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(57) Abstract

An error reducer (Figs. 2, 3) for reducing rotation rate errors, arising because of polarization modes coupling and differing
polarization modes characteristics associated with a coiled optical fiber (10) in a rotation sensor, by causing an electromagnetic
wave source (22) to direct electromagnetic waves propagating in one of said opposing directions to oscillate in frequency value be-
tween frequencies occuring in adjacent opposite polarization mode resonances of those waves.
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SYMMETRIZATION OF RESONATOR MODES
BACKGROUND OF THE INVENTION
The present invention relates to fiber optic
gyroscopes used for rotation sensing and, more
5 particularly, to resonator fiber optic gyroscopes.
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Fiber optic gyroscopes are an attractive means
with which to sense rotation. They can be made quite
small and still be constructed to withstand considerable
mechanical shock, temperature change, and other
environmental extremes. In the absence of moving parts,
they can be nearly maintenance free, and they have the
potential to become economical in cost. They can also be
sensitive to low rotation rates that can be a problem in
other kinds of optical gyroscopes.

There are various forms of optical inertial
rotation sensors which use the well known Sagnac effect to
detect rotation about a pertinent axis thereof. These
include active optical gyroscopes having the gain medium
contained in an optical cavity therein, such as the ring
laser gyroscope, and passive optical gyroscopes without
any gain medium in the primary optical path, such as the
interferometric fiber optic gyroscope and the ring
resonator fiber optic gyroscope. The avoidance of having
the active medium along the primary optical path in the
gyroscope eliminates some problems which are encountered
in active gyroscopes such as low rotation rate lock-in,
bias drift and some causes of scale factor variation. ,

Interferometric fiber optic gyroscopes
typically employ a single spatial mode optical fiber of a
substantial length formed into a coil, this substantial
length of optical fiber being relatively costly. Resonator
fiber optic gyroscopes, on the other hand, are constructed
with relatively few turns of a single spatial mode optical
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fiber giving them the potential of being more economical
than interferometric fiber optic gyroscopes. A resonator
fiber optic gyroscope typically has three to fifty meters
of optical fiber in its ceil versus 100 to 2,000 meters of
optical fiber in coils used in interferometric fiber optic
gyroscopes. In addition, resonator fiber optic gyroscopes
appear to have certain advantages in scale factor
linearity and dynamic range.

In either type of passive gyroscope, these
coils are part of a substantially closed optical path in
which an electromagnetic wave, or 1light wave, is
introduced and split into a pair of such waves, to
propagate in opposite directions through the optical fiber
coil to both ultimately impinge on a photodetector or
photodetectors, a single photodetector for both waves in
interferometric fiber optic gyroscopes and on
corresponding ones of a pair of photodetectors in
resonator fiber optic gyroscopes. Rotation about the
sensing axis of the core of the coiled optical fiber in
either direction provides an effective optical path length
increase in one rotational direction and an effective
optical path length decrease in the opposite rotational
direction for one member of this pair of electromagnetic
waves. The opposite result occurs for the remaining member
of the pair of electromagnetic waves for such rotation.
Such path length differences between the pair of
electromagnetic waves introduce corresponding phase shifts
between those waves in interferometric fiber optic
gyroscopes, or corresponding different optical cavity
effective optical path lengths for these waves in a
resonator fiber optic gyroscope.

In this latter instance, one or more optical
frequency shifters are used to each effectively adjust the

1,
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frequency of a corresponding one of the pair of
electromagnetic waves that circulate in opposite
directions in the resonator fiber optic coil. This is
accomplished through such a frequency shifter shifting the
frequency of a corresponding input electromagnetic wave
giving rise to the resonator electromagnetic wave of
interest. As a result, through feedback arrangements, the
frequencies of each member of the pair of electromagnetic
waves can be kept in resonance with the effective optical
path length that wave is experiencing in the resonator
fiber optic coil. Hence, any frequency difference between
these waves becomes a measure of the rotation rate
experienced by the resonator fiber optic coil about the
axis around which this coil has been positioned. 1In such
resonances, each wave has the portions thereof that
previously were introduced in the resonator coil and have
not yet dissipated, and the portions thereof currently
being introduced in the resonator coil, at a frequency
such that they are all in phase with one another so they
additively combine to provide a peak in the intensity of
that wave in that resonator over a local range of
frequencies.

i The difference in frequency between the members
of the pair of opposing electromagnetic waves in a
resonant fiber optic gyroscope is desired to be constant
when rotation conditions about the resonator optic fiber
coil axis are unchanging thereby requiring that stable
resonance conditions occur in that resonator in those
circumstances. Furthermore, there are several advantages
in achieving fregquency shifting of the resonator
electromagnetic waves by operating one or more integrated
optics phase modulators for this purpose through each of
which the corresponding input electromagnetic wave
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transmitted. These advantages involve economics, packaging
volume, and performance. Obtaining a constant frequency
difference between these resonator wave pair members using
such a phase modulator requires that the phase modulator
change phase in the form of a linear ramp since the
derivative of phase with respect to time yields the
frequency.

Because of the impossibility of having a phase
modulator provide an infinite duration linear ramp with
respect to time, a repetitive linear ramp with periodic
resetting of the phase to a reference value must be used.
The resulting sawtooth phase change waveform results in
what 1is termed serrodyne phase modulation of those
electromagnetic waves passing through the modulator.

Consider the known resonator fiber optical
gyroscope system of Figure 1. An optical cavity resonator,
10, formed by a continual path optical fiber is provided
with an input directional coupler, 11, and an output
directional optical coupler, 12. Resonator 10 is formed
of a single spatial mode optical fiber which has two
polarization eigenstates. Avoiding different optical path
lengths for electromagnetic waves in each state is
initially solved by thoroughly mixing the polarized waves
in each such state. Such mixing is achieved by fabricating
the resonator coil with two ends of a three to fifty meter
length of such fiber spliced together so that the
birefringence principal axes of the fiber are rotated 90°
with respect to each other on opposite sides of a splice,
13. The resonator fiber is characterized by a loss
coefficient, «, and, for such a splice, an average of the
propagation constants with the principle birefringent axes
as will be more fully described below. This initial
solution to avoiding different optical path lengths for

£,
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the two polarization components of an electromagnetic wave
propagating in one direction in resonator coil 10 does
not, however, completely avoid this source of error
because of the further effects of couplings between
polarization modes occurring in connection with resonator
coil 10 as will be further described below. The nature of
splice 13 is described in greater detail in U.S. Patent
5,018,857 to Sanders et al, and is hereby incorporated
herein by reference.

Directional coupler 11 1is fabricated by
appropriately fusing together an input optical fiber, 14,
with the optical fiber in resonator 10, the fibers being
tapered as they come into the fused portion on either side
of that portion. Directional coupler 11 provides a phase
shift of 7/2 between an input electromagnetic wave and the
resulting electromagnetic wave at the resonator output
thereof, the output wave further being characterized with
respect to the input electromagnetic wave by a coupler
coupling coefficient, k;, and a coupler loss coefficient,
Yq- Directional coupler 11 has a suitable packaging
arrangement thereabout. '

Directional coupler 12 1is constructed in
generally the same manner as is directional coupler 11,
but here an output optical fiber, 15, is fused to the
optical fiber of resonator 10. Directional coupler 12 is
characterized, at least initially, by a coupler coupling
coefficient, k,, and a coupler loss coefficient, v¥,.
Below, differential losses and couplings along the two
principle birefringent axes therein are recognized since
they are more significant for this coupler than for input
coupler 11.

The opposite ends of input optical fiber 14 are
each connected to an integrated optics chip, 16, formed



WO 93/14380

10

15

20

25

30

PCT/US93/00718

-5=-

with 1lithium niobate (LiNbO;) as the base material
therefor. These ends of fiber 14 are appropriately coupled
to integrated optical waveguides, 17 and 18, formed in the
base material of optical integrated circuit 1s6. The
relationship of the ends of input optical fiber 14 and the
ends of integrated waveguides 17 and 18 are such that
electromagnetic waves can be efficiently passed
therebetween without undue losses. Integrated waveguide
17 is provided between a pair of metal plates formed on
the base material of optical integrated circuit 16 to
provide a phase modulator, 19, therein. Similarly,
integrated waveguide 18 is formed between a another pair
of metal plates formed on the base material to result in
a further phase modulator, 20, in optical integrated
circuit 16. Integrated waveguides 17 and 18 merge with
one another into a single integrated wavequide, 21, to
thereby provide a "Y" coupler in optical integrated
circuit 16.

A laser, 22, is coupled to integrated waveguide
21 in a suitable manner so that light may be transmitted
efficiently from laser 22 to integrated waveguide 21.
Laser 22 is typically a solid state laser emitting
electromagnetic radiation having a wavelength of 1.3um
with a spectral line width of one to hundreds of Khz. The
wavelength at which laser 22 operates, or the frequency
thereof, f,, can be adjusted by signals at an input
thereof. Typical ways of providing such adjustment is to
control the temperature of, or the current through, the
solid state laser, or through the "pumping" semiconductor
light emitting diode for the solid state laser, which in
the latter instance may be a Nd:Yag laser. Where the diode
is the emitting laser, the laser type may be an external
cavity laser, a distributed feedback laser or other
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suitable types. A further alternative for frequency
changing the optical frequency of the laser emitted wave
is to use a laser in which the resonant cavity length can
be changed using electrooptic material built into that
laser.

Thus, electromagnetic radiation emitted by
laser 22 at a variable frequency f, is coupled to
integrated waveguide 21, and from there split into two
portions to form a pair of electromagnetic waves traveling
in the input optical path in directions opposite one
another. That 1is, the electromagnetic wave portion
transmitted through integrated waveguide 17 proceeds
therethrough and past phase modulator 19 into input
optical fiber 14, and through input directional coupler 11
where a fraction k; is continually coupled into resonator
10 to repeatedly travel therearound in a first direction,
the counterclockwise direction, there being a continual
fractional loss for that wave of y, in coupler 11 as
indicated above. The remaining portion of that wave,
neither entering resonator 10 nor lost in coupler 11,

‘continues to travel along input optical fiber 14 into

25

30

integrated optical waveguide 18, through phase modulator
20, and finally through integrated waveguide 21 returning
toward laser 22. Usually, laser 22 contains an isolator
to prevent such returning waves from reaching the lasing
portion thereof so that its properties are unaffected by
those returning waves.

Similarly, the electromagnetic wave portion
from laser 22, entering integrated waveguide 21 to begin
in integrated waveguide 18, passes through phase modulator
20 into input optical fiber 14 and input directional
coupler 11 where a fraction k; thereof is continually
coupled into resonator 10, accompanied by a continual
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fractional loss of y;, to repeatedly traverse resonator 10
in a direction opposite (clockwise) to that traversed by
the first portion coupled into resonator 10 described
above. The remaining portion not coupled into resonator
10, and not 1lost in directional coupler 11, continues
through input optical fiber 14 into integrated wavegquide
17, passing through phase modulator 19, to again travel in
integrated waveguide 21 in the opposite direction on its
return toward laser 22.

The pair of opposite direction traveling
electromagnetic waves in resonator 10, a clockwise wave
and a counterclockwise wave, each have a fraction k,
continually coupled into output optical fiber 15 with a
fraction y, of each continually lost in coupler 12. The
counterclockwise wave is transmitted by coupler 12 and
fiber 15 to a corresponding photodetector, 23, and the
clockwise wave is transmitted by them to a corresponding
photodetector, 24, these photodetectors being positioned
at opposite ends of output optical fiber 15. Photo-
detectors 23 and 24 are typically p-i-n photodiodes each
of which is connected in corresponding one of a pair of
bias and amplifying circuits, 25 and 26, respectively.

The frequency of the electromagnetic radiation
emitted by laser 22, after being split from its combined
form in integrated waveguide 21 into separate portions in
integrated waveguides 17 and 18, has a resulting portion
thereof shifted from frequency f_, to a corresponding
resonance frequency by a serrodyne waveform applied to
phase modulator 19. The portion of the electromagnetic
wave diverted into integrated waveguide 17 is shifted from
frequency f, to frequency f,+f; by phase modulator 19, and
this frequency shifted electromagnetic wave is then
coupled by input directional coupler 11 into resonator 10
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as the counterclockwise electromagnetic wave. However,
the portion of the electromagnetic wave directedrinto
integrated waveguide 18 from integrated waveguide 21 is
not shifted in frequency in the system of Figure 1,
although the frequency thereof could alternatively be
similarly shifted from f_ to f_ +f, by phase modulator 20
in forming the clockwise wave in coil 10. This arrangement

would permit having to measure just differences in

frequencies between the two serrodyne generators used in
such an arrangement to obtain a system output signal
rather than the absolute frequency value of a single
generator which may be more convenient in some
circumstances. The shifting of frequency of the wave in
integrated waveguide 17 is caused by a serrodyne waveform
applied to phase modulator 19 as indicated above, the
serrodyne waveform for phase modulator 19 being supplied
from a controlled serrodyne generator, 27. A similar
serrodyne waveform would be applied to modulator 20 by a
fixed frequency serrodyne generator if the wave in
waveguide 18 was chosen to also be shifted in frequency.
Thus, controlled serrodyne generator 27
provides a sawtooth waveform output signal having a
repetitive 1linear ramp variable frequency £;, the
frequency £, of this sawtooth waveform being controlled by
an input shown on the upper side of generator 27 in Figure
1. The repetitive linear ramp frequency of a sawtooth
waveform from another serrodyne generator, if chosen as
part of the control for modulator 20, would be fixed as
indicated above, and held at a constant value, f,.
Structural detail of controlled serrodyne
generator 27 1is shown within the dashed 1line box
representing that generator in Figure 1 as three further

blocks. The frequency control input of generator 27 is
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the input of a voltage-to-frequency converter, 27'. The
frequency of the output signal of converter 27',
proportional to the voltage at its input, sets the rate of
count accumulation in a counter, 27'', to which the output
of converter 27' is connected. The output count totals of
counter 27'' are provided to a digital-to-analog
converter, 27''', to form a "staircase" waveform to
approximate the 1linear "ramps" occurring in a true

serrodyne waveform.
The clockwise electromagnetic wave in resonator

10 and the counterclockwise electromagnetic wave in
resonator 10 must always have the frequencies thereof
driven toward values causing these waves to be in
resonance in resonator 10 for the effective optical path
length each is experiencing. This includes the path
length variation resulting from any rotation of resonator
10 about the symmetrical axis thereof that is
substantially perpendicular to the plane of the 1loop
forming that optical resonator. Since controlled
serrodyne generator 27 has the frequency of its serrodyne
waveform controlled externally, that frequency value can
be adjusted to the point that the corresponding
counterclockwise wave in resonator 10 is in resonance with
its effective path length, at least in a steady state
situation. There, of course, can be transient effects not

reflecting resonance in situations of sufficiently rapid .

changes of rotation rates of resonator 10.

On the other hand, the absence of a sawtooth
waveform from another serrodyne generator to form part of
the control of modulator 20 as shown in Figure 1, or the
use of a constant frequency for the sawtooth waveform of
another serrodyne generator alternatively chosen to form
part of the control of modulator 20, requires that the

.
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clockwise electromagnetic wave in resonator 10 be adjusted
by other means. The means chosen in Figure 1 is adjusting
the frequency value of the light in laser 22. Thus, the
adjustment of the value of the frequency f; of the
sawtooth waveform of controlled serrodyne generator 27 can
be accomplished independently of the adjustment of the
frequency f, of laser 22 so that, in steady state
situations, both the counterclockwise electromagnetic wave
and the clockwise electromagnetic wave in resonator 10 can
be in resonance therein despite each experiencing a
different effective optical path length therein.
Adjusting the frequency of the counter-
clockwise and clockwise electromagnetic waves traveling in
opposite directions in resonator 10 means adjusting the
frequency of each of these waves .so that they are
operating at the center of one of the peaks in the
corresponding intensity spectra for resonator 10
experienced by such waves. Maintaining the frequency of
the counterclockwise and the clockwise waves at the center
of a corresponding resonance peak in the corresponding one
of the resonator intensity spectra would be a difficult
matter if that peak had to be estimated directly without
providing some additional indicator of just where the
center of the resonance peak actually is. Thus, the

'system of Figure 1 introduces a bias modulation with

respect to each of the counrarclockwise and clockwise
waves in resonator 10 through : iase modulators 19 and 20,
respectively. Such a bias modulation of each of these
waves is used in a corresponding feedback loop to provide

'a loop discriminant characteristic followed by a signal

therein which is acted on by that loop to adjust frequency
f, and f; as necessary to maintain resonance of the
clockwise and counterclockwise waves, respectively. A
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bias modulation generator, 28, provides a sinusoidal
signal at a frequency f; to directly control modulator 20.
Similarly, a further bias modulation generator, 29,
provides a sinusoidal waveform at a frequency f, which is
added to the sawtooth waveform at frequency f; provided by
serrodyne generator 27. Frequencies f; and f, differ from
one another to reduce the effects of electromagnetic wave
backscattering in the optical fiber of resonator 10. The
sinusoidal signal provided by bias modulation generator 28
is supplied to a node, 30. The addition of the sinusoidal
signal provided by bias modulation generator 29 to the
sawtooth waveform provided by serrodyne wave generator 27
is accomplished in a summer, 31.

The sinusocidal waveform provided at node 30 is
amplified in a power amplifier, 32, which is used to
provide sufficient voltage to operate phase modulator 20.
Similarly, the combined output signal provided by summer
31 is provided to the input of a further power amplifier,
33, used to provide sufficient voltage to operate phase
modulator 19.

In this arrangement, the input electromagnetic
wave to resonator 10 from integrated waveguide 17 will
have an instantaneous electric field frequency of

f,+ £ -f Ad,sinw,t

where A¢, is the amplitude of the bias modulation phase
change at frequency £,. The fraction of the
electromagnetic wave reaching photodetector 23 through
resonator 10 is not only shifted in frequency to a value
of f,+f,, but is also effectively frequency modulated at
f,- Depending on the difference between the resonance
frequency and f_+f,, the intensity at that photodetector
will thus have variations occurring therein at integer

a

"

LA
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multiples of f; (though the fundamental and odd harmonics
thereof will not occur at exact resonance). These latter
components have amplitude factors related to the deviation
occurring in the sum of (a) the phase shift resulting from
the propagation constant multiplied by the path length in
the counterclockwise direction in resonator 10, plus (b)
phase shifts due to rotation and other sources, from a
value equaling an integer multiple of 27, a condition
necessary for resonance along the effective optical path
length in this direction.

The electromagnetic wave in integrated
waveguide 18 enroute to resonator 10 will have
instantaneous frequency equal to '

f,-f,Ad,sinw,t ,

Here, A¢, is the amplitude of the bias modulation phase
change at frequency fn. The fraction thereof reaching
photodetector 24 through resonator 10 is at a frequency
value in this instance of f, and frequency modulated at
fro

Again, the intensity at photodetector 24 will
have variations therein at integer multiples of £, though
not at the fundamental and odd harmonics thereof if these
clockwise waves are at exact resonance. These latter
components also have amplitude factors related to the
deviation of the sum of (a) the phase shift resulting from -
the propagation constant multiplied by the path length in
the clockwise direction in resonator 10, plus (b) phase
shifts due to rotation and other sources, from a value
equaling an integer multiple of 2w, again, a condition
necessary for resonance along the effective optical path
length in that direction.
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Since the output signal of photodetector 24 has
a frequency component at £, that is a measure of the
deviation from resonance in resonator 10 in the clockwise
direction, the output signal of bias and amplifier
photodetector circuit 26 is provided to a filter, 34,
capable of passing signal portions having a frequency
component f. Similarly, the output signal of
photodetector 23 has a frequency component at f, that is
a measure of the deviation from resonance in the
counterclockwise direction, and so a filter, 35, is
provided at the output of photodetector bias and amplifier
circuit 25 capable of passing signal components having a
frequency of f,.

The- output signal from filter 34 is then
provided to a phase detector, 36, at an operating signal
input thereof. Phase detector 36 is a phase sensitive
detector which also receives, at a demodulation signal
input thereof, the output signal of bias modulation
generator 28 which is the sinusoidal signal at frequency
N Similarly, the output signal from filter 35 is
provided to an operating signal input of a further phase
detector, 37, which also receives at a demodulation input
thereof the output sinusoidal signal at frequency f, of
bias modulation generator 29. The output signals of phase
detectors 36 and 37 follow a loop discriminant
characteristic so that they indicate how far from
resonance are the corresponding frequencies in resonator
10.

The discriminant characteristic followed by the
output of phase detectors 36 and 37 will change algebraic
sign for the frequencies on either side of the resonance
peak and will have a zero magnitude at the resonance peak
or resonance center. In fact, for sufficiently small
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values of the bias modulation generator output signals,
the characteristic followed by the output signals of phase
detectors 36 and 37 will be close to the derivative with
respect to frequency of the intensity spectrum near the
corresponding resonance peak. Thus, the output
characteristics followed by the output signals of phase
detectors 36 and 37 provide signals well suited for a
feedback 1loop used to adjust frequencies to keep the
corresponding electromagnetic waves in resonance in
resonator 10.

Errors in the feedback 1loop are to be
eliminated, and so the output signal of phase detector 36
is supplied to an integrator, 38, and the output signal of
phase detector 37 is supplied to a further integrator, 39.
Deviations from resonance are stored in these integrators
which are then used in the loop to force the waves back to
resonance in resonator 10. The output signal of integrator
38, in turn, is supplied to an amplifier, 40, used to
provide signals to laser 22 to control the frequency f, of
light being emitted by laser 22, thereby closing the
feedback loop for adjusting that frequency. Similarly,
the output signal of integrator 39 is supplied to an
amplifier, 41, which in turn has its outputs supplied to
the modulation input of controlled serrodyne generator 27,
thus completing the remaining feedback loop to be used for
adjusting serrodyne frequency f,.

Returning to the use of splice 13 in the
optical fiber of resonator coil 10, the absence of such a
splice, resulting in no planned coupling of
electromagnetic waves between the two polarization modes
in the fiber, leads to substantial output errors because
couplings of such waves between these modes still occur
even with the use of polarization maintaining fiber.
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Although such polarization maintaining fiber preserves
isolation between the polarization modes quite well absent
other sources of coupling being introduced therewith, such
outside sources of coupling are unavoidable if
electromagnetic waves are to be coupled both into

‘resonator coil 10 and out of resonator coil 10. That is,

use of directional couplers 11 and 12 unavoidably leads to
coupling of electromagnetic waves between polarization
modes even if the electromagnetic waves provided to the
input of coupler 11 for such coupling are in a single
polarization mode.

As a result, there can be two different optical
paths followed by the two polarization portions of the
electromagnetic waves propagating in each direction around
resonator «coil 10, both the c¢lockwise and the
counterclockwise directions, a situation which leads to
pairs of adjacent resonance modes for both the clockwise
and counterclockwise waves. In other words, there will be
two orthogonally polarized light waves traveling in the
clockwise direction and two orthogonally polarized light
waves traveling in the counterclockwise direction with the
two orthogonally polarized light waves in either direction
each following a corresponding optical path with
characteristics differing from that of the other.

Such differing characteristics occur at least
for the reason that the corresponding and differing
indices of refraction for those paths lead to different
speeds around resonator coil 10 for each of such a pair of
orthogonally polarized electromagnetic waves traveling in
one of the directions therearound. Hence, each of the
orthogonally polarized electromagnetic waves traveling in
one of the directions around resonator coil 10 will have
a corresponding resonant frequency differing from that of

R
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the other thereby leading to the occurrence of a pair of
adjacent resonances with differing, but relatively close,
resonant fregquencies. Further, since these two
orthogonally polarized waves traveling in one of the
directions around coil 10 were not excited equally at the
initiation thereof, the resonance peaks for each will be
of differing values.

In addition, the frequency separatior. between
the adjacent pairs of resonances for a pair of
orthogonally polarized electromagnetic waves propagating
in one of the directions around resonator coil 10 will
change rapidly as the birefringence changes with
temperature. Thus, the resonance due to the polarized
electromagnetic wave undesirably introduced by the
excitation of the desired polarization electromagnetic
wave will drift with respect to the resonance of the
desired wave with temperature changes. In fact, in a
typical polarization maintaining optical fiber for
resonator coil 10, the two corresponding resonance
frequencieéxwill actually coincide and then cross each
other for every 1°C of temperature change. In those
instances in which the two resonances are in relatively
close proximity, the line shape of each begins to meld
with the other introducing significant asymmetries in the
resonance line shapes effective for each. This results in
relatively large errors in the output signal formed by the
difference in frequency between the clockwise and
counterclockwise electromagnetic waves because the bias
modulation system for a wave experiencing such asymmetries
becomes unable to determine where the actual frequency of
the resonance center is located.

A substantial improvement in this situation, or
an initial solution to avoiding such errors, is described



PCT/US93/00718

WO 93/14380

10

15

20

25

30

-18-

in the above-references U.S. Patent 5,018,857 to Sanders

et al where the benefits of introducing splice 13 are
described. That is, a 90° rotation between the principle

birefringence axes on either side of splice 13 in the
polarization maintaining optical fiber of resonator coil
10 provides a temperature independent frequency separation
between the two resonant polarization eigenstates, the
electromaghetic waves in each state propagating with equal
amplitudes along the principal birefringence axes of this
optical fiber assuming no adverse coupler effects. The
two polarization resonance modes are separated by half a
free spectral range (the frequency difference separating
two successive resonances of waves in the same
polarization state), and the temperature caused changes in
the birefringence of the fibers are common to both modes
so that lineshape melding phenomena do not occur.

On the other hand, exact 90° rotations of the
principal birefringent axes on either side of splice 13
cannot in practice be made, nor can the coupling between
modes in directional couplers 11 and 12 be eliminated even
for electromagnetic waves merely passing through the
resonator side of such couplers without being coupled to
a port on the opposite side of the coupler. Thus, in a
typical situation for resonator coil 10, the frequency
separation between the resonances for the orthogonally
polarized electromagnetic waves propagating in either of
the directions about resonator coil 10 will oscillate with
relatively small amplitude about the half free spectral
range nominally separating them as the temperature of
resonator coil 10 is varied. Though the resonances will
remain separated as desired, they will nevertheless cause
relatively small asymmetriesﬂéne in the other, and which
can be asymmetries sufficient to cause significant errors
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at least in higher performance resonator fiber optic
gyroscopes as is shown in the following analysis for the
system of Figure 1.

Although an analysis based on a scalar function
is usually sufficient for describing electromagnetic waves
in the optical system of Figure 1, a vectorial analysis
must be used here because of the wave polarization being
the subject of the analysis which involves the position of
the tip of the electric field vector at various cross
sections of resonator coil 10 along its length. In
particular, the electric fields of the orthogonal
polarization components of the clockwise and
counterclockwise electromagnetic waves are desired at a
point in resonator 10 in which they are coupled by
directional coupler 12 into output optical fiber 15 so the
effect thereof on the corresponding one of photodetectors
23 and 24 can be determined. To avoid the introduction of
unnecessary details, each of couplers 11 and 12 are
assumed to have no length along resonator coil 10 and to
have lumped characteristics rather than distributed
characteristics for this purpose. Thus, there is a single
point of entrance of the electromagnetic waves into
resonator coil 10 which have been coupled thereto through
directional coupler 11, and a single point of exit from
resonator 10 of the electromagnetic waves being coupled
out to output optical fiber 15 by directional coupler 12.

Furthermore, although electromagnetic waves
passing through optical integrated chip 16 on the way to
input directional coupler 11 may be polarized in chip 16,
there will inevitably be some coupling of electromagnetic
waves from the favored polarization mode into the other at
the splice between input optical fiber 14 and integrated
optics chip 16. For purposes of the analysis, such
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coupling will be considered negligible compared with the
coupling introduced by input directional coupler 11.

The length of optical fiber in resonator coil
10 between the exit point for electromagnetic waves
leaving for output fiber 15 in input directional coupler
12 to splice 13 will be designated 1,, the length of
optical fiber between splice 13 and the entrance point for
electromagnetic waves being coupled in from input fiber 14
in input directional coupler 11 is designated 1,, and the
length between the entrance point in input directional
coupler 11 and the exit point in output directional
coupler 12 avoiding splice 13 will be designated 1;. The
angle between the birefringent axes on either side of
splice 13 redesignated 8,3, and is equal to 6,;=90°-¢=n/2-
€ where ¢ represents the deviation from the desired angle
of 90° for B8;3. Vector symbols will be designated with an
arrow thereover or will be written, as convenient, as row
or column matrices.

Thus, the resonator counterclockwise
electromagnetic wave at output directional coupler 12,

E.....r Can be written

Eccw-u = F(li)s(eu)ﬁlz)Tu-cfi-11"'F(l1)5(613)1'112)‘41'11—:?1-11

+Rll)s(ejﬂ)ﬁlz)uz'll-cgj-ll o od s e

2 A

n=0

—
Tll-cEi-ll *

- R1,)806,,)R1,)

Here, E; ,, , represents the input electromagnetic waves in

optical fiber 14 being provided to input directional
coupler 11 for partial insertion into resonator coil 10.
The first term in the first of the foregoing equations

represents the effects on E;,, in reachingthe exit point
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in output directional coupler 12 after insertion at the
entrance point in input directional coupler 11, and the
remaining terms represent the effects of successive round
trips through resonator 10 on that electromagnetic wave so
introduced as this input electromagnetic wave is assumed
to be constantly supplied by laser 22 through input
waveguide 21 and through the "y" coupler to phase
modulator 19 and then to input directional coupler 11
through input optical fiber 14. 1In each of these terms,
are several matrix operators representing a corresponding
part of the effects on this input electromagnetic wave due
to the optical path characteristics, the operator A
representing the cumulative effects on that wave occurring
during an entire, single trip through resonator coil 10
beginning at the entrance point in coupler 11.

Prior to starting such a round trip, an
electromagnetic wave being inserted into resonator coil 10
from input fiber 14 at input-directional coupler 11 first
encounters the transmissive coupling nature of this
coupler, represented by matrix operation Ty1-cs insofar as
its coupling characteristics from input optical fiber 14
to the entrance point to begin propagation in the
counterclockwise direction in resonator coil 10. That is,
rather than representing input directional coupler 11 by
its full 4x4 matrix, a 2x2 matrix is used here to
represent its coupling characteristics, that matrix for
this operator being

Ti1-c & i/El-Vl-Yl

cosf,; -sinf,,
sinf,;  cosf,, |’

In this operator matrix, i is the imaginary number symbol,

or i4y/~1, and k; is the coupling constant with ¥; being



PCT/US93/00718

WO 93/14380

10

15

20

25

30

-2 2=

the loss constant as given above. Here, losses and
coupling efficiency over each principle birefringent axis
are considered identical since there is so little of the
electromagnetic wave coupled into the unfavored axis after
the polarization provided by chip 16 with respect to the
favored axis of fiber 14 aligned therewith that any such
differences are expected to have a negligible effect.
The constant 6;, represents the effective
angular misalignment of the input principal birefringent
axis of input optical fiber 14 and that same axis of the
optical fiber in resonant coil 10. Lumped parameter 6,
also accounts for other coupling between the polarization
modes in input directional coupler 11 due to stress on the
fibers therein. As can be seen, the parameter 8;,, being
other than zero, contributes to a diminution in the waves
coupled from one principal birefringent axis in input
optical fiber 14 to the corresponding principal
birefringent axis in the optical fiber of coil 10, and
contributes to the addition of an electromagnetic wave
portion to the principal birefringent axis orthogonal
thereto in the optical fiber of resonator coil 10.

The input electromagnetic waves,T,, .¥, .., then

first encounter a length of optical fiber 1, in
propagating through resonator coil 10. This length of
optical fiber is represented by a matrix operator, F(l,),
as

1, e ‘iﬁa-x.xlz 0

Fl)ae 2 .
0 e-po-l.ylz

The fiber loss constant, «, is the optical loss per unit
length in the optical fiber. As can be seen, the
polarization maintaining fiber is assumed to provide no
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coupling locations itself so that the off-diagonal terms
in this last matrix, or the cross-coupling terms, are set
to zero. The diagdnal terms represent the phase changes
due to propagation along the orthogonal principal
birefringent axes in the optical fiber as represented by
the propagation "constants" corresponding to each. These
principal birefringent axes are designated as the "x" axis
and the "y" axis, each having a corresponding propagation
constant therealong, f,.;,, and Bo-1,yr Tespectively.

Next enroute to the exit point, the
electromagnetic wave encounters splice 13 which again is
represented by a matrix operator, 8(8,,), as

cosf,; -siné,,
9(013) e‘/l__h[sineu coseu}'

In this representation, Y3 is the loss at splice 13 due to
reflection, scattering, etc. Once again, misalignment in
8,3 (by an amount € as given above) leads to a diminution
in the coupling from one principal birefringent axis to
the counterpart 90° rotated axis that it was intended to
be aligned with across splice 13, and an introduction of
some of the electromagnetic wave into the othef,
unintended, orthogonal principal birefringent axis across
that splice. '
Lastly, before reaching the exit point, an
electromagnetic wave propagating from the entrance point
in input coupler 11 encounters an optical fiber segment of
length 1, between splice 13 and output directional coupler
12 represented by the matrix operator F(l,). The same
operator form is used here as was used in connection with
the length 1,, as described above, changed only to reflect
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the possible differences in lengths of optical fiber in
these two fiber segments, or
_a_lz_l e'iﬂo-l.xlx 0

F| de .
(£2) 0 o Borsydy

Parameters appearing in this last matrix corresponding to -
those used in the matrix operator associated with length
1, have similar descriptions.

Round trip matrix operator A is further
composed of several matrix operators similarly
representing the various portions of resonator 10, this

representation being
Al Tll-sP('ZB) le-si(ll) 5(613) 1;(12) '

This last equation introduces three further matrix
operators, one of those, F(l;), representing the effects
of the optical fiber having length 1; located between the
exit point in output directional coupler 12 and the
entrance point in input directional coupler 11. Again,
the same form is used for the matrix operator representing
this optical fiber portion as was used for the matrix
operators representing the other two optical fiber
portions of resonator «coil 10 with appropriate
substitutions for the different lengths involved, or

-a % e =iBo-1,x1s 0

F(l)yae .
( 3) 0 e ‘50-1.713

Again, parameters appearing in this 1last matrix
corresponding to those used in the matrix operators
associated with 1lengths 1, and 1, have descriptions
similar to those previously described parameters.
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The remaining two newly introduced matrix
operators each represent the transmissive pass-through
nature of the input and output directional couplers. The
operator T;,_, represents the effects of input directional
coupler 11 on those electromagnetic waves in resonator
coil 10 propagating straight through that coupler without
being coupled to input fiber 14, and the operator Tio-g
represents the effects of output directional coupler 12 on
those electromagnetic waves in resonator 10 passing
straight through that coupler without any coupling to
output optic fiber 15. These two matrix operators are for
present purposes written as

T

11-s 4 y(1- 1)(1-Y1)

-
cos@), —51nGLJ
’

sinf}, cos@),

Ti2-s 8 y(1- 2)(1-Y2)

(coseln -sinﬁ/nJ

sinf;, cos#),

The coupling constants, k, and k,, and the loss constants,
Y1 and y,, for input directional coupler 11 and output
directional coupler 12, respectively, have been defined
above. Losses and coupling efficiency over each principle
birefringent axis are considered identical in each
operator as any differences are expected to have a
negligible effect, although there remains the possibility
there will be some effects due to differential losses and
differential couplings depending on the magnitude of the
differences.

The angle parameters 6;;' and 6,,' again
represent the effects of fused coupling to the extent they
have a value greater than zero because of stress being
introduced, and the like. That is, such effective angles
can be viewed as the results of distortion in the



PCT/US93/00718

WO 93/14380

10

15

20

-26-

principal birefringent axes of the coupler portions of the
optical fiber in resonator coil 10 due to the stresses
induced in the fusing of that fiber to the input optical
fiber 14 and output fiber 15, or may be viewed as a
convenient "lumped" parameter to provide the coupling
effects on electromagnetic waves traveling through the
couplers as ‘"effective angles" in a convenient
representation for such coupler effects. In such
circumstances, there will be a diminution in the transfer
of the electromagnetic waves along the polarization mode
axes from the entrance by the waves in the coupler on the
resonator coil 10 side thereof to the exit from the
coupler of those waves on the resonator coil 10 side
thereof.

With these definitions, or characterizations,
of the optical path components encountered during a round
trip by counterclockwise propagating electromagnetic waves
through the optical fiber in resonator coil 10, the round
trip matrix ©operator A «can, after the matrix
multiplication of the matrix operators in the definition
thereof, be written in combined form as

cosf,,cosf;cosd,e?® -cos8,,sind};cosb,eit
-sinf,,cos6},sinbi,e?" +sinb,,sinb};sindi,e-%°
-cosf,,sinf},sindj,e" -cosh,,cosB},3in6),e"i

-sind,,sinfi;cosfie¥  -sind cos),cosb),e#
-1 (B onl-8,)
A=Re™ r

cosf,,sinb];cosb),e®  cosb,,cosl},;cosl},ei
-sin®,,sin6),sinf},e?* -sinb,,cosB} sind;,e-°

+cosf,,cos),sinbi,e™  -cosh,,sinb) sind),e-

+sind,,cosfi;cosi,e’¥  -sind,,sind},cosi,e
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where
iy
Lal+l+1y, R&J(1-K) (-7, /(I-K) (IT-y,)/(T-v;) e 2

The constant, R, results from the multiplication of the
various matrix operators in the definition of A. An
additional term which would not result from such
multiplication of those operators appears in the argument
of the exponential following this constant in the equation
for A. This additional term has been added to represent
the results of propagation about the loop with a rotation
of that loop about an axis leading to a Sagnac phase shift
of ¢, induced by that rotation.

The effect of the propagation "constant" in the
foregoing equation, fB.,, is to provide the effective
phase change per unit length along the optical fiber in
resonator coil 10, and comprises a pair of terms, that is
Becw=(Bo-1,xtPo-1,y) /2+8B, sinu t. The term
(Bo-1,xtBo-1,y) /2=2m (£,+£) (No-1,xtNo-1,y) /2C is the weighted
average of the propagation ‘Yconstants" of the two
principal axes of birefringence of the optical fiber in
resonator coil 10. The parameter
ABn=Zﬂan¢n(no,Lx+no_Ly)/20 is the equivalent change in
the effective propagation constant due to the incoming
electromagnetic waves having been modulated sinusoidally
at the rate w, with a peak amplitude change of A¢,. Of
course, o to;=2m(f +f,), is the frequency of oscillation
in the electromagnetic wave provided by laser 22 after
being shifted in frequency by controlled serrodyne
generator 27.

Further definitions are involved in this last

matrix equation, these being as follows:
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3 & AP o (1y+1,+15)

ABocw(=13+15+13)

>

(o]

[ 13

n 4 AP, (1,+1,-1,)

C 4 Apccw(_ll+l‘2-l3)

The parameter AB.., is the birefringence along an optical

fiber, and is defined as

AB A Bo-l,x-po-l,y-
ccw 2

Input electromagnetic field E,,, is, as stated

above, the electromagnetic wave at the entrance point in
input directional coupler 11, and is generally written in

matrix form as

.- o]
Here, E;_;; x represents the electromagnetic wave portion
provided along one principal birefringent axis of input
optical fiber 14, and E;_,; , represents the input field
along the orthogonal principal birefringent axis of that
fiber.

Input laser 22 emits an electromagnetic field
of magnitude E; in the polarization mode passed in the
waveguides in integrated optic chip 16. That
electromagnetic wave is split at the "Y" coupler after
input waveguide 21 with a fraction pE; passing into
integrated waveguide 17, through phase modulator 19, and
into input optical fiber 14 to reach input directional
coupler 11, where p represents the split at coupler 21 and
the accumulated losses in reaching coupler 11. Similarly,
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a fraction QE; reaches coupler 11 after being split at
coupler 21 and passed through integrated waveguide 18 and
phase modulator 20 to then propagate in input optical
fiber 14.

As stated above, the portion of electromagnetic
wave of amplitude pE; which reaches that principal
birefringent axis of input optical fiber 14 not intended
to be aligned with the electric field of the polarized
electromagnetic wave passed by integrated optic chip 16 is
small. This wrong axis propagation occurs because of the
small rotational misalignment between the principal
birefringent axis of input optical fiber 14 intended to be
aligned to receive the polarized electromagnetic wave
passed by integrated optic chip 16. As also stated above,
this small coupling to the principal birefringent axis of
input optical fiber 14 will be small compared to the
parameter'ell of the coupling matrix operator representing
input optical coupler 11 and will be neglected without
significant 1loss in generality, and so the input
electromagnetic field from input optical fiber 14 will be
specifically written as

= 1
B - pE&[o y

This assumes that the input axis of input optical fiber 14
favored by the polarization state passed by chip 16 is the
"x" axis of optical input fiber 14 which is intended to be
parallel to the "x" axis of the optical fiber in resonator
10 through being closely aligned therewith in the fusing
process forming input directional coupler 11.

In effect, round trip matrix operation A
represents the effects of propagation of the
counterclockwise electromagnetic waves in resonator coil
10, and the counterclockwise waves having the
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characteristics resulting from these effects are kept at
resonance by controlled serrodyne generator 27. If this
resonance result 1is to occur, the counterclockwise
electromagnetic waves must in effect be a vectorial
reproduction of themselves at any point in resonator coil
10 after one round trip except for amplitude differences
and phase differences (only multiples of 27 permitted for
resonance) due to the effects thereon from such
propagation if a resonance condition is to occur.

That is, the vectors representing a returning
electromagnetic wave must parallel those of the departing
wave at each point in the resonator (ignoring transients)
to remain in the fiber at any point in resonator coil 10
and satisfy the well known condition for resonance in that
coil, but the amplitude and phase of the wave will have
been changed by its return (phase change being a multiple
of 2mw) to the point of interest from what they were in the
wave at its last leaving from that point of interest.
Hence, an electric field subject to matrix operator A at
the entrance point in input directional coupler 11 must be
able to be represented by a pair of vector components
which are eigenvectors for matrix operator A. That is,
there must be a pair of eigenvectors i,, U, which satisfy

A, - A0, , A, = A,i,.

The eigenvalues, A; and A,, of A represent the attenuation
and phase change of the modes of that matrix operator
represented by its eigenvectors.

These eigenvectors and eigenvalues can be
determined in the usual manner by finding the determinant
of matrix operator A minus A times the identity matrix,
that is the roots of the characteristic equation for A.
Eigenvalues, once so found, are then substituted in the
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equations above to find the eigenvectors. The result is
as follows:
A, =

Re™! ‘““’"L"e-'){—(—cos@ncose’ncose’ncosb +sinB,,cos0;,5inb),cos0

+cosf,,sin6;sind},cosn + $1n6,,sinb},cos6},cos{)

+i[1-(-coseucose’ucose/ucosb + sinﬁncose/nsinelucoso

1
' . . ‘ 2175
+cos0,,5in0},8ind},cosn + sin@,,5in6},cos6,cos{) ] 2}

A =
2 )
Re i {Boart-8,) {-(-cosencose’ncosellzcosb+sin613cose/ns in6),coso

+c0s0,,5in0),sin),cosn + sinensine/ncose’ncos()

- i[l —(— cosb,,cos8},cos8),cosd + sinf,,cos0},sind,coso

1
. . . . 217
+ coseusmelnsmellzcosn + smensz.nelucose’ncosC) ] 2}

[ - cos8,,cos8);cosd,sind

5 +8ind,,cosh},sinb),sino

+cosB,,5in0),sin6,sinn

+ sinensinelncose/lzsin(

-[1-(-cos8,,c0s6],cos6;,co88
+ sinencoselnsinellzcoso

10 [u;] = +cosf,,sinb},sin6’,cosn

ol

+ sinensinﬁlncosﬁllzcos()z]

i(cosB,,s8inb};cosB),e
-sinf,,sinb},sind},ei°
+cos0,,cos8),sinb}, e in

15 . +sin613cose/ucosellzei‘) |
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[ -coselscoselncosefncosé

+sin@,,cosh),sind,cosa

+cosh,,sin6,sinb},cosn

+ sinensinelucose'lzcosc

+[1 -(~cosb,,cos8},cos8},cos8
+ sinencoselnsinelucoso

(4] = +cosB,,sinb,sind},cosn

1
+ sinBusine'ucosS’ncos()z] 2

i(cosB,,sin6};cosb),e
-sin®,,sin6};sind},ei?
+cosb,,cosb;;sind,en
+8inB ;cos},cosbi,e )

These equations can be simplified in the
situation where the rotational misalignments from the
desired alignments are small, the usual situation in
well-manufactured optical fiber gyroscopes. Thus,
8,3=m/2-€¢ can be shown through trigonometric identities to
have the following sine and cosine thereof for € being

sufficiently small

. . T
sin8,, - sin=cose+cos=sine ~ 1,

9
T I .
cosf,, - cos—cose-sin-—sine = -sine ~-¢.

Similarly, for 6,,' sufficiently small, and for 6,,' also
sufficiently small,

. / / .
sin@y; ~67,, cosb}; ~1; sind), ~6),, cos®, ~1.

Of course, products of small terms will also be eliminated
in future approximations.

Using these appropriate approximations, the
preceding equations can be simplified to the following:

=
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Ay ~ Re "1t =0(_(f) ,cosa+8),co8( + ecosd)+ i}

- Re - iPeat-8:) 1[% ,(en - -g)cosb +6’ncosC*6§,coso]

A, ® Re 'i(p"“’L'e'){-(G’ucosa +8),cos{ +ecosb)- i}

— Re - iBaat ) —.i[% +(8u - %)cos& + ncos(*e’,_acoso]

1

: 69
- yZ(L+esind +6),sin{+ 87,5ino)

(N1

1-£sind-6},8in{-0),8ino

[L] =
1

1 ei((*%)
vZ(1-esind -6,sin{ - 81.8ino)

(X1 I

1+esind +6},sinf +6},sino

These simplified eigenvectors have been written

5 normalized form, and can be shown to be orthogonal so that

d-d=-1,d,d=-1,4d-d =0,

The electromagnetic wave resulting at the

entrance point of input directional "coupler 11

resonator 10 resulting from the coupling action of that

10 coupler is

Tu-cfi-u = i\/k—n/ 1-y,

cosf,, -sinb,,|[1
. PE;
sinf,, cosb,,||0

cos®,,
sin®,,

- iﬂc_u/l-ylpEi



PCT/US93/00718

WO 93/14380

10

15

20

25

-34-

using the expressions for the coupler operator and the

cosf,,
sinb,, |

input optical fiber wave found above. The column vector

is expressed in a two-dimensional vector space having its
basis vectors lying along the "x" and "y" axes, or the
principal axis of birefringence in the resonator optical
fiber. However, this vector can be reexpressed in that
vector space on the basis of the two eigenvectors just
found for the round trip matrix operator A, or:

[cosell

a +
sinf,, a,d, + a,,,

where a; and a, are the components of the last vector
expressed on the vector space basis formed by the
eigenvectors. Thus, the electromagnetic wave coupled into
resonator coil 10 at the entrance point in directional
coupler 11 can be expressed as a combination of
eigenvectors each of which is multiplied by the
corresponding eigenvalue wupon transmission through
resonator coil 10 with the result being the sum of the
resultant components which are transmitted through the
resonator which occurs without mixing therebetween.

The effect of the round trip matrix operator on
these entrance point electromagnetic waves in resonator

coil 10 becomes

ATn—c i-11 < 1\/Fv1 -Y,PE (alllal"'az)‘z%)'

This result has been obtained using the eigenstate

transformation equation given above, Ad =-A,d;, and
Ad,-L, 4, . Hence, repeated applications of round trip

matrix operator A gives the following with the results of
these repetitions of use of that operator being summed to
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E AnTll-cE_;i-ll - iv’Evl"YlpEz‘E (alk?al—* azkgﬁz)
=0

n=o

, a a
- _1\/}_1-,/1-‘{1;9}5'1-( l-;ul d+ 1_12 ﬂzJ

This last equation was obtained using the well known
series summation result for a geometric series.

Thus, the electric field E_,,, at the exit

5 point in directional coupler 12 becomes the following:

1,+1
— R 1"‘Y3 gt 22
B2 l\/fqvl‘Yl\’ 2 e 2 PE;
a

X 1
{(1-/\.1)(1+esin6 +6/11sin('+6/12sino)

2

2
[ ~3(Bouy,la *Boms, pzt B =0)

cpoiBorxlliel) _ €
1-esind-0};sin{-6,,sine
x
“1(Bous, pl1*Bous, o+ 2 -¢)
o1 (Bous,xlarBoy ly) | __EE :
1-esind —O’HSinC-G’msinoJ
a

+ 2

I\ '

(1-A,)(1-€sind -0),sin{ - Bizsina)

r o)

'.Bo-, ‘50., -'!'c
-ee-iﬁo‘l'x(lx’lz)_ e J( 1 xll 1 .vlz 2 )

1+esind+61,;8in{+0,sine

-1 ﬂo;' +ﬂ°_' ‘l_c

1+esind +6’nsin(’+9§_25inaJ

[

Using the simplified values found for eigenvalues A, and
A,, the factors 1/(1-1,) and 1/(1-,) can be written



PCT/US93/00718

WO 93/14380
-36=
1 . 1
1-4, 1-Re “iPeat g=i(-0-¢7) ’
1 _ 1
1-A,  1-pe-ibeal o-i(6-¢p '
where,

10

15

20

0 2 .’23 +(513 - %)cosb +8%,cosl +6),cosa.

Thus, these factors are resonance functions for the
counterclockwise electromagnetic waves in resonator coil
10, and the fixed phase change portion represented by 6
deviates from the desired value of 90°, or m/2, not only
by an amount related to the difference between the actual
rotation angle 6,3 and 7/2 but also by the further amount
related to the effective rotational misalignment angles in
the straight-through portions of couplers 11 and 12.
Although just the major locations expected for coupling of
counterclockwise electromaghetic waves following one
polarization mode in resonator coil 10 to the other mode
have been included in the foregoing, the possible
occurrence of other coupling points would be expected to
add further effective phase change to 0.

Inserting these resonance functions in the last

equation for E_,,,, and defining some further constants,

shows the essential form of that equation as
‘ll

+1
- . l‘Y -« 2 .
Eow12™ l\/kzvl—'{l\| 2 e * DEi

=y
c,e*§

a;
+ , b
1-Re ~Benlg-i®-8) 2

X et b @
1-Re ‘chaLe 'i("e'e:) 1 049"“!’*)
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The two vectors on the right side of this equation show
that there are two polarization eigenstates, or two
orthogonally polarized waves, in the counterclockwise
electromagnetic waves at the exit point in output
directional coupler 12, this being due, of course, to the
two different optical paths each followed by a
corresponding one of these orthogonally polarized
electromagnetic waves. Each of them has a corresponding
resonance function, and the contribution to the output
wave from each is determined by the ratio of the input
amplitude at the entrance point to resonator coil 10 in
input directional coupler 11 to the corresponding
resonance function for the particular value of the
frequency wg,tw; occurring in the input electromagnetic
wave,

The various constants introduced in this last

equation for E_, ,, are defined for this last equation on

—

the basis of the preceding equation for E.v-12 after
appropriate algebraic manipulation. These defihitions are

the following:

cl & {l+2ecos[ﬁo-l,x('zl+12)]cos(po-1,xll+ Bo-l,ylz"' 'Izr‘ 'C)

ol

3

+ 2esin{Bo-1,x(ll*lz)}Sir{ﬁo-l,xlfBO‘lvylz+.2—_c)}

ol

=(1-2esin()



WO 93/14380 PCT/US93/00718

-38=-

5 c, & [1-2(esin6 +0,s inC+6llzsino)

2

- zscos(po-l,xlz+ﬁo-l,yll)cos(ﬁo-l,yll+po-1,y12+ >

i
- 2333‘-1'1('3c>-1.,x12+ Bo-l,yll)Sin(ao-l,yll*'po-l,ylz+% ‘C)] :

ol

-[1-2(esin6 +67,8in{ +6},sina) +285inC]

c; & {1*zecos[po—1,x(l1"12)]003(‘30-1,;:11*Bc-:.,ylz'g"C)
. . x -
+ 2esln[po—l,x(ll+12)]slr‘(Bo—l,x11+Bo-l,ylz-E'C)} z

1
=(1 +esin¢2‘)3

c, 4[1+2(esind+8},8in{+6},5ina)

E-()

-2 ecos(po-l.xlz+ﬁwl,yll)cos(pc-l,yll"'Bo—l,ylz' 2

e
- 2eSin(ﬂo-l,x12+Bo-1,y11)5in‘(ﬁo-1.yll+Bo—l.ylz-—;’-c)] :

nl

'=[1+2(esind +67,8in( +61,sing)- 2esin{]

e3inf,y o (1y713) +8in(Boy, 2 210y, y 1ot 3-0
itan- . : 2
e ~ecosf, g, . (1;+1;) -cos (Bo-i.xlz*ﬂoq,ylz‘% -{)

b, 4 -
: / ¢ . 2 . ) .
(1+esind+6;;8in{+6!,8inc) ? (1-esind-6};3in{-0),sinc)
s ran- esinf, ;. (1,+1;3) +8in(B,.y, eIy +Bo-y, ,1,-% -0
e ~eCo8Bo.y, £ (13+13) ~c08 (Bouy, 1y +Boy, yla- % -0

1
(1-esind -Glusinc-alusina) 2 (1+esin6+9’usinl.'+ﬁizsino)
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eSirl{B°‘1rx(ll+l2)]+Sin<p0-1,x11*po-1,ylz+ —zﬂi 'C)

§ &-tant
-ecos[ﬁo-l,x(lﬁlz)]'COS(Bo-l,xll'*ﬂa-l,ylz**%-()

+ tan-l{[-(l—e sind-0),s inC-B’usino)sin(ﬁa_llxl#po‘l,yll)
+ESin.(Bo_l'yll+Bo_llylz+-§—C)]
X [(1-&: sin&-eﬁlsinc-Gizsino)cos(ﬁo_llxlz-rpo_llyll)

—eCOS(ﬁo-l,ylﬁBo-l'le"'lzr- -c)]-l}

fem=¥a

8Sin'[p°"-'"('Zl"''12)]"'Sj""’<po-1,x-z1"‘ﬂo-1,ylz‘ ‘12‘:“()

-ecos(Boy {1,+1,)]- cos(po-l x11*Bo-, 1 %")

- tan'l

+tan? [ (1+esm6+6nslnC+B'lzsmo)s1n(Bo 1,x12*Boa,y 1)

+esin(B,,y,, 2, +B,y,, 1 --’21-(’)]

X [(1+esin6 +61,81n{+6},sinc)cos(,., 1, +B,.,, ,1,)

-ecos(ﬁo-z.ylﬁﬂ'?'l'-"l’_% _()]-1}

The simplified versions of ¢;, ¢,, ¢; and ¢, follow by the
use of trigonometric identities.

5 The values of a; and a, can be found from the
equation defix_ling them where the input electromagnetic
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wave vector to resonator coil 10 is represented on the
basis of the eigenvectors of round trip matrix A, and on
the orthronormality of those eigenvectors. Thus, for a,,
the result obtained is

cosf,,

1
[w] T[s in8,,

ol

v2(1+esind+8;sin{ +81,5ino)

s e-i(c-g) cos6,,

1-£sind-61,;sin{-63sinc |{sind,,
-a,d, -4 +a,d, Ud,=a,.

1-esin-67;sin{-67,5ino+6,,sin{

a, .
[2(1-€sind -9’11sin(;'-6'123incr)]3

-8,,c08{ )

itan™t
% e 1-£3in8-67,8in(-8},8in0+6,,8in{

Similarly, a, is found using #, to give

1+esind+6),sin{ +B’12sino—6usinc

a, 1
[2 (1+esind+6];5in{+6l,sina)]?

1+£8in3+8),8in{+8},8in0-0,,8inf

jtan-t ( 8,,co8{ )

X e

Hence, a complete representation for Ecc,,_n,

the electric field of the electromagnetic wave propagating
10 in the counterclockwise direction in resonator coil 10 at
the exit point in output directional coupler 12, has been
provided for the situation of three primary
electromagnetic wave coupling locations occurring in
connection with resonator coil 10. These are those
15 1locations where a polarized electromagnetic wave portion
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propagating in one polarization mode of the optical fiber
can couple to the other polarization mode of that fiber.

A similar presentation can be found for E. ..

the electric field of the electromagnetic wave propagating
in the clockwise direction which also occurs at the exit
point in output directional coupler 12 taking into account
the same three primary coupling 1locations in input
directional coupler 11, output directional coupler 12 and
splice 13. That representation will not be set out here,
as it does not differ in any significant way from that
shown for the counterclockwise wave, differing only in
details such as the optical fregquency being f, rather than
f,+f;, the use of the appropriate clockwise propagation
"constants" rather than those associated with the
counterclockwise direction, the opposite sign for the
Sagnac phase shift, and the like.

' The last equation for the counterclockwise wave

=

Eccw-12 @t the exit point of output directional coupler 12
is more manageable if expressed in magnitude and phase
form. First, that equation be viewed as

+E

ccw-12,2"

-

-
Bz = Eecu12.1

This last equation recognizes that the counterclockwise
wave at the exit point in output coupler 12 is represented
in the preceding equation therefor as a corresponding pair
of polarized constituent waves in two orthogonal

polarization states, which will be designated E ..., and

Eéwdaz, each corresponding to one of the column vectors

in that representation. Each of these constituent
orthogonal polarization waves comprising the
counterclockwise wave can be expressed in its components
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along the "x" and "y" axes of resonator coil 10 based on
the exit point equation for the counterclockwise wave,
i.e. along the principal birefringent axes of the fiber in

that coil, in magnitude and phase form to yield

E. . )
cew-12,2,x N e-_;e,

# _ Eecw-12,1,x ’E} E - ;
cew-12,1 I8 7 Seew=12,2 - 1
Eccw-lz, 1, ye Eccw-lz ,2 ,ye

where
E A -kl(l'yl) (1-v;) e-a(ll‘lz)PaEzglallz|b1|25'f.%
ccw-12,1,X 1+R%2-2RcoS (_ﬁcch+¢r+e) J
e R [k, (1-v,) (1-y,) e * i p2E2|a [2|b, |2c2]3
ccw-12,1,y i l+R2-2RCOS (—ﬁcc‘L+¢r+e) ]
o R [k, (1-y,) (1-y;) e BB p2g2|a 2|b, [2c2]3
e | 1+R2-2Rcos (-B o L+d,-0)
A e (la 11
E 4 k(1-v,) (I-v5)e “heldp2gtla |2 b, 2 ci |3
cew-12.2.¥ 1+R?-2Rcos (=P o l+d,~0)
and
[l . 1 * 1l 1
cos® = L ([Eccw-lz,l] [o])([Ecw-lz.z]lTO])*([Eccw-zz,l] [Q])([Eccw-zz,z”o])

R R [ N [ 0 )

1-Rcos(-B .. L+$,+0)+R%cos(20)-Rcos(-p .., L+$,-0)

™

{1+R?-2Rcos(-B . L+,+0)|[1+R?-2Rcos(-B ., L+,-0)]}

and where the preceding definitions have been used in this
last equation. The angle ¢ is the angle between the

vector components E.,_15,1,x and Egg,-12,2,x» and is found

from a combination of inner products of E.,.,,, and
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E..12, in the usual manner after projecting each of these

vectors onto the normalized input vector.
From the simplified version given of the
constants ¢;, ¢,, c3 and ¢, above, a relationship
5 therebetween is obtained for small coupling of

c,C-¢Cc,c =0,

As a result, a relationship for the orthogonal wave "x"
and "y" axis components also holds from their definitions
given above of

Beew-12,1,x Eeew-12.2.x = Ecow-12,1,y Eeow-12,2,y = 0/

10
confirming that the two orthogonally polarized waves
comprising the counterclockwise wave at the exit point in
output coupler 12 are indeed orthogonal.
The counterclockwise electromagnetic wave

15 E,,,, at the exit point in directional coupler 12 is then
coupled in part to photodetector 23 by that coupler to

provide a corresponding electric field, E.,.,, or
gccw-d = le—czccw—IZ'
The matrix operator T;,_. is the coupling matrix from the

20 resonator coil 10 side of output directional coupler 12 to
the output optical fiber 15 thereof which is described by:

VK2, %/ (17Y2 ) cos8,, ~VKz, x/(1-Y;,,) 8inb,,

Tz 8 1

\/ki’:y'\/(l-YZ.y) Sin612 sz,yv(l_Y2'y) Coselz

This coupling matrix operator for output
directional coupler 12 differs from that used with input
25 directional coupler 11, T;;_.. The difference is in the
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recognition that different losses and couplings may occur
along the principal birefringent axes in fused couplers,
a situation which is taken into account here because of
the significant electromagnetic wave presence along each
of the principal birefringent axes due to the coupling
between these axes having occurred in resonator coil 10.
In contrast, very little of those electromagnetic waves to
be coupled by input coupler 11 to resonator coil 10
propagate along the polarization axis in input optical
fiber 14 not favored in the alignment of that fiber with
chip 16 to receive polarized electromagnetic waves
therefrom for such coupling so that differential losses
will make little difference in the input coupler.

The different losses and couplings along the
two principle birefringent axes in output coupler 12 must
thus be separately designated. The coupling factor for
the "x" axis in output coupler 12 is written k¢ and the
loss factor for that axis is ¥y, ,. Similarly, the
coupling factor for the "y" axis in output coupler 12 is
written kz,y and the loss factor for that axis is Y2,y"

Output fiber 15 is quite short so that little
loss occurs therein, and any coupling therein is
conveniently contained in the matrix operator representing
output coupler 12. Thus, no operator is used to represent
output coupler 15 in the foregoing equation.

Since photodetector 23 responds to the
intensity of the electromagnetic waves impinging thereon,
the intensity at photodetector 23, I_,,_4, must be obtained
from the electric field of the portion of the resonator
counterclockwise waves coupled to this photodetector

gcr:w—c'l ¢ OF
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Iccw-d = Eccw—d "E.:‘CW-d'

—_—

Substituting for E_, , from the last equation, and using

appropriate ones of the equations preceding it, results in
the intensity being found as

Iccw-d =
2 2 2 2
F[Eccw—lz,1,x+Eccw-12,2,x+Eccw-12,1,y+Eccw-12,2,y]
2 2 2 2
+AP [Eccw—lz,l,x, ’Eccw-lz.l,y+Eccw-12.2,x'Eccw-lz,z,y]coszej,z

+2Ar5in2612c°s€[Eccw-12, 2 ,xEccw-lz, 2,y-Eccw-12, l,xEccw-lz, lly]

+4ATc0820,, B 012,1, xFecuw-12,1,,°05 P
+2APSin2612COSE[Eccw-12, 1,xEccw~12, 2,y—Eccw-12. 1,;"E::c'.'wu-l:,2,::]c°s<b

+24T'sin26,,81in8[Eocy 12,1, xBecu-12,2,y* Eoow-12, 1,yBecw-12,2,28100.

where

r s Xeoll-Y2. 0K (2-Ya )
2 '

AT & kz.x(l'Yz,x)'kz,y(l'Yz.y)
2 1

indicating by T' the average of, and by AI' the difference
between, the differing couplings and losses along the "x"

and "y" axes.

The intensity I ,,.q ©of the counterclockwise
electromagnetic wave portion reaching photodetector 23 can
be written in terms of the intensity of each of the
coupling result waves reaching that same photodetector,
Iccw-d,1 @nd Igg,-q,2, that are based on the orthogonal
polarized waves forming the counterclockwise wave at the
exit point of resonator 10. These detected intensities
associated with the resonator orthogonal polarization
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waves electric fields are defined below, and evaluated
from the definitions of E_,,,, and E_,_,,, and of the
components thereof, and from the definition of the

coupling matrix T;;_. given above for output coupler 12,
5 as

Iccw-d, 1 4 [Eccw-lz P 1] TTlg-c T].‘Z-C[E;CW—J.Z ‘ 1]

2 2 1 2 2
= I‘(Eccw-lz,1.x+Eccw-12,l.y)"'AF(Eccw-lZ.l,x"Eccw-lz,1.y)c°52812

-2 A:’:‘SJ'r:"2BIZCOSEEIx'_'c:x\I--lZ. l,xEccw-lz. 1,y’

Iccw—d, 2 4 [Eccw- 1z, 2] T Tlg -c Tl‘z -c[Ec;cw—lz . 2]

2 2 2 2
= P(Eccw-lz '2 ,x+Eccw—12,z ,y) +AF(Eccw-12, 2 ,x"Eccw-lz, 2 ,y)coszelz

+ 2AI‘sinzelzcosEE'm,_lz'z,xE'cc,_lz'z,y.

The equations defining E..,_12,1,x/ Ecew-12,1,y7

Eccw-12,2,x @nd Eggyo12,2,y ©an be manipulated to show the
10 following relationships:

- {1—2[8 sind+(81,-¢)sin{+6,sino] }%

E - -
cow-12,1,x 1-2esin{

coew-12,1,y

E

ccw-12,2,y

=F

ccw-12,2,x

1+2[esind+(87,-¢)sin{+6],sina] 3
1+2esin ’

Then, the product of the intensities of the orthogonal
polarization waves at photodetector 23, Tecw-d,1 Tecw-12,27
15 becomes

20



WO 93/14380 PCT/US93/00718
-47-

: 2 2 2
Iccw-d. 1Iccw-d,2 - 4F Eccw-lz, 1,xEccw-12, 2,x

o 1,1 1‘49(35in5+e/113in(+9/125in0)sinC+4ezsinZC
2 2 1-4e%sin?{

Al"z{l 1[1 48(85.1!16+6ns:|.nC+Blzslna)s:LnC+4e s:.nzd'J

|2 2 1-4¢%sin?(

X coszﬁlz} - AI,—PSlnze 2c°325}}
~ AT B 12,1, xEBocwe12,2, -

The last approximation follows from the small values of ¢,
AT and 6,,. '
Using this last approximation, and the
5 definitions for the intensities of the orthogonal
polarized waves at photodetector 23, the expression for
the total intensity at photodetector 23 can be rewritten
as

T 2AT

I ccv-d 2+ T

cow~-d

~TI

cow-d, 1

coszenJIccw-d, 1Iccw-d. ZCOSQ

LAl [1+2[ssin6+(6’11-e)sinC+0llzsina] 3
*T —=+sin26,,cos E{{l T+2551n0

1-2|esind+(0,,~-¢ s1n(+9 sino
-{ [ :(lees)lnc = ]} }}\/ Teowmd, 1 eow-a,wCOS P

A&‘smzﬁ cosk 1+2[esind +(6’u-e)sinC+ellzsina]}_;
1 1+2esing

1-2(esind+(8},-¢)sinl+6},sino 3 X

10



PCT/US93/00718

WO 93/14380

10

15

20

-48=

2AT
~Iccw-d,1+rccw-d,2+ T cos2e:l.z\/I::-z-:w-cl,:T.Ic'r:»'-d,:!cosQ
+ 2?PsinzelzsinE"/J.j,'.‘,'.,',_,;,,lIcc,.,,‘,,,zsind’

~ Iccw-d, 1+Iccw-d, 2 +K\/Iccw-d, 1Iccw-d. ZCOS Q.

The second approximation in this last equation follows

from algebraic manipulation showing that the value within

the first pair of double braces is nearly zero, and that

the value within the second pair of double braces is

approximately 2. Since in good quality fused couplers
sin20,,<cos26,,,

the last approximation for I_.,.4 follows using the
definition

2AT

A
Keow & =T

cos26,,.

The quantity K., is thus a measure of the quality of
output directional coupler 12 both as to the extent of its
relative differential couplings and losses, and as to the
extent of polarization mode coupling, for electromagnetic
waves occurring therein having propagated in the
counterclockwise direction in resonator coil 10.

Thus, the presence of differential losses in
output directional coupler 12, or K..,*0, leads to the '
total electromagnetic wave intensity at photodetector 23
having an interference term representing interference
between the coupled wave results (no longer orthogonal to
one another) due to the coupling into output fiber 15 of
the two orthogonal polarized waves in resonator coil 10
which together form the counterclockwise wave in that
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resonator. Such interference leads to asymmetry in the
resonance peaks on the optical frequency axis of the
detected counterclockwise wave which in turn lead to the
bias modulation system controlling serrodyne generator 27
forcing that generator to provide an incorrect value for
frequency f,, and so to a significant error in the
gyroscope output signal. '

In addition, the superposition at photodetector
23 of the intensities of the waves resulting by coupling
from the orthogonal polarization waves in resonator coil
10, shown by the addition of Icew-d,1 and Igeu_q,2 in the
last equation for the total intensity I_.,_4, Will lead to
a further source of error because the corresponding
resonance peaks on the optical frequency axis are, as a
result, not evenly spaced along this frequency axis
because of the presence of electromagnetic wave coupling
occurring at locations in input directional coupler 11 and
output directional coupler 12, and because of the presence
of a rotation other than exactly 90° between the principal
birefringent axes on opposite sides of splice 13.

Such uneven spacing of the opposite mode
resonance peaks in either the counterclockwise direction
or clockwise direction electromagnetic waves in resonator
coil 10 leads to such resonance peaks being asymmetrical
in that each one has a less steep slope on that side
thereof that is closer to an adjacent opposite mode
resonance than the other side of that same resonance which
is necessarily further from its adjacent opposite mode
resonance. These asymmetries in the resonance peaks due
to unequal spacing between adjacent opposite mode
resonance peaks are further compounded by the maximum
values therein having different magnitudes. Again, such
asymmetries can lead to the bias modulation systenm
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directing serrodyne generator 27 to set an erroneous value
for frequency f,;, and so lead to a rate bias error in the

gyroscope output.
The difference in the intensities of the two

5 waves at photodetector 23 resulting from the coupling
thereto of the two counterclockwise orthogonal polarized
waves in resonator coil 10, both in the frequency axis
positions of resonance peaks therein and in the maximum
amplitudes  thereof, are clearly shown in the

10 representations of those intensities in terms of the
electromagnetic radiation input of laser 22 and the system
parameters. Thus, inserting into the equations given
earlier for I..,.g,; and I .,.4,, the values defined for

Eccw-lz,l,x' Eccw-lz,l,y' Eccw-lz,z,x and E:t:cw-12,2,y yields

I - (l‘R)z Ic -d, 1, max ’
ccw-d, 1 1+R2-2RC05(’BCCWL+¢I+B)

15

I - (l-R)z IC -d, 2, max .
c¥d?  1+R?-2RCOS(-P o0 L+®,-6)

Here, the peak values of the .coupled result components
Iccw-g,1 and Ig,-q,, are defined as

2k,(1-v,)(1-Y,\D2 E?|a, |2|b, |2 . . .
Leow-d,1,max & G E (li)R)z ila, Fib| {r[1-(esind+6y 8in{+8l,si

-AT'cos20,,(esind+0},sin{+6},5ina)+2ATecos26,,8in{

(NI

+ AT'sin20,,cos(1~-2¢esin{)

x {1'2 [“:Sin‘S +(6'u-e)sin( +Bllzsina]}_§}},
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_ _ 2 g2 2 2
2 2kE-1)a-vy)p Ef|a,|*|b,| {{C[1+(esind+8;,5in{+6},s1is

Iccw-d,z,max (1-R)2

- AI’coszeu(asin6+6’nsin6+6’123ino)+ 2ATecos26,,sin(

[N

+ATl'sin20,,cos§(1+2esin)
1
x{1+2[esind +(6’u-e)sinC+0’125ina]} 2}} .

Clearly, the equation for Iccw-aq,2 has a fixed
phase difference of 20 in the cosine term in its
denominator when compared to the argument of the otherwise
similar cosine term in the denominator for the equation
representing I c,.q4,;- This phase difference in the
denominator cosine argument in the equation for Iccw-d,2 @S
compared to the argument of the cosine in the denominator
for the equation representing Iccw-q,1r leaves its
resonance peak unequally spaced in frequency between two
successive resonance peaks of Iecw-d,1° In addition,
intensity peaks I q,.4,1,max and Iccw-d,2,max C©an clearly
differ significantly in magnitude depending on various
system parameters. Hence, there will be asymmetries in
adjacent, opposite mode resonance peaks leading to the
kind of error resulting from the superposition of them as
described above. Similar equations are found for the
electrbmagnetic waves impinging on photodetector 24
coupled from the clockwise waves in resonator coil 10. °
Therefore, a resonant fiber optic gyroscope is desired
which avoids this second kind of error, as well as the
first kind of error due to interference as described

above.

SUMMARY OF THE INVENTION

The present invention provides an error reducer
for reducing rotation rate errors arising because of
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polarization modes coupling and differing polarization

" modes characteristics associated with a coiled optical
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fiber having a pair of principle birefringent axes in a
rotation sensor capable of sensing rotation about a
symmetry axis of that coiled optical fiber which forms a
closed optical path. This coiled optical fiber has a
transfer means for transferring electromagnetic radiation
propagating along one of said principle birefringent axes
into propagating along the other of the axes. The coiled
optical fiber is connected with at least a first coil
coupler such that electromagnetic waves can be coupled
between the coiled optical fiber and a first external
optical fiber. Rotation sensing is based on having
opposing electromagnetic waves propagate through the
coiled optical fiber in opposing directions so as to
result in each impinging at 1least in part on a
corresponding one of first and second photodetectors. At
least one of the opposing coiled optical fiber
electromagnetic waves, propagating in said opposing
directions, is subject to having frequencies thereof
varied by selected signals supplied to a first input of an
electromagnetic wave source capable of supplying the
emitted electromagnetic wave from which that opposing
coiled optical fiber electromagnetic wave is obtained. The
first photodetector provides an output signal in response
to such impingement thereon of a corresponding opposing
coiled optical fiber electromagnetic wave which is
representative of that wave. An oscillating frequency
value setting arrangement has an output electrically
connected to the first input of the source to provide an
output signal sufficient to cause the source to direct
said opposing coiled optical fiber electromagnetic waves
propagating in one of said opposing directions to
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oscillate in frequency value between frequencies occurring
in adjacent opposite polarization mode resonances of those
waves.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a system schematic diagram of a
resonator fiber optic gyroscope known in the prior art
combining a signal processing arrangement and an optical
transmission path and device arrangement;

Figure 2 shows a system schematic diagram of a
resonator fiber optic gyroscope embodying the present
invention combining a signal processing arrangement and an
optical transmission path and device arrangement; and

Figure 3 shows a system schematic diagram of a

further resonator fiber optic gyroscope also embodying the
present invention combining a signal processing
arrangement and an optical transmission path and device
arrangement.
DETAILED DESCRIPTION OF THE PREFFRRED EMBODIMENTS
Figure 2 shows an embodiment of the present
invention in which an error reducing arrangement has been
added to the system shown in Figure 1 to provide an output
signal representing the rotation rate of the sensor
having errors therein substantially reduced or eliminated
which would otherwise present therein due to (a)
misalignment of the rotated birefringent axes on either
side of the resonator splice, (b) the presence of other
polarization mode coupling locations, and (c) fused
coupler polarization mode differences insofar as couplings
and losses associated therewith. Designations used for
the various devices, transmission paths and blocks in
Figure 2 are the same as those that were used in Figure 1
for the corresponding items shown there.
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A system configuration alternative is shown in
Figure 2 that was not shown in Figure 1 through which
summer 31 can be eliminated through use of another phase
modulator, 19', shown in dashed line form in integrated
optic chip 16 in Figure 2. In this situation, the output
of controlled serrodyne generator 27 will be directly
connected to the output of amplifier 33 with summer 31
eliminated. The output of bias modulator generator 29 in
this arrangement follows a dashed line interconnection
arrangement shown in Figure 2 by first being connected to
the input of another amplifier, 33', to supply the
necessary voltage to operate phase modulator 19'. The
output of amplifier 33' in Figure 2 is connected by a
dashed 1line to phase modulator 19 so that the
electromagnetic waves passing therethrough are phase
modulated in accordance with a signal provided by
generator 29 through amplifier 33°'.

The error reducing arrangement provided in
Figure 2 comprises changing amplifier 40 of Figure 1 to a
summing amplifier, 40', in Figure 2 having one input
connected to the output of integrator 38 to receive the
laser 22 control feedback loop error signal therefrom.
Further, in addition to the signal from integrator 38
being provided to summing amplifier 40', there is a
another signal provided at the other input of summing
amplifier 40' from the output of a mode switching
generator, 50. This generator 50 output signal is in the
form of a square wave voltage waveform which is combined
with the output signal from integrator 38 in summing
amplifier 40°'.

The amplitude of the square wave signal
supplied at the output of generator 50 is sufficient to
cause laser 22 to oscillate back and forth between
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frequencies, typically between approximately the maximum
amplitude frequencies, of a pair of adjacent, opposite
mode resonance peaks for the clockwise electromagnetic
wave in resonator coil 10. The frequencies in that pair
of resonance peaks will be close to, or at, the frequency
f, as the frequency of laser 22 is directed toward
resonant values for resonator coil 10 by the output signal
of integrator 38.

Such an arrangement can substantially reduce or
eliminate the errors described above comihg about because
of asymmetries in resonant peaks of the counterclockwise
wave (and similar peaks in the clockwise wave) arising
because of the misalignment of the birefringent axes in
splice 13 to a rotation angle other than exactly 90°, the
presence of other unwanted polarization mode coupling
locations particularly in the input and output couplers,
and because of differential couplings and losses in the
"x" and "y" axes in the coupling from resonator coil 10 to
output optical fiber 15. This improvement can be shown by
considering the intensity occurring at photodetector 23
for each of the frequencies switched between, here
designated fp; and fp, for a pair of frequencies each
intended to be close to a different one of two adjacent
opposite mode resonant lineshapes of the counterclockwise
direction in resonator coil 10 occurring over frequencies
close to f, + f,. Those intensities, from the above
equation found for the total intensity I_,,_4 Occurring at
photodetector 23, are

I

cew-d, £y, =

Iccw—d. 1, fm"'Iccw-d, 2, fu+KcW\/Iccw-d, 1, fmIcrm-d, 2, fuCOS(DfM U

Iccv-d, fp2 = Iccw—d, 1, f,u"'Iccw-d, 1, fR,+chw\/Iccv-d, 1, fmIccm-d, 2, fuCOSd)fu ‘
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From the previous egquations found for Iccw-d,l
and I..,.q,2, the intensities at frequencies fp; and fp, of
the coupled results corresponding to the two orthogonal
polarization waves in resonator coil 10 forming the
counterclockwise wave are as follows:

Iccw-d,l,fm' a (l'R)ZIccw-d,l,max - (1'R)21c -d, 1, max
1+R2-2RcOS(~PB oy, L+$,+6) 1+R*-2RcoSY g,

I - (B Teerd,2,max - OBl a.mex
cow-d.2.fpr " pZ_5pco s('ﬂccwauL+¢r—e) 1+R2—2RCOS( ccw-fu+29)

e _ 1 "R)chcw-d,l,max - (1'R)zrccw-d.1,max
ccw-d, 1,fu 1+R2-2RCOS(-ﬁccw-fBL+¢I+3e) 1+R2‘2Rc°s(wccw-fu-26>

T - (l-R)chcw-d,Z,max - (l-R)ZI,_. -d, 2 . max
ccw-d, 2, £r; 1+R2‘2Rc°s(’Bccw-fnL+¢:+e) 1+R2-2RCOSW“‘~&:

where *ccw-fm“ﬁccw-leL"pr'e' q’ccw-fRz Aﬁccv.v-fRzI"‘?f‘r:'e and the
identity cos(-y)=cosy has been used. The intensities of
the results of the coupling of the two resonator
orthogonal polarized waves at the frequency near the first
resonant lineshape, Iccw-d,l,le and Iccw-d,z,fm' have the
difference in frequency of the resonances thereof set by
the difference of 20 in the denominator cosine arguments
of each of the equations on the right thereof, with the
first intensity being at the reference value of -8, and
with the second intensity shifted to +8 therefrom.
Similarly, the intensities of the coupled results of the
two resonator counterclockwise orthogdnally polarized
waves at the frequency f£f;, near the second resonant
lineshape, Iccy-q,1,£5, 204 Icey-g,2,£q, have the second
intensity set at the reference value -8 in the cosine
arguments, and the first intensity shifted to =-36.
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Similarly, the cosines of the angles between
the electric fields of the two resonator counterclockwise
orthogonally polarized waves, coscbfm and cosé.p,, at these
two mode frequencies fp, and fp, are found from the
equation given therefor above. The results are

1-Rcos(wccw_fm)+R2coszﬁ-Rcos(1pccw_fR1+20)

cos®, =

[Ny

{[1+R2—2Rcos(q:ccw_fu+29)][1+R2-2Rc08(’lfccw-fu)]}

1+Rcos(V..,. ., \*R*cos20+Rcos(¥.._.._, -26
COS‘I’:H - ( cow- f,,) ( ccw-Lp,y ) .

1+R*-2RCOS(Y -z, ~26)][1+R2-2RCOS(Y oy, £
{[ ( R2 )][ ( ")]}

)

The feedback loops in the system of Figqure 2
control its response to such frequency oscillation of
laser 22 between frequencies fp; and fp,, and so will
direct incremental frequency changes in the frequency of
laser 22 and in the fréquency of serrodyne generator 27
such that only relatively small deviations from resonance
occur aside from the transitions between resonant
lineshape, the effects of which will settle out well
before the next transition. Any changes in ¢, due to
rotation will also be relatively slow so that near-
resonant conditions are maintained even in a dynamic
situation. Thus, these last six equations can be validly
expanded in terms of the time varying phase angles
Atccw_fmﬂccw_fm-nm and chcw_fnzawccw_fRz-nZn (n an
integer) in a Taylor series about a resonant frequency to
evaluate the response of the system of Figure 2 to
excursions in frequency therefrom. These six expansions
are truncated approximations to the effects of frequency
excursions from the resonant frequency on the system of
Figure 2 in that accuracy has been judged sufficient if
only terms therein up through the second powers of
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A#ccw-fR and M’cc‘*"‘fnz are kept. Terms containing ¥+26 are
expanded and approximated considering € small so that 6 is
close to m/2 and the equations in which 20 appear are at
a mnminimum. These expansion approximations are then

5 substituted in the equations for Tecw-d,1, £a1 and
Tecw-d, 2,£g,° The form of the results can be considerably
simplified through defining and using the following
defined parameters:

2
h 4 (l'R)
t 1+R?*-2Rcos26

-2R(1-R)2sin2@

h, & 3
(1+R%-2Rcos26)

“KeewLoow-d, 1, maxLecw-d, 2, nax R(1 -2R-R?+2R%c0s20)sin26
(1+R2-2Rcos26)?

B, 4

R
(1-R)y?
h 4 BL-R?[-(1-R*cos20+2Rcos?20+4Rsin?20]
* (1+R2%-2Rcos286)?

B, &

10

hs s - chw\/Iccw-d,l,maxIccw-d,z,maxR {r(l"'R)(l"’Rz)z
2(1-R)(1+R?-2Rcos26)?

+ (L+R%*)(1-9R-3R?-R% c0s20+2R(-1+10R+4R3-R%)cos?26

+ 4(-3+R)R*cos’28 + 4R(1-R)(-1+2R+R?)sin%20

+ 8(1-R)R3cos26sin?26

With these definitions, the two equations for
the total intensity at photodetector 23 at each of two
adjacent, opposite mode polarization resonant lineshapes

15 becone
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I ~ (l_R)chw\/Iccw-d,1,maxIccw-d,2,max +T
cew-d. £y 1+R%-2Rcos20 cow-d 1 max

+ hlrccw-d, 2,max+(h2 Iccwd, 2,max+h3) chcw-fu

- (h4 Leew-q, l,max-hSIccw-d,z,max-hs) Aq’icw-fn ’

~ (1'R)chw\/Iccw-d,1,maxIccw-d,2.max +T
ccw-d, £y, : 1+R2-2Rcos26 cew-d, 2, max

I
* hlrccw-d, 1,mm<"(h2 Y —y 1,max 2 ) Aq’ccw—fu

2
-(h4 Iccw—d,z,max‘bsrccw-d. 1.max'h6) A‘l’ccw-fu y

Expanding the effective, incremental time varying phase

in this 1last pair of

angles chcw_le and chcw_fRz

5 equations yields
A‘I’ccw-f,u = ABccw—me"d’z'
and
A"’ccw—fu = Apccw-fuL_d):'

where

- A( ﬁo—l,xgpo-l.Y) +Abnsinmnt

A Bccw—f,,
fr

n +1 .
- ZnA(fo-i-fl)fm_Ll'_xz_LLZcq- A ﬂnSlnmnt'

10
and
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ABocu-r,, = A(-—__—_ﬁf’-l'x;ﬂo-LY] +AB,sino,t

fr2
no-l, x+n

o-1,y :
£, 3 c+AB, sinw,t.

= 2nA(f,+£))

The incremental changes in chw—le and ¢ccw-fR2' or
chmwfal and chm#faz, reflect frequency shifts,
A(f°+fl)le and A(fo+f1)§ur from resonant frequencies
caused by the feedback loop responses to errors due to
polarization components interferences, superposition
effects, and the like. Such frequency shifts also reflect
feedback loop responses due to rotation of resonator coil
10 but are unaffected by bias modulation.

These last two photodetector 23 intensities at
frequencies fp; and fp, result in corresponding output
photocurrents from photodetector 23 being provided in
photodetector signal processing electronics 25 and
resulting in a corresponding voltage signal applied to
filter 35. Then, phase sensitive detector 37 demodulates
the corresponding signals supp}ied by filter 35 to provide
the two corresponding first harmonic signal components,
V37-£p, and V37-fgy associated these frequencies. A
constant, G..,s, Will be used to represent multiplying the
effective gains of bias and amplification electronics 25,
filter 35, and phase sensitive detector 37.

These two corresponding first harmonic signal
components, alternatingly available at the output of phase
sensitive detector 37, are obtained from the corresponding
filter signals by having the time average thereof obtained
through integrating over the period of the modulation
signal, T =2m/w,=1/f,. This integral, as a function of
f,+f; occurring in the factor (5o-l,x+ﬁo-1,-y) /2 in B.cyus
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will provide an error signal, indicating by its value an
algebraic sign where f_+f, is with respect to resonance to
thereby provide a discriminant characteristic over
frequency for the corresponding feedback loop. This error
5 signal directs that feedback loop to act and cause the
counterclockwise wave in resonator coil 10 to take a
frequency that permits is to be in resonance therein. Any
system errors along the discriminant function are stored
in integrator 39 so that they may be corrected in this
10 feedback loop.
Thus, the signals at the output of phase
sensitive detector 37 are formed as
Tn
Var-fo = Gccw-‘é% f Lecu-a, £, SinW, t dE,
o
T,
Vir-tr2 = Gccw'% f Loow-d, £,,81NW,E dE.

o

Substituting into these integrals from the equations
15 preceding them, as appropriate, and performing the
integrations yields '

h +h

+(h6 -hd‘rccw-d, 1,max+h5Iccw-d, z,max)

+1
(o]

Mo, x

20
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I

h +h
V37-fu-\/§Gccw{_ 2 ccw—dél.max 3

+ (bs _hd Iccw-d, 2 .ma.x’hs Iccw-d,l ,mx)

x[-A(fo+f1) . n(no-l,x;flo-l,y)L Hbr”A B..

A similar set of equations obtained in a
similar manner characterizes the clockwise response to the
oscillation of the frequency of laser 22 between
frequencies fg; and fro. A different constant, Ggyr ©f
course, characterizes the gain constants from
photodetector 24 through photodetector signal processing
electronics 26 and filter 34, and as a result of
demodulation in phase sensitive detector 36. The
frequency excursion is only in f_, in this instance, and
the indices of refraction for the "x" and "y" axes are
those encountered in a clockwise propagating wave in
resonator coil 10 at average frequency f, (such averaging
eliminating the effects of bias modulation). In any given
direction of rotation of resonator coil 10, there will be
an opposite phase change to the Sagnac effect for
electromagnetic waves traveling in the clockwise direction
from that experienced by waves traveling in the
counterclockwise direction. As a result, the phase change
will be opposite but equal in the clockwise direction to
the phase change associated with the counterclockwise
direction. Finally, the bias modulation frequency for the
clockwise waves is o, rather than e, used in connection
with the counterclockwise waves. With these changes, the
output signal from phase sensitive detector 36 at

frequencies fgp; and fg,, V36-£p, and vig_¢ _, are

£fR2
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/
+h,

hiI,.
V36'f1u - ﬁGcw{ 2<cw d,22,max

/ / /
+ (hé _h4Icw-d, 1.max+h5Icw—d, z,max)

[_A(fo) fos n(no-l' X;no-lly)L ’d)r”A ﬂm'

hir. +h!
Vig-fe = ‘v/zGcw{_ 2 cw d,zl,max >

/ / /
+ (he ‘h«iIcw—d, 2,max+h5ICW-d, 1,max)

N2y 1 L

{_A(fo) fra c o1.) -dJrJ}Aﬁm.

where the prime symbol after the various parameters
involving an h indicates they are those appropriate for
the clockwise direction. , '
5 : The feedback loops in the system of Figure 2
will act to offset any frequency excursions occurring in
the frequency of laser 22 or the frequency of serrodyne
generator 27. In reasonably steady state situations,
these feedback loops will force the signals at the output
10 of phase detectors 36 and 37 to become zero in value.
Thus, if V36-tfp, and V3g-£,, are zero in value, the last two

equations will provide the following relationships:

/ /
‘""(I'lo,x"'r'z L "h2Icw-d,2.max_h3

2.y -6, - 7 .7 7
2(hé_h4Icw-d,1,mx+h5Icw-d,2,mx)

-A(£,), -

/ /
hZIcw—d, 1.max+h3
-0, - .

/
W c 2B BT .2, BT 1)

-A(fo)

Although there will be significant differences
15 Dbetween the indices of refraction between the "x" axis and
the "y" axis in either the <clockwise or the
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counterclockwise directions in resonator coil 10, there
will usually be fairly similar values for the average of
the indices of refraction along the "x" and "y" axes in
both directions. Taking this to be the situation by
dropping the differing frequency subscripts on these
indices, and setting signals V36-£p, and V36-£p, to zero,
gives the following result after substituting therein for
Af, the results found in the previous two equations for

Af, to yield

_A(f ) T:(HX'PHY)L = -hZIccw-d,z,mx-hJ
! fu ¢ 2(h6+h4Ic —d,l,max+h5Iccw-d,2,mx)
_ -hézcw-d,z,max_h; -2¢
b4
z(hﬁl—hgl’cw-d, l,mx+héIc%d, z.max)
-A(£y) (R, +n,)L BTy d, 1, max* P
Y Ee < z(hs'htIccw-d,z,mx'l'hSIccw‘d,1.mx)

/ N4
- 11 cg, 1, maxt s -2
-

I 3/ /
2(h6 'b4 Icw—d, 2,m+h5 Icw'-dl l,max)

Integrator 39 will effectively time average the
excursions in £; for laser 22 oscillating between
frequencies fp; and fp, if the oscillation of laser 22
between frequencies fp; and f;, is sufficiently faster
than the response time for the serrodyne generator control
loop. If the oscillating of laser 22 is significantly
slower than this response time, these two signals will be
averaged in the subsequent data processing electronics,
51, also receiving the output signal of serrodyne
generator 27 and shown in dashed lines as an alternative.
Thus, in either situation, the signals of these two
equations will be combined for time averaging purposes
(ignoring division by 2 as required to form an actual
average value) to yield
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~AL o = - A(f)) foy A(£) £rz

ccw-d, 2, max ccw-d, 1, max)

- c 21 ccw-a,1,max*
TR+l || 2(hg-h, T, +he T,
h,I

cecw~-d, 2, max

+h3

Z(hﬁ +h4Iccw-d, 1,mx+h5Iccw-d,2,max)

- hZ/Icw—d,l,max*'h;
2

/ / /
hg _b4Icw—d,2,mAx+h5Icw-d. 1,max)
hr +h]
2+ cw-d,2,max ' ‘3

N /
Z(hs‘thcw-d, 1,max+b5-rcw-d,2,max)

)

Clearly, while there will be excursions in
frequency f; for changes in ¢, due to rotation changes of
resonator coil 10 about its symmetry axis perpendicular to
the plane thereof, there will also be a fixed frequency
offset added to the excursions of f, due to the kinds of
error described above, although, as will be seen,
significantly reduced from the value which would otherwise
occur in the absence of the oscillation of the freguency
of laser 22 between frequencies fr; and fg,.

The following definitions are made for use with
this last equation to clarify the results obtained:

I I

AT A _ccw-d,2,max_+ccw-d,1,max
ccw-max = 2 4

AT A Icw—d,z,max‘Icw-d,l,max

cw-max = 2 4
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A Iccw-d,l,mx+Iccw-d,2.mx
I
ccw-max = 2 ’
A Icw—d,l,nux+Icw—d,2,mx
Icw-max = 2 !
K...— K
A K .A_ ccwz cw'
K A chw+ch
2

The constants AI_ ., .nax 3nd AT, _nax 9ive the differences in
the maximum intensities of the adjacent opposite mode
resonance lineshapes for the counterclockwise and the
clockwise directions, respectively. The constant I ., _max
and I.,.nax 9ive the averages of those maximum intensities
in those directions. The constant AK represents the
difference in the differential coupling constants and
losses of output coupler 12 for the counterclockwise and
clockwise directions, and K is the average of such
differential couplings and losses for those directions.
The last result can be returned to original
parameters and reduced after manipulation with the use of
the foregoing definitions and appropriate substitutions

and approximations. The result is
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-A fl ~AVG. COMB

[ [

- c { (1-R)?sin20 4(1-R)3( AIccw_max—AIw_m)
TR+ D)L || (1+R2-2Rcos20)? I +I

cCw-max Cw~max

-4 (].‘R)2 ( Iccw'w—rcw'mx) ( AIccw-u\ax+AIcw-max)

ICCW'H\ax+ Icw-max Iccw-max * Icw-max
AT -AI
+(l—2R-R2+2R2cosze)[K( Sew_max c""““")
ccw—max+Icw-max

+ A K( A Iccw-max+ A Icw-max )
Iccw-max * Icw-max

-K I cew-max™ L cw-max AT cow-max AT cw-max
I I +I

cow-max " L cw-max ccw-max " < cw-max
_ AK( L ccw-max™ Icw—max)( A Lecw-max~4 Icw-max) } } -2¢
L cew-max* Low-max T cew-max* Low-max f

where =Af; nyc.cous 1S the average frequency shift in the

output frequency signal. As can be seen in this last
equation, that output frequency shift signal has a
component due to any rotation of resonator coil 10,
represented by ¢,., plus an error residual based on the
terms between the pair of single braces. As the constant
multiplying the terms in the single braces confirms, the
error residual arises only because of the presence of
coupling between polarization modes in resonator coil 10
giving rise to a nonzero value for 6 and limits on the
finesse of resonator coil 10, i.e. Rs1.

The last equation further shows that balancing
the intensities in each of the wave propagation directions
in resonator coil 10, or having I, .., Very nearly equal
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to I y-maxr Will eliminate several of the residual error
terms with the pair of single braces. If this balancing
of directional intensities is accomplished, the effect on

this last equation leads to

-A fl-AVG. coMB

- C (1-R)*sin26 4(1—R)2( AIccw-max—AIcw-max)
n(n,+n,)L | | (1+R?-2Rcos26)? T cow-max * Low-max
AIccw—rna.x-AIc:w-max
I +T

cocw-max cw-max

+(1-2R—R2+2R2c0526)[K(

I}
Iccw—max+Icw-max i
The error due to the additioen, or

superposition, of the intensities of shifted, adjacent
opposite mode resonance lineshapes is represented by the
first term in the pair of single braces in this last
equation with the factor 4(1-R)2, since no differential
coupling or loss is involved therein. This error can be
reduced by (a) increasing the resonator finesse, i.e.
making R have a value closer to one, and by (b) better
matching the polarization mode couplings in the
counterclockwise and clockwise directions, i.e. making
input and output couplers 11 and 12 more symmetrical with
respect to polarization mode couplings of the waves
propagating in each of these directions.

Such couplings matching will also reduce the
interference error due to the first term in the pair of
single brackets, an interference term with the factor K.
So will increasing the resonator finesse and reducing
resonator coil coupling as shown by the multiplying factor
outside the pair of brackets, and as will reducing the
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output coupler 12 differential couplings and losses, and
its polarization modes couplings. The second term in the
brackets can also be reduced by all of these steps except
couplings matching.

5 However, measurement of differences in maximum
values in adjacent opposite mode resonance lineshapes and
of averages thereof, and of 6 and R, permits providing
compensation of these remaining error residuals to thereby
remove the effects thereof. Such compensation, if used,

10 can be accomplished in data processing electronics 51.
The difference, -A(f)le+A(f)fR25—Afl_DIFF,
between the serrodyne frequency excursions at each of
frequencies fp; and fp, is a measure of the error avoided
by the oscillating of the frequency of laser 22 between
15 these two frequencies as can be seen from
-Afl-COMB-Afl-DIFFz-ZA(fl)le‘ The right side of this
~ equation is the equivalent of twice the signal provided by
the system of Figure 2 in the absence of a signal from
generator 50 to oscillate the optical frequency of laser

20 22 between €y, and fp,. The value found for Afy_prpp is

Af, prre= A(f1) fm'A(fl)

Lra

-._ 2C (1-R)?sin26 {{8(1—}2)2

A Iczcw-max'AIc%w-max
T(+n,)L (1+R2-2Rcos 26)2

(I cew-max ™" I ¢:'w-max)2

ALz max-AT2 nax
(Z +I

cw-max)’

+(l—2R;R2+2R2cos2B)%%

cCcw-max

o

Thus, both superposition and interference errors are
removed by oscillating laser 22 between frequencies fr1

2 2
AT cow-maxtA L, cw-max

(£ *Lew-nax)”

cow~-max Cw-max,

+AK
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and fp, with the interference error being substantially

more significant for a relatively high finesse resonator

coil 10.
There are a number of variations of the

implementation of the resonator fiber optic gyroscope
system which differ from the core systems shown in Figures
1 and 2. However, the error reduction or elimination
arrangement added to the basic system of Figure 1 in
Eigure 2 can also, in essence, be used with such variants
of the basic system shown in Figure 1.

For instance, the systems shown in Figures 1
and 2 are often termed "transmissive" resonator fiber
optic gyroscope systems. A "reflective" resonator fiber
optic gyroscope system is another alternative which is
shown in Figure 3, and in which the errors due to
asymmetries in adjacent opposite mode resonance peaks are
reduced, eliminated or compensated by use of essentially
the same minimization system.

The major difference in the ‘"reflective"
resonator fiber optic gyroscope system is that there is
but a single coupler optically connecting resonator 10
with the remainder of the system. That is, a coupler
designated 11,12 is shown in Figure 3 which couples
electromagnetic waves into resonator 10 from, and out of
resonator 10 to, an external optical fiber designated
14,15, serving as both the input optical fiber and the
output optical fiber for the system. This is possible
because of the use of two further optical couplers, 100
and 101, which couple electromagnetic waves from external
optical fiber 14,15 to photodetectors 24 and 23,
respectively.

The outputs of these photodetectors are again
provided to corresponding pﬁotodetector bias and signal
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processing circuits 26 and 25, respectively. Photodetector
bias and signal processing circuits 26 and 25 then provide
signals to the same kinds of feedback loop arrangements in
Figure 3 as similarly designated photodetector bias and
signal processing circuits do in the system of Figure 2.

The major difference in operation here is that
the electromagnetic waves reaching protodetectors 23 and
24 are not only those waves which have been circulating in
resonator 10 but also corresponding portions of the input
electromagnetic waves which are not coupled into resonator
10 by optical coupler 11,12. Thus, there are two pairs of
electromagnetic waves in external fiber 14,15 with each
member of each pair following a different path than the
other, and with each pair reaching a corresponding one of
photodetectors 23 and 24. This leads to each pair member
interfering with the other in that pair in impinging on
the photodetector corresponding to that pair. That is,
the electric field components of the electromagnetic waves

reaching photodetector 23 can be représented as

/
Eg.23 = C1@Ein+ C,E s

where Ej_,; represents the electric field component of the
electromagnetic waves feaching photodetector 25, qE!,’'
represents the input electromagnetic radiation provided
through integrated waveguide 17, E.,, represents the
counterclockwise electromagnetic waves which have been
coupled back into external fiber 14,15 from resonator 10,
and constants c; and c, represent the effects of various
fractional couplings, losses, and phase delays on these
electromagnetic wave components reaching photodetector 23.

Similarly, the electric field components of the
electromagnetic waves reaching photodetector 24 can be

represented as
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/
Ed—z:, = CE.pEi-’J + CéEcw'

with E4_,, representing the electric field component of
the electromagnetic waves reaching photodetector 24,
PE!,' represenﬁing the electromagnetic wave electric field
component 1in external fiber 14,15 provided through
integrated waveguide 18, E_, representing the clockwise
traveling electromagnetic waves which have been coupled
back into external optical fiber 14,15 from resonator 10,
and constants c¢; and ¢, again representing various
fractional couplings, losses and phase delays on these
electromagnetic wave electric field components reaching
photodetector 24.

Because the electric field components from two
different optical paths in the electromagnetic waves
reaching photodetectors 23 and 24 will interfere with each
other upon arrival, the intensities at these detectors

must be written as

T3 = Egs3Egzs = [Clqunlz * lczEccwlz +2 !c1qE§nI ]czEccw[cosol,

Id-z4 = Ed.z4 'Ec;-ZA = lclpEJlEnlz * [chcwiiz +2 ]C3PE§HI I C4ECWICOSOZ,

with o being the phase difference between the components
of the electromagnetic waves from two paths reaching a
corresponding photodetector. As a result, the equations
characterizing the system of Figure 3 will differ somewhat
from the equations given previously characterizing the
system of Figure 2. In fact, the occurrence of resonance
in resonator 10 leading to a peak in the electromagnetic
energy therein at the freguency given such resonance will
lead to a cancellation at the photodetectors in Figure 3
so that resonance is represented by a null in the
intensity impinging on those photodetectors. Nevertheless,



PCT/US93/00718

WO 93/14380

10

15

20

25

30

-73=

an analysis of the system of Figure 3 taking these
differences into account will yield equations showing a
similar result for the resonator mode couplings and
coupler mode differential couplings and losses effects
rotational rate error. Thus, a similar error minimization
arrangement can be used with the system of Figure 3 as was
used with the system of Figure 2.

Although the present invention has been
described with reference to preferred embodiments, workers
skilled in the art will recognize that changes may be made
in form and detail without departing from the spirit and

scope of the invention.
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WHAT IS CLAIMED IS:
1. An error reducer (Figs. 2,3) for reducing

rotation rate errors arising because of polarization
modes coupling and differing polarization modes
characteristics associated with a coiled optical fiber
(10) having a pair of principle birefringent axes in a
rotation sensor capable of sensing rotation about a
symmetry axis (coil axis perpendicular to plane of
drawing paper) of said coiled optical fiber (10) forming
a closed optical path having a transfer means (13)
therealong for transferring electromagnetic radiation
propagating along one of said principle birefringent
axes into propagating along another of said axes, said
coiled optical fiber (10) connected with at least a
first coil coupler (11;11,12) such that electromagnetic
waves can be coupled between said coiled optical fiber
and a first external optical fiber (14;14,15), said
rotation sensing based on having opposing
electromagnetic waves propagating through said coiled
optical fiber (10) in opposing directions so as to
result in each said opposing coiled optical fiber
electromagnetic wave impinging at least in part on a
corresponding one of first and second photodetectors
(23,24) with at least one of said opposing coiled
optical fiber electromagnetic waves propagating in one
of said opposing directions being subject to having
frequencies thereof varied by selected signals supplied
to a first input of a source means (22) capable of
supplying an emitted electromagnetic wave from which
that said opposing coiled optical fiber electromagnetic
wave is obtained, said £first photodetector (23)
providing an output signal in response to such

impingement thereon of a corresponding said opposing

78
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coiled optical £fiber electromagnetic wave which is

representative of that wave, said error reducer
comprising:

an oscillating frequency value establishment

means (50) having an output electrically

connected to said first input of said

source means (22), said oscillating

frequency value establishment means (50)

being capable of providing an output

signal on said output thereof sufficient

to cause said source means (22) to

direct said opposing coiled optical

fiber electromagnetic waves propagating

in one of said opposing directions

subject to having frequencies thereof

varied by selected signals supplied to a

first input of said source means (22),

as aforesaid, to oscillate in frequency

value between frequencies occurring

.substantially in opposite polarization

mode resonances of those said waves.

2. The apparatus of claim 1 wherein an opposite
one of said opposing coiled optical fiber
electromagnetic waves propagating in one of said
opposing directions is subject to having phasing thereof
varied by selected signals supplied to a first input of
a first phase modulator (19), and wherein said first
external optical fiber (14) is positioned with respect
to said first phase modulator (19) such that
electromagnetic waves passing through at least a portion
thereof also pass through said first phase modulator
(19) so as to be subject to having phases thereof varied
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in response to selected signals applied to said first

phase modulator first input.

3. The apparatus of claim 1 wherein said transfer
means (13) is a splice in said coiled optical fiber (10)
on either side of which said principle birefringent axes

are rotated with respect to those said axes on an

opposite side.

4. The apparatus of claim 1 further comprising a
first controlled frequency adjustment signal generator
means (27) having a frequency adjustment input and
having an output electrically connected to said first
phase modulator (19) so as to be capable of providing a
phase modulation component in an opposite one of said
opposing coiled optical fiber electromagnetic waves,
said first controlled frequency adjustment signal
generator means (27) being capable of providing an
output signal at said output thereof having a basic
waveform repeated at a selected first shift operation
frequency of a value selected based on signals appearing

on said frequency adjustment input.

5. The apparatus of claim 1 wherein error

residuals are reduced by a compensating means (51).

6. The apparatus of claim 1 wherein error
residuals are reduced by substantially equalizing
intensities of said opposing coiled optical £fiber

electromagnetic waves.

7. “he apparatus of claim 2 wherein said first
external optical fiber (14;14,15) and said first phase
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modulator (19) are part of a coiled optical fiber input
means (22;16;14;14,15;11;11,12) capable of having
opposing electromagnetic waves, supplied from a said
source means (22), propagate commonly through both of
said first external optical fiber (14;14,15) and said

first phase modulator (19) in opposite directions.

8. The apparatus of claim 2 wherein said first
external optical fiber (14,15) has first and second
output couplers (100,101) connected therewith such that
electromagnetic waves can be coupled between said first
external optical fiber (14,15) and a corresponding
output optical path leading to a corresponding one of

said first and second photodetectors (23,24).

9. The apparatus of claim 2 wherein said coiled
optical fiber (10) has a second coil coupler (12)
connected therewith such that electromagnetic waves can
be coupled between said coiled optical fiber (10) and a
second external optical fiber (15), said second coil
coupler (12) having a pair of ends each positioned so
that electromagnetic waves emanating therefrom impinge
on a corresponding one of said first and second
photodetectors (23,24).

10. The apparatus of claim 3 wherein error

residuals are reduced by substantially equalizing

intensities of said opposing coiled optical fiber

electromagnetic waves.

11. The apparatus of claim 3 wherein said rotation

of said principle birefringent axes on either side of
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said splice with respect to those in that side opposite

is substantially 90°.

12. The apparatus of claim 4 wherein said first
controlled frequency adjustment signal generator means
(27) has said output thereof electrically connected to
said first phase modulator (19) first input through a
first resonance determination summing means (31) having
a first input electrically connected to said first
controlled frequency adjustment signal generator means
(27) output and having an output electrically connected
to said first phase modulator (19) first input, said
first resonant determination summing means (31) also
having a second input and being capable of combining
selected signals provided at said first and second
inputs thereof to provide an output signal on said
output thereof based on such combined signals; and
wherein said apparatus further comprises a first
resonance determination signal generating means (29)
having an output electrically connected to said first
resonance determination summing (31) means second input,
said first resonance determination signal generator
means (29) being capable of providing an output'signal
containing a substantial signal component at a selected

resonance monitoring frequency.

13. The apparatus of claim 4 further comprising a
first supplementary phase modulator (19’) positioned
with respect to said first phase modulator (19) such
that electromagnetic waves subject to having phases
thereof varied in response to selected signals applied
to said first phase modulator (19) first input are also

subject to having phases thereof varied in response to

£
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selected signals applied to a first input of said first
supplementary phase modulator (19’); and wherein said
apparatus yet further comprises a first resonance
determination signal generating means (29) having an
output electrically connected to said first
supplementary phase modulator (19’) first input, said
first rescnince determination signal generator means
(29) being capable of providing an output signal
containing a substantial signal component at a selected

resonance monitoring frequency.

14. ~ The apparatus of claim 4 further comprising a
first signal component selection means (25,35,37) having
an input electrically connected to said first
photodetector (23) to receive said first photodetector
output signal, and an output electrically connected to
said first controlled frequency adjustment signal
generator means (27) frequency adjustment input, said
first signal component selection means (25,35,37) being
capable of extracting a desired signal component from
said first photodetector output signal and providing an

output signal based thereon at said output thereof.

15. The apparatus of claim 10 wherein error

residuals are reduced by a compensating means (51).

16. The apparatus of claim 14 further comprising
a second signal component selection means (26,34,36)
having an input electrically connected to said second
photodetector (24) to receive said second photodetector

output signal, and an output electrically connected to

said first input of said source means (22), said second

signal component selection means (26,34,36) being
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capable of extracting a desired signal component from
said second photodetector output signal and providing an
output signal based thereon at said output thereof.

17. The apparatus of claim 14 wherein a time
integration means (39) is electrically connected between
said first signal component selection means (25,35,37)
output and said first controlled frequency adjustment

signal generating means (27) frequency adjustment input.

18. The apparatus of claim 16 wherein both said
oscillating frequency value establishment means (50)
output and said second signal component selection means
(26,34,36) output are electrically connected to said

first 4input of said source means (22) through a

combining means (407).

19. The apparatugs of claim 16 wherein a time
integration means (38) is electrically connected between
said second signal component selection means (26,34,36)

output and said first input of said source means (22).

~
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