

A + BJ{C) cos (t)

BGJ,(C) sin ¢(t) (5)

=~ BHIJ,(C) cos ¢(t).

respectively, and where G and H are the amplitude of the mixing signals for «, and 2w,

In order to obtain a signal that does ot fade as a function of undesired fluctuations, two sigitals, one containing the
sine ¢(t) and the other cosine ¢(t) are utilized, The time derivative of the sine #nd nnsine terms are zros: uhiphed wiih
the cosine and sine terms, respectively, to yield the desired sine and cosine squared terms, The process will be illustrated
by considering the output signals for w, and 2w, The time derivative of these are obtained from (5) and are given by

BGJ,(C) (1) cond()
BHJ,(C) §(t). (6)
Multiplying this by the signal for the other frequency produces B4GHJ, (C)J;(C) §(t) cas?d(t)

and
~ BXGHJ,(C)J,(C)é(1) sin? (1), N
Subtracting gives

BIGHJ (C)J,(C)d(t)(sin? () + cos™(t))

= B*GHJ,(C)J(C(). (8)

This output can then be integrated to produce the signal $(t) which includes all of the drift information in addition to
the actual signal. This scheme has the advantage of having no reset problem, This scheme requires an AGC (owing to

polarization fading) and may have a somewhat limited frequancy range (two nrders of magnitude), however, the tuning
range may be varied over a fairly wide fraqency range (~ 0.1 Hz -+ 10 k4z).

'The (3 % 3) coupler passive scheme is potentially a true passive scheme, where the required /2 phase shift between
the two outputs is achieved by replacing the conventional final (2 % 2) directional coupler, by a (3 % 3) device, The
optical and electronic configuration is shown in Fig.4,

Py = =2B,(1 + cos @),
Py, = B, + B,cos @ £ Bysing. 9)
where P,(Py,) takes the plus (minus) sign and B, (i = 1,2,3) are constants dependent on the coupling coefficients of the

fiber coupler. To obtain the required /2 phase difference required Py and Py, were processed to form the sum and
difference

P“ - P“ + Pm - Z(Bl + B: [Me].] 0), (10)
Pm - P" - Pm - 233 sin @,
After signal processing one obtains
D = Py Py, — PyPyg
- 4B,B30 cos 0 + 493339,




E = [Ddt = +4B,B,sind + 4B,8,0. (11)

Note that B, is the dc output of P, Py, By introducing offsets in the processing electronics, B, cxun be set to zero,
Then
D = 4B,B.9,

thus
E = [Ddt =~ 4H,B,0. (12)

which is directly proportional to the interferometer’s phase shift. It can be seen from Eq. (11) that unless the electronics is
correctly balanced (i.e, B, = 0) distortions will bs present in the output, These equations, although derived for a single
polarization system, serve io demonstrate the principle of operation, In practice, small deviations from the x/2 phase
shift (between P, and Py;)) were obssrved as different input polerizations were used, Consequently, Eq. (12) should be
multiplied by a fuctor cos A (where A is the angular deviation from 1/2) to allow for this effect.

Ag before, an AGC is required. In general, the properties of the (3 X 3) directional coupler determine the stability
and fidelity of the detection scheme,

Noise in the Interferometer Noise sources which result in 4 loss of sensor sensitivity may be split into three basic
groups, (1) coherence length, (2) intensity noise, and (3) phase noise frequency jitter, All three parameters® are strongly
dspendent on light fed back into the laser cavity. The amplitude and pliase of the light fed back into the laser cavity as
well as the effective externat cavity length are all important in determining the laser's properties®, The free running laser
has a voherence length of only a few meters, requiring the sensing and reference fiber to be balanced to within £ 1 m, The
amplitud of the laser's intensity noise is similar to that of gas lasers®, but has a 1/f characteristic which may limit
performance at low frequencies; common mode rejection techniques ara therefore desirabie. Thu interferometer is
oxtremely sensitive to low frequency (i.e,, in the aignal band) jitter of the laser's emission. This quasi-random nolse source
(also with & 1/f characteristic) results in noise in the interferometer which has an amplitude proportional to the path length
difference in the interferometer. Typical results are shown in Fig,5 for a number of different laser structures. The
mensuren ware made with an unbalanced Michelson interfarometer (this noise is often termed phase noise). As can be
seen from this figure for b radian performance, path differences of less than ~ mm are required, Different schemes to
stabilize the lnser output using optical feedback or electronic feedback are being considered; they will be discussed
briefly below.

A method to increase the frequency stability of the laser is to take the notse output and form a fcedback loop tn the
laser's constant current supply. The experimental arrangement is shown in Fig.6. The eedback circuit is adjusted such
that when the voltage output of the photodiode is equal to the voltage that corresponds to the maximum slope of the
Fabry-Perot response, the error signal applied to the diode laser is zero, Howevar, when the lnsor's frequency shifte, the
feedbuck circuit imposes a curreat on the constant bias current of the laser proportional to the luser's frequency
deviation. The frequency response of the feedback loop is determined by the overall loop gain of the system and is
sdjusted to a maximum for stable operation,

The results of the phase noise measurement for the free running laser ace shown in Fig.7a (upper trace). The
charaeteristic f~ /2 frquency dependence is observed,; it should be noted that the phase noise contribution was ~ 2.5
orders of magnitude larger than the contribution due to amplitude noise, which is shown in Fig.7b. The Jower trace in
Fig.7a shows the phase noise cutput when the feedback circuit is switched on; a substantial reduction in the phase nolse is
obaerved, Below 5 Hz, the nolse is reduced by 60 dB (electrical noise power); at 250 Hz a ~ 30 dB reduction was
observed. Despite the large reduction in phase nolse, no change in the laser's amplitude nolse was observed, This is
similar to the effect of optical feedback stabilization. Similar results muy of course be obtained by using a Mach-Zehnder
(bulk or fiber) to provide the stablilization feedback.

It has been shown® that the frequency and intensity instabilities of GnAlAs lasers are partly correlated. However, the
cotrelation is too low to, for example, stabilize the frequency by stabilizing the intensity.® However, the intensity noise
emitted by the laser's front facet may be substantially reduced by stubilizing the output of the rear facet.

V. TELEMETRY

Many of the application areax tor sensor technology involve a large number of sensors. Thess may be in the form of
large sensor arrays as are f>und, for example, in acoustic streamery towed by surface ships engaged in the exploration for
oil deposits or involve the distribution of & variety of sensor types for control in engine, power plant, factory, or ship
control platforms.

In the design of su=h sensor systems, optical sensors and fiber telemetry huve a clear, intrinsic advantage over
conventional electrical technology. The use of optical sensori and fiber optic telemetry muke possible all-optical, multi-
¢lement sensor systems capable of supporting a very large number of high bandwidth sensor devices with no requirement
for electrical power away from the processing platform. This detives from the high transmission bandwidth of the optical
fibers, the all optical nature of the sensors, and the ability to remotely modulate the optical sigual delivered to the sensor.
These principles are llustrated in Fig.8. As for the case of a ship control system, shown in the upper loft, one complete
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suite of sensor types — liquid level, temperature, smoke, pressure, and discharge — is excited by an optical fiber carrying
light of wavelength, A ,. At a second locatior: a second identical sensor suite is excited by an optical fiber carrying wave
length A,, a third suite A5, and so on. A single return fiber carries the light back from all sensor suites, where wavelength
division demultiplexing is used to extract the signals from one: particular suite. The signals from each individual sensor
making up that suite can be separated by pulsing the optical source in a time sufficiently short compared to the optical
transit time from adjacent sensors. For each laser source (1 milliwatt) at A, and associated fiber pair, information from
approximately ten 1o fifty sensors can be collected, the exact number depending on the desired sensor threshold
detectability. Thus, for a small bundle containing some fifty fibers, a high bandwidth sensor system with as many as

several thousand passive sensors cen be deployed with no roquirement for electric signals or electric power away from
the processing platform,

This is only one of the many configurations possible. For example, in place of wavelength multiplexing, frequency

division multiplexing can be achieved by straightforward frequency modulation of the laser sources as shown in the upper
right of Figure B,

Research activity at Stanford University” and University College London* on multiplexing several interferometric
sensors has led to the demonstration of two techniques potentially capable of the principle of operation. One arm of each
sensor loop (1, and I,) carries the sensed information in the form of phase modulation on the optical carrier. [, and I, are
chosen to be much longer than the source coherence length A, so that the sensed phase modulation will not be converted
into detectable intensity modulation at the sensor output, The phase information can still be retrieved by the receiving
loops which match the respective sensor loops to within a fraction A, If [I, ~— 1,}is much larger than A, cross talk is
eliminated, and the detector at the output of L., reflects only the information imposed on 1,, Figure 10 illustrates a
configuration to multiplex interferometric sensors by utilizing the frequency modulation schemes described by equations
1 through 8. The principal attraction of this scheme is the possibility to perform passive sensing without the use of
electrical components in the sensor head,* By frequency modulating the laser and having different path lengths within
each sensor, signals from ench sensor may be separated, The principle involved is as follows: for a single sensor and o
periodic linear ramp modulation of the source frequency, the detector output will contain a component oscillating at a
frequency characteristic of the path imbalance of the interferometer. A multiple sensor system may be multiplexed
choosing the intetrferometric sensors to have a different path imbalance so that each interferometer may be identified by a
particular frequency component in the detector output, There will, of course, be frequency components associated with
paths through two or more interferometers, and these could ocour at frequencies associated with other interferometers in
the system. The novel contribution made by these authors is the development of design procedures to ensure that there is

no ambiguity betwenn crose-terrn signals and desired signals from the interferometers.* These authors predict thatup to a
thousand sensors may be multiplexed using their scheme *

Multiplexing interferometric sensora remains in an early stage of development with several issues to be resolved

such as increased shot noise arlsing from serial multiplexing, polarization scrambling degradation of multisensor
performance and cross talk,
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DETECTION THRESHOLD
DETECTION DEVICE STATE OF THE ART FIBER SENSOR THEORETICAL LIMIT
Acoustic Sensor 20dBre:lpPa ~25dBre:inPa
Pictoceramics, Human Ear 1 km Fiber, 150p watts
Magnetic Sensor
Ambient Temp 10-* GAUSS 10~ 12 GAUSS
Cryogenic 10~ GAUSS
Accelerometer §%10°7Q'% 2% 10°%G's
Rate of Rotation 10-2*/JHR Mechanical 10~%*/JHR
7 x 10~**/JHR Ring Laser
Thermal Sensor 5x 10-4°C 10~* degrees/ 1 cm of fiber
10” Hz Bandwidth
Semiconductor Thermistors 10* Hz Bandwidth
Strain 10-9 10-11/ 1 cm of fiber
Semiconductor
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Figure 1 Temperature compensated microbend sensor. All dimensions are in
millimeters and fibers are shown as dotted lines,
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Figure 2 Optical fiber gyro random drift performance.
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Figure 3 Representative minimum detectable acoustic levels for optical fiber
sensor. The sensing element is 10 meter of Hytrel-Silicone jacketed fiber.
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Figure 10 Three fiber telemetry schemes:(a) serial, (b) parallel with separate reference arms, (c) parallel
with common reference arms.

DISCUSSION

J.Dakin, UK

In your review lecture you stated that up to a thousand sensors could possibly be multiplexed using the multiple-coupler
fibre bua topology with either FMCW or coherence multiplexing techniques, Do you really believe that the loss budgets
and the difficulties in frequency and sensors length allocation would permit this number of sensors in practice?

Author's Reply

A practical number of sensors that can be multiplexed from a single source is tens of sensors, The loss budget will limit
you to these iumbers, The 1000 number is a theorctical number describing the number of distinct channels people

belleve ure possible for the various multiplexing schemes. To date, channel crosatalk problems have not vealistically
been addressed and may further limit the number of sensors,

J.Lucas, Fr
Ju there any interest to shift to the IR domain to increase either the sensitivityof sensors or the domain of applications?
Author's Reply

Going to longer wavelengths normally increases the sensor self-nolse and therefore does not favour longer wavelength

operation. However, you may want to use long wavelength transmitting fibres to perform IR spectroscopy at remote
locations,
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Abstract
§ paper discusses the potential application of fibre optic gyroscopes (FOG) In Interial navige clon (IN) systems. The
requirernants for IN are briefly reviewed and compared to the reported performance of exprrimental FOG's. This
i!“d'l to the identification of areas In wich further work ls necessary, in both physical understanding and technologlcal
evelopmants.

IHPL!;%H

ere has besn cunslderable lntnrn?tlﬂsl effort In the design and testing of laboratory pruiotypes of the flbre optic
gyroacopas !n tho past few years, 1i23) The empharis In these programmas has slmot. Inusriahly beer on the
rezlization of o gyruacope with a pwrformance compatible with missile applications. For misslle use, the flbre aptic
gycoscope han the uttractlons that It can measure high angular vates (perhaps 1000%/sec), and can survive high
vibration and mcceleration levels, Additionally, Instant switch-on, potentially long shelf-life and low welght are
atiractlve features, By contrast, the requirements on sensitlvity, drift and scale factor atabllity are relatively
modest, though thare are severe cost constralnts,

In this paper, we examine the flbre optic gyroscope as a candidate for an alternative application, that of inertial
navigation. Wa show that each clement of the required performance has been demonstrated, In a laboratory
environment, on ona flure optic gyrvscope or another, but not all on the suma fyroscope architecturel We then
l'ndlcuto the directions of current ressarch which could lead to an Intertial-navigation-quulity instrument In the
uture,

Fhf m*m.] Nfﬂﬂim slf%f" fi
n Inertial navigation, the pasition of an alrcrals, ship or othor vehicle is monltored by detecting the accelarations to

which the body ls subjected, and, by doubly iategration, dourmlnlna the distance travelled. Three (single.axis)
accelerometers are required, and, as It Is necessary 1o know In which direct!ons the acceleromaters are pointing, the
Inertlal navigation rystem also requires thrae (single-uxis) rotation sensors (l.e, gyroscopas),

Traditionally, the slx instruments are mounted In a fully-nerobatic gimbal set, and orlented with one acceleromatar's
sniltlve axis vertical, and the othar two horizontal, As the vahicle moves, the gimbals are aervoed to keep the
ncceleromuters pointing In the same direction, using the gyroscopes as the seisors for the servomechanism,

Mora recently, It has become tashionable to dispense with the gimbals, and to use the gyros (and much computin
gowcr) to kesp track of where the accelsrometers are painting. Then the detected acceleratlons can be resolve
ack Into the lrproprllto coordinates. This latter systam, known as 'strapdown’, exchanges some af the mechanlcal
complexitlas of the gimballed system for a vast increase In computing requirements. In addition, batter quality
y;oncopu and accelerometery are needed for a strapdown system. These matters are explainad in more detall in
reference 4,

In Table 1, s summurise the requirements for a 5(roocope for tha two Inertial navigation systems (L.e. strupdown and
gimballed), and for a typlcal luwer-grade misslle (l.e. non-Inartlal-navigation) gyro, The figures In the table should
be used with caution, as they give trly a rough Idea. The terms in tha tably nead sorme explanation. By 'maximum
scale tactor error' we meen that the instrurment must be capable of monsurln? 4 rotation rute to that accuracy, alter
the subtraction of any zero-rate error, and after any correctlons for non-linearitles have been made. This ligure
must ve applicable over the input range 'drift' to ‘maximum rate',

‘Drift' Is a complex subject (9, 1t concerns the gyro output when there is no Input. It Is usual to subtract the d.c.
(zaro frequency) component of this output, and 10 make some correction for the g-sensitive component of this, In
the tahle we refer to the drift figure aftar thesa corrections have been mads, There Is no standardlised notation but
sometimes 'nolse’ Is used to denote the hlqhor frequency components, and, in flbre optic gyro work, it Is often quoted
after a one-second filter on the output, 'Drift' is used to denote lower frequency nolse, Essentlally the phrase 'dritt
must be less than x*/hr' means that the Instrument, in norma! use, should be capable of detecting a change af rotation
tate of x*/he over any time from zero to a reasonabie period for the proposed use (e.g, 1 hour for aircrait systems),
Mechanlcal gyroscopes hava pronounced mechanical resonances in the nolse spectrum, but are well characterised(g).
The FOG Is often assumed to exhlbit a white nolse spactrum, through there Ia to date insufficient experimental data
to contlrm thie with cenviction.

It ls generally assumed that the flbre optic gyro will be a strapdown sensor, and therefore must meet the most
demanding requirernents glven in Table 1. This assumption ls reasonuble, becauss mechanical 3yron in gimbal systems
have reached a high degree of maturity, and the emphasis in Inertial navigation has switched to strapdown systems.
The latter, usually exploiting the Ring l.aser Gyro, promise lower cverall cost-of-ownership, through they are
u?llkoly lto offer high reliability or higher accuracy than a gimballed system with mechanical gyros and modern
alectronics,

It ls interesting to compare the market situation of the {lbre optic gyroscope with that in the better known role of
libre optic systems In communcations. Here the prime role of fibr~ optics Is urdoubtedly In high capacity, long haul
trunk networks - Iin other words at the very high performance end of the spectrum. Flbre optic systems have
achleved only madest aucceas In short range systems, as may be neseded In, for (nstance, Industrial plant, buildings,
aircraft stc. The principal reason for this low penetration is that the fibre system Is expensive relative to lts
electrical counterpart and so must offer uniqus advantages In ordet to be competative. In some aircraft applications,
light welght and immunity to EMI are attractive, so there are some applications niches,
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In the fibre optic gyroscope. the same observations are certainly true for the modest performance applications, where
the competition Is cheap mechanical gyros. At the inertial system level and above, the fibre gyroscope appears to
offer one substantial advantage - there are on initlal evaluation, very few preclsion assembly steps In the
construction of the final device. In fact the only apparent ones are In the fabrication of flbre optic couplers and
modulators, The remalning mechanical assembly features do not require an extremely high degree of mechnical
precision, though the final assembly must, of course be mechaiically stabie. The [.strument would require
callbration In the usual way.

Demonstrated Parformance of Fibre Optic Gyroscope
he flbre-optic gyroscopes which have been demonstrated 3o far may be divided into two clarses. Those of one class,

Illuatr ~ted by figure !, are designed primarlly with the objective of low-nolse levels and good sensitivity to low
rotation rates, whilst those belonging to the other class, (figure 2) are Intended to detect high angular rates with a
good scale factor stabllity.

The low=nuise architacture comprises the minimui» conflguration ‘?ﬁ a fully reclprocal fibre-optic: 3yroscope(7)_. with
a source whose spectrum minimises problems due to the Kerr effect ), and uses a simple, phase-modulation detect{gn
technique. This contiguration has been demonstrated to have the low noise level required for liertial ravigation )
However, the drift performance of this instrumel.t is erratic, due largely to varlation of the tibre birefringence with
temperature, and to an imperfect polariser. Thus, far example, tne Instrument may be used to detect u siep change
on input rate of 0,01 */hi, but covld not detect 8 change of this size it it occured over a period of minutes. For this
reason the Instrument l? shls form Is unsuitable for inartial navigation. More recently a modification of this deslgn,
using birefringent fibre (9, has been reported. It demonstrated both drift and noise performance near that required
tor inertlal navigation, but all instrumenta of this type show limited dynamic range and poor scale factor linearity,

The second class of tibre optic gyro architetture s aimed primarlly at high dynamic rangs and good scale factor, with
nolse and drlft belnf faf less importance, The best parformance to dute has been achieved in frequency-shifted
clored-loop systemalI?), Tha original systems Lmd Brdg%cell shifters, but for all guided architectures a particular
favourite s the nrrody?r {requency shifter 1)12), This has been demonstratad In integrated optics, and approached
In all-tlbre components(i3i, "As Integrated optics causes Interface lossen, these systems transmit relatively low
optical power at the detector and hence exhibit relatively high nolse levels (perhaps 1 */he in a one Hertz bandwldth),

In both the basic systems described sbove, there is an inherent ambigulty in the measured value of rotation rate
because the Sugnac Induced time difference is measured with reference to the optical period. Thus the gyro output Is
a sinusoidal function of the rate Input, and it Is fundamentally Impossible to dlatinguish between time dlfferences
which aro separated by an integral number of optical perlods. Of course, it Is possible to avold going Into the second
optlcal period, by UIlnf a short length of flbre, but this produces a lower signal and hence causes nolse problems. The
detection threshold, dictated by shot nolse, is typically 10~ udltm In one Hertz (or the equivalent time dlfference is
s {requency-nulling system). [f a dynamic range exceeding 10° s required, the upper end must lle in the second
optical perlod, Thus elther an anclllary system s needed to resolve this ambigulry or a direct time-mensuring
architecture needs to be evolved. To the authors' knowledge, no such architecture has yet been demansirated. There
Is also a more fundamental problem with scale factor stability, concerning the relationship between optical phase,
wavelength and rotation rate.

The measured phase relationship ls

. YTLR Y]
Age

where ¢ Is the optical phase measured
fi Is the rotation rate
i |8 the total fibre
R ia the coll radlus (aasumed clrcular)
Ap is the free space optical wavelength

Some error-correction can, in principle at laast, be bullt into the read-out cornputation. For example, .he values of L
and R may be thermally modelled and it may also be necessary to model the Influence of linear acceleration on the
shape of the loop. However, this still leaves a question over the dlrect reistionship between the optical wavelength
and the value of the observed phase, und therefore of the percelved rotation rate. If a gyroscope scale factor
accuracy of 20 ppm Is required, the source wavelength has to be known to an accuracy which s probably an order of
magnitude better than this.

There Is the same requirement on the rln? laser gyro, which also detects rotation using the Sagnac etfect. In this
device, the length of the resonant cavity Is adjusted oy a plezo-electric transducer, to lock onto the pesak of gain
curve. This Is relatively straightforward because the gas laser has a well-defined gain curve centred on the photon
energy corresponding to the relevant atomic or molecular transition. In solid state lasers, band structure effects
reriove this well-defined centre.

Semlconductor sources (usually heavily-muitimoded lasers or light emitting diodes) are citen favoured for the {lbre
cptic gyro because their optical waveform statistics have the correct properties to compensate for Kerr-eftect-
Induced cifset drift, Additionally their short coherence length minimises coherent back-scatte", Typlcally such a
source has a centre wavelength of 830nm and & linewidth of a few nm, or 10000 ppm. It Is difflcult even to define the
meaning of the 'mean' wavelength of such a source to ppm precision.

Also the centre wavclength of the source will vary with temperature (because the band gup Is temperature dependent)
at around 500 ppm °C~1,

Onhe approach to menurln% the optical \nyelensth to correct for these factors ls to explolt the fringe ambigulty ina
frequency-modulated feedback system {18} and measure the apparent rotation rate on adjacent fringes. There Is a
slight fibre dispersion effect which causes the two measured rotation rates to difler, By measuring the temperature
of the loop and knowing the dispersion characteristics, a fit may be made to determine the effective scurce
wavelength, Scale factor stability of around 100 ppm In clalmed for this approach. The technique, which involves
measurement of frequency difference In adjacent fringes, Involves measurement of frequency differences ol less than

- |
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100 Hz/nm of optical wavelength change, Measurement of wavelength to ppm implles that this difference should be
monitored in milllhertz, These are then some practical difficulties implied in measuring this difference in a
non-stationary system, simply concerned with tracking this frequency difference over a sufficiently long perlod to
make the measurement. Some well-designed software is cssential g\ere. but even so It seems very difficult to
extrapolate this technique Into ppin measurements,

Implications for fibre optic g*ro'cou desi;
In this section we examine the areas In which further work is required for the developinent of a inertial-navigation
quality instrument.

The requirement for scale factor stability implies either stabilisation or measurement of optical wavelength to 10
ppm or better. The implications here are that » source with a line width of less than 10 ppm would be preferred and »
high degree of central wavelength stabllity would also be required. These observations point to the use of lasers. The
linewldth considerations also imply the use of either a single-mode semiconductor laser, a solid-state laser, or a gas
laser, However, if the use of a super-luminescent diode Is abandoned, the advantages of Kerr-effect compensation
are lost, and coherent back-scatter bacomes a bigger problem. A more thorough undetrstanding of backscatter Is
theretore( o‘\ %lw,tlal stage In the evolution of the Inertial-grade system, and initial work on this has been published
recently (13,16,17),

The specification of the optical source and its wavelength stablllity raises a number of questions, It Is Impossible to
rely on the energy gap of a semiconductor source to provide the frequency reference, and the use of a gas laser is
unattractlve, though not entirely Impractical, The Inevitable conclusion Is that some form of wavelength
stabilisation or wavelength md‘sursg\ent Is required, The former has been demonstrated to the required 10 ppm
accuracy by many worker v 1 though there Is then the question concerning the Inherent stabllity of the
reference elament to which the laser Is stabllised, and some careful mechanical design Is needed here. The
alternative approach, that of measuring the wavelength over the anticlpated range of operating characteristics of the
source, requires a parts per million messurement over a wavelength range of perhaps 5% - corresponding to about
10,000 resolvable points. Spectrometers with this performance do exist, but compactness 1s far tfrom one of their
features! Indirect measurements, like the dispersion related technique described earlier, often Involve monitoring
second order phenomena so the measurement is relatively insensitive,

1t It Is assuned that the optimum architecture for scale factor stability and dynamic range Is the frequency-shifted
open-loop system = and no better option has been convincingly demonstrated - then an ull-guldc? 'csptlcn.l
{requency-shifter Is essential to minimise nolise, It seems likely that the present ones In l&t&)grmd optics (11 have
too high interface losses for Inertial navigation work, and an all-fibre one would be better » There is currently no
general agreement on the technical Iﬁ:c fication of such a device, The other principal passlve components for an
all-fibre gyrostope (the couplers and the polarising elements) are, or soon will be, commercially avallable.

In this context, w? thou# mention a number of Ingenlous detectlon schemes which avold the need for an all-flbre
frequency shifter (21, 22), These utllise a phase-modulation approach to derive an electrical phase output, in which
the detected signal is lndependen( f)' the amplitude of the o&tgcal signal at the detector, ’I')yplcal of these schemes
are harmonic-feedback concepts (21), heterodyne-detection (2) and phase-gated systams (22),

Environmental Aspects

The Ilbre optlc gy-oscope is, of course, sensitive to any sffect, which violates the conditions of Lorenz reciprocity,
The Sagnac (rotation) effect and the Faraday effect are the only truly non-reclprocal phenomena. However time
variations in the fibre loop are also important. Consequently, the flbre optic gyroscope is sensitive to magnetic
fields, temperature gradient, pressure gradients and vibration. There Is little published data though the rule of thumb
that the earth's magnetic fiald can produce slowly varying offsets of the order of earth rotation rate has emerged.

This magnetic sensitivity may be minimised by the use of polarisation-holding flbre, which inhibits the effects of the
non-reciprocal circular blrefringence induced by the Faraday effect, but magnetic shielding may prove to be
necessary as well,

Temperature gradients can he a serlous problem, as pointed out by Shupe (2“), though "antl-Shupe" windings of the
sensor unit can appreclably reduce the Impact of thermal gradients. Pressure and vibration effects are closely
related to thermal effects, in that both arise from reclprocity fuilure In the presence of a time-varying transmission
medium. Improved coll winding techniques and overall packaging may substantially reduce the errors trom this
source.

Conclusions

in this paper we have shown that much of the basic work towards an Inertlal-navigation quality flbre optic gyre has
been completed, through progress is needed in a numiber of areas. The most Impertant of these seem io be In gaining
a full phyzical understanding of coherent backscatter, In evolving novel FOG architectures and in designing all flbre
components, especially frequency modulators. In our judgemsant, these remalning problems are not insuperable, but
clearly a lengthy development phase lies ahead before the full strapdown inertial specification is achieved.
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Table |
Missile mid-course Inertial Navigation
inertial navigatlon for 1 nautical milc error after
for 300 m accuracy 1 hour measurement time
In 20 km (1
Gimbaliled Strapdown
Maximum
rate [2] 400°/sec G.3%/sec 400*/sec
Maximum
Scale factor
error [2) 1000 ppm 200 ppm 10 ppm
Driit [2] 100% /he 0.01%/hr 0.01%he
Dynamic
range 1,5 x 104 10° 13 x 108
Notes

(1] the most demanding missile application quoted by Traynor (reference 6)

(2] these terms are discussed In the text
[3] Nuttall (reference &)
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FIGURE 1 THE SIMPLEST LOW NOISE GYROSCOPE SHOWING THE USE OF LOCK-IN
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FIGURE 2 CLOSED LOOP ARCRITECTURE FIBRE OPTIC GYROSCOPE. THIS IS A MINIMUM
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DISCUSSION
H.Lefevre, Fr
Does the cancellation of first order backacatter require very low loss fibre in addition to .’ 50 splitting in the
interforometer?
Author's Reply

Yes, the splitting ratio criteria also depends on the symmietry of the loss within the loop.

R.Feigeloon, US
Do you see an advantage in using other types of lasers rather than a somicondustor diode lager?

Author's Reply
Maybe, pe.haps the iueal source has about 1 GHz bandwidth. A fully filled doppler broadened grs laser line sounds
good, or perhaps fibre crystal laser if this proves to have the necessary stability and bundwidth,

B.Schwaderer, Ge
I'm not werking In thiy field of optical gyros, but can you give me the figures of optical typical power, if backscatter is a
problem?

Author's Reply
Typical: one mW laurched 1,10 uW detected in the most loss free systema, For integrated optic systems, another 10 dB
lous is typical.

— e e S . A__h‘



341

COMPARISON OF RING LASER AND FIBER~-OPTIC GYRO TECHNOLOGY

B. Udd, S. F. Watainabe, and R. F. Cahill
McDonnell Douglas Astronautics Company
5301 Bolsa Avenue
Huntington Beach, California 92647

ABSTRACT

Substantial progreas has heen made in recent years
toward the dsvelopment of producible fiber-optic rotation
sensors. These devices have the potential of being the
solid-state replacement for many applicationa curxrently
using mechanical yyro technology. Ring laser gyro technology
which has bsen under development for approximately 23 years
is now being introduced into commercial and military aircraft
for inertial navigation. The fundamentals of the usage of
Sagnac interxferomstry for rotation sensing will be reviewad
as wall ap the differences betwaen tiber»o?cic gyro and ring
laser gyro technology. Ixamples will be given of applicaticns
where fiber-optic gyro or ring laser gyro technology is
particularly suitable. Distinotions will be made between
analog fiber-optic gyros which offer the lowest possible
cost but are limited in performance capability and digital
fiber-optic gyros which offer the wide dynamic range and
acourate scale factor correction required for mors stringent
applications,

INTRODUCTION

h order to meet the parformance requirements of advanced inertial guidance applica-
tions, highly reliable, rapid reaction rotation sensors are needed. Table 1 and Figure 1
provide a summary of the requirements for typical applications. B8tate-of-the-art
mechanical gyros are available but high cost, long warm-up time, limited high rate
sensing capability, and problems asscclated with shock and vibration have caused a large
number of companies and government agencies to investigate the usage of optical rotation
sensor technology. Concepts based on ring laser gyro technolcgy hava been under develop-
ment since 1963 (References 1l~3) and have been pursued by such companies as Hohaywell,
Litton, Singer, Bperry, Rockwell, Raytheon, United Tachnologies, and Ferranti. These
aefforts culminated in the dellvery by Honeywell in 1981 of the first production prototypes
to support the dsvelopment of the Booaing 757/767 aircraft. Fiber-optic gyro technology
is comparatively new with the first laboratory demonstration models being reported in
1976 hy vali and Bhorthill (Refaerences 4-7). Companies pursuing fiber-optic gyro
development have been: McDonnell Douglas, Litton, 8tandard Electrioc Lorentz, Martin
Marietta, Nippon Electric Company, Sperry, Honeywell, Northrop, Bendix, and Singer. The

~ introduction of fiber-optic gyros into the field has been relatively rapid with the

delivery by MoDonnmll Douglas of production prototypes to Develco, in 1985, to support

an oil field norehole survay tool. As these technologies have progressed, it has become
inoreasingly evident that there ace applications whare boch the ring lager and fiber-optic
gyro offer the potentia) of superior performance with respect to existing technology.

This paper summarizes the strengths and weaknessas of existing optical gyro technologias
and projects where each technology may be used in fuvture applzcntionl.

THE SAGNAC BFFECT

Both ring laser and fiber-optic gyro technology are based on the Sagnac effect
(Reaference B) which arises due to differences in the propagation time betwaen clockwise
and counterclockwise beams of light about a closed optiocal path. Consider an optical
path constrained to lie in a two-~dimensional plane perpendicular to the rotational axis
aa is shown in Figure 2. The more general case of an optical path in three dimensions
may be handled by looking at the projection of that path onto three orthogonal planes.

Let the polar coordinates of the optical path be given by r = r(¢). Also, define
the angle between rd¢ and ds, ds baing the differential along the optical pathlength,

to be
» = cos™t [ 5%1 ] (1)

Associated with ds is a change in the optical perimeter due to rotation which has the
differential form, 6 being the rotation rate, of

ap = ar 4t goms -nr[g%'-]dc (2)

but dt ~ ds/c so Bq.(2) becomes




2
- g2 de ds_ pre
dP = Qiy 3 © P dé (3)

The total change in optical pathlength due to rotation experienced by light traveling
about the ring is given by

2
Ap.:fﬂ.r_c.&).d,.i.gfrzmm (4)

To evaluate this last integral note that each differential elemdnt is just twice the
avea of a triangle formed by r(¢), r(¢ + d¢) and rd¢ as in Figure 3. Also, notice that
the sum of all such triangles is just the area snclosed by the optioal path which shall
ba designated as A. Conssquently, Eg.(4) reduces to the form

- 4 2A0
AP = & (5)

whera the sign depends upon the sense of integration. The measurement of this pathlength
difference betwasn the counterpropagating beams along the optical path forms the hasis

of the ring laser and fiber-optic gyro. The means of accomplishing this pathlength
difference mesasurement are very different and will bes discussed in the following
sections. '

FUNDAMENTAL ASPECTS OF THE RING LABER GYRO

in order for the optical path described above to support lasing, thare must be an
integral number of optical waves about one completa circuit. Optical beams having
wavelengths that do not satisfy this pathlength matching condition interfere with them-
selves as they make subsequent circuits about the optical path., Thus, in order to
compensate for a change in the perimeter of the optical path due to rotation 4P, the
wavelength and frequency must change. In particular, it must follow that

P _ P+ P
R W'} (6)
or
A+ A) P + AP
A m T (7)
which reduces to
44 . o2 (8)

Using the relationship v = ¢/) and

e (9)
v

with Eq.(8) results in

e (10)

Eq. (10) is the fundamental equation relating frequency, wavelength and perimeter change
in a ring lasor. In a conventional ring laser, two modes propagate; one in a clockwise
direction, the other, counterclockwise. If the ring laser rotates at f then Eq.(4)
indicates that the cffective optical pathlength will increase for light traveling in the
direction of rotation and decrease for the oppositely traveling light. Thus, if the
light from the two counterpropagating beams are beat together, the resulting signal has
a fregquenay

£ w2 av] = 2082 (11)
ANG _ 4Ag
T Y

This last equation is the fundamental relation for the ring laser gyro. 1Ideally, the
performance of a ring laser gyro would be govarned bI Eq.(ll). 1In practice, for low
rotation rates, the clockwimse (ow) and counterclockwise (cow) beams may couple together
in frequency. This phenomenor is known as "lock in* since the two counterpropagating
beams are locked together in frequency resulting in a dead zone over which the

effective output of the ring laser gyro is zero. The mechaniasm by which the cw and cow
beams interact is believed to be small amounts of backscatter from the ring laser
mirrors and the gain medium itself (Reference 9). Usage of high quality, low mcatter
mirrors have reduced the problem from saveral degreesus per second in the 1960s - to the
"dead band" regions of about 1000 degrees per hour in the 1970s ~ and for cavity lengths
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with mirror saparation on the order of 8 om to a few degrees per hour in the 1980a.

Eq.(ll) can be modified so that it incorporates this phenomenon by defining a critical
rotation rate . such that lock-in occurs for rotation rates smaller than this value.
Eq.(11) then beZomes

0, 02 <n2°

fm {12)
A a® -q 2, 0%
i‘_v c + 85207,

While Eq.(12) holds in the "lock-in" region and for rotation rates o, the observed

behavior between these :wo ragions may be very complex depending upoﬂ such factors as
ower level, galn media, mode structure and wavelength (References 10 and 1ll)., PFigure 4
llustrates the operating characteristics of a ring laser with lock-in.

In order to circumvent the problems associated with "lock-in" ring laser gyroa
which operatea at low rotation rates incoxporate soms sort of “"blasing” whereby the
frequencies of the countorpropaqnting beams are separated. PFigure 3 illustrates many
of the problems assccliated with biasing., By increasing the ogtioal quality of mirrors’
and optical surfaces the Adead band region may be reduced. This alsc means higher cost
in terms of oitioal components and manufacture. To compensate for the presence of a
dead szone pariodic switching is often used. That is, the effective optical pathlength
of the ow and cow beams are changed periocdically., Switching to a rotation rate @
outnide of the dead sone and then back to =~ 0 results in the gyro sensing 0 + AR and then
- 0 + A, Adding these two rotation rates gives twigce the actual rotation. Thers are a
number of problams associated with cperating in a perlodic bias mode. 8ince it is
desirable to minimize the magnitude of the periodic bias asm well as minimise the amount
of time spent in the lock~in region, high quality and consequently, high cost cptical
components must be used. Becondly, while periodic billing reduces bias instability
problems to a minimum, information may be lost during pericdic passage through the dead
band. TFinally, vpper rate is limited by tha maximum rate at which the ring laser is
dithered as one end of -the swing may fall into the dead zone region.

Anothar means of biasing involves the uke of a fixed bhias where the differenca
between cw and cow heama are stabilized to a value corrasponding to a rotation rate on
the linear portion of Figure 5. BSuccessful implementation of such a teochnique implies
extreme bias stablility, as small deviations may cause large errors in rotation rate
readinga. Examples of such biasing techniques include stabilisation with an intracavity
quarts orystal or saturable absorber (References 12-14). More complex bias achemes
also exist which have multiple blas by taking advantage of polarisation effects and
usage of intracavity elements (References 14 and 13).

Figure 6 is a block diagram of a typical ring laser gyro that would employ mechanical

dithering.

FUNDAMENTALS OF FIBER-OPTIC GYROS
From Eq. the total pathlength difference between the counterpropagating bheams
along the optical path is

- ﬂ K
AL s U {13)

For simplicity, consider the cass of a rib-r-oEtio gyro consisting of a circular coil
of N turns. The effeotive enclosed area of this geometry is NA and the number of turna,
N, is equal to the length, L, of tho fiber coil divided by its perimeter of L/2rR.
Substituting these results into BEq.(13) renders

o = 3B g (14)

To determine the fraction of a fringe shift betwaen the two counterpropagating beams
when they are mixed, we divide this pathlength difference by the wavolength of light in
vacuum, A, to obtain
o 2RL
I "% " (15)

FIBER-OPTIC INERTIAL SENSOR FUNDAMENTALS
S RWALOG FIBER-OPFIC QYNGR

The simplest form of passive fibsr-optic gyro consists of a light source of
wavelength \ and a central beamsplitter that is used to generate counterpropagating
light beams in the fiber-optic coil (Reference 4). It'm output is given by

Zp = %%L a (16)

where R is the radius of the fiber coll, L is the length of the fiber coil, A is the
wavelength of the light source, and ¢ is the speed of light in vacuum. PFigure 7
illustrates the layout of an implementation of this fiber-optic gyro concept. A
single-mode fiber spatial filter and polariser are npgroprlatol placed to ensure that
both counterpropagating beams transverse the same path in the fiber-optic coil




34

(Referance 16). The two counterpropagating beams mix and fall onto the detector,
which is used to monitor cosinusoidal intenaity changes caused by rotation, To pull
the asignal out of the direct current (DC) band, nonreciprocal phase shifts between

the counterpropagating beams are introduced at a rate of w. As an example, this may
be accomplished by injecting an optical phase dither at a rate w in the absence of
rotation. Upon rotation of the system, odd harmonics of the signal at w fall onto the
detector with an amplitude that depends on the magnitude of the rate of xotation and
with a phase that depends on the diraction of rotation,

This type of fiber-optic gyro, desmed the analog fiber-optic gyre (AFOG), provides
a small, low-cost technique suitable for applications with medest dynamic rangs and
scale factor rsquirements (a dynami¢ range of 3000 and a 1% scale factor corrsction
would be typical). Examples of applications where this type of gyro would be appropriate
include yaw and pitch measuring, attitude stabilization, gyrocompassing from a platform
such as a aubmarine, and antitank missiles.

Recently, work has been performed to attempt to extend the dynamic range of the
AFOG (Refarences 17 and 18) by accapting regions of relatively high nonlinearity and
low sensitivity. The digital fiber-optic gyro described in the next nection provides a
fundamental means of overcoming these limitations.

DIGITAL FIBER-OPTIC GYRO

For applications that require high performance and wide dynamic range, such as
ejection meats, tactical missilas, and jet fighter heading sensors, a means has baen
devised to introduce a nonresciprocal phase shift into the aystem and to null out phase
shifts caused by rotation (References 19 and 20). A block dlagram of a gyro incorporating
this system im shown in Figure 8, Light from the source is spatially filtered and polar-
ized before being split into counterpropagating beams. The clockwise~circulating beam
of light passes through the fiber-optic coil at a frequency Pt F. Both counter-
propagating beams recombins on the beam splitter at fraequency Fo + F.  The relative
fringe shift caused b{ the frequency differencs betwesan the two beams propagating in the
fiber~optic coil is given by

w . FLn
Ip = FE, S (n

where tp is the time delay through the fibar coil and n is the index of refraccion.

In order for this system to be nulled, the fringo shift caused by rotation must be
offset by the frings shift caused by the frequency differconce of the light besamn
countorproilgating through the fibsr-optic voil. That is, the oriterion for a nulled
condition is exprassed by

"g * lp ™0 (or any integer value, when using an offset freguancy) (18)

Combining Eqs.(16) and (17), the output frequency, F, is

2R
Fm [ n ] h} (19)

It may be noticed from Eq.(l17) that a sign change in Eq.(19) ocours if the
frequency shift is impressed upon the ow instead of the cow beam.

To ensure that the nulling ocondition of Eq.(18) holds, an alternsting current (AC)
phase-sensitive detection scheme has been devised. Nonreciprocal phasa shifes batween
the counterpropagating beams are introduced by injecting an optical phase dither at a
rate w. When the condition of Eq.(1B) holds, only the second and higher-order even
harmonins of the w appear on the detector. Upon rotation of the syatem, first- and
highar-order odd harmonic signals of u fall onto the detector with an amplitude and
phase dependent upcn rotation rate. Thiws signal is synchronously demodulated, and the
resultant output voltage is applied to an integrator which, in turn, corrects the output
frequency of ths voltage-controlled cscillator, closing the feedback loop and nulling
the system. PFigure 9 illustrates analog and digital fiber-optic gyrv product areas.

COMPARISON OF RING LASER AND FIBER-OPTIC GYROS

e major arence, with respect to performance, between ring laser and fiber-optioc
gyro technology ia that ring laser gyros utilise lasing characteristics. Piber-optic
gyros, by contrast, are passive cavity devices whose lgght uource is external to the
rotationally sensitive medium. For this type of device optimum performance is achieved
using a broadband light mource dominated by spontanecus rather than stimulated emission.
The second major differance is that the type of te: inologies used for the two optical
rotation sensors is valth different manifesting itself? in such areas au power supply
consideration, size, weight, packaging !10x1b112ty, assembly and ultimately cost.

PERFORMANCE CONBIDERATIONS

Table 2 lists various psrformance characteristics comparing ring laser, analog
and digital fibex ogtic gyros. Important operational Torformnncn paramsters that are
key to evaluating the quality of any gyro include sensitivity, bias drift, scale factor
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errors, linearity, and dynamic range. B8trongly ccupled to thease operational performance
characteristics are such issues as environmental performance, especially temperature,
shock and vibration characteristics, package size and weight, form factor power require-
ments and reliability. The ocutput equations for the ring laser and fiber-optic gyros
form a basis on which operational performance characteristiocs may be made.

The analog fiber-nptic gyro has a sensitivity that dsponds upon the length of fiber
smployed for a given enclosed area. Thus, longer lengths of fiber would be expected to
result in higher asensitivity. As lower loss fiber becomes available as waell as higher
quality light sources the sensitivity of these devices would be axpected to continue to
improve. Barly calovlations showed that the sensitivity of the fiber optic gyro could
ba comparable, or batter, than existing ring laser gyro technology (Refarsnce 21).
Progress has besn made and these predictions have been verified by recent experiments
(Refarance 22). Thae sensitivity of the ring laser gyro is limited mainly by operation
at low gain lavels to avoid nonlinear effects and sensitivity that depends upon a
single transit about the lasing cavity.

The differences in rotationally sensitive optical pathlengths also manifest
themiaelves in procedures to reduce bias Arift errors. Ring lassr gyros rely on such
techniques as low expansion coefficient optical cavities, active pathlength control,
symmetrical placement of ancdes and cathodes, to ensure that both counterpropacating
lasing baams in the cavity traversa the same optical path. PFiber-optic gyros raely on
external slements to the optical sensing path such as polarisers and spatial filters
to ensure the beamr traverss rocifrooal paths. The packaging of the fiber coll is
oritical since time dependent environmental changes that ocour on the order of the
trnnligitimz :: light through the fibexr coil will result in nonreciprocal effects and
a net as drife.

Boale factor imauss for the ring lasar largely involve limitations of means to
overcome lock-in and mode pulling phenomencn. Bufficient progress has, howaver, baen
made in this area so that corrections of hettex than one fart per million are possible.
In order to achiave a good scale factor for the fiber=optic gyro the most promising
approach appears to be the digital fiber-optic gyro. The output of this device has a
scale factor equation that is ldentical to the ring laser gyro. There are, however,
important differences in the implementation of these devicea. The ring laser gyro
typically uses a helium neon laser which has a very stable wavelength and index of
refraction that is nearly ons. The digital fiber-optic gyro «an also use a hellium neon
laser as a stable source and scale faotér correction techniques may be used to monitor
the optical pathlength change of the fibexr coil (Reference 23). 1In order to achleve
high performance the coherence of the light source should be us short as poasible to
minimise backscatter. While this is possible to achieve in a gas laser, molid state
low ocoherence length light sources such as supsrradiant dicodes and light emlitting diodes
are readily available and offer the advantages of solid state technology. These light
sources however, do change wavelength with such parametera as time, ocurrent and
temperature often in a manner that is 1dfficult to modsl. The wavalength of tha light
source may be measured (Referenve 23) if the optical pathlangth is known. This involves
careful packaging and modeling of the fiber coil under various environmental conditions,
the most important of which is temperature.

The limits of linearity and dynamic range of the ring laser gyro depend upon
lock-in and the design of the means to overcome it. For ring laser gyros utilising
mechanical dithering this usually meanm an upper rate limit oconstrained by the peak
velocity at which the unit is dithered. Generally, for large ring laser gyros with
optical pathlengths of 30 om, this constrains upper rate to a few hundred degrees per
second for a typical design. The digital fiber-optic gyro is limited in upper rate
by the dynamic range of the frequency shiiters, tygionlly a faw thousand degruss per
second. Both devices may be offset toc sense very high rotation rates.

While the operational performance parameters are important,environmental conditions,
packaging, power requirements, and reliability often dictate the technology that will
be employed for a partiocular application. Both ring laser gyros and fiber-optic gyros
have demonatrated the capacity to operate under hoatile environmental conditions that
would be difficult, if not imposmible, Zor mechanical gyros %o perform under. The major
differences between the technologies involves the usage of a gas-filled tube as the
active alement for the ring laser gyro versus solid-state elements for the fiber-optis
gyro.

Ease of packaging is porhaps one of the most important advantages of fiber-optic
gyro technology over ring laser gyro technology. 'Tha rotationally sensitive fiber coil
may be formed into ovals, racetracks, squares and even nonplanar shapes quickly and
cheaply. Tradeoffs can readily be made to give optimum sensitivity for ccnstrained
geometries. A similar change for a ring laser gyro would involve a ajor development
effort. The fiber-optic gyro also may be arranged so that the rotationally sensitive
coll im placed remotely from the rest of the optics minimizing the weight for such
applications as sesker heads (Reference 24).

Many advanced applications have sevars Eowur and weight. constraints placed upon
them. Currently the power requirements of the two technologies arxe comparable, The
ring laser gyro rnguirol a povwer supply capable of delivering meveral hundred volts,
but only a few milliamps of current. The fiber optic gyro utilises solid state
components, and may be operatud off a conventional tive volt aupply but it has rela-
tively large current requiremsents presently due to such elements as superradiant
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diodes. Other conaiderations involve the weight associated with the solid glass block
and dithar mechanism associated with the ring laser gyro versus a solid-state light
source and detector, a fiber coil, fiber couplers and polarizers as well as modulators,
When the components involved in construction of a ring laser gyro are compared to those
assoclated with a fiber-optiu gyro, fiber-optic gyros appear to have a clear advantage
with reapect to the potential to be extremely light weight.

Another issue associated with ring laser gyros involves the trade off between sixe
and waight and reliability. The smallest ring laser gyros that have heen made ars only
a few centimesters in diameter but have operating lifetimes limited toc a few hundred
hours at best. This is due to the relatively high current required to operate the unit
causing the gas medium to be pumped out of the system, A seocond issue involves lovw leak
rates that would bs insignificant for a large ring laser gyro caueing shelf life problems
for a very small unit. ZLarge ring laser gyron such as those built for commercial
airoraft navigation have demonatrated reliability greater than 10,000 hours. Intrinsi-

cally, fiber-optic gyros are solid-state devices and lifetimes are not size dependent

since the light source is much smaller than any practical package. The slament that
currently appeaxs to be the main limitation for the fiber-optic gyro is tha light source
used in many high performance applications, the superradiant dicde. The lifetime of
these units has been steadily improving and prescreened devices have lifetimes on the
order of a fow thousand hours. It is axpacted that further development work will

result in lifetiwmes in tha 10,000 to 100,000 hour range. Light emitting diodes with
extremely long lifetimes (>100,000 hours) are almo usable in many applicationa where
performance requirements are not as high.

TECHNOLOGY COMPARISONS

n important aspect of ring laser and fiber-optic gyros is their relative afforda-
bility which is closely tied to the technology associated with each device. Table 3
sumnarizes some of thess conmiderations. The ring laser gyro is a very specialized
instrument and much of the technology associated with its successful introduction haa
been horne by the companies developing the tachnology and the defense industry. PFiber-~
optic gyros, by contrast, have much more synergiam with work pesrformed b{ other
commercial effortas such as the telacommunication industry and will benefit from related
work being performed in support of compact audio disk flaerl and copiers. PFibur-optic
gyro development is also strongly supported by work being done on othar fiber-optiec
sanscors in the field of acoustic, magnetic and electric field sensing,

As mass production of key elements and subassemblies for the fiber-optic gyro
occurs it is anticipated that this technology will gradually form a significant cost
advantage with respect to the ring laser gyro. This asituation will be further augmented
by the ability to assemble the ungtl under conventional manufacturing conditions as
opposed to the more stringent clean-room conditions nacessary for the ring laser.

Signifticant en innc:ing issuesr remain before fiber-optic gyros with performance
characteristics similar to lnertial navigation grade ring laser gyros will exist, It is
anticipated that in the near future fiber-cptic gyros will begin to penetrata the market
for devices with bias stability of more than about 1 degree per hour while ring laser
gyros will dominate the market for inertial navigation grade devices with performence

of 0.01 degrees per hour or less. Performance applications that require units that fall
betwesn these two ragions could go with either technology. In the long term the oritical
quastion will be the ability of the ring laser gyro to ba cost competitive with respact
to the fiber-optic ¢yro.

Although much of the initial work on fiber-optic gyros was performed at universities
and by industry that truditionalli were not participants in the inertial sensor market
this situation has shifted dramatically in the last faw years. Presently, virtually
svery major maker of inertial sensors has a fiber-optic gyro program. This may ba
representacive of the relative lack of maturity of this technology when compared to ring
laser qyros, The number of firms pursuing ring laser gyros has dropped as thuss sensors
have entered the marketplace. Table 4 is a partial list of companies involved in these
areas.

BUMMARY

Ring laser and fiber-optic gyro technology have been compared. For high parformance
agplicnt ons of 0,0l degree per hour or better, ring laser technology will dominate in
the near future while fiber-optioc Iyro will start to make inroads in the 1-10 degree per
hour regime. 1In the long term it ims axpected that fiber-optic gyros will offer a
significant challenge to ring laszer gyro teachnology through advantages related to cost,
power, sise, weight and packaging flexibility.
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Table 1. Gyro Requiremants
Scale
Full Factor Bias Warm Up
cae Stability St°b11ity Time ] Life
Application> {“/s¢c) (PPM) ("/hr) (sec) Cost Size {Yrs)

Afrcraft Navigation 100 25 .01 >300 High Not Critical 1

Space Booster 10-30 80 0.1 >300 Medium Not Critical 1

Spacecraft 10 =50 +1-.001 >300 High Mead~Small >1

Torpado 400 100-500 10-100 - Low Med-Small 3-5

Afr<to-Qround Tactical 100-200 500 <0.1 60 Vary Low Small 3-8

Missile (Terminal Aided)

Radar Guided, Ground-Air  200-300 >1000 10-80 174 - 10 Low-Mad Small 6-10

Missile

Cannon Launched >800 - - - Very Low Small
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Tabie 2,
Ring Laser Gyro

Performance Comparison

Analog Fiber=Optic Gyro

Digital Fibar-Optic Gyro

Output

Characteristic
Pathlangth

Thermal €rrors

Critical Icsue

Dynamic Range

Scals Factor
Correction

F= %ei fn
n=1
Frequency proportional
to rate or counts per
turning angle
General!l

pt L

o Packaging
o Electrode placement
o Pathlangth control

Lock-1n Compensation

»108
<1 PPM

s

Voltage proportional
to rate

50m -~ 5km
(longer lengths are
possible)

o Packaging

o Tharmal control and
compensation

Keduction in Sc-ttcr1hg
Polarization Control

10% - 10

1000 - 10,000 PPM

)
Fmﬂ

n=15

Frequency proportional
to rate or counts per
turning angle

50m - 5km
(1onger lengths are
possible)

o Packaging

o Thermal control and
compensation of
active elements

Reduction in Scattering
Polarizetion Contro}

»108
<100 PEN

Table 3,
Ring Laser Gyros

Technology Gomparisons

Amalog Fiber-Optic Gyro

Digital Fiber-Optic Gyro

Litetime Daterminant
Pracision Machihing
Precision Alignmant
Dither Mechanism to
Avoid Lock=In

Ultra~clean Room
Assambly

Flexible Geomatry

Closely Related
Support Industries

Gas=fillad Tube
Yes

Yas Mirrors

Yas

Yos

No

None

Solid-5tata Components
No

Light Source Pigtailin
Fib abrication

wr Coupler Fabricat
No

No

Yes

o Telecommunications
o Audio & Video
Compact Disk Playsrs

Solid-Stata Components
lio

Intorfac1ng to
Fraquency Shifters

No
No

Yes

o Telecommunications
o Audio & Video
Compact Disk Players




Table 4.

Ring Laser Gyros

Analog Fiber Optic Gyros

39

Partial Listing of Companies Active in tho Area

Nigital Fiber Optic Gyros

P AEG-Telafunkan ne= \
British Aerospace J_— British Aerospace 1
Honeywe1) Honeywe11 .- .
Litton Litton Litton :
——- McDonne11 douglas McOonnell Douglas :
- ann Nippon Electric Company :
n—- SEL SEL
Singer Singer -
- STL -
Sundstrand e .-
men Thomson-CSF -
.. Sparry e
me= Bandix -
wm- Lear Sieglar -
Northrop Northrop Northrop
4 \(1:05 Fiber-Optic 1988 Ring
, Gyro Product Target Arem  Gyro Product
Cannon Target Areas
Launohu{
1,000 |-

Max Rale {deg/sec)

8 Q.A

BT\

Jet/Flight and
Weapon Control

Radar

\\ D Aroas

100 |- Taotlcal \
Miasile \
Robotios \
\\
|'a1r I \
10 , _|Drilling] 4
1,000 100 10 1 0.1 0.01 0.001
Null Stabllity (deg/hr)
Rate Grade | Tactical Grade inertial Navigation
Qyros Gyros Grade Qyro
Figure ). 1983 Ring Laser and Piber-Optic Gyru Product Target Areas
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i ¥igure 2, Optical Path with an Arbitrarily Shaped Perimeter

Figure 3. Differential Element for the Integral of Equation Four (4)
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DISCUSSION

J.Fridman, US
In your system you use 4 super luminescent edge emitting LED as a source to overcome modal noise, rather than a
coherent sureg i proposed by Dr Culshaw in the previous peper No.2, Please comment on the reasons for taking this
well-known approach, and the advantages or disadvantages of your technigue over Dr Culshuw's approach.

Author's Reply :
Appropriats techniques have been developed to cormpensate for scale factor shifts due to temperature dependence of

supstiuminescent diode \vavelengths, Given that sufficient power is available from thess diodes, the use of the
broadband source alleviates sensitivity to the backscatter problems that one addressed in Paper No.2,

J.Willvon, UK |
In the down-well two-axis gyro, how is the rate information transmitted to the surface? Is theve any plan to use optical
fibres for transmission?

Author's Reply
Strictly conventional teiemetry system. No, the customer only requires the sensors at present,
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Closed loop fiter optic gyro

D.H.Lewis, B.Budnarz, J.A.Dankowyoh, K.Jew, 0.Joslin, W.A.Young

Advanced Optioal Systems Group, Litton Systems (Canada) Limited
25 Cityview Dr., Rexdale, Ontarioc, Canada, M9W SAT

Abstract

This paper desoribes a broadboard closed loop gyroscope using ordinary aingle mode fiber and a multi-
mode diode laser. Clossd loop rotation rate bias stabllity data are prosented for both short tarm (t = 1
se0) and long term (t = 100 ae0., Nt « 6 hra). The performaonce of the gyro is displayed in the fraquensy
domain &s well a3 In the time domain., Tho performance achieved was a rotation ratu noise of 5 %/hr for !
800, integration, 0,55 */hr for 100 scoond integration and an extrapolated drift of 0,09 * / /hr, The long
term {6 hours) bias atability was 1 °/hr,

Introduction

Since the firat demonstration of a Sagnao interferometer in o giass fiber in 1976, work on fiber optic
gyros has progressed rapldly. It now seems clear that all of the important nolse and drift mechanlsms are
understood, Qyro oconfigurations demonstrating excellent short and long term random drift have been rep-
orted®’. Other gyro configurations exhibiting linear behaviour over a large rangs have also been
desoribed"s%*, Nothing has been published on gyros that exhibit both good long term drift (< 0,1 %/hr for
more than 10 hours) and high linearity using ordinary single mods fiber. This paper desoribos a breadboard
gyro that is potentially capable of such performance and presents preliminary performance data. The opti~
oal components of the gyro are mounted in a relatively compact 2500 om' paokage with an assooclated elac~
troniva module, This arrangement was chosen to allow commercially avallable components to be used and
still have a gyro small enough to undergo a range of performancc teats,

Systen desoription

The gyro (Figure 1) is & simple Ssgnac interferometer in & configuration desoribed first by Ulrich’. To
this hae been added two acousio-optic modulators (AOMe) and integral gain servo clectronios to provide a
phasa nulling alosed loop system as deacribed by Davis and Exekiel“. The gonerato: driving one of tho ADMs
is sinusoidally frequency modulated to provide the phase modulation that {s used to measure the net non-
reciprooal phase shift, The same generator i» frequency modulated to produce a non-reciproocal freguenay
shift in the fiber ooil and a proportional non-reciproesl phase snift, The Integral gain servo elootronios
maintains the net non-reciproocal phase shift at szero. The output of the gyro ia the difference botwean the
frequencies of generators 1 and 2.

The principal attraoctions of this systam are the striot linsarity of the gyro output and the nominal in-
sonsitivity of the ocutput to intenality fluctuations. There are, o) course, some dissdvantages. The gyro
s0Ale factor iz a function of the refractive index of the fibar, and so of temperature. There is a bdias
that results {) the optical paths batween the primiry directional coupler snd the AOMc are of unequal
lengths. For this gyro a 1 mm difference will produce a bias of 530 */hr. Ancther blas source iu cuused by
frequency dependence of the AOM eificliencied. Because one of the AOMs is frequenoy modulated, this pro-
duces an amplitude modulation of thae light which, in general, will huve a componont at the reference fre-
queriay. The bias resulting from this amplitude modulastion can be reduced by selecting tne reference period
to be twicu the transit time of the loap’, This method requires the modulatinn coafficients tao be indepen-
dent of the direction of propagation. Unfortunately an important source of amplitude modulation arises
from operation of the frequonoy modulated AOM at other than the Bragg angle. This misalignment will nor-
mally be different for the two direotfont of propagation at the AOM, which will ocsuse the amplitude modu~
latlon cceffiolentas to depend upon propagation direction.

Flgurs 1. Phasa-ruliing gyroscope,
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4-2 Optios module

Tho optles module (Figure 2) ia divided into Lwo compartments. One contains the tiber sonaing coil while
the other contains the remaining optical components.Tha coll compartment Is thermally insulated from the
rest of the components and is Internally mounted in such a way as to minimlze the thermal gradlents. The
coll i3 also shielded against magnetic ficlds, The heat generating components are mounted on the top plate
to reduce heat tranafsar to the upool.

The gyro is a nearly all fibor system with two bulk AOMe, The fiber pigtails on the varlous components
are fusion spliced, The dirmctional couplers sre biconical fused taper types, The fiber polarizer ls a sec~
tion of cotled birefringent fiber, The lsser is a multimode samiconductor unit with a contre wavelaength of
825 nm. Its aspectrum is shown in Figure 3. Three typos of polarizatlon ocontrollers have been used 1
manual®, magnetic squeazer® and pletoeleotric squeezer'®,

The sensing ooil oonaists of 500 m of non-polarization-preserving fiber orthocyolloally wound with 22
layers ac U8 turns per layer on an aluminum apoocl., The mean dlameter of the ocull {2 15.1 am, Tha fibar ia
Corning XSMF, a aingle-mode transmission grade type with a § um core, 4 outoff wavelangth of 780 nm and a
tranamission loss of 2.2 dB/km.

As tha AOMs and their assoclated lanses are & potential sourqe of instability, oonsiderable offort weni
into the design of this portion of the gyro. Oraded index (GRIN) lensas were chosen to collimate the 1light
through the AOMa becauoe of their ruperiority to convantional lenses. Ench CGRIN lens {8 mounted in one end
of a case 5 mm in diameter and 40 mm in length., The other end of tha vasa accapta a single mods fiber
pigtall held in place by UV curing epoxy reain. This assembly produces a collimator with excellent mechan-
iocal and thermal stability and negligible phase distortion of the transmitted beam,

For fibers torminated in ORIN lanses, flber to fiver coupling efficlencies approaching 90 perdunt were
measured. This efficlency can be attributed to the AR coating on the GRIN to air interfaces and the excel-
lent index and modal matoh between the CRIN lens und the asingle mode fiber. Theae propertias also groatly
reduce the prob)ama of backascatter and reflsotion that are often experionced when using bulk optic compo-
nents, The GRIN collimators also exhiblind a high degree of collimation., The projected light was found to
have a divergence of 3.6 mrad, whioh i{s only marginally in excess of the beam divergence that is oconais-
tent with the memsurod beam waist. The beam to casing oollinearity was measured to be batter than ¥ mrad,
The ovorall arficienocy of the GRIN -~ AOM assembly was measured ax 53 percent.

Eaeh ORIN -~ AOM module was amsembled as a unit, with each CRIN lens mounted in a voe blook whose
mounting surfaces ware ground to compenaate for the lens' measured aollinearity arrore., The ORIN =~ ADM
bloak haa proven to be a atable arrangement. We expoct that improved beam to casing collinearity will sim=
plify the mount construetion.

The power budget for the gyro starts with the faot that a minimum of 9 dB of Input power ia lost at
unused ccupler arms before reaching the deteqtor, In the breadboard gyro, couplers arc not ideal and have
an insertion loss of 0,9 dB, The senaing coil is 500 m in length with an attenuation of 2.2 db/km for a
total loss of 1.1 dB, The AOM moduies in the sensing coil each contribute 3.0 dB of loss for a total loss
of 6.0 dB, Tha fiber polarizer ocontributes a 1,0 dB insertion loas to inocoming and nutgoing light for a
total loss of 2.0 dB. Thase individual ovomponents composod of dissimilar fibers are ull connected by fuslon
splices each having a mean loss of 0.4 dB for a total aplice losa of 6.0 dB, Finally, all of these vompo-
nenta had to be paokagod whioh roquired bending of the fiber leading to approximately 3 dB of bend loaa.
This power budget shows a total loss hetwgon the multimodo laser source and detector of 30,7 dB.
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Flgure 2, Optics moduly Flgure 3. Multimode laser dloda spectrum,
EFleatronics

The servo electronics ls stralghtforward oxcept for ons puint, the phase datector includes a bandpaas
filter that has notohes at the ascond and fourth harmonios of the reference frequency. This {s nacessary
because the photodiode output ocontains large components at even harmonios of the referanoce [requency and
real phase datectors are senasitive to theme signal ocomponents. This will cause an offsst in the gyro
output that ls proportional to intensity. In order to obtain somc oriterion for specifying even harmonic
rejeation requircuents let the offset be no larger than the shot nolse amplitude with an i{ntegration time
of 100 sesonds, For the breadboard gyro the sevond harmonio rejeotion must be better than 130 dB., As the
fourth through eighth harmonios aro not negligible with rospsot to the swoond, attontion must be paid to
them also, It must be appreciated that this second harmonic rejectinn oriterion is arbitrary and {n fact ls
not good enough for high noouracy applioations, It is also worth emphasizing that the required value of

:eugnd harmonio rejection i & funotion of poak photoourrsnt, peak phase modulation, and fringe visibility
soLor,




4.3

Naw that an estimate haas been made of the tolorable magnitude of oven harmonic saensitivity, the perfor-
mance that osn be expected of real phane detectora must be examined. One form of phase aenaitive deteotor
is an analog multiplier with one input a low distortion sine wave, This suffers from two problems : avon
harmonics in the refercence sine wava, and even harmonic sensitivity in the modulator, Measurements made on
the very high accuracy Analog Devions AD534 analog multiplier give low frequency second harmonioc rejection
of somewhat more than 70 dB., Unfortunately not only is this figure much too low but it degrades as the
frequency inoreasos. There i3 not muoh point in looking for a better multiplier as it is very difficult to
generate a referonce sine wave that has a scoond harmonic that is more than 60 dB below the fundamental.

Switohing synohronous reoctifiera are not muoh better but at least are oheaper, almpler and require a
square wave referenas rather than a high quality sine wave, A prineiple source of even harmonic sensitivity
in this type of phase sensitive detector {s asaymmetry in the the reference "squars" wave, If the rectifier
is modelled as a polarity roveraing switch with the non-inverting half cyole d swconds shorter than one
half of the period of T seoconds, and if d is very small, the ratio between the 2kth harmonic and the fun-
damental is epproximately 2xd/T. Note that thia approximation is independant of the order of ths harmonio.
For d = | nanossocond and T = 5 miorcsecond (200 kHz), the even harmonio sensitivity is =58 dB with respect
to the fundamental, It ia possible that with oarsful component ssleotion and circulit layout that d gould
be reduced to 0.1 nanosecond, This would provide a 20 dB improvament in even harmonic sensitivity. These
figures assume there are no aonlinearities in the switching oirouit that could produce a degradation in the
even harmonic rejeotion. Measursements on this type of phase detector show 10 dB appears to be a practiocal
upper limit at a referonve fraquenoy of 200 kHe

The phase senmsitive detootors are ao rar short of the roquired performance that some form of filtering
to reduce the sven harmonics is oleurly required. The filter should ba a bandpass type with notones at the
low aven harmenion, The pass band, centred on the reference fraquency, should have arithmetio symmetry, s
bandwidth of twice the requirsd sorvo open loop bandwidth and a linsar phase response, A simple filter
with these characteristics (segond and fourth harmonic notches only) was developod,

In order to allow drift runa to be performed under the control of a laboratory computer a oustom in~
terface to the AOM driver gonerators was oonstructed. This oontains two high speed 32 bit ocuntera that
oount the frequencies of the AOM drivers. At aslootable intervals the ocountar contenta are stored without
resetting the counters and then transfarred to the computer ovor an IEEE UBD General Purpose Interface. In
the ocomputer counter ovarflows sre compansated and the two oounts are subtracted to give gyro output
angle, Because ons of the frequencies is frequency modulated by the rofdérence it (s important that the
count transfer intervals be integri! multiples of the raference pericd, The interface logio provides this
function,

Polarization contrel

The original gyro design was based upon the expectation that the extinotion ratio of the fiber polarizer
would be high, Thus it wis proposed to ocontrol loop polarization by a simple hill olimbing process to
maintain the interferometer output intensity approximately oconstant in the face of temperature ohanges.
Unfortunutely, In the early gyro teat phase, the bias stability was poor. An estimate of the operational
oxtinotion ratio of the fiber polarizor was made and found to be only about 3% dB. Thus it was evident
that improved polarization control must be provided. A polarization controller was added in series with
the source sund a higher acocuracy aontrel slgorithm was developed.

ayro drift performance

With the computer interfuce descrihed above it iy an easy matter to acoumulate Lias stability data over
long drift runs. Becauss tho frequenoy counters are not reset when their ocontents are transferred to the
oonputer, the data in the computer is proportional to aoccumulated angle., Thus it ocan be sampled at any
qonvaniont multiple of the transfer period with a minimum of quantitation error.

Figure U4 showa the results of a alx how drift run, The rotation rate bias ia stable to within 1 *hr
during this pericd. Figure % displays the noise amplitude spsotrum corresponding to the same run. The speo-
trum showa & low frequency spike and graphically indloates at what frequency our long term noise problems
begin., The speoctrum is white above .01 Hertx. The noiss amplitude va integration time curve is given in
Figure G, The short term noise is 3.0 */hr (1 second) whilg the long term rate noise is 03% */hr (100
second). The oxtrapolated drift (K.D.) = 0,093 * /7 Vhr whersas we expeot 0,015 * / /hr from shot plus
quantization noise., Tha random walk coeffiolent is 0.22 * / vhr ,

Figura 4, Oyro bims stability.
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Figure 8. Qyro noise spectrum. FMigure 6. Qyro noise vs integration tima.

Summary

We believe our remults to be unique in that we have shown that good long term stability is mchievable
in a closed lodop system using AOMs , & multimode laser diode and ordinary single mode fribesr. These last
two components aAre conaiderably less expenzive than the more exotic superluminescent diodes and polariza=-
tion holding fibers used by other researchers'’s¥, We have determined that our short term performance is
limited by eleotronic noise which at present is almost an order of magnitude above quantization noiwse,
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DISCUSSION
HLefevrs, Fr
‘What kind of optical power do you get back to the detector?
Author's Reply

60 nanowatts.
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PROGRESS WITH MULTIPLEXED SENSOR ARRAYS BASED ON
— REFLECTION AT SPLICED JOINTS BETWEEN SENBORD

2]

—

J. P, DAKIN C. A, WADE P, B. WITHERS

PLESSEY ELECTRONIC SYSTEMS RESEARCH LTD
ROKE MANOR, ROMSBY, HANTS, U.K.

SUMMARY

This paper reportas recent progrems made in developing a time-division-multiplexed, fibre
optio hydrophone array using optioal time domain reflectometry (OTDR) techniques.

INTRODUCTION

Interferometric fibre optic senmors are attractive booause of their high menaitivity
relative to othar types, such as those based on intensity modulation. MNost reported to
date have been single sensors, but there is ocurrently oconsiderable interest in using
multiplexing techniquem to drive an array of passive sensors from one source and
detector., BSuch a system was recently reported by the authors (ref 1).

The basic operating prinociple is shown in figure 1. The systsm consists of a
ooncatenated series of 1dentioal optical fibre mensors (which in the simplest case would
be coils of fibre), eacsh Joined to the next by a partially-refleoting joint. Pairs of
optiocal pulees, generated by applying pulses of RF to the Bragg cell, are launched into
one end of the array. The first and second pulses of each pair have slightly different
frequencnies 2£(1) and 2(2) respectively. As ithe transmitted pulses propagate down the
Array, w stall proportion is reflected back from each partially-reflecting Jjoint, and a
saries of reflections is received on a photodiode (figure 2). The delay between the two
transmitted pulmes is chosen to be equal to the two~way propagation time through each
sensing snction, =0 that the reflection of the firmst pulse from a particular Joint iw
received asimultaneously with the reflection of the sscond pulse from the preceding
Joint, The two therefore mix on the photodiode and generate s heterodyne signal, whose
phase dependm on the difference in optioml pathm, Howsver their pmths only differ by
twioce the length of the msensor that sepurates the two relevant reflecting Jjoints, and
theretora changes in the length of this sensor, caused for example by acoustic sigualwm,
mnodulate the phawe of the heterodyne signal., The photodiode cutput conmiwte of a
saquence of short burate of phase-modulated heterodyne mignal, eaca corresponding to a
particular senmor in the array. If the whole ocynle is repeated continuously the
photodiode output consists o [ set of phase-modulated carrierm
time~division~multiplexzed together. The mooustic eignal on a partioular sensor omn then
be recovered by demultiplexing and phame-demodulating the photodicde output.

Recently, improvements have been made in four wain areas: development of partially
refleoting aplioces; development of s high power usingle mode gas laser for uwe in the
presesut system; developmont of a balanced-optical-path arrangsuent to allow shorter
ooherence length sources to be used in future systoms; and development of an all-=fibre
frequoncy shifter, with the ultimate aim of producing a complete all-fibre syaten.

Partially reflocting splioes

The fabriocation of suitable low-loss, partially refleoting Jjoints ia oruoial to the
system., There is an optimun value for the sire of refleotion required, whioh depends on
the number of sensors in the array.

Por an array of ten wensors the optimum reflectivity ims oaloulated to be in the range
0.1% to 3.0%, depending on the source power and mystem loagses. A convenient way of
producing a amall reflection with low exoema loas, is to introduce a rofractive index
mismatoh into the optioal beanm. Fresnel reflection then occocurs at each interfacne.
Early breadbourd systems, constructed to show the feasibility of the technique, uased
fibre Jjointm with s ssall aly gup between the fibre ends., Thim produced & pair of
silion/air interfaces, each having & reflectivity of approximately 4%, in effect forming
& low=flinemse Pabry Perot navity. The total reflectivity of msuch s splice ie
approximately a sinusoidal funotion of the fibre end wseparation, having maxima
approaching 16% and minima oclose to sero. Oplices fabriosted in thim way were rather
lossy, and the reflection coefficient wan highly sensitive to environmental effeots such
as temperature and etrain on the splice wmupport. Thim latter effvot was due to the
difficulty of adequately supporting the fibre ends and maintaining their separation.

Improved splices, having greater mstability and lower transmission losses, have recently
been produced by setting the fibre ends in transpsrent medis Yaving a different
refraotive index from silioa (figure 3)., This technique still produces a double
reflection and mplice reflectivity is theretore wuill a funotion of end meparation, but
onoe the potting medinm has set the splice im quite wtable and relatively insensitlve to
environmental effeocts.

Vurious different fottinu media have been tried, including UV-metting oement (ref index
= 1.,51), visible light oured adhesive (ref index « 1.39) and polyatyrene (ref index =
1.8). Tﬁo optioally cured adhemives are particularly convenient to use and give maximum
theoretionl reflectivities of 0.10% and 1% for the typesm mentioned above, Polyatyrene
glvem a theorstical maximum reflectivity of 1% but muast be melted in order to make the




Joint, although this oan be done easily with a small elactrical herter element. In this
way polystyrene splices have been made with refiection coefficients of 0.5% to 0.8% and
& tranamission loss of 0.3 dB,

High power single mode gas luser.

The laser used for initial experimentas on the sensor array was & lumW HeNe device
operating at s wavelength of 1152 nm., This had s multi-longitudinal mode output which
was responsible for a certain amount of fading of the received heterodyne mignal, due to
drifting of the modes within the lamer gain ourve. Additionally, the 1mW output power
was only sufficient to drive ap array of up to two sensors plus a downlead., An improved
source was thevefore developed, with the rim of producing 10mW output in one
longitudinal mode.,

Conventional gas lamers have an output spectrum conmisting of a set of discrete lines or
modes, whose fresguency separation is dependent on the length of the oavity. The total
number of theseo modes in the speatrum depends on the Doppler-broadened linewidth,

Lasing oan be confined to a single longitudinal mode by replaoing one of the cavity
mirrora with a pair, thus forming s socondary oavity (figure 4). The asscondary cavity
behaves like a single nmirror with wavelength dogondant reflectivity, maxima oocouring
wken the cavity length is an integral number of half wavelungths. Later modes having
wavelengthe that do not coincide with theme reflection maxima will be suppressed. Thuw
by judicious choice of mirror reflectivitl’es and apacings, a three mirror single mode
laser oal be construoted.

Such a laser was conmtructed to operate at 1182 nm. A rigid structure of Invar rode was
used to support the gasm discharge tube and the throe mirrors. The low thermal expausion
coefficient of Invar helped to winimimze the wffect of temperature fluctuations on the
mirror separations, but & piemoelectric support for one of the mirrois was still
ncoo%:nry to oontrol the length of the secondary onavity and maintain single mode
operation.

Pigure 8 shows the omimsion spectra of the lamer with two and three mirrors: an
interferonce filter was used to remove low intensity lines at wavelengthe other than
1182 nm, Tho lamer had s total output power of 13mW, with BmW concentrated iu a mingle
mode at 1153 nm, )

Balanced opticml path interferometer.

Ia the bawic mystem described in the introduction, the two light beams that interfere on
the photodiode to produce a weignal originate in the laser coasecutively with a time
difference t. This means that the ocohersnce time of the lamer muet exceed i, or the
beams will not interfere. On current systems t is of the order of lus and the ocoherence
requirement has therefore preciuded the use of short coherence length wsources such ao
semiconduotor or solid atate lnsers, both of whiolh are more compact and rugged then gam
lamera. A sesoond oonsegquence of the time difference bLetween the generation of the twou
interfering pulaes, is that any fluotuntions in laser frequency will oaumse fluatuations
in the heterodyne froquonog. whioh are indisticguishable frowm phase modulation due to
sound on tho mensor. The balanced optiocal path configuration, desoribed below, avoids
both theme problems and is expected to reduce laser miorophoany in current systems and
unnglo Nd:YAQ or semiconduotor lamersm with phumo~nois¢ reduotion to be used in futurs
aystena.

A balanced optioal path ia aohieved by generating the transmitted optioal pulwe pailr
from a single initial pulse, which is eplit into two pathm, one of which cor'ainm n
delay and a frequency shifter. The two paths are then combined, producing the required
pairs of pulmes. Thie "pre-delay" is matohed to the differential delay in the msunmor
array, thus forming s balanced system, with the minimum source ooherence length being
determined by the error iL matching the delays.

rigure 6 showa ap mll-fibre coatigurution vf the balanoced system using a fibre serrodyre
fro%:onoy shifter ourrently undar developwent, This device is demoribed in the noxt
section,

All-fibro frequency shifter

It 1s well known that an optiml phame shifter can be driven with a ramp waveform to
nrodune a frequency mhift (ref 23). A simple optical fibre phase shifter aoan be
constructed by winding fihre on to a FZT cylinder (ref 3); voltages applied to the P2T
strain the fibre and produce n phase shift ip the propugating light. However, if such a
PET im driven with a sawtooth waveform to produce w frequency shift, severe ringing
ccours, partioularly on the flyback, resulting in a badly distorted phase ramp. Wo have
devised thres modifications to this mimple idea, for reducing the reconsnoss and
improving the fidelity of the reasponse.

A small mtrain gauge was attached to the PAT cylinder iu order to moniior its response,
The basioc intention waw to apply feedback to force the PET to {ollow the appliea drive
signal nocurately. Iritially the trenmfer funotlon of the PET was found to have large
phase shifts coinoiding with itm resonances, and these had to be reduced by mechanical
damping before fesdback could be applied, or the aystem would have oscillated. This was
achieved by psoking the PZT in s proprietary plastic damping compound. Modification of
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the ramp waveform used to drive the PZT so as to remove the aharp edges without
affecting the linear portion slso hnlped. Negative feedback was them applied (ligure 7)
and resulted in a corsiderable improvement, the ouptut of the strain gauge accurately
following the PAT drive signal at ramp repetition ratea up to 10KHz.

The device was incorporated into cue arm of a fibre Mach Zehnder interforometer so that
its optical performunce could be investigated. The heterodyne mignal generated at the
output of the interferomstor during the linear ramp ssctions was found to be slightly
distorted, indicating that the optical fibre was not experiencing quite the same strain
a8 the strain gauge. Further modifications are thersfore requited bators the device
will be of practioal use; however these early results are highy encouraging and
subsequent devices are expescted to give improved performance.

Conolusion

We have demoribed a fibre optic hydrophone array, oconsisting of a chain of pasoive
sensors addressed by ooherent optioal time domain reflectometry, and recent progress
nade in improving the asystenm. The areas in whioch improvements were desoribed are:
fabrioation of reflective eplices between sensors; the oonstruction of a Hhigh
performance gas laser sourde; modifioations to the optical system to enable short
ocherence loungth sources to be umed in subseguent systems; and an all-fibre wserrodyne
frequency shifter,

References

1 De.kin J P, Wade C A, and Henning M L, "Novel optioal fibre hydrophone array using
:‘-irgliotznor source and detecior," Rleotronios Letters, vol 20, No 1, pp 83 =~
, Jan | .

0 Wong K K, and Wright 8, "An optical serrodyne freguency translator", Proceedings of
First Buropean Confersnce on Integrated Optios, London, pp 63 ~ 88, Sept 1981.

3 Jackson D A, Priest R, Dundridge A, Tveten A B, "Elimination of drift in a single
mode optioal fibre idtorferometer uming a piexoeleotrioanlly stretohed coiled
fibre", Applied optios, Vol.19, No 17, pp 0036 - 2020, Sept 1980,

Acknowledgement

This work has been carried out with the support of Proocurement Bxevoutive, Ninistry of
Detence,

(© 1988 The Pleasey Company plo

Laner *ﬁ.‘ Mirror

beamaplitter
brago
CERERE I 11} mirror
> o0jactive
Pred
reflactive fibre pouitioner
splicts
- 0 0 e e s °p"c.l
pigtail raceiver [

Yigure 1. The basic raflectomstric sensor array,




Intensity
received
O reflections:
I
H]fe __ tibre and |

_...__..m ﬂ—_.__—----—-—-—- s} splice
_.____ﬁl.ﬁ’-l___—- 2n9 splice
FTU rz—l—m fibre end

time

vollage 1 2 3 '
LML e ,
== outpu .
Nl / - |
. \I / time :
heterodyne '

slgnals

Figure 2, Timing diagram of reflections recwived, and corvesponding receiver
output for the array shown in Figure 1,

UVangtting cement
0

r
ptimary sheathing , polystyrene
/ / ' \ e ——
-—]L-'————'-L L

¢ladding

core

B v

Flgure 3, Construction of partially-reflecting splices using UV-sutting cemant or

polystyrens.
e 9:1-03m o 0. m 4 ‘ !
[ T 1 |
L 11 i
M
e
[ epm

Invar cavity

Vigure &4, Construstion of single~mode, 9mW, 1172nm HeNu laser,




5-5

mienity
P

traquancy frequency

{a) (b)

Figure 5, Fabry Perot intarferometer scans of lasar output!
(a) Multimode, two mirrovs, O.9m cavity
(b) Monomode, thrae mirrors, 0.9m & 0.16m cavities

combined frequancy

pulsad laser shifter und delay
T~
raflactive sensor
afray
~— "
tibre coupler N
In3 tibre coupler
optical
receiver

Figure 6, All-fibre sensor array, using short coherence lasstr and combined
fraquenny=shifrar and delay,

acoustic damping

tompound
< < optical fibre
' -
atrain Pzt
pauge S~ | e
] N
\k\ \ ...éom,og with
L~ modif!e
1 tiyback
\/\/
N ramp ganerator

with feedback

Figurs 7, Optical fibre ssxrodyna frequency shifter,




5-6

DISCUSSION

S, Watanabe, US
Do you sze rignificant variations in mixing efficiencies among the muitiplexed sensors?

Author’s Reply
Yes, this is due to polarisation fluctuations. We have ways . compensate for this but we sre not compensating at
present, An uxpensive wauy to cure the problem is polarization preset ving fibres,




MAGNETIC AND PRESSURE SENSORS UBING THE COMPENSATED
—=="" POLARINETRIC SENJOK CORFIGDRATION

J P DAKIN, C R BATCHELLOR AND J A REX

PLESSEY ELECTRONIC SYSTEMS RESEARCH LIMITED
ROKE MANOR, ROMSEY, HAMPSHIRE, ENGLAND

ABSTRACT

Two identical lengtho of high birefringence fibre spliced together with a 20° axial
rotation to couple their orthogonal birefringent axes form the basis of a compenented
polarimetric optical fibre sensor. This can be umsed to detect differential strains in
the two fibre lengths caused by such phenomena as hydrostatic pressure or magnetic
fields (the strain being introduced by magnetostriotive material bonded to the fibre).
Nagnetic and pressure sensors have been construoted using this principle and have s:own
good sensitivity yet better stability than Mach-Zehnder arrangementm.

INTRODUCTION

The polarimetric optical fibre sensor was first proposed by Rashlelgh of the U.8. Naval
Research Laboratory and has been umed to detect acoustic and magnetic fields,
temperature, electriocal current and strain (Re?, 3). The compensated verasion developed
&t Plessey ESR (Ref. 1) offers two main advantages over the original polarimetric
sensor. Firstly, the original sensor of refsrence 3 could show an undesirable response
to changes in its ambient conditions, as well as detecting the parameter required,
whereas the ocmpensated polarimetric sensor (CPS) is insensitive to any comnon-mode
change of ambient conditions affecting both halves of the fibre. 8Secondly, the CPS is
much lesr senaitive to phass noime in its light source, and can even smploy & relatively
incoherent LED aource when well balanced (Rnf 2).

We will first desorihbe the theory nf operation and the construction of a compenanted
polarimetric optical fibre sunsor system, and then the application of this system to the
measurement of AC and DC magnetic fields, ard to the measurement of differentimnl
hydrostatic pressure., Finally, we will briefly doscribe a method for confarring
downlead insensitivity tc these sensors.

Theory of Operation of the Cowpensated Polarimetric Sensor Symtem

A conventional polarimetric msensor (Fig. 1) uses a length of polarigsation-maintalining
optical fibre, which transmits light in two orthogonally polarised modes whioch have
different propagation velocities. Plane-polarised light launclied into the fibre at 48
to its polarisation axea will couple equal optical power into each of the two modes.
The fibre introduces a phase delay between the two modes prop;guttpg along it. Changeas
in this delay can be obmerved simply by using an analyser at 45~ to the polarisaiion
axes, The light intensity passing through the analyser is propurtional to 1 + com ¢
where ¢ is the relative phase delay between the two polarisation modes. External
physioal fields can be made to change this phase delay, and are hence detected as cyclic
variationa of the analyser output. MNore sophisticated polarisation analysers can
provide compensation for intensity changes and even allow tracking of phase changes over
more than 2 7¢v radians. The simple polarimetric msensor hae two disadvantages. Firstly
ite phase delay sad hence output asignal respond to changes both 1in temperature and
otrain in the ttbre.e SBecondly, the differeutial phame delay introduced by the fibre may
be as great as 3.10° radians in 100 maetres, so that light launched into the fibre must
be highly coherent in order to give high fringe contrast and low phase noire at the
output from the analyser.

The compensated polarimetric sensor (Fig. 2) overcomes both these disadvantages. 8
cousists of two identical lengths ot polarisation- maintaining fibrue which are spliced
together with a 80+ axial rotation in order to couple orthogonal polarisation axes.
Light is input as before, but the phame delay betwaen modes introduced in the first
fibre length is exaotly oancelled in the second. The fast mode in the first length
ooupgel into the slow mode of the second, and vice versa, s0 there is no net phame delay
&t the output.

Any uniform change in the physical conditions of the whole msensur will not affmct the
output signal, beomumse the resulting change in the first length's phase delay is
oancelled by an identiocal change in thy menond fibre length. The parameter to be asensed
ie sllowed to change the phase delay in one of the fibre lengths relative to the other,
caucing an overall phamse delay which is detected at the analyser. Hence the CP8 is
eensitive vo differential mode but not common mode ounanges.

As the overall phase delay in & well compensated sensor will always be small, a 1light
source of relatively high rhase noise will normally give inmignificant excesa nolse at
the analyser. Ruference 2 describes the muccecsful operation of a CPS with an LED
source showing that high fringe contrast may be achieved even using relatively broad
linewidth sources.

Construction of Basic System

The layout cf the basic CPS syster is shown in PFig. 3.
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The polarigpetion-maintaining optisal fibre used in this study was type HB 800/1 made by
York Technology Ltd., with core dismeter Bum and cladding diameter 1lddum. It has &
"bowtie" pattern of borosilicate glass within the c.isdding region our particular example
having a beat length of 2.4mm at a wavelength of 633nm.

To make the CPS f:'.bre, two equal lengths of polarisation-maintaining fibre were cut and
their ends bared i coating. The polarisation azes at the fibre ends could then be
loeatad by viewing the bowtie pattern on the fibre endface under a micromcope. Using
thie technique, the fibre lengths were aligned end to end with a relative 80¢ twint.
The ends were then laterally adjusted to bring the fibre corea intu line, using
maximisation of light transmission between {he lengthis. Finally the ends were butted
together and Zusion epliged.

The CP8 {fibre requires an 4input 1light beam either ciroularly polarised or
plane=pciarised at 45+ to each polarisation axis. This ensurae that an equal intensity
of light is launched into esch polarisation mode of the fibre. The light source used
was a Hitachi HL 78B01E 1laser diode which emitted infrared light at & wavelength of
780nm, and was plane-polarised horizontally with an extination ratio of 40.

The polarisation axes of the fibre were aligned at 45¢ to the laser Junction. For
initial experiments, discrete optioal components were used to efficiently lauach tho
laser into the fibre. Naturally in a practiocal sensor the launching system umy be
greatly simplified by using a paokaged laser with a faoctory-aligned polarisation=—
maintaining fibre tail.

The polarisation state lewving tae CPS fibre muy be most simply anelysed hy a linear
polariser at 45¢ to the polarisation axes, and the tranamitied light meamsured to give
the mensor's output signal, This was perfurmed by a silicon PIN photodiode covered with
an infrared polariser, while s Jecond unoovered silicon photodiode within the same
package measured the total light iatensity leaving the fibre to alloy compensation Zor
aonrcae intenaity fluotuation. The fibre end was fixed in s fevrrule and held firmly in
place so that its (unfocussed) output cone of light illuminated both photodiodes, with
its polarisption uxes aiigned at 48+ to tha axia of the iinear polarimer (Fig. 4).
Although this arrangement has higher losses than a polarisation depeadent beam splittor,
it has wsigoifioant mavinge in both comt and complexity, sud henve is & more practical
proposition for many low cost sensos applications.

The photodiode photocurrents ars converted io proportionate voltages by trausimpedence
amplifiera. Thua the "analysed" output, V_, im proportional to 1 + com ¢ (¢ ~ phase
delay introduced in the fibre xs beforaa and the bars photodiode output, VT, is
proportional to the total output intensity. Theae twg signale may be electroniocally
divided, and as V_ is also proportional to total output intensity, the divider output is
therefore again oportional to the factor (1 + cos ¢), but is uow independent of the
total light intenmity in the fibre and amplitude noise iw eliminnted.

Appiioation of the Compensated Polarimetric System to Magnetic Sensing

A magnetic field can be made to strain an optical fibre eimply by bondiﬁg the {ibre to a
maghetostrictive material.

Nagnetostriotive material deforms parallel to an applied magnetic field, with the
deformation approximating to a parabolic function of field strength. The magnetic
sensor was conmtructed by bonding strips of magnetostrictive metallic glase on opposite
sides of a polartsation-maintaining fibre, formiig a "saudwich" am illustrated in Pig.
B, WMetglass 26058C metwllic glase msupplied by Allied Corporation was used, and +the beat
bonding agent was found to be & rubber-based contact adhesive,

The megnetostrictive element was placed in a molenoid to produce & magnetioc ficld
parallel to the fibroe. Measurements were made of the change of phase delay, A¢,
resulting from the applioation of magnetic field, A B. The DC response im plotted in
Fig. 6; the curve was & reasonable approximation to the expeoted parabolic shape, except
it did not pmes through the origin, due to an offset in the readings. The ordinate
offset was believed to be due to magnetic remanence in the magnetostrictive muterial,
vhich had not been annealed, wherems the abmcisss offset was probably caused by &
syatematic phase offset from the point of quadraturae of the CPS., From the shape of the
curve, it is appareat that the small-signal AC sensitivity improves with incroeweing DC
bias field as anticipated. Earlier workers have already reported the poseibility of
annenling the magnetostrictive materisl to reduce remanence but the long~terin
effectiveness of this process during maznetic "oycling" must remain in question. The
frequency response of the magnetio mseusor is shown in Pig. 7; the amplitude of
alteruating phase delay resulting from an AC field amplitude of B7uT, plus s DC bian
field of 339uT, is plotted against frequency. There are several peaks of response due
to mechanical resonances of the magnetostrictive element, and « region of high
mensitivity around 20kHz to 50kHz. Here the sensitivity per unit length (with a DC bias
of 338uT) is given by:-

ﬁg = 1900 radians. T 1.n"%
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vhere L is the length of fibre bonded t~ ths magnytostrictive mtrips (10cm) and AM is
thggaAC field amplitude. The minimus defeciable field ol the ragnetic sensor is 250T,
He (banedgupon the minimum detectable phase chnnge of Jhe detector srvetem of B x 10
radisns. Ha ).

Clearly, the magnetic wunsor's response could he ircromsad by bondiag greater lergths of
fibre to the magnetom:irictive slemunt, using configuralione such as illustrated in Pig,

The application of the compensated polarimetric uvystem for sensiux pressure

Isotrapic pressurs will cause astrain in polarinatica-maintaining optical fibre, and
hence a difterential wode deley. Therefore & CP8 for sensing pressure cad be nsde
simply by snclosing one of the fibre lengths in a chambsr, which 3ok be pressurised with
the second length in ciose thermal ocontact, but unprimsurised. PFor this atudy, hoth
tibre lengthe rere enciosed (Fig. 8) mo that they could bs independently pressurised in
vrder to demonstrate the differaniial and common~mode responme Jf & oodmpensatsd sennor.
The asnsor was arranged in the bawic CPS configurstion, and Jus changes of phuse deiny,
&, resulting frum step ohanges ip the differential pressure butween the chaxbers, AP,
were measured. When the chambers were air-filled, thLa mensor was found to rescond wore
to the translent tomperature rime oauned by sdiabatio ccompression taan to the presaure
rime itself, However, temporarily covering the fibra with water virtually elimina%ed
the tranasjent component of the response due to this temperature ride. (A practioal
sensor may utilise a compliant ailinone ribher £1illing). The mencildivity per unit
length war found to be

Af = 490 2 1078 radimns. Pa~t.2"!

where L im tho length 02 che fibre preseurised (1.8m). Pig, 10 compares the
Jifferentinl and common mode remponses of the presaure sensor. Both photographs ahow »
trace of output voltage Vo, ageinst timoe cover a 40kPa step dyoresse in prassure. Tie
common mode remponse im 1das than 3% cf the differential cesponwe. This common mode
response may have hewn due to a slight imbalance bwtwesa tre lengths nt fibre in the two
chambers, Thke prassure asenadr's response may be incressed aimply by inoraawing the
length of fibre pressurised, as its wensitivity is proportiopal +o this leagth, In
addition, this im likely to improve the common mode rejection ratio ts small errors in
matohing their lengths, or pomitioning of the fibre wiihin the chamberm will be leas
sigaifioant. .

A Compensated Polarimetris Senmor with Inmensitive Downleads

The compenastad polarimetric sensors described so far have been sensitive to localised
strains or temperature changes over their whole lengths from source to detestor., Thlas
was axploited in bringing them to a guadrature point by locklised heating, but it would
not be desirable iu a practioal sensor. A configuration for a CPS witn iusenaitive
dowaleads from soarce to sensing element and sensing element to detector is ahown in
Fig. 11. This is an sxtension of a previously published method for remoting a
conventional polarimetric sensor (Ref. 4).

The sensing element consists of two identical fibre lengths joined by a 90+ amplioce aa
before, whereas the extension lsads are further lengthm of polarisation-maintaining
fibre spliced to the senaing fibre, with a 48+ relative rotation about their axes ut
each aplice. The light source aystom is now arranged to launch light into only sne
plane~polarised mode of the firet dovnlsla. Thus the light tranamitted to the mensing
pair of fihres is plane-polariszed at 483~ to their polrrisation axes, am roquin,d. Tae
light laaving the sensing element would be analysed into ocomponenta at 48" to the
elenent'a polarisation axes by the seocoud downlead. The intenoity of either of the
plane~polarised modes leaving the second duwnlead would be measurwd, tn give an output
signal proportiomal to 1 + cos ¢. The total light intensity leaving the retvurn lead
woitld aleo be usasured, add used as & reference vv confer ipseuwsitivity to intensity
changes on the aystenm.

S8ince light in only sne mode of cach of the extensinz leads {8 used to determine the
phase delay in the sensor element, changes in the phase delays of the downleads omnnot
affect the output. Hence the eensor system is insensitive to iny ohanges in
temperature, preasure et¢. that uay be erperienced by the downleads, provided that thie
is not eignifiocant enough to cause differentiml attenuation between the two modes.

Conclusions

A basic compensated polaurimetric sensor syatem has been conotructed and adapted to
measure mpgnetic fields and prpesure giving eensitivities per unit fibro length of 1600
radians.T “.m = and 4.96 x 10 radians.Pa m_g rolp.utivola.a ¥ith the detector system
capable of remolving phaese 3P’g¢oo of 6 2 10 readians.He / , the minimum detectalle
mugnq}}fh field was 48uT.Hu , and the minimum detectable pressure change wes 0.07
Pa.He « These are both quite sufficient f£or meny praoctioal senslag appliocations, and
greater sensitivities cun be achieved simply by using higher lengtha of optical tibre.
In addition, a method of making the seneing element remote from the source and detector
ayatem has been preasnted.
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SUMMARY

An optical-fiber tamperaturs sensor is presanted which is based

on light amplitude medulation induced by a thermosensitive cladding
applied on the distal end of the fibex.

The experimental set-up for detecting and processing the signal

is desoribed, and the measured characteristics of the thermomester
are reported,

INTRODUCTION

8inca a few years optical fibers sensors are undsy investigation and application in
many fields for measuring various physical and chemical parameters. Thae use of optical
fibers offers the same advantage to sensing systems as they do to telecommuniocation
systems, that is low attenuation, flexibility and reduced dimensions. Further, transmig
sion over optical fibers is unaffected by external interference, so that optical fiber
systems can be used in high voltage, electrically noisy, high tempsrature, corrosive or
other stressing environments. They often offer an inoreased sensitivity over existing
techniques. Two main classes of optical fiber sensors are usually defined: phase sensors
and amplitude sensors, depending on how the physical or chemical variable to be moasured
modulates the intensity or the phase of the light in the fiber.:

The phase sensors offer orxder of magnitude increased sensitivity over existing techng
logy, but usually the mors complicated single mode technolegy prevails, while the advan
tage of the intensity ssnsors are the simpliocity of construction and the vompatibility
with multimode fiber technology.

A variety of multimode fiber sensors have been proposed and tested for measurements
of different parameters ranying from displacaments, vibrations, pressurs, temperature,
to blpod velocity and flow, blood pH, oximetry, etc. These sanmsors pressnt a relesvant
practical interest either in industrial and biomedical applioations.

In the industrial field optical fiber thermometers can ba utilized for temperature
nonitoring (also remote) in high voltage and elactrical equipments ox in the framawork
of semiconductor and other electronic material fabrication processes as well as in RF
and miorowave heatinyg of food or of other materials (for instance for bonding or sealing
purposes) .

Other interssting applications are in the biomedical field, typically for tamperature
monitoring and for thermal distribution determination in RF or miocrowave hyperthermia or
in photoradiation therapy of malignant tumors, but also for hlood f£low measursments by
thermodilution technigue. The main requirements for biomedical applications are high
acouracy in the physiological range 30+50vC, emall probe dimensions (for inmertion in
catheters and hypodermic neodles) and biccompatibility of priube materials. Converaely
industrial applications may require larger temperaturs working ranges but with a lower
acouracy while the probe must be sturdy even if less miniaturimed,

The majority of the proposed thermometers utilize the fiber only for light transmig
sion to and from the senmor, The transducer can be of different type: for instance a
Fabry-Perot optical cavity, a liquid crystal compound, a semiconductor, a birifrangent
oryatal or a phosphor grain 1=8, only a few thermometers make use as the sensing elwnent
of the fiber itself and in Yurtiaulnr of ite terminal portion: for !gnmplo. by using a
thermosensitive cladding 9/10/11 or a rare earth doping on the tip 12 it i possible to
cbtain back-tranamitted light signal intensity modulated by the temperature.

The present paper deals with a new temperature sensor previcusly proposed 9,10,11
which utilises the attenuation of the light transmitted along a multimode fiber, induced
by a temperature sensitive liquid oclad applied on a terminal portion of the fiber ltself,

Details on the probe construction will be given along with a description of the opto
electronic detection and processing system. Furthermore results will be reportad on the
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characterization of the thermometer over different temperature intervals.

1. EXPERIMENTAL SET~-UP

The used fiber is a PC3 fibar and the replacing liquid clad is an oil exhibiting a
temperature depandence on tha rafractive index (Fig. 1l). When the tamperature increases
the refractive index of the liquid decreases with a consaquent incraase of the NA of the
liquid oclad fiber portion., Then the light backreflected undergoes an attenuation which
decreases by inoreasing temperature within definite intervala depanding on the used
liquid., By utilizing different liquids with different refraction index at room temperatu
re, it is possible to make the device sensitive over different temparature ranges. The
probe experimental configuration is shown in Fig. 2, The end face is mirrored and the

Reflattin
Microcapsute |urfmﬂ ¢ Kynar  Glue  Fiber

Pig: 1 = Working principle skatoh, Fig:. 2 = Probe axpsrime: -1 conidiguration.

liquid is contained in & glass microcapsule cemented to the fiher. In order to avoid de
terioration of the cemant, due to preasure by the liquid oclad expansion with increasing
temperature, the bottom of the ocapsule is left empty. A piston separating the enpty from
the liquid filled region allows the liquid expansion towards the empty region, An open
ring plastic spacer provides fiber centering, The capsule and a portion of the fibar are
coated with a plastic layer for protection. By uging a 200 um core fibor it was possible

to realisze miniaturized probes (1 om long, and with an overall external diamater less
than 1,8 mm).

Fig. 3 shows the schematic view of the
sensor. The modulated light from a LED is
coupled into the fiber, A four way optiocal
fiber coupler provides a reference signal
and a direct signal which is sent to the
distal end of the fiber constituting the
sensor, Tha light reflected backwards is
sent along the same fiber through the beam
splittexr to the signal detector, A biased
PIN photodiode (Fig. 4) is used as signal
detactor and the resultant voltage is ampli
fied as a.0, signal, A good suppression of
the noiss is given by a narrow hand active
filter tuned on the fundamental freguency
of the signal, followed by & rectifier
which gives a vontinuous voltage Vg4 funotion
of the measured temperature, The same pro
cessing is applied to the refaerance signal,
and the continuous voltage Vy at the output
of the channel results proportional to the
source intensity alone. The two analog si
ygnals along with a oalibration thermocouple Fig. 3 ~ Sketch of the temperature sensor
analog output, digitalized by a multichap nysten.
nel 12 bit A/D converter, are processed by
& microcomputer which svaluates the ratio V,/V,
an & function of the tempavaturam, thus -limz

nating short and long term souroe fluotuations.

display




7-3

R Een

MMM

AR
tumntin | wreot

2., EXPERIMENTAL RESULTS

Fig. 4 - Analogic saction and calibration
thermocouple,
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The characterisation of the thermometer was performed by calibration and responss
time ocurves recording and by stability tests. The calibration curves wers obtained by
immersing the probe ina thermostatic water or oil bath (depending on the considered tep
perature interval) along with an accurate calibration thermosouple (UMEBGA) and by plog
ting the senwor output Vy/Vy versus thermocouple temperature on a digital plottar conneg
tad to the microcomputer,

The time xesponse curves were chtainad by measuring the sensor output when the probe
is quickly replaced between two preset thermostatiszed baths, while stability tests were
performed by immexrsing the probe in a preset bath at a constant temperature and continy
oualy racording and plotting the sensor output during the test periocd. Temperature fly
otuations detected with this type of measurements include also the influence of tempera
ture variation of the external environment on tha optoelectronic system.

Fig. 5 shows a typical response curve which is linear in the 30+ 60°C tompsratura
interval with a resolution within 0,1°C aws required fov biomedical applications.

rig. § shows another calibration ourve obtained wiih a probe where a diffsrent liquid
(machine nil) was umed as ¢lad. In this case the curve 'sxhibits the best linsarity over
the 100=-130°C intexval and the resolution results batter than 1°C which is guite good
for industrial applications, In both cames 5=7 m long fibers were used; however longer
fibers for rmmote measurements csn be umed with a resultant lower acouracy. Tha measurad
rine time rouult-d of 1 seo and the accuraay derived from stability test over € hours
:..“le.d 314 o. 3OCo

108
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Fig. 3 - Typiocal respcnse curve
(biomadical applicationwm).

Fig, 6 ~ Typiocal response curve
(industrial applications).

3. FURTHER IMPROVEMENTS

In order to obtain J4 more compact system with digital display of the measured tempera
ture, the electronic and processing system of the sensor, was modified by replacing the
micrecomputer and the A/D interface befors dosoxibed with a simple voltage-to-time aon
vertar tollowsd by a mioroprocessor and a display unit (Fig. 7). The voltage-to-time
convexter produdos a tiis interval proport.onal to the ratio between the signal and the
reference, This time interval is measured by the microprocessor whioch provides to drive
the display. Assuming an laterval where thae temparature T is a linear funution of the
ratio between the signal and the reference, it is pomsible to seleot the time constants
%0 to obtain a displayed number represanting the temperaturs value, Of course the mierp
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prucessor could be programmed so to make a calibration also over a tempsrature range
where the response curve ia not linear.

|
Fig. 8 shows the package of the optoslectronic system (LED, beam splitter, detectors |
with electronia cirouits) connected to the sensor and to the procesaing and display unit. f
The system was also provided with a convenient schielding and with filters ro to be in

sensitive to the eleatromagnetic noise,

" C M

Me wetable | vo

AP Unk :
10« Timer - |
'p:'! '51. L (d ,;- RAM-ROM i
Disaiey .
driver
o o T \
Fig. 7 = Voltage=-to=time converter and : |

display unit,

rig. 8 = Thormosensitive~clad optiocal
fiber tsmpexature ssnsoyx,
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DISCUSSION

J.Fridman, US

(1) You are using i thermocouple to calibrate your fibre optic sensor, and in that sense you are limited by the rosolution
and response time of the thermocouple to callbrate a much more sensitive device, with a potentially much higher
accuracy and resolution, Why couldn't you use an absolute calibration that makes use of the change of NA as a function
of n(T), rather than depend on a thermo-mechanical device? (2) In medical applications that we have encountered e.g,
temperature fleld around laset probe when illuminating akin, muscle tissue or blood vessels a probe response smaller
than milliseconds s required. Why does your device have such a high response time of 1 second?

Author's Reply

(1) The performance of our senwor is widely suffivient for the application we had in mind, such as hyperthermin, where
there is the problem of interference of R.F. with thermocouple. However the resolution of thermocouple we used for
calibration (OMEGA) was 0.01'C and therefore sufficiont for callbrating our sensor. (2) The time response can be
improved by miniaturizing the prabe and making the capsule of sllver,
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SUMMARY

Recent progress in tha deaign of fibar sensors for pulsed electric currents is
reviewed. Savaral of the most useful sensor configurations are described and compared.
Models are used to preadict the transfer funotion of these sansors, thelyr sensitivity to
non-ideal fiber properties, particularly linear hirafringence, and methoda for overcoming
these problems. Othar recent ressarch is axaminad to sugyest the prospect for sensors
with improved sensitivity and stability.

INTRODUCTION

In the develupment and testing of weapons and weapon delivary systems and in con-
trolled fusion revearch, the need to measure very lurge pulsed electric currents arises
frequantly. These measuremsnts must often be parformed in the presence of substantial
electromagnetic interferance, making the use of conventional sensors difficult. Optical
sensing techniques can effectively eliminate this interference.

In this paper we desaribe recent prograss in the design of current sensors based on
the Faraday effect in single mode optical f£iber. These sehsors are being used success-
fully in several measurement systems at Los Alamos and Sandia National Laboratories where
the pulse amplitudes range from about 100 A to 350 MA with durations as short as 1 us.

BASIC SENGOR DESIGNS

The Paraday effect is a magnetically induced rotation of the plane of polarimation
of linvarly polaviked light, given by

sevJ/S o (1)

where ¢ is the rotaticn, V is a material parametex known as the Verdet constant, B = yoH
ia the magnetic flux density, and ¢ is the directlon of propagation. In an optical Eiber
current sensox [1,2,3] one or more loops of single mode optical flber surround the
slectrical conductor. Then, since

[ . O (2)

about any closed f.th around a conductor carrylag a ocurrent I, the plane of polarieation
of light propagating in the fiber is rotated by an amount

0 = yoVNI (3)

vhere N is the number of turns of fiber around the conductor. For a single turn of fused
silioa fiber the ratio of rotation to current is approximately Z6* deg/MA.

To measure this rotat'ion the fiber is usuilly placed betwean polarirers and the
tranemitted light monitored with a high speed photodiode (Fig., 1), The transmittance of
the sensor as a function of current depsnds on the relative orientation of the polar-
izers. Por two important cases, numely orossed polarisers and polarirers at 45 deg to
each other, Lhe transfer functions are given by (Fig. 2)

Figure 1. BSchematic of an optical f£ivaerx
currvent sensor. Linearly polar=-
iced light paseing through cne

Polarizer or more turns of fiber surround-

Conduotor ing the conductor is rotated in
proportion to the current. A
polaricer at the output allows
the rotation to be detacted as a
change in transmittance.

Single mode fiber—»

*U.8 Government work, not subject to copyright.
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Figure 2. Computed tranafer functions for the senascr shown in Fig. 1 for tho case of
polarigers aligned for minimum transmittance at xero current (a) and for
polarisers oriented for a transmittance of 0.5 at zerc current, i.e., the
output polarizer at 43 deg to the winimum transmittance orientation (b).

R(8) = & (1 ~ cos 20) (4)
and

R(0) w & (1 & ain 29), (s)

vespectively. The lattcr case obviously provides greater sensitivity (near ¢ = 0) and is
noxmally used for the detection of small currents.

When the currents to be measured are large, the multivalued nature of the transfer
function may be . problem. Often, however, the general shape of the waveform is known in
adviance so that ambigulties can be resolved by inspection. Examples of such cases are
illuwvtrated in Figures 3 and 4. Figure 3 shows raw data from an experiment in which a
capacitor bank was discharged into a very low resistance lecad. With the prior knowlsdge
that the current waveform should approximate a damped sinusold, it is easy to recognice
the peak of the first half cyole at about 5 us and the first rero-crossing at about
10.5 us. Plgure 4 shows some processed data from a two stage explomively driven f£lux
compressicn generator. The current was initiated by capacitive discharge ylelding a peak
current. of about 1 MA, After one stage of flux compression the peak current increassd to
about 10 MA (Flg, 42) and after the mecond stage to more than 50 MA (Fig. 4b). Good
agreement betwean the optical sensors and conventinnal sansors (Rogow-k? coile) also used

in this experiment waa observed except that the Rogowski coils in the second stage failed
slightly earlier than the optical sensor.

When the general shaps of the current waveform is not known in advance or when the
data ir processsd automatically, a two polarization detection ucheme can be used to
resolve amblguities [4]. Figure 5 shows such a system. The output of the fiber ls asplit
with a polarization-independunt beamsplitter, allowing the detection of two separate
polarizsation components. One polarizer=detector combination is oriented for minimum
transmittance at sero current and thereforae provides a cosinuscidal transfer function of
the form of Eq.(4). The other polarisev~detector combination is oriented for a

time, us

Figure 3. Raw data from a sensor similar to that shown in Fig. 1. The current was pro-
duced by a capacitor bank discharged into a low remistance leoad and approxi-
mates a damped sinusoid with a peak amplituda of about 2.4 MA.

S —

e |
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Figure 4. Processed data from a two stage highwexplosive-diiven flux compraossion gener-
ator, The left curve is the currant measured at the output of the first; the
right ocurve is the current at the output of the second stage. Time zexc is
the firing of the second stage. Points are from the optical sensor; solid
lines are from a Rogowski coil.

A Polarizer
— T
t v

Datector

selitfer

Detector

Figure 5. A two polarization detection scheme that provides both sinusoidzl and cosinus=-
oldal transfer funutions and therefore allows resolution of ambiguities
resulting from the multivalued transfer function.

ouT

(R
Coupler:

(N' Single mode fibor

Figure 6. BSchemmetic of a Sagnac interferometar used as a current senmor. No polarizers
are reguired. The transfer function, which is identical to that shown in
Figure zb, is independent of the input polarization xtata.

tranamittanne of 0.5 (i.e., at 45 der, to the first) and provides a sinusoidal transfer
function of the form of Eq.(5). The rotation can be determined unamblguously within the
ranga -90 < 8 < +90 by examining the sign of the sine and comine signals. Furthermore, if
the eignals are sampled at least once within each 90 deg of rotation, multiple rotations
can be identified [4].

An alternative sensor configuration that avolds the use of polarizers enti.ely ls
the Bagnac intarferometer [5] shown in Figure 6. As in an optical fiber gyroscope, a
coupler divides the input light into egual amplitude, counter-propagating waves in a
fiber colil. The couplexr, like a beamsplitter in an interferometer, introducns a 90
degree phase shift between its two output beams. Therefore, if the coil acts on the
counter-propagating waves reciprocally the two componenta combining at the output port
cancel ancC all the power is rxeturned to the input port. Any nonreciprocal affectw in the
coll, wpecifically those produced by rotation or a megnetic fieid, cause power to appear
at the output port. For the case of Faraday rovation, the transfer function can be
obtained elther by considering the change in polarization state of the counter-
propagating beams or by resolving the input state into orthogonal circular states and
considering the induced phase shifts. The resnlt, somewhat surprisingly, is the same for

any lnput polarization state, and is ldentical to that found for a coil placed between
crossed polorizers [Eq.(4)].

1
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EFFECT OF LINEAR BIREFRINGENCE IN THE FIBER

The sensor characteristics described in the preceding section can be achiaeved only
when, in the absence of applied field, the propagation characteristics of the fiber ave
indapendent of polarization atate. This is not, in general, a good assumption. Indeed,
the primary difficulty with fiber current :.nsors is that linear birefringence in the
fiver, resulting from inherent geometrical .mperfections and stress or induced by applied
stress, oan ssriously distort the transfer function.

Inhersnt linear birefringence can be effectively eliminated using certain manufac-
turing technigques. Biraefringence resulting from applied stress, particularly from bend-
ing, remains a problem. Bend~-induced linear birefringence can be predicted analytically
[6) and is highly reproducible [7]. It is given by

28 = K, r#/R? (6)

where r is the fiber radius, R is the bend radius, and K, is a parameter esual to mbout
7.7 x 107 deg/m for silica fibers at a wavelenyth of 633 nm.

Faraday rotation in a linearly birefringent medium such as a fihber coll ocan be
modsled using Jones calculus. The relationship hetween the input and output polarirzation
states is given by [8]

Ex(z) aos fﬁ -3 %ﬁ ain {5 - %E sin 35 EX(O)] -
Ey(:) %E sin fﬁ cos iﬁ +3 %ﬁ ain fﬁ Eyiozl

vhere E, and Ex are complex eloctric field amplitudes, AS is the birefringence per unit
length, T is the Faraduy rotation per unit length, and

$)2 = (#1)2 + (7)2 (8)

Inspection of Egqs.(7) and (8) indicates that when F << A8 the matrix in Eq.(8) approaches
the that of a purely linear retarder, indicating that the rotation io effectively
quenched. When F >> Af the mutrix approaches that of a pure rotation (oircularly
birefringent) elament,

This behavior can be observed in the computed transfer functions shown in Figure 7.
Figure 7a shows the transfer function of a sensor consisting of a single 3 om diameter
turn of 125 ym dianeter fiber between crossed polarirers and operated at G633 nm. The
bend-induced birstringence is approximately 127 deg, leading to significant distortion in
the amplitude of tha transfer function for rotations lems than about 180 deg (about 0.7
MA). Figure 7b shows the transfer funotion for a 10 turn, 10 cm diameter coil of the
same fiber, in which the total birefringence is about 382 deg. In this case both the
amplitude and the periodiocity of the transfer function show significant distortion.

TWISTED FIBERS

One technigue for overuvoming induced birefringence is to twist the fiber. Twisting,
like the Faraday effect, induces a rotation o ciroular birefringence in the fiber. The
magnitude of the rotation is given by [9)

a=g'e (9)

where 0 is the rotation per unit length, £ is the twist par unit length, and ¢' is a
material parameter which at a wavalon?th of 633 nm is equal to about 0.08. The twiat-
induced rotation may be added algebrsically to the magnetlcally induced rotation in

Eq. (7). This is {llustrated in Figure 8 which ahows that the erfect of twisting is, in
essence, to blam the sensor away from the distorted part of the tiansfer function. The
extant to which the transfor funation can be shifted deponds on the relative magnitude of
the linear birefringence and twist-induced rotation per turn. Since for a given twist
per unit length the twist per turn increases (linuurEyS with coil diameter and bend-
induced birefringence per turn decreases (inversely) with the coil diameter, *wisting
becomaa much mors effective with larger coil diamaters (Fig. 8b versus Fig. Ba).

Many 12% um silica fibers will withetand twists of bstween 40 and 50 turns per
meter: with oare, some will reach BO or 90 turns per meter. For small coils this may not
bias ths transfer funation sufficluntly to measure dual larity waveforms, though for
single polarity waveforms less bilas is required (Fig. 83??

Another difficulty with tuisting is that the parameter g' defined in Eq.(9) is
slightly temperature dependent so that when large amounts of twist are used the bias in
the transfer funotion may drift. Ono technique for sliminating thie problem is to twist
the fiber in opposite directions about its center [2]; any drift in the twist-induced
rotation in one half tends to bes cumpensated by an equal drift in the other halft. ‘The
effect of alternsate twisting on the transfer function i{e to shift the distortion in both
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Figure 7. Computed transfer functions of fiber current sensors showing the effect of
bend-induced linear birefringence in the fiber. (a) One turn, 3 om coll
diameter, 125 ym fiber diameter, €33 nm operating wav.lcngth. (b) 10 turns,
10 om coil dimmetor, 138 ym fiber diameter, 633 nm operating wavelength.
Dotted curves show the tsansfer functions that would be observed if linear
birefringence were not present.

1L,MA (b)

Figure 8. Computed transfer functions of the mame sensors illustrated in Figure 7 show-
1ng the effect of twisting the fiber. (a) The 3 om diameter coil uming a
twist rato of 50 turns/m. (b) The 10 om diametar coil using a twist rate of
10 turns/m. Dntted curves assuma no linear bivefringence.
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Figure 9, Computed transfer function showing the effect of alteriiats twlsting. Coll ia
the same as in Figures 7b and 8b except that the polarizers are oriented for a
tranamittance of 0.5 at zero current. (a) The f£iber is not twisted. (b) The
fiber is twisted at a rate of 10 turna/m about its center. Dottaed curves
assume no linear birefringence.

directions from the origin., Thus it is mopt useful in sensors designed to measurs small
currents and which therefore use polarirers oriented at 43 deg, The transfer function of

a 10 turn, 10 om diameter coil in that configuration, without twisting and with alternate
twisting is shown in igure 9.

The effect of twisting on a Sagnac current sensor is qualitstively similar to the
affact of alternate twisting in a polarimetric sensor. Specifically, the transfer func-
tion remains symmetrio about rero currert and the distortion caused by linear birefrin-
gence shifts away from the oxigin (Fig. 10). One of the most important properties of the
Sagnac, its insensitivity to input polarisatinn state, is retained, at least for the
symmetric geometry considered here.

Figure 10. Computed transfer function for a Sagnac interferometer configuratlion showing
the effect of twisting. Coil is the same ax in Figures 7a and B8a. Twist
rate is 50 turne per metar. Dotted curve assumes ho linear birefringence.
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Figure 1l. Fixture used for annealing bend birefringence. The material is machinable
ceramic. The fiber lies in a 3 mm wide channol and makes several 3 om
dinmeter turna around a hola through which a conductor can be placed.

OTHER TECHNIQUES: ANNEALING AND HELICAL CORE FIBERS

For small multiple turn colls, where twisting is not very effective in eliminating
the eoffeuts of linear birefringence, two recently daeveloped technigues show promise.

One is to form the fiher into the desired sensor configuraticn and than raduce thae
band=~induced birefringence by annsaling (Figq. 11) [10]., Temperatures between 600 and 700
deg ¢, maintained for periods from several hours to ssveral days have been effective in
decreasing the birefixringence betwsen one and two orders of magnitude. Coils with diam-
oters of 3 om and SY; turns have hesn testad to date. Such colls retain their shaps and
strength after annealing, and can be removed from the annealing fixtura, if desired.

Measured tranefer functions at low frequency and low ocurrent demonstrate theoretical
response.

Another rocvent development is a helical core fiber [11]. Such a fiber exhibits
ciroular birefringence and thus behaves much like a twisted fiber. Potentially, it is
much superior to twisting in that a higher degree of nircular birefringence can be
obtained {(a beat langth of less than 10 mm has been achisved to date) and, because tha

birefringence is induced by the hslical geometry, it should be insensitive to tempera-
ture.,

CALIBRATION

An advantage of Faraday rotation current sensore is that, amide from the difficul-
ties introduced by linear birefringence, a knowledge of the Verdet constant is sufficlent
to provide calibration [Eg.(3)]. The Verdet constants of many bulk glasses are known but
relatively little data has besn available on optical fibers.

Coll Detector
(A 20— (i<
Laner

Poiarizer or

m Look in

Conetent

y

Figure 12. @#chematic of a system used to measurs the Verdet constant of optical fiber.
The magnetic field is supplied by a 1 m long solenoid having about 3100 turns
and operated at about. 30 A, The second ¢oil is operated at 100 He and
provides a dither signal to facilitate alignment of the polarizars.
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Figure 12 shows a solenold system recently constructed at NBS :o measure the Verdet
constants of fibers. An advantage of using a solenoid is that, provided the fiber
extends beyond the fringing fields, only the exact number of turns and the current need
to be known (i.e., neither the length of fiber in the field nor the magnetic field as a
function of length). The solenoid presently used is 1 wm long, has about 3100 turnas, and
is driven at about 30 A. The f£iber is placed in the solenocid with polarizers at the
input and output. The fiber alsc pasaes through a smaller coil, which is driven at about
100 He and provides a dither signal to faclilitate orientation of the polarirzers.

To date, moat of the fibers tested have shown Verdet constants within a few parcent
of the value for fused silica, 2.1 deg/om«T at 633 nm. This includes the two types
enerally used in our laboratories for current sensors--a silica ccre, fluorine-doped
gnn.r cladding fiber, and a germanium~doped core, all=silioa cladding fiber.

IMPROVED SENSITIVITY

It is widely believed that the relatively amall Verdet constant of fiber limits the
application of fiber current sensors to applications involving very large currents.
Actually, if other noise scurces can be reduced to the point that shot nolse in the
detector is the limiting factor, quite mmall currents can be measured.

For a sensor tased on a single turn of fikmar, with polarirers oriented at 4% deg
{(and therefore a transfsr function of the form of £q.(4)), and operated at 633 nm with
sufficlient optical power to produce an average current of 1 mA in the detector (which,
for a 30 fi system makes shot noise approximately equal to Johnson noise) the minimum
detectahle current can be computed to Ye about 2 mA/Hel/2, The primary obstacle in
achieving this level is amplitude noise in the laser. One approach to reducing laser
noise is active amplitude stabllization with an external modulator on the laser. Another
is to detect both the +45 deg and -45 deg polarization outputs. Bubtracting these
Eiqn?13]n°t only yields reduced noise but a factor of two increase in sensitivity
Eq.(4)})].

8imply increasing the number of turns of fiber to improve the sensitivity is limited
by the extent to which lineay birefringence can be controlled and to which a reduction in
the responss time of the esensor can be tolerated. Caloulations similar to those pre-
sented above suggest that, using relatively large (e.g., 10 om diam) coils of twisted
tiber, it may be practical to use more than 100 turns. The response time of a 100 turn,
10 am diameter coil, assuming transit time to be the limitation, is about 160 na,

Beveral research groups are now exploring the possibility of producing fibers with a
higher Verdet constant [12,13,14,15], Among the possibilities are fibers containing lead
and various rare=earth elemonts. An examination of data for various commercial bulk
glasses suggests that an lnoreass in the Verdet constant of a factor of 10 to 20 might be
achieved in this way.

CONCLUBION

Substantial progress has heen made in the development of optical fiber sensors for
pulssd electric currents and thess sensors have now become the preferred technology for
the measurement of very large amplitude pulses. Recent developmonts, including the
avallability of optical fiber with improved foluri:ution propertiss and more complete
modelling of the fiber and sensor configuratlons, and vesearch results on annealing,
helioal core fiibers, and inoreased Verdet constant fibers leads to optimism toward
further improvement, particularly ’n stabllity and sensitivity. The davelopment of a
sensor with a diameter of 1 om and a minimum detectable current of the order of a few
yA/He1/2 geems possible.
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BUMMARY
The rotatlon of the polarimation ellipse taking plure in & low-birefringsnce oingle moda optical fiber and
agmociated with the nonlinear optical Rerr effect is theoretically investigated. A detailed desoription of
a proposed axparimant for meamuring the nonlinear refractive index n2 through the ellipwse rotation is almso
fural.shad,

1. INTRODUCTION

Optical fibars with silica cores are extensivaly umed for the experimental dumonstretion of many nonlinear
vptical phom-aummu.l This is basically dus to the relatively long propagation lengths along which the nonld_
nuar interaction tukes place in fibers. Correspondingly, the power lavels requirsd to produce obuervable
nohlinear sffects ai'e much lower in fibexs than in bulk media,

The optiocal Kery effect, awsoolated with a refractive index change linsarly dependent on the field intensi
ty, has bsen both theoretically and expurimentally investigated in the cass of high-birefringence fibary 2
If the birafringence ia high, the nonlinsarity will not ¢ouple the intensities of the two orthogonal modes,
but will only affect thelr rulative phas: -shift. The advent of extramaly low~birefringence fibers for fiber
optic devices and senwors requiros ellipss rotation to be taken into acgount, In this paper, we will extend
tie well-known resylts cbtained for tha intiusity-dependent rotation of the polariszation allipme in an iso_
tropin bulk medium® to the case of a low-birefringence fiber (sev alsu Ref.d). we will also dimouss the fea_
sibility of an exporiment apt to measure the ellipse rocation angle at a fixed propagation length as a fun_
ction of the input power, which could be used au a method to determine the nonlinear reflractive index nz.

2. KERR EFIBCT AND NONLINEAR PROPAGATION IN A LOW-BIREFRINGENCE FIRER
The electrig fleld E(r,z,t) propagating in o single mode optical fiber can be exprossed am

E(x,e,t) = Ea(i)“p“‘"ot - Lﬂl(mo)z)o’(z,t)ox tE, G oaxplie b - iﬂz(mc):.M\z(m,t:)eY ' )
whore E (_E_)Cx and ¥, (r)8,, represent the two orthogonal linearly polarized states supported by the fiber cnd
Bl(u Yo B (w)) chug relltive propugation conatants uvaluated at the central angular freguency w_ of the

carrler, “Whdnever chromatic dispersion and mode-coupling can be naglecte ], the complex mpnt.udgl Oi(z,t)
ate given by

°L("t) - @*(nno,t-n/vi) , Lwm g2, (2)

Vi. L] dB’_/t‘.lt.nL;l being the group velo~ity of the i-th mode. This situation of frae propag tion iw altersd by

the preassnea 8% & nenlinear contribution to the refractive index proportionul to the field intenaity (opti_
cal Kerr effsct), so that

nen onlel? ()
who ‘e n_ is the Jinsgr Bofinotiw ludex of the coxe and n_ is a cosfficient dependent on the fiker matexial
(typinlhy n, ¥ 107" m“~° for wilica), Over imrge lonqtﬁu and for rmamcnable power levels (@,g., ! Km and
100 mW respsctively) Jiq.(2) no longei applies, and ¢ and §_ obsy a set of coupled equati.ns which express
their mutual inflyence through the noalinear Lntcrnc%ion provided by Eq.(3). This set of squations takas on
different torms aocording whether the fiber possesses a high or a low biretringence. In the latter came, one
cal assume B1 - 82 =8, ml " !2 = B and the vorresponding mset of aquations reads

.




2 2
(073 + (1a/aete =it | + ale /310, - wmesel/a,

2 2
18/32 + a/aels. = -trelo, |2+ 2]o |F/00e, - srese?ss, , (4)

) 2 1 2 21

whexre V s the common group velocity o! the two modes and
+o

R = (wonzlo)”l‘(_g)axdy ) {5)

.
with [[E (p)axay « 1,

=it
In ordar to solve tha sat of Egs.(4), it is cmpniln\'. to introduce the olrcularly polarized states (olock
wisa and countex-clockwise, respsctively) E(z)d and E(z)é , whare

e i.ay)/z* & - xaym* ©)
and write accordingly the field as
B(gmt) = B(zlopli b - 480 Jube'd" + 0780 )

By comparing Rq.(7) with Eq. (1) (witten for B, =K =2 and sl - °z » B), it is imoediate Lo obtein
LA (¢, + ua)/a’ . {8)

+

L (0l - uz)/a
In terms of the amplitudas 0+ and 0-, tha set of Eqs.(4) can be rewritten in the mimpler form

(a/8m + (AnB/aele’ w —tz/aranc(et]? 4 207 D0t

ta/8m + (1MBnEIe” = —2/04n([07]2 + 2]0' D0, 9
which shows, in particulae, that the two ciroularly polarised states can mutually influencva their phases
but not thedr amplitudes (the nonlinear interaction provided by the Kexr sfiect does not produce power ex_
change bstwsen them).

The set of Kqs.(9) can be solved in qononl."' In a stationary situaticn, its solution takes on the simple
form

o . 0:|xp(u+(l)) AR NCER R FUR TR (10)
whare

o w camndfet? e 2o Be L 0T = -amrd]en]? s 210t ()

-] [ [} °
From Eqd.(10) and (11), it is immediate to generalixe the well-known results concerning the intensity-indu_
ced rot:ation of tho polarization ellipmse in a bulk mdium3 to the cace of a low~-birsfringence fiber: che
ellipse rotates, without changing ita area and shape, by an angle y(®) given by
- N -
v w4t - 00 = el - et (12)

3. A PROPOSED EXVERIMENTAL CONFIGURATION

Equation (12) can be rewritten by expressing y(a) as a functiun of the relevant phynical quantities which
are actually measurable in an experiment, More precisely, in MKSA units we have

. 4
y{dagrees /)= 2.88 x10 n(i/)\)(nzlnl)(l/A.u)Pf(-) ' (13)

whexe P ip the total power injected in the fiber, A "’ is the effective arsa of tho fundmental mode which

is reasonably close to the filer-corm area” and !(cr % gin(2tg 'e) shows the dependeance of y on the vocentyi

aity e of thw input polarisaticn (defined as the ratio a/b, vhere 2a and 2b are the lengths of the minor and
major axes of the ellipse, respectively), By specifying Eq.(13) to a typioal singlemods silica-core fiber,
it turna out that the sffect becomes cbssrvibls, for instance, at a powsr leval of mous hundreds of mW for

a propwgation length of about 100 m,

An exparimental domonstration of the sffact will be carried out by using a low-birefringence fiber ubout 20
m long. The experimental satup, similar to the che already usad by Owyoung at_al..7 is shown in Fig.l. The
linearly polarized light emerging from a ow transverse single mode NA-YAG lamer is passed through a variable
xetardexr Cl1 to obtain slliptically polarized light and is coupled Lo the fibex by means of a microscops ob_
jective. The opticel power coupled to the fiber can be varied by means of a stach of neutral-density filters
and a variable attenuator (A), and the output power is measuved via & baamsplitter (BS) into a oalibrated
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power mater,

The output polarization is analyzed by using the compensator C2 followed by the Wollaston prism WP which
splits the two orthogonal linear polarirations. Two avalanche photodiodss, DI and D2, are usod to detect the
haams emerging from WP, Synchronous detection is employed in ordsr to increase the asignal-to-noise ratio.

) The aystem is calibrated at low power level by adjusting C2 and WP in such a way that, in the absence of

s induced nonlinearity, the signual in D1 is maximized and the "orthogonal” one in D2 is made to vanish. Any

b rotution of the polarization eilipse will be detacted as &n increase of the signal level in D2, Particular

) care must ba taken in posing the fibax, in order to avoid any coupling betwaen tha two polariration states

dus to fiber imperfectione, such as induced stressns and geometrical effects (twiste and bends).

Firally, we nota that the ellipse rotation, besides furnishing the possibility of a precise determination

of the nonlinear refractive index coefficient n_ by employing a low-birefringence fiber, im:also responsi
bls for polarisation fluctuations (assuvaiuted wieh amplitude fluctuations), vhich can limit the sensitivity
. of polarimetric fiber nensors. v
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PROGRESS IN OPTICAL FIBER GYROSCOPES USING INTEGRATED OPTICS

H.C. LEFEVRE, J.P. BETTINI, 8., VATOUX and M. PAPUCHON

Laboratoire Central de Recherches THOMSON
Domaine de Corbeville
91401 ORSAY
France

SUMMARY

We describe a quarter of a liter brass-board of a fibergyro using a multifunotion
integrated optic oircuit (splitter. polarizer and phase modulator), a superiuminescent
dlode and 250 meters of polarization holding fiber. The photon ncise 1limited random
walk performance is 0,004 deg/Vh. We also prosent a simple model to evaluate
birefringence induced non-reciprocities, and an original method of signal processing,
the "digital phase ramp", to solve the problem of scale factor linearity and ascuracy,

1 - DESCRIPTION OF THE BRASS=BOARD

Integrated optlcs was advocated very early as the priviledged technology to make
optical fiber gyroscopes (1), because the various optical furictions needed in the system
could be implemented on & single mass~duplicated oircuilt which would be connegted to
& fiber ooll, a pigtailed source and a detector. However, the first brass-board which
used this approach (2), had bad performances compared to clasasical optic (3) or all-
fiber gyros (4). Since thim time we have analysed the limitations of the initial scheme,
and defined drastic 4improvements whioch have yiclded 4 x 1073 deg/VR random wall
performenge. Our dedioation to integrated optios was motivated at the beginning by
its potentiul low cost, but also by speoific techniocal advantages, with in particular,
the pnaslbility to fabrloate phase modulators with low driving voltage and large
bandwidth (D8 to hundreda of MHz). This allowed us to demonstrate an original method
of mignal processing, the so-ualled "digital phase ramp" (5) to get a oclosed=loop
operation of the gyro without any additionnal ocomponents, with respect to the usual
open=loop reciprocal configuration.

In this paper, we describe the improvoments brought to the devicve to get a good
uenuitixity and blas stability and we explain the prinoiple of our method of signal
pracesaing.,

We made a brass-board of 100 mm diameter and 35 mm height (figure 1l=-a) compomed
of a superluminescent dlode (SLD), a ooil of polarization holding flber (250 m long,
85 mm diameter), & multifunction integruted optic cirouit (¥ Junotion for splitting,
metallic polarizer and phase modulator), a fiber coupler and a PIN detector (figure
1-b). All the optical componente (source, fiver, 10 eivoult and coupler) were fabricated
in our Corporate Research Center,

Emittar

(superiuminesaett * diode) Multifunctlan

intagrated optio
clrouit

Polarization holding Flber coupler

single mode fiber poll

Elsctrical conneator -~

. Datactor

Pigure 1-a
Actual configuration of a quarter of a liter fiber gyro brass~bhoard
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Polarizer Eleclrodes

SLD Fiber
—. Q Coil

PIN Cou plcr I.0. Cireuit

Pigure 1-b
Operating schematlic of the fibergyro

The spatial filtering is realized with the ocoupler lead which ensures a quasi-
ﬁerfeot singlemode rejection, The sensitivity is limited by the photon noise of the
W reaching the detector (thers is a total loss of 19 dB in the interfercmeter
6 dB for the reoiprocal configuration, 5 dB for the 10 ecircuit, 0.5 dB for the coupler,
2 dB for the fiber ogil), The short term noise density 18 0.06 (deg/h)2/Hz which
corresponds to 7 x 10~/ rad/VHz. The figure 2 gives the output signal when the axis
of the coll is parallel (senslitive) or orthogonal (insensitive) to earth rotagion axls
with a time constant of 1 mecond., The bias offset of about 1 deg/h (3 x 10“° rad) 1is
die to the Michelson interferometer c¢reated by the residual baokreflections at the
LiNb03=810p interface. Compared to the U§ Fresnel reflemotion, this proves that a 100
degree edge angle provides a 40 dB improvement with respect to perpendiocular edges
(figure 3) (6), This could be further decreased with a larger angle.

(deg/h)
{5 -
10 4
5
0 (a) (b) (a) (e) @)
0 5 '

(min}®

Flgure 2
Fibergyro output rate signal with 1 second time constant :
a = electrical zero

b - optical blas offset ( 1 deg/h -3 Frad)
¢ = earth rotation rate (15 dex/h)
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Pigure 3

(90°) +40°

Elimination of back-reflections with non-orthogonal asdges 1

We tented the long term bias drift with a sampling and averaging program. The
figure 4 gives a typlcal example of the drift of the signal mean value over 1 hour,
during 9 hours, The standard deviation is 0.12 deg/h, when the random wallk performance
corresponding to the short term noilse density is 0,004 deg/VR. By eliminating the i
residual bias offset the ustandard deviation should reach the theoretical value of 0,004
deg/h given by the random walk. The only source of bias is the residual Michelson
irterferometer, within the preciasion of our measurement. There 418 no non-reciprocity '
induced by Kerr effect, Faraday effect or laaok of polarization filtering. We are now
gouing to anhalyse this last problen,

(dsg/h) 4

0 t 2 % 4 8§ ¢ 7 g 38 (h)

Migure 4

-
-
<

Long term drift of the gyro blaam
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II ~ PROBLEM OF BIREFRINGENCE INDUCED NON-RECIPROCITIES
1 = Introduction

If a wsingle-mode fiber can be considered as a quasi-perfect spatial filter, actual
polarizers (bulk, integrated optlca or all=-fibetr) have limited performances to reduce
the birefringence induced non-reciprocities to values oompatiblg with the bias stability
and repeatability needed for inertial navigation (less than 10”¢ deg/h which corresponds
typically to a phase shift of 107 to 107° rad). Kintner (7) showed that the blas error
depends on the amplitude rejection ratio of the polarizer with ordinary fibers, which
means that a polarizer rejection better than 140 to 160 dB should be required, Such
numbers are oclearly not reasonable and it has been thought that polarisation-holding
fibers should jimprove the performances of the system. But a typical 20 dB polarization
conservation btuvings only a factor 10 improvement on the ratio of the amplitudes of
both cross=-polarised wavas, which does not reduce oconslderably the requirement for
the polarizer, However, thim amplitude dependence is dus to ooherent parasitic
interferences between the reoiprocal primary weves and ovoss-polarised coupled waves
and one should expeat an 4important improvemsnt with the use of a broadband source,
e.g. super-luminescent diode (SLD), because of cepolarization effects due "o different
propagaticn velcoities of oross-polarised modes in polerisation-holding fibers which
are also highly birefringent. Fredericks et a)l, (8) and Burns et al. (9) proposed two
analysis of the problem which show that small bias errors can be obtained with reasonable
demand on polarizer rajection, alignment tolerance and depolarization in the filber
coil. However, they were only oconcerned by the parameters which osould reduce the
dependence of the amplitude rejection ratio ou the polarizer,

In this paper, after summarizing Ssheir results, we will present a simple model
using disorete polarization ocoupling points randomly distributed along the flber. This
provides u good understanding of the problem and allows one to evaluate the required
alignment tolerance and rejection ratio of the polarirzer as a function of the fiber
and source caracteristiosn (beatlength, polarization conservation, coherence length).

The amplitude rejection dependance found in Klntner's result (7) has been explalned
simply by Frederiks et al. (8). This is due to coherent interference between the primary
waves, which entered the interferometer in this axls of the polarizer and whioch are
still in the same state of polarization at the output, and the part nof the Input waves
which were croosed-polarired and attenuated at the input because of misalignment and
which were ocoupled in the coll to be in the mame polarization state as the primary
waves at the output (figure 5). These parasitic waves have followed non-reciprooal
paths, and, are ocoming baok in the axis of the polarizer. They are not attenuated at
the output and can interfere with the primary waves, The bias error msignal carried
by these parasitic waves is then magnified by ococherent deteotion, oconsidering the primary
waves as the equivalent of a loocal oscillator. The error signal, which depends on the
amplitude of the parasitic waves, is related to the input wave polarization misalignment
and the amplitude extinotion ratio of the polarirver,

Frederiks et al, (8) pointed out that the bias error depends on the phase difference
betweun both elgen polarizer modes at the input. They wsuggested to average out this
error by applying a variable stress on the lnput fiber lead after the polarizer in
the axis which correspond to its eigen modes. We noticed that 1t 1s possible to do
80 before the polarizer in a fiber polarizer ir used, In both ocases, this does not
modify the polarization coupling in the fiber ooll and the blas error signal carried
by the parasitic waves, but, varying their phase difference with the primary waves,
this modulates the actual signal in the doherent detection process, This im a way of
evaluating this effeot but also to reduce 1t by shifting its carrier frequerncy outside
of the detestlon bandwidth., They alao explained that the bilrefringence of the input
lead between the polariger and the coll splitter reduces the degree of correlation
between these waves and drastienlly limits the contrast of the interf'erences involved
in the ooherently detented bias srror, They related the upper 1limit of the residual
error {0 the degree of polarization of the waves returning to the polarvizer, We wlll
present here a simple model to evaluats more precimely this 1imlt as a function of
the characteristicm of tho various acomponents of the ayatem.

On the other hand, Burns et al, did not oonsider any depolarizing effeat due to
the birafringence of the input lead (9)., Then, they found that the maln source of blas
arﬁ:r in the polarivation coupling in the firet depolarization lengths of the fiber
coll,

2

~ Model ta evaluate the birsfringence induced bias evror of the fiber coll

a) Simple model with two coupling pointa

Let us firat consider a loop interferometar with a parfect birefringent polarization
holding fiber and one polarization couplirg point M at a distance 1 from the splitter
(figure 6), If light is inserted in mode 1 in the interferometer, four waves wil.l come
back at the output

= 2 reciprocal prilmary waves which are ptill in mode 1. They have propagated along
the same optical path in opposite direction and they are perfectly in phase

- 2 waves co'ipled in mode 2, They have propagated along different paths ! niy 1 + np
(L=-1) and ny (L=1) + np 1 where L 18 the length of the ovoil and n) and np the
aqulvalent indiocan of bohg polarization modesn.

,,,,, am -




C 2 S

9A-5

If a broadband source ja used and the path difference (nj3-np).(L-21) is longer
thar. the coherence length Lg, these two coupled waves are not coherent and do not glve
any spurious interferometric signal. Non-reciprocal signals c¢an be produced only by
coupling in the middle of the coll over the depolarization length Lp = Lg/(nj-np).

Now, if we consider two coupling points M) and Mp (figure 7), six waves willl come
back at the output :

- 2 reciprocal primary waves whlch are satill in mode 1

- 4 waves coupled in mode 2 at M; or My and which have propagated along different paths,

)
)

paralle! componcnl'

e

r:;\\

eros-polarn
componenk

primary waves (local osaillator)

non - reci pracal~~
L

Signe

Pigure 5
Problem of coherent detectlion of birefringence induced non-reciprocities
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Pigure 6
One polarization coupling polnt case
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Figure 7

Two polarization coupling pelnta case
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These t~upled wavea are not ccherent together excepted 1f the two coupling points
are symmetri-a) with reapect to ine loop wi..nln the length of depolarization Lp. In
this case, Lot waves coupled at the beginninig of the loop in M| ard Mp interfere
together as both waves coupled at the end. For each set, the waves propagate along
the same path between both coupling points M3 and Mz but they propagate nlong cross=
polarized paths between the splitter S and these coupling points. They experience a
non-reciprocal phasce difference AQ depending on the difference between the total
birefringences of both branches SM1 and SMp. This creates a parasitic blas offset signal
V&1.%3.81n AP where ot) and oy are the energy ooupling ocoefficients at M{ and Mp. We
have to notice that the waves which are coupled twice (at the heginning and at the
end) are reclprocal. Both propagate in mode 1 betweer the splitter and the coupling
points, and in mode 2 between both coupling points.

b) Experimental evidence

This analysls can be verified experimentally using an integrated optic Y Junction
fabricated on a LiNb0O3 substrate 8s & splitter, a linear polarization holding fiber
coll and & SLD as a Bource, Light is fed in the Y Junetion throught a bulk=-optic
polarizer and & polarization holding flber to ensure perfect spatial filtering and
a good degree of linear polarization in the Y junction (less than 107" energy ratlo
between the TM and TE modes)., The birefringence axis of the fiber coll ends are
misaligned by 0.1 radian (= 6 degrees) with res%ect to LiNbO3 substrate axls which
provides two coupling points with o1 = &p = 107<, Light is sent back to a detector
xzrith a at;ulk beamsplitter placed between the polarizer and the input (fiber lead
figure .
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Figure 8

Experimental set-up to analyse the non-reciprocity induoced
by fiber-10 wavegulde birefringence axis misalignment

Furtnermore the interferomeiric signal 1s biased about T(/Q wlith the conventlonnal
phase modulatlion technique (10, 11), applying an AC voltage on the electrodes fabricated
on the substrate., We can neglect, for the moment, polarization coupling in the LiNbO3
waveguides and In the fiber. The two coupling points should glve & non reciprocal blas
of V&' B¢28indP , where ACP is the difference of birefringence induced phase betweun
both branches of the LiNbO3 Y Jjunction. Th&u parasitic blas could be as high as 1077
rad whenA® = Tl /i because O] = ., = 10"¢, The observed bias was actually lesa than
10=%prad, without any analyser In front of the detector which indicates that both brarches
are very similar. This carn be expected because these branches have the same length
and are only 270 um apart on the same crystal substrate. Now when a DC voltage s added
50 the AC modulation, the bias follows a sine response with a maximum of about 107
rad. This 1s explained by the fact that the phase uhift experienced by the TE node
is about half {he one experienced by the TM mode, The DC voltage producee a scanning
of the difference of total birefringence between both branches and the parasitic blas
varies between + V o 1,00y and - 1e + With an analyser placed in front of the
detector, one can check that this parasitfc blas 1s cross—-polarized with the primary
reciprooal waves, This confirms the previous analysis but this also gives a sensitlve
way to carefully align the fiber axis with respect to LiNb03 for reducing polarization
coupling at the interface.
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¢) Model for an actual fiber with random coupling polnts

We assume for the moment that the splitter is perfect to evaluate the proper
effect of a fiber coil with randomly dilstributed polarization coupling polnts. Instead
of continuous coupling, we can conslder that there 1is a discrete coupling point My
for each depolarization length Lp along the fiber (figure 9). The coupling coefflclent
x4 is equal to the total power extinctlon ratlo cc of the coill divided by the number
N of depolarization lengths Lp along the length L of the coil : N @ L/Lp and o4 = /N,
This can be also expressed in term of h parameter (12) ©¢; = h,Lp. The system can be
decomposed in N pairs of waves coupled at points My and M3' which are symmetrical within
the coll in termas of birefringence., When a biasing modulaticn i used, each pair glves
a signal V3.3 sin APy where APy is the phase shift due to the difference of
birefringence between both branches SMy and SM3' as we saw earller., We can assume that
the random phaseshifts A(Py of the N pairs are equally distributed over 2T radian.
Then the rms value of the residusl polarization induced non~reciprocal phase ashift

signal is equal to
o 8
A‘?P - W %§§L ' Ac?? -VGZTJ

A(I)p is not equal to the total extinction ratio cw of the fiber coil. It is reduced
proportionnaly to the square root of the number of depolarization lengths along the
fiber ocoll. L
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Flgure 9

8imple model of discrete coupling points
for each depolarization length Lp

We can gilve typical values : a 2 mm beatlength and a4 50 pm ccherence length lead

to Lp = 10 om ; over 250 meters, N = 2.5 x 103 and an extinotion raglo of 20 dB/km
leads to O = 2,5 x 1073, In this _particular onse the rms value AQp 1s equal go
3.5 x 10°5 pad and not to 2.5 x 10=3 prad as it oould be thought with ot = 2,5 x 1073,
We have to notice that the mean value 1s zero, and that AQp produces a bias offmset
iff the flber 18 atable, but 1n a real environment with thermal and acoustlc
perturbations, this produces nolse which can be spred over a wide spsotrum and further
reduced in the deteoctlion bandwidth of the system.

If there are splices in the fiber coil, they must be non~symmetrical. The coupled
wave will interfere only with the wave coupled in the fiber along the depolarizatlion
length which is nymmetrical to the splice and the induced rnon-reciprocity will be limlted
to :!:Vug.ofs instead of + oLg, the polarizetion ocoupling in the =slice. When an
integrated opticn Y Junction is used this cannot be Avolded, which requires a careful
aligz nt to take adyantage of the low intrinsic non=-reciproolty induced by the_tilber.
For "$p = 3.5 x 1072 prad, the coupling coefficient should be lower than 5 x 102 which
meanuu an alignment acnuracy of the birefringent axie of the flbeir and the wavegulde
of 0.4 degrees,

d) Effeat of a polarizer

For mimplicity we are going to oconsider a porfect splitter and a polarizer with
its transmission axis aligned with birefringence axis of ihe fiber coil. Most of the
light, which entered the interferometer through the polarizer, ocomes back in phase
and in the same polarization state after propagating along ldentical paths in opposite
direction. The part ocoupled ix the orosned state ocarries a non-raciprocal slgnal
equivalent to a bias error of @p = O /V2N. This spurious signal is attenuated through
the polariger at the output, and 1is added in 13t-enait- to the p?rimury signal, The
residual bias error becomes then £2 AQp = E£2/ where £¢ 1is the intensity
extinction ratio of the polarizer.

Now the polarization of the light ontering the polarizer at the input 1s never
perfectly aligned with the transmission axis., Purt of 1t 1a cross-polarized und
attenuated at the input. Similarly to the previous case, a small fraction will be coupled
back in the polarization state oncresponding to the transmission axis of the p%lar'izar.
The spurious wave carries & blas error algnal equal to ke £20o/VEN where ke 1s the
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ratio in intensity of the input power in the crossed-polarization and the one in the
transmitted polarlzation %ntering the polarizer. .?%s eégnal ls smaller than the pain
bias eyvor, by, & factor ké (typicall 10~2 to 10-3' but, as we saw earller, problems
arlse if it "is cé%erent with' "the pbtimary waves which act as @ local oscillator for
coherent detection of thls spurlous effect.

This 1s the kind of effect polnted out by Buins et al. (9) when they found that
the coupling in the first depolarization length at each end of the ocoll ls oritical,
The use of a birsfringent lead hetween the polarlzer and the Splgpter avoids to firat
order coherent interference between this blas error signal k< &¢ o/VZN and the main
part of the primary wave which has travelled always Iin the same slow or fast mode (we
actually use the slow TE mode in a z=cut LiNb0O3 eclrcult and the covresponding mode
in the fiber). However, light which 18 ocoupled an even number of times along the fiber
has & reciprocal path, but its transit time through the loop is such that it can serve

a; a2 loifl osclllator to increase ooherently the parasitic signa) due to the term
ke, &<, 06

To olarify this statement we are goling to oconsider how an input wave traln
propagates through the aystem using the previous model with N discrete ocoupling points
(figure 9) (the use of autocorrelation functions is more elegant mathematlically but
does not help as much to understand the problem). At the input there is a wave train
of intenslty Ig transmitted by the polarizer which will propagate in the slow mode
and another one Ip which was attenuated and which will propagate in the fast mode,
At the output most of the power is still in the same wave traln Igg which corresponda
to light which remained continuously in the slow mode, but there ls also a serle of
wave trains lIgs, whloh corvespond te 1light which experienced two couplings (slow =
-=> fast, fast ---> slow), The traln Igsn Propagates alqg; nkp in the fast mode and
(N-n)Lg in the slow mode, Iggy comes back at a time n. earlier than Igg ( Tis
the ocvherence time),

Theare 18 (N=n) gaige of coupling points whioh can oontribute to Iggn, also 1t
is equal to (N-n). oL¢/N¢,Ig (the contribution of the different pairs are nog coherent,
also they add in intenaity). Ligh& coupled Just once oomes back in the orossed state

in a serle of wave trains lgp, ™ Ig spaced also by the delay . Similarly the wave
train Ip produces 1 N

]
Ipp & Ip w &2 k2 Ig, Ippn = (N=n) Jﬁﬁ'IF and Ipgp * iﬁ* Ip
This analysis is summarized in figure 10,
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Set of wavetrains generated by polarization
coupling in the flber coil
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There are two sources of blrefrirgence non-reciproclities :

- an intensity rejection effect Ad)int; as we saw earlier, created by the wave trains
Isr, and altenuated by the polarizer at the output. It 1s equal to & 2, O(_/\/Z.N

- an amplitude rejection effect A@ amp» due to coherent detaetion of the non-
reciprocal wave train Ipgn with the locai osclllators Isg(N~-n). It can be shown that
1t 18 limiced by k. V.&. & /fZN

Their relative inflgence will depend on the reapactive values of (k.V& ) and & .
The Input misalignment k< has to be smaller than £ ¢/ oL to avold amplitude rejection
effect.

With the numerical example un%d earlier ( OL = 2,5 x 103 and N = 2.% X 103),an
intenalty rejection of 35 dB ( & = 3 x 10~4) leads %o A (ﬁél.nt = 10 rad which
corresponds to 0.004 deg/h with our brass-board and A D gmp AJ ing If ke <
€%/ x0.1gwhich 18 obviously easy to get. '

But, with a low polarization holdinsg quality ( &' = 0.1 for exa ple), an lntgnsity
rejection of 51.5 dB ( ‘e m 7 x 107%) is required to limit A &n}; to 107% rad,
and mp < int if k' < 7 x 10%2 which is now very difflcult to get
because of t%e limited p 1arizabion preservation of the first fiber coupler which is
equivalent to an input misalignment,

In conclusion, depolarivation and averaglng process in high Dbirefringence
polarization holding filber used with low temporal oocherence source limits polarization
non=reciprocities to very low level even without B high rojection of the polarizer,
but a bad quality of polarization preservation oan degrade this result very fast, The
intugrated optic polarizer (metallic layer with a dielectric buffer) (13) used in our
experiment hag the required rejeation of 35 dB to be used with a 20 dB/km polarization
preservation of the fiber coll. Finally we have to notice that the same kind of analysis
with wavetrains can be used to explain the effsct polarization coupling in the gplitter
and misallgnment between the polarizer and the loop interferometer, but when a
multifunetlon IO oirouit is used these problems are avolded hecause all the ocomponents
are automatlically aligned with the substrate axls and the polarization coupling in
a Y Junction is extremely small (less than 50 dB). This 1is, with the wideband phase
modulator, the second important technical advantage of integrated optias.

III - PRINGIPLE OF THE "DIGITAL PHASE RAMP"

The most popular method for blasing a fiber gyro is to apply a reaiprocal phage
modulation at one end of the fiber coill (10, 1l). If the so-called proper frequency
is used (4) (fp = 1/2T where T is the group delay through the c¢oll), this
provides a very stable blasing point which ims perfectly centered about zerc, even with
an imperfeoct modulator. But when the system ls rotating, the analog Bine reaponse is
not linear over & wlde range, and depends on many parameters as the optlical power and
the deteqctor gain.

This calls for a closed-loop operation of the mystem. The best method is to apply
a freguency shift (3) at one end of the loop to compennate the Sagnac effect which
can be interpreted as a double Doppler effect on the beam splitter (14, 15). 3ut this
shift must vary between =1 MHz to 1 MHz for m dynamical range of 1000 deg/s. It has
beenh proposed to get this shift with two acousto-optic Bragg cells (3), which increases
the complexity of the system but above all introduces a banic non-~reciprocity due to
the high operating frequendy of the cells, 1Its ocancelatlion requlres a precilse
posltinnning whioh wlll change with temperaturr, and then produces a bilas drift, A
stability of L deg/h needs relative mechanical stability of both cells on the order
of . {m for a 100 MHz operating frequency. On the other hand, it is well-known in radar
s4ignal processing that frequency shifting can be silmulated with a phase ramp. This
requires wideband phase modulators t the main technical advantage of integrated optics,
But. this so-called serrodyne modulation demands an infinitely fast flyback and a resef
perfectly equal to 2 1 radian, to ensure pure msingle sideband shifting. Qur digital
approach avolds these drawbacks because we take advantage of the fact that the system
i1a working over a given length : the length of the flber coll. Instead of a ramp, phase
steps are generated at one and of the coll with a duration equal to the transit time.
This creates a phase difference equal to the step value betwean both counterpropagating
waves whioh have seen the modulation respectively at the beginning or at the end of
the coll (figure 11), A closed loop is used to nompensate exaotly the Sagnac phase
shift. The step fronts and resets of the phase of both waves are simultaneous and can
be gated out from the detsotor signal whioh_eliminates the requirement for infinitely
fast flyback. Now Just ter the reset A(IJR, the phase difference becomes( ]
- Ai Rr) where OO0 g 18 the value of the steps, This does not produce any effect
ir R s equal to 27 y the periodiclity of the fringes. This ocan be
convenlerntly used as an error signal at the f{reqguenty of the reset to control that
lts value is precisely equal to 2 « With these two servoloops, the measurement
of the phase step does not rely on the phame voltage response of the modulator but
on the counting of the number of step durations between two ,essets. For a reset happening
after n clock times, the measurement of the phase step 1s 2T /n., The analog part of
the processing is servo-controlled to keep hoth error signals equal to zerc and the
counting provides a digital measurement ylelding linearity and stability of the moale
factor over a large dynamical range,
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Effect of phase steps on the flbergyro

This method has another interesting feature compared to frequency shifting or analog
phase ramp : the measurement of the phase does not depend directly on the transit time
through the fiber ocoll, The step duration has to be approximatively equal to this
transit tlme to minimize the width of the spilkes generated by the flnite slew rate
of the steps, but small temperature dependent changes of the transit time does not
modify the measurement of the phase step equal to the opposite of the Sagnac phase
shift. Then, the accuracy of the rotation rg.te will depend on stabllity of the
geometrical length of the fiber ocoll ( 2 107%/°C) and not on the Btability of the
index of refraction ( o4 1072°C). It will also depend on the stablility of the wavelength
of the sourde which must be temperature controled, Furthermore it need not have two
separate modulators for the blasing modulation and the phase steps., Both driving voltages
can be added Bynchronously because the step duration 1s equal to the half perlod of
the proper frequency required for the biasing modulation which works with sine wave
but &lso square wave, The figure 12 desoribes a convenient scheme to implement this
method of signal procecsing. The signal of the detector 1s measured with a look=-in
amplifier. The output voltage 1s oonnected through an amplifier to an A/D converter
which gives the digital value of the phase step, A logic circult driven by a clock
generates the digital ramp and adds the blasing modulation. This 1s send to a D/A
converter which feeds the phase modulator through a buffer amplifier. The reset ia
automatically done by the overflow nf the D/A converter, The figure 13 shows the errov
signal generated at the frequency of the reset if its value does not correaponds to
a2m phase step. A second independent loop acting on the gain of the buffer amplifier
allows one to servo-control this error signal to zero, This system provides a digital
measurament of the rotation rate (related to the digital value of the phase step at
the output of the A/D) J.r an inoremental integrated output by ocounting the positive
and negative resets (one ocount for about 3 seconds of arc with a coil diameter of 85
mm), The quality of our present processing electronics limits the scale factor accuracy
to 1000 ppm, but 10 to 100 ppm are expected with & new design under study.

CONCLUSION

We have desoribed the recent progresses made in the demign of fiber gyroscopes
using integrated optics, emphasizing the problem of polarization non-reciprocities,
ihis technology has now proven that it is suitable for high performance applications.
The final configuration 1s relatively simple and our signal processing using digital
phase ramp will solve the problem of scale factor accuracy without degrading the low
blas drift obtained because of reoclprooity,

o
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Schematic of the processing electronlcs used
with the digital phase ramp
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FIGURE 13
Signals generated with the digital phase ramp : i
- middle trace : modulator input voltage. The phase steps and the blasing modulation
are synchronous. The 217 reset 1is automatlicaly obtailned by the overflow of the D/A
converter
-~ upper trace : detector output voltage. Let us notice thare is an error signal at
the reset frequency whioch is zero only for 21 ,

= lower trace : output pulse generated for each reset giving an incremental signal,
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DISCUSSION

G.Winzer, Ge
You have used 3 dB-fibre couplers and a Y-branch in _iNbO,, Con-idering the loss budgei, it seems that this hyhrid
solution is not advantageous, What is the reason for not integrating both branches on the LiNb0,, is it the difficulty to
adjust the splitting ratio of the 3 dB-couplers or is it for spatial fillering?

Author's Reply
The spatial filtering !s done by a 10 mm single-mode waveguide and it is too short to get a good rejection. So, the
problem is not that you have to use a larger integrated optics circuit but a very long one, which is not so easy.

B.Schwaderer, Ge
Can you split off the loss figure of § dB of the 1.0, to coupling loss and insertion loss?

Author’s Reply
5 dB total oxtra loss tibre to fibre: 1 dB for each fibre-waveguide end-fire coupling, 1.5 dB for the Y-junction, 1.5 dB
int:insic waveguide loss, 1 dR is missing (uncertainty between the various parts).
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BUMMARY OF SESSION II
DEVICES AND TECHNIQUES
(Transeript of closing remarks) by
T.G, Giallorenszi, Chairman

In the work done by the AT4T group (first paper) a very good oross-talk imclation of about 38 dB in the
device itself wam obtained even though they were able to mee nnly 23 dB when thoy put both the transmitter
and the receiver together, One needs to do much better than 23 dB in practioal aystems of course but the
numbers are really very encouraging and show that with a little bit of engineering you can indeed come
up with something very impressive.

The group from IROE-Firenre hms shown an integrated optiow geudesic lens appromch to the wavelength
division multiplexing and they did a very good job on fabriocating the depression limited lens. The number
they didn't have in the paper was the crous talk betwsen ochannels, whioch makes it very difficult to compm~
re an integrated optics lens type demign with the bulk optics of the ATAT group; one would howover guess
that the buik optics deaign would be probably at least 10 dB better because of the scattering in the pla-
nar waveguide. The third talk was about a method of phase noise reduction and it was whown that by feeding
amplitude and phose information back to the laser one can reduce the laser phiuse noise of about 30 dR,
Since the conventional wisdom haam that there iw very little correlation between the front facet and the
rear faoet nolse terms, this demonstration clearly shows that there are more things going on than expected.

The NcDonnell Dougleoe paper on optical quadrature modulator show a very clever idem of making a gra-
ting in front of your detsotor and besides it wam able to demonstrate how the technology developed in the
sensor is direotly applicable to cohersnt communiocations.

The fifth talk was on the effects of optiocal feedback on the performance of high dats rato wyatems,
a problem encountered many times by anybody who works with diode lasers: sven small percentages of fsed-
vack ocan dramatioally destabilize your lamer. The authors have shown that lenaing the fiber can reduce
the reflection and, accordingly, the effeot, They went on showing that when inmstabilities are present in
the laser, the efteot should increass error rate quite dramaticully.

The next paper addressed the use of ion milled alignment grooves for fiber-to-chip coupling. The los-
aes are now gettiug down below the dB range for connsctor losses and thiu is very enoouraging bscause one
of the big barrier to the utiligation of LiNbO, waveguidew ham bLeen the coupling to fiher, The ion milling
approach is technologically elegant but almo difficult and it still remains to be ssen whether ion milling
or "V" groove on silicon are competitive with each other,

Three papers were on the theory of nonlinear effects in waveguides mnd they show a number of effects
which can happen, In my opinion, thim is very important for the large number of people interested in opti-
ocal computing which atill miws the technological base to build an optisal computer (even it thers are one
or two big programs getting off the ground at the pressent time); the work done at a number of Universities,
1ike the University of Rome and the University of Arizona, is probably the foundation for building poten-
tial optical computers,

The next telk was on the PIN-FET pre-amplifier for high-speed opticsl crmmunicmtion systems, and re-
presents work in the maia aream of data transfer community. Thers was a short dimcussion on high impedan-
ce versus transpedance amplifiers for the differaat frequercy ranges and a very good engineering result
was shown for 170 to 568 megubita receivers.

The next talk, from the CRC Cenadian group, was an optoelectronic broadbound switching. Cross-bar
switches have been of interest to the community from the beginning eand the Canadian group is probably the
leader in developing this type of uwitches., They pointed ocut that if one is going to do a ten by ten
switch on a LiNbO , one would need about a squars meter of it and it is probably beyeond the technology
to get orystals that sre that large. However, if one has a ten by ten croms-bar switch, there sre quite
a number of applications in the computer area and in signal procesaing that would be opened up and the
work the group is doing iw quite signiiloant and very important.

The next paper was about an acousto optic spectrum analyser using LiNbO_., a problem whioh has been
treated in & number of groups for a number of years. The work was very well engineered and the progress
achieved represents the state of the art on the subjeot, the 26 dB dynamic range which was reported being
right up with the companies in the USA. The problem is of courss that one neads mpecialined componentry
beyond that one can buy: for exempls, the uss of & Reticon deteotor which you basivally glue at the end
of the waveguide ls not optimil but probably is the best choice commercially availsble.

Finally, we heard a review papsr on modulators and detectors for high bandwidth applications. A great
deal of interest exists in studying the possibility of moving fiber optiv technology out to the millimeter
wave and microwwve regions; howaver in going beyond 15 GHs modulation bscomes very difficult. But, given
the progress both in the lawers, which ocan be modulated up to 17 GH» and integrated optiva, one can think
of doing things up to about 18-20 GHs.

To summarise the seesion, there were some very significsnt advances, The papers ranged from very theo
vetioal, which basionlly form the foundations for all the things we'll do in the future, to fairly applied.
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And when you get to the applied topios you really start seeing the problems, a lot of which have been
swept under ths rdg. In tslecommunication industry they have very few bumps now but in the military ares,
where we are trying to do some very demanding things with fiber optics, the rug is still very bumpy and
there have to be meveral conferences like this one bsfure all our bumps are smoothed out,
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Wavelength Division Multiplexing at 1.5 um for High Capacity Optical
Transmission

by
J. Hegarty, N. A. Olsson and R, A. Logan

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

ABSTRACT

We describe a method for multiplexing severs! channels of inforination, closely spaced in
wavelength, together in one single-mode fiber. We report thu results of a recent 10-chaane
experiment at 1.5 um in which 10 distriuted foedback lasers, modulated at 2 Gbits/s, were
multiplexed together and transmitted over 68.3 km of fiber giving a system capacity of 1.37 terabit-
km/s. The channel spacing was 1.35 nm and the multiplexer insertion loss was 3 db. Crosstalk,
including Raman crosstalk, was found to be negligible.

L. INTRODUCTION

The advances in lightwave technology in recent years has demonstrated the vast potential of light
as a carrier of information, The development of high speed lasers and detectors on the one hand
and low loss fiber on the other hus led to a series of records being set and quickly broken both in
terms of repeaterless distances and in bits/second. Since the minimum loss region in silica fiber is in
the 1.55 um region, most of the record breaking advances have centered around this wavelength,
Repeaterless distances of 203 km at 420 Mbit/s (1), bit rates of 1.2 Gbit/s over 113.7 km [2) and
4 Gbit/s over 117 km [3] have recently been achieved in single mode systems. To overcome
dispersion effects over such long distances, narrow linewidth lasers have been necessary, such as the
¢’ [4] and DFB [5] lasers. Despite the phenomenal bit rate-length products that have been
achieved, only a smali fraction of the potential system capacity has been realized. Silica fibers have
very low loss over a broad spectral width at 1.5 um, on the order of 50-80 nm. Consequently,
many channels of different wavelengths could be multinlexed together on a single fiber [6). Methods
to achieve wavelengih division multiplexing have only recently begun to be explored, however, in
single mode systems. Multiplexing of three single mode channels, widoly spaced over the 1.3-1.5 um
range wes reported in 1984 [7). To avail of the low lcss window near 1.5 um it is desirable that all
channels lie within this window. Consequently, it is advantageous to minimize the channel spacing
in order to increase the channel numbor. As an sxample, for directly modulated )asers with a
linewidth of 1A, several hundred channels could be accommodated within the low loss window,
Only recently has a 2-channel, closely spaced system been demonstra‘ed [8),

Ths key to achieving such a ooncentrated systom in the wavelength dimension Is a muitiplexer
and lasers whose wavelengths can be tuned to the individuai channels. The requirements on the
multiplexsr are low insertion loss and low crosstalk. As a step in this direction we have recently
demonstrated an ultra-high capacity system satisfying all of the above criteria [9]. The system
consisted of a 22 channel multiplexer through which 10 single frequency DFB lasers were efficiently
multiplexed to give a system capacity of 1.366 Tbit-km/sec, which is about a factor of five greater
than the current single channel record [3].

Details of the system are oxplainad in the following sections. In section II the operation of the
multiplexer «nd demultiplexer is outlined while in section 111 details of the lasers and receiver are
described. Section 1V deals with the fiber charncteristics. The overall system performance is given
in section V in terins of bit error rate measurements, crosstalk in the multiploxer/demultiplexer,
fiber Raman crosstalk, and penalties.
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II. MULTIPLEXING/DEMULTIPLEXING

The multiplexer used in the experiment was similar in design to that described previously [10].
The basis of the design is a diffraction grating which can combine spatially separate but collimated
beams into one beam provided that the wavelengths satisfy the usual grating condition

mM\ = nd (sin 6, + sin 62)

where 0, and 8; are the incident and diffracted angles, respectively, d is the grating spacing, n is the {
refractive index of the medium and m is the grating order which we will assume to have the value 1

henceforth. In the multiplexing process the diffracted angle 6, is the same for all wavelengths so

that the two wavelengths separated by A\ must have their incident angles # separated by A@ given

by

A\ = nd cos 8A

It is evident that to minimize A\, A6 should be as small as possible. The key to achieving this is to
bring the incident beam sources as close together spatially as possible. A concentrator based on
waveguiding in LiNbO, has been proposed [11] in which individual wavelengths are coupled into an
array of waveguides on a single substrate. The waveguides are fanned in towards each other so that
the beams emerging at the other ends of the waveguides are arbitrarily close together. Since the
concentrating function is purely passive and to avoid the sizable bending losses in LiNbO; we have
adopted instead a much simpler type of concentrator based on optical fibers whose loss is negligibly
low,

A schematic of the 22.channel multiplexer used in the experiment is shown in Fig. 1. The
concentrator consisted of 23 single mode fibers which were brought together at one end in a

Figure 1. Multiplexer schematic diagram '
showing the 23 fiber array, collimating lens '
and grating.

linear array [10], 22 of the fibers were input channels and the other fiber was the output channel
carrying the multiplexed information. The fiber had a step index profile with a core diameter of
8.2 um. By etching the fibers in dilute HF acid the core-to-core spacing in the array was reduced,
in this case to 24 yum. The outputs of the semiconductor laser sources were coupled individually into
the free fiber ends. The beams emerging from the array were collimated by a 25.6 mm focal length
lens and diffracted off the grating back through the lens, The combined beam was
refocussed onto the output fiber in the array. The grating had a 600 I/mm ruling and was blazed
for 1.5 um,

The important parameters in the operation of the multiplexer are insertion loss and crosstalk.
The insertion loss is a function of bending losses in the fibers, linearity of the array, loss in tha lens
and efficiency of the grating. Crosstalk is a function of spurious scattering and coupling between
adjacent channels. To measure these parameters the following experiment was performed. The The
output of a color center laser tunable from 1.4 to 1.57 um and with a linewidth of 0.01 nm was
coupled into one of the fibers and the output of all the other fibers together was monitored as a
function of laser wavelength. As the laser was tuned the diffracted light was coupled consecutively 1
from one fiber to the next. The results are shown in Fig. 2 where the vertical scaie shows the }

I
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coupling efficiency from input to output fiber and hence the overall insertion loss of the multiplexer.
This plot yields diractly not only the loss but also the channel spacing and channel width. The
break in the middle of the array is a result only of the particular way in which the array was
fabricated. Two 30 umx300 um capillary tubes were used to align the etched fibers and the break
is due to the wall thickness between the two sections. This could easily be eliminated. While the
insertion loss fluctuates from channel to channel the average loss is only about 3 db. The grating
accounts for 0.5-1 db of this and the remaining is most likely due to microbanding in the fibers in
the array. The channel spacing is 1.35 nm and the channel width between 1 db points is 0.3 nm.
From Eq. 1 the difference in angle of adjacent vhannels impinging on the grating is a function of
lens focal length /' and core-to-core spacing x so that

A\ = (xd/f)cos 0

Inserting the values of the parameters gives A\ = 1.4 nm in close agreement with that measured.
The channel width &\ is determined by two factors: 1) how rapidly the refocussed spot is displaced
from the core of the output fiber as the wavelength is varied and 2) the sensitivity of coupling into
the core to the displacement, y. The latter dependence can be calculated using the theory of
Marcuse [12). For a fiber with a V-number of 2,2, y is about 3 um for & 1 db allowed loss increase.
Since

O\ = (2yd/f)cos 6

oA = 0.35 nm, close to the measured value. The narrow width means that each semiconductor must
be precisely tuned to match the channels. The channel width can be increased by using a coarser
grating or by using a shorter focal length lens, This, of courss, also increases the channel spacing.
The figure of merit (mark/space ratio) for the multiplexer can be taken as 3A/A\ which in this case
is 0.22.

The crosstalk in the multiplexer was measured by monitoring the output of only one fiber as the
laser wavelength was scanned. A typical trace is shown in Fig. 3. An increase in the vertical scale
by a factor of 100 reveals that the monitored channel picks up a small amount of signal when the
laser is tuned to adjacent channels. This crosstalk is <—36 db, however, and is negligible.

The demultiplexer is similar in concept to the multiplexer and is shown schematically in Fig. 4.
The individual channels are separated by a grating and focussed to an array of spots by a 10 em
focal length lens. A detector was placed at the focus of the lens and, with a free aperture of 50 um,
acted as its own spatial filter to detect the channels in turn. The spectral passbend of this
arrangement was about .8 nm. The crosstalk between adjacent channels was less than ~23 dB and
the demuitiplexer insertion loss was 2.5 dB.
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Figure 4, Schematic of the demulitiplexer.
, Figure 3, Plot of the laser power coupled from
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£ 180 indicate the wavelengths at which the laser is

WAVELENGTH, um coupled to fibers adjacent to the monitored fiber.

The interface in the multiplexer between the array (glass) and air gave rise to a 4% reflection
back along the input fibers. Since any part of this reflection coupled into the laser could give rise to
mode-partition noise [13], it was essential to minimize it. A three layer anti-reflection coating
reduced the reflectivity to the .15-,2% range.

III. LASERS

The lasers used in this experiment were heteroepitaxially ridge overgrown (HRO) distributed
feedback lasers [14) and were chosen from several wafers with different design wavelengths, The
wavelength distribution of the lasers was between 1.529 and 1.561 um. The lasers had threshold
currents in the 50-100 mA range as shown in Fig, 5 where the output versus current characteristics
are drawn for a random selection. The quantum efficiency was typically 12% per facet. Distributed
feedback was achieved by a second order diffraction grating with both facets cleaved. The mode
rejection ratio at 2 Gbits/s modulation was between 26 dB and 40 dB. The pure single-
longitudinal-mode operation, even at such high speed modulation, was essential for achieving the
narrow channel spacing, low crosstalk and error free operation in the experiment. The sensitivity of

Figure 5. Light versus current curves for a random selection of
the DFB lasers.
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the lasers to reflections from outside was extremely small. Nevertheless, care was taken to reduce
any such reflections, especially in the multiplexer, as discussed in the previous section.

The receiver used in the experiment had a high-impedance GaAs FET front end and a high-
performance SAGM avalanche photodetector [15]. The receiver sensitivity for 10~° BER at
2 Gbit/s was =32 dBm.

IV. FIBER

68.3 km of almost pure silica-core single mode fiber was used for transmission. The silica core
fiber is a new lightguide design [16) which minimizes intrinsic Rayleigh scattering losses by
reducing the amount of dopants in the core, It was made by the Modified Chemical Vapor
Deposition (MCVD) process by totally depressing a fluorosilicate cladding between the silica core
and the silica substrate tube. The deposited cladding to core diameter ratio (D/d) was >9.5 in
order to minimize radiative leaky-mode losses that can occur in depressed cladding lightguides.
Extrinsic losses due to micro-deformations, such as microbending, depend on the power confinement
of the guide mode, Such losses can be greatly reduced by keeping the mode-field-radius émall. This
was accomplished by increasing the core-cladding index difference and decreasing the core diameter.
The resultant cut-off wavelength, A, ~ 1.42 um, was close to the operating wavelengths in order to
provide good mode confinement by keeping the mode-field-radius small.

The fibers were fabricated to minimize loss without any constraint on dispersion. Zero
chromatic dispersion occurred near A = 1,29 um but it had a relatively high value, 17.5 ps/km-nm,
near the minimum loss wavelength, Resultant losses were as low as 0.16 kB/km and median values,
over long lengths, were about 0.19 dB/km within the 1,57 um < A < 1.58 um region. The average
loss of the fiber at the ten laser wavelengths used in the experiment (range 1.529-1.561 um) was
15 db,

V. RESULTS

A schematic of the full system setup is shown in Fig. 6, The lasers were selected so that their
wavelengths roughly corresponded to the individual channels. The It is to be noted that choice of
the first laser determined the wavelengths of all the other channels, Each laser was precisely
temperature tuned to exactly match the channel. Ten lasers were used in the experiment and Fig. 7
shows how they were matched up with the multiplexer channels. The channel selected for output is
also indicated. Coupling of the lasers to the fibers was accomplished by microlensing the fiber
ends [17). About 30% of each laser was coupled into the fiber.

The hit error rates (BER) were measured for each channel sequentially. Modulation was
provided by an Anritau test set and consisted of a 2! ~ 1 NRZ pseudorandom word at a data rate
of 2 Gbit/s. The modulated channel was chosen for detection at the receiver by a rotation of the
demultiplexing grating. During the BER measurement one of the other channels was modulated
sinusoidally at 1 GHz and the rest were operated cw with full power coupled into the fiber, A
received power between ~29.0 dBm and —24.6 dBm, depending on the channel, was necessary to
obtain a BER of 1x10™°. The difference between the channels was.a result of different extinction
ratios and dynamic linewidths. Fig. 8 shows the BER curves and eye diagrams for the channels
requiring the least (ch, 5) and most (ch 9) received power. In all cases the BER was independent
of the presence of the other channels, showing that the overall crosstalk was minimal. From a
baseline run with only 10m of fiber, we determined the power penalty arising from a combination of
dynamic linewidth (chirping) of the lasers and the fiber dispersion. The greater the chirping the
more dispersed is the received pulse and the greater the power penalty. The dispersion penalty was
between 0.9 dB and 3.5 dB for the 10 channels. Extinction ratio and other penalties ranged from
2.1 to 5.2dB. Table 1 contains a summary of the power budget for the system. The average loss
including fiber was 25 dB and the average penalty was 5.5 dB.
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least (ch.5) and most (ch.9) received power
for a 110~ BER.

A measurement of the overall sysiem crosstalk was made as follows. A channel having two
nearest neighbor active channels was chosen for detection by the demultiplexer. This channel was
laser channel 3 in Fig. 7. One of the nearest neighbor channels was modulated with the 2 Gbit/s
data stream while the other was modulated with the 1 GHz sinusoidal signal. The other scven
channels were operated cw and coupled into the fiber. The laser corresponding to the selected
channel was switched off and the net photocurrent was measured. The ratio of this photocurrent to
that measured when the selected laser was switched on was < —23 dB. That this amount of
crosstalk is negligible was confirmed by the BER measurements. Since the multiplexer crosstalk
was less than ~36 dB, the overall crosstalk was mainly due to imperfect spacial filtering at the
receiver, .

A further source of possible crosstalk in a wavelength division multiplexed system arises from the
stimulated Raman effect [18] which can couple power from one channel to another and so degrade
the system performance. The magnitude of Raman crosstalk is a function of power/channel,
number of channels, channel separation and fiber material. In a separate experiment [19) we have
measured the worst case penalty on a single channel by the presence of a second channel whose
power and wavelength could be varied over a large range. From these measurements we deduce
that the worst case penalty in a 10-channel multiplexed system with coupled power/channel of
1 mW, is .08 dB. Since the powers coupied into the output fiber were in all cases less than 1 mW,
Raman crosstalk is negligible. This is borne out by the BER measurements where no evidence of
Raman crosstalk could be observed. The Raman effect is a fundamental limit, however, to the
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channel power and density that can be used in wavelengih division multiplexing,

In conclusion, we have demonstrated the first terabit kilometer/second capacity lightwave
system. The ultrahigh capacity of 1,366 Tbit-km/s was made possible by multichannel WDM with
a very high bit rate modulation and ultralow loss fiber. The system satisfies the criteria for BER
performance and the various sources of crosstalk are negligible. Since the multiplexer is a
22-channel unit all channels could easily be operated with appropriate lasers giving a much higher
capacity. In this experiment we have not attempted to integrate all of the elements in the
multiplexer but since the clements are all based on the same material, an all-glass integrated
multiplexer is possible. This would eliminate all interfaces and consequently spurious reflections
which can be detrimental to the lasers’ performance.

We wish to thank L. F. Johnson for lithography in the preparation of the lasers, K. L. Walker
and L. G. Cohen for the fiber and B. L, Kasper and J. C. Campbell for the receiver. We also thank
R. T. Ku for the fiber microlenses and Evaporated Coatings for the antirefiection coating of the
array and K. A, Jackson, D. V. Lang, P. A. Fleury, V. Narayanamurti and C, K. N, Patel for
continued encouragemsnt.
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DISCUSSION

B.G,Winzer, Ge
Did you use a DFB laser with an internal phase shift and how did you produce this laser? What is the observed verlation
in wavelength for this DFB-laser on the same chip?

Author's Reply
No; with a regular grating side-mode suppression was consistently better than 400:1. The variation is typically about
200 angstroma even though the same grating is written on the whole wafer.

J.Dakin, UK
Were the crosstalk figures you mentioned (—23 dB overall and —36 dB for a single channel) optical figures or electrical
tigures? How are these figures consistent with the *>400:1 mode rejection ratio for each laser? Did not the combined
background from the unwanted laser modes and “in addition” the combined supetluminescent background lead to
crosstalk problems?

Author's Reply
The crosstalk was all optical. The —23 dB overall crosstalk was due mostly to the demultiplexar where the spectral
resolution was about 10 angstroms and the tails from neighbouring channels overlapped the detected channels by a
small amount, The suppressed side modes of the laser were not matched to adjacent channels and the pick-up from
these was negligible, The superluminescent background was also negligible,

Unknown Questioner
(a) How large were detectors and what was their spacing? (b) Was any care necessary to limit back-coupling of laser
power from the multiplexer?

Author's Reply
() Use enly one dstector; looked at one channel at a time, Crosstaik measured by turning off input to channsl in
question, leaving other channels on. (b) An AR coating with a reflectance less than 0.2 per cont was adequate,

S.Walker, UK
What factors imit the maximum achievable BER in this W.D.M. system?

Dr J.Hegurty
This is a laboratory experiment, The laser wavelength drifts and the mux-Demux s temperature sensitive,




A SPHERICAL WAVEGUIDE MULTIPLEXER - DEMULTIPLEXER
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de) Consigliio Nazionale delle Récarche
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SUMMARY

A wavelongth multiplexer-demultiplexer (MUX - DEMUX) which can work also as a tapping element has
been suggested and tested. This device s based on the imaging properties of a hamispharic geodesic
lens. The aberrations of this lens have been evaluated and some examples of the r.tential performanca
of the device are given: in particular the MUX - DEMUX seems to be quite interesting in the case of
monomode fibers, showing a diffraction limited performance, Experimental tests are in progress, utilizing
a spherical waveguide fabricated by ion exchange on a glass substrate, and gratings with 540 or 1200
grooves/mm. The results already available are quite encouraging and confirm tha sxpectsd advantages of
this approach with respect to previous devices,

INTRODUCTION

Wavalength division can drematically increase the transmission capacity of optical fibers. Multi-
plexing - demultiplexing devices (MUX - DLMUX) are therefore of great interest. In gansral they consist
of a dispersing element and of a focusing one. Important characteristics are efficiency, reliability ,
cost, size and an easy coupling.to input and output fibars,

In the case of multimode fibers a simple MUX can be fabricaved, for example, by a plane grating and
GRIN-rod optics, while for monomade fibars more complex devices have been proposed. In parcicular,Tomlin-
son (I) suggested a wavaguide geodesic lens ns focusing element couplad to an external diffraction grating,
The operation of this MUX - DEMUX 1s described referring to Fig. I, where, for sake of simplicity, only
two wavelength channels,x. and a,, are considerad, Light from the input fiber, including the two signals
at xland Ags i coupled t4 the tﬁ1n f11m wavaguide and is collimated by the peodesic lans. At the guide
edge, this“beam 1s diffracted back from tha grating. Each signal 1s reflacted at an angle which depends
on 1ts wavelength and 1s focused by the gecdesic lens into the appropriate output fiber,

Recently this MUX - DEMUX has been realized by using » geodesic Tens printad in glass and an fon-
schanged waveguide (2), This technique satisfies the requirements of a low cost and simple technology.
Unfortunately the relatively high fabrication errors which can give raise to focal length shift and ephe-
rical aberrations 1imit the use of this technique to multimode fibers.

For this reason we have considered a MUX - DEMUX device based on the same working principle of the
pravious one, but characterized by a spherical geodesic lens as focusing element, that is a waveguide
laying on & quarter of sphere, It can act efther as a MUX or a DEMUX device; morsover it can operate simul-
tansously as a demultiplexer and a tapping element, the tap ratio dapending on the diffraction efficiency
of the grating.

THE SPHERICAL GEODESIC MUX - DEMUX

To investigate the featuras of the MUX - DEMUX with spherical waveguide, let us rofer to the sketch
in Fig. 2, which iz limited to the case with only two wav.longths.xI and Azi howevar,.our considerations
are valid for any number of channals.

The beam trom the input fibar 13 coupled to the spherical guide and then is partially reflected by
the grating positioned at the other guide edge, so that the output fiber on the right can act as a taj of
the input signal. At the same time, the grating diffrocts the remaining part of the light {nto monochromatic

beamy which are focused back by the spherical lens into separate fibers, so performing the multiplexing

operation. The input and output fibers have to be coupled to the same edge of the spharical lens guide by
butt joints secured by transparent-glue.0f course the oparation can b reversed, the device acting as & MUX,

In general, the Uth-order beam, reflected by the grating, 1s abarration free, as 1t can be sapily
proved by considering a hemispherical guide divided into two halves by a transmission grating and by
recalling fts imaging properties (3). Let us consider now the aberrations of the diffracted bsams (4, 5).
Referring to FIG. 3, let S_ be a point source at the edge of the spherical guide so that the rays from s _,
propagating along the mlriaiunl. incide normally on the MM' iine, where the reflecting grating 1s placed .
The diffracted beam {s then focused back 1n §,. Since the following calculations are stil) valid if the
position of S, and 5, are reversed,this assumption is satisfied in most cases, at least approximataly, Let
2 be the d1f$rnct10* angle for the order considored and a the beam aperture. Since a1l the rays from §
form the same angle with the grating (a1l of them are perpendicular to it) the rays in the diffracted belm
are st11] parallal to each other: they behave 11ke a paralie: bsam coming from the outside the quartsr-of
=sphere lans and inciding on the MM' 1ine at an angle a . The phase delay of the i-th ray S{A With respect
to the principal ray SIO is therefora expressed by the optica) path differsnce

ny i - " A sin @ (1

where n 13 the refractive index of the wavaguide, BA is the virtual 1
ength travelled in 1ana
and thaaperture angle « 16 assumed to be small in order to ba abla to uga in the rnmnu&:ﬁEAnn :uYaY:EEIE.
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Fig, 72

Fig. 3

The MUX-DEMUX
device proposed
by Tomi{ison.

Top view of the
MUX-DEMUX device
utilizing an ex-
ternal grating
coupled to a
spherical wave-
guide geodesic
lens. This device
can be used also as
& tupping compo-
nent, For sempli-
city only two
wavelengths are
considerad,

Top view of the
spherical waveguide
lans. A guided beam
from the point sour
ce S_ (apertura a)
1mpiﬂgos normally on
the grating MM'. The
corresponding dif-
fracted beam, at an
angle 1, is focused
back 1n Sl.



of the arc of circle OA.

The diffracted beam is not focused perfactly in S, In fact, to have a point image S,, it is requir-
ed thatthe rays have equal phases at the Tine NN': th‘f condition implias a phase delay &t the 1ine MM'
given by the optical path BA travelled along a meridian of the sphere. We can define the wave aberration
W of this optical sistem, including also the grating, as the phase difference between the wavefront ex-
isting at MM' after the diffraction , and the wavefront that should be there to have a point image in SI‘

H-nﬂﬁsﬂn-BM (2)
By applying the sina-formula for the spheric triangla OAB we can write:

sin 0A = sin a/vi- cos2 o s1nzzn 2 (3)

sin = gino d$in a/Yl - cos” a sin 0 (4)

and therefore

Wensin T (stg o/l - cos’a sinfm) ,
' s‘nu - sin {sin a sin /v1 - cos“a sin"a) (5)

Expanding in series the trigonometrical functions in Eq, (5) and neglecting the terms of order higher than
the Sth, W can be approximately espressed as:

. &0al
W=n 2 (6)

This simple formula clearly shows that tha wave aberration corresponds to the coma in bulk optics. On  the
other hand, 1t must be pointed out that this geodesic system 1s perfect for on-axis sources, that is in ab-
sence of perturbating elements; any wavefront distortion at the MM' line is completely compensated in the
second half of the hemisphere, due to symmetry reascns.

The aexprassions of W given by Eq.(B) and (6) are valid for the unity sphere; more in general, Eq. (6)
becomes

W=n; Raa?/6 (6a)

In the case of a MUX - [EMUX for optical communications, one has to do with relatively large field
angles o (typically 0.5 = 0, Fad) and with apertures o about 0.15rad. Hence expression Eq. (6) can give
W values far from the exact ones and the use of formula {5) bacomes compulsory. However- a numerical ana-
Jysis has shown that for fi values up to 26° and a ranging between 0° and 50° tha relative error is small-
er than %.

In order to get an ides of the influsnce of the sberrations on the parformance of the MJX - DEMUX, 1
us consider, for example, & grating with 540 grooves/mm, a lens with radius R = IOmm, and monomode f1bers

{1th NA » 0,1, corresponding to an aperture in the guide o = 0,067rad (refractive index of the guide n v

= [,6), At A = 0,633um, @ turns out to be = 0,35 and W = 0,26ym = X / 2.41} moving to the infrared | at
Aw 0.87ym we get 0 « 0,47rad and W = 0,26um = ) / 2,46, while at A = 1.3ym, 0 = 0.7rad and W = 0,52um =
= 2 /2.47. In other words, 1t turns out that the wave aberration has a valus close to that required by
the Raylegh's quarter wavelength rule und smaller than the tolerance condition which Is 0.6\ in the case of
cona (6). Therefore, in the case of monomode fibers a performance very near to the diffraction 1imit has to
be expected, If, on the other hand, wa use graded index fibers with core diameter 80um and NA = 0.2, the
bean aperture in the guide turns out to bs o » 0.13rad. As a consequence with the tame conditions of the
previous example, W = 1.92um at A = 0,633ym, W » 2,668um 4t A = 0.B7um and W w 3.84um at A » [,3um. The
wave aborru§1on being Targer than the wavelength , 1t is worthwhile considaring also the amount of transver-
sal coms (7):

¢, a—- = 0.5 nRaa? N

In our example the coma values turn out to be ; C. = 44ymi C. = 59um , and C.= B9ym respactively. If comper-
ed with the core diametar of the fiper, the results at A = 6 633 and 0.87um lrt reasonably good, As to the
amploymant of this device at A = I1.3um, in most cases it is convenient to reduce the amount of coma by
using a wider grating pitch,Current requiraments of wavelength channeis spacing (in the order of 40-60 nm)
(8) are fully satisfied by a grating period as low as 300 grooves/mm: the resulting coma becomes lower than
the fiber diameter. A further example i3 shown in Fig. 4, where the cT is plotted varsus n, for o = 4°, 6°,
8° and 10°, having assumed R = IOmm, n = 1,58 and A = 870nm.
As to the channel spacing, 1t depends on the 1linear dispersion of the grating, which is glven by:

R %% = Rm/ A cosB (8)
where m is the diffractfon order, A {3 the grating pitch, and 8 14s the angle of diffraction, A blazed grat-
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Fig. 4 Transversal comd C. plottad versus the diffraction angle @ for different vaiues
of the aperture a.

Fig. 5 Experimental yet up utilizing a spherical waveguide made of epoxy resin deposit-
ad on a glass quarter of sphare. The quarter of sphere is laid and glued to a
refleactivn grating partfally visible dn the bottom of the picture.The input 1ight
from & microscope objactivae included two wavelengths, A, = 0.633um and A,%0.488um,
The bright lines at the lens edge are due to the 1ight outputs from the film
guide which 1s tapered,
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ing 1s often convenient to increase the efficiency. In our case the Littrow mounting of such a grating
can be easily achieved moving the input fiber along the circular edge of the guide. [t avoids the cutt-
ing of the lens substrate, at the proper slant angle, as required in the planar casg.
Eq.(6) can be still used as a first approximation with 0 = 2¢ where ¢ = sin "A/A is the blaze :
angle. From Eq,(8), substituting 8 with ¢ , we have a 1inear dispersion:

Rd¢ /da = RAVAZ — (M/22)2 (9)
persion turn out to be: 5.48um/nm, 5,65um/nm and 5.77um/nm at A« 0,633um, 0.87um and I1.3um respectively.

As a further example, if a fiber core spacing of I100um 1s requestad, the minimum channel separation ax
is 180 A at 2 = 0.87um,

i
With the same grating and geodesic lens as in the example descrived abova, the values of the linear dis- l

EXPERIMENTAL TESTS '
Preliminary experiments have been carried out by using & multimode waveguide made of epoxy rasin :
which was deposited on a glass quarter of sphare with radius 26mm. The input beam, coupled to the 1lens
guide by a microscope objective (Fig, 5), included two wavelangths, A, = 6328A (He -~ Ne laser) and A, =
« 48884 (argon laser), A reflection phase grating with 540 1ines/mm, glued at the lans output.rofloc@ed
back a Oth = order beam and diffracted A, and A, beams into at least 2 orders, as shown in Fig. 6,
where the output edge 1§ imaged. The br}ght 1in‘| in Figg. § and 6 are due to the light output from the
film guide which {is tapsred at the edge. The Ist order X , and Ay foci turned out to be ~2mm apart ,
which 1s in good agreement with tha teory, In this test, llrrind out with a spherical waveguide already
available, 1t was impossible to obtain the measures of the widths  of the output spots, dus to the
disuniformity of the guide , which was also tapered at the edges as already mentioned.
More meaningful experiments are in progress, utilizing BK? glass substrates with R = 15mm and ion-
exchanged waveguides, A first sample has been actually fabricated by dipping thu spharical substrate , )
conveniently polished, 1in a 5% M solution of AgN03/ NaNO, at T = 326°, The 1on-exchange time was Ih,
Then the guide has been characterized with an indirect p;ocodurl which utilized some planar samples of
BK?, whose guides where fabricated with the same recipe. In conclusion, at A = 632BA, the guidad modas
were two and the Tnsses ware in the range 1.2 - I,3db/cm,
The quarter of sphare has been 1ai d on a 1200 Vines/mm grating and fed by monomode fiber with
core diameter 10jm.F10.7 shows a top view of the device: on the top the input signal is visible, which
includes three wavelengths: A, » 6328 (He - Ne laser), A, = 4888A and A, = 5I45A(argon Taser), Then,
going to the bottom, there are the three Ist-order beams. The A; beam is loss bright due to the limited '
power avaiiable from the He - Ne laser, whila the two beams from the argon source can be distinguished
only in the focal zone, near the guide edge, having a wavelength difference of only 257A. Finally the tap-
ping beam, retlected by the grating, v clearly visible on the bottom. The microscope objective allows the
imaging of the output Tine. In this way, feeding the device with the NeHe laser only, and using a grating
with 540 grooves/mm, the intensity distribution of the output spots has been measurad. The results are i
shown in Figg, 8a (Oth-order beem) and 8b (Ist-order beam), It is avident that in both cuses the spot
width at 3db is of the sama order as the input fiber core: that means that the axpectad aberration of the
diffracted beam has no noticeabls effect (the humper on the right of Fig.8a 1s clearly dus to the scatter-
ing of some micro-defects of the guide edge). Analagously, Fig. § shows the intensity distribution of the
Ist-order diffracted beam, in the case with the 1200 Vines/mm grating. Also in this case no spread of the
beam focus has baen noticed. In conclusion, the aberration effacts are below the noise level.
Tasts are sti11 in progress with the aim of reducing the guide noise and improving the coupling with
the grating and the input fiber,
CONCLUSIONS
A MUX - DEMUX device which can work also as & tapping element has been suggested and tasted. This
device {s based on the imaging properties of a hemispherical gecdesic lens, The main advantage of the
present approach with respect to previous devices 1s given by the great accuracy - at Yow cost - avail-
able in the fabrication of the spherica) geodesic Tens so that the performance figured out by the theory
should be actually achieved in experimental tests. Therefore this MUX - DEMUX device seem to be parti- |
cularly interesting in the case of monomode fibers which are characterizeu by small core diameter and
aperture angle.In practice, the spheric geodesic lens can assure diffraction  1imited performance also with
large diffraction anglas.
With multimode fibers having wider apertures, the absrration of the diffracted beams increases but
it is sti1) acceptable for gratins up to 600 Vines/mm. On the other hand, current requirements for
wavalength channel spacing are in the order of 40 - &0nm and therefors gratings with periods as low as
300 lines/mm are fully suitable: in this case the amount of coma 1s much lower than the fiber core dia-
meter. However, {f & higher dispersion is required, and therefore gratings with frequencies » 600
1ines/mm. are to be used, the aberration of the Tens becomes not neglegible due to the high valus
of @, but 1t could be corrected anyway by designing a suitable holographic grating (9, 10).
Although meaningful measurements of the insertion losses and of the cross talk attenuation are not
vet available, thers are good reasons to believe that, potentially, they are at least as good as those
achievable with an aspherica) geodesic lens. Moreover, the choice of a spherical waveguide structure
should assure a more rugged configuration with respact to the planar one,
Finelly, the possibility of tapping operation 1is peculiar to this device, due to the property of
the spherical guide to assure in sny case an aberration-fres Oth-order beam, which can ba easily coupl-
€d back to a monomode fiber. The tap ratio depends on the efficiency of the reflection grating.




" Fig. 6 Output adga of the spherical geodesic lens. The Oth, lst and 2nd order diffract-

ed beams are clearly visibla.

Fig. 7 Top view of the MUX-DEMUX consisting of a waveguide fabricated by ion-exchange
on a glass quarter of sphere. The guarter of sphaie, whose radius is R = I6mm,
s Taf d on a blazed grating with 1200 grooves/mn, From the top to the bottom,
at first the input monomode fiber 1s clearly visible (core diameter 10 um),
which feeds the device with a signal including three,wavelengths: A = 6328 X,
A = 4883A, and Agw 5146A. Then there are the three wonochromatic besms dif -
fracted by the grating and focused at the lens edge. Finally on the bottom,
thera is the Oth-order reflected beam , which can be used as a tapping.
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A STUDY OF METHODS OF PHASE NOISE REDUCTION OF SEM1CONDUCTOR
LASERS FOR SENSOR APPLICATIONS

J. P. DAKIN AND P. B. WITHERS

PLESSEY ELECTRONIC SYSTEMS RESEARCH LIMITED
ROKE MANOR, ROMSEY, HAMPSHIRE, ENGLAND

SUMMARY

This paper describes methods of reducing semiconductor lmger phase nolse using (&)
pasaive optical feedback from an Aarray of mirrors or optioal fibres, and (b) notive
couirol of the laser drive current from the output of an interferometer monitoring the
lager smission.

1. INTRODUCTION

Many optical sensora based on fibre interferometry have been proposed. The majority of
these ume interferometers of the Mach-Zehnder or Michelson type, in which the optical
path lengths of the two arms are often unequal. Under these conditions, & highly
coherent light source is necessary to avoid signal/noise degradation due to f1luotuations
in the phase or frequency of the asource, Single mode gas lasers are sufticlently
goherent, but their large size, oritical alignment requirements, and cost, limit their
appeal as light sources for optical mensors. Semiconductor lasers, however, are
compact, rugged and potentially low~priced devices, but the magnitude of the phase noiwe
is such that, to obtain microradian sensitivity in interferometric sensors, only path
differences less than one millimetre between the signal and reference arms can be
tolerated., This imbalance may be inocreased if the magnitude cf the laser phase noise
can be reduced using either passive optical feedback or active control of the laser
drive curreant. Both approaches are described in this paper.

Dencribed first are proposed cxperiments to examine the fuasibility of using an array of
suitably spaced mirrors to provide passive optical feedback. Secondly, experiments to
measure phase noise reduction produced by sctive control of the lawer drive surrent are
reported together with their results.

2. PASSIVE OPTICAL FEEDBACK

Goldberg (1) has demonamtrated that optical feedback from a single external mirror, 60cm
from the laser, produces significant levels of laser line narrowing and an assoclated
decresse in the phase noise of 13dB. The additiona)l reflector forms a Pabry-Perot
cavity with the laser output mirror and the intensity of the reflected light ims
dependent on wavelength, as shown in figure 1, limiting the posmsible frequency
excursions of the laser emission.

However, the cyclic nature of the Fabry~Perot reflectivity function can lead to
additional laser emission lines whose spucing is determined by the position of the
external mirror. These are generally referred to as external cavity modes (XCMs) and
their apacing im given by

B = c/y,

where L is the meparation of the additional mir-or and the laser output window., 1f the
extarnal mirror reflectivity is sufficiently high, the laser will operate multimode, the
emission spectrum comprising groups of XCMs, centred on the longitudinal modes of the
free running laser.

In order to prevent multiple XCM emission lines, the exteraal mitrror should be placed
close to the lamer output window., The additional lines will then be positioned remntely
from the free running lamser modes xad will be unlikely to osciliate. This, however,
will produce a Fabry-Perot reflectivity function with very broad peaks, having little
effect on decreasing the phase noimse. In order to produce narvow reflectivity pcoake,
the mirrors of the Pabry-Perot ocavity should be widely spaced. These conflicting
requirements of widely spaced XCMs and narrow linewidth could be satisfied
simultaneously by using an array of external mirrors.

3.1 Multiple External Mirrors

A Pabry-Perot interferomster comprising two plane parallel mirrora possesses reflection
peaaks for wavelengths N= 3L/,, where L is the mirror aepacing and N is a positive
integer. 1f further nmirrors nrl sdded to form an array, as in figure 2a, such that
their spacings are submultiples of L(L/3, L/4, L/8...), the reflectod beams will add
coherently. As more mirrors are added to the miray, alternate peaks will be attenuated
and those remaining will be augmented, making the source less avnsitive to other
reflections when used in a sensor system. Thus an mrray of ssveral mirrors with
carefully cbosen spacings will produce reflectivity peaks which are widely spaced in
frequency and yet are still narrow.
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A simple computer model was developed to demonstrate this, and the results are shown in
tigure 3. (These graphs were constructed by linear interpolation between sets of
disorete points and are therefore approximations to, what in reality, are smooth,
continuous funciions).

The reflectivity function of the Pabry-Perot oavity formed between the laser output
window and one exterual, low reflectivity, mirror is approximately sinusoidal. Figure 3
almo shows the effect of an additional three mirrors spaced at L/,, L/, and L/, = the
frequenciea at which the reflectivity peake ogcur becoms prournallvo wider” mpaced
whilst the peaks themselves remain narrow, and iuvorease in magnitude. If sufficient
elements are incorporated the laser emission should cowprime a wingle, narrow, ‘line,

2,2 Randomly-spliced external fibre cavity

The array of mirrors discussed above would require high dimensional accuracy and
ctability which may in practice be difficult to mochieve and maintain.

An alternative approach would be to use a reflecting array of random

lengths of optioal fibres as shown in figure 8b, The laseT would omcillate at an
optimum frequency within its gain curve at whioh the refleotions from the splices add
coherently, This technique is a modification nf that described by Epworth (2), in which
Rayleigh backsoattering from u long fibre (100m or more) is used to producs laser line
narrc.ing. In Epworth's system the lasser locks on to peaks in the coherent badcksaoatter
ve. wavelength remponse, However, in our oase, the reflection coefficient should be
enhanced, even when using relatively short fibre lengths, making the device lens
sensitive to other reflections when the source is used in a systen.

This fihre optic approaoch would remove the requirement for acourate aligament, but
nooustic isolation would be necessary. PFor most dynamic sensor applications, msuch as
hydrouphones, ocoasional mode "hopping" due to thermal fluotuations would not oause
problems provided the '"hopping" rate were low (i.e. 1Hz). "This would be ensured by
thermal lagging of the fibre to reduce the rate nf temperaturs variation.

3. ACTIVE CONTROL OF THE LASER CURRENT
3.1 Introduction

The frequency of the laser emimamion is strongly dependent on the drive ocurrent. Active
control of this, by feedback from an interferometer used as a frequency discriminator
monitoring the laser output, is known to reduce the phase noise (3,4).

In the present work, feadback from both an unbalanced Michelmon (with a 26.80r path
difference) and a Fabry=Perot interferometer were atudied as means of decreasing the
phase noise of u seniconductor laaer.

3.2 Experimental

The experimental arrangements are shown in figures 4 to 6. The source of jllumination
was & Hitachi 7801E laser diode with an output power of 2.6cW. The laser can be operated
at up to BmW output, but it was used at a lower power to obtain a longer life. This
device produces a single mode emission wt a wavelength of 780nm. The output from the
Michelson iaterferometer was firat divided by a source intensity signal, derived from a
second detestor, to minimige the effects of amplitude noiee on the interferometer
output. This arrangement is preferable to a subtraction approach, (mee (3), for example)
as the need for balancing the phase and amplitude noise signals is obviated.

The resulting signal was fed back to control the laser ourrent, and a spectrum anaiyser
:ll used to monitor the output from the divider with and without feedback applied to the
aser,

The bulky nature of the Michelson interferometer renders it unsuitable for phase nuise
reduction in sensor applications. The Pabry-Perot however is more coanvonier’, being
particularly robust aud ocompact. When thie interferometer was used in place of the
Michelson, as shown in figure 3, the frequenoy disoriminatior. slope was so high that the
divider ocould be removed as it was found to have little, if any, measurable sffeot on
the phase noise reduction; the interferometer output alone could be used am the feedback
sigunal. In addition to the phame noime feedback, in all experiments miwmple intenwmity
feedback was simultaneously applied from the laser's integral monitor photodiode, via a
lower geain feedback loop. Io this duml~loop syetem the latter loop ensured the laser
operated near the correct region., Then the higher gain phase noise control loop
dominated, allowing small phase changes from the lamser to be rapidly corrocted tor,

In the experiments desoribed mso far, the interferometer and detector in the feedback
loop interceptad all the light emitted by the laser. This iw, in faot, unrealistic, as
in any sensor application only a small proportion of the laser emission would be used in
the noise reduction mystem. Further experiments were psrformed in which wpproximately 4%
of the laser beam was diverted into the feedback syotem and the remainder was monitored
by & second Pabry-Perot, the output of which was displayed on the mpectrum analyaser.
This arrangement is shown in figure 0.
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The output from the semiconductor laser was strongly divergent and had to be collimated
before entering the interferometers. This wae achieved using an 80mm FL, f£/4 air~spaced
doublet lens in the Michelson experiments, and a x20 mioroacope objective in those
involving the Pabry-Perot. Optical feedback, from the interferomsters and other
components, was minimized in the formor case by placing a Bum aperture between the laser
and collimating lens, and by slightly misaligning the Pabry-Perot intorferometers and
the laser boam in the latter, Uncontrolled optioal feedback must be avoided; otherwise a
multimode output and mode hopping may result,

3.3 Results

The graphs presented in figurem 7 to 9 show the noise spectra, in a 1Hz bandwidth, for
the three exporiwmental arrangoments desoribed previously., The apesotra plotted in each
figure were produced with the following conditions:

a) No feedback from the interferometers, the intensity feedback signal from the integral
photodiode heavily damped by a low pass filter (3 dB point 0.1 He). This ia the natural
speotrun of the laser emission.

b) No feedback 2from the interferometer. Amplitude noise feedback Irom integral
photodiods applied,

c) Feedback from interferometer providing phase unoise correction. (Undamped signal from
integral photodiode atill applied although heavily dominated by interferometer signal
under normmal operating conditioos).

The interferometer output is expressed in dBs relative to a 1 volt rms signal. The

resulting phase shift whioh would oocur in an interferometer with an optical path
difference of lom is also showu,

In addition, figure 7, showing the Michmlson results, alwo includes a graph of the noise
output from the interferumeter adjusted to mero path difference.

Table 1 ocompares the reduction in phase noise achieved from the three experimental
arrangenents at a frequency of 1iKHs.

4. DISCUSSION OF BXPER IMBNTAL RESULTS ON ACTIVE PHASE NOISE CONTROL

The results undoubtedly demonatrate that active control of the lamser current, by
feedback from an interferometer, leads to & significant improvement in the level of
laser phase noiwse, However, any results obtained using the sane interferometer to
produce the foedback signal and monitor the iaser output should Be treated with caution

A8 environmental vibrations oausing variations in the interferometer mirror spacings
will be corrected for.

That environmental vibrations affeot the interferometer output is illustrated by
comparing resultm obtained ueing the Michelson, adjusted to zero path difference without
fesdback, with those obtained with feedback and a path difference of 28.80m (figure 7).
At low frequencies, the former actually measures more noise, even though of course with
& balanced interferonmeter ocontributions due to laser phase noise must be abaent., This
lov frequenoy noimse is thought to be due to looal environmental vibrations, When
feedback is applied, with the unbalanced interferometer, these are compensated for by
appropriate changes in the: laser emisaion frequency. As expected, noise reduction
measured with n separate interferometer ie less than that measured in the feedback loop.

It 1w oconsidered that the results obtained using separate monitoring and couatrol
intorferometers ars the more realistio for real senaing systems. Comparing the results
presented in figures 8 and @, phase noise reduction is approximately 8dB less when
measured with a separate interferometer. However, an improvement of up to 45dB was
stil]l observad and the resulting ph\a’ th{’, that would be produced in an unbalanced
interferometer are lg!- th.r,iptld.on » Hm for frequencies greater than 100 He, and
<o80 than o.ﬂprud.cn He for frequencies greater than 1KHe.

Surprimingly, simple lutensity feedbaock from the integral monitor photodiode of the
l1nmer was found to reduce the phase noise by up to 99dB. This was a considerably greater
reduction than that observed by Dandridge and Tveten (B), who reported virtually no
improvement with intensity feedback. It in possible to nfoouluto that a Pabry-Perot
cavity may have been formed betwesn the laser chip and the integral monitor photodiode,
resulting in a frequency dependent photodiode output.

Reflections from all the interferometers back into the lamer cavity were found to cause
unprediotable multimode operation, with an associated inorease in phase noime. Although
with oareful aligonment (or perhaps more setriotly, misalignment) this ocould be
eliminated, it is antioipated that an anti-reflection coated optical imolator would have
10 be incorporated to eliminate the problem completely.

8. CONCLUSIONS

The feasibility of using passive optiocal feedback from au array of apliced optical
7ibres to reduce laser phase noise has bsen demonstrated but, as yet, not confirmed in

practice. The use of random lengths of fibre is attractive as it would be particularly
simple to implement.
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Active feedback cnntrol of the laser drive current reduced the phase noise by up to 45dB
and the resulting phage sbgf’avhich would be produced in an unbalanced interferometer is
Hz

less than lurad. cn

for frequencies greater than 100Hz. This is considered to

be sufficient for asensor applications.
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OPTICAL QUADRATURE DEMODUIATOR
FOR COHERENT DRTECTION AND SENSOR APPLICATIONS

8. F. Watanabs, A. A. Joseph, H. B. Turner
8. A. Holmes, J, T. Freidah
MoDonnell Douglam Astronautics Company
3301 Boloa Avenue
Huntington Beach, CA 92647

ABBTRACT

A new device has baeh deaigned, bullt and demonstrated
which provides axceptional performance in a very small, poten-
tially very low cost unit., Balanced quadrature detection for
homodyne or hatarodyne detection of phase or fraquency sncoded
signal infoxmation is acoomplished with miororadian phase
sensitivities over a broad :lngc of ervironmenta and for a
broad dynamic range of signal levels and frequencies. Results
of current development testing will be rzouontud along with
brief discussions of potential applications to ccherent dstection
for interferometers, sensors, and vommunications.

£§ innovative optiocal mixer/dstector has been devaloped to provide balanced
quadrature demodulation of optically encodsd phase, frequency, and/or amplitude signals.
The original motivation wam to develop a compact, very senaitive device for detecting
microradian optical phass shifts in fiber-optic intexferometric sensors.

i g !ocI ‘!gor sensor, based on Mach-Behnder interfarometry (Figure 1), detects

w
the influence f£ield of interest {(e.y., pressure, temperature, electrio/magnetic f£ield,
etc.) by incorporating a transduction mechanism into the sensing fiber which generates
ah oiticul phase shift in response to that influsnce (Neference i). TFor our sensor
applicutionn to date, the important design requirements have bsen that the device acocept
optical fibexr inputs at AlGoAs laser wavelengths (830 nm), achieve very low phase
deteation noise floors (e.g¢g. <! uradA/REI) ocperate over a moderates tempsrature range
(0°C<T<60°C), and provide guadrature detection from DC to 100 kHs frequencies,

(22 0

ese performance levels have now been achieved using a gropriotary optical
demodulator concept to convert the optical phase signal into four balanced, quadrature
electrical outputs proportional to & cos¢ and : sineé. The construction of this device
is extremely simple and the most oo-tlx element is the custom photo-detector. Obvious
advantages of this design are its small sine (Figure 2) and potentially low production
cost -=- both are conssquences of the basie dnlign simplicity. Another banefit of tha
gampact package is an added degree of mechanical stabllity against optical misalignment
in extrewe thermal, shock, and vibration environments.

Groat oare im taken in the design to suppreas back-reflection from the fiber
ends or uni other elements within the optical demodulator package, due to the extreme
suscaeptibilities of most laser types to back-refleotion. Rxcessive phase nolse and
stzong parasitic oscillations wi 20n|t|11y ogour in the prerence of baok-coupled power
levels in excess of only about 0.02% (Referesnce 2) of output power.

Prequenay responss of the silicon detector (1 mm diameter) has been measured
to be in excess of 50 MHs) with smaller geometries and specific design attention to
high-speed, 8i, GaAs and other detector types (e.g., InGaAcP, Ge for longer wavelength
carriers) car be made to perform at GHz freguencies if required,

ELECTRONIC gmgngyggige ,
e demodulation electronics (Figure 3), rather than the detector/pream

L]
will usually determine system dynamic range and !rnguonoy response. Circuits 1mpYo-
mented for senwor applicaticne are demonstrating 120 dB single frequency dynamic range
with 350 klz frequenoy response.

The benefits of balanced mixing are apparent in a measured 20 dB rejeotion of
nolse due to optioal source amplitude fluctuations. This is essential to the achleve-
ment of quantum~limited performance for any coherent detection application. In order to
enhance the paoku?inq vcraatlllti of this passive demodulation technigque, an integrated
clxoult (Figurs 4) is under development to provide a compact, environmentally stable,
self~contained unit for broad agpl cation to interferometric sensor, coherent communica-
tion, and high bandwidth optical=-fiber telemetry applications.
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DEMODULATION PERFORMANCE
Data in gure 5 are from an optical demodulator fabricated and testedl for use
at audio frequencies with a fiber-cptic acoustic sensor. Unfortunately, noise levels

measured at frequeancies below about 100 Hz are due to background laboratory acoustics

and seismic levels. For frequencies above 500 Hz, the teat system ls laser phase noise
limited at a level approximately 20 4B above demodulation shot~-noise limits. Por the
AlGaAs lulcgl9§odc types uned in this aystem, this noise level is expescted to vary like
(fraquency) (References 3 and 4}, 1In a coharent detection system operating at the
shot-noise limit, e.qg.,, through the use of a |tron3 local oscillator field, the noise
laval will decreass as (!rlquoncy)'l. The saturation dynamic range measurements shown

in Figure S suggest that the demodulation dynamic range under shou-noise limited opesration
is on the order of 120 AB. Bignal saturation ocours first in the multiplier functlion
(refer to Figure 3) and exhibits a 1/f characteristic due to the Aifferentiation funoticn
vwhich takes place just prior to the multiplier stages.

I1. ordexr to cope with optical modulation depth variations due to optical
misalignment or polarismation £nd1ng due to senvironmental effacts, an AGC funotion has
been incorporated which aots to hold constant, the phasor magnitude measured at the
quadrature desmodulator outputs. With this in place, aystem gain with a demodulato:s,
such as shown in Figure 2, is routinely held gonstant to within 20,5 4B over a full 0°
to 60°C external temperaturs range. The data of Pigure § demonstratos this signal level
stability using a 1 mrad, rms tonal opsrating at 1 kHx,

QTHER APPLIQQTIO?E
Several frequancy and phase demodulation ngpliontionl for the compact fiber-

optic demodulator are shown in Pigure 7. The most obvious application is phase~shift-
keyed (PSK) or frequency-shift-keyed (F8X) digital data transmission at very high bit
ratas over optical fiber links.

An important application arises wheit a local omcillator arrangament is used for homodyns
or heterodyno detection. By sampling the signal carrier and the local ascillator, the
optical quadrature demodulator can be used as the phase detector in a feedback loop whioh
continuously ndzulen the local oscillator to track the signal carrier, It ls expected
that such techniques will be required to reduce laser phase nolse to the small bit-jitter
tolerances (Ap?roximntuly 10° - 13%) allowable fox low error rate coherent digital
communioation (Refarence %),

A convenient means for direot hamodyie detection of a frequency modulated
signal is to introduce a path length difference, & L, betwaen two lnputs of tha same
signal, 4uw(t), to the mixer/demodulator; the output is Jjust proportional to AL%au(e).

Multiplexed signals may be detected in several different straightforward
configurations using the grating device. MNultiple loocal oscillators and, possibly
multiple optical demodulators, may be required when optical multiplexing is vsed;

i.e,, channel spacings greatar than about 10 nm, as dictatad b{ current optical filter
isolation oapabilities. More typically, it is expected that the full advantages of
coharant detection will be obtained by the use of electronic multiplexing onto a single
ogtionl carrier; 1,e., channel spacings of lesn than a GHa are eas lg demultiplexed at
the intermediate froaucncicl of a heterodyne syatem. Something on the crder nf ten
thousand "electrounic® channela would then reside within sach "optical® channel.

The optical Aemodulator is proving to bs of great value wherevar low-comt,
ssilf-contained, compact, passive balanced quadrature optical demodulation im a rciuiro-
ment, Interferometry, intsrferometric sensors, and coherent communications are likely
to benefit most immediately from the avallability of this new device.
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DISCUSSION
T.Bakker, Ne
What is the Influence of acoustical and mechanical vibrations on the performance of the optical quadrature
demodulator you discussed?
Author's Reply

None observed to date, but no extensive environmental testing has been completed. y
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EFFECTS OF OPTICAL FEEDBACK ON THE PERFORMANCE OF
HIGH DATA RATE SINGLE-MODE FIBER SYSTEMS

R. Kell, K. Mathyssek, E, Hirmann
Research Laboratories of Siemens AG
Otto-Hahn=Ring 6, D~-8000 Muenchen 83, W-Germany

ABSTRACT

This papar presents performance measurements data accomplished on a
678 Mbit/s single~mode fiber optic transmission system for various laser diode
structures and most importantly under different near- and far-end optical faed-
back oonditions. Specifiocally, for two integral coupling schemes i.e. the drawn
tiber taper with a lens and hemispheriocally ended graded index fiber lens (GRINF.
lens) the near=-end optiocal feedback have been modelled and simple method for {ts
axperimental asssssment has been given. Fesdbuck induced variations of lasing
spectra and of mode partition noise and their influences on bit error rate (BER)
data have been experimentally detarmined for a dispersive single-mode fiber
transmission link with the two coupling arrangements.

Comparative measurements have been dons with a butt-goupled fiber and with
a non=dispersive fiber system. Furthermore, far-end reflections from a connsctor
Joint and their quantitative influence on BER date have been investigated.

INTRODUCTION

One of the main problems of single mode fiber communjication syatems for
high data rates (>500 Mbit/s) is the modifiocation of the intrinsioc laser diode
characteristioas by optical feedback. Depending on both the intensity and phase
of the light fed back into the laser moﬁe strong changes of the threshold cur-

rent, emission wavelength, spectral width and the line width of the longitudinal
modes arise /1-4/,

The ohunge of the laser noise /5-8/ and the mode partition noise /9,10/
according to phase and intenaity fluotuations of the refieated ligut deterio-
rates the bit error rate performance of high data rate systems /11,12/., In case
of a laser diode coupled to a single mode fiber with a lens on its end optiocal
feedback is mainly caused by refleotions from the fiher lens surface, fibar oon-
nectors, fiber splices and fiber end. Coherent reflections from the near fiber
end (fiber lens) oause both a shift and a broadening of the laser speotra as
well as a change in the laser output power, The latter also cccurs in spite of
the stabilizing means of the laser output power realized by a monitor photodiode
placed at the rear laser facet. Refleotions from the far fiber end induce an
enhancement of the intensity noilse and especially of the mode partition noisa.

THEORETICAL DETERMINATION OF NEAR-END OPTICAL FEEDBACK

Fig. 1 shows schematiocally a laser diode goupled tc a single-mode fibar by
a fiber lens. Yet different kinds of fiber lenses have been inveatigated with
respect to the above mentioned feedback effeots /13-17/. Assuming a spherically
shiaped lens surface the ratio of the refleated power Pb (coupled back into the
laser mode) to the laser output power Py is given by /18/
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with the lans radius Ry the power reflection coefficient at the lens surface
ry and the wave numbar k = 2 /Ao with "o' being the vacuum wavelength. Wy

w, and Rx and Ry denote the bear width spot radii and the radii of ourvature
of the phase front of the laser field strength at the lens vertex in the trans-
verse directions, respvatively /19/.

Fig. 2 represents the caloulated results of the optioal feedback ratio
Nep * 10'18 P,/Pp due to rofleotion at the fiber lens surface versus the
laser-lons distance d that is to be expectad for various coupling arrangements
as depiloted in Fig. 3. The optimum distances do g Are indioated by ocircles in
Fig. 2. For an optimally coupled drawn fiber taper with a fused lens
(RL." 10 /un, %15-20 Jom, .2-0 .04) 'as shown in Fig. 3a the optiocal fesdbaock
amounts to rougﬁl -IIO dB, Whersus for a fiber taper with a high-index
miorolens (RLm12 ,un, N-x10-15 JURy r2~0.09) as outlined in Fig. 3b the
caloulated feedbadk is approximately QFB” «30 dB. The third coupling arrange-
ment as drawn in Fig. 30 consists of a pieans of spheriocally shaped graded index
fiber (GRINF-lens) being spliced onto the aingle-mode fiber end /20/. The graded
i index fiber acts like a quarter-pitch graded index lens. To obtain the optimum
radius of ourvature of the hemispherioal lens, the graded index fiber (GIF) is
etohed down to the proper end diametor and finally melted to a lens (i sn aro
‘ discharge. For some typiocal parameters (R w25 /U, dn50-T0 /um,y rzuo.ou and
! a GIF with N.A, = 0,14) the expected fesdback assumes the value of rl“w -50 dB.

EXPERIMENTAL EVALUATION OF NEAR-END OPTICAL FEEDBACK

The influence of the ooherent refleotions on the power and apsotrum flustu-
[ ations depends on the distance d, i.6. on the length of the external resonator
cavity formed by tho laser mirror and the first fiber lena surface. The exter-

i nal resonator changes the intrinsioc Laser mirror reflectivity r,as a periodio
funotion of d and so does the output powsr (Fabry-Ferot fluotuation).

4 Neglecting the multiple reflections un effective reflectivity Papp MAY be
darived and is given by /13/

ot '[’Jf_."('l-r,)\g]'a‘A(‘l*r,)ﬁ,_e-Aoos'(kd) (2)

with E'Pb/p'.

'he ratio bstween the laser output power Pr and the monitor power Pm at the
rear laser fucet is expresaed as

: P LY ’h (3)
-5: T-ry ry

Inssrting equation (2) into (3) and assuming a power stabilised laser operatioun
(Pm = oonst.) we sttsin an expresnsion for a pariodic variation of the lasur
power

Apg 2@(1"’! ) (4)

'5':-~-—T’.——|—

¢ e r—————y- i it
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whers Pro is the laser output power without feedbaok. Fig. U shows the measured
ooupling efficiency f as a funotion of the laser-lens distance d for a typiocal
drawn fiber taper with a fused lens and for a UGRINF-lena coupling ascheme. The
maximum ooupling efficiency for both is about 40 %, The optimva coupling di-
stance dopt is about 18 um snd s /um, respectively. The Fabry=Perot fluotua-
tion with a peried of A /2 is viaibly aupsrimposed onto the mxial alignment
tolerance ourve. It 13 a measure for the optical feedback and may be used to
quantize it. Setting the measured ripple A&Pf/Pro into equation (Y4) we can
sasily evaluats the fesdbaok parameter
- 10 g

Nre=10"lg B (s)
Corresponding tc different ocoupling orrgoionoios the expsrimentally determined
peak=to=peak amplituds of the ripple thPr/Pro for fiber tapers with fused lenses
was found in a range of about 4.7 %, 1.0, =42 4B to -38 dB for N pgr Te3peO-~
tively., For fiber tapers with high index lenses we measured tst/Pro of about
7«12 § or in feedhack terma q“n-aa dB to =36 dB., For the ooupling schene
with a GRINF-lens the AP,/P,, ratio ranges between 1-2 $ or rl"ll-w 4B
to -51 4B, respectively. For comparison, in the oase of a plane ended fiber the
Fabry-Perot fluotuation ratio amounts typloally to AP./P. N 30354,

In addition to the fluctuation of the emitted laser power one also observes
periodionlly occouring ochanges of the speotral width and ocenter wavelangth of the
optioal spectra as the distance between laser and lens is varied. Fig. 5 gives
an exanple of the measured optical spsotrum variations with distance for MORW=
laser diocde when ocoupled to a plane-ended fiber. The respeotive center waves
length positions are marked by a star., One can rsalize a center wavelength shift
AAof sbout 1.5 am with a period of A /2" 0.85 um, Center wavelength shifts
up to 2 nm wers obourved., For a fiber taper with a fused lens and a GRINF-lens
the measured osnter wavelength exoursions were 0.8 nm and 0.6 nm, respwotively.
The ohange of the spectral half width & atrongly dependa on the laser pump our=-
rent and on the apectral width of the undisturbed laser. The experimentally ob.
served variations o amount to 20-30 % where the half width of the optioal
aspsotra @ for different laser diodes being made available varies within a rangs
of 1«2 mn.

MEASUREMENT SETUP FOR THI INVESTIQATION OF SYSTEM PERFORMANCE
DUE TO OPTICAL FEEDBACK

The measurement setup for the investigations of optionl feedback influsnoe
on the intensity nolse speotra and the bit errcr rate (BER) performance oharac-
teristios is achematioally shown in Fig. 6.

For transmission experiments different BH-, (SP- and MCAW=laser diodes with
an emission wavelength of apprceximately 1.3 Jum were enployed. The lasers wers
modulated with a 678 ’bit/s pseudorandom pattern generator and the modulation
depth was adjusted to 100 § every time. In the course of our expsriments two
different coupling arrangements, i.e. a [iber taper with a fused lens and a
GRINF-lens have been utilized. For comparison a butt-ooupled fiber was also
used. In order to judge the feedback influenoce of the fidser lens surface next to
the laser dlode, the distanoce d between the laser mirror and that surface ls
oontinuously varied by a positioning system with a resolution of smaller than
0.1 Jums The vonneatoriszed fiber pimtmil roughly 2 m long is ooupled to & mono-
mode fiber link. The fuedbaok at the connsctor joint oan be elther tunad by
alightly ohanging the gap betwasn the fiber end faces or greatly reduced by
index-matohing.
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Two diffesrent monomode fibers, i.e. a 30 km fiber with the dispersion mini-
mum at )uo s 1.3 Sum and a 13 km dispersion shifted fiber with a total dis-
persion of 350 ps/nm at )\o z 1.3 um have been alternately implemented in
the ayatem. The dispersion ahifted fiber has been introduced to evaluate the
syatem degradation oaused by the mode partition nolse as expeoted most severely
at 1.5 Jume :

The output of the fiber link is ooupled into a monoohromator and detacted
with & fast InGaAs/InPavalanche photodiode and followed by a casoade of broad-
band amplifiers and an equaliser oirouit., Depending on the adjustment of the
monoohromator ons oan monitor tho intensity noise speotra of either the total
received signal or seleoted longitudinal modes. The bit error rate performance
messurenents may also optionally be carried out.

FAR-END INFLUENCE OF OPTICAL FEEDBACK ON BER DEGRADATION

Acoording to MoCumbers theory /21/ the intenaity noise speotra, its ampli-
tude and frequendy charasteristic for a lassr diode depends astrongly on the
number of longitudinal modes examined. Furthermore it is also heavily influenoed
by the optioal feedback (including distributed feedback within the fiber itself)
and modulation format the laser diode is driven with.

Fig., 7a presents nolse spsotra of a continwously operating EH laser diode
for both the total modes and for the dominant longitudinal mode. The drawn fiber
taper with a lena ylelding a ooupling efriolenoy of 40 % has been used and the
laser diode was blased at 1.2 Iuh‘ For this partioular case the fesdback to the
laser was set to a maximum by appropriately adjusting the gap at the conneator.
The clearly visible oomb struoture in the dominant longltudinal mode is oaused
by the Presnel refleation from the external oavity oconsisting of the fiber pige
tail, The mode spaoing of the intenalty nolse peaka is the inverse of the round
trip time of the external ocavity

4

{ 2nL (6)
where L, ¢ and n are the external cavity length, the vacuum light velooity and
the refractive index of the fiber material, respectively. One recognizes that
the noise speotrum of the dominant longitudinal mode is not flat within the
entire frequency range of the spootrum analyzer, Qualitatively, one observos
similar relative noise apeotra with a superimposed ocomb struoture for all indi-
vidual laaing modes the only difference being the noise power. The difference
batweun the noise power for dominant mode (ourve 1) and thes one for total modes
(ourve 2) is larger than 20 dE for frequenoies up to 600 MHz and i{s oaused by
mode partitioning. The intensity noise peaks are also present in the total modes
(ocurve 2) but not so prominent cchoerning their amplitudes. The difference (n
their comb charaoteristios are attributed to atrong anti-oorrelation bstween the
individual longitudinal mod.s. The mutual compensation of the intensity fluotu=-
ations of the laser modes ooours for short or non-highly dispersive fiber
lengths as is here the case. From the aforesaid it is evident thet the RF apeo-
trum of a single longitudinal mode alsc ocontains the information about mode
partition noise (MPN). Due to the deteriorating influen, of the optical feed-
baok on the optioal spectra leading for instance to wivelength shifts of the
longitudinal modes avouraste in-situ signaleto-nolse memsaursments on aingle
longitudinal modes in the RF-fregquenoy domain are difficult to be ocarried out
and above all then time-consuming.




Therefore, to ciroumvent this difficulty, we utilize a strong disperszive
single mode fiber which abolishes the compensation of the intenaity fluctua-
tiona due to the different propagation velocities of the individual modes along
the dispersive fiber. With increasing fiber length the snti-gorrelation is loat
leading to an inorease of the total noise power. Under such experimental ocondi-
tions the measurement of MPN aoan even be performed from the RF spectra in total

modes. Fig. 7b visualizes suoh an RF spectrum of a BH-laser diode after a trans-
misasion along 13 km dispersion-shifted fiber. By varying the gap of the oconnea-

tor joint the amount of feedback is adjustable to maximum or minimum inducing
intensity noise peak ohanges of approximately 5 4B,

Index-matohing fluid in the conneotor markedly suppressss the qcomb strud-
ture but instead strong low frequency fluotuations in the kHz region of the RF
apectrum arise (Fig. 7o), Qualitatively, this sesms to be effeotuated by one
or a oombination of the following effevts: fiber backsoattering, polarization
variations and refraotive index ohanges due to ambient temperature changes.
However, thess fluctuations will be greatly reduced by sinusoidally modulating
the laaer diode with both an appropriate frequenoy and modulation amplitude.

Fig. 8 shows both the eye-dimgrams (upper row) and the RF intensity noisa
speatra (lower row) of a CSP laser diode modulated by a 678 Mbit/s NRZ pulse
pattern. Two different fiber lengths (30 km non=highly dispersive and 13 kn
highly dispersive asingle mode fiber) have haen sucowssively used in the aystem
measurements. The receiver powsr level was kept oconstant at =30 dBm each time.
Fig., 8a=b and Fig. HBo~f demonstrate the results for the two fibar links, re-
spectively. The aystem performance dcgrlhnbion caused by MPN (Fig. Bo=f) appears
quite clearly even in the differences of the eye-pattern's clousure. Tho eye-
opening oan still more close as indioated in Fig 8e~f when the index-matohing
fluid is removed from the connector joint and the gap width set then to maxi-
nur feedback.

The BER characteristios under various feedback oonditions made adjustable
at the oonneotor site are shown in Fig. 9. The results pertain to the C3P laser
dlode. One obssrves that there is no impairment in the BER-performance after the
transmission along 30 km single mode fiber (Fig. 9e,d). On the other hand, BER
degrades quite rapldly when 13 km dispersion-shifted fibar is employed as a
transnission mediuam due to MPN /22/. In that particular oase, the bast BER value
is limited to 10°" and belongs to the oase of having no optical feedback at the
oonneotor joint (Fig. 9¢). Flg. 9a,b refer to experimental results under the
ocondition of maximum and minimum optical feedbaock as seleoted at the conneotor
Joint. One order of magnitude improvement in the BER seems to be feasible by
properly adjusting the conneotorized fiber ends. The deterioration in the BER-
performance manifeasts itself in the appearance of the floor characteristios at
high average optioal power levels. Such a behavior and especially the absolute
value of BER at high optical power levels is predominantly oreated by two laser
rarameters: the MPN Kk-faotor and the width of the spectrum envelope of the time
averaged speotrum providing all other relevant syatem paramsters (dispersion
and length of the fiber, data rato) being Kept oonatant. Sinoe both vary with
optioal feedbmck so does simultaneously the saturation valus of BER also. Using
the expression relating the power penalty to Q as defined in /23/ the saturation
value for Q designated as Q‘ nay stralghtforwardly be rewritten as

1

1 ] K 0—2
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The inverse proportiocnality of Qs on U‘auggostu that asymptotio error rate values
is more dramatically determined by the spectral width than by the k-faotor.

Both quantities are susceptible to optical fesdbaok. Measursments i1adicate that
the k-faotor as evaluated by the statistioal sampling method /24/ inoreasss by
up to 30 ¥ depending on the amount of the optioal feedback from the conneator
710/, Under similar experimental conditiona, the lasing spectrur broadens by
approximately 40 %, An alternative method for the determination of the MPN ke
factor oconaists as oan be seen from equation (7) in measuring both the spectral
width and the Q-value in a syatem under real operating conditions /10,25/.

NEAR-END INFLUENCE OF OPTICAL FEEDBACK ON BER DEGRADATION

Sinos the optical spsotrum width of a laser divde is influenced by the
near-end refleotions BER degradation resulting from suoh ohanges will be
expeoted,

In order to judge the influence of various ooupling optios on BER impair-
ment three ocoupling struotures have been chosen and quantitative BER measure-
ments performed. The following coupling arrangements have been looked at: the
drawn fiber taper with a fused lens and a fiber with a OGRINF-lena hoth of oom-
parable aoupling effioiesnciea. For comparison purposes BER moasurements with a
butt=ooupled riber have also besn done uaing the dispsrsion-shifted fiber in
svery oase,

Fig. 10b,d show the BER oharaoteristics versus the average received optioal
power for the fiber taper with a lens and the GRINF-lens, respectively. At least
for modulation rates up to 678 Mbit/s the improvement in favour of GRINF.lena
is not ac remarkable. No measurable BER degradation have been produced by
slightly traversing (few multiples of A  /2) the fiber lens along the axial
direotion for both coupling arrangements. Relatively low baok refleations for
the two odoupling techniques are held reaponaible for this result under that
apeoifio modulation rate. On the contrary for the butt-coupling case the satu-
ration value of BER atrongly depends on laser=~fiber alignment distance and is
explainable by the heavily pronounced Fabry«Perot fluotuations superimposed on
the axlial alignment tolerance plot. Choosing the laser-fiber distance so that
the fluctuation is sdjusted to maximum or minimum the aorresponding BER curves
are shown in Fig. 10a or Fig. 10e, respectively. One order of magnitude improve-
ment is attminable. Displacing the fiber by ?LOIB for inatanos from the maxi-
mum tho resulting BER plot is depioted in iig. 100.

CONCLUSION

The system oharaoteristios of a 678 Mbit/s single-mode fiber optic trans-
mission link operating at 1.3 Jum are svaluated for various ooupling arrange-
gents and under different near-end and far-end optlosl feodbmok oonditions. In
order to judge any ooupling optios regarding its optical feedbaok a simple ex-
ternal resonator model has been used to quantitatively speoify the near-end re-
flections in & new and experimentally easy varifyable manner. The axperimental
results agres quite well with the theoratioal prediotions. Speotral variations
f.0. center wavelength shifts und spectral envelope broadening due to the ad-
Justable near-end reflections for distinot ooupling mohemes have been measured.
Their implications on the system performance {.e. the BER oharacteristio have
been exporimentally evaluated for 13 km highly dispersive single mode trans-
mission 1link. The highly dispersive single mode fiber In acombination with
1,3 Jum laser diodes has besn employed to simulate fibar optic transmission in
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the 1,55 sum wavelength region where laser mode partition noise bacomes parti-
aularly dominant on attainable repsater spacing. Moreover, far.end reflections
ogouring at the laser's nearest connector joint and being made adjusiable may
also degrade the overall link properties. Quantitative BER measurements for
various far-end feedback gondition have been carried out using the highly dis-
persive single mode friber. One order of magnitude BER difference hetween maximum
and minimum feedback setting is realizable. The system measurements have been
additionally acoomplished with various laser diode struotures (BH, CSP and MCRW)
resulting in no favourable difference regarding bdoth their senaltivity to opti-
oal feedbaok and their implicatiuns on system degradation betwesn any of them at
leant at that speoifioc modulation rate.

After implementing 30 km of non=highly dispersive single mode fiber into
the system no BRR degradation have baen obaswrved compared to the 5 m fiber

length at 678 Mbit/s duta rate nonwithatanding any near- and far=end optioal
fevdbaok,
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ohamatio reprssentation of laser diode ocoupled to a tapered hemispherical fiber
end for analyaing the near-end optical feedback effects. r,, r, and Pepp Wre
the powsr refleotion coefficients of the laaer mirror, flbar Jans and ‘f?oohivc
reflectivity of the external pasaive resonator, reapectively. R, and d desig-
nate the fiber lens radius and external resonator length, roupobeiv.ly.
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High4ndex lens

Hemispherically ended

Fused sphericallens graded-ndex fiber lens
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sa!ouitbod feedback efficienay .o a8 & tunotion of the external resonator
length d for a SM-fiber with a fublid spherioal lens (Fig. 3a), a taper with a
high-index lens (Fi’. 3b) and SM~fiber with a ufllo-d hemispheriocally ended A4l-
fiber lens (Fig. 30). The tybioal optimum coupl ng distances experimentally ob-
tainad are marked by airoles.
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Fiber core SMiber

Fused Highdndex Spliced O!-fibar with
spherical lens spherical lens a{uved hemisphericallens
a) b) o)

ohematio representation of the investigated ooupling schemea.
a) drawn fiber taper with fuled spheriocal lens

b) drawn fiber taper with high-index spherical lens

o) SM-fiber with splioed hemispherioally ended Gl-fiber lena

s )
.
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E“. 4
easurad ooupnng effiolenoy versua
axial alignment distance d for 1 «
drawn fiber taper with fused a;{horl-
oal lens and 2 » hemispheriocally
ended QI-«fiber lona. The {nsets de-
monstrate the corresponding differs
—— —y ences in the power fluotuation due

¢ L] L “ Wy 100 to the external Fabry-Perot effaot.
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It 55“rvod intensity RF noise speotra for 1 . the dominant mode and 2 - total
output (all modes) of a BH-lessr diode after transmission through 5 m fiber,
b) RF rnoise speotrum for all modes after tranamission along 13 km of highly
dispersive SM-fiber. In both omsea, the conneotor joint is adjusted to maximum
optioal feedbaok,
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10 dB/dv. |

o! i! nolse speotrum for total power (all modes) after tranamission along 13 km
of highly dispersive SM=fiber but with index matohing fluid in the nonneotor
Joint.
elactrical
optical
4
[}
l
b) ai #) !
]
Ey.-agngrnma (upper row) and the uorran?onding RF-speptra of total light output
under various experimental gondition.. (a=b) and (o-f; depionu the resulis for
30 km non-disperaive and 13 km strongly dispersive SM=fiber, (a-d) refers to no
‘refleotion at the conneator. {(o-f) as (o0-d) but with an opt{onl feudbaok ut the
oonnsator set to maxiamum. The resulta partain ro a CSP laser diode 100 % depth-
modulated at 678 Mbit/s and 1.2 I abins ourrent.
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DISCUSSION
S.Walker, UK
(1) Have you performed any experiment with anti-reflection coated fibres? (2) Have you performed coupling
experiments with DFB lasers,
Author's Reply

(1) We have not considered anti-reflection coatings. (2) No work with DFB lasers hes been performed,

B.Schwaderer, Ge
You showed the tolerances (coupled power) of axial distance between laser and GRINF-lensed fibre. Can you comment
on the tolerance of lateral adjustment?

Author's Reply

The lateral alignment tolerances for the GRINF-lensed fibre are in the same range as for a fibre taper with a fuscd lens.
This ineans lateral misalignment of about +0.5 um decreases the coupling efficiency approximately 1 dB.

H.Lefevre, Fr
What is the beatlength of the grated index fibre used as a lens?

Author’s Reply
1 mm which leads to 25C pm length for A/4 lens,
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ABSTRAGT

The practical application of 1ithium niobate integrated optical devices in the severs military
environments that will L2 expsrienced by the fibre optic gyroscops, requires the development of a
cheap, efficient and roiust means of interconnmcting optical fibres and intagrated optical chips,

One techniqus for fibra to chip coupling which we have recently reported, is the uss of ion-milled
alignment grooves in the Lithium Niobate substrate to accurataly locate the fibre end with the end
of the waveguida, This technique usss a photolithographic process for the most precise alignment
stages and is thavefore amsnable to mass produntion and automation.

Bfficient coupling of lighkt has baen chssrved batwaen optical ¢ldres chamically etched to &« diamster
of about ten microns and waveguides formed by the indiffusivn of titanium. The use of chemically
stched optical fibres and ion~milled grooves allows a high packing density of chip/fibre
connections, offering space savings in tarms of device lengths as well ax lateral separation.

Results ars pressnted for the coupling of light to integrated opticul waveguides from high
birefringence optical fibres using lon-milled slignment grooves, and che dejres of polarisation
pressrvation achieved will he related to the purformunce of integratead optical phase nodulators,

INTRODUCTION

The practical applioaticn of channal waveguide integrated optical devices in lithium niobata and
other substrates will requira rugged, reproducible, low loms, inexpensive coupliu! between :iihres
and vaveguides. Low loss coupling can bs achisvad by tha butt asovupling technique' which reguires
the micro-aligrnwent of the polished fibre with this polished end face of the wavaguide, Howavar,
this arrangement is noc very rugged, it is unsuitable for multiport devicen and it involves the time
consuming and costly micro-manipulation of the joint by a skilled opurator. 'Tha use of silicon V
grooves?® permits repsatable multiport coupling. However, thers is still a requirement for a manual
nmicro-alignmant stage.

An altarnative, mora attractive coupling techgpique using alignment grooves in the same substrate as
the wavaguide was proposed by Andonovic st al”, Tha groovas of similar dimensions to and precisely
aligned with the waveguides (¥ig. 1) are fabriocasted through a mask defined by conventional
photolithography., Coupling is sohieved by inserting an stched fibra into the groove. In this
techniqua the precision alignment ia achieved at the photolithographic stage. lHence the techniqus
is ropeatablo and the effort and precision of manipulation required at the waveguids coupling stage
is considerably less than for the butt coupling technique thus reducing fabrication costa.
Additional advantages of tho ion-milled groovs technique include its compatibility with multi-pourt
fibre to chip coupling, its potential for automation, its ability tu achimve high lateral pscking
densities apd itw thermal and mechanical stability since the fidre ie supported by the substrate on
vwhich the waveguides ars fabricated.

Standard single mode telecoms fibre to waveguide joints have besn made by the ion-milled groove
technique and lussea (including Fresnel loss) from the input fibre to tha waveguide output of 3.1dB
have been achieved®. Many integrated optics device applications, however, raquire the uss of high
birefringsnce fibre with preservation of a single polarisation state throughout the systam, This
papar reports the coupling of a high birefringent fibre to a waveguide by an lon-milled groove
technique. Aspscts discussed include fibrs preparation, groove fabrication, fibrs to chip coupling
and the degrea of polarisation preservation in ralation to the obssrved parformance of a phane
modulator addressed by high birefringent fibre,
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FIBRE_PREPARATION

Preparation of the high birefringence fibra involvas its atching to a suitable geomatry (10-15um
cross-section) for insertion into the ion-milled groove and the submssquont polishing of its end
face, The cladding of high-bivefringent fibre is inhomogensous and preliminary experiments with
Hydroflouric acid stchus revealed a large stch rate differsnce bstwesn the hoavily doped strass-
induaing regions of the cladding and their surroundings. This vesulted in preferential stching and
final fibre geometries which were not suitable for coupling, Howaver, it was found that the stress
inducing (bow-tie) regions wers etched in prefarsnce to their surroundings by 40X diluted HF (Rig,
2) whereas the surrounding cladding was preferentially atched by Isoform buffered HY (ie,
BE+NH P )(Pig.3).  Further studies then demonstrated that with an etch consisting of 60-70% by
voluma of 50X diluted HF and Isoform buffered HF ths atch rates of the two distinct cladding regions
ware sufficlently similar tn producs & suitably shaped fibra. PFigurs 4 illustrates the polished end
face of an etched down high birefringence fibre smbadded in Tan wax within a capillary,

Measuraments on such fibres showsd an additional loss of 0.4dB associated with the etched down
region and a reduction of the polarisation axtinction ratio of BdB. This depolarisation could
repreasent aither a scattering betwesn modes (some of which may be caused by dirt on the fibrs) or a
loss of bireiringence.

GROOVR_FABRICATION

The grooves in tha lithium niobate weru fabricatad by argon-ion-milling through a 20pm thick
polyimide mosk which has besn appropriately pattarnsd by reactive ion etching in oxygen. The
polyimide, dissolved 20X by waight in an acetophsnona/xylens mixture (1.36:1 by volume) im spun at
2000rpm to produce a 20um thick film, After drying at 130°C for 0.3 hours and then at 230°C for 1
hour the polyimide is cross 1inked by ocuring at 330°C for 1.5 huurs, Appropriate masking of the
polyimide with aluminium is then achieved by standard optical photolithography and wet chemical
stohing, The polyimide mask for the argon ion=milling process is then created by oxygan reactive
ion etching. The anisotropic naturs of thia stching process snsures that the valls of ths polyimide
ara vertical (Pig. %),

Por the argon ion-willing of the LiNbOy it was found that an etch rate of 40nm/min could be obtained
with a 1keV beam at a surfaca current acnltty in the range of 0,8«1,0mA/om?, Under these wonditions
vertioal side walled grooves up to a dapth of 13um can ba produced in tha lithium niobate

(rig, 6). It should be noted that good control of the groove dimensions, particularly the dapth, in
rogntlon to the stched down fibre dimensiones ia required if accurate low losa alignment is to ba
achiavad,

EARRE.TO WAVEQUIDE COUPLING

Waveguideo fabricated in s-qut lithium niobats by indiffusion of 8um wids by 700A thick titanium
atripes at 1050*C for & hours wara ussd to make all of the fibre to chip coupling measuremants, it
vas found that the losa amsociated with a single high birefringence fibrs to waveguide joint made by
the ion-milled groove technique was 2.34B grester than a standcrd butt coupled joint. York HB
1200/1 fibre was used. The 1.3dB excess loss includes 0.4dB associated with the etohed down fibre
and 0.3d8 loas resulting froa the coupling of tha evanescent field of the fihre to the walls of tha
groove, It is beliaved that tha rumaining excess loss of 1.4dB rasults from mis-alignsent as a
result of tha groove dimensionn not being ideal.

AsLIVE SYOTEM PARFORMANCE - COLARISATION RFPECTE

In a "polarisation ucnserving" birefringent fibre optic system incorporating channsl waveguids
lithium niobate integrated optical devices both the unwanted and the warted polarisation states
contain powsr snd cross coupling betwesn states ccours. Owing to the strong polarisation depsndence
of the phase modulation efficiencies of integyratud optical mudulators the power frequency content
generated in each state will be differsnt. In applications requiring control over the fragusncy
speotrum and for vhich tha datection is polarisation weiective (as in tha Y0G) the coupling of power
from the unvanted atate to the sslected state will be a source of error, It is therefore necessary

to datermine the power/frequency contant of aach polarisation state and the degree of cross coupling
bstwaen them,.

Tha active test aystem (Fig. 7) at Barr & Stroud enables the study of the polarisation effects
discusssd above. The system is basically s Mach-Zehnder intexferomster ‘lluminated by a 1.3um beam
from a Ndi1YAG Laner or ssmiconduotor diods luser, A device to be tested is mourted in one arm of
the intsrferomater and addressed by high birefringent (York KB 1200/1) fibes (1 wetvs long
pigtaile), Alignment of the polarisation axes of the fibras and the device ls achisved by iterative
rotational adjustwents of the axes batwesn crossed polar!ssrs while monitoring the wystem for
minimum output. An acousto-optic Lragg cell in the other arm of the interferomster translatus the
optical {requency by BOMHw. The BOMHs shifted bsam and the modulated devics output vis the fibre
ars mixed on & beam splitter and fooussed onto s 500MHs InGeAw? photo-diads. This hetarodyns
taoanique allows the optical frequency spactrum of the device output to be translated to sn
intermediate sentra fraquanay of BONHs for unambigucus analysis of the carrier and the positive and
negative sideland levels displaysd by a wspactrum analyser.

The incorporation of half wave plate/polarissr combination in the refersnce arm and ths 3048
extinotion ratio polariser at the fibre output fadili:ates the sxmmination of the power/ frequency
content of Lhe TR ur the ™ polarisation state of the system. Although the use of linear
polarisation disoriminators relstes directly to most practical applivations it should be remambered
that, rincs the polarisation states of a birefringent waveguide are not linsar, measurements made
with the .ipparatus described above are a worst case approximation of the true discrimination batwesn
the vaveyulde polsrimation modes of tha systam,
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Pigures 8 - 10 show frequancy spectra genarated by an integrated optical phase modulator under test
in tha apparatus describad above, The waveguide of the modulator was fabricated in z-cut lithium
niobate by the indiffusion of an 8um wide by 700 thick titanium stripe at 1050°C for 6 hours. The
eluctrode gap wam 4um. Electro optic figures of merit for the ™ and TE modes were measured at 2.4
Vem/radian and 13,2 Vem/radian respectively. Figures 8 and 9 which are specirz for tha TM mode
demonstrate greater than 535dB and 43dDh suppressions (relative to the carriur power) of thes first and
second harmonicy respectively. Such suppressions.wara obtained by application of sine wave phase
swasps for which the Bassal function coefficents of these harmonicas are réro. The levels of the
supptessions were found to be insensitive to changes of ¥ 1' in the alignment of the input fibre
polarisation axis to the chip axes. Nrom thess results it can ba concluded that the cross coupling
of the fraquency components genarated by modulation of the TE carrier lavel within the chip into the
T mods contributes unwanted powsr to the lavels of the first and ssaond TM side bands of less than
~55dB and -434B raspectively relstive to the T carrier powsr. Rasidual levels of suppressed
harmonics will also include contributions from amplitude modulation.

" Mgure 10 is the fraquency spactrum of the TE mode when a sine vave modulation is applied such that
suppression of the first order T™ harmonics is obssrved as in Figurs 8, The lower level of the
first harmonics in relation to the other components in the spactrum of Figure 10 suggests that the
TR powsr/frequency contant pradominantly results from coupling from the T¥ mode and not from
modulation of the TE asrrier within the device. Aftar adjustment to account for the relative
sensitivitias of the test system to TE and ‘M polarisation states tha levaels of the TE harmonics
other than the first wera determined to be approximately 20dB down on the corresponding TM
harmonics. This is in good agreement with an independently maasured T to TR ratio of 23dB at the
output fibre for T™ carrier launched via a 304B polavisation discrimination. This medsurament
reflecting the polarisation cross coupling was mads for the unmodulated carrier using a second 30dB
polarissr and a Photodyna optical power meter.

QONCLUBIONS

A joint between a high birefringant fibre and a wavaguide has been made by the ion-milled groove
tachnique and has demonstrated a loss of 2,348 in excess of a butt coupled joint, This early result
is very encouraging and has established the feamwibility of the ion-milled groova aoupling technigue
to make joints using high birefringence fibra. In addition it has busn dumonstrated that useful
measuremants of the pover/fresquency content of both the orthogonal modes of a birefringent
fibre/intagrated optical mystem can be made with the apparatus described. Such measursments are
invaluable to thu determination of interference sffeuts on signals vesulting from the unwanted
polarisation stat.s af a given aystem.

Interference effects on a ™M carried signal resulting from modulation of TE carrier within a phass
modulator have bawn messured to be luss than ~35dB and -45d4B relative to the TM carrier for twe
specific modulation conditions,
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Fig.2 High Birefringent Fibre etched by Fig.d High Birafringent ¥ibre stched by
40% diluted HF leoform Buffered HF

Fig.4 Polished Endface of atchud
High Birefringence Fibre

Fig.6 lon Beam Milled Groove

Fig.3 Polyimide Mask
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Fia.8 Output Fraguency Spactrum of the phase
modulator driven by a 7¢7 radian (peak
to peak) Sinewave phass svuep. The test
svatem is TM selactive.

Fig.9 Output Frequency Spectrum of the phasse
modulator driven by a 10¢3 radian (peak
to paak) Sinewave phase sweap. The test
systom is IM selective..

Fig.10 Output Freguancy Spectrum of the phase
modulator drivan by a 7¢7 radian (peak
to peak) Binewave phave swaap. The tent
syetam iy TE selective,

-




i . |

—_— e —— . - -

—————e

4

15-8

DISCUSSION

G.Winzer, Ge

I didn't understand how you are doing the vertical adjustment of the fibre in the LiNb0, crystal; is this by control of the
etching time and what is the eiching rate in this case?

Author's Reply

Yes. Optimization of the fibre position is by control of the various etch parameters, Ion milling to better than 5 per cent.
The fibre diameter is easier to control,

H.Lefevre, Fr
Did you perform temperature test of your coupling method?

Author's Reply
No,
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NONLINEAR PLANAR GUIDED WAVE INTERACTIONS AND DRVICRS
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SOMNARY

A variety of applications of third-order nonlinear intugrated optics to optical signal processing are .
discussed: These includs guided wave devicas bdased on an intensity-dependent rvafractive index much ae !
upper and lowsr threshold devices, all-optical switching devices, all-optical wodulation devices, optical .
logic, and optical bistability, NMultiple waveforms aoixing with degenarats four»wave mixing to produce |
signal convolution and tima inversion on a picosecond time scale ars also dimcussad,

1. INTRODUGTION ;

The current rapid deployment of fiber communications systems means that information will soon he .
transmitted almost totally on optical waveforms. At pressnt, the standard mode of oparation for '
processing information is to datect the light with large bandwidth deteators, thus converting the
information to electrical eignals for subsequent processing in the electronics domains If further .
transmission ie necessary, the information is unordcz onto optical waveforms by fast modulators and again . )
coupled into optical fibers. This mode of operation is adequats as long as a) tha data rate {» net too . H
high to tax the bandwidth of the electronice end of the aystem or b) jsmming of the communications system !
by electromagnetic interfarence is not a potential hasard, A natural axtension of {fiber-optic i
communications would be to perférm the signal-processing operations totsliy in the optical domain and
therefore avoid problems with reepeut to eloctrical bandwidth and electromagnetic interfarence,

A vary useful set of all-optical eignal=processing operations would incliude ) eimple binaxy logic X
gates, b) switching, c) modulation, d) thrasholding, and e) convolution (which leads to a whole family of : i
other procaasing functions), These opatvations can be based on the interaction of multiple waveforms with
one another, which requires the pressnce of an optically nonlinear matevial, Nonlinear materials with '
very fast, probably picosscond, responss timas are necessary to process high data-rate signals with peak
puwars detarmined by the operating levels of semiconductor lassrs. Although the "ideal" material ie not
currently available, encouraging developments have oncurred in the materials area in the lant fsw years.
Yor all-optical signal processing, it is alao possible to utilime the massive parallelisnm avallable in ali- |
optical systens #0 that the total proceasing spesd may still be very high with materials whose responas ;
times may be relstively slow. This howsver requires very fast serial-to-parallel and parailel-to-sertal !
conversion, and very accurate clocking to implement =~ factors which may mitigate againet ueing paralie)
prucessing in an inherently eerial system, (When the dnformation baing procusssd s already in parallel i
form, for example {wmages, the parallielism can he batter exploited.)

In this paper wonlinear optical phenomana that can be used in & waveguide format to implement a 4
nusber of optical processing functions are describeds The efficiency of any nenlinear interaction depends
critically on the eptical power density, that is, powstr per unit aras, Thersfora optical waveguides, with
their inherent confinement of the light in one or two dimensfona of the order of the wavelength of light,
pravide the optimum propagation geomatty for nonlinear interagtions in genaral, and nonlinear optical
signal processing in particular, Furthermore, as shall bs discussad here, waveguide geomatries also lead
to all-optical signal-processing operations Lhat have no analogs in plane wave processing systams.

The signal pronessing opsrations discussed here are all bassd on the third~order suwceptibility y(3),

'tM;: involves the mixing of thres optical fielde.! Thio interaction produces the noniinear polavisation I
fie . .

l'mi(w) . toxmuulj(u)lg'(u)l(u) . (¢))

Note that for the signal radiated by P(w) to be at the system opurating fregquency, it is necessary tu take ' 1
the conjugate of one of the mixing fields (which alao has repsrcussions for the [Final wavevector
angocisted with the eignal field:) "If two of the required fields involve the produat of an incident fleld
with its own complex conjugats, then the phenomena are identified with an intensity-dapandent refractive
tmlox. That fs, {neluding the linear susceptibility cerm [« }{Dg(w)Re(w)], the total polarisation is given
y .

|
|
|
Pilw) = splx(yy + x(Myga0 IRCw)|2) Ry(w) (2
Py(w) = colng? = 1 + agy|Ri(w)|2) By(w) (%
and, assuming that the optically induced change in the dislectric constant is small, the gquantity in the
square brackets can bs written for plane waves as an intansity-dependent refractive index of the form

no=ong + ng,8 (4)
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where 8 is the local intensity, y identifies the medium and agy - n.,zccon v+ FEquation (3) indicates that
an intense field modifies the refractive index of a madium aa ssen by !.ucls. as well as by other fields.

An intensity-dependent refractive index affacts the propagation of light in a wediua in ftwo ways,
FPiret, changas in the index lead to changes in the optical wavevector k of 1light in the medium., For
example, if an optical beam 18 propagated a distance L in the medium, the power-dependant phase change akL
aan be tuned through w, That is an interference or phass-matching condition can ba changed by inorsasing
the intensity of a light baam. Another aexample is the Bragg condition for a grating that can ba tuned
optically, Thess two phanowena both lave applicetiona to all-optical signal processing which will be
dincuvsed heva,

The auplitude distribution of a high-powar optical field aslso changes with propagation distance in a
waveguide with 4 medium characterised by an intensity-dopendant refractive index. PFor a nonlinear medium,
tha field distributions depand on guided wave power which in turn affecte the waveguide cut-off conditions.
Purtharmors, if both media bounding a thin film that guides light are aonlinear, there are wmultiple
branches for tha guided waves, a feature that can be used for switching. Davices basad on thase concepts
will be discussed in this paper.

The othex case of intatest hers for all-optical signal proceasing is degenerate four~wave muixing,
which involves three input waves and one output wave,* Two or all three of the incident waves can contain
information in the form of tha teuporal anvelope of the waveforme. Therafors signal=processing aoperations
are ohtained in which waveforms interact when thay pase through sach others As shall be shown later,
these include signal convolution and tiwe inversion,

1. INTENSITY DRPRMDENT PIRLD PEENOMENA

The variation in guide=wave field distribution with {nareasing powar leaads to signal=processing
tparations unique to guided waves.’ Tha prime example is that of a waveguiding film boundad on vne or
both sides by Kerr-like madia, that is, .medfa with rafractiva indices givem by Rq. (4), The analysis is
believed to ba rigorously corruct for T polarimed ’gidcd vaves, but the TH polarised cass is etill the
aubject of debate ax to the appropriata foraulation,®»

(a) Nomlinenr Cuided Wave Threshold Davices

The geometry of intersst has a film of thickness h (0 ¢ x < h) and refractive index ng, a noulinear
cladding (0 < x) of index ny and nonlinesrity nyq, and a subetrate (a > h) of index ny (and in sous ocasas
noniinuarity ngy)s Por a nonlinear cladding, the field distributions aret-0

Byo(r) = ‘N:'L: e o 4 g, ngg 3 0, (3)

Ry(r) = NF\'}J i st R 4 og g <o, (8)

whete § 18 the effectiva guided wave index, kg = w/c and q2 = g2 = 4.2, The key parameter fs uj, which
degends on tha power of the guided wave,®” At lov powers, a; » » and the fielde given by &qn. (3)
and (6) degenerata into exponantially decaying fields:. However at lI\l.;h powsrs, »; dacreases, and for the
neif-focunsing aams (nzs > 0), =) can aven bacoms negative, This leads a field maximum (a self-focussad
fisld) in the nonlinear wedium at high enough power levels. For the self-defocussing cass, n) again
decresses with increasing power, but naver becomes negative (and hence the nonphysical case of divergent
fislde does not otcur). The power dependence of the field distributions can be used o implement
thrashold devices, both uppsr and lowsr,

and

It s wall-known? that the usual power-independant asyametric wavaguids (ny ¢ ng) will not guide the
lowast-order TRy mode balov a certain minimum film thickness hy, As the film thickness 1s decreased
towards the cut-off thicknass, § + ng (amsuming n, > ny) until 8 » n, at out-off, However, at high
powars, the index of the cladding medium iw tncrnng near the film-cladding interfuce and hence B, which
48 the fleld-weighted aversge of the guided wave indax, can be larger than ny at thicknesses helow the
eut~off valus, The highar the powar, the thinner the film that will support a TRy guided wave. Therefore
a divect relation exists batwean the filw thickness and the thrashold povlr above which a TE; solution can
be propagated, Buch a system acts as a ninimum power threshold gdavice.’ A sample caleulation of power
threshold versus film thickness is shown for a Inf=based waveguide’ in My, 1.

1f the ocladding wedium exhibits a self-defocusuing nonlinearity (n3q < 0), then the affaective index of

& guided wave decissses with increasing power. Therefore, for a uvuluﬁl above cut-off for the '1'18 vave,

increaving power forces thé waveguide towarde and aventually below ocut-off (that is 8 + ng). The

further tha wavegulde is initially above cut-olf (that is the thicker th! initial film thickness), tha

:‘:ru; the powar required to cut off tha TEy wive. Datailed calculations? for this effect are shown in
&o &

We expect that such threshold devices can be used either in an end-fire (Fig. 3sn) or a linear<
nonlinear-iinesr waveguide geomstry (¥ig, 3b), In both cases, wavae power trsnamitted by the thin-film
waveguide wil) be the desirved signal. One of the attractive features of such devices is that the fields of
intersat are establishad at the first transverss boundary at which the nonlinear medium is sncountered,
It 1o however nscessary to strip of tha unwantad fields, such as radiation modes, and propagation distances
of tens of wavelengths will be requited. Nevertheless, devices that requive only tans of micrometers
nhould ba possiblae.
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The thrashold devices described above have not yst bsen implemented. The characteristic fsatures of
the fields discussed above have, howesver, heen demunstrated experimentally for other n-onotriu.“-

L

Fig. 1,

FILM THICKNESS (um)

The qui=ott power sbove which the TEp wave oan
be propagited versis fiim thickness for & nonlinear
nl&he\ulng 2n8 cladding medium, The ineet
shows he variation In eftfective Index 8 with gulded
wave pover for a flim thickness of 0.2 um,

nes 3,300

R {mW/mm)
)] [ 1 } ] [l

3 ¥

{ny) FILM INDEX ny
Figs 2, The maximum TEy guided wave power which oan b

propaguted versus index ditference betwesn the

fiim and noniinear GeAs+OaAlyAs|.y cladding,

Inaet s the etfective index versus guided wave

power for ng » 3,59 and film thicknems of 1,07 um,
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Fige 3. Mwthods for exciing nonlinear guided waves with threshoid charscterigtics. a) nd fire excltation, b! Excitwtion by & linear
gulded wave Incident onto & tranaverss boundary betwesn a linesr and nonlinesr wavegulde,

(%) Monlinear Guided Wave Switching

Waves guided by a thin film bounded ot both sides by self-focusving media also sxhibit charaateristics
that appear prowmieing for all-optical wttchlu.’- Based on the pravious discuesion, at high powers ona
might expest ftelds that ave seif-fooussed in sither of the two nonlinear media or 4n both, Multiple
solutions ave obtained for the cass when both bounding media huve sslf=focuseing nonlinearities. The
details depend on the velative valuas of ny and ng, and ny, and ngqe At present it is ~ot clear whether
all of thess solutions ars stable, Neverthaless enough of the branahes should be stabla for all-optical
switohing to be puwsible.

We consider first the TEg came ng = ny, but with ™ 4
unagual nonlinearities, chlto {e n: > n'.. The i —lmo
solutions fall on two distinct Uranches, each
charactarized by ite own Field distributions, that is, K-

1900

L]
salf-focussing in differsnt media at high powvers. e

The exampla in Fig, 4a fnecludes an estimate for tha 1
guided wave lowe in tevms of the {waginary component B o ﬁ
of §, Tha curves (in order of increasing s in the R L hio™ &1
asymptotic limit) correspond to self-focussing in the 1M 4
mudium with the highast nonlinearity (ng), in the
u:t\m with the lowest noniinaarity (n,), snd in both
nedaia,
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A possible responae of this system ko pguided

wave powar dincident through a transverse boundary
(rig, 3b) {s shown in Hga. An (dotted iine) and b,
A the guided wave pover is incressed, the wava 1908 A —r
excited followe tha lowar branch until it reaches the
naximun vaius aliowed for thal bransh. Subssquent POWER (mW/mm)
incraase 4in  puided wave power can ouly ba Plyc 4. Resl (solld line) and Imaginary (dashed line) parts
accompiished by switohing the responss to the upper of the effective Index A versus Tiy guided wave
branch, Beacause the attenuation of the upper branch power tor h=2,0um, ng» ;.57, ng = 1.99,
is larger than that of the lowar bransh, tide 8o = 0,002, ngg = DI0°Y mE/W, ngv 1,59,
svitching 18 accompanied by an instsntanecus decreasa o1g ® 0,001, and ngy « 10~ m/W,
it the signal tzansmiseion, as indicated in Fig. 4b.
If the guided wave power is now decreased, there is & winimun power that can be sustained by the waves
corresponding to the upper branch, Purthar decreass in guided wave power requires switching to the lower
branch, with again a subsequent increass in guided wave pawer (because of reduced sttenuation), The nat
rasponss curve closaly ressmbles that of a bistable loopy there are two stable states, and which state
the systam ia in depends on the previous history of how the light was guided,
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If the material eystam is characterized bdy
ng # ny and by ny. £ npq, the resulting two hranches
become wepuratad, and thers 1ia u range of powars
over which guided wave powear cannot ba trsnsported
(ese Fig, Sa). That is, when the guided wave power
inoident onto a transverse boundary (Pig. 3) in WL
increasad, the transwitted jower remaine a constant i
when tha maximum of the lower branch {s reached.
However, when tha power exceeds that required for
sxcitation of the upper branch, Lwitching to the ‘“L“
upper branch occury and ths transmitted aignal !
suddenly f{ncreases (Mg, 3h). Converesly when the A
guided wava powar is decreasad below that which can R
ba sustained by the upper branch, the syyctem ewitchas '-"‘4
to the lowar branch und a sudden deursase in
tranamitted aignal occurs, This response corsretprnas
to all-gptical switching.
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Interesting possibilities also exiat for the o

switching or wodulation of one light heam by urother,

As indicated by Eq. (4), a high powar guided wave (for 1 L J & J
sxample, of TB poh;tnthn). alters thes epatial : —é b
distribution of the refractive inder in its vicindty, POWER (mW/mm)

Therefore the propagation charactaristies of an
orthognnally polarised TM wave are also affuciad,  Fig. % The etfective Index vernus TEy guiled wave power

(The change in refractive index for the T™ wave will for h» 2,0 um, g & 1,57, ng = 1,96, ¢)q w 0,002,
be less than that of the TE wave becauss the figg » ¢10™Y /W, ngw 1,59, ¢y " (1.%31. and
nonlinear effect wmakes the materisl optically Nge = 10°¥ m2/W,

snisotropic.) PFor & eulf-focussing nonlinearity, a

strong TE wave can bring a TM moda above gut-off,

Alternatively, in a self-dafocussing medium, an increase in TE powar can force a TH wava below cut-off.
In both cases, & small modulation in the TR wave can produce a large modulation in a TM wave. This aleo
landn to tha switching of ono optical beam by another.

To date, uo expuriments on thin filme bounded by two nonlinear medis hava baen reportad.

3. INTENSITY DEPENDENT PHASK FURMUMRNA

The curves shown in Mige. 1, 2, 4, anc¢ 3 exhibit a complicared behavior for the effective index § with
guidad vava powa%s However, ot liw guided wavea powers the change in § is linear with power, That ia,

whera Pgy 18 tha guided wave power per unit width ltgl\l the wavafront and A8y can ba oaloulated either
from th' sxact theory,® or frow. uormal mode analysis. In this limit, tha total phase crange sxperisncad
by a guided vave after it pcopagates a distance L contains two terms, namely

84 = NokoL + afgkgLPgy 1))

vhere ayNs « AfokghPgy 19 th~ nonlinear pover~dependent phase changes Typically an interference condition
cau change from conmtructive to destructive intarference, or vice-varsa, whan ayNL v x/2 go that

P, =
e * TGl g

vhare Py i & meanures of the aritical powsr raquired to produce powar-depsndant intsrferance phenomana.
h‘\“thh seotfon wa discuss a number of devices that rely on such an intensity-dependent effactive index and
phase.

(a) Nonlinear Directional Coupler

An intensity-depandant refractive index can be used to alter the phasa~matching condition batweean two
coupled channel waveguides,!4 Yor sxawmple, consider the channal waveguide directional couplar shown in
Hg. 6, When light is injeated into one channal, the overlap of that guided wave field with the sdjaceut
channel waveguide results in powsr transfer into the second waveguide. As shown in Fig, 7 for low povars,
the power oscillates betwesn the two channels with propsgation distance and, whan terminated for the
uppropriate length, the device acts as & switch or a power splitter. Por elactro-optic materisls, the
trsnefer conditions can be tuned by applying an electric field to modify or modulate the refractive index,
and this is the normal mode in which such a device is oparatad.

1t one of the media in which the guided vave fields exist is charscterisad by an intensity-dependent
refractive index, the cross~coupling conditions bucoms power dependent and new signal procsssing devices
becone poutbh.“‘ That is, the responss of the device depands on the intenwity of the input waves,
Assusing identical waveguidos with guided field amplitudes described by a)(x) and ngﬁ) respactively and
neglecting attsnuation, the interaction can be described by the coupled wave equationst

=igea)(x) = rag(x) + (8opay(x)3 + 2a0¢'ag(x)2]a)(x) (10a)
~Iggea(x) = raj(x) + [aogag(x)? + 2400'a1(x)2}a)(x). (10m)
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Hore I' ls the usual linear-coupiing coefficient batwesn the two channels that leuds to the oscillatory
transfar between tha cliannals shown in the low power regime of Fig. 7. Its value dapercis on the details
of the channal geometry and sepuration, Note that in the absence of Lhis coupling term, the remaining
terms in the aquara breckets introduce an {ntensity-dependent contribution to the propagation wavevector
for emch channel. The para~eters, Aoy and Avg' respectively, quantify the nonlinear effect of each gulded
wuve fleld onto itsalf becauss of it high intensity and tha nonlinear mffect of a atrong fleld 1. one
chaihnal on the propagation charactecistics of the neighboring chunnel.

€0 L} L T T T T T

o ‘h'

T NV AVAVAY/
oUTRYT N0 -
NONh!NEAR s
! __ COUPLING REGION

CHANNEL 1

> =
”” ]
CHANNEL I nsng*n, ([E| Pt 0
(E: ELECTRIC FIELD) ' Lo
Fig. 6« A nonlinear ctheront directional coupler consleting Figs 7« The guided wave power (normallzed 1o the critical

of twe channal vaveguldes whase tlelds overiep In & switching power Py remaining In the incldence
medium charecterized by an intenstiy-depandent channel verws propagation distence at ditferent
refractiva index, Incidert power levels,

The solutions to thesn eyuations we obtained by Junssnld ars shown in Mg. 7 for s single input channel
axcited at diffarsnt pover lavels. Thess vegulte suggeast a variety of possible applications: Fecr exauwpls,
if the device {s set to produce cowmplate tranafar into the neighboring channel at low powvers, at
appropriately high input-povar levely the transfer can bs nminimised. Tris coxrespoids to an {ntensity-
dependent optical switch. A saxies of such switchan can be used to demultiplex signals that are inteneity
coded., Alternatively, if the signals are of approvimately equal intensity but are wavelength multiplexed,
the signals can ba demultiplexed if the asterial nonlinearity is strongly wivelength~dependaat.

Intansity=-depevdent puwer transfer has recently
been  dewonstrated using  in~diffused  channel

vaveguides in  LiNb03,05 wnd in Gars=0ny, 7Alo, 308 NV
wuliiple-quantus~well  (MQW) channe). weveguidas,) 1L olo
Althowgh nyy 18 quite snall for mﬁo\ (and in fact
wes measured in this experiment), 4 weasurable

o Lo
trasefer with picosecond time resolution has bew TRUTH TABLE
obssrved by Haus and colleagusa. The recent report
of nonlinser wswitching in the MHQW etructucus 0 LARIZER

PO

damonetrated partial switching of laser diode Q000 - N\
radiation at waveguide power lavals of only 1 nW. 1In N [] u
that cavwe tha twou channel waveguidesw were strain- @lc RO S
induced by dwpositing two gold stripes on cop of a 'bm
planar MQW waveaguide. Although this device operated —
utdq temparakure of 180 K, 1& "ﬁrﬁ.n" a vary nav ﬂ — v
and wxciting development in this field, s s _]'.

C T

el

The most promising application of nonlinear
diractional couplars appears to be to nll-optinﬁ
loglc gatas based on a Mach-Zender interfaroneter
as skotched in Fig, 8. As indicated in the inset, the
full set of logic fuuctions can be i{wplemented with Fig, 8, A moditied nonlinear Mach=Zender interferometer
this davice. for Implemarting all-optical loylc functiom, The

loglc 1ubie Is glven In the Inset,

 (———

(b) Nonlimaar Grating Davices

All-optical tuning of gratings in nonlinwar waveguides leads to a largs number of potentisl
spplications to guided-wave all-optiqal signal proceseing. The uvnderlying principle is very simple. When
ngh: is incident onto & graving (Fig. 9), it 1s strongly reilevtud (deflected) only whan the Bragg
cendition

#korag ¥ Blgqnc + w un

in satisufieds The effactive index # can bs tuned opcicelly by tha incident heaw iteelf, by anuther guided
wave beam incldent from another diraction. or by 1lluminuting the grating from above (or below),
Thevefora tha Bragy condition, and hence Jrating reflcativity, can be controlled opticslly. This
phenomenon will prove to be very varsstile becduss b~ tha ' .ctfon snd the intensity of the Jignal can
be controlled optically, ""' -




16-6

Potentially one of the most important applications based on distributed feedback will be to optical
bistability and lwi.tching.” Coneider first a wingle beam incident along the grating axis (beam 1 in
Fig. 9)« Because of a grating's reflection properties, there are always two waves present inside a grating
that we labuel a,(x) and a_(x) for propegation along the +x and =-x axes respectively. For a sinusoidal
surface grating cenrered on the plane ¢ = 0 (film-cladding interface) that produces a surface corrugation
given by u w upsin(ex) and includes both the forward and backward travelling waves, the appropriate
coupled-made equationw including an intensity-dependent wavevector arel

i&u(x) = 1 188K0%, (x) + aBgkolas(x)2 + Zu(x)2]ay(x) (128)
and
“tfka ) - rel2®K0%, (x) + a8gkgl204(x)? + a_(x)2]a() , (12b)

where T ia the distributed reflection cosfficient for a planar waveguide and the initial detuning from the
Bragg condition is given by

a8 = 280 = k/ky (12¢0)

These equations have been solved nnnlyticuny.” In terms of an incident switching power P, for the

AR = 0 case,
2
Be = ToRoTigL 13

Typical numerical results for the transmission through the grating are shown in Fig. 10. As the incident
povar is increassd past the turn-back point, the system switches to the upper branchs When power {is
raduced, switching to the lower branch occurs at the turn-back point for the upper branch, Hence a
bistable loop is obtained. As shown in Fig. 10, switching ocours for |n+(0)|2 = Poy providad that the
fuadback parameter is of the order of unity or larger, If two beams are incident onto the grating, the
bistable switching of one beam will also produce bistable switching of the wecond beam. Pg for channel
waveguides can be nanowatts for InSb vavnguidu.ls microwatts for GaAlAs MQW structures, and potuntially
tens of milliwatts for nonlinear organic used as the nonlinear material.l®

4

@ w»
o - o
T
11 ¢ v

2.8
2.0
1.8 -
1.0 -
0.8 b
0.0 L 1 1 1 L i i
0 1 2 3 4 8
INCIDENT INTENBITY |
Fig. 9. Generai nonlinear grating geometry tor switching Fig, 10, Transmitted veruus incident intensity for gulded
gulderd waves, The grating can be tuned (In & wave optical bigtabliity for a given feedback
bistable fashion) by » high power gulded wave (PL = 2) which characterizes the grating
Incident (for axample) along the grating axis, by & reflectivity, and grating length L,

confrol gulded wave incident parallel to the lines of
the grating, or by lllumination from abave or below.

If the grating is illuminated either from above or by
a gulded wave incident parallel to the grooves, the 1.0
grating reflectivity can be tuned continuously with the
contrul beam power, as showr in Fig. 11. That is, the
operating point of the grating can ba controlled
optically, This property is uscful for implementing a KL = 2
variety of all-optical logic functions, For example, if -
two input beams of power Py are incident as control beams
with the grating initially offset from maximum
raflectivity (for a third weak signal beam) by ~Pg, an XOR
oparation is obtained for a weak signal bLeam. Similarly,
operations such as AND may also be impleomented,

There are also applications to serial~to-parallel and
parallel-to~sevial conversion. For example, consider a
serial data stream paseing through a long grating which 1is

initially tuned to szei~ reflectivity, as illustrated in o —p‘w-ﬁ-—-psw-—'
Fig, 12, If at soms instant in time the guatings are
1lluminated from above with sufficient power to tune the CONTROL POWER

gratings to maximum reflectivity, the serisl data stream

i converted to a parallel data stream, Gliwmilarly & Fig, 11, Grating reflechvity versus conirol beam power for
parallal data stream car be converted to a serial data a nonlinear grating (K =T ).
stream.
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wr%ﬂ%;%(b) E[ J;—;*/[ = @ //ry/////
(@) M ’% uTPYT /S

Fig. 12,  Serlal~fo=parallel conversion of a date stream via a ponlineer greting, a) The data stream propagates through the grating
which Is detuned from the Bregg condltion, b) The grating Is llluminated from ahove with m beum of suftlclent power to
tune the grating fo the Bragg condition, ¢) The data stream Is detlected Into a paraliel cne Jimensional array, Parallel fo
serial conversion Is obtained by effectively revarsing the process In Hime,

Optically tumed nonlinest gratings are potantially very versatile elaments. During the grating
fabrication process, it is possible to stop the pariodicity for some diatance %, which corresponds to phase
shifc of nkgh ineide the grating. Thus phuc-koyns processex such es correlation and coding and decoding,
both wall-known in surface acoustic wave devices,!? can be implemented optically with guided waves, Hore
the grating code conld be either turned on optically with a control beam or asctuated by the signal beam
itself (providing that it lies within & specific power rangs), There are numerous other applizations such
as switching of arrays of parallal beans or the "wlide" operation for optical computing which are not
discussed hare bacauss of spacs limitations,

To date no devicas bused on nonlinear gratings have yst been reportad.

4., DEGKNERATE YOUR-WAVE MIXING

The key featura that leads to an intensity-depandent refractive index is & nonlinsar polarization
source fisld at the same frequency as the incident field. Such a polarisation tield can also be produced
by the mixing of thres input waves, sse Bq. (1). 1If two of the input Ields propagats in opposite
diractions, this procass is called degsnerate four-wave nhdn(.zo Since these two fields propagate in
opposita directions, their wavavectors cancal exactly, Therafors, for any angle of incidence of the third
beam in this geometry, the process is always phase-matohed (wsvevactor consarved) provided that tha !our;tl\
wave {s generated backwards along ths incidence direction of thim third beam. In a waveguide format,
tha process is phase-matchad as long as beams 1 and 2 propagute in the same wavaguide mode., This ensurss
that the signal beam 4 {s radiated into the sams mode s heam 3.

This interaction geometry introduces new signal-processing posaibilities becsuse the input beams can
propagate in different directions relative to one another, snd at diffevent speeds (1 and 2 different from
3 and 4). Por axanple, this allows the convolution of two waveforas to be produced in real tims in the
form of an optical guided wave signal, This case shown in Fig. 13a, The two input beams bsing convolved
are 1 8 a, pulee envelops U)(t); and 2 R b, pulse envelope Up(t')) and bean 3 W c, 18 & control beam whose
presence ir required to make the process possible via degenerate four-uwave mixing. The total radiated
signal iy of the form

Ug(t) = f Up{2e=1)Up(1) dt (14)

which corresponds to the convolution of the two input waveforms with s time compression of a factor of
two, Whether this process occurs or not is detsrmined by the presence or sbaance of the control beam, s
further advantage for controllad access signal processing,

A

ey v

oA
TN 2L
b)

Fig. 13, The application of degenerste four wave-mixing fo 8) the convolution of puises 1 (wa) and 2 (=b), end b} To the Hime
Inversion of beam | (=),

Another exumple is time inversion22 with time comprassion or wxpansion, illustrated in Fig. 13b, The
waveform to be inverted is coupled into a elov made of the waveguide and & very short pulse (4-fumction in
time) into a fust mode that overtakes it essentially at a small angle frow bahind. Hence the trailing end
of the input eignal pulse is re-radiated back aleng the path of tha 8-function pulse, snd as the short
pules passes through wavafors 1, a time invertsd version of the input eignal is produced. In this cass the
contral beam is 2 and the radisted signal is beam 4. By adjusting the relative sngles and the mode
numbers of the various input wave, the signal can also be expanded or cowpresssd in time

Only one experiment on degenerate four-wave mixing in thin film wavaguides hes baaen rcpornd.” The
signal waves were tens of nanoseconds in duration and therefore no real time signal processing operations
were demonatrated.
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3. BUMMARY

Wa have discussed a numbar of potential applieations to ell-opticsl signal provessing of nonlinear
iuteractionn in planar and chennel waveguides. It should by now be clesr that most, 1f not ali, of the
procedsing functions of interest can bs implemenred optically. The planar interaction geomastries are
montly applicable to serial processing systems., Interactions involving channel waveguides (or fibars) can
be used also for parallel processing operations, It is still very esrly in the waveguide all~uptica)
signal-processing fiald, and to date only a few interactions hava baen verified experimentally.

The key to implementing such devices is the availability of appropriats materials. The raequisits
nonlinearities should be large snough that the various devices can be implumented at powar lavals of tans
of williwattu or less. Furthermore, once the optical signal is turned off, the nonlinearly induced
polarination or refractive index should relex as quickly as possible, preferably in picoseconds. This
nonlinearity realaxation time will ultimately limit the processing speed. (Ususlly the “turn-on” time for
the nonlinsarity is instantaneous, provided that enough powear is supplisd to thw device.)

Some candidste materisls already satisfy the above criteria, although not all optimally, Por
example, GaA#/GmAlAn MQW materials have mora than adequate nonl!f‘urtttu. although tha relaxation tima
for the nonlinearity is still in the hundreds of picoseconds range. Semiconductor-doped glseses relax in
timas of the order of picoseconda.?3 Howaver, the powers required for signal processing are predicted to
1ie in the 10-mW to I~W range. Both of these waterial systems have large loeses and ara tharefore not
ideal for surial procesoing involving multipls devices. The use of nonlinear organic muteriala that ars
vary fast is one of tha mora interesting prospscts on tha horizon. The absorption in these wmaterials
should be controllable and they must now be enginssred to increase ‘3"‘{ nonlinearities by reveral orders
of magnituds to reducs device operating powers to reasonable levels, 18,2

We look forward over the next favw years to both the demonstration of more all=optical signal
processing operations, and to the developmsent and incorporation of nuw nonlinear materials into guided
wave formate.

This research was supported by the National Science Foundation (ECS-8304749,-8117483), Army Ressarch

Officea (DAAG-29-85-K-0026), the Joint Services Optics Program (MICOM, BMDSC) and the Air Porce Office of
Scientific Remssrch (APOSR=84~0277).
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BISTABILITY IN NONLINEAR WAVEGUIDES
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SUMMARY

The propagation of elaoctromagnetic waves (TE) in a nonlinear
w:vuquidc is studied. For simplicity a three layer structure is considered
With the two external media of semi-infinite extent, The mode dispersion
sguation is derived together with the power carried by the single mode in
the structure, showing that bistability can oocur in some case,

1. INTRODUCTION

Propagation in nonlinear waveguides was considered since 1968 (1) when
surface waves on the interface between two media ona of which had a
dioé:cgric constant with a quadratic dependence on the wave field,wares
ntudied,

This situation was further considered in refs, 2 to 6 and extended to the
case of both media nonlinear by Lomtev (7) or of a symmetric¢ layered stru-
cture consisting of a layer having a linear dieleatric constant betwsen
two layers of a medium whose dielectric constant dapends quadratically on
the amplitude of the wave electric field by N.N. Akhmediev (8),

A feature of the wave propagation in thess structures is that the
dispersion relation contains as a parameter, besides the freguency and tha
wave veotor, also the squars of the field of the slectromagnetic wavae,
This means that at a given !roquono{ it is possible to control the pro-
pagation constant of the wave by varying its snergy flux. Moresover, wave
solutiona are obtained having no analogy in ordinary linear structures, and
in a certain range of values of the carrying layer thlckness or of the
wavelength, in the case of a three layer wstructure, the nonlinear surface
waves are bistable (8).

The study was subsequently extended to the case of guided waves in a
three layer structure ,in which one ,two or all the media were nonlinear (9
to 30) and biatable behaviour was confirmed theoretically (8,11,13,18,30).
Finally experimental evidence has been obtained (17,23,27),

In the present paper wa discuss the propagation along a nonlinear
guiding medium (see Fig.l), looking ut symmetric (&_w & ) and asymmetric
(¢§¢ ) configurations. L
Th structure has already been studied using the "coupled mode theory"
(11, 16) ; because of the high intensities which can be present in the
wavegulide, this approach may not be useful and a general and exact theory
must be considered to predict all the featurss of the behaviour of the
struoture.

2. WAVE EQUATIONS FOR THE STRUCTURE

Let us consider the case shown in Fﬁg. 1 of a medium with a
nonlinear refractive index (€,= ¢, 4 qalzl ).
We restrict here to the study Lf TE mo: %I.Thuy hava only the field
components E ,H . ,H .. 8ince we are interested to the normal modes of the
slab wavcguid‘ we assline that the @ component of the mode field ias given
by the function exp(iftz). In this way the wave equations for the three
layers become

2
.?._m)._ - Esngo" 0, x>0 (1la)
2

2, 2 )

9% + B X o+ 1/2 <$E1|l;‘l2 - 0 0 <x >-d (1ib)

9 x2

[——

. A S oA __h“.-‘___.-
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1
9E,

2
~— - E K =0, x & ~d (1e)
2%
i,[
where
S = kg
i 2
Ko = f% ~ kz
L
Kyg = P =€k
& 1 3 (2)
Kpo = B = €,k
ko=2Y /N,
The minus sign in eq.(ih) is valid for K..> 0 (surface modes),
otherwise the plus sign must be uned and x\o is redefined as
L
] % 2 |
f Kg = €K = It (3)
with the wvondition that CaDéy Db,
A first integration of aqa, (1) gives
'}
di LI 3
( ‘) - Ey K, = 0 X>0 (4a)
dax
a, \\ 2, *
( ) $F K+1/25 K=o, 0<X<-d (48)
dax
a, boa 2 '
(_ )-n‘ Ko™ 0 * Xc-d (4e)
dx

The solutions of Eqs,(4) are the following

¢ e - ant A

!l




E,(x) = B, expf -K‘ox) {5a)
\,"_qt 4/3
E, (x) -3( ! ) sd (g, (x+ %), %) (5b)
2%,
Ez(x) - n"oxp( x“ (x + d)), {5¢)
where
Y, = (q,‘+ 20,8 )"‘ {6a)
o, = Ky, (6b)

E°= E3 (X:O)
E‘: Ez (*l -d)

0, and x4, ars integration ocnltgntl and sd is a Jacobi Elliptie

Functlon, with the parameter ¢ (31)
1-,‘& f * , (7

2y,

IT.(Sb) (1,0, the solution of the nonlinear vave equation) describes both
situations of surface ( K »0) and guided (K3 <0 ) modes,

The integration constant X,, oan be expressed as a function of the field
B, at the boundary X=01

,

X, -3(, ) . [E.( 2:'5 )4"‘}, (8)
{ ", "ﬂ‘,t

Uling the continuity of the first derivative at this boundary,it is also
posaible to find the expression of the dispersion equation

an (m(x" + a) ) dn( ¥y, [ x,,+4d))

on (ff (x,, +d))

Kyo ln(ﬁ;‘x.,) an (g, %, )

K
20 on (f;, X, ) )

The dispersion equation (9) is however not a convenient form to be
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handled due to¢ the presence of the two integsation constants x, and <, .
Using egs.(4) it is poasible to eliminate x,, . !

So for asymmetric configuration (é, $ €, ) all the modes of the structure
are given by solving the following equation:

ln(f;,(x.'-o-d) ) dn ([, (xy, + 4 ))

en(dy, (x,, +d ) )

} Koo 29, [-( x':+ x:.) +\/ { K':-'- x.".)‘-r 20,$ 3 . :,
L, [y 2 o e i
Ko - tt[ SR+ K)o+ ‘/( Ke t K) +20,§ ] :
l v
( 1| - d'z ) :
1 1, .:
o e e————————
* 3 i Y0 J
(x:“d") [ 1 - (1= t‘) 2(’[ (Kg+ x;.) +/—(—K,.+ ls') +20.$ ]
RARE A
(10)
where
1
Lkt t ¢ A
‘%x -#.d-l 2(.[- (Kot Kgg) + /TK,: + Ky ) +2c,$]
I 0y - .
i :
C ¥ -d,)
(11)

a2 }n tr‘\il wnyEth)o dispersion equation for each ﬁ depends on &, d,
‘n °| Q'l .

In the linanf' limit ( § 90 ) this aquation reduces to the one
for a linear slab waveguide.
In the case of a symmatric configuration (&s€¢), the dispersion aequation
for symmetric and antisymmetric modes (the only possible kind of modes for
this configuration) is given by 1

an (v/;:,dﬂ)dn (f;,dlz)

-~ f(x) )

on ( G. 4/2 )
(12)

Where
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for antisymmatric modes ( E, = = E* )lnnd
sy, a/2) an (3, ar2) 1
on (fy a/2) £(x) (14)

for symmetric modes { E = E‘).

These dispersion equations describe both quided (K:<o ) and
surface (k3 5 ¢) modea, and can be solved via the usual graphics methods,

3, POWER FLUX

To know the behaviour of the modes inmide the guide, it is more
?g?vcnicnt to express the power flux through the structure caloulated as

2 +0
P _E‘_'.:'__ B (x) dax , (15)
8l e —ed

Bubstituting the solution of the wave equation wa have, for an asymmetrioc
strxuature . .

P= P _ii_ + _Et“_ + IE—;7~ [ 2 (ﬁﬁ( X * 4 )) =

2K’. ) P s
- Bl %) 4 {, (%, +d) - (1=t ) f, a+

+t" (an (17, %a)) cd (%) = an (G %, + 8) o (/F, (x, + & )}}

which reduces tc the following expresgion in the came of a symmetrio
strugture

’ (16)
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E: +G‘(7' c . fy, a

- (1=t )

i
S |
|

Ky

+2I(G,d) -2\:" (1~ q) lnq\rﬁd/z)cd(ff, 6/3)]§r

?
with P e P (1
eTw
)

where gqml for s trio modes and gqu0 for antisymmetrioc modes, and l(&t’ ol
is the elliptio ¥ntoqtll of the sacond kind (31), o
It is saay to verify again that in the linear limit eq.(17) reduces to

the power expression through the corresponding linear struocture. !

4. NUMERICAL CALCULATIONS AND RESUL1S !

We have caloulated the mods behaviour in a waveguide made bx a thin £ilm .
of a nonlinear material with ¢, w12,924 , § =3 wYw, and thlokness 4, !
bounded by two media in a l{mmceric configuration with 6, =éye 242 for .
different values of the ratio d/A 1t d/A # 0.8, and 4/ =l !
At ficst we have solved (by intersection) the dispersion eguation, then we

hava ocaloulated the power oarried by sach allowed mode of the slab :
waveguide, The main result is an "N" shaped curve describing the behaviour X
of the propagation constant of the antysimmetrio mode as a function of .
the normnlfnod powar PE/P {(in the cass of aymmetzic con!igurntion)ln.!&q.lh

This shape is oharuouorileic of a bistable process which in this cane |
shows itself as the pressnce of a orytical power value at which two modes .
of the same kind appear.

Theze aze several YOIlibl. applications of thews results. At low
E:wur-, balow the orytioal value fos the bimtuble behaviour a deflector can
made, use the change of /A with powar when extracting the mode from
the waveguide. At the orytical powsr two modes of the same kind sppear

and the system can be used as a 2switoh2 batween two statens.
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SUMMNARY

We have recently demonstratad two noval, passive, low-~povwer, guided-wave optical limiters. Both ara '
based on intansity-depsndent refractive indices and involve phenomena unique to optical waveguides, The |
tirst utilizes newly discovered nonlinear guided waves that exhibit optical~limiting action for a film .
bounded by a nonlinear medium, The second relias on an intensity-dapandent raduction in coupling '
afficiency whan waveguide modes are excited by prism or grating couplers, In both cases, praliminary
axperiments have demeonatrated optical limiting action,

1. INTRODUCTION

A totally passive optical llaiter is very difficult to achieve for saveral reasons. A high-power '
incident optical field can a) cause a phase transition that changes a material's optical properties from :
transparent to xeflecting, b) trigger a detector relay that closes a shutter or apply a voltage that
causes a phase transition, or c) cause a change in the matarial rafractive index that is usually translated
via an optically resonant structure into a change in the refieactive properties of an optical device. Only
cases a) and c) balong to the passive category and can have response tites limited assentially by thoss of
the material nonlinearites, 1In case c) particularly, the optically induced change in the rafractive index
is typlcally given by an = nz8, vhare 8 is the local intensity in watts par meter squared and ny is in
meters squared per watt. or a4 given amount of total power thut is tha quantity of intarest in most
applications, the intensity (powar/ares) can ba optimised by redueing the beam cross-sectional area. Waves
guided by aingle or multiple interfaces offer an ideal approach, ocince tha beam cross-saation can be
reduced to the order of an opticul wavelength in ons or both dimensions. Guided wave versions of schemes
firat proposed for plane waves, for oxample bistability, offer oparation at power levels reduced by two to
four orders of wmegnitude relative to their bulk wave counnrpuru.l Unfortunately, they can suffar from !
the same problems as bulk devices, such ss background levsl,

An {ntensity-dependent refractive index affscts tha propagation of light in a medium in two ways.
Hret, changes in the index lead to changes in the optical wavevector k of light in the mediun, Therefore,
if an optical beam is propagated a distance L in the medium, tha net phase change kL can be tuned through
mar, whers m is an integer, by changing the power. That is, an interferance condition can ba changad from
destruative to constructive and vice-versa by increasing the intensity of a light bsam. Under appropriate
conditions, this phenomenon can lead to optical limiters that operate over limited wavelength ranges, such
as narrov-band limiters useful for blocking specific wavelangthe.

An sxample of such a procass is the eoupling of radiation into a nonlinear optical waveguide via a
distributad couplar such as a prism or a grating.>»* Under such s couplar, the guided wave field grows i
vith distance aleng the waveguide surface over the aperturs of the incident beam. For efficient coupling,
the projection of the incident field wavevector (plus tha grating waveveutor for grating couplars) onto the
surface must match the wavevector Mkg of the guided wave baing generated. Howaver, if the guided-wave 4
vavavactor varies with guided wave power (A = g + 8B(P ) via an intensity-depsndent refractive index in
one of tha guiding maedia, this synchronous coupling condi“on is epoiled and coupling efficiency is redunad.
Henca increassd tncidtnt power leads to decreased coupling. We have alrsady demonstrated experimentally
this phenomenon.

The amplitude distribution of a high=power
optical field also changes with propagation distance
in & wedium characterized by an intensity-dependent

refractive index. Yor & self-focussing modium i
(ng > 0), an optical beam collapses at some point y
into & narrow filament that can be blocked off or
transmitted, depanding on the application, 1If the ,_ , /////,
. - ¥

bean is guided by a single interface, or by uultiple
iuterfaces, the field maximum can movs from one
medium to another with increasing pover a ain the
transmission properties can be controlled.’~? Under
differant conditions, tharmal effects in a bounding
medium cen cause a guided wave to become laaky at
high powvers, and again the waveguide transmission
decrsases  with increesing intensity, Thase
approachas can, i{ the material nonlinearity ie
brosd-band, lead to large bandwidth vptical limiters,

2mh

opportunities for obtaining optical-limiter action

caused by power~dependent amplitude distributions Fig. 1. Geometry pertinent to nonlinear guided wuves,
that octur uncder cectain conditions. Consider waves

guided by the thin-film waveguide shown in Mg, 1 for

4 film of refractive index ng and thicknass d,

bounded by a cladding and substrats with indices Ne

Optical waveguides therelore offer new t
{
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and n,, respsctively. “han the ecptically induced change in rafractive index ny8 in one of tha thres media
bacomas comparable to ng - n, or ng - n%, tha guided wave fields and propagation wavevectors change
dramatically trom their low-powar values.’” Fortunately, the nonlinear wave aquation that includes an
intensity-dependant refractiva indax has Dbasn solved nnniyt.i.cnly,5' and numarical solutions of the
dispersion relations have wshown that the rasuicing waves exhibit maxima in the power that can be
transmitted by them. We have verified this basic prediction in a praliminacy expariment.’?

2. RONLINEAR GUIDED WAVNS
(a) Salf-focussing nomlinsaritiss

In the geometry of Mg, 1, we assume thst tha cladding medium 1s charactarised by a refractive index
of the form n = ny + nze8 where ' s the local guided wave intensity, The nonlinear wave equation that
must be solved, for sxmmple for 1 .olarined waves (E.), iv

v

vzlcy + kOZ[ﬂnz + Gcleyzlncy =0 , (1)
vhcrg go = u/c and ay = nyZcegnaye POk nze > 0, the field solutions in tha nonlinear cladding ave of the

form>™
teyten) = hE s ST e @

whare § s the affective guided wava index, q2 = 2 = no2, and #; can La caloulated from the yower carried
by the vave, In tha film and sudstrats,

Egy(0,0) = 8qy(0,0) [uoo(uko:) + -% tanh(qkgs ) nit-(xkol)] ’ " <ngy (3a)
Eey(0,2) = Eqy(0,0) [conh(nkol) + -5 zanh{gkgsy) sinh( Ikol)] ’ s> g, (3b)

and
Egy(0y2) = Egy(0,d) o~ %89 (30)

respactivaly, whara Eqy(0,0) is given by Eq. (2), sy = p? - n.z. and x2 = ||2 - ngzl. Using standard
integrated optics techniquas, dispsrsion relations are obtained by

x(q tanh(qkgx)) + s]
k¢ = 2q tanh(qkony)

x(q tanh(qkgn)) + »)
=x% - aq tanh(qkgs;) '

v M<ngy (4a)

tan(xkgd) =
and

tanh(xkgd) = PO ng . (4b)

The totel guided wave pover par mater of wavefront is given by P, + Py + Py, where

By ® E;K:%E;;“ - tanh(kgqsy)) (3a) ,

8g | Bey(0,4) 2

Py - m|i;§:(5:—0;| , (3b)

Pg = Elq (d(1 + &; tanh2(kgqs})) + -“—n;%%?‘ﬂu - E.; tanhz(kéqll))

) + ‘19‘; tanh(kgaey) (1 ~ con(2kged))] ,  ng >, (3¢)
an

8 1,
v = 2 40 - !5 tanh2Ckgqny)) + !-“3‘!%?‘—"-’ a+ 5:; tanh2(kgqn}))

+ -;!56 tanh(kgqe)) (cosh(2kgxd) - 1)) , £ > ng, (3d)

where §g is tha guidad wave Poynting vector at tha film~cladding interface.

Since largs material nonlinearities are usually accompanied by large loss in the material, it is useful
to alwo esrimate the pover-dependent attenvation. The koy assumption is that the fisld distributions
obtained from solutions in loeslesa nonlinear waveguides ur still ve: . if the loss is small, From the
expansion of Ve(RxM), and Maxwall's equations ¥xE and ¥xN, it is easily shown that

Vo(Byxly) = %“'0'11'7"1. (6)

in the y'th medium where ¢ = n 2 ~ 1'11' the relative dislectric constant has a swall imaginary component.
That 1s, nvz > > epye Inr.nntznl over a small-volume element dV and subsuituting in terms of the guided
wave pover will lead, after soma manipulation, to
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ceq

BL " Pe + Pg + Fp) _

t1E(=).E*(2) dz 0))

for the imaginary componant of the effective index B = pgp - iAye Here P, is the powsr per unit distance
along the wavefront propagating in the vy'th medium. The subscripts c, f, and s refer to the cladding,
film, and substrate, respectively. For s-polarized waves,

i
3 roe s e R AN ®

Bample calculation” are shown for ng. > 0 in Fig, 2 for tha effective mode index 8 versva guided
wave powar for the material system studied in our axperiments,) namely a gluss film on a glass substrate
with the nonlinear liquid crystal MBBA as the cladding. (npc > 0 corresponds to a nonlinearity in which
the refractive index increases with {ncreasing power.) For both the TEy and TE} modes that can be
supported in this waveguide geonatry thexe is a maximum imn the power that can ba transmittad by the
vaveguide for bounding medis with a positive nomlinearity. For TEp, the transmitted power drons with
increasing 8 aftar the peak is reached, and then rises again asymptotically to the powar associated with a
single interface s-polarized surface polnitcn.“ For TEy only, & single maximum in tha guided wava power
is predicted, The corresponding field distributions are shown in Fig. 3. The effact of incressing B is to
localize the field in the cladding mediums Clearly, thesse nonlinaar guided waves lead to optical lmiter
actlor,

O s e Py S e
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z A 7 7
st @’
5T |

-
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15 L.] 10
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(b)

Fig, 2.  TEy and TEy guided wave power versus the sffective Fig. 3. The field distributions associated with TEq and TE
Indax g for waves guided by a Coming 7059 glass fiim nonlinear guided waves for a nonlinsar cladding.
th= 2,0 um) whh a ng= 1,55 substrate and a
nonlinear cladding (ng = 1.5, rpe = 109 m2/w),

The limiting action for the case ny. > O has been demonstrated for TE, waves expsrimentally using the
apparatus sho'n in Fig. 4. A bead of l.fquid crystal MBBA (ng = 1.55, npp = 109m2/W) wam placed on top of
a glass (ng = 1,61) waveguide deposited onto a microscope slide as a substrate (ny = (.52), Radiation from
a 0,515-ym argon-ion laser was coupled into and out of linear portions ol the waveguide by strontivm-
titanate coupling prisms.

The results? are shown in Fig. 5. Both limiting action and hysteresis were obssrved. This hysteresis
is a direct conssquence of the lossy nature nf the liquid crystal madium and is unrelated to tha limiter
action, The power~dependent loss occursr because of a powsr-dependent mismatch between the guided wave
fields at the transverse, linear-nonlinear waveguide boundarias, ana because of power-dependent
attenuation in the nonlinear medium, Since the nonlinear bounding medium has a high absorption coafficlent
compared to that of the film. the attenuation of the guided wave should increacs as cin increasing fraction
of the gnided wave power is propagated in the nonlinear medium caused by self-focussing (Fig. 2). As the
pover is incressed from zero, the wave follows the low P side of the dispevsion curve (TE) in Fig., 2) up
to the maximum power point whersa the transmitted power reaches a constant valua. Hysteves.. occurs when
the incident power is decreased past the maximum transmission valua and both branches of tha g-versus-—
pover curve are followed as the power is split between them (Fig, 2). "“he highar B branch corresponds to
stronger localization in the liquid crystal and therefore higher net losm until the point whare the high 8
branch terminates.

Therefore, the basic limiting action of the nonlinear guided wave solutivne hae been confirmed.

The nonlinear wavas in this experiment ware launched through the boundary between a normal and
nonlinear waveguide. Thay could also have besn excited by endfire coupling dirsctly into the nonlinear
waveguide, In both cases, tha nonlinsar field distributions are established at tlhe linear (or
alr)~nonlinear waveguide transverse boundary, and typically all other fields are stripped (or radiated)
avay in ar most a faw tens of wavelengths. Therefore, only a few tens of micrometers are nesded to
establish the desired proparties, and wany such devices can be combinad serially or in parallel.
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(b) Self~defocussimg nounlinsaritias

The inherent problem with uaing self-focussing

nonlinearitias {s that tha lowest-order TE; solution

: . sxhibits only a local (and not absoluts) maximum in
the guided wave power. There is & maximum Angg by
which the rafractive index of a material can be
changad optically, and it is possible that inclueion
of this saturation effect will lead to an absolute
unaximum in tha power that can ba transmitted by the
TEg wave., However, s maore attractive solution is to
usa nonlinesr cladding medim characteriszed by self~
WAVEQUIDE defocussing nonlinearities. As wa now show, this
SURSTRATE laads to limiting action even with tiw lowest-order

TE mode,

LIQU
CRYSTAL

Fige 4  The apperwhus wed ‘o demonsirete honlinear gulded

| waves, The nonlinear gulded waves obtained in the

material limit nge < 0 have been treated defore.l0sll
In this cass, the solution to ths nonlinear wave
equation in the cladding im given by

28 A fkox=we) | o

- -d PR SO

TE | MODE Bey(um) = g4 T rep— )

bt (9
J and tha fields in tha f£ilm and substrate are etill

20} given by Bq. (3), but with tanh(qkgu)) raplaced by

cotanh(qkgai)e  The dispersion relations and power

- formulas are also still valid when the same

- substitution is made.

V81 - A
Optical 1imiting action can bs obtainedll it one

(ng > nyy n3c ¥ 0), or both, of the bounding media is
characterized by a salf-defocussing nonlinearity
(nzy € 0)s The results of a detailed calculation for
. ) & MQW (multiple quantum wall) GaAs/GaAlyAs).y gulded

wave structure are givon hexd (Figs. 6 an ;5. The

P EmW]

: + Increasing intensity nonlinear MQW material is assumed to be characterized

1 : o decreasing Intensity by nge e =2 x 109 @?/W and ng = 3,3831%; the

08 ~ subatrate is the appropriate bulk GaAlyAsj.,

\ composition for ng = 3,38 and the f£ilm of bulk

: GuAlyAw).x has variable index ng(x) and thickness, If

the cladding is the only MQW material, then it is the

= L ) only one that will have a significant nonlinearity at

0 1U0 200 100 room temperature. We neglect losses, but do note

i . Pin tmW) that only a small length of guided wave structure i

necessary wince the nonlinear waveguide properties

: Fige 5. The transmiited versus Incldent power for a nonlinear ars all established at the nonlinear waveguide

wavegulde consisting of a liquid cryste! used as @ boundary. Tha decreass in § to wavegulde ocut-~off

cladding on fop of & thin film glass woveguide, The with power is shown in the inset of Fig. 6. It can
results are for the TE| wave, easily be shown that in this limitl0

nya 3,390
&
[}

‘ 5%
2 POWER (mW/mm)

L1 | | | 1 |
1305 B%W bt nln (T I TR I T R ¥ ST
{ne) FILM INDEX ny FILM THICKNESS {um)

Fig. 6 The cut-off power for the TEy wave versus Index Fige 7o The cut-off power versus flim thickness for the TEq

difference between the flim and nonlinear wave whh 8, the effective Indox fixed at
GaAsGaAly As| .y cladding, (nset Is the effective Ng + 0e2(ng = ng) for a GaAs-GaAlAsi., self~

dim Malalimman ab § NT sm

U index versus gulded wave power for n¢ = 3,39 and defocuming clacding,
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Fe kpenenge 4o
K[lkotl + 1}
tan(kpkh) = —:W: >0 o (11)

The sacond equation implies that x) =0, which leads to a finite valus of P, at cut-off and optical
limiter action, as shown in Mg, 6. Tierefors, limiting action is obtained whan the rafractiva index
of the nonlinear bounding medium is larger than that of the limear bounding medium for negative
vonlinearities, Note that thiv is the lowest-order mode, and when it cuts off, no power can be
transmitted through the waveguide. Ths variation in cut-off puwar with index diffarence ng ~ ng is also
shown in Fig. 6. The chickness of the film was chosen to give B = ng + 0.2(ng - ng) for sach case, A much
more dramatic variation in cut-off powar is produced (Pig. 7) by fixing ng and varying the film thicknass
(and therafore 8 as well)s Changes in limiting power of five orders of magnitude can be ituned by fixing
the required film thickness. Thess results indicate that limiting action can bs produced st usefully low
powar levelw,

(e) Leaky wava cut=off

Optical limiting action can also be obtained by incressing the refractive index of a nonlinear
cladding wedium more or less unifornly until a guided wave bacomus cut-off into a radiation field in
esither the cladding or substrate. That is, for a givan thickness, the existence of a guidad wave or a
laaky wave in s guiding structure dapends on the refractive index differenca between the film and one or
both of the bounding wedism. As the power in tha nonlinear cladding increases, its index incrsases hecause
of thermal effects, and tha highest=order
axcited mode moves towards cut~off, At cut-
off, ecnargy leaks out of the guided wave in
the form of radiation fialds. If ng > n,,
radiation occurs into the cladding medium. 0.0801- Pin Pout
Alternativaely, if ng > ng, power is radiated
into the subutrate. LC

The results of an experiment that
appaars to e«4hibit this type of bahavior is
shown dn Mg, 8. The transmitted power
initially rxises linearly with incident powar.
Further increase in incident power leads to
decrease in transmitted power until very i 1 |- "
little is transmitted by the waveguide via the v 100 200 300 400 500 600
wode being launchud, Note that in this case P (mw)
the degree of limiting action depands on the in
propagation distance through the nonlinear
part of the waveguide, contrasting with the
pravious two cases in which the 1limiting Fig, 8,  The TMp gulded wave power fransmitted by a section
action was established at: the transverse of glaes waveguide with a bead of the liquid crystal
boundary. on top

T™q KI5
Au5145

Pout (mW)
3

3. NONLINEAR DISYRIBUTED COUPLERS

A third unique guided wave approach to optical limiters is to aexploit the very procass by which
radiation is coupled into a thin-film waveguide by distributed couplers such as a prism or a yrating., The
geometry wa consider 4s shown in Fig. 9
Light is incident through a priem of
refractive index np at an angle &, to the

ecurface normal, One of the waveguiding media,
ths cladding (gep), film, or wubatrate, m » MBDA
exhibite an intensity-dependent refractive Liouio

index whoss changs with intensity is givan by CRYSTAL

nz8, where § 4is the local guided wave
intensity.

The coupling process by which a guided
vave is launched is well known, Tha incident
field is written as Figs 9. The nonlinear prism coupler geometry,

Ky (x,8) = %lo.o(‘).ikonp(unopx - cosbps) = dut . a2

whare ag(x) describee the incident field distribution along the propagation direction, typically Gaussian.
The guided wave fisld at the film-cladding interface is written as

E(x) = %l‘(xh““"' T e (13)

Hore ag(x) is the guided wave field amplitude. Assuming that one of the guiding media has an intensity-
dependent refractive index and that the principal effect of the nonlinearity is to praduce a power-
dependent guided-wave wavevector, this wavevector can ha written in the form
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B =By *+ 4ByPy (14)

where Fg is the gulded wave power per millimetar (neasured along the wavefront) and the coefficient 48, is
calculated from the guided wave nonlinearitise. The nonlinear coupling process discugsed here usually
occurs at power levels one order of magnitude lass than that required feor nonlinear guided wavas, The
variation in guided wave index with power corresponds to the linear portivon of the curves in Fig. 2. A
couplad-moda computational approach is adequate for the calculation of 48y, Tha coupling equation that
dascribes the exchangs of snergy bstwesen the incident and guided wave isd

1(npkosiney=Bg=-ABgPg)x

fag(x) = tagtm)e - 1= lag(n) (13)

Nhere & i4 the characteristic distance for reradiation of the guided wave field back into the priem and
is the transfer coefficient that is easily calculable from the waveguide parameters.

A calculation of tlie in-coupled versus incident power fa shown in Fig, 10, As the waveguids power
grows with propagation distance, the wavevector wiematch betwssen the incident and guided wave fielde
increases (that is, Afkg = =ABg,Py ¥0 initially assuming npkesinep=8,) und coupling synchronism (defined by
A8=0) is lost. The net result Is that coupling efficiency dncguul with increasing power,8 laading
directly to an optical limiter, as indicated in Fig. 10,

A preliminary expariment has baan parformed to test this concept.® Liquid crystal MBBA was pluced
batween a coupling prisem and a Corning 7059 glass £{im deposited onto a eilica glass substrate, The
coupling efficiency wus measured by comparing the power coupled out by a necond linear coupler to tha
power incident on the input couplar. The results are shown in Fig. 11, Thexra is clesr indication of
nonlinear coupling leading to optical limiting action.

— Oroasing inteneity
60 I ... Deoreasing Intensiy 1o}~
o N
., B0
“ )
iw E - o o Yy s "
. [] L]
Jno ‘5-
10 a. [

100 800 80 700 900 i
B, (mW/mm)
Fige 10. Theorwtical calculation of ihe wavegulde versus
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Incident power fcr a nonlinear prism coupler with o P (W) o

A/wy = 1,3, wo = 0,65 mm, and o = 100 em=1, AF Fla. 11
an Incldent power of =800 mW, the coupling g. 1l
efficiancy was re-optimized (by varying the

incidence angle) and then the Incident power reduced

The guided wave power versus power incident ontu a
cauling priam for a nonlinear coubler consisting of a
liquid crystal (cladding), a Coming 7059 gless tlim,

10 260, und a scde-lime glass subsirate.

It is interasting to note that the operation of a nonlinsar out-vouplar is different from the input
coupler, In the out-coupling process, the direction of the radistion field 1s determined by the local
guided-wave wavavector, Therefors, it is automatically slways synchronized to the guided wave. Reversing

the input and output in Fig. 9, we found the transmitted intensity to remain linear with input powar, as
oxpacted.

One of the key features of thi. type of limiter is the highly diractional radiation accepted by the

prism coupler, Therefore, not only doas it limit the power acceptad over s small smolid angls, such a»s a

distsnt source, It also vary afficlently rejects electromagnetic snergy that is not incident at the correct
angle,

Thiv research was supported by the Nations) Science Foundation (RCS-8304749), Army Rasearch Office

(DAAG-29~B5-K-0026), the Joint Bervices Optics Program (MiCOM, BMDSC), and the NSF-Industry Center for
Optical Circuitry.
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DISCUSSION

AKohnle, Ge
You'showed an optical limiter into which radiation is coupled by a prism, Can you say something about the acceptance
angle restrictions or field of view of such a device?

Author's Reply )
The typical numerical aperture is few minutes of arc.
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PIN-FET PREAMPLIFIER FOR HIGH-SPEED OPTICAL TRANSMISSION SYSTEMS

B.Schwaderer
ANT Nachrichtentechnik GmbH
Gerberstrape 33, 7150 Backnang, FRG

Summary

The desl?n of a hybrid integrated PIN-FET transimpedance preamplifier is given for long-
haul optical transmission systems at 1,3 um wavelength with bit rates of 140 Mbit/s and
565 Mbit/s, The preamplifier uses a GalnAs/InP PIN-photodiode with a dark current of
less than 10 nA, a hlgh spectral rasponsivity of greater than 0.7 A/W at 5V bias supply
and a GaAsS-MESFET with 45 mS transconductance and about 0.7 EF input capacitance, Using
transimpedance-resistors of §0 ki and 25 kR the design goals of recelver sensitivi-
ties are -43 dam for the 140 Mbit/s system and -36.7 dBm for the 565 Mbit/s system res-
pectively for BERs10-Y ., The measured values of - 42.8 dBm and - 35,8 dBm including
connector losses are within the predicted ranges,

{, Introduction

The development of multi-mode graded-index fibers and single-mode fibers with low loss
and high bandwidth in the lon?-wevelongth region (A= 1.1 pym - 1,6 um) has Sspurred
the demand for high-spaed optical transmission systems, coverlng the PCM (Pulse-Code-
Modulation) transmission systems hierarchy of 140 Mbit/s and 565 Mbit/s.

One of the key-elements of such systams is the optical receiver. As the transmitted
output. power of the laser diodes used is fixad bacause of life-time reasons, the racel-
ver sensitivity is one of the main figures affecting the maximal transmission distance
without repeaters,

At present time for bit rates up to 700 Mbit/s, the optical recelver is based on either
a Germanium avalanche photodiode (Ge-APD) in conjunction with a low-noise bipolar tran-
sistor preamplifier or an Indium-Gallium-Arsenide PIN-photodiode (InGaAs PIN) hybrid
integrated with a low-noise GaAsS-MESFET preamplifier.

PIN-FET receivers can have a better receiver sensitivity than Ge-APD rece{vers /1/ and

they don't require & stabilization of the high voltage bias supply and of the tempera-
ture. Thus thils paper shows the design of PIN-FET preamplifiers for optical receivers,

2, Basic Design Principias

The goal in the design of an optical receiver Is to minimize the amount of optical po-
wer necessary at the reto!ver {nput to achieve a given bit error rate (BER) in digital
systems, This optical power r is usually measured in dBm (0 dBm = t mW) and referred to
as receiver sansltlvltg. To optimize the sensitivity, the photocurrent generated by the
detacted power P must he converted to a usable signal Yout for further oprocessing
with a minimum amount of nois. added, Fig,1a, The preamplifier is defined as the first
stage or stages of amplification following the photodiode., Beside the detector the
praamplifier is the dominant source of nolse added to the signal. Thus the main nojise
sources are: the shot-noise of the photodiode current, the thermal noise of the resi-
stor used to provide a dc-return-path for the detector current, the shot-noise of the
gate leakage current and the noise contribution of the channel conductance of the FET,

Fig, 1b depicts the noise equivalent circuit of the receiver Input stage. The signal
current Ig is genarated by the incident light of power P and given by

fg s SA* P (1)

where the spectral responsivity S, of the photodiode depends on the quantum efficien-
cy of the diode and of the photon energy or wavelangth. 5*7 ranges from 0.7 to 0.9 A/W
at 1.3 to 1,6 um typically, The shot nolse current source iq with the density

d
a.qu 2q (Ty+ 1} (2)

(q is the electronic charge) represents the noise contribution of the signal current iy
_and the dark current In of the diode. Cq s the depletion capacitance of the diode,
fhre blas resistor R is associated with a thermal nolse current | of density
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(Boltzmann's constant k, absolute temperature T). Cs is any stray capacitance of the
circuit. The input equivalent noise sources of the FET with the {nput Impedance 2j,
originate from the gate curreat Ig,

d /7

3 é ~ ulg (61
and the channa| conductance

4.7 L

Ve " hkT(qml {5)

{(9m transconductance, [ noise calculation factor; rm0,7 for S§I~FET,Twmi, 1 - 1.7 for
GaAs-MESFET /2/).
For signal frequencies up to 1 GHz the input {impedance of FET will be capacitive,

1
In w 2nt ! (6)
where Cinh 15 composed of the gate-source-capacitance and the drain-yate-capacitance, A
detelle$ analysis shows, that the bit rate dependence of the total nolse due Ho the
hias resistor and the FET becomes /3/

12 C

2 (n
o 1318

i . [-"RLT(n .6."-;-"-.1. 2q1lg | Iptg + 4kT Fi2m

)

(Cr = Cg + Cg + Cp 3 Ig , 13 calculation figures dependent on the shaps of the signal
pulses; fg bit rate),

To minimiZze the noise contributions of the FET, a GaAs-MESFET is commonly used, selec-
ted for low i{nput capacitance, high transconductance and low gate leakage current, To
reduce the thermal noise contribution of the d¢-return resistor Rp (Fig.2) for the pho-
todiode, the value of the resistor should be as large as possible, typlcally 1 to 5 Ma .,
When Rpis large the input admittance is dominated by the total Input capacitance ¢ and
the frequéncy response of the front-end has a low cut-off froquency fry , typically 20
to 100 kHz, This design is referad to as thh impedance front-end., For digital signals
with clock frequancies f¢y » fry & carefully adjusted equalization 1s necessary to
reshape the signal pulses. In many cases the equalization {s done by wusing a diffe-
rentiator which attenuates the low freguency components of the signal and thus restores
a flat frequency response, Although the high impedance front-end 1% capable of raducing
the noise to an absolute minimum /3/, this design has several drawbacks:

0 The equalization has to be adjusted to compensate the frequency dependance of the
input admittance, which varies from front-end unit to unit,

o The equalization exactness degends on the signal spectrum.

0 The cynamic range {5 reduced because the building up of the low frequéncy signal
components wlthin the front-end leads tc saturation at high 1input stgnal levals.

o Circults for temperature compensation of the operating points have to be added.

These drawbacks are not given in the transimpedance front-end design (Fig.3), where the
shunt feedback resistor Rp additionally acts as dc-return-resistor of +the photodiode.
If Rg has the same value as Rpg, the noise of the transimpedance front-end s the same
as that of the high impedance front-end. Assuming the same total Input capacitance(y
and a frequency independent open loop gain A of the am