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I.  INTRODUCTION

This report covers research under Contract F49620-80-C-0040 for the period
from Jznuary 1, 1981 through April 30, 1982. Work done during the period from
January 1, 1930 through December 31, 1980 is covered in an earlier report.! and is
not treated in the present report.

The objactive of this research programn has been to investigate the characteris-
tics of new fiber optic configurations for inertial rotation sensing with the aim of
extending the sensitivity threshold and basic stability of such systenis. The pro-
gram has involved basic device research, including both theoretical analyses and
experimental demonstrations of some specific configuraiions, and the introduction
of some novel concepts in the use of optical fibers in these systems.

The principal approach which has been studied theoretically and experimen-
tally is referred to as a re-entrant Sagnac system which, like the conventional fiber
gyro uses a multiturn fiber sensing coil, but which uses recirculating optical pulses
as opposed to the single pass cw light of the conventional system, giving a mul-
tiplication of the phase shift due to rotation, and resulting in a device which is
intrinsically an integrating rate gyro rather than a direct rate gyro. The re-entrant
Sagnac system was introduced earlier under the AFOSR program, and an all fiber
version had been constructed as of the beginning of the present reporting period.

The effort on re-entrant gyros during the reporting period followed two main
directions. One involved the first experimental evaluation of the new system, which
uses an integrated, all fiber circuit for the interferometer, which give results in very
good agreement with expectation. The second was concerned with the first detailed
theoretical analyses of error sources and operating ranges, as a basis of comparison
for future detailed experimental studies of the device.

Another phase of work under the program has involved analyses of the effects of

scattering, birefringence and modal propagation in fiber gyros of both recirculating
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and conventional single pass types. resulting in disclosure of major sources of error
in conventional gyros and basic techniques for circumventing them which have been
crucial for the development of practical fiber gyros. This work is described in earlier
reports, and has continued during the reporting period. This work has also had,
as an outgrowth, proposals for new modes of operation of single pass fiber gyros.
One of these, involving operation with unpolarized light in single mode fiber was
described in the preceding report.! Another proposal using multimode fiber in a new
way which has prospeets for realizing fiber gyros with fewer components and lower
cost, grew out of work during the reporting period and its analysis is described in

this report.

One of the important new concepts involves recirculating two counterpropagat-
ing optical pulses in a fiber loop and monitoring the pulses as they pass the
input/output junction. This concept we have referred to as the “passive re-entrant
Sagnac system” (PRS). We envisage active operation of such loops, i.e. the incor-
poration of an ai.aplifier in the loop, aimed at increasing the number of circalations
and therefore the optical integration times »f these devices by very large factors. We
have referred to such an implementation as an “active re-entrant Sagnac system”
(ARS).

The ARS approach possesses some features of both the ring laser gyro and
the usual fiber gyro, and avoids s 'me problems of both. Like the ring laser gyro
it recirculates the optical energy many times around a closed sensing loop which
contains a gain medium, it has automatic built-in signal processing with output in
the form of a frequency having the same value as the beat frequency from the ring
laser gyro, and it is an integrating rate gyro having inherently linear response. It

is like the usual fiber gyro in that it can be realized in all-solid state form, contains




an N-turn fiber sensing loop. uses an external fixed-frequency optical source and
is free of lock-in. Unlike either of the other two devices, however, cptical pulses of
several microseconds duration, rather than cw light, are injected into the sensing
loop from the external source.

Another way in which the ARS device differs from conventional fiber gyros
concerns the optimum total optical transit time in the sensing loop for maximum
signal-to-noise ratio. The optimum fiber length in the loop is the same for both
devices, within a factor of two, but in an ARS device the light will traverse this same
loop a large number of times, thereby multiplying the Sagnac rotation-produced
phase shift.

With regard to the integrating feature of the ARS gyro. successive readouts of
the cumulative phase difference between the two recirculating signals generates a
sinusoidal wave so that one can actually measure the integrated angular rotation
of the system. This is ultimately what is required in most applications, such as
inertial navigation. In contrast, conventional single pass rotation sensing gives a
signal which is proportional to the phase shift per pass. That requires maintaining
some precise and invariant proportionality factor between these signals and the
corresponding value of rate of rotation. Then, integration is necessary to get the
actual angle turned through as a function of time. This feature, that a single
pass device provides only a measure of the instantaneous rate of rotation of the
system, which must then be integrated, complicates the use of single pass fiber gyros,
generally requiring electronic closed-ivop vperation. In the re-entrant device, which
generates a sinusoidal waveform representing the integrated phase shift between
the two counter-rotating signals, the number of cycles generated of course depends
on the rate of rotation and the duration of the circulating pulses. The repeated
circulations of the pulse must continue long enough to encompass many cycles of

phase shift between the two recirculating signals.
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The significance of the above distinctions between a conventional single pass
device and a re-entrant device has become more apparent recently, partially as a
result of onr own work on single pass gvros'® under another program. We have been
able to get, we think. the highest sensitivity achieved anvwhere in such single pass
devices, by refining the device and all its comporents, and optimizing the operating
conditions. Some of those components liave been of fundamental importance in the
AFOSR program. Having achieved such high performance we are now more fully
aware of the limitations of a single pass device.

At this time the ARS system appears to have important potentisl for use in
vehicle navigation because of the built-in signal processing referred to above, which
does not require electronie closed-loop operation to obtain a linear scale factor.
Also. because of the leng optical integration time afforded by pulse recirculation. it
has potential for use in applications. such as in geodesy and geophysics, which can
tolerate very large sensing loops and very long integration times to achieve extreme
sensitivity to small rotation rates.

The principal component still needed in all of these cases is an optical amplifier.
Development, under different contracts, of optical amplifiers using neodymium-
based materials, organic dyes, and semiconductors, is presently underway. Results

from this work will be available for use on the AFOSR program.

II. PROGRAM SUMMARY

Most of the work performed in this program during the reporting period
(January 1 - April 30, 1981) has been concerned with the following items.

(1) Detailed measurements and analysis of an all fiber passive re-entrant rota-
tion sensor including evaluation of the new form of signal processing, made possible
by the re-entrant format, and studies of the error sources, characteristic of this

configuration. Experimental results from the operation of this re-entrant rotation




sensor, described in more detail later, were in gocd qualitative and quantitative

agreement with the theory. Nineteen recirculations of an optical pulse around an

v . 5 9
230 meter long fiber loop have been consistently obtained.”
(2) .\ number of theoretical studies on the general performance characteristics of

yassive re-entrant fiber optic rotation sensors, including (a) the effects of polarization
I 2

and birefringence on performance, and (b) the propagation and behavior of noise.

(3) Theeretical calculations on various problems expected with this kind of
device. We have considered such topics as the sensitivity limits of active re-entrant
systems due to amphfier noise. incoherent Rayleigh backscattering, and the effect
of amplifier nonreciprocity.

(1) It is to be especially noted that the investization of the whole problem
of birefringence ana polarization effects in fiber gyvros revealed possible great ad-
vantages in two particular forms of operation - (a) controlled unpolarized operation
3

of a fiber gyro and (b) the use of multimode fiber for rotation xensing.

All this work is described in later seetions and publications which are attached.

[II. RE-ENTRANT FIBER GYRO EXPERIMENT

A. Basic Sagnac System

A re-entrant fiber rotation sensor such as described in the 1980 report (Interim
Scientince Report, January 1.1980 through December 31. 1980, Contract F49620-26-
(-0010) was mounted on a rotating table for testing. The table liad rotating joints
for electrical power and signal output, thus enabling it to be rotated continucusly.
Mechanical tachiometers allowed direct measiurements of the angular velocity of the
table.

T'lie basic recirculating Sagnac system is shown in block form in Fig. HI-1. The
description and sehematic figures in these subsection I1LA and B are the same as

in the previous annual report for Contract 1'49620-80-C-0040. They are repeated




here as a background to the description of the experimental work to be described.
without requiring reference to earlier reporis.

Light from a pulsed source is sent. via an optical junction. into a multiturn
fiber sensing loop. where it makes multiple circulations around the bhop. The laser
is pulsed with an impulse somewhat shorter than the optical transit time once
around the loop. A\ portion of the light recirculating in the loop is extracted by
the junction and sent to an optical detector and associated video signal processor
and display, which indicates the inertial rotation of the sensing loop about the axis
perpendicular to its plane.

The junction has the property that heht entering ac A4 is spht mto two equal-
amphitude parts at I3 and . leading to waves propagating clockwise and coun-
terclockwise, respectively, around the loop. 1t also has the property of elosing the
loop upon itself, in such a way that most of the light, once propagating around the
loop, continues to do so i multiple transits. The junction also has the property
that it couples a given portion of both counterpropagating light waves back out of
the loop and sends them to the detector. The light pulses going to the detector
are modulated in amplitude by the phase interference of the two waves, so that the
received pulse amphtude varies sinusoidally with time at a rate dependent on the
rotation of the loop in inertial space.

The frequency of this waveform provides a measure of the angular velocity of
the system. The loop will contain an optical amplifier and other elements G in
(Fig. 1I-1) to compensate for optical attenuation in the loop, hut it is an essentially
linear system, and as such is free of the mode locking phenomena experienced with
ring laser gyros.

Consider a single pulse from the laser, leading to two pulses traveling in the
loop, one clockwise and the other counterclockwise. After these pulses have traveled

once around the N-turus of the loop, they are reiutroduced into the loop for a




PULSED

> SOURCE

PULSE
GENERATOR
Y SIGNAL
PROCESSING

o <— DET

DISPLAY v

R
c D
FIBER
SENSING (6] | | JUNCTION
LOOP

Fig. II1I-1. Basic schematic of recirculating systen.




LT i ey

T

P

second transit, and this process 1s repeated until a large number of transits have
Leen completed. An amplifier and satnrable absorber i the loop would allow a
large number of recirentations, giving large integration time of the rotation. and
sensitivity to small rotation rates.

As the origial pulses continue to recirculate aronnd the loop, they generate
a train of pulse samples at the detector. It 1s important to emphasize that the
entire train of output pulses results from one single input pulse supplied by the
taser. The effect of rotation 1s to shift the phases of the connterpropagating optical
pulses refative to the inertial frame, in opposite directions. This relative phase it
is proportional to the rotation rate and also proportional to the length of time the
pilses have been exposed to the rotation. As the pulses contume to circulate. they
accumulate phase shift Ao(f) which increases linearly with tinie ¢, The detector is
phase sensitive and the output is simisordal m the argnment Ao(¢). That 1s. for a
fixed rotation rate, the output of the detector 1s a simnsoidal wave in time.

We refer to the system just deseribed as an active recirenlating Sagnae system
if there is an ampiifier in the sensing loop and the pnlses are not atternated. When
operated as a passive recirenlating system without the amplifier, the output pulse

train ix a damped sinusoid whose amplitnde decreases exponentially with time.
B. All-Fiber Interferometer

The design for the optical junction in single mode fiber form is shown in Fig.
I1-2 where the terminals A, B. C and D correspond to the same symbols as in
Fig. llI-1. DC1 and DC2 are single-mode fiber directional couplers. These low loss
couplers, developed in our laboratory, are a key factor in the performance of our
rotation sensors. A brief description of their design is given at the end of this
section. DC1is a 3 dB coupler which splits the hight pulses entering at 4 into two

equal amplitude pulses at E and F, which enter coupler DC2 at opposite ends.




DC2 is a directional coupler with a coupling coeflicient (counling between B and

(" and between E and F) near unity. Thus a large fraction of the light at £ and
F returns to Foand E, respectively, while a small fraction enters the loop to form
counterclockwise and elockwise traveling pulses, respectively. Pulses once m the
loop remain in the loop by crossing from one stde of DC2 to the other following
the path shewn by the dashed arrow, with low insertion loss because of the high
coupling coeflicient between the two halves 1 and 2 of the coupler, and the low
internal dissipative loss of the coupler.

Making ngh quality splices on single mode fibers is diflicult because of the small
core diameter, Commercially avatlable multimode spheing equipment yields sphce
losses of 1-3 dB3 when used on single mode fibers. In order to deternmne base-hne
performance for recirenlating systems, the junction of Fig. 111-2 1s designed to be
fabricated. together with the sensing loop, with no fiber splices at all. This calls for
coupler halves 1. 2. 3 and t:0 be fabricated directly on the ends of the single-mode
fiber xensing loop as at (a) and then assembled as at (b).

A diagram of the overall passive re-entrant system s given in Fig. 11-3. The
svstem shown is passive, without an amphfier i the foop. pending completion of a
Nd:YAG fiber amplifier which is now under development in this laboratory under
another contract,

The optical source comsists of a Nd:YAG laser operating at 1.06 microns,
a telescope, acousto-optic beam deflecting modulator. and beam steering device
leading up to the fiber mput.

Polarization controllers PC1 and PC2 are necessary to compensate the system
for the birefringence in the fiber, in order to balance the interferometer at zero
rotation rate.

Adjustments of the fiber circuit are simple and straightforward. in sharp con-

trast to earlier models using bulk optic components. There are no optical alignments

T
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to be made within the interferometer circuit, but only at the inpnt and outpnt ports.

Asingte-mode fiber-to-fiber, evanescent field directional coupler has been devel-
oped in this laboratory* as noted above, and this design was followed in fabricating
the coupters DC'1 and DC2 on the fiber just deseribed. In this conpler design, a fiber
is bonded into a slot eut in a quartz substrate. The face of the block 1s polished
to remove a significant portion of the cladding. allowing access to the evanescent
fields of the qinded mode. When two such substrates are placed in contact. strong
conpling exists between the two fibers. This couphng is highly directional and can
result m complete power transfer i a lensth of approxnmately I nnllimeter. The
coupling can be varied and optimized by transverse displacement of the fibers. Fig.
IH- 1 <hows an assembled coupler with micrometers to control refative fiber displace-
ment.

The loop of the rotation sensor was formed from an 30 meters length of
Corning singte mode fiber. The core diameter was 6 microns and the measured
attenuation was LY dB/km at a wavelength of 1.06 microns. The sensing loop
diameter was 15 em. With these dimensions for the fiber loop the conversion factor
relating phase shift to rotation rate is 2.16 radians of phase shift for each radian/sec
of rotation.

The loop coupler (DC2 in Fig. II-3) has a maximum coupling of 82°¢. This
is sufliciently close to the optimal coupling value of 90°¢ for our purposes. The

splitter/combiner coupler (DC1) has a coupling ratio whicli is greater than 50°¢.
C. Alignment Procedures for Re-entrant Rotation Sensor

To achieve optimum performance in re-entrant fiber gyvros care must be taken
in the alignment of its components.  The nput end is positioned with respeet
to the coupling lens for optimmm coupling of the laser beam to the fiber. Next,

the loop coupler is set to oblain a maxinmum member of recirenlations and the

- 12 -
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splitter/combiner coupler must be set for a 50 coupling ratio. Due to natural
birefringence i all single mode fibers the rotation sensor will support two polariza-
tion modes. To ensure zood rotation sensitivity the input and loop polarization
controllers must be adjusted so that only one mode is present throughout the fiber
gvro. The details of the alignment algorithm which accomplishes these steps are
given below.

Five alignments had to be performed to render the rotation sensor in Fig.
[HI-5 operational.  The spatial beam had to couple into the input fiber, the
splitter/combiner coupler had to be adjusted for the maximum coupling ratio. and
input and loop polarization controllers had to be adjusted to obtain the proper state

of polarization at the splitter/combiner coupler.
1. Spatial Beam Alignment

The coupling of the spatial beam is accomplished by first misaligning the
splitter/combiner coupler and the loop [/O coupler (Fig. 1H-3) and then monitoring
the power at the output end of the fiber while the input end is positioned behind the
coupling lens. Misaligning the couplers results in the equivalent of the configuration
shown in Fig. IIL.&. The coupling ratio of the spatial beam into the fiber was

estimated to be around 25°¢.

2. Loop I/O Coupler Alignment

The [/O coupler is initially aligned by visually positioning the two fibers on
the top of each other with the aid of a microscope. The modulator is turned on
to launch pulses in the fiber. The photo diode monitars the power exiting at the
output end of the fiber. This detected power is displaved on the vertical axis of an
oscilloscope with time on the horizontal axis. The optical circuit at this point is
equivalent to that in Fig. lll-7a.

Initially, the oscilloscope trace is similar to that in Fig. HHI-"h. The first pulse

- 14 -
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Fig. III-6. Fiber optic circuit for spliceless all
fiber re-entrant rotation sensor. (a)
Unassembled. (b) Assembled.
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is due to that portion of the input which is not coupled into the sensing loop,
while succeeding pulses are due to first, second, and third recirculations around the
seusing loop. The oscilloscope trace implies that the coupling ratio, 6, of the 1/0
coupler is low, i.e. a large portion of the recirculating power is also coupled out from
the loop after each recirculation.

The pulse heights A and B for the first two pulses (IMig. [11-7) ean be expressed

in terms of the loop [/O coupler coupling ratio as

A= Iy

. (111 =1
B = Py(l = &) exp(—al)

where Iy is the input power and alL s the attenuation dae to the tiber in the sensing

loop. The coupling ratio. 9. can be obtained by measurement of 4 and I3 throueh
| pung ) 4

the following equation:

6 = 03[2 + (B/A)explal)] = \/[1 +(B/2 YesplaL)? = | (I - 2)

As the coupling of the loop 1/0 coupler increases. the first pulse increases while
the second one decreases in height. In addition, more recirculations will be visible
(Fig. I1I-7). Physically, less power is being coupled into the loop. but once in the
loop it decays more slowly, because very little 1s coupled out after each recirculation.
The optimum coupling for N recirculations is achieved varying the coupling until

N pulse is a maximum.

3. Splitter/Combiner Coupler Alignment

The splitter/combiner coupler must now be aligned for 50°¢ coupling to achieve
maximum contrast of the pulses. This results from the use of the nonreciprocal port
(Fig. 1I-5) of the splitter/combiner coupler. If the reciprocal port were used, then

maximum contrast wounld always be obtained. Physically, this can be understood

IR -




by referring to the rotation sensor depicted in Fig. ill-8.  Power Fp is assumed
incident on the reciprocal port of the splitter/combiner coupler whose coupling ratio
is . The portion‘of the clockwise wave which arrives at the nonreciprocal port has
coupled across the coupler twice (Iig. I1I-8). The portion of the counterclockwise
wave which arrives at the nonreciprocal port has goue straight threugh the coupler
twice (Fig. HHI-8). The power of the clockwise and counterclockwise waves at the

nonreciprocal port are:

Py = 621)0
(111 —3)
Pccw =(l_b):[,0
Maximum contrast requires equal powers in the two waves, henee from the above
equation & = 50°C. At the reciprocal port. each wave has coupled across and
gone straight through the coupler once, hence the powers are antomatically equal.
Maximum power delivered to the reciprocal port. however, stll requires a conpling
ratio of 53°¢.
An ideal coupler introduces a 180 degree phase shift between the conn-
terpropagating waves at the nonreciprocal port. The waves are in-phase at the
reciprocal port.  For real couplers (i.e. lossy couplers). the plase shift is less

than 120 degrees. The detected power, at rest. at the nonreciprocal port of the

splitter/conibiner conpler in Fig. lI-5 is approximately

Pyetected = Pew + Peow = 2/ P Pecu (HH = 1)

where birefringence in the fiber has been neglected. Substituting Eq. -3 in Eq.

-1 results in

Pietected = (1 - 20)° Py (111 - 5)

When the coupling equals 509, the detected power is approximately zero at the

- 19 -
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Fig. III-8, Optical paths in ring interferometer for
detection at the nun-reciprocal port. (a)
clockwise path, (b) counter-clockwise path.
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noureciprocal port at rest.

In principle. the splitter/combiner coupler is aligned by positioning the two
fibers (Fig. 1I-7) to null the scope trace. In general, this can not be done due to
birefringenve and modal coupling of the two polarization modes in the optical fiber.
This results in a portion of the power in the input polarization to be coupled into
the orthogonal polarization state. The counterpropagating waves, which exit at the
nonreciprocal port in the orthogonal polarization state. have an additional phase

shift o due to the fiber birefringence. Eq. {II-5 becomes:

Pletected = D1 =200 + P87 + (1 = 8 = 281 = ) cos o] (111 =)
where P and P} are the powers of the lightwaves exiting at the nonreciproeal port
in the same and orthogonal polarization states respectively as the mput. When
& — 1/2. the first term in the above equation goes to zero, while the second term
goes to P} (1—cox0)/2. The detected power is not zero at & = 1/2. lu practice, the
splitter/combiner coupler is aligned by positioning the fibers until the oscilloscope
trace (Fig. 1I-7) is minimized.

After the oseilloseope trace (Fig. 111-7) has been minimized. it is nulled by ad-
justing the loop and inpnt polarization controllers (Fig. 1-3). The input potariza-
tion controller affects all pulses to a degree. The first pulse, which does not enter
the sensing loop. is solely controlled by the input polarization controller. The loop

polarization controller partially controls the recirculating pulses,
4. Input Polarization Controller Alignment

The input polarization controller is aligned by rotating the plane of the con-
troller loops until the first pulse is nulled. In general, the sueceeding pulses are

not nulled, The state of polarization of the first pulse when it returns to the




F"l'

splitter/combiner coupler (Fig. HI-5) 1s now the same as that of the input pulse
which leaves the output ports (Fig. HI-5) of the sphtter/combiner coupler. The
state of polanization at the loop 1/O coupler is arbitrary in ceneral. The succeeding
pulses, which have propagated around the sensing loop. are not nulled because their

state of polanization does not equal that of the input pulse at the loop 1/0 coupler.

5. Loop Polarization Controller Alignment

The loop polarization controller is aligned by rotating the plane of the controller
loops uatil the recireulation pulses (Le. second and suceceeding pulses) are nulled.
The state of polarization of the recirculating pulse pair and the state of polarization
of the mput pulse pair are equal at the loop 1/0 coupler.

After this s completed, the oscilloscope trace 1s a straight line. No pulses are

visible and the re-encrant rotation sensor s ahigned.
E. Typical Rotation Experiments

Fizure HI-9 (a). (b) 15 an oscilloscope photograph of the ontput pulse train
when only the loop coupler is aligned and the sphtter/combmer is misaligned. In
this instance, there is a unidirectional flow of optical power around the sensing loop.
The pulse train is not sensitive to rotation. The pictured pulse train is due to 15
reeirculations of a single optical pulse. The sioping baseline 1s due to saturation of
the detector.

Fizure 1-10 shows the output pulse train for various rotation rates when
the sensor is completely aligned.  No puises are visible at rest (HI-10) because
the splitter/combiner coupler introduces a 180 degree phase shift between the
counterpropagating pulses. The rotation rates of the suceeediug pictures are chosen
to show one (llI-10), two (IlI-10), and three (1lI-10) cveles of the sinusoidal wave,

Le. sinf o)) which measures the continually increasing phase saft (do(?)).

~ 99 _




FIGURE ITI-9




FIGURE T11-10




FIGURE I11-1C

- 25 -

> PRI




o

R ot e

IV. POLARIZATION ANALYSIS OF RE-ENTRANT FIBER OPTIC
ROTATION SENSORS

Previous experiments had indicated that it was necessary to maintain a sincle
mode and single polarization of the wave in fiber gvros for error free operation.
Detaited analysis indicates that a very advantageous alternative is to actually and
purposefully use completely unpolarized light (i.e. light which has polarization
components of equal intensity, but which are completely uncorrelated). If the
mtensity balance can be maintained through the system. it becomes completely
msensitive to polarization conversion, and the measuring system becomes much less
sensitive to laser fluctuation and drift and environmental changes. There results a
possibility of a considerable improvement in sensitivity.

Unpolarized hight should not be confused with “depolarized™ coherent Feht or
with circularly polarized light in which the orthogonal components are correlated.,
The sources of the two polarizations must have a larze dearee of independence not
found mn existing lasers. Furthermore it 1s required that the orthogenality, but not
polarization of the two components must be maintained throughout the tiber loop.?

The theory in Section B involving a Jones matrix analysis using coherence
matrices examines the various polarization modes that can be used in re-entrant
fiber optic rotation sensors. Polarized unpolarized and partially polarized input
light. with various locations for polarizers. are all considered in finding expressions
for how acenrately the measured signal provides the rotational phase shift. This
anatysis shows that for a polarized input into the re-entrant fiber optic rotation sen-
scr the rotation eiror is reduced if some form of polarization control or polarization
maintaining fiber is used. For an unpolarized input it is found that there are operat-
ing points where the detected signal is insensitive to environmental changes. In

order to achieve high rotation sensitivity the signal must remain highly unpolarized

and the biased operating points mnst be stably mamtained.




The cffects of polarization on the output of a re-entrant, pulsed fiber optic
rotation sensor will be modeled by a Jones matrix which will be a function of the
number of recirc:lations of the light waves. The input light wave will again be
described by its coherence matrix. Figure IV-1 shows the three confignrations of
re-entrant. pulsed fiber optic rotation sensors which will be examined for polarized.
uapolarized and partially polarized input light. The configurations differ by the
placement of polarizers. In Fig. IV-1, a nonreciprocal phase bias clement is added
between the splitter/combiner coupler and the loop 1/0O coupler to obtain output
signals as shown in Fig. V-2, The mechanics of the optical pulse generation are
neglected and the optical fibers and the couplers are assnmed to be lossless.

The splitter/combiner coupler is assumed to be 50-30. Its Jones matrices for
propagation across (T,.) and along (£2..) the couplers are given in Igs. [V — la&b,

respectively.

(0.-’) explyr/4) 0 )
a.
0 0.5explys/1)

| (v = 1)
(O.:’)oxp(—j:/-l) 0 )
0 0.5 expl—yx/4)
(\/1_—'5 exp{—J=/4) 0
a. Ry = o
0 VI--bdexp(—yz/4)
, (I1V =2)
. [Voexpljz/ 1) 0
b. Ty = (
0 \/Et-xp(jx 1)

The matrices describing propagation once around the optical fibers are given

in Eqs. IV = 3a and b.




Sensing
Loop

W 1Yl detector
nonreciprocsiT

Fig. IV-1. Three configurations of passive re-entrant rotation
sensors whose performance is analyzed for birefringent
optical fiter sensing loops. (a) no polarizer; (b)
polarizers in sensing loop; (c) polarizer exterior to
sensing loop.
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( =1 co:()e\p“ﬂ”—)) sin 0e\p( M”)
a. Sp=-exp(jos/2+ jo . }
BUERE B —sinf exp ‘i‘_’,i)»"—) cos 0 exp —f(ﬂ
A (IV = 3)
cos ) ex (Lf,gﬂ —sinfexp V! ’,()“
b. Sa = exp(—jos/2 + jo(L)) )
sinfexp = os goxp 1= ’E‘”

2)
where ¢, 1s the Sagnac phase shift. 0 deseribes the rotation of the mput state of
polarization by the fiber, o(L) is an average phase shift which depends on fiber
length with &(L) and o(l) being phase shifts which depend on the birefrineence and
nutneber of scattering centers in the fiber. The polarizers, which are considered ideal,

are described by their Jones matrix. P.in Eq. [V —

D] .
CONT d S d cosd
P = (V=)
. PR |
SN d cos d N7

where the angle ¢ is between the polarizer and the r-axis. Using thesse manrices. the
Jones matrices for the K recirculation for the liber optic rotation sensors depicted

in Fig. IV-3 are

a. My = Rs¢BiTiol$12R10) ™ SiaTioRsc+ Tse Tiol S oy =1 S Tio B_ T

b Mp =RsceBsTio(PS12PR10) ™' PS1aPTioRsc

) iV =5
+ TseTiolPSa PR1o)N —' P Sy PToB-_Tse ( 2

e. My = PlRs¢ByTiolS12R10) ' S Tio R+ Tse Tiol S+ RioY =180 Tio B-Tsc

In the above equations, the matrices By and B_ describe the effeet of the non-
reciprocal phase bias element. They are given in the r and y linear polarization

basis as
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exp(£j/4) 0
0 expl£y7/4)

The coherence matrix of the output for the K % recirculation is computed from the

coberence matrix of the input and the Jones matrices given i [2q. [V —5 by the

use of Eiq. IV —7.

a, o =Trld) V-
b Jpg=J,

where J is the coherence matrix and [ the light intensitv. The intensity of the
output for the K" recirculation is equal to the trace of the coherence matrix of the
outpat for the K circulation.

[t is observed that the matrices deseribing the couplers and the phase bias
element are of the form of a scalar times the identity matrix.  Such matrices
commute with all matrices. It 1s also observed that the matnx products ’Syal” and
PSP in Eq. IV = 5b have only one nonzero diagonal element. The onlv matrix
products which are ditficuit to evaluate are S& and S5, These matrix products
are evaluated by finding unitary matrices Dy and D2 which diagonalize Sj2 and

Sap respectively. These matrix products are:

(IV - g)

where A is a diagonal matrix with the eigenvalues of Sip as the diagonal elements.
The Jones matrices, My, which describe the three configurations of re-entrant.

pulsed fiber optic rotation sensors can be rewritten as

a. ML = 05801 = o)KW oxp(—j(K = 1)=/ ) exp(jko)

— Q4 =




Y PPN R I b B o . 4503

2.4 cos(N 9q/2 + = /4) EospiNog /2 + /)] + Fexpl—j(Ko. /2 + /1)
Fexplj(KNo./2+ 7/ Eexpj(No./ 2+ 7/1)] 2B cos(IN 0.2 + =/4)

(IV —9)
b M =0.568(1 = 8) K2 exp(—j(K = 1)z/ 1) expljko)
2cosh 0 cos(N o, /2 + 7/ 1) expljkE/2) 0)
0 0
e MY =paY
where in Eq. IV —9a the parameters A, I, I and I are defined as |
a. A =P expURy)/Ns + | AFexp(—=/Ky)/ V-
b B '=(B=Clexplihn)/Ns+(B+ CFexp(—jKn)/N-
3 . (V" = 10)
¢. E=—j v (B=Clexp(jAn)/ Ny =) A(B+C)exp(—jNy)/N-
d. F=jA"(B=Clexp(jKn)/ Ny + A (B+C)exp(—jK )/ N-
The parameters A, B, C', N4, N_, 5 are in turn defined as:
a. A= —sinfetiof
b. B=cosfsin&/2
G. (j'=\/l—c0520005'3£/‘.’ (IV=11)

d. N+ =1+sin° 6 — cos® 0cos £ F 2 cos Osin E/‘l\/l — cos? 0 cos® EyL
e. 1= cos coslcos &f2)

where . ¢ and £ are the parameters which characterize the birefringence of the

Ve
1

optical fibers as before. These parameteis are enviconmentally sensitive,
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1. Co-Polarized With External Polarizer

In this confignuration and mode of operation the input fight is linearly polarized
along the r-axis. The polarizer is exterior to the sensing loop (see Fig. IV-1¢). The
polarizer s oriented to pass the r-linear polarization. The intensity of the output

A 0 9 { 0
pulse for the K'** recirculation. Ilf] is:

I == 05631 = 6)F =M1 —sin Ko, )|V} (Vv —12)

where A" is defined by Eqs. IV =19 and IV — 1. The factor o~ [ V}7 contains all
the environmentally sensitive birefringence parameters. The factor. [V, in Bq.
IV — 1215 of the form of a constant plus a constant times a sinusoid. The frequency
of this ~sinusord is dependent on the birefringence of the fiber. Let a norinalized

frequency ¢ be defined as the product of the frequency aund tie loop transit time 7,

=R (IV —13)

The normalized frequency due to birefringence, #g. and the normalized fre-
quency due to rotation, TR, are
a. Tg=cos"YcosOcost/2)/x .
(IV = 14)
where o, is the Sagnac shift for one transit of the sensing loop. Using these
definitions of the normalized frequencies and the difinition of A’ given in Eq. IV —

10¢. the detected intensity for the A recirculation is rewritten as:

1) =056%(1 = )R =Y/ NT + 1/N2) = (1/ N2 4 1/N2 ) sin 22K
+(2cos 27K vg) /(N NC) = (Zsin 22K (v p + ) /(N4 N2

— (2sin 28N (e — vy) /(N4 N2)]
(IV = 15)




B

To better visualize the effect of birefringence on the performance of a re-entrant,
pulsed fiber optic rotation sensor, the effect of the decaving envelope due to the
sampling of the light waves each transit, is normalized by defining a normalized

detected intensity for the K recirculation. [y, as

Iye = I JE(F = oyR -1 (IV —16)

The DC level (i.e. the first term in Eq. 71— 15) 1s suppressed.

The normalized intensity [x 15 the sum of four sinusoidally terms. The
amphtuade of the pure rotation term is different from the amplicudes of the birefrin-
gence terms. The ideal output oceurs when only the amphtude of the pure rotation
or g frequency term is nonzero. The other terms ean introduce additional zero
crossings in the pulse train which result in errors i the measured rotation rate. Iig,
IV- shows curves of the absolute value of the amplitude of the vp frequency term.
A, . versus the state of polarization rotation parameter, 4. The curves are deseribed
by the lincar birefringence parameter, £ Figure IV-3 shows curves of the absolate
value of the amplitude of the birefringence terms, Ay, within a factor of two. For
rotations of the state of polarization near 80 degrees. the ratio of amplitudes of the
pure rotation and the birefringence terms is about 2. This ratio should be made
large possible in practice, by parameter near 180 degrees as seen in Figs. IV-6 and
IV-7. Figure IV-6 15 a plot of 7(,\{) versus K for € = 0 and various values of § while
Pig. IV-7 is a plot of 7‘,\1—) versus i\’ for § = 5 degrees and various values of . The
DC level has been suppressed in Figs. IV-6 and I\V-7.

In Figure I\V-6a, the undistorted or ideal pu'lse train is shown for normalized
rotation frequency of 3/200. which results in exactly 3 lialf eveles in 100 recircula-
tions. In this figure, the pulses start at zero and have thiree additional zero erossings.
Inereasing the rotation parameter, wlhile the linear birefringenee is zero, results in

increasing distortion of the pulse traia (Fig. IV-6). The pulse trains no longer start
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at zero and additional zero crossings occur. In Fig. IV-6b. three additional zero
crossings are present, while in Fig. IV-6d nine new zero crossings can be found.
Increasing the hnear birefringence parameter while the rotation parameter is small
(Fig. TV-7) results in decreased distortion. In Fig. IV-7d. the pulse train appears
undistorted to the eye. These results imply the fiber used in the sensing loop should

be polarization preserving.
2. Cross Polarized With External Polarizer

In this configuration and mode of operation. the input hight is hnearly polarized
along the r-axis. The polarizer is exterior to the sensing loop and is oriented to
pass the y-linear polarization.

Using Eq. IV = 9¢ to deseribe the re-entrant, pulsed fiber optic rotation sensor
with P representing the polarizer oriented to pass the y-linear polarization. the

. . . 1) G0 o . .
detected normalized intensity [} for the K% recirculation is:

]'K-, = 0.5{1 + (27K vp + o] (I —17)

where o is the reciprocal birefringent dependent phase shift and F is defined in
Eq. IV —10d. |FJ* has the form a constant plus a constant times a sinusoid. The
frequency of this sinusoid is due to the bLirefringence of the optical fiber and is
given in Eq. IV = 14b. The normalized intensity again contains frequencies I'g, Up.

v, + Tp. r'p — vg. Equation IV — 17 can be rewritten as:

i

1R =051APUB = O N2 + (B +CY N 4B = C)/ N, )
+((B+ )N )2} sin(2s N g + o) + [2{57 = C7)/(Ny Vo) cos 22K ep

+ (87 = CHANG N2 K (e + ep) + o) +sin25 K (g — v) + o))
(1% = 18)

The quantities 1, B. C. Ny and N2 have been defined before. The amplitude of




the pure rotation term s different from the amplitudes of the birefringent terms.
The phase of the rotation terms with respect to the pure birefringent term is .
the reciprocal birefringent dependent phase shift.

Figures [V-3 and V-9 show the amplitudes of the pure rotation, Ap. and
birefringent, Ap. terms respectively versus the rotation parameter . The curves
are described by the linear birefringence parameter £ As 0 goes to 90 degrees the
ratio -p/Ap goes to minus two. Both amplitudes g0 to zero as # goes to zero. The
ratio Ap/Ap is approximately constant at a nonzero value. The pure rotation term
can never be made dominant.

In Figs. IV-10. pulse trains are plotted for g =& = 0. and various values of
0. If 01~ zero then there 15 no pulse tramn becanse the r-linear polarization at the
input is never rotated mto the y-linear polarization at the ouiput. The pulse trains
become more and more distorted as 0 increases but the amplitudes are constant.
In these figures and all succeeding figures the PC level (.o the first term in the
brackets in Eq. 1V — I8} is subtracted out before the normatized intensity is plotted
for a pulse train. In Figs. IV-11. the pulse trains are shown for § = 5 degrees,
6 = 0 and various values of §. As the linear birefringence parameter € increases
the amplitude of the pulses is decreased and the distortion of the pulse train is
increased. For @ around zero degrees and for € going to 180 degrees the normalized
intensity goes to zero. In Figs. IV-12, 0 = 5 degrees, § = 0 degrees and o is as
shown. The pulse trains are increasingly distorted as the reciprocal birefringent
phase shift parameter, o, is increased. This configuration and mode of operation is

not suitable for use as a roration sensor.
3. No Polarizer

This configuration is shown i Fig. IV-1a and is modeled by the Jones matrixy in

Eq. IV = 9a. The input light s linearly polarized along the r-axis. The normatized
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imtensity for this configuration 1s the sum of the copolarized and crosspolarized

configurations. The normalized intensity, Iy is the sum of Eqgs. IV =15 and [V = 1R,

In =15 + I} (1= 19) |

I3 approaches the ideal response when ¢ is around .ero and is around 180
degrees because 7{13) goes to zero and I(,f) goes to the ideal response. Figures IV-13a
and b, show the pulse trains for small 9 and for & equal to zero. The pulse trains
are highly distorted. In Figs. IV-14a and b. the pulse trains are shown for the
same value of 0 as in Fig. IV-13, but the hnear birefringence. £ increases. For
& = 10 (Fig. IV-11a), the pulse train is less distorted. For & = 90 (Fig. IV-14b),
the pulse train appears to be ideal. Figures 1V-15a and b, show the pulse train for
a reciprocal birefringent dependent phase shift (o) of 90 degrees and a low value of
0. A large amount of linear birefringence removes the distortion of the pulse train
(Fig. IV-15D).

It can be concluded from the three configurations examined that some form of
polarization control or polarization maintaining fiber is necessary for a re-entrant,
pulsed fiber optic rotation sensor to avoid distortion of the pulse train which leads
to -ors in the measured rotation rate. Major distortions of thie pulse train can be

caused by small, and linear birefringence parameter, .
4. Copolarized With Internal Polarizer

If the polarizers are placed inside the optical fiber sensing loop the spurious
zero crossings are eliminated. An additional loss factor appears which depends on
the rotation parameter 0. The loss of the sensing loop 1s environmentally sensitive.
This configuration of a re-entrant, puised fiber optic rotation sensor is shiown in

Fig. IV-1b. The polarizers are oriented to pass the input polarization. The Jones

matrix describing this configuration ts given in Eq. IV —9b. If the input is linearly
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T p—

polarized along the r-axis the normalized detected intensity is:

I = 05005 K 9(1 — sin 27K o) (IV = 20)

The frequency of the sinusoid which modulates the amplitude of the pulse train
is uneflected by the fiber birefringence. The amplitude of the pulses will decay as
the number of recirculation increases because of the cos*® § factor. In Fig. 1V-16.
the envelope of the pulse train is plotted for zero rotation rate. The curves are
parameterized by the rotation parameter, 4. These curves show that § must be in
the range of [0.5] degrees. for the normalized amplitude of the 100" recirculation is
more that 55 dB down from the input pulse fevel. The maximum vatue of 8 for which
the last recirculation is within 3dB3 of the mput pulse level depends on the number of
recirculations, For 1000 recirculations, § must be less than 1.5 dearees. Polarization
control or polarization maintaining fiber is required for use of this configuration as

a practical rotation sensor.

5. Unpolarized

In this configuration and mode of cweration the input light is unpolarized.
The rotation sensor configuration is shown in Fig. 1V-1a. The normalized detected

intensity of the A''* recirculation is:

7(11\‘) =0.2—-0.5|]1 — 2'-‘”2[((3 —CY/N, )2

+((B + C)/N_)] cos*(¢/2)|sin 27K vp (IV —21)

+ [AR(B® = C*)/(N4 N )] cos(0/2)

X [sin 27K (TR + Up) + sin 27K (Tg — vp)]
where all the quantities have been defined previously. The DC level is independent
of the parameters 0 and ¢. For polarized input light the DC level depended on these

parameters. Three normalized frequencies, vg, T + T and T — ¢ are present for

- 6R -
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unpolarized input light. For polarized input light. four normalized frequencies were
present.

If the birefringent dependent phase shift parameter. . equals 180 degrees.
then the sum and difference frequencies are not present in the normalized intensity
which is then independent of the rotation parameter 0. and the hinear biwefringence
parameter £, The environmental sensitivity of the fiber can be reduced by plac-
ing a controllable, reciprocal birefringent dependent phase shifter in the optical
fiber sensing loop. The spectrum of the normalized pulse trains will have three fre-
quency components. Adjust the reciprocal birefringent dependent phase shifter so
that ouly the central frequency component 1s nonzero. The reciprocal birefringent
dependent phase shift aronnd the loop will be 120 degrees. The detected intensity
will be environmentally imsensitive. Feedback is required to maintain the reciproeal
birefringent dependent phase shift at 180 degrees.

In Figs. IV-17. IV-18 and IV-19, the normalized detected intensity less the DC
level is plotted versus the number of recirculations, in each figure, one of the three
parameters, 0, § or o is varied while the other two remain constant. In Fig. IV-17,
¢ is varied, in Fig. IV-18 ¢ is varied. and in Fig. IV-19 ¢ is varied. The undistorted
pulse train is shown in Fig. IV-17a. The normahzed rotation frequency, Tp, is 3/200.
As the rotation parameter 8 increases, extra zero crossings are introduced (Figs.
IV-17Dh, ¢, d). These extra zero crossings result in errors in the measured rotation
rate and the angle turned through. To avoid these spurious zero crossings,  must
be restricted to the range [0.0mac]. Given the parameters of Figs. IN-17, 04 is less
than 1 degree. It will be seen that 8,, is independent of the nuinber of recirenlations,
In Fig. IV-18a, the pulse troin is shown for 8 = 5 degrees, 0 = & = 0. This figure
is identical to Fig. IV-17¢. As the linear birefringence parameter inereases (Fig. V-
18b, ¢, d). the extra zero crossings disappear. In Fig, IV-18d, when the birefringence

parameter, £, equals 90 degrees. the pulse train distortion is quite small. This occurs




only when the rotation parameter is small. In Fig. [V-19a, the pulse train is shown
for § = & = 5 degrees. As the reciprocal birefringent dependent phase shift. o
increases (Figs. IV-19b, ¢. d) the extra zero crossing disappear and the distortion
decreases. For 0 = 180 degrees, no distortion is present. regardless of the of values

of § and &.

6. Partially Polarized

Most light sources produce partially polarized light and most optical com-
ponents exlhibit some degree of polarization ~electivity, hence the operation of a
re-entrant, pulsed fiber optic rotation sensor using partiatly polarized input tight
is examined. A partially polarized light wave can be expressed as the sum on an
intensity bass of a polarized and an unpolarized izt wave. The polarized light
wave is assumed to hkave r-linear polanzation. The normalized detected intensity
for partially polarized input light 15 the weighted sum of the normatized detected
intensities for the unpolarized (Eq. /17 = 21} and the nopolarizer (I2q. IV — 19)
conficurations. The weighting factors depend on the degree of polarization, P. The

o . . . . 0 =p) .
normalized detected intensity for i** recirculation. 1,{1—) is:

7‘1\"-)=P(7(;f‘+71';i"‘)+(1—1’)7(,'\‘-’ (IV = 22)

II(X-) and 7(,3) are given in Eqs. IV — 15, IV = 12 and IV —21 respectively.

where 7(,:'—),
The intensity 7‘,{'-) contains normalized frequency components of vg, vy, Tp—rp and
¥p + . The normalized detected intensity 7’,'\1-) approaches the ideal response for
the rotation parameter, 0, being small and the linear birefringence parameter near
IR0 degrees, regardless of the degree of the polarization . It ean be concluded that
for no polzarizers in a re-entrant system, the detected intensity approaches the ideal

response for @ siall and € near 180 degrees regardless of imput state and degree of

polarization.
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Assume instead that the reciprocal birefringent constant at 120 degrees. The
unpolarized part of the response, 7(;\") in Eq. IV — 22 have normalized amplitudes
which are less than the maximum degree of polarization in general. The ideal
response which is the term at a frequency of Tp is sinusoidal, thus the value of the
pure rotational term can be vamshingly small at those K, hence extra zero crossings
can be introduced regardless of how small P is.

If a threshold of detection 1s used this problem can Le elimiated. If the
absolute value of the amplitude of a particular recirculation is fess than the throshold
value, then this recirculation is not used in the measurement of the phase of the
envelope of the pulse train. If the threshold level is T. the degree of polarization.
. must be less than T to avoid counting extra zero crossing if there 15 no nowse, If
there is noise and/or the reciprocal birefringent dependent plisie shift, o, is not 1X0
degrees, the thresnold level must be increased to avord detection of the extra zero
crossings. The threshold level can not be increased without redneing the number
of recirculations drastically. The reciprocal birefringcat dependent phase shift, o,
must be kept at 180 degrees with high accuracy. the degree of polarization of the
light source must be small. and the polarization sensitivity of the components must

also be small, in order to achieve a rotation sensor with high sensitivity,

V. PROPAGATION OF NOISE IN PASSIVE RE-ENTRANT PULSED
FIBER OPTIC ROTATION SENSORS

The key differen » between single pass and re-entrant systems in the propaga-
tion of noise is due to the rotation rate being obtamed by N measurements in the
re-entrant system versus one measurement in the single pass system. Because of this
difference, the error analysis for single pass svstems does not apply to re-entrant
svstems. A new resnlt deseribing the contribution of each noise souree to rotation
rate error must be derived.

The propagation of noise in a re-entrant system is strongly effected by the detee-

x
\




tion scheme nsed. This scheme determines the relationship between the observed
pulse heights of N recirculations and the rotation rate. Two detection schemes
will be analyzed here. One of these is called the least square error method.> It
is difficult to implement in practice, becanse of the large amount of caleulation
roquirad Thao nranaeation of nowe is easv to calenlate for this detection scheme.
The other scheme is called the evele counting method. It is easy to mmplement, bt
it is quite difficult to calenlate the propagation of noise for this detection scheme.
A computer is required for the evaluation of the rotation rate error for this scheme.

The least square error method will be covered first.  From the output of a
re-entrant rotation sensor. one obtains pulse hieights, frr. at times ¢, The pulse

heights, f. are related to the rotation rate, €2, as

[ =11 N Ak) (V=1

where X are the instantaneous values of the noise parameters,
L2 & < 1 . .
['he square error. E=. between the observed and calenlated pulse heights is

defined as

(7=

L* = ¥ (fx = fiQu. X )V (V=2
1

N

The measured rotation rate, @, is that which mininnzes the square error. Lot fx.

the measnred pulse height, be expressed as

T = fI0, X+ AN ) (Vv —3)

where , is the actual rotation rate, X, i+ tne mean value of the noise parameter
X, and AN, 15 the instantaneous deviation of | from its mean. Let the measnred

rotation rate be expressed as

-l




0, =0,+2A0 (V=1
where AQ 1s the deviation of the measured from the actual rotation rate.
Equation V" — 2 can be rewritten as
N B
E2= Y [fIQu. X + ANt ) = fI0 + A0 X e ) = 3)

KN=I
[Cach pulse height. f, in the above equation is expanded i a Tavlor series to first

order about the point (Q,.X,). The result is

B s (5 W sy, = "5 g

=y = 9-X o)

W= )

where the partial derivatives M\"f and zf‘;; are evaluated at (Q X ty). The
instantancons rotation rate error A is that which minimizes £=. 1he other
quantities are all known. Differentiating E= with respect to AL setting it equal to
zero, and solving for AQ vields

\ M ik, e
_l() — :I\'—-l El—- “otd _t'.\..

_.\.\;_( DK )

(V' —=7)

The mean square rotation rate error is obtained by squaring equation V' — 7
and taking the average value. The mean square rotation rate crior, 3y, is (assuminyg

A\, are independent)

\/ N U.f;\' J I ")fK .')f/ O
2 _ DL i o R a0k

oy 2
.\' ”!K .
(Zl\'=l( Ji} ) )

where o3¢ is the mean square value of AN} and the other quantities have heen

(V' =¥

. . s M) a9 o 5y .
defined previously. To ealenlate af reanires a5, and f(Q, N7 1) be known.




To use the eycle counting method of detection requires that the signal be passed
through a high pass filter to remove the DC level. The filtered signal can have equal
excursions in the + and - directions. Tle number of half cyveles of the envelope of
the pulses is determined by eounting the number of zero-crossings. A zero-crossing
oo wwehian b f\_r!j-\,f'“".? pnlcuc have nppnx‘ifﬂ s'iqn\‘. Once the number of zero-
crossings 18 known, the frequency of the envelope can be determined and thus the

rotation rate by using Eq. V" —9.

DO

naa

(V' =9

where F'is the envel pe frequency. D the loop diameter. Q the angular velocity, n
the relractive index and N the optical wavelength.
The measured filtered pulse height. f. has two parts. One part is due to the

rotation i ate, and the other is due to noise. This can be expresses as

fio =T+ S (V' = 10)

where __/JL is the mean value of f}. and represents the signal. and A f) is the instan-
tarcous difference between the measured pulse height f} and the mean pulse height
T AS% is due to noise.

To caleulate the mean square rotation rate error requires that the probability
be calculated for observing 0.1.2.3,...NV = 1 zero-crossings due to noise from the
ideal waveform which will iave K zero-crossings due to rotation. Due to noise, one
or more of the pulses can change sign giving fewer or greater number of zeros, Let
P,e(K) be the probability of observing exaetly K zero-crossings. The mean square

o .
frequency error, 0. 1s

-
[E

N-—-1 R N-1
T Z Pzl — E Pyre(lL)L (V—11)
0 =0 =0

Tilow

- ®Y




— - —

where [ 1s the lowest frequency measurable. Using Eq. V=12 allows the caleulation

of the rotation rate error, oq.

__[nPX\ P (o
Ty = 4 OF ( 2]

where Ais the aran encloccd b 00 Clatig wop and 1215 the perimeter of the area.

The problem is reduced to finding the probabilities £2,¢(K) which depend on
the ideal waveform (i.e. actual rotation rate) and on the probability of observing
a Afl. The probabiiity density function 1’_\.;5\,(_3,[','.) i~ obtamed by the following
reasoning,

The measured pulse heights can be written as

fio= 0. X+ AX)) (V' —13)

where all parameters are as before. Expanding this function in a Tavlor series to

first order about the pomnt {Q,. X)) results

e s e O .
[io= Nl Qa. X5) + ) gy Y (V=11

Comparing Eqs. V= 14 and V' = 10 gives Af} as

M !
afl. ..
Afi =Y kAN, = 15
fk l.x_—.l (l)‘\'l..A \, (‘ l ))

The characteristic function® "I-kf'x(“') is given m terms of the characteristic fune-

tion of AN, as
M 3
.\l_\f'h.(w) = H .\l_;,\',(u"‘,)f\’,‘.) (V= 10)
tm=] -3y

where the charaeteristic function s the Fourier transform of the probability density

functica P, @ fi /0N, is evaluated at (Q,. X)) and the AN, have been assumed -




dependent as previously. By inverse Fourier transforming My o (1) the probability
density function Pype (A fj ) is obtained.

For analysis purposes, the probability density functions of AN} are assumed
Gaussian with standard deviation oy-; and zero mean. In this case, the probability
density function, 1-’M:K(Af'1\-) 15 also Gaussian with zero mean and a standard

deviation, o, given as

D) ()f\ : - -
0’3‘[1}\_:: Y‘(O\I)O'\"' (‘—'ll)

The probability density function is written as

Pap (Af) = (270307 espl=(afl fosm /2] (V= 18)

In calculating the probability density function . ¢£), the probilities of obsery-
ing and not observing a change in the sign of A pule which has amplitnde

1, X, £) must be known. These probilities are

o = [ rpisansry

b. P%“ =1- Pnsc(f,};)

(V' — 19)

where P and PEY are the probabilities for not observing and observing a sign
change in the K cireulation.

Let S{.J) be the set of all possible ways of getting exactly J zero-crossings from
N recirculations. Let S(J); be the i** element of this set. The probability P of
ovserving this element given idea” pulse heights f1(€,. \;) can be expressed in terms

of PY and PY*

Pu= T Py 1 ryv (v = 20)

same opposite




where [igme 15 the product over the pulses in S(.J); which have the same sign as the
corresponding pulses in f3(Q. Xi) and [1,poeie 1s the produet over the pulses in
S{J); which have opposite signs compared to the corresponding pulses in f£(Q,. X;).
The probability of observing exactly J zero-crossings, P(.J). is the sum of P{J); over
all elements of the sets S(J).

For N recirculations, the number ~f zero-erossings is between 0 and N — 1.
There are also 2 different wavs of arranging the signs of N recirenlations. A
particular arrangement is represented by a sequence of N elements, where each
element can be 1 or -1 The U's and -1 refer to positive and negative pulse heights
respectively. Caleulating the probabilities POJ) for N farge is extremely diflienlt.

A computer is used to ealeulate the probabilities of P{.J). The input into
the computer program are the function /(2. X;. t). the number of recirculations,
the rotation rate and the standard deviations of noise parameters. The compnter
caleulates the probability of observing each of the 2N arrangement of the signs of
N recireubations given QX 6). 1 also determines the number of zoro-crossings
for cach arrangement. From this it computes the probabilities of observing exactly
J zeroes, Pye(J). The normalized mean square frequency error (oj-/[’o)2 15 then
calenlated using Eq. V' — 1. For ten recirenlations there are 1021 arrangements,
while for 20 recirculations there are 1012576 arrangements. Even the computer
can not handle more than about 20 recirculations due to the extensive computation
time.

The computer was used to analyze the performance of a phase biased, non-
birefringeut re-entrant rotation sensor in the presence of noise. The neise sources
which were used are source power noise, sonree frequeny noise, inpnt conpling noise,
coherent backseattering noise, shot noise, thermal noise, amplifier noise, and phase
biased noise. Birefringent nowse, 1/f noise, and nonreciprocal noise sources were not

mcluded. The mean values and standard deviations of these noise parameters are

- 90
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shown in Fig. V-1,
The other parameters of the rotation sensor are given m Fig. V-2, The
schematie of the rotation sensor is shown m Fig. V-3, The equation which deseribed

the detected signal is

Vi = 2 (c;),ff/h1')[-—1,21’,,.”(l — 8ot expl—alN L)vcosiN o, — 7/2)—

Y L | =Y S —a 1,)\//'.‘73:-(:7_,..,;;.~in(1\‘ 0. /21N v — 2

q

+1.<i10! * \/1"1‘1“,

rmal

where o, 18

':’,-v :!FI.I{QI'/CZ ("_.).)

where all the quanaties are defined in Figs. V-1 and V-2,

The program was run three times to examine the behavior of the re-entrant
rotation sensor for ~ix. seven and eight recirculations. Figures V-da, b and ¢ are plots
of actual zero-crossings versus rotation rate in the absence of noise. These plots
resemble “staircases.” The jumps between zero-erossings are actually discontinuous,
The slope is due to the finite horizontal resolution of the computer program (i.c.
the rotation rate inerement is 1077 rad/sec).

Figures V-5a, b and ¢ are plots of the mean number of zero-crossings versus
rotation rate for six. seven and eight recirculations with noise present. A noninteger
mimber of zero-erossings is to be mterpreted in a probalistic sense. The general
form of these plots is that of a rounded staircase (i.e. the transitions between zero-
crossings are sloped). The degree of ronndness increases with inereasing number
of reeirculations.  Near zero rotation rate. the mean value of the zero-crossings

thereases rapidly.
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Fig. V-1. Table of means and standavd deviat.ons of noisy parameters
used in the numeric evaluation of tie noise in re-entrant
rotation sensors using cycle countini detection algorithm.
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Parameter Physical value

Meaning

i Fiber Lencth 230 m

R Loop Radius 7 g0 SH

B Banawidth 20 MHz

F Amp Noise 1 4B
Figure

a Fiker 1.8 dB/Km
Attenuation
Coherence 7.2 Ccm

coh

Lencth

6 Loop Coupling 70%
Ratio

2 ransimpedence 20,000 V/a

K Recirculation l to 8
Number

Q Rotation Rate 0 to 1 rad/s

T Temperature 300 ¥

re Photeodiocde 50 Ohms
Series Res.

ne;: Quantum E£Z, 50%

Fig. V-2. Table of values of the system parameters used

in the numeric evaluation of the noise in re-
entrant rotation sensors using cycle counting
detection algorithm.
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Fig. V-3. Schematic of the re-entrant rotation sensor
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whose response was numerically evaluated in
the presence of noise.
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These observations are explained as follows. When a transition is made between
zero-crossings, the last recirculation is very small in absolute value. The noise which
is present now easily causes sign reversals of the last recirculation. This uncertainty
in the sign of the last pulse results in the roundness of the transition between zero-
Crossings.

When this rotation sensor is rotating at low angular veloeity, the pulses are all
near zero. The noise agamn causes sign reversals of the pulses easily. This uncertainty
of the signs of the pulses results in a large mean value of the zero-crossings at low
rotation rates.

Both of these effects are more severe for more recrreulations. becanse there
are more pulses which ean be in error. Using too many recirculations in the
measurerneni of the rotation rate leads to error. Figures V-6a. b and ¢ are plots
of the standard deviation of the zero-crossings versus rotation rate. The standard
deviation is a measure of the rotation rate error caused by the noise. This error is
in addition to the one part in N error associated with counting N eveles. In these
figures, the errors are seen to be largest at the transttion between zero-crossings
and low rotation rates. As more recirculations are used m the measurement, the
overall crror increases. The reasons for these are the same as for the rounding
of the mean zero-crossing plots (Figs. V-3a. b and ¢). A threshold of detection
or better signal processing can reduce the error at low rotation rates and at zero-
crossing transitions. At present, one zero-crossing is connted when two adjacent
pulses have opposite signs. The pulses on either side of these oppositely signed
pulses could also be examined. Then by use of an appropriate algorithm. it could
be determined that the pulse trains in Fig. V-7 have only one real zero-crossing.
The dynamic range is reduced in this scheme (i.e. the maximum detectable rotation
rate is decreased). Perhaps an adaptive algorithm could redunce the errors without

reducing the dynamic range too much.
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Fig. V-7. Pulse hei%hts vs time for a re-entrant rotation
sensor: (a) noiseless, (b) noisy. Rotation
rates are identical.
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The next section deals with active re-entrant rotation sensors which have an

L A WP e

optical amplifier in the sensing loop to compensate for loss. .\ new noise source is

present, namely optical amphfier noise. The behavior of this system in the presence
of noise 15 examined from the viewpoint of maintaining the signal to noise ratio
above a specific value for as long as possible.  In all rotanion sensors. the error

increases rapidly if too many recirenlations are used,

VI. AMPLIFIER AND INCOHERENT RAYLEIGH BACKSCATTERING
NOISE IN ACTIVE RE-ENTRANT ROTATION SENSORS

1. Amplifier Noise

The method for inereasing the mtegration time which s being developed in-
volves placing a bidirectional optical amplifier inside the optical tiber sensing loop.
The gain of the amplifier is used to compensate for the loss i the sensing loop.
This rotation sensor is termed an active, re-entrant pulsed fiber optic rotation sen-
sor. A schematic of this rotation sensor is shown 1 Fiz. VI-1. The differences
between this system and the re-entrant svstem shown in g, VI-2 are the bidirec-
tional amplifier and the reciprocity coupler. The reciprocity coupler assures that
the counterpropagating waves travel the same optical path through the system. The

amplifier reduces the loss in the loop and also adds noise to the system. In all other

aspeets the active re-entrant fiber optic rotation sensor is identical to the passive
re-entrant fiber optic rotation system discussed previously. 1

Figure VI-3 shows the pulse train observed by the detector as a function of
time. The pnlse trains have a very gradual decay because the round trip loss is low.
The noise which the amplifier introduces and amplifies in the loop serves to destroy
the coherence between the counterpropagating pulses. This results in the depth of
modulation of the envelope of the pulse train going to zero. When the depth of

modulation falls below some value, the error in the measurement of the phase of
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the envelope begins to increase rapidly and therefore Sensitivity to rotation rate and
angle decreases rapidly.

It will be first determined how the signal to noise ratio in the fiber optic sensing
loop decreases due to amplifier noise. Other sources of noise wil temporarily be
neglected. The amplifier is assumed to have 5 noise input power of No. There can

also be other noise {Nother) in the loop. The noise at the output of the amplifier is

given as

Nt = (NVother + No)explyg) (VI-1

where exp(g) = G is the gain of the amplifier. Expressing the aniplifier gan in this
form will be convenient later.

The amplifier must be o placed in the loop. that the counterpropagating waves
trausit the amplifier simultaneousty to avoid nonreciprocal effeets, Thys in Fig. VI-
4. the amplifier is placed at the midpoint of the sensing loop opposite the loop 1/0
coupler. The noise power grows as the number of recircylations increases. The noise

power (\N-) for the Jth recirculation is given as:

Ny =N,8 exp(d + al/2)exp(K ) - 1)/[1 - exp(—r)] (V71-2)

In this equation, 6 is the coupling ratio of the loop 1/0 coupler, a is the loss
per unit length of the fiber and L is the length of fiber. The quantitjes exp(d) and
I are defined as follows:

a. oexp(—=d)=1-4 ]
b. r=g—al-4 =3
Equation VI-2 is derived by using Eq. VI-1. The other noise in the loop is

assumed zero for the first recirculation in Eq. VI-2. The noise at the amplifier
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output is propagated around the loop and becomes the

other noise for the second

recircuiaon. By continuing this procedure, a geometric series js obtained for \7.

Equation VI-2 is the sum of this geometric serjes.

The noise power incident on the detector for the fth recirculation is given as

NEIK )= V(K )~ (V1=

where 4 is the loss betweep the loop 1/0 coupler and the detector,

. Y . . . . . s
The optical power, Pr.of the K4 recirculation of the sjepal 1 one direction
\ =

at the output port of the loop 1/0 coupler is given as

P = I{,é:<'x;>(l\'r)¢-x;»(._\) (VI —5)
where P, is the power inecident at one Input port of the loop 1/0 coupler and é and
L are as before. The signal power detected at the deteetor i TIven as

. R - -
P‘“(A } = P.,0%exp(Q )1 + coso,) exp() (VI —g)

O¢ is the Sagnac phase shift. In this equation all birefringence effeets are neglected.

It can be seen that the detected signal power of the At recirculation can have any

value between zero and some maximum value PR deper ‘ing on the rotatjon rate,

Siguificant errors in the rieasurement of the envelope phase wil] only begin to occur

when the maximum detected signal power for 'tk recirculation begins to approach

the detected noise power of the ['th recirculation.

The detected signal to noise Fatio can row be written as

(S/N)h g = (PR NK Vger = o(P,/N,) exp(—al/2)[1 - exp(—r))/[1 —exp(~=Kr)]

(VI-7)
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where all the quantities have been defined previously. 1t is now desired to make the
signal to noise ratio for the K'** recirculation as large as possitle. This condition
will give the maximum number of recirculations for a given signal to noise ratio.
The parameter which is adjusted is the gain of the amplifier. The partial derivative

with respect to g is taken of Eq. VI —7 and is set equal to zero. The result of this
operation is
g =alL+ X (VI-2R)

In physical terms this means that the gain of the amphfier equals the round trip
loss of the loop. In practice. the gain of the amplifier will be slizhtly less than the

round trip loss so as to avoid oscillation of the loop.
Evaluating Eq. VI =7 for the gain in Eq. VI — 2 results in the number of
recirculations for a given S/.\N ratio as
K = 0(P./ N, expl—al/2)/(S/N) (VI —09)
In the re-entrant rotation sensor, it is the integration time and not the number of
recirculations which is important. The integration time is given as
Tt = KT, (V'1-10)

where T, is the loop transit time. The loop transit time is

T, = nl/c (VI-11

where L is the length of the fiber which forms the sensing loop, n is the index of
refraction of the fiber and ¢ is the in vacuo velocity of the light. Combining Egs.

VI—-9,V7—=10and V/ =11 results in the integration time
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Tine = (00 /c)(P,/ No L expl—al/2)/(S/N) (VI—12)

This integration time can be maximized by adjusting the length of the fiber which

forms the sensing loop. The fiber length which maximizes the integration time is

given as

L=2/a (VI —13)
The maximum integration time is given as

.

Tio = 10n(P,/ N}/ [ac(S /N )e) (V= 11)

The equivalent noise input power, N, ¢an be written as

No—=Fhedw (VI=15)

where the £ is the amplifier noise figure, /i is Planck’s constant, ¢ is the optical
frequency and Av is the amplifier bandwidth. Assume the amplifier is formed from
Nd:YAG. let the noise figure. F, equal 10. the optical frequency is about 300 THz
for a wavelength of 1.06 pm. and the bandwidth is about 2 GHz. The equivalent
noise input power is about -1 n\V.

In evaluating Fq. V' — 14, for the maximum integration time the following

values are assumed for the other parameters

a. P,=100mlV

S/N =10
c. 6§=0.01 (V' I-10)
d. a=18IB/km
e. n=1.15

These values are typical of the all fiber, passive re-entrant rotation sensor discussed

previously. The maximum integration time is 0.21 seconds. This integration time
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3

corresponds to minimum detectable rotation rate of 6.8 deg/hr for a rotation sensor
of 10 em diameter. This is not a too impressive rotation rate. Mechanical and
laser gyroscopes can sense rotation rates of 1072 to 107% deg/hr. How can the
performance of the active re-entrant rotation sensor be improved?

Increasing the loop 1/O coupler coupling ratio. & from 1¢ to 10°¢, the minimum

detectable rotation rate is improved to 6.8 X 107} deg/hr. This requires that the

amplifier have ten times as much gain. The diameter of the sensing loop can also
be increased. The minimum detectable rotation rate for sensing loop diameters of
1 and 10 meters is 6.8 X107 deg/hr and 6.2 1073 deg/hr. Finally. the required
bandwidth of the amplifier can be decreased by using long pulses {e.g. pulsewidth
equals half of the loop transit time). By using Eq. VI — 13 to caleulate the optimal
length of the fiber. the pulse width which equals hall the loop transit time is

6 ps. This corresponds approximately to a bandwidth of about 170 KHz. The

minimun detectable rotation rate can be as low as 5.8 X 107" deg/hr for a sensing
loop diameter of 1 meter with a 107¢ loop 1/O conpler conpling ratio. This is an

impressive rotation rate. These results are summarized in Fig, VI-5,
2. Noise Due to Incoherent Backscattering

It is recognized today.” that backscattered radiation which is superimposed on
the optical signal waves can be the limiting factor in rotation sensor performance.
The sonrce of this backscattered radiation is Rayleigh scattering from the optical
signal waves which is trapped by the fiber. The backscattered optical power can be

expressed in the following form:

P = Bal,L;, (V1-17)

where @ is the fiber attenuation due to Rayleigh scattering, I3 is the trapping factor

(i.e. fraction power trapped by the fiber in the backwards direction), L, is the
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Loop Diam. Amplifier \
6 (%) D (m) Av Tint(s) Qmin(deg/hr)
i 0.1 2 GHz 1.6 9.3xlo’1
10 0.1 2 GHz 16 9.3x1072
10 1 2 GHz 16 9.3xlo'3
10 10 2 GHz 16 9.3x10¢
10 1 170 KHz 1.38x10° 7.0x10”7
Fig. VI-5. Minimum detectable rotation rate for various loop I/0 ﬂ

coupling ratios, loop diameters, and amplifier band-
widths. Noise consists solely of amplifier noise.
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length over which the backscattering occurs and P, is the power of the forward
wave. Eq. VI — 17 is valid onlyv if aL;,; << 1.

It will be assumed in the treatment which follows that the backscattered optical
wave is not coherent with the forward optical wave (i.e. signal). It has been shown

for single pass, CW fiber optic gvroscope® that there is a small amount of coherence

between the forward and backward waves. This residual coherence results in the
backwards scattered wave having a larger cffective noise power. Work is being
done to reduce the coherence between the forward and backscattered waves. The
ultimate lower noise limit caused by backscattered light waves occurs when they
are not coherent with the forward light waves, The integration time calculated in
this case will be an upper bound on the integration times achievable in practice.
In the re-entrant type of rotation sensor. there are two pulses which coun-

terpropagate many times around the closed optical fiber sensing loop. A particular

point on one of the optical pulses will pick up effective backscattered optical power
only wlien it is overlapped by the other optical pulse. In the present case. the
interaction length (L;,) in Eq. VI — 17 is the pulse length. Each pulse generates
backscattered waves at each point along the loop, but it is only the backscattered
waves which are generated when the two pulses are coincident that arrive at the i
photodetector at the same time as the two pulses. The pulses overlap each other
at two points in the sensing loop: at the begiiining of the loop (i.e. at the loop 1/O
coupler) and a* the midpoint of the loop (i.e. at the amplifier).

The build up of effective backscattered power will be treated as follows. Each
time the pulses overlap, backscattered power as given by Eq. V[ =17 is generated
in cach direction. This newly generated backscattered power is assumed to add in-
coherently to the backscattered power generated during previous puise coincidences.
This assumption allows for the slowest growth of the backscattered power and con-

sequenily, the longest integration time. In practice, there will be some degree of

-7 -
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colierence between the backscattered waves and the integration time will be smaller.
The total backscattered power is then propagated around the loop until the next
pulse coincidence.

The effective backscattered power generated when the pulses coincide at the
amplifier is slightly 1nodified from that given in Eq. VI—=17. It is assumed that the
forward wave is then amplified. The backscattered power at the amplifier is given

as

p"-‘“"l’ = I}OI)"I‘,'"lll'r (‘XP(.-'U) ”1 - 1%

where Lpyee is pulse length and ¢/ is the amplifier 2ain. This is 2 worst case limit
which applies when the amplifier lengih is mueh less than the pulse length.
Initially, there is no backseattered power in the sensing loop, At some time.
T,. two pulses are sinmltaneously injected mto the loop in opposite direction by the
loop 1/0 coupler. The backseattered power prodnced by the initial injeetion is less
than that gven by Eq. VI = 17, since the two pulses are not really coincident. It is
assumed. that this backscattered power is given by [2q. V' I=17. This approximation
is accurate to one part in A, where A is the number of recirculations. The
backscattered noise power in one direction for the K recirculation can be written

as!

NJ(KN) = BPonéeL,,ul,e exp{N(g — aL - A)][K explg} + K + 1] (V'I-19)

The above noise power is at one of the output ports of the loop 1/O coupler. The

total backscattered noise power reaching the detector is given in terms of Ng(A').

NIUR) = 4Ng(K) (V1= 20)
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Combining Eqs. V=2, VI—4, VI—=06. V=19 V[ =20, the signal to noise

]

0 . s} . . . .
ratio for the I'*" recirculation is written as

. P
(Kj)[\' T explal/2)[1 — exp(=K 1)}/[1 — exp(—r)] + ad BP, oxp(—Sml\' (\_;Tg_)_%ﬁ\ 4:1—]
(VE=21)

The maximum signal to noise ratio again occurs when the amplifier gain equals the

roundtrip loop loss (i.e. g = oL + A). The signal to noise ratio now becomes:

S Pub
=] = ' V-2
(A\')l\' Noexplal/2)K + BP,L, K ab exp(—=A)[exp(al + X) + 1] Gt '

where it has beei assumed that A{explg) + 1] >> 1. for K large. The number of

recirculations, K, for a given signal to noise ratio §/.N can be written as

P8 J(S/N)

h= N, explalL;2) + BP,Lyabdjexplal) + exp(—2)|

ATy

The integreation time can now be wiitten as

8P,Ln/[c(S/.N))
NoexplaL/2) + BP,Lyabélexplal) + exp(—A)]

Tinl = (‘.1—2”

The integration time must be maximized by proper choice of the loop length. L,

and the pulse length, L,.
Differentiating Eq. V' /=24 with respect to L and setting it equal to zero, yvields

the following transcendental equation for L.

Nyexp(al/2)(} —al/2) + BP.Lyab(1 — al)exp(al) + BP,L,a6 exp(—d) =0

i ool W e

(VI =25)
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To solve this equation numerically, the pulse length, L,, must be known.
The equivalent noise input power of the amplifier is given in Eq. VI —15. The

bandwidth required for a particular pulse width can be approximately expressed as

Ay = 1 /5y =cfiel, (VI —206)

The derivative of Lq. V[ — 21, with respect to the pulse length, [, is taken and

set equal to zero. The optimum pulse length is

Fhee/n

<l \ BP.adlexplal) + exp(—A)

(V' =27

where £, is the noise figure of the amplifier and B is the trappme factor for the
backscattered radiation. The length of the fiber. L. must be known to solve for the
pulse length.

No maximization of Eq VI =21 with respect te 6 need be done. This 1s because
[.q. VI =21 is monotonically increasing for 6¢[0. 1. The smultancous nmumerical
solution of Eq. VI — 27 some value of L is assumed and the corresponding pulse
length is calculated. This pulse length is then used in Eq. V'/ =25 and a new value
of the .ength of the loop L is calculated. This new value of L is then substituted
back into Eq. VI =25 and the above procedure is done again. The values of loop
length and pulse length so obtained converge rapidly. After four iterations, I and
L, are known to one part in ten thousand.

This iterative procedure was carried out for loop 1/0 coupling ratios of 1 and 10
percent. The result for these calculations are summarized in Fig. V1-6. The diameter
of the rotation sensor is assumed to be 10 em as before to [acilitate comparisons.

Comparisons of Figs. VI-5 and VI-6 show that the inclusion of backscattered
optical radiation 25 an incoherent noise source decreases the sensitivity of the
rotation sensor by at least an order of magnitude. If the backscattered optical

radiation is treated as a coherent noise source then the sensitivity is decreased
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) fp(nS) Av(GHz) L{(Kkm) Tint(mS) Qmin(ceg/hr)

0.01 0.85 1.12 2w N 278 S.d
0.10 0.28 3.5 2.10 886 1.7

Fig. VI-6. Minimum detectable rotation rate as a function of

the Toop I/0 coupling ratio for active re-entrant
gyro with backscattering.
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even more. The only way to reduce the effect of backscattering is to go to longer
wavelengths, since Rayleigh scattering scales as the inverse of the fourth power of

the length. Large diameters can also be used to increase rotaticn sensitivity.

VII. AMPLIFIER NONRECIPROCITY

It has been shown that amphfier noise and backscattering noise can be limiting
factors on the performance of an active re-entrant fiber optic rotation sensor.
There is another factor which could be a limiting factor on the performance: the
nonreciprocity of the amplifier.

The power gain of the amplifier is represented explg) where ¢ is the power gain
coefficient. The complex field transfer coeflicient of the amplifier can be represented

as?

Opictd = g[2+ jo (VI=1)

where ¢/2 is the field gain coefficient and o is the phase shift of the amplifier.
A differential, complex field gain coefficient 7 is defined by the following integral

equation:

L -
gfield ==/o 4z, 0ds (VII-2)

where L is the length of the amplifier and = is the coordinate along the amplifier
axis. The differential field gain coefficient is a function of position and time. This
differential gain coeflicient can be viewed as a complex propagation constant. For
the amplifier to be reciprocal requires that the differential gain coefficient. 4, satisfy
the same conditions as does the fiber propagation constant, 3, for a reciprocal fiber.

These conditions can be written as:

— )32 =




T 7 S T W P r=C g

a. Ast)=4L-z1)
) . (V11— 3)

b Az 0) = Az, 7=
where L is the length of the amplifier and 7 is the transit time of the amplifier.
These equations are only valid if the counterpropagating waves are simultancously

incident at the ends of the fiber amplifier.

If the amplifier is nonreciprocal then the complex field transfer coeflicient is

not the same for each direction through the amplifier. Let 97&(4 and gr;,4 be the
transfer coefficients in the +2 and —=: directions respectively (Fig. VI-1). These
transfer coetlicients can differ in the field gain coetlicient. the phase shift or both.
The effect of a difference in field gain coefficients is a reduction in visibility? of
the envelope of the deteeted puise trains. The visibility of a particular recireulation

s defined as:

K {K)
B .
WL = 4
Tmax + I
where ISk and I(H')‘”), are the maximum and minimum intensities of the K'** recir-

culation. The visibility is one for the O™ recirculation and decreases to zero as K
goes to infinity. In terms of signal to noise ratio. the effect uf unequal field gain
cocfficients is an additional attenuation of the signal power.

Let g4+/2 and g-/2 be the field gain coefficients in the +: and —= directions.
The magnitudes of the field for the K'** recirculation traveling in the 4+ and —:

directions can be written as

a. |E4(K)| = VE|E(o)| exp|K (g4 — oL — A)/2]
b. |E-(K)| = V&|E(o)| exp|K(g- — aL — A)/2)

where |E(o)] is the field magnitude at each input port of the loop 1/O coupler at

(VI - 5)

time { = 0. Optimum signal to noise ratio is still obtained if either g4 or g— equals
the round trip loss. Let g4 equal the round trip loop loss, but g- is slightly less

than the round trip loss (aL — )
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a ge—al-A =9
(VII—-o0)
b 9g-—al— A =_; €>0

The fields for the Kt recirculation now become:

a. ,E+([\-),=,E(O” (VI[=7)
b. |E_(K)| = [E(O) exp{=R¢/2)

The detected signal power, Py, for the pth recirculation is the difference
between the maximum and minimum detected powers for the K recirculation.

Prig”\.) = Pmax”\.) - Pmin([\.)

(VII—g)
The maximam and minimum detected power can he Written as
@ PrasK) = 056 Po[1 + oxp(—c i /22 |
g 5 (VI —9)
b PrinlK) = 0.58°P,[1 — oxp(—c iy /22

Substituting Eqs. VT =9 jnto Eq. VIT~ 2 the detected signal power for the ' th

recirculation becomes

pu'g(l\') = 2621)06(_([\.) W= 10)

where P, is the power at each input port of the loo

P 1/0O coupler at ¢t = ¢ (ie.
Py = |E(o)]?).

The detected signal power now decreases with increasing nimmber

of recirculations, Previously, with a reciprocal amplifier, the signal power Las been
constant while only the nojse power h

Th

as increased.

¢ number of recirculations, K, obtained with a nonreciprocal amplifier whicl

has a nonreciprocity in the power gain of ¢ is now given as:

R exp(eN) = A,

(VII=11)
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where I, is the number of recirculations if the amplifier is reciprocal {i.e. ¢ = 0).
From this equation, it is seen that a nonrectprocal amplifier reduces the number of
recirculations for a given signal to noise ratio. Tlis results in a lower sensitivity for
the re-cmtrant rotation sensor which uses a nonreciprocal amplifier.

For nunrerical evaluation of the allowable nonreciprocity. ¢. in the power gain of
tlre amplifier, the following criteria will be used. The maximum allowable amplifier
power gain nonreciprocity is that which reduces the number of recirculations to one
lralf of the number of recirculations obtained with a reciprocal amplifier. In this
case tlre rotation sensitivity is one lalf of the ideal rotation sensitivity, This power
gain nonreciprocity which causes a 3 dB reduction in recirculations and rotation

sensitivity satisfies the following equation:

(Ko/2)exp{(Ko/2)e34p) = K, (VI =12,

This equation can be solved for ¢g34p. This nonreciprocity is given as

€34p = 2n(2/K,) (VI =13)

The table in Fig. VTI-1 shows ¢34p for various numbers of recirculations. i,.

In the tables in Fig. VI-5 and VI-6. the number of recirculations is between
10* and 108, At this writing. no data is available for power gain nonreciprocity in
bidirectional optical amplifiers. The tolerable nonreciprocities in Fig. VII-1 appear
to be restrictive.

The field gain coeflicients are now assumed to be equal. The phase shift ¢
of the amplifier is assumed to depend on the direction of propagation through
the amplifier. The amplifier will now introduce a phase shift, ¢gpup, between the

counterpropagating electromagnetic waves which ean be written as:

Oump == O ~ B_ (V- 14)
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Amplifier power gain non-reciprocity
which results in a 3 dB reduction in
recirculations and rotation sensitivity
in a re-entrant rotation sensor vs the
maximum number of recirculations.




where 04 and ¢_ are the phase shifts through the amplifier in the + and - directions

respectively. This amplifier induced nonreciprocal phase shift per pass is indistin-
guishable from the Sagnac phase shift per pass in general.

The nonreciprocal phase shift for the A" recirculation, o{K), is now given as

o(K) = K{os + 04mp) (VII—13)

where 05 and 04, are the Sagnac phase shift and the amplifier phase per pass
respectively.  The measured envelope frequency. F,,. associated with this phase

dependence is

1“771 &= ['.r.)t + ['..xmp ("[[— ‘6)

where Fryp 1s the frequencey due to rotaticn and F,,, is the frequency due to the
phase nonreciprocity of the amplifier.
110

nP\ (VII=17)
b.  Fimp = cOump/2mL

d. dsw =

In the above equation. ¢ is the velocity of light in free space. n the index of the
guiding medium, € the angular velocity of the sensor, L the length of the loop, A
its area and P its peruneter.

The measured envelope frequency, F,. is related to the angular velocity be
Eq. VII = 17. The amplifier phase nonreciprocity introduces an error into the
measurement of the angular velocity of the system. This error {2,,r0r. can be written

as:;

Qerror = Mineas = Mot = (XC/SK)“/‘\'-")éamp ("11 - 138)
where Q540 and Qg are the measured an actual rotation rate respectively, \ and

¢ are the free space values of the wave length and speed of light. A is the area
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enclosed by the optical fiber sensing loop, NV is the number of turns of optical fiber

about this area and @amp is as before. If the optical fiber sensing loop is circular,

then Eq. V1] — 18 becomers:

Qerror = (Ae/27)(1/LD)0ump (VII—19)

where L is the length of the optical fiber and D is the diameter of the sensing loop.

Assume that a fiber length 2.1 Km is wound about a eyvlindrical form of 10
em diameter to form an active re-entrant rotation sensor. The mimimum deteetable
rotation rates for this rotation sensor are shown m IFig. V1-6. where the backscat-
tered power is incoherent with the signal power. The amplifier phase nonreciprocity
will be calenlated which gives an angular velocity error just equal to the minimum
detectable rotation rate for each entry in Fig. VI-6. These results are summarized
in Fig. VII-1.

Again, no information exists for pliase nonreciprocity in bidirectional optieal
amplifiers. The quantities specified in Fig. VII-2 appear to be restrictive. If the
diameter of the sensing loop is increased to achieve a lower minimum detectable
rotation rate, the amplifier phase nonreciprocity remains constant. This occurs
because the minimum detectable rotation rate and the rotation rate error are both
inversely proportional to the diameter of the sensing loop. If the length of the
optical fiber sensing loop is increased by using a fiber with a lower attenuation, the
behavior of the a“iowable amplifier phase nonreciprocity is not easily determined.
This arrises because the rotation rate error is inversely proportional to the fiber
length, but the minimum detectable rotation rate has a nonlinear dependence on
the fiber length through Eqgs. VI — 25 and V/ - 27, If the minimnm detectable
rotation rate is decreased by changing the loop 1/O conpler coupling ratio, then the
allowable ampiifier phase nonreciprocity also decreases. Work needs to be done on

bidircetional optical amplifiers.
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Fig. VII-2. Amplifier phase non-reciprocity for

various measured errors in the angular
velocity for active re-entrant rotation
sensor.
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VIII. MULTIMODE FIBER GYROS

Another task under the contract during the reporting period has resulted in a
proposal for a new form of single pass cw gyro using multimode fiber. A generaliza-
tion of the analysis reveals that using many modes in a multimode fiber carries
the advantage much further, but again complete independence and maintenance
of mode intensity and orthogonality (but not mode integrity) is required.'® The
multimode gyro is considered to be potentially very important because. in addition
to allowing the use of multimode fiber which eases coupling problems, it eliminates
the need for a polarizer. This 1s a niajor consideration hecanse of the strict require-
ments imposed on the polarizer by the very small optical phase shifts which must
be sensed by the gyvro measuring small rotation rates involved in inertial navigation.

Earlier under the AFOSR program!' we developed an analysis which extended
the conditions of operation of single pass ew fiber gyros using single mode fiber by
lifting the requirement that the degree of polarization be unity, Le. that the state
of polarization be constant i time. This allowed the cajeuiation of the response of
the gvro for an arbitrary state of polarization of the inpnt light and for arbitrary
birefringence in the fiber. This work showed that the gyro could be operated with
completely uupolarized light. thus eliminating the polarizer. and that this type of
operation wounld allow the full sensitivity of the system to small rotation rates to
be cetained.

During the reporting period we continued this analytical work, extending it to
the case of prospective gyros in which the single mode fiber wonld be replaced by
general multimode fiber.

In the analysis of the multimode systems we have been able to show that an
essential property, referred to as reciproeity, is retained. In the conventional fiber
gvro nsing single mode fiber and polarized light, reciprocity, which is necessary

for high gvro sensitivity, requires the use of a polarizer with requirements on the
ah g) \ l
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discrimination ratio which can be as high as 100 dB.

We can perhaps clarify this further as follows. It is first helpful to consider the
nature of the output response of single pass gvros. In these systems the detector
current is a periodic function of the rotation rate being measured. As a result,
the system must be biased so that the current at zero rotation rate occurs halfway
between a maximum and minimum of this periodic function where the response to
a small merement of rotation is maximum and linear. Without bias this operating
point occurs at a maximum of the detector current where the response is minimum
and nonlinear. This requires the introduction of a quadrature phase relationship
between the two optieal waves, clockwise and counterclockwise, which propagate
around the fiber sensing loop.

A properly biased gyro. with reciprocity, has the property that, at the bias
point. the output current s mdependent of changes in the propagation constants of
the fiber m the sensing loop, such as are produced by environmontal effects acting
on the fiber. Our work showed that this property is possessed intrinsically by the
proposed multimode system. free of polarizers when it is properly excited.

A schematic diagram of the proposed multimode g ro is shown in Fig. VIII-1.
The couplers could be bulk beam splitters, but fiber directionai conplers would be
preferable. The differences between this circuit and that of the conventional fiber
gyvro are in the multimode specifications of the source and sensing loop, and the
absence of a polarizer which in the conventional case is located in series with the
path between the two couplers.

Details of this system are given in the Appendix.

The concept of reciprocal gyros was introduced under the AFOSR program,
including the need for polarizers in gyros using polarized light.!! This was followed
by introduction of the concept of sensitivity limitations in gvros due to Rayleigh

scattering in the fiber, and the primary approach of seurce spectrum broadening
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to reduce the effects.!®> These are two of the key considerations which have led to
the realization of single pass fiber gyros whose threshold sensitivity and drift are
consistent with requirements of long term navigztion. Another of the key factors
has been control of the nonlinear optical Kerr effect, which was developed in this
laboratory under another program. These procedures have become rather standard
é in the fiber gyro art. The newer proposals for single pass gyros, namely unpolarized

single pass systems, and multimode systems, arose from extensions of the analytical

work which led to the earlier advances.

IX. ANALYSIS OF SOURCE CHARACTERISTICS AND SCATTERING
IN FIBER GYROS

The study of seatterinz in optical fibers Las continued® with effort to relate the
inherent Rayleigh scattering in fibers to errors in optical fiber sensors, particularly
the Sacnac interferometer. Ilrror signals may arise from fluctuations inherent in
the optical source; secondary waves from rezions near the center of a Sagnac loop

which are substantially colierent with the primary waves: and waves scattered

by inhomogenieties wlich are substantially uncorrelated. The relative strength
of the fluctuations depends upon the characteristics of the source, its coherence
time/length, whether it has multi (longitudinal) modes or net, and whether it is
gain-saturated (constant intensity) or not. Calculations indicate that very broad-
band multimode low coherence gain saturated lasers are a good, and perkaps best
signal source for single pass optical fiber gyros. With such a source it is probable
that the “incolerentscatter provides the largest potential error. but is likely to
be smaller than errors due to environmental effeets. Further work is necessary to
relate specifie details of existing optical sources to specific interferometer designs, to
determine the relevant time constants of scattering plienomena and to obtain guan-
titative evaluations of error. .\ study on the reduction of backscattering error® has

revealed that the use of short signal pulses or equivalent chirped pulses and suitable
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modifications of the fiber loop can greatly reduce the error due to backscattering.
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From: Fiber-Optic Rotation Sensors and Related Technologies, Springer Series
in Optical Sciences, Volume 32, Springer-Verlag, Berlin, heidelberg,
Hew York (1982).

RE-ENTRANT FIBER OPTIC ROTATION SENSORS

G. A. Pavlath and H. J. Shaw
Edward L. Ginzton Laboratory

Stanford University
Stanford, CA 94305

A recirculating fiber optic rotation sensor is described wnich employs mul-
tiple transits of pulsed light around a closed coil of optical fioer. An
all-fiber implementation of this re-entrant rotation sensor is presented.
Tne experimental results verify the basic operation of the device.

Present fiber optic rotation sensors propagate cw light once around an
N-turn optical fiber coil. In re-entrant rotation sensors, [1] the N-turn
optical fiber coil is closed so that pulsed light can propagate many times
around the coil. The Sagnac phase snift is increased proporticnally to the
number of recirculations of the light around the optical fiber coil. Thus,
in effect, the length of the fiber is increased by the factor M.

Fig.1 shows the schematic of the present re-entrant rotation sensor. It
is constructed in all-fiber form, without splices, using single-mode fiber
components.
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propagate to the loop I1/0 coupler where portions of the pulses are injected
into the loop in opposite directions. This coupier is adjusted for a coup-
ling coefficient near unity. The pulses propagate around the loop many
times. After each transit around the loop, a portion of each pulse is
coupled out. These sampled pulses are recombined by the splitter/combiner
coupler and detected by a germanium photodiode. The polarization control-
lers [3,4] compensate for birefringence in the fiber, and allow the inter-
ferometer to be easily balanced at zero rotacion rate.

IRy

We have found in practice that the requirements of this interferometer,
namely efficient and balanced injection of pulses into the sensing coil to-
gether with efficient and balanced reinjection of pulses after each circu-
lation, are difficult to satisfy with bulk optics ccmponents external to
the fiber requiring a large number of alignments and adjustments which are
not independent. The present all-fiber version involves no alignments and
contains only four adjustments (two coupler and two polarization controllers)
which are non-interacting and very easily made and maintained, leading to
excellent performance of the interferometer.

Each input pulse gives rise to a train of pulses at the photodiode with
pulse spacing equal to the loop transit time (Fig.2). The envelope of the
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Fig.2 Detected pulse trains at rest and during rotation

pulse train has a exponentially decaying component due to loss in the sen-
sing loop and a sinusoidal component whose frequency is proportional to the J
rotation rate. The latter occurs because the Sagnac phase shift increases

linearly with the number of transits around the loop while the pulse height
is proportional to the cosine of the Sagnac phase shift.

For a circular sensing loop of diameter D , the frequency, F , of the
sinusoidal component of the pulse train envelope is

F =] g: (])
where 1 1is the wavelength and 2 is the rotation rate. The accumulated

phase (t) of the sinusoidal envelope component in a time T 1is propor-
tional to the angle turned through =(T) as
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Thus with a ré-entrant rotation sensor the integration which yields the an-
gular position change 1is accomplished optically.

Fi1g.3 shows the measured pulse trains at various rotation rates for the

5 us/diy

5 mV/div

5 mV/divy

L STy

= 0.16 rad/sec

~N

ré-entrant rotation sensor lepicted in Fig.1. The sensing loop was an 23
feter length of Corning Sinale-mode fiber wound on g circular form or 15 ¢
diameter.  The attenuation or the riber “ds reasurea at 1.3 4B/km at 1.06
<M. At rest a 180 deqree phase ST, wnicn results from the splitting/re-
€ombining process, exists between the tountersropanating pulses. This re-
sults in 4 straignt base line as the Output 17 the rotation sensor 1S pro-
perily balanced. The thickness of the line js due to the therral noise or




20 mv/div

10 mV/div

L
- s
. 1 .
& = 0.82 rad/sec

Fia.3 Experimental output pulse trains

—

the detector and corresoonds to 50 ni of optical power.

Jhen the sensor is rotated, the envelope of the pulse train is a decay-
ing sinusoid. The rotation rates in Fig.3 were chosen to 7ive approximately
1, 2, and 3 cycles of the sinusoidal component. The measured pulse trains
are in agreement with theory.

In conclusion, an all-fiber re-entrant rotation sensor nas been construc-
ted. It has shown that pulses can be recirculated many ties (10) and that
tne Saanac phase shitt accumulates for multiple transits of the sensing.

An optical amplifier will be placea in tne sensing loop to corpensate tor
1oss in order to extend the number of recirculdations by a very larce tactor.

The potential of reentrant systems for sencina very siall rotation rates
«#i11 Se evaluated, including the use of larte diareter sensina loops where




the use of such loops is applicable. This reentrant system is also a good
vehicle for studying the effects of Rayleigh backscattering in fiber optic
rotation sensors.
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UNPOLARIZED OPERATION OF FIBER OPTIC ROTATION SENSORS
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ABSTRACT

Reciprocal operation of a fiber optic rotation seunsor using un-

The existence of stable operating

polarized light 1s presented.

poincs which are unaffected by slow environmental changes, Co which

the sensor can be biased is showm.
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UNPOLARIZED, RECIPROCAL OPERATION OF FIBER OPTIC ROTATION SENSORS
G.’Pavlach and H. J. Shaw

Edward L. Ginzton Laboratory
Stanford University, Stanford, Califormia 94305

(415) 497-0203
SIMMARY

A non-rotationally induced differential phase shift is present in fiber
optic rotation sensors if the polarization in the optical fiber is not con-
served or controlled. This phase shift is caused by residual birefringence
in the optical fiber. It can be quite large ana very sensitive to the en-
vironment. It has been shownl that this phase shift can be eliminated by
correct usage of a polarization analyzer. There still remain environmentally
produced amplitude variations. Work is being done in various laboratories
to develop polarization conserving fibers and active polarization control to
limit these effects.

A new method is presented by which the non-reciprocal phase shift can be
eliminated without the use of polarization conserving fibers, active polari-
zation control, or polarization analyzers. Figure 1 shows a bare, basic fi-
ber optic rotation sensor. The light source is unpolarized. At any instant
of time the electric field can be represented by its components along the x
and y (transverse) directions. The phaser between Ex and Ey is randomly
distributed over the interval [-7 to 7]. The instantaneous intensity incident
on the detector contains both reciprocal and non-reciprocal terms. Some of the
non-reciprocal terms are caused bv cross products of Ex and Ey' These cross-~
prcduct terms are averaged to zero in the detector. The remaining non-reciprocal

cterns combine on an intensity basis to eliminate the non-reciprocity.
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If the optical fiber and other components of a rotation sensor are
.. . . , 2 .
modeled as birefringent elements using Jones' matrices, thec normalized,

derected intensity is

L. = L/2+1/2 - [eca,) - £(Y1,%2) %) cos B, )

where 05 is the Sagnac phase shifr and t(X1,¥2), t(71,X2) are the off-
diagonal elements of the Jones' matrices describing the birefringence of

the fiber. These elements are environmentallyv sensitive. Figure 2 shows
plots of Idet versus 09 for several values of these elements. Note how the
curves expand and rontract about their average value. This causes the de-
tected intensity to be independent of environmental fluctuations for Sagnac
phase shifts which are odd multiplies of w/2. By placing a non-reciprocal
phase shifter in the loop, it is possible to bias the rotation sensor to one
of these points at rest. The detected intensity will now be stable at rest.

These stable operating points are coincident with the points of maximum sen-

sitivity.

Figure 3 shows curves of 1 versus 05 obtained experimentally using the

det
rotation sensor shown in Fig. 1. The experimental results are in agreement
with theory.

It has been shown that a rotation sensor, operated with unpolarized light
is reciprocal without the use of polarization conserving fibers, polarization

analyzers or active polarization control. In iddition there exist stable

operating points where the detected intensity I{s insensitive to rhe environment.
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MULTTMOBE FIBER GYROSCOPES

5.A. Pavlath and H.J. Shaw
tdward L. Ginzton Laboratory
Stanford University
Stanford, CA. 94305

We have recently shown [1] that the basic reciorocity requirements [2,2] for
sensitive fiber gyros can be met in single mode systems in wnich the usual
polarized light source is replaced by an unpolarized source, and that certain
other operational features also result which are of interest. In the present
paper we extend the analysis of hoth 2olarized and unoolarized ayros to the
case of gyros using multimode fibers, and show that there are interesting
features in these cases also.

The electric field in the multimode fiber is expanded in the modes of the

fiber as !
N :
A - - Yy .
Eilbsa, 2 = a, (2)M, (x,y) (1)
where My (x,y) is the <" mode apd ay(z) 1is a complex number representing i

the amplitude and phase of the ‘N mode. For quasi-monocnromatic light, the
correlation between the modes must be soecitied along with the power in the
mode. This is accomplished mathematically bv a generalized coherence matrix
(4) which is N < N . The kath term is

*
I, = g l2)a, (2)> (2) ;
where the asterisk (*) and the brackets (< >) denote the complex conjugate
and the infinite time average respectively. The generalized coherence
matrix has the same properties as the 2 < 2 coherence matrix decribed in
Ref. [4].

The optical fiber is modeled as a 2N port linear system. The ports are
identified with the fiber modes at either end of the fiber. The fiber is
described by two transfer aiatrices 721 and T12 which characterize oropa-
7ation from end 1 to 2 and vice versa. The k2th element of these matrices

is 21
27 2 J(§k2 + 35/2) (Za) ]
o= r.. e
X K«
o 12 e
- 12 ](Zk - :S/Z) {Sh)
TIC = pcoe
K- X .
anere . is the 3agnac ohase shift, . IS tne fractior of <he liant
‘ncidents At Jne 2na in mode wnicn 2x1%s The ather “iber 2ng ‘n mode «
ing 5 the pnase sniTt alona <ne nath :oomecting moges = ind k.
2eciorgeity 1s assumed 0 n0ld 3t rest tnus Tyt o= "k . The transter
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matrices are unitary if the fiber is lossless. A transfer matrix for the
gyroscope can be written in terms of the transfer matrices of the compo-
nents. The Tkl's are environmentally sensitive.

We consider two configurations of multimode fiber gyros, one using
polarized light (Fig. 1(a)) and the other using unpolarized light (Fig.
1(b)), wnere polarized and unpolarized are defined in terms of the general
coherence matrix. For polarized light all of the power is in one mode
(i.e., Jyg =6miSmy)» while for unpolarized light the power is evenly

divided among the modes and the modes are uncorrelated (i.e., Jpg = 1/N6k2)-

The normalized power assuming ideal components is calculated to be
2

Ipo]am‘zed = ]/Z(rmm) Higigees ¢s) (43
1. B . 132
Lunpolarized = /2 {] +(N kE] i)
N N 1
] o I 0z _ J2)
-x £ T (r ;)" cos(s,, - 5,.); cos b (4b)
17k

The above formalism reduces to the case for single mode fibers by
setting N = 2.

Response curves (I versus »_) for multimode fibers are shown in Fig. 2
for various values of Ty, . Note that the response curves are sinusoidal
with the positions of the maxima and minima of each curve independent of
Ty - This indicates reciprocal behavior. For the polarized gyro, the
va%ue of the minima are fixed while the value of the maxima depends on Ty,.
In the unpolarized gyro, the average value of the curves is constant, whi%e
the maxima and minima expand or contract uniformly about the average value
depending on Tkg . Thus the behavior of polarized and unpolarized multi-
mode gyros has the same basic characteristics as for polarized and unpolar-
ized single mode gyros.
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For the polarized gyro, Fig. 1(a), the insertion loss can be large if
the optical fiber scatters the incident power uniformiy over the N modes.
However, individual modes are sometimes well preserved, which would resuit
in reduced insertion loss. The insertion loss of the unpolarized gyro,
Fig. 1(b), is expected to be low due to the absence of mode selective com-
ponents. All N modes are detected. The large numerical apertures of
muitimode fibers allow more optical power to be coupled into them than into
singie mode fibers. This can be important in reducing the effects of detec-
tor noise. Low cost LED's can be used with multimode fibers. Relaxed
alignment tolerances and cheaper fiber are further advantages. Also coher-
ent backscattering and environmental sensitivity are expected to be lower
because of averaging over the modes.

[n conclusion, we see that reciprocal operation of gyros with multimode
fiber is theoretically possible in both polarized and unpolarized forms and
that there are some prospective advantageous tradeoffs over single mode
gyros.
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ABSTRACT

Coherent Ravleigh backscattering can be a source of significant

error in Sagnac fiber rotation sensors. By using appropriate methods

of signal modulation and by modification of the semsing loop, this

error can be greatly reduced.




REDUCTION OF BACKXSCATTZIRING ERROR IN AN OPTICAL FIBER GYRO
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SUMMARY

Rayleigh backscattering has recently been recognized as an important
factor which may limit the sensitivity of cptical fiber Sagnac rotation

1 .
sensors. Each of the primary waves that counterpropagate around the

sensing loop excites small scale inhomogeneities in the fiber which in
turn act as induced dipole radiators.2 The fiber captures a portion of
the scatrered radiation and guides it in the reverse direction. The
concributions from each of the scatterers add vectorially to constitute
a total backscattered field in each direction, which has an amplitude
and phase that are stable in time if the loop is not perturbed.

Since the scatterers are randomly distribured along the fiber we can
only estimate the r.m.s. amplitude of each backscattered wave in terms of
the total backscattered power, and the phase of each wave cannot be predicted.
These waves possess some degree of coherence with the two primary waves and
add wveczorially ar unpredictable phases that are in general not identical

-
Y

for both waves (Fiz. l). The result is a component of phase shif: due to

backscattering that is, for any single measurement, indistinguishable from

that induced dv rotacion.

R ki it Sl

In zeneral, the error Jue o dackscatctering can Se minimized =2ither bv
recucing the conerence Setween Ihe primarv and the scatzared waves or oV

reducing the magnitude 2f the getactad dSackscactzering itsels. The Sormer

r-
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may be accomplished in a number of ways, notably by phase modulating the
primary waves, thereby randomizing the phases of the backscattering waves.
Other factors such as environmental changes and finite source coherance
length also play a role in reducing the effect of backscattering. Even
with these factors and with intentional modulation the uncertainty due to
scattering can be of the same order of magnitude as that of the best
operation yet reported.

The magnitude of the detacted backscattering can be reduced
significantly by using signal pulses that are of short duration relative
to the transit time T around the loop. This reduction is due to the fact
that at any given time a short pulse is localized in a correspondingly
short segment of the fiber path. As a result, only a fraction of the
total backscattered light is able to arrive at the output in coincidence
with the direct signal pulse (Fig. 2). The non-coincident backscattering
can be removed by gating., Similar results can be obtained using chirped
pulses that are spectrally equivalent to the short pulses but require
lower peak powers.

The use of short pulses not only reduces the coincident backscattered
power by a large factor (1000 if At = 5 ns in a 1 km loop), it also
defines the segment of the fiber where it originates. The backscattered

power jeteczed during the interval T - At/2 <t < 7t + lt/2 (and thus in

corncidence with the direct pulse) originates solelv Izom scatterers

locarted within a corresponding segment of ZIiber halfiwav around the loop in

the intaerval L/2 - wie/2 < 2 ¢ L;/2 + vide/2, where L is the loop lengzh and

v the 2roup velocizv of the sulse. Thus iZ the input pulse is made shcrzar,

the sourses of the unwantac tacikicattarad power ire reduced in aumser ind




BN AR |

Newton, et al., REDUCTION OF 3BACKSCATTERIMNG ERROR
are restricted to a shorter segment of the fiber Az = vAt (e.g., if
At = 5 ns, then 2z = 1 m). Since its location is known, such a segment
can be identified and physically isolated from the rest of the system.
By reducing the backscattering from only this short segment of the loop,
a "mrther improvement in rotation sensitivity will result. There are
5L al methods of accomplishing this.

In summary, it appears that through the use of short signal pulses or
equivalent chirped pulses and suitable modification of the fiber loop,
the error due to backscattering can be greatly reduced.
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Birefringence and polarization effects in fiber gyroscopes

G. A. Paviath and H. J. Shaw

A formalism is presented for treating birefringence and polarization in fiber optic sensors. This formalism
is applied to study theoretical characteristics of fiber gyroscopes which are operated with various states of
polarization of the input light including nonpolarized and partially polarized light, which have potentialiy
useful characteristics. Measurements supporting the theoretical predictions are described.

I. Introduction

[t is recognized today that polarization plays an im-
portant role in the operation of many kinds of fiber optic
sensors. The monomode optical fibers which form the
sensors are birefringent. This birefringence enters
during fiber manufacturing either deliberately as in
polarization maintaining fibers or accidentally. Bire-
fringence can also be induced in a fiber by bending or
twisting and by external stress, electric, magnetic, and
acoustic fields.!"? This birefringence is extremely
sensitive to the environment of the fiber. Changing
birefringence can cause substantial variations in the
signals from fiber optic sensors, which can be indistin-
guishable from the signals caused by the physical field
being measured.

This paper will focus on cw single-pass fiber optic
gyroscopes. A new method is presented by which the
effects of fiber birefringence are reduced. It consists
of operating the gyroscope with unpolarized light and
removing any polarization selective elements from the
system. This method assures reciprocal operation and
provides stable operating points at which the gyroscope
can be operated without being affected by reciprocal
changes in fiber birefringence.

To understand how this method works a formalism
will be presented which quantifies the fiber birefrin-
gence and treats its effects for any state and degree of
polarization on the performance of fiber optic sensors
in general. Previous formalisms*-®> were applicable only
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to completely polacized (monochromatic) light. This
formalism, which is applicable to light of any degree of
polarization (quasi-monochromatic), is applied to sev-
eral methods of operating a fiber optic gyroscope in-
cluding the unpolarized method. Experimental results
are given which support the theoretical predictions.

Il. Theory

A. Coherence Matrix Representation of Polarization

To represent the state and degree of polarization, the
cokerence matrix formalism® will be used. Choose any
two orthogonal polarizaticn states as the basis for the
coherence matrix. Let Ex and E be the projections
of the electric field of a light wave on this basis. The
coherence matrix J of the light wave is then

| (ExEx)(EKEL)
(ELEX(ELED]
where the brackets (-) signify the infinite time average.
In the rest of this paper the basis states are chosen as
linearly polarized along the x and ¥ axes.

The coherence matrix defined by Eq. (1) is Hermi-
tian. The degree of polarization P is determined by the
eigenvalues (A;,\), and the intensity [ is given by the
trace. These properties can be stated mathematically
as

(1)

Ike = dix, 24
P [Ay = Agl/tA, + \al. (2b)
[ = Trd. (2¢)

If a light wave passes through as linear birefringent
system, characterized by a Jones matrix S, the input and
output coherence matrices are related as follows:

Jowt * SdiaS*. 3)

The coherence matrix of a linear superposition of light
waves is the sum of the coherence matrices of the light
waves. These properties will be used exteusively.




B. Birefringent Model of Optical Fiber

The optical fiber will be modeled as a general bire-
fringent element using Jones matrices.*’® A Jones
matrix S.; will describe propagation from fiber end 2
tofiberend 1. A second Jones matrix So) will describe
propagation in the opposite direction. The fiber is as-
sumed lossless. Hence the Jones matrices are unitary.
This means that the sum of the absolute squares of the
elements in a row or column equals unity. The Jones
matrices can be written in general as

tHX1,X2) t(X1.Y2)

Su- ; . (4a)
t(Y1.X2) (YLY?2)
HX2,XD uX2Yl

S x( ) ! )) ' (4b)
HY2.X1D (YYD

where the t(k.[)’s are complex numbers which represent
the scattering coefficients of a general four-port linear
system. The ports represent the x and v linear polar-
izations at the ends of the fiber as in Fig. 1. If the fiber
is reciprocal, the complex scattering coefficients are
related as

tiRD) = t(lR) (5)

A more detailed form of the Jones matrices will be

derived by considering the length of fiber shown in Fig.
()

The propagation constants 3, and 3, for the two
polarizations are shown explicitly. First consider a
model in which, at some point z along the fiber, some
power is exchanged between the two polarizations, while
at all other points in the fibers the two polarization
modes are uncoupled. The Jones matrices (which are
2 X 2) can now be written

Si2 = expyiL)
CABL
cosf exp (] -%) sinfl exp [-jAB (% - z)]

x ! +  (6a)
. ) L cost exp(=jA3L/2)
- sinf exp |; A8 (; - :)]

Spa= expuaLi

AdL)

2

el

)] cost expl—y A3L/2)

cusf exp (j
(6b)

L
sint exp |~ 3 S

where 8 = (3, + 3,)/2 and A3 = 3, = 3,. The pa-
rameter f is the angle through which the input state of
polarization is rotated by the fiber.

In general in a length of optical fiber there exist many
points where the two polarization modes are coupled.
The Jones matrices for this general fiber can be ob-
tained by dividing the fiber into lengths which contain
only one point of coupling, then taking the matrix
product of the Jones matrices of each section. These
matrices have the general form of those in Eq. (6).
These generai matrices can be written

Eng 1 Ena 2

Ports

r2

)
— Channels

. Complex Scattering
Coetficrents
Fig. 1. Four-port linear svstem model of a single-mode fiber. The
ports are x, X2, ¥, v2 corresponding to linear polarizations. The
channels between the ports are shown schematically along with their
complex scattering coefficients,

2
yl

12
y2

i
By
]

2+0 1:2 ZL

Fig. 2. Model of a single-mode fiber in which the two polarization
modes are coupled at a point Z and are uncoupled at all other
points.

cos(L) explj£(L)/2)
—sinf(L) exp[jo(L)/2}

sinf(L) exp{—;o(L)/2)
cosf(L) exp{~jE(L)/2)]
(7a)
=sinf(L) expjo(L)/2)
cosd(L) exp|—jE(LI/2})
(7h)

Sy2= expljo(L)} (

= cosf(L) exply £(L)/2}
= (L)
S =esplisiL (sin()(L) exp{—so(L)/2}

In these equations ¢ is the averagz phase shift along the
fiber, £ represents the change in ellipticity of the input
state of polarization, f is the total polarization :ntation,
and ¢ represents the reciprocal phase shift of the fiber
(which can mask the Sagnac phase shift in a fiber optic
rotation sensor). All the parameters in Eqs. (7) depend
on the length of the fiber.

If the fiber is used in the sensing loop of a fiber gy-
roscope, the Jones matrices in Eqs. (7) are modified as
follows to aliow for the Sagnac rotationally induced
phase shift ¢,.

Si2 = expy./2)S;2, (8a)
Sy = expt=;0./2)S2. (8b)

C. Jones Matrix Repressniations of Polarizers Beam
Splitters, and Gvroscopes

The remaining components of a basic fiber gyroscope
aie beam splitters and a polarizer. These components
will be assumed ideal, since the major focus of this paner
is the effect of the state and Jdegree of polarization of the
fiber sensing loop. The Jones matrix representations
for ideal polarizers orientated to pass the x linear po-
larization and the y linear polarization are

1 0O

Pl.( )' 9a)
0 0
0 0

P\-‘( ) (9b)
0 1

The beam splitter is represented ty two Jones matrices,
one for transmission and one for reflection:

15 May 1982 / Voi. 21. No. 10 / APPLIED OPTICS 1783
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The -Jones matrix which describes the rotation sensor
can he expressed in terms of the Jones matrices of the
components as given in Eas. (7), (8), (9), and (10).
Figure 3 shows the schematic for the rotation sensor
which will be used in the following analysis. This
rotation sensor is reciprocal only if the beam splitter is
ideal.? The Jones matrix G of the fiber optic gyroscope
is

G =P (RS1.R+TSyT, (1

where P, represents either P, or P, in cases where a
polarizer is needed.

D. Analysis of Specific Cases

1. Copolarized
In the first case to be analyzed the laser is linearly
polarized along the x axis. and the polarizer is orientated
to pass the x linear polarization. The coherence matrix
of the input light is
Jin = (l 0) . (143]

0 0

Using the coherence matrix given above in Eq. (12) \yi(h
the Jones matrix G given by Eq. (11), the normalized
detected intensity is

1754 APPLIED OPTICS / Vol. 21, No. 10 / 15 May 1982

I = Y cos?f(l — cose,). ‘ (13)

This intensity depends on the Sagnac phase shift ¢, and
the fiber birefringent parameter fl, which describes the
rotation of the state of polarization by the fiber. Iffis
90°, the detected intensity is zero. Figure 4 shows
computer plots of Eq. (13). The curves are parame-
trized by 8. This set of curves shows that this mode of
operation is reciprocal by exhibiting no translation of
the curves along the ¢, axis as the birefringent param-
eters are varied. Also note in Fig. 4 that the zero min-
ima of all the curves are at zero, while the maxima of the
curves vary with 4.

The sensitivity to rotation of the fiber optic gyroscope
shown in Fig. 3 is zero at rest, and a nonreciprocal phase
bias element must be included in the optical sensing
loop to move the operatirg point at rest to a peint of
maximum sensitivity. The value of this nonreciprceal
phase bias is an odd multiple of 7/2 rad. The operating
point shown in Fig. 4 by the dashed line is of most in-
terest. When the rotation sensor is at rest, the detected
intensity varies with the fiber birefringent parameter,
fl, which again is a function of the environment. This
intensity variation represents an error which must be
dealt with. Techniques for this are polarization
maintaining fibers, electronic polarization control, or
certain types of modulation.

2. Cross-Polarized

The next case to be considered has the polarizer or-
ientated to pass the Y linear polarization. The source
is still linearly polarized along the x axis with coherence
matrix as given in Eq. (12). Using Eqs. (3) and (11) now
results in the following form for the normalized detected
intensity:

I =Y sin*d[1 + cos(e, + 0| (14)

The detected intensity now also depends on the fiber
induced reciprocal birefringent dependent phase shift
¢. Figure 5 shows plots of Eq. (14) in which the curves
are parametrized by # and ¢. This mode of operation
is nonreciprocal. This is seen in Fig. 5 where the curves
exhibit translation along the ¢, axis as the reciprocal
birefringent dependent phase shift ¢ is varied. This

oA (D
EUTIYAL

4\ |

* <o LAGAC PWASE SHISY 28019,

Fig. 5. Normalized intensity vs Sagnac phase shift for polarized
mnput. The polarizer rejects the input polarization. The parameters
# and o are ta) 190,i80), (b) (60.90), (¢) 130.45).
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input. No polarizer is used. The parameters  and ¢ are (a) (0.0),
th) (30.45). (c) (60.90).
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Fig. 7. Normalized intensity vs Sagnac phase shift for completely
unpolarized input. No polarizer is used. The parameters 8 and ¢
are (a) (0.0), (b) {30.45), (c) 160.90).
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Fig. 8. Normalized intensity vs Sagnac phase shift for paruially
polarized input. No polarizer is used. The parameters # and o are
(45.90). The degree of polarization is (a) 1, (b) 0.5. (¢} 0.

fiber induced reciprocal birefringent dependent phase
shift is indistinguishable from the rotation induced
phase shift. The minima of the curves are fixed at zero
again, while the maxima again depend on the environ-
ment through 0, the state of polarization rotation pa-
rameter.

3. No Polarizer

The last case to be considered for completely poiar-
ized input light is that in which no polarizer is used
before the detector. The input light is still linearly
polarized along the x axis as before. In this case it is
apparent that the normalized detected intensity is the
sum of the detected intensities for the cases in which the
polarizer is orientated along the x and y axes {Egs. (13)
and (14)}:

I = %1 = cos?f cos¢, + sin?f cos(¢, + o)). (15)

The detected intensity again depends on 4, the rotation
of the state of polarization, and on ¢, the fiber induced
reciprocal birefringent dependent phase shift. From
the form of Eq. (15) it can be seen that the average value
of the detected intensity is independent of # and ¢.
This is shown in Fig. 6, which shows plots of Eq. (15) for
various values of # and . The maxima and minima of
the curves expand or contract about the average value
of the detected intensity. This mode of operation is also
nonreciprocal as evidenced by the translation of the
curves along the ¢, axis. The independence of the av-
erage value of the detected intensity is due solely to the
lack of a polarizer before the detector. This property
will be quite useful in the next case examined.

4. Unpolarized

Let the light source in Fig. 3 be unpolarized. The
coherence matrix of this light wave is given as

J '(1/2 0) iEl
" lo 12

Using this coherence matrix in Eq. (3) with the Jones
matrix of the rotation sensor given by Eq. (11), the
normalized detected intensity is found to be

I = {1 = (cos?) - sin*f cose) coeo, ). an

The detected intensity again depends on # and 4. The
average value of the detected intensity is again constant
due to the absence of a polarizer. Figure 7 shows plots
of Eq. (17). The curves are parametrized by the bire-
fringent parameters f and ¢. This mode of operation
is reciprocal because the curves do not translate along
the ¢, axis with changing values of # and ¢. Physically
part of the nonreciprocity is eliminated due to the in-
coherepce of the two polarizations. The remaining
nonreciprocity is exactly canceled when the two or-
thogonal polarizations add in the photodetector. No-
tice the behavior of the curves when the Sagnac phase
shift is an odd multiple of x/2. The detected intensities
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at these points are independent of the fiber birefrin-
gence. The sensitivity to rotation at these points is also
amaximum. If the rotation sensor in Fig. 3 were biased
to one of these points at rest, the detected intensity at
rest would be independent of changing birefringence in
the fiber. The rotation sensor would be stable at rest.
The scale factor would still depend on the fiber bire-
fringence. Other methods must be used to stabilize
it.

5. Partially Polarized

In general optical components have some degree of
polarization selectivity, and most light sources have a
small nonzero degree of polarization. The terms in the
coherence matrix are infinite time averages of the
products of the phasors of the electric field. When
these terms are measured with a detector with a finite
integration time, a nonzero degree of polarization may
be obtained for an unpolarized source. Because of these
observations the performance of the fiber optic rotation
sensor in Fig. 3 must be examined for partially polarized
light.

Equation (18) shows the coherence matrix for a light
wave with degree of polarization P along the x axis:

. ={('/2)(l +P) 0 )
R 0 )1 = P)
This light wave can be expressed as a sum on an in-

tensity basis of a completely polarized light wave and
a completely unpolarized light wave:

P O\ ((Y(1=P 0
e ) . (< L)1 = P) ) : -
0 0 0 ()1 = P)

The normalized detected intensity of the rotation sensor
shown in Fig. 3. using a light source with the above co-
herence matrix, is the weighted sum on an intensity
basis of the detected intensities for polarized and un-
poiarized inputs [Egs. (15) and (17)]. The normalizec
detected intensity is

(18)

I = )1 = (cus*A — sin“fA coso) coss, |
~ P/2 sin*f siny sing,. 120)

The detected intensity now depends on ), ¢, and P, the
degree of polarization. In Fig. 8 plots of Eq. (20) are
shown for various values #, ¢, and P. From this figure
it is seen that this mode of operation is nonreciprocal
by an amount proportional to the degree of polarization.
If the nonreciprocity can be made small enough, this
mode of operation can be used in a practical rotation
sensor. The degree of polarization is approximately
equal to the minimum detectable phase shift.

Wl. Experimental Evidence

The rotation sensor shown in Fig. 3 was constructed
on a rotating table. The sensing loop was formed from
600 m of I'TT single-mode fiber wound about an area of
1 m* with 150 turns. A randomly polarized 1-mW
He-Ne laser was used as an unpolarized source. The
degree of polarization was measured as 5%. This laser

1756 APPLIED OPTICS . Vol. 21, No. 10 / 15 May 1982

Fig. 9. Measured intensity vs Sagnac phase shift using polarized
input light with polarizer passing the input polarization for different
birefringent conditions in the fiber.

Fig. 10. Measured intensity vs Sagnac phase shift using polarized
input light with polarizer rejecting the input polarization for different
hirefringent conditions in the fiber.

Fig. 11. Measured intensi(y vs Sagnac phase shift using polarized
input hgh( with no pulanizer lor different hirelringent conditions in
the liber.




Fig. 12. Measured intensity vs Sagnac phase shift using input light of 5%
degree of polarization for different birefringent conditions in the fiber.

emitted at a wavelength of 632.8 nm. A second 50-mW
laser was used to give polarized light at the same
wavelength. A plate-type beam splitter was used to
split and recombine the light waves.

A photomultiplier tube was used to detect a portion
of the spatial fringe pattern of the recombined light
waves. The photomultiplier output was displayed on
the vertical channel of a storage monitor. The rotating
table has rotation rate transducers which give a voltage
proportional to the rotation rate. This voltage was
displayed on the horizontal axis of the storage monitor.
As the rotation rate was swept through an appropriate
range, an electrical fringe pattern of detected intensity
vs Sagnac phase shift was traced on the storage monitor.
This measured response curve was taken for various
birefringent parameters and compared with the theo-
retical response curves calculated previously. The bi-
refringence of the fiber was mechanically changed by
twisting and bending the fiber.

Figures 9, 10, and 11 show the measured detected
intensity vs Sagnac nhase shift for polarized input light
with an output polarizer passing the input polarization,
an output polarizer rejecting the input polarization, and
no polarizer, respectively. Comparing Figs. 9, 10, and
11 with the theoretical plots in Figs. 4, 5, and 6, re-
spectively, it is seen that experimental and theoretical
curves agree very well. The main difference between
the two sets of figures is the reduced fringe visibility of
the measured electrical fringes. This is due to uneven
power flow around the loop in opposite directions, which
is caused by the beam splitter having a 60:40 power
splitting ratio. A less obvious difference is the small
variation of the mean of the electrical fringes in Fig. 11.
This variation is attributed to laser power fluctuations
and fluctuations of the coupling of the spatial beam into
the fiber.

Figure 12 shows the electrical fringes for nearly un-
polarized input light (P = 5%) when no polarizer is used.
Comparison of this figure with Fig. 7 shows that theory
and experiment are in good agreement again. The
differences are again caused by the same factors as
above.

IV. Conclusions

We have developed a formalism which describes the
birefringence of an optical fiber and the effect of the
birefringence on the performance of fiber optic sensors.
This formalism was checked by measurements made on
a single-pass cw fiber optic rotation sensor. It was
shown that unpolarized input light leads to reciprocal
operation of the rotation sensor. It was also shown that
by using unpolarized input light, the rotation sensor
could be made stable (independent of reciprocal fiber
birefringence changes) at rest if a suitable nonreciprocal
phase shift (odd multiples of #/2 rad) was applied to the
loop.
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The al -fiber Gvroscope: & Praczical ilzarmactive Ior Rotaticon Sensing
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Optical fibers are of great potential importance for sensor syscems,

jecause Cnevy are environmencally sensitive and because they can be used in
.acterfercmerers faor measurement of very small phase shifcs. fiber zgyro-
scopes, like cheir predecessors cthe ring laser gyros, are based on Cthe

y -

lagnac aflect, whereby liznt traveling around a closed path experiences

i phase sniit proportional to the rotation rate in inertial space. The de-=
tected pnase snift represents an optical path difference that zay be less
znan one thousandth of an angstrom in length.

The emergence of the f{iber ring interZeromerer as a pracctical alcer-
2ative CO existing rot3tion sensors began3 wizh the develorment of very low=-
10ss optical Iibers. [t was soon recognized zhat such fiber rotation sensars
nag the potencial zo rival the sensiziviry of ring laser gyros, and uliimartely
Ihat of the Sest mechanical zyros. However, early acrtempts to observe the
iagnac 2riec: .n Iiber inrcerZerometers were disappolnting bDecause of parasitic
Jrop3agat.on 2nencmena ana decause of limications in the measurement Of paase.

ln tne 2ast Iew vears, 1anv Jf these limizing =2£flects nave deen identi-
Izea ana ITe3C.v Ceaguced JV LmDroving Che construcIion Oof Ihe interfergmecer
ina Ine ITeatlent 3I :ne Joctacal signal. These improvements include Jptical
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low-loss directional coupler and poiarizer were demonstractad.

ider
devices analogous to bulk retardation plates were developed in the Zorm

of adjuscable polarization controllers which make use of the birefringence
induced by fiber bends.L2 Phase modulation was accomplished by wrapping
turns of fiber around voltage driven PZT expanders.l3

These components have made possible a rotation sensor im which the
opctical signals remain guided in a single mode along the entire path in an
unoroken fiber. Perhaps the greatest advantage of such a system is its
7ery low loss - a parameter of prime importance since the sensitcivity is
aow approaching the quancum detection limit. Besides a substantial reduc-
tion of loss, the sbsence of bulk optical components and ijocints eliminates
severe alignment problems as well as unwanted back reflections.

An all-fiber rotation sensor has been constructed in which all compo=-
nents are fabricated directly on a single 580 meter length of single wmode
iber wound on a 7 cm radius (Fig. l). The response for a rctation of } de-
srees/hour is shown in Fig. 2 and indicaces a noise equivalent rotation race
>{ less than one hundredth of the rotacion race of the earth.

As these and other recently reported :-esu.l.:s]'A indicace, fiber zyro
sensitivity nas rapidly progressed to the point wnere it is within an order
>f magnituage 3L znat L the ring laser zyro. [t is axpected chat e ise
)L i JDLIC3L 130L3COC TO profecI the [Nt source, Zne yse )L poliarizaczon
Jreserying Ziber, ina 1ne use Jf .onger Iibers Wi.l imDrove zhe sensicivity
Iucn fursher.

AN Lngegrating t3ce g

e

TO, 1S1ing 1 fuiseq reencrant mode L Jperaclon,

W3S 1450 tesen lemonstrac2a  Tlz. . TWwo »otical fulses, wnicn icuncaroro-
lagafe 1T7uURd The sensing .000 3RV Ilnes. jre ~onaestructiveLrv 3alpied
FHERE 2aen F5InShE e =navelope JI INe f2sullilng Sudlse ITain iC Ine let2cetor
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is sinusoidal, wich the frequency of the sinusoid being proportional to thne
angular velocicy.

Fiber gyros are relatively simple instruments; compact, light weight
and rugged, requiring little maintenance, and featuring strapdown mounting
and rapid turn-on. Presently, they have the sensitivity required for a

variety of navigational sensing tasks in the area of guidance, control and

navigation. Linearity and stability of the scale factor, and dynamic range,
are further items of importance for practical applications, and work is in
progress in these areas. If the rate of advancement in sensitivity is any
indication of future progress, the optical fiber rotation sensor will emerge
as the instrument of choice for inertial navigation in the not too distant
fucture.

This work was supported by the Air Force Office of Scientific Research

under Contract F49620-830-C-0040 and the Atlantic Richfield Company.
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TECHNICAL REPORT (EXCERPT) Edward L. Ginzton Laboratory Report No. 3551 '

FIBER OPTIC ROTATION SENSORS

ALTERNATE CONFIGURATIONS AND MODES OF OPERATION

George Attila Pavlath, Ph.D.
Stanford University, 1982

This is a theoretical and experimental study of rotation sensors
which utilize the Sagnac effect in ring interferometers fabricated from
optical fibers.

The elfects of fiber birefringence and polarization of light on the
performance of such sensors are of great importance and these effects
have been investigated using a mathematical formalism particularly suited
for treating these properties. This formalism has been applied to a
variety of polarization conditions and to various kinds of phase mod-
ulation techniques. The predictions of this formalism are compared with
experiment in certain cases and are found to be in good qualitative
agreement.

Based on these results, a new type of phase modulg&ed rotation
sensor which uses two modulation frequencies 1is proposed to overcome
some of the problems characteristic of some kinds of operation.

The principles of operation of reentrant pulsed fiber rotation
sensors have also been examined. This is the case where a single pulse
circulates around the fiber many times. Considerations of system opti-
mization for various cases are treated and presented.

Experimental results obtained with with two types of such reentrant

rotation sensors are presented and discussed. Mathematical formulas

N
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have also been derived for the rotation rate error in single pass and
reentrant rotation sensors in terms of the uncertainties in the system
parameters due to noise. In the case of reentrant rotation sensors,
several mathematical algorithms for processing the signal have been
treated. Computer calculations have been made on the rotation error as
a function of the rotation rate and the number of recirculations, for a
passive reentrarnt rotation sensor which uses a cycle counting detection
algorithm. The rotation rate error as a function of recirculations and
also for low rotation rates has been calculated and proposals have been
made for reducing these errors. The theory should also be capable of

treating other conditions of operation for a rotation sensor.
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I. INTRODUCTION.

Navigation can be defined as a method of guiding an object or person
between two points. The navigational problem has three components. First,
the nresent lacation than the divacedsn ond Ziziince Lo Lhe desidiaiion
must be determived, and finally, the required direction must be set and
maintained. The second component of this problem depends on the geometry
of the space containing the two points and on the coordinate system
used. It will be not be discussed in this paper.

Determining present location and direction can be accomplished with
or without reference to external objects. Location can be determined from
landmarks, stars, or radiosignals. Direction can be determined from land-
marks, stars, or the earth's magnetic field. These are examples of the
use of external references.

The process of not using external references is called deadreckoning
or inertial navigation. This process requires that an initial rosition and
direction be known. The present position is then obtained by integrating
the velocity vector to obtain the position change with respect to the
initial position. Until quite recently, this has been typically achieved
by using accelerometers, mechanical gyroscopes and atomic clocks. Mechan-
ical gyroscopes, which depend on the principle of conservation of angular
momentum, are required for the determination of both the position change
and the present direction. The highest quality mechanical gyroscopes
achieve rotation sensitivities of 1072 to 1073 degrees/hour. They,however,

require much maintainance to function properly.




In 1913, a French scientist, Sagnac, published a paper(l) demon-
strating the first optical rotation sensor. The rotation sensor operates
because of a rotation induced phase shift (Sagnac phase shift) between
lightwaves which counterpropagate around a closed optical path. Chapter II
of this paper deals with the Sagnac effect. This original rotation sensor
had poor sensitivity and remained a laboratory curiosity until quite
recently.

In the late 1960's, the ring laser gyroscope* was first demonstrated.
This is an optical rotation sensor which uses the Sagnac effect in a
slightly altered way. A rotatiorn dependent frequency difference between
light waves which counterpropagate around an active closed optical path
is used instead of a phase shift. The early laser gyroscopes suffered
from the phenomenon known as lock-in where the frequency difference
between the counterpropagating light waves goes to zero when the rotation
rate drops below some threshold value and no rotation rate information
is available. Since, in practice this region is quite wide, the ring
laser in its basic form is not useful as a rotation sensor.

Much time and money have been invested in understanding and overcoming
the problem of lock-in. [he locking is due to coupling of the waves by
backscattered radiation, mostly from the mirrors which form the closed
cavity. The solution to this problem is to use better mirrors and a dith-
ering technique which keeps the gyroscope outside of the lock-in region.

Currently, mechanical dithering is used in production gyroscopes, although

* a3 . . : ,
The term "gyroscope” is commonly used in discussing Sagnac rotation

sensors, t.e. ring lasers, fiber loop sensors, etc. This is strictly
speaking a misnomer, but is a convenient term. [ shall follow standard

practice and use it alco.

-
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magnetic and optical dithering have been used in laboratory models. The
stability of the dither can be a limiting factor in the rctation sensi-
tivity of laser gyroscopes, which is equal to that of mechanical gyro-
scopes.

Due to the problems of lock—-in and the problems associated with the
stability of the dither, attention has again turned to the Sagnac (external
signal) type of rotation sensor. Two technological developments were
crucial: the low loss optical fiber and the laser. The availability of
low loss fiber in long lengths in the mid 1970's, allowed the fabri-
cation of closed optical loops with a large multipiicity of turns. The
Sagnac phase shift increases in proportion to the number of turns. Thus
phase shifts which were 2 to 3 orders of magnitude larger than those in
Sagnac's original sensor, could be obtained for a given rotation rate.
The laser provided a light source of high intensity which could effi-
ciently ( 90% ) be coupled into the fiber. Thus small rotation rates
could be measured more easily than in the Sagnac experiment.

As in the development of any device, unforeseen problem arose whi-h
had to be overcome to make the device practical. Two major sources of
problems are the birefringence ir. the optical fiber and backscattered
radiation. These problem: can limit the rotation sensitivity of the
fiber optic rotation sensor.

In Chapter III, a mathematical formalism is presented which models
the birefringence of the optical fiber, the polarization properties of
light, and their effect on fiber optic rotation sensors. In Chapter IV,

this formalism is applied to single pass, OW, fiber optic rotation sensors.




The predictions of this formalism are compared qualitatively with experi-
ment for unmodulated rotation sensors. The agreement is good. The forma-
lism is then used to examine phase modulated rotation sensors. A new type
of phase modulated rotation sensor, using two modulation frequencies, is
proposed. Its behavior under various conditions is studied.

Chapter V covers passive reentrant, pulsed Sfiber optic rotation
sensors. The priiciples of operation, the effects of optical fiber bire-
fringence, and design considerations and tradeoffs are discussed. Experi-
mental work on two such rotation sensors, a hybrid system containing
bulk optical components and fiber optics, and an all fiber system is
described and compared with theory. The results indicate that the only
practical implementation of this configuration of rotation sensor is an
all fiber optic version.

In Chapter VI, the effects of noise on fiber optic rotation sensors
are considered. Formulas are developed which relate the uncertainty in
the measured rotation rate to the uncertainties in the parameters of the
rotation sensor for both single pass and reentrant rotation sensors. The
uncertainties in the rotation sensor parameters, due to noise, are quanti-
fieds, This method is applied to a passive reentrant rotation sensor
which uses a cycle counting detection algorithm to study the uncertainty
in the measured rotation rate as a function of ths rotation rate and the
number of recirculations. It is found that the rotation rate accuracy
does not increase beyond some number of recirculations because of the

exponentially decreasing signal to noise ratio. The rotation rate accuracy

&~




decreases between counts because of the digitization process and at low
rotation rates due to the low signal to noise ratio. Methods for reducing
these errors are discussed.

An active (amplifier in fiber loop),reentrant pulsed fiber optic rota-
Livu ocuwus 1o wadmdiied in Cuapter vii. ine perrurmance or the rotation
sensor is calculated in the presence of amplifier noise, incoherent
backscattering, and amplifier non-reciprocities. System tradeoffs are
considered and numerical predictions are made.

It is hoped that the reader will develop an appreciation for the depth

and diversity of fiber c¢ptic rotation sensors.
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Avionics

Work Progresses on Fiber Optic Gyro

Ey Philip J. Klass

Cambridge, Mass.— Encouraging progress
during the past year in understanding the
complex optical physics effects of the fiber
optic gyro was reported here at a confer-
ehice spotsorcd By the Massaghuseus
Institute of Technology's Research Labo-
ratory of Electronics.

Despite progress, however, the sensor is
not likely to be in operational military
systems usc until late in this decade, judg-
ing from the present state of the art and
problems yet to be resolved (aw&sT Oct.
19, p. 55).

The more than 150 persons attending
included many U.S. and European gyro
manufacturers who were anxious to assess
the current status and future prospects of
the new sensor as a potential competitor
both to ring-laser gyros and to more con-
ventional spinning-wheel gyros.

Drift Rates Compared

Some experimental fiber optic gyros,
much too large and fragile for avionic
applications, have exhibited drift rates
approaching 0.1 deg./hr., while compact,

" more rugged units, whose size is suitable

for military use, exhibit drift rates of
50-100 deg./hr.

By comparison, current laser gyros typi-
cally exhibit drift rates of less than 0.0]

deg./hr., permitting an aircraft inertial
navigation system with accuracies better
than 1 naut. mi. per flight hour.

The initial market for fiber optic gyros
is mynacted ta he in chorter-range tactical
missiles, where drift rates of a few degrees
per hour are acceptable.

But the new type of sensor will face
competition for this market both from
laser gyros and from more conventional
types that use low-cost, molded-plastic
components—a technology developed by
Draper Laboratory, Cambridge, Mass.,
under USAF Avionics Laboratory spon-
sorship.

Potential advantages of a fiber optic
gyro over its competitors include small
size, ruggedness and the prospect of mod-
est cost if it can be mass-produced using
semiautomated techniques transplanted
from microelectronics fabrication proce-
dures.

The objective of an ambitious fiber
optic gyro cffort under way at France's
Thomson-CSF is a three-gyro (three-axis)
sensor, with | deg./hr. pcrformance, in a
4-in. cube, at a price of $3,000-6,000,
according to H. J. Arditty, who directs the
effort in corporate research laboratories.

Ironically, most of the current leaders in
the fiber optic field are companies and

laboratories not now engaged in the manu-
facture of more conventional gyros. These
include companies such as Martin Mariet-
ta/Orlando, McDonnell Douglas/Astro-
nautics, West Germany’s AEG-Telefunk-
en and Thomson-CSF. However, more
traditional gyro suppliers also are investi-
gating the new technology.

These include such U.S. companies as
Honeywell, Rockwell International and
Lear Siegler, whose scientists presented
papers here, as well as Germany's Teldix,
which also presented a paper.

There is widespread activity in - " °rsi-
ties around the globe. In the re-
search is centered at Stanford .., ursity,
a recognized pioneer in the field. and the
Massachusetts Institute of Technology.

Foreign universities include Britain's
University of Southampton, West Germa-
ny's Techniczl University of Hamburg,
Italy’s University of Pavia, the University
of Tokyo and Tsinghua University in the
People’s Republic of China.

On the surface, this global intcrest by
companies and universities with no pre-
vious interest in gyros scems surprising —
especially considering thc modest near-
term market for such sensors.

One reason is that the fiber optic gyro
poses one of the most difficult challenges
in the entire field of fiber optics.

Thus the technology developed for this

General Electric Wins Computer Award

San Francisco— Natlonal Aeronautics and Space Administration has selected Generai
Electric Co.'s Space Systems Div. es Integration support services contractor for the
proposed numerical eerodynamic simulator, a speciaiized computer thet would be
instalied at Ames Research Center for edvenced :esearch In three-dimensional fluld
flow. The contrect will be on e cost-plus-eward-fse basis, with a proposed estimated
vaiue of $6.7 miillon for the besic 28-month pe:formance period end a first 12-month
option period. ! b

Since the reguired support services ere highly dependent on the computer develop-
ment and construction plan, NASA wlill not compiete negotiations nd sign a contract
with Generai Electric until efter it has chosen the computer Phese C/D contractor.
Compsting Phase C/D proposais, from Burroughs Corp. and Control Data Corp., are
due eerly in 1982, end NASA expacts to seiect the winnet next summer.

Generai Electric's role as integration s -sport services contractor wiili be to assist
NASA In progrem managument end project control; perform independer:t verification
and vaiidation of the processing system, and render required suoport to test and
Integration, facillly design and oconsiruclion, and Inilial operations activities The
preseni plan contemplates a pask requirement for 28-29 people, but this number may
change according to Phase C/D proposals.

The proposod computer could be 40 times as fasl and have 50 times the memaory
capacity of the current generation of computers (awast Sept. < 380, p. 52).

Tho numerical simulator was removed trom the Fiscal 1982 uudget in accordance
with the Administration ban on NASA new storts this year (awast Feb. 23, p. 18), but
the program is being supported at a low level trom the aeronauticai research and
technology base.

General Electric was selscted for the support role In Sompetition with Computer
Sciences Corp. of Mountain View, Calit., and Hughos Alrcratt Co. of Culver City,
Cali.

device is certain to have a large payoff
later for more demanding applications in
telecommunications, such as greatly in-
creased bandwidth (Awast Oct. 12,
p. 44).

Worldwide Activity

This explains, at least partially, the
motivation behind the efforts under way in
the research laboratories of AEG-Tele-
funken and Thomson-CSF, as well as
West Germany's Siemens and Britain's
Standard Telephone l.aboratories.

The great variety of designs and con-
cepts reported here served to emphasize
the broad spectrum of different technical
approaches that can be employed for a
fiber optlic gyro.

All of them arc adaptations of the Sag-
nac interferometer, first demonstrated
nearly 70 years ago. The basic concept s
that light from a single source, typically a
lasez, is split and one-half is injected into a
coil of optical fiber and circulates in a
clockwise direction while the other half is
injected at the opposite end and circulates
in the opposite direction.

If the coil of optical fiber is stationary,
when the light beams emerging from

opposite ends zre compared, they should

Aviation Week & Space Tectnology, Dacember 7, 1981
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have the same phase since both traveled
the sume distance through a common
medium. :

When the fiber optic coil is rotated
about an axis at the center of the coil,
there will be a change in the relative phase
of the beams emerging from the two ends.
The amplitude of the phase shift will be
proportional to the coil's angular velocity
and the direction of the phase shift will
indicate the direction of rotation.

When the fiber optic gyro was first
demonstrated five years ago by two Uni-
versity of Utah scientists, it seemed to
offer a number ot attracuve advantages
over the laser gyro.

The sensitivity and accuracy of a con-

ventional laser gyro vaiies directly with

the area enclosed by its contrarotating
laser beams, so that a small device can be
obtained only at the price of decreased
accuracy.

Number of Turns

With some —but not all—types of fiber
optic gyros, the accuracy/sensitivity in-
creases as a functicn of the number of
turns of fiber in the sensing coil, in addi-
tion to being a function of the area
enclosed by the coil.

Because optical fibers can be made in
very small diameters, a sensor containing
many turns for increased accuracy can be
fabricated in a relatively small volume for
overall sensor compactness.

The fiber optic gyro also has shown
promise to overcome a problem encoun-
tered by the laser gyro because the optical
path of its contrarotating beams also func-
tions as the cavity in which the lasing
action occurs.

This lcads to an unwanted interaction
between the contrarotating beams, known
as *“mode locking,” which makes the laser
gyro insensitive at very small angular rates
unless corrective design measures are
taken.

To overcome this mode-locking prob-
lem, Honeywell, Litton Industries and
Singer Kearfott oscillate the entire gyro
through a very small ungle at several
hundred oscillations per second —known
as “dither.”

The fiber optic gyro does not encounter
this problem because it uses an external
laser, such as a light-emitting diode type,
and the optic fiber serves only as a trans-
mission medium. But when attemipts were
made to fabricate fiber optic gyros with
usable acenracies, “we discovered that this
seemingly simple device had a host of its
own challenging problems, about which
Intle was known,” one scientist said.

For gyro applications, single-mode fi-
bers usualiy are employed and light
injected into the ends of the fiber coil
usually is linearly polanzed, i. ¢, horizon-
telly or vertically.

As the light travels through the coil, it
does not retain its initial polarization. For
example, a vertically polarized beam will
become horizontally polarized, then revert

e e R T TR

Army’'s Aquila RPV in Launch and Retrieval Tests

Launch and retrieval of the Army/Lockheed Aquila remotely piloted vehicle (RPV) 18
demonsirated in this sequence photographed during tests at Lockheed Missite and Space
Co.'s Suinyvale, Calil, tacility (awast Jan. 7, 1980, cover and p. 54). The test vehiclv was
unpoweren! as it was hurled about 30 fi. rom the launcher into the retriaval net. Flight tests of
the Aquilz, esigned for reconnaissance and target-designaling missions over the forward
battie area, are scheduled 1o begin next year in F1. Huachuca, Aniz. The initial contract covers
22 vehicles, which ¢an send back live television pictures ot the disposition of enemy vehicies
and troops and ther. act as a laser-dcsignator *or arlillery or air strikes. Aquila is designed to

stay aloft more than 3 hr. at a speed of 110 kt. and altitude up 10 12.000 1t It can tly a
programed route or be controlled from ihe ground

Aviation Week & Space Technology, December 7, 1981 65
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back to vertical, then back to horizontal, a
phenomenon called “birefringence.”

Because vertically polarized waves trav-
el at a slightly different velocity from
those that are horizontally polarized, this
polarization contamination creates an un-
certainty, or ‘“noise,” in making the
required phase comparison measure-
ments.

According to E. C. Kintner of Draper
Laboralory. “Polarization-induced drift is
a serious problem.” A 20-db. improvement
in o\o\'v\— frating e'nknl"\l ic neaded tn
achieve a 10-fold 1mprovcmcnt in sensor
performance, he said.

Output Efficiency

Another challenging problem is to cou-

ple efficiently the output from an external
laser into a single-mode optical fiber coil
whose inner diameter (transmission medi-
um) typically is only a few microns. Light
reflected into the laser can degrade its
spectral purity, creating additional noise
within the sensor.

A great deal of interest here focused on
techniques for improving the polariz-.ion
stability of single-mode fibers, i. e., achiev-
ing very low birefringence.

One approach is to make the fiber core
elliptical instead of round, a technique
being explored by Andrew Corp., which
expects soon to offer samples of the new
fiber, according to th= company’s R.B.
Dyott. The elliptical core measures 1 X
2.5 microns.

One significant disadvantage, however.
is that propagation losses run quite high.
around 40 db./km. Dyott said the loss
appears 10 be “very dependent on the
drawing tension during manufacture,” and
he expressed hope that the attenuation
could be reduced.

Another technique is 1o use the cladding
material which encapsulates a circular
core 0 apply a stress that introduces a
controlled strain. Japan's Hitachi recently
made significant advances in such polar
ization-stable fibers, according to Ivan
Kaminow of Bell Laboratorics.

Still another approach to casing the
problem, which involves twisting the opzi-
cal fibers, was described by Ferdinand
Gauthier of Thomson-CSF and by D. N.
Payne of the University of Southampton.
Gauthier showed photographs of a compa-
ny facility that s being used 1o apply up to
28 twists of fiber per meter length.

Temperature Variations

Unlike the elliptical core, however,
which exhibits a polarization stability rel-
atively unaffected by ambient temperature
variations, the stability of both the pre-
stressed and spun-fiber techniques is
affected by temperature.

rolarization also is affected by magnet-
ic fields, which means that a fiber optic
gyro must be shiclded against, or compen-
sate for, magnetic fields.

Still other effects that can adversely
affect performance were cited by MIT

Aviation Week & Space Technoiogy, December 7, 1981

Fiber Optic Gyro Interest Rises Rapidly

Cambridge, Mass. — The large turnout of gyro manufacturers for the recent conference
on fiber optic gyros is in sharp contrast to industry’s relative indifference to the taser
gyro immediately following its invention by Sperry in the early 1960s (awasT Feb. 11,
1963, p. 98).

The fiber optic gyro first was demonstrated about five years ago by two University of
Utah sclentists. At the corresponding time after the Sperry laser gyro disclosure, only
Honeywell had shown sufficient interest to enter the fieid, although Rockwell subse-
quentiy did so.

in the mid-1970s, when the laser gyro began to emerge as a favorite for many civil
and military inertial navigation system applications, companies such as Litton Indus-
tries and Singer Keartott launchea crasnh programs 10 caicn up, wnie owners
conctuded it was too late for them to enter the field.

This explains the large turnout of both U. S. and West European companies for the
recent fiber optic gyro conference held by the Massachusetts institute of Technology.
U. S. companies included Honeywell, Lear Siegler, Litton Industries, Northrop, Rock-
well, Raytheon, Singer Kearfott and Sperry. European companies In attendance
Included France's Sagem and Sfena, West Germany's Teldix and Bodenseewerke, as

well as British Aerospace.

professor Shaoul Ezekiel, who arranged
the conference and served as co-chairman
along with Arditty of Thomson-CSF.

For example, unless the laser output is
divided precisely in half, the beam rotat-
ing in one direction will cause more heat-
ing than in the reverse direction. resulting
in the lack of what is called *“‘reciprocity.”
Ezekiel cautioned: “Complete reciprocity
is essentinl bechuse the effect we must
measure is so small.”

This internal heating problem is not

inconsequential, Ezekiel said, because of
the very small diameter of the fiber core.
For example, if the laser input is only !
milliwatt (0.001 w.), with a 3-micron-dia.
core this corresponds to a power densiiy of
10 kw./sq. cm.

An experimental phase-nulling optical
gyro that measures only 2.5 in. in diame-
ter and 0.65 in. thick was described by
Eric Udd of McDonnell Douglass Astro-
nautics. The device was developed using
company funds and was first tested late
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Martin Marietta Developing Turret

Turret for the mobiie Oerlikon-Buhrie combination Air Defense Antitank System (ADATS), being
deveioped by Martin Marietta/Oriando, is armed with eight iaser beam-rider missiles that can be
used against either aircraft or tanks. Antenna of the puise-Doppier air-target acquisition radar is
visibie above. Four eiect-o-opticai windows visibie beiow inciude (1) imaging infared sensor for
night target acquisition arJ tracking, (2) television camera for daytime use, (3) iaser range finder,

and (4) iaser for beam-rider guidance of missiles. The system is in eariy testing.

last year. The device exhibits a drift rate
of about 50-1C0 deg./hr., but McDonnell
Douglas is under contract to USAF's
Armament Laboratory, Eglin AFB, Fia.,
to develop a fiter optic gyro with drift
rates in the 0.1-10 deg./hr. range.

Additionally, the company recently won
a contract {rom USAF's Avionics Labora-
tory to develop technology and compo-
nents that may ultimately permit a fiber
optic gyro to exhibit drift rates of 0.01
deg./hr. Udd believes it will be five years
before such performance can be demon-
strated in the laboratory.

Unlike some other fiber optic gyro
designs. the phase-nulling approach used
by McDonnell Douglas provides a direct
digital output, similar to a laser gyro. Its
accuracy is independent of the number of
turns in the fiber optic coil, although sen-
sitivity does increase with the length of the
fiber.

Army-Sponsored Design

Martin Marietta’s J. M. Martin de-
scribed a two-vear-old design of a fiber
optic gyro, developed under Army spon-
sorship, that used a single-mode fiber
1,200 meters (3,936 f1.) in length in a coil
that is 30 cm. (}1.8 in.) in diameter.

The device exhibited a drift rate of
approximately 36 deg./hr. after warmup
and a random noise corresponding to 0.06
deg. per square-root-hour, Martin said.

The Martin Marietta design approach,
like that used by McDonne!! Douglas, uses
an opto-acoustic modulator to change
slightly the frequency/wavelength of the

68

light rotating in onc direction from that in
the opposite direction, providing a digital
sensor output.

A new approuch to fiber optic gyro
design. called a puised reentrant type, was
described by George Paviath of Stanford
University.

In the new reentrant type, Pavlath said,
*we close the optical loop upon itself and
let the light circulate around many times,
thereby increasing sensitivity.” By com-
parison, in more conventional designs the
beam of light circuiates through the sensor

coil only once and emerges at the
opposite end.

Using a continuous-wave laser,
the output is chopped inte 4 pulse
whose length (time-duration) is
less than a single transit time of
light through the sensor coil.

This pulse is sphit in half, with
one segment being injected into
the sensor coil to circulate in a
clockwise direction while the other
circulates in the opposite direc-
tion.

| PIRE

Proausg the Sawui-vorn clids ale
joined, the two contrarotating
pulses continue to circulate. An
optical amplifier must be inserted
between the two joined ends to
compensate for losses in the opti-
cal fiber and rejuvenate the
pulses.

“With each transit through the
endless loop, the Sugnac phase
shift will increase.” Pavlath said.
“The Sagnac phase shift between
pulses will vary linearly with time.
When these pulses are sampled
and combined, after suitable filter-
ing, we obtain a sinesoidally mod-
ulated pulse train. The rotation
information is contained in its
envelope.

“1f one filters some more so that
only the envelope of the pulse train
rcmains, the [sincsoidal] envelope fre-
quency will be proportional to sensor rota-
tion rate much like a ring-laser gyro,”
Pavlath said. This provides a convenient
dig’:.+! output.

He said an experimental pulsed reen-
trant fiber optic gyro has been constructed
at Stanford University that "is extremely
casy to adjust and to use.”

Honeywell's Joel G. Hanse described an
experimental device, called dual-polariza-
tion fibcr gyro, in which the helium-neon
laser beam is given a 45-deg. polarization.

Cost Determined B-1B Avionics Choice

Cos! was the deciding factor in the seiection of Westinghouse Defense and Eiectronics
Systems Center as suppiier of the offensive radar system for the USAF/Rockweil
international 8-1B iong-range combat aircratt fawast Nov. 23, p. 29).

From both a technicai and managerlai standpoint, the competing Westinghouse and
Hughes proposais were '‘axtiemely close,” according to Gerald B. Gimness, manager
of the LRCA avionics program at Boeing Miiitary Airpiane Co. Boeing could have
worked with either supplier without probiems, Gimness said.

The present state of development of Westinghouse's AN/APG-66 radar, and the
growth potential it oMers through the addition of iine repiaceable units, were important
factors in the seiection, a USAF officiai said. The LRCA radar will differ considerably
from the APG-66 version curreniiv In use on the USAF/General Dynamics F-16, but
this configuration is more economical and meets requirements for the new bomber.

An extersive development program is planned to add the LRCA requirements to the
baseline contiguration. New requirements include:

® High-resoiution ground-mapping, which wili be achieved through Doppler beam
sharpening and synthetic aperture radar technoiogy.

® Teriain-following and terrain-avoidance capability.

® Air-to-ground ranging.

The oftensive radar system includes the function of the muitirole radar and the radar
terrain sensor.

Aviation Week & Space Technoiogy, December 7, 1981
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This is the equivalent of injecting both
horizontally and vertically polarized waves
into both ends of the fiber sensing coil.

Hanse said this provides an order of
magnitude improvement in performance
over more conventional homodyne-type
optic gyro designs and a 2:1 improvement
in scale factor, as well as minimizing the
effects of temperature variations on the
fiber sensor.

An cxperimental dual-polarization de-
vice buill by rioneyweil, using a 15v-
meter (492-ft.) long fiber, yielded a gyro
with a long-term drift rate of atout 50
deg./hr., and with a short-term dr:ft rate
of as low as 1.6 deg./hr., Hanse saic.

Fabrication Possibilities

There is a wide range of opinion con-
cerning the fabrication technique that will
prove best for manufacturing fiber optic
gyros when the technology reaches that
state of maturity.

Most of the current experimental
.w:vices are made with a variety of discrete
optical components to facilitate testing
and adjustment.

For defense and acrospace applications,
the device will need to be rugged and to be
able to operate in both an adverse temper-
ature and a shock/vibration environment.
The characteristics of optical fibers them-
selves are very susceptible to such environ-
mental effects.

Most of those working in the field
believe that to achieve both ruggedness
and low cost it will be necessary either to
use integrated optics fabrication tech-
niques, adapted from microclectronics
technology. or to devise means that will
cnable a single piece of optical fiber to
provide a variety of optical functions in
addition to serving as the sensing coil.

Stanford University, with partial spon-
sorship by Arco, Inc., a petrolcum-based
conglomerate, is focusing on the develop-
ment of an all fiber optic type sensor.
Others, like Hughes Aircraft, are explor-
ing integrated optics techniques.

Waveguide Devices

Hughes Research Laboratories” O. G.
Rasner described several integrated optic
waveguide deovices the company has fabri-
cated using photolithography under spon-
sorship of the Jet Propuision L aboratory
and the Air Force, including a four-spot
optical switch delivered carlier this vear to
USAF.

“Sooner or later we must face the cru-
cial question of how to mass-produce
devices 10 tolerances measured in micrens,
with alignmenis measured in angstroms,”
one scientist said following the recent con-
ference.

*This 1s fundamental to the future suc-
cess of the device,” he said

The scientist added. “Inicgrated optics
has for some timec been a clever idea
looking for a challenging problem it could
solve. With the fiber optic gyro, I think it
finally has found the problem.” O

Aviation Week & Space Technology, December 7, 1981

Companies to develop new Mk. 15 identification friend/foe (IFF) system for
triservice use and potential North Atlantic Treaty Organization applications
are being sought by USAF’s Aeronautical Systems Div. Present plan is to
issue a draft request for proposal early next year. Expression of interest must
be submitted by Dec. 19 to attention of Code ASD/AEKAC, Wright-
Patterson AFB, Ohio 45433.

Goodyear Aerospace has been selected to supply the digital scene-matching
area correlator for terminal guidance of the Navy/USAF/General Dynamics
Tomahawk cruise missile by McDonnell Douglas Astronautics Co., the
guidance system contractor. Goodyear is to deliver the first three prototype
area correlator systems by early 1983. The system will correlate imagery
from a missile television camera with prestored data of landmarks in the
target area.

USAF’s Electronic Systems Div. has reorganized into three major mission-
oriented groups. Brig. Gen. M. H. Alexander is new deputy for strategic
systems, which includes the Boeing E-4 airborne command post, missile and
air surveillance radars. Maj. Gen. John T. Buck, new deputy for tactical
systems, previously director of the Boeing E-3A AWACS program office,
takes on additional programs such as Pave Mover airborne radar, secure
communication systems and the Joint Tactical Information Distribution
System (JTIDS). Col. D.J. Kutyna, named deputy for mission support
services, will be responsible for the Cobra Judy shipboard ICBM reentry
vehicle tracking radar, traffic contro! and landing systems, physical security
systems and environmental surveillance systems.

USAF is seeking prospective contractors for a program to upgrade the
capabilities of its Ballistic Missile Early Warning System (BMEWS) facility
at Thule, Greenland. The plan is to select multiple contractors for six-month
design studies, followed by selection of one for implementation. Upgrad'ng
will include the surveillance and tracking radars, data processing and
communication systems il funds permit. Expressions of interest are due this
week to attenticn of Code ESD/PKY, Hanscom AFB, Mass. 01731.

Computerized fly-by-light control system for helicopters will be designed,
developed and demonstrated in flight by Boeing Vertol under a four-year
contract for approximately $20.5 million awarded by the Army Aviation
Research and Development Command’s Applied Technology Laboratory, Ft.
Eustis, Va. The system, to be developed under t..¢ Advanced Digital Optical
Control System Flight Demonstrator Program, will be installed on an Army
UH-60A Black Hawk helicopter at Boeing’s facility near Philadelphia. The
system includes a multi-axis sidearm control stick that replaces conventional
helicopter controls, an onooard digital computer that nionitors pilot control
inputs and positions helicopter roter actuators in response to those inputs and
an optical fiber network to link system elements. Army-Boeing Yertol flight
tests are expected to begin in late 1984,

USAF test facility for turbine engine fuel controls at Kelly AFB, Tex., will be
modified by Hamilton Standard Div. of United Technologies Corp., incorpo-
rating changes expected to cut cnergy use by 66% and save almost $2 million
annually. Hamilton Standard is modifying 49 fuel control test stands that
test the fuel control on Pratt & Whitney F100 engines that power
USAF/McDonnell Douglas F-15s and General Dynamics/Ft. Worth F-16s.
Coupling stands in groups of three, together with use of a refined computer
program, is expected to elfect economies in qQuantities of fuel used for
testing. The stands have used 65.700 megawatts of power a vear, a figure the
new system is expected to reduce to 21,852 megawatts. The project will be
performed by Hamilton Standard and Pratt & Whitney's Government
Products Div.

69

e kst i i




