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Description

BACKGROUND

[0001] Gyroscopes (also referred to herein as gyros)
have been used to measure rotation rates or changes in
angular velocity about an axis of rotation. A basic con-
ventional fiber-optic gyro (FOG) includes a light source,
a beam-generating device, and a coil of optical fiber cou-
pled to the beam generating device that encircles an ar-
ea. The beam-generating device transmits light beams
into the coil that propagate in a clockwise (CW) direction
and a counter-clockwise (CCW) direction along the core
of the optical fiber. Many FOGs utilize glass-based optical
fibers that conduct light along a solid glass core of the
fiber. The two counter-propagating (e.g., CW and CCW)
beams experience different path lengths while propagat-
ing around a rotating closed optical path, and the differ-
ence in the two path lengths is proportional to the rota-
tional rate that is normal to the enclosed area.
[0002] Patent document number US2011/141477A1
describes a resonator gyroscope which comprises a ref-
erence laser generator to produce a reference light; a
first slave light source to produce a first slave light locked
to the reference light; a second slave light source to pro-
duce a second slave light locked to the reference light;
a first optical filter cavity coupled to at least one of the
first and second slave light sources to filter out high-fre-
quency fluctuations in the respective first and second
slave lights; and a resonator coupled to said first and
second light sources. The resonator having first and sec-
ond counter-propagating directions and resonance track-
ing electronics coupled to the resonator to generate a
first beat frequency, a second beat frequency, and a third
beat frequency, wherein the rotational rate of the reso-
nator gyroscope is a function of the first, second and third
beat frequencies.
[0003] Patent document number EP2259020A2 de-
scribes a device and a method for suppressing 2nd order
harmonic distortion in a Resonator Fiber Optic Gyro-
scope. The method includes driving a laser to generate
at least one of a plurality of counter propagating laser
beams traveling through a fiber optic resonator according
to a modulated signal. The modulated signal is repre-
sented by a polynomial having two terms. Each of the
two terms is suitably multiplied by a coefficient and a
constant. A modulation amplitude adjuster amplifies the
modulation signal by an amplification factor as it is used
to drive the laser. When the amplification factor is suitably
chosen to represent a square root of a ratio of the con-
stants, the total harmonic distortion in the RFOG is min-
imized.
[0004] In a conventional resonator FOG (RFOG), the
counter-propagating light beams are typically monochro-
matic (e.g., in a single frequency) and circulate through
multiple turns of the fiber-optic coil and for multiple pass-
es through the coil using a device, such as a fiber coupler,
that redirects light that has passed through the coil back

into the coil again (i.e., circulates the light). The beam-
generating device modulates and/or shifts the frequen-
cies of each of the counter-propagating light beams so
that the resonance frequencies of the resonant coil may
be observed. The resonance frequencies for each of the
CW and CCW paths through the coil are based on a
constructive interference condition such that all light-
waves having traversed the coil a different number of
times interfere constructively at any point in the coil. As
a result of this constructive interference, an optical wave
having a wavelength λ is referred to as "on resonance"
when the round trip resonator path length is equal to an
integral number of wavelengths. A rotation about the axis
of the coil produces a different path length for clockwise
and counterclockwise propagation, thus producing a shift
between the respective resonance frequencies of the
resonator. The frequency difference, such as may be
measured by tuning the CW beam and CCW beam fre-
quencies to match the resonance frequency shift of the
closed optical path due to rotation, indicates the rotation
rate. In a typical RFOG operation, common cavity mod-
ulation for resonance detection is considered advanta-
geous because the distortions in modulation that would
cause an induced bias for CW and CCW lightwaves can
be cancelled effectively. However, common cavity mod-
ulation makes it difficult to separate the primary light-
waves from interference with the back scattered light-
waves propagating in the opposite direction.

SUMMARY

[0005] The present invention in its various aspects is
as set out in the appended claims.
[0006] In one embodiment, a resonator fiber optic gy-
roscope (RFOG) is provided. The resonator fiber optic
gyroscope comprises a resonator having an optical fiber
loop; a light source configured to generate a light beam;
and an intensity modulation circuit coupled between the
light source and the resonator. The intensity modulation
circuit is configured to modulate the intensity of the light
beam from the light source to output an intensity modu-
lated signal to the resonator. The intensity modulation
circuit is configured to produce the intensity modulated
signal such that harmonics of the intensity modulated
signal which overlap a primary wave of a counter-prop-
agating light beam in the resonator have an amplitude
below a predetermined threshold. Amplitudes below the
predetermined threshold are negligible.

DRAWINGS

[0007] Understanding that the drawings depict only ex-
emplary embodiments and are not therefore to be con-
sidered limiting in scope, the exemplary embodiments
will be described with additional specificity and detail
through the use of the accompanying drawings, in which:

Figure 1 is a block diagram of one embodiment of a
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system utilizing a resonator fiber optic gyroscope.
Figure 2 is an exemplary graph of intensity modulat-
ed signals and the corresponding harmonics.
Figure 3 is a graph of an exemplary clockwise inten-
sity waveform and an exemplary counter-clockwise
intensity waveform.
Figures 4A and 4B are block diagrams of an exem-
plary embodiment of a resonator fiber optic gyro-
scope.
Figure 5 is a block diagram of another exemplary
embodiment of a resonator fiber optic gyroscope.
Figure 6 is a block diagram of another exemplary
embodiment of a resonator fiber optic gyroscope.
Figure 7 is a block diagram of another exemplary
embodiment of a resonator fiber optic gyroscope.
Figure 8 is a block diagram of an embodiment of an
exemplary modulation circuit.
Figure 9 is a block diagram of another embodiment
of an exemplary modulation circuit.
Figure 10 is a block diagram of another embodiment
of an exemplary modulation circuit.
Figure 11 is a block diagram of one embodiment of
exemplary resonance tracking electronics.
Figure 12 is a flow chart of one embodiment of a
method of reducing rotation sensing errors in a res-
onator fiber optic gyroscope.

[0008] In accordance with common practice, the vari-
ous described features are not drawn to scale but are
drawn to emphasize specific features relevant to the ex-
emplary embodiments.

DETAILED DESCRIPTION

[0009] In the following detailed description, reference
is made to the accompanying drawings that form a part
hereof, and in which is shown by way of illustration spe-
cific illustrative embodiments. However, it is to be under-
stood that other embodiments may be utilized and that
logical, mechanical, and electrical changes may be
made. Furthermore, the method presented in the drawing
figures and the specification is not to be construed as
limiting the order in which the individual acts may be per-
formed. The following detailed description is, therefore,
not to be taken in a limiting sense.
[0010] Figure 1 is a block diagram of one embodiment
of a system 100 utilizing an RFOG 102. The system 100
is a navigation system in this embodiment. However, it
is understood that, in other embodiments resonator fiber-
optic gyroscope (RFOG) 102 can be used in other sys-
tems, such as, but not limited to, a platform stabilization
system or a pointing system. For example, in some em-
bodiments, the RFOG 102 is implemented as part of an
inertial sensor unit that includes one or more RFOGs and
one or more linear accelerometers. The RFOG 102
measures rotation rate and outputs a signal indicative of
rotation rate to a processing unit 104. The processing
unit 104 uses the measured rotation rate from the RFOG

102 to calculate parameters such as position, orientation,
and angular velocity.
[0011] The processing unit 104 uses the calculated pa-
rameters, in some embodiments, to calculate control sig-
nals that are outputted to one or more optional actuators
106. For example, in some embodiments, the navigation
system 100 is implemented in an unmanned vehicle.
Hence, the actuators 106 are implemented according to
the vehicle type. For example, in an unmanned aerial
vehicle, the actuators 106 are implemented as wing flaps,
thrusters, etc.
[0012] Additionally, in some embodiments, the
processing unit 104 outputs the calculated parameters
to an optional display unit 108. For example, in some
embodiments, the display unit 108 displays the geo-
graphic location, velocity, and/or orientation (e.g. pitch,
roll, and/or yaw) of a vehicle in which the RFOG 102 is
located. The display unit 108 can be implemented as any
suitable display unit such as, but not limited to, various
CRT, active and passive matrix LCD, and plasma display
units.
[0013] The performance of a typical RFOG can be lim-
ited by optical back-reflections. For example, if a portion
of the CW beam back-reflects into the CCW beam, the
back-reflected portion of the CW beam will be detected
along with the CCW beam. Two types of errors result
from the back-reflected portion of the CW beam. One
type is the result of the optical interference between the
back-reflected CW beam and the CCW beam. This type
is referred to as the interference type. To counter the
effects of the interference type of back-reflection error,
the CW and CCW beams can be operated on separate
resonance modes, as shown in Figure 3. In particular,
Figure 3 is a graph of an exemplary clockwise intensity
waveform (CW) 68 and an exemplary counter-clockwise
intensity waveform (CCW) 70. When the CW beam is
tuned to the resonance frequency of the CW direction of
the resonator, the CW intensity waveform 68 is observed
having resonance dips 72, 74 occurring at different lon-
gitudinal resonance modes. Similarly, when the CCW
beam is tuned to the resonance frequency of the CCW
direction of the resonator, the CCW intensity waveform
70 is observed having resonance dips 76, 78 occurring
at different longitudinal resonance modes. The centers
of these resonance dips 72, 74, 76, 78 indicate resonance
frequencies at different longitudinal resonance modes for
CW and CCW directions. The frequency spacing be-
tween adjacent modes is the free spectral range, fFSR.
[0014] In this way the interference error between the
two beams will occur at a frequency equal to the frequen-
cy separation of the two resonance modes. The frequen-
cy separation is significantly higher than the measure-
ment frequency band of the system and therefore the
interference error can be filtered out without impacting
system performance. The other type of error is referred
to as the intensity type and is not removed by frequency
separation between the CW and CCW beams.
[0015] The back-reflected CW beam will also carry an
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intensity signal due to the frequency modulation of the
CW beam over the CW resonance lineshape. If both CW
and CCW beams are modulated at the same frequency,
the intensity signal of the back-reflected CW beam will
be detected along with the primary signal of the CCW
beam and result in a rotation sensing error in a conven-
tional RFOG. However, the RFOG 102 described herein
is configured to discriminate between primary and back-
reflected signals. Thus, the RFOG 102 is configured for
improved error correction of rotation sensing errors as
described above.
[0016] For example, the RFOG 102 includes a modu-
lation circuit 110 coupled between a light source 116 and
an input of a resonator 112. Intensity modulation of the
resonator input beams at different frequencies enables
discrimination between primary resonator output signals
and back-reflected signals. However, using intensity
modulation together with the frequency separation as
shown in Figure 3, results in additional potential errors
not identified or accounted for in conventional RFOG sys-
tems. In particular, due to harmonic distortion associated
with the intensity modulation process, the energy of the
CW and CCW beams is spread over many harmonics
that are separated by the intensity modulation frequency,
as shown in Figure 2. One source of the distortion is the
fact that some intensity modulators are based on optical
interference, such as a Mach-Zehnder interferometer,
which has a raised cosine transfer function between ap-
plied voltage and output optical intensity. There are other
sources of distortion including non-linearity of the inten-
sity modulator drive electronics. If a significant amount
of back-reflected CW energy overlaps in frequency a sig-
nificant portion of energy of the CCW beam, then an in-
terference-type error will be generated.
[0017] This type of error can be reduced by making the
frequency of the intensity modulation different for the CW
and CCW beams. However, under certain rotations rates
that shift the CW and CCW resonance frequencies dif-
ferently, an overlap of some harmonics of the CW and
CCW beams will occur. For example, during rotation, the
CW and CCW resonance frequencies will shift in oppo-
site directions, thus shifting the relationship between the
harmonics of the CW and CCW beams. Although the
frequency of the intensity modulation can be selected so
that no overlap of harmonics occurs at zero rotation (e.g.
by setting the frequency of the intensity modulation so
that it is not an integer divisor of the free spectral range),
rotation of the RFOG may cause overlap due to frequency
shift.
[0018] Thus, the modulation circuit 110 is configured
to output an intensity modulated signal having harmonics
with amplitudes below a determined threshold level. The
threshold level is determined such that harmonic signals
having amplitudes below the threshold level have a neg-
ligible effect on counter propagating signals at the same
frequency in the presence of optical backscatter. In some
embodiments, the frequency of the intensity modulation
in the modulation circuit 110 is sufficiently separated from

the frequency of the free spectral range or a multiple of
the free spectral range frequency. In one example em-
bodiment, the free spectral range frequency is 20 MHz
and the maximum frequency shift during rotation is de-
termined to be 600 KHz. In such an embodiment, the
frequency of the intensity modulation is configured to be
more than 600 KHz away from the frequency of the free
spectral range. Due to the selection of the separation
distance, only higher order harmonics having lower am-
plitudes potentially overlap the primary wave of the coun-
ter propagating signal. Thus, the amplitude of any har-
monic that overlaps the primary wave of the counter prop-
agating signal is less than the threshold level and has a
negligible effect.
[0019] For example, as shown in Figure 2, the intensity
modulated clockwise (CW) signal 201 produces a plural-
ity of harmonics 205. Similarly, the counter clockwise
(CCW) signal 203 produces a plurality of harmonics 207.
One of the harmonics 205 overlaps the primary wave of
the CCW signal 203 in the example shown in Figure 2.
As stated above, the harmonics of the intensity modulat-
ed signal output from the modulation circuit 110 that over-
lap the primary wave of the counter propagating signal
have a negligible amplitude. For example, in some em-
bodiments, the frequency of the intensity modulation is
separated sufficiently from the frequency of the free spec-
tral range (fFSR) that any overlapping harmonic has an
amplitude below the predetermined threshold. The free
spectral range is defined as the frequency spacing be-
tween adjacent resonance modes. The adjacent reso-
nance modes are described above with respect to Figure
3.
[0020] In other embodiments, the modulation circuit
110 is configured to improve the linearity of the output of
the modulation circuit 110, as described in more detail
below with respect to Figure 4. By improving the linearity,
the amplitude of any harmonics decreases such that the
amplitude of the harmonics which overlap the frequency
of the primary wave of the counter propagating signal is
below the threshold.
[0021] The resonator 112 is configured to further mod-
ulate the counter propagating intensity modulated sig-
nals via common cavity length modulation, as described
in more detail below. The resonance tracking electronics
114 is configured to reject unwanted intensity signal due
to backscatter based on the common cavity modulation
and the intensity modulation via modulation circuit 110,
as described in more detail below.
[0022] Figure 4 is a block diagram of one exemplary
embodiment of a resonator fiber optic gyroscope 402 that
includes an intensity modulation circuit 410-1 and 410-2
between each input of a rotation sensing resonator 412
and the respective light source 416-1 and 416-2. In par-
ticular, as shown in Figure 4, RFOG 402 includes a clock-
wise (CW) intensity modulation circuit 410-1 coupled be-
tween light source 416-1 and a first input of the resonator
412. Similarly, RFOG 402 includes a counter-clockwise
(CCW) intensity modulation circuit 410-2 coupled be-
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tween the light source 416-2 and a second input of the
resonator 412.
[0023] Each of the intensity modulation circuits 410-1
and 410-2 in this embodiment includes a respective mod-
ulation signal generator 438, compensation circuit 434,
and intensity modulator 440. In addition, in the embodi-
ment shown in Figure 4, the compensation circuit 434 is
implemented as a digital modulation circuit. Consequent-
ly, each of the intensity modulation circuits 410-1 and
410-2 includes a respective digital to analog converter
436 in this embodiment. However, it is to be understood
that, in embodiments implementing the intensity modu-
lation circuits 410 with only analog circuitry, the digital to
analog converter 436 is not included.
[0024] The first laser source 416-1 outputs a frequency
modulated laser beam that propagates in a clockwise
direction through the resonator 412, also referred to as
a CW laser beam. Similarly, the second laser source
416-2 outputs a frequency modulated laser beam that
propagates in a counter clockwise direction through the
resonator 412, also referred to a CCW laser beam. As
used herein, the terms "laser beam", "light wave", and
"light" are used interchangeably. Similarly, the terms "la-
ser source" and "light source" are used interchangeably
herein.
[0025] In this embodiment, the first laser source 416-1
comprises a CW slave laser 418-1 and CW beam splitter
420-1. The CW beam splitter 420-1 splits light from the
CW laser 418-1 into two beams. One laser beam is output
from the first light laser 416-1 and the other goes to a
CW beam combiner 422-1. The CW beam combiner
422-1 combines the CW beam with a component of a
reference laser beam. In particular, the exemplary RFOG
402 includes a reference laser driver 424 which drives a
reference laser 426. The reference laser 426 produces
a reference laser beam which is split into two beams by
a reference beam splitter 428. One output of the refer-
ence beam splitter 428 goes to the CW beam combiner
422-1 and the other output of the reference beam splitter
428 goes to a CCW beam combiner 422-2 in the second
laser source 416-2.
[0026] The CW beam combiner 422-1 optically mixes
the CW laser beam with the reference laser beam from
the reference beam splitter 428. The optical mixing cre-
ates an intensity signal at the output of the CW beam
combiner 422-1. The frequency of the intensity signal is
the beat frequency between the CW and reference laser
beams. The intensity signal is converted to an electrical
signal by a CW phase-lock-loop (PLL) preamplifier
(preamp) 430-1. The electrical signal is input into a CW
PLL 431-1. The CW PLL 431-1 locks the CW slave laser
418-1 to the reference laser 426 with a frequency offset
determined by a reference frequency Δfcw, which is elec-
tronically generated by the resonance tracking electron-
ics 414. The CW PLL 431-1 controls the CW laser fre-
quency via the CW laser driver 432-1 to maintain the beat
signal between the CW and reference lasers at the ref-
erence frequency Δfcw.

[0027] The CW beam that is output from the first laser
source 416-1 is locked onto a resonance frequency of
the resonator 412. To determine the center of the reso-
nator CW resonance frequency, the resonance frequen-
cy of the resonator 412 is modulated using common cav-
ity length modulation in the resonator 412 based on a
signal received from a common cavity signal generator
415. Common cavity length modulation can be per-
formed, for example, by a piezoelectric tube wrapped
with resonator fiber, or a piezoelectric element placed on
a resonator mirror. The resonator fiber is modulated so
that the counter propagating beams see the same mod-
ulation and modulation errors.
[0028] By using common cavity modulation the RFOG
402 reduces rotation sensing errors due to modulator
imperfections. By using the same modulator, the reso-
nance detection errors are the same for both the CW and
CCW directions. Since the rotation measurement is the
difference between the detected CW and CCW reso-
nance frequencies, a common error will cancel out (com-
mon mode rejection) in the rotation measurement.
[0029] Due to the modulation, the CW output of the
sensing resonator 412 is a signal that is indicative of the
frequency difference between the CW laser beam fre-
quency and the center frequency of the CW resonance
frequency. The signal at the modulation frequency will
pass through zero amplitude when the CW laser beam
frequency is at the resonance frequency. The resonance
tracking electronics 414 demodulates the resonator CW
output signal at the modulation frequency and generates
a control signal, Δfcw, that indicates when the CW laser
is off resonance. The control signal is used to lock the
CW laser 418-1 to the resonance frequency. The CW
resonance tracking electronics 414 outputs the control
signal Δfcw to the CW PLL 431-1 to be used as a reference
frequency. The resonance tracking electronics 414 main-
tains the CW laser frequency at the CW resonance fre-
quency by controlling the reference frequency Δfcw.
[0030] The RFOG 402 is configured to reduce or elim-
inate rotation sensing errors due to modulator imperfec-
tions and backscatter. For example, due to the common
cavity modulation, the RFOG 402 is sensitive to optical
back-reflection or backscatter within the resonator. In
particular, backscattered light can result in intensity-type
error in which the intensity of a backscattered wave is
modulated by the modulation over the resonance dip just
like the primary wave. By placing intensity modulation
circuits 410-1 and 410-2 before resonator 412, the CW
and CCW signals are modulated to place a signature on
the resonator output light waves that allows the reso-
nance tracking electronics 414 to reject the signals and
errors due to the backscatter light. In particular, the in-
tensity modulation circuits 410-1 and 410-2 modulate the
intensity of the light beams with an intensity that varies
at a specific frequency. The frequency of the intensity
modulation is determined by a signal generated by a re-
spective modulation signal generator 438. In addition,
the frequency of the intensity modulation is not harmon-
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ically related to the frequency of the common cavity mod-
ulation in the resonator 412.
[0031] In addition, to reduce backscatter errors, each
of the intensity modulation circuits 410-1 and 410-2 in-
cludes a respective compensation circuit 434 in this em-
bodiment. For example, backscatter errors can be
caused by harmonics that overlap the primary wave of a
counter propagating signal as described above. For ex-
ample, in some embodiments the modulator 440 is im-
plemented as a Mach-Zehnder type modulator having a
raised-cosine transfer function. For a typical Mach-Zeh-
nder modulator, an electrical sine-wave is applied from
the modulation signal generator 438 to the modulator 440
in order to modulate the light. However, this will result in
the generation of many harmonics.
[0032] In this embodiment, a sine-wave is input to a
compensation circuit 434 which pre-distorts the sine-
wave using an arc-cosine function to improve the linearity
of the output of intensity modulator 440. However, it is to
be understood that in other embodiments, other modu-
lation circuits 410 are used. For example, in some em-
bodiments, the modulation signal generator 438 applies
a triangle-wave voltage resulting in an intensity modula-
tor peak to peak phase amplitude close to 2*π to the
modulator 440. Thus, by inputting a triangle-wave signal
having an amplitude near 2*π into the intensity modulator
440, the harmonic distortion of the resulting intensity
modulation is reduced. The reduction of the intensity
modulation harmonics above the fundamental modula-
tion frequency depends on how close the amplitude of
the triangle-wave is set to 2*π in optical phase difference
of the intensity modulator. In some such embodiments,
the compensation circuit 434 is omitted.
[0033] Exemplary modulation circuits which can be im-
plemented in various embodiments are described in
more detail below with respect to Figures 8-10. Further-
more, although a Mach-Zehnder type modulator is de-
scribed in this exemplary embodiment, it is to be under-
stood that other modulators can be used in other embod-
iments. In some such embodiments implementing other
types of modulators, a compensation circuit 434 is used.
The distortion introduced by the compensation circuit 434
is dependent on the type of modulator implemented as
intensity modulator 440. In particular, the distortion is se-
lected to compensate for the non-linearity in the transfer
function of the modulator 440.
[0034] The resonance tracking electronics 414 is con-
figured to detect the resonance output signals at the sum
and difference frequencies. For example, a double de-
modulation technique can be employed in the resonance
tracking electronics 414 to discriminate between resona-
tor output signals and unwanted noise. Exemplary reso-
nance tracking electronics 414 is described in more detail
with respect to Figure 9.
[0035] The second laser source 416-2 is configured
similar to the first laser source 416-1 and provides a laser
beam that propagates in a counter clockwise direction
through the resonator 412, also referred to as the CCW

laser beam. The CCW laser beam is controlled in a man-
ner similar to the CW laser beam discussed above, but
to have a beat frequency Δfccw with the reference laser
frequency. Rotation rate is derived from taking the differ-
ence between the magnitudes of the two beat frequen-
cies Δfcw and Δfccw.
[0036] As discussed above, the resonance frequency
of the CCW direction is associated with a different longi-
tudinal resonance mode (e.g., at a resonance frequency
that is at least one longitudinal resonance mode away
from the resonance frequency of the CW direction) than
the resonance frequency used in the CW direction. In
some embodiments, the CCW beam is switched between
a CCW resonance frequency that is at least one longitu-
dinal resonance mode lower than the resonance frequen-
cy of the CW direction and a CCW resonance frequency
that is at least one longitudinal resonance mode higher
than the resonance frequency of the CW direction. The
CCW beam is switched to remove a bias and associated
bias instabilities (e.g., due to the FSR being part of the
measurement).
[0037] In other embodiments, three slave lasers are
used, as shown in Figure 5. The components of RFOG
502 are similar to the components in RFOG 402 de-
scribed above. However, RFOG 502 includes three light
sources 516-1, 516-2, and 516-3. A reference light beam
is split by reference beam splitter 528 and provided to
each of light sources 516-1, 516-2, and 516-3. Light
source 516-1 provides a clockwise signal to modulation
circuit 510-1 in a manner similar to light source 416-1
described above. Each of light sources 516-2 and 516-3
provides a counter clockwise signal to modulation circuits
510-2 and 510-3 respectively that are combined in beam
combiner 544. The beam combiner 544 and modulation
circuit 510-1 provide inputs to the rotation sensing reso-
nator 512. The resonance frequency of the resonator 512
is modulated using common cavity length modulation in
the resonator 512 based on a signal received from com-
mon cavity modulation generator 515. The CW photodi-
ode 542-1 and CCW photodiode 542-2 are coupled be-
tween the rotation sensing resonator 512 and the reso-
nance tracking electronics.
[0038] In particular, the slave light sources 516-1,
516-2, and 516-3 are phase locked to the reference laser
526 with independent controllable frequency offsets for
each slave laser. The exemplary RFOG 502 includes a
reference laser driver 524 which drives the reference la-
ser 526. The frequency (fr) of the reference laser 526 is
set such that the beat frequencies between the slave light
sources 516-1, 516-2, 516-3 and the reference laser 526
are within normal operating limits of the gyro electronics
while the slave light sources 516-1, 516-2, 516-3 are
locked to the resonator 512. In particular, as shown in
Figure 3, the first slave light source 516-1 is tuned to a
CW resonance frequency fcw or f1, the second slave light
source 516-2 is tuned to a first CCW resonance frequen-
cy, fccw,1 or f2, that is one longitudinal mode lower than
the CW resonance frequency fcw at zero rotation rate of
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the RFOG 502, and the third slave light source 516-3 is
tuned to a second CCW resonance frequency, fccw,2 or
f3, that is one longitudinal mode higher than the CW res-
onance frequency fcw at zero rotation rate of the RFOG
502.
[0039] In one example, the reference frequency, fr, is
set to be higher than the frequencies of the slave light
sources 516-1, 516-2, 516-3. In this example the slave
beat frequencies for slave light sources 516-1, 516-2,
516-3 respectively are: Δf1 = fr - f1, Δf2 = fr - f2, and Δf3
=fr - f3. The gyro data Δf1, Δf2 and Δf3 can be used to
make the calculation (Δf1 - Δf3) - (Δf2 - Δf1) = 2ΔfΩ, where
ΔfΩ is proportional to rotation rate, Δf1 - Δf3 = fFSR + ΔfΩ,
and Δf2 - Δf1 = fFSR - ΔfΩ. Thus, a rotation measurement
is obtained without FSR and any associated bias and
bias instability.
[0040] In other embodiments, a reference laser is not
used, such as shown in Figure 6. In particular, the exem-
plary RFOG 602 shown in Figure 6 includes two light
sources 616-1 and 616-2. Each of light sources 616-1
and 616-2 operates similarly to light sources 416-1 and
416-2 except that light sources 616-1 and 616-2 are not
locked to a reference laser. The other components of
RFOG 602, such as modulation circuits 610-1 and 610-2,
operate similarly to corresponding components de-
scribed above with respect to Figure 4.
[0041] In yet another embodiment, only one light
source is used, such as is shown in Figure 7. In figure 7
the single light source 716 generates a light beam similar
to light source 416-1 described above. However, light
source 716 is not locked to a reference laser. In addition,
the light beam generated by light source 716 is split by
beam splitter 717. A portion of the light beam is provided
to a clockwise modulation circuit 710-1 and a portion of
the light beam is provided to a frequency shifter 719. The
frequency shifter shifts the frequency of the received por-
tion of the light beam. The frequency shifted light beam
is then output to a counter clockwise modulation circuit
710-2. Each of the modulation circuits 710-1 and 710-2
operate similarly to modulation circuits 410-1 and 410-2
described above to provide a signal for which the ampli-
tude of harmonics overlapping the counter propagating
signal is below a threshold and can be neglected. The
other components of RFOG 702, such as resonator 712
and resonator tracking electronics 714, operate similarly
to corresponding components in RFOG 402 described
above.
[0042] Figure 8 is a block diagram of one embodiment
of an exemplary modulation circuit 810 for use in the gy-
roscopes described above. The exemplary modulation
circuit 810 includes an intensity modulator 840. In this
embodiment, the intensity modulator 840 is implemented
as a Mach-Zhender type intensity modulator. The mod-
ulation circuit 810 also includes a modulation generator
838 and a multiplier 886 that are implemented, in this
embodiment, as digital electronic circuits. Hence, the out-
put of the multiplier 886 is passed through a digital to
analog (D/A) converter 836 before being applied to the

intensity modulator 840.
[0043] In this embodiment, the modulation generator
838 generates a triangle wave. The amplitude of the tri-
angle wave is partially determined by multiplying the out-
put of the triangle-wave generator by a fixed multiplier
value in the multiplier 886. The fixed multiplier value is
set such that the triangle-wave modulation results in a
2*π peak-to-peak phase difference modulation of the two
lightwaves within the Mach-Zehnder type intensity mod-
ulator 840. If the triangle wave is a perfect triangle wave
in optical phase having a 2*π peak-to-peak amplitude
and identical linear positive and negative slopes, the in-
tensity modulator 840 will only generate an intensity mod-
ulation at the fundamental frequency of the triangle wave
and there will be no higher harmonics. Stated another
way, since the amplitude of the higher order harmonics
is zero, each of the higher order harmonics has an am-
plitude below the threshold, as described above. Small
deviations away from 2*π peak-to-peak amplitude will re-
sult in intensity modulation at higher harmonics. Howev-
er, small deviations away from 2*π peak-to-peak ampli-
tude can be tolerated as long as the harmonics have an
amplitude less than the threshold level as described
above.
[0044] One method of generating a triangle wave is to
use an up/down counter. The up/down counter is allowed
to count up clock pulses until its output reaches some
specified terminal count value. Upon reaching the termi-
nal count value the counter operation is switched to count
down the number of clock pulses until its output reaches
zero, where the counting operation is switched back to
up counting. As long as the clock pulse occurs at a con-
stant frequency, the positive and negative slopes of the
triangle wave ramps will be approximately equal.
[0045] Figure 9 is a block diagram of another embod-
iment of a modulation circuit 910. The intensity modulator
940 in modulation circuit 910 is also implemented using
a Mach-Zehnder type modulator in this example. In ad-
dition, the modulation generator 938 is configured to out-
put a triangle wave. Since a deviation away from a phase
difference amplitude of 2*π peak-to-peak results in the
generation of higher harmonics in the intensity modulator
940, the triangle wave voltage amplitude could drift over
time. To detect deviation from the desired amplitude, a
beam splitter 988 is placed after the intensity modulator
940 to split a small fraction of light to a photo detector
990. The photo-detector signal goes to an analog to dig-
ital (A/D) converter 992 where it is digitized then sent to
a demodulator 994 that demodulates the signal at twice
the fundamental frequency of the intensity modulation.
Therefore the 2f demodulator 994 detects how much sec-
ond harmonic intensity modulation the intensity modula-
tor 940 is generating, which is an indication of the triangle
wave amplitude deviating from the desired amplitude. An
accumulator 996 controls the multiplier value input to the
multiplier 986 based on an output from the demodulator
994. Therefore, the accumulator 996 adjusts the multi-
plier value input into the multiplier 986 until the amplitude
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of the triangle wave output from the multiplier 986 to the
intensity modulator 940 reaches the desired amplitude.
The photo detector 990, A/D converter 992, 2f demodu-
lator 994 and accumulator 996 form a feedback loop that
automatically corrects for changes to the desired triangle
wave amplitude. In addition, as shown in Figure 9, the
modulation generator 938, multiplier 986, demodulator
994, and accumulator 996 are implemented using digital
electronics. However, it is to be understood that analog
circuits can be used in other embodiments. In such em-
bodiments, the D/A converter 936 and A/D converter 992
are omitted.
[0046] Figure 10 is a block diagram depicting another
example of a modulation circuit 1010. The modulation
circuit 1010 includes a compensation circuit 1034 used
to correct for intensity modulator non-linearity. Some in-
tensity modulators, such as the Mach-Zehnder type mod-
ulator, rely on optical interference to control the intensity
of a light beam. However, there are other types of inten-
sity modulators that do not rely on optical interference to
control the intensity of a light beam and, thus, do not have
a raised cosine relationship between drive voltage and
output intensity. Such modulators also often have some
non-linearity which results in harmonic distortion of the
intensity modulation.
[0047] The modulation circuit 1010 includes a digital
to analog converter 1036 and digital processing electron-
ics that incorporate a sine-wave modulation generator
1038 and a digital compensation circuit 1034. One ex-
ample of the compensator function of the compensation
circuit 1034 is to pass the output of the modulation gen-
erator 1038 through a polynomial function, such as the
exemplary polynomial function shown in Figure 10. The
coefficients of the polynomial are adjusted and set such
that the distortion the compensation circuit 1034 creates
cancels out the distortion created by the intensity mod-
ulator 1040. In other words, the coefficients are set such
that the net transfer function from the sine-wave gener-
ator output to the intensity modulator output is linear.
[0048] Figure 11 is a block diagram of one embodiment
of exemplary resonance tracking electronics (RTE) 1114
for use in the RFOGs described above. Resonance track-
ing electronics 1114 comprises a digital signal processor
1150, a CW analog signal conditioner 1146-1, a CW an-
alog-to-digital converter 1148-1, a CCW analog signal
conditioner 1146-2, and a CCW analog-to-digital con-
verter 1148-2. The CW analog signal conditioner 1146-1
and the CCW analog signal conditioner 1146-2 both pro-
vide signal conditioning on the output from the respective
photodiode, such as CW photodiode 442-1 or CCW pho-
todiode 442-2 shown in Figure 4. For example, the CW
analog signal conditioner 1146-1 and the CCW analog
signal conditioner 1146-2 may include filtering of unwant-
ed signals to allow further analog gain without saturating
electronics and anti-aliasing filtering before being digital-
ized by the respective analog-to-digital converter 1148-1
and 1148-2.
[0049] In another embodiment, there is an intermedi-

ate frequency (IF) stage, where the output of the photo-
diodes (e.g. CW photodiode 442-1 or CCW photodiode
442-2) is down converted to an intermediate frequency
before being digitalized by the respective analog to digital
converter. In one implementation, the down conversion
occurs in the CW analog signal conditioner 1146-1 and
the CCW analog signal conditioner 1146-2, respectively.
After the analog-to-digital converters 1148-1 and 1148-2
digitalize the respective signals, the digitized signals are
input to the digital signal processor 1150. The digital sig-
nal processor 1150 can be implemented, for example,
as a field programmable array (FPGA) chip, an applica-
tion specific integrated circuit (ASIC), or a microproces-
sor.
[0050] Digital signal processor 1150 processes the
digital signals. In particular, the CW signal is demodulat-
ed at a CW demodulator 1154-1 using a reference signal
at the frequency of the intensity modulation applied by
the CW modulation circuit, e.g. modulation circuit 410-1
described above. This allows for the discrimination be-
tween rotation information and rotation-sensing errors.
After the rotation-sensing errors have been discriminated
or blocked by the CW demodulator 1154-1, the demod-
ulated signal output from the CW demodulator 1154-1 is
demodulated a second time at a CW common-cavity
(C.C.) demodulator 1156-1. The CW C.C. demodulator
1156-1 demodulates the output of the CW demodulator
1154-1 using a reference signal at the common cavity
modulation frequency, fm.
[0051] The output of the CW C.C. demodulator 1156-1
indicates whether the CW light source, e.g. light source
416-1, is on-resonance or off resonance. On-resonance
refers to a particular light beam having a round trip res-
onator path length equal to an integral number of wave-
lengths. Similarly, a light beam is off-resonance when its
round trip resonator path length is not equal to the same
integral number of wavelengths. When all beams are ap-
proximately on-resonance, the rotational rate information
can be determined. In one embodiment, if the output of
the CW C.C. demodulator 1156-1 is zero, then the CW
light source is on-resonance. If the output of CW C.C.
demodulator 1156-1 has a non-zero value, the CW light
source is off resonance. A non-zero output is a referred
to as an error signal, and can be used in a control loop,
as described in detail below, to adjust the light beams to
on-resonance.
[0052] The output of the CW C.C. demodulator 1156-1
is integrated in a first CW accumulator 1158-1. The output
of accumulator 1158-1 is coupled to a CW summer
1160-1 and to a second CW accumulator 1162-1. In em-
bodiments, utilizing a reference laser, the second CW
accumulator 1162-1 is coupled to a digital-to-analog con-
verter 1164-1, which is used to drive the reference laser
driver. In particular, the accumulator 1162-1 controls the
reference laser frequency to keep all the lasers and elec-
tronics within normal operating range. For example, the
accumulator 1162-1 controls the reference laser frequen-
cy to keep the time-average value of first CW accumulator
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1158-1 near zero in order to prevent the beat frequencies
between the reference and slave lasers from exceeding
the operating range of the electronics.
[0053] The CW summer 1160-1 sums the output of the
first CW accumulator 1158-1 with a CW constant 1166.
In one embodiment, CW constant 1166 is a nominal value
that causes the CW light source to operate approximately
on-resonance when the output of the CW C.C. demod-
ulator 1156-1 is zero. The output of the CW summer
1160-1 is coupled to a second input of a first subtractor
1168, a first input of a second subtractor 1170, and as a
reference frequency to a CW direct digital synthesizer
chip 1172-1 (DDS). The output of CW DDS 1172-1 is the
new Δf0, which is calculated from the error signal to con-
trol the CW light source to on-resonance. This is fed as
a reference signal to the CW PLL, such as CW PLL430-1.
[0054] The digital signal processor 1150 processes the
counter clockwise signal in a similar manner to the clock-
wise signal. In the particular embodiment shown in Figure
11, the digital signal processor 1150 is configured to proc-
ess a CCW signal having a component at least one res-
onance mode above the CW signal mode (referred to as
the CCW1 signal) and a component at least one reso-
nance mode below the CW signal mode (referred to as
the CCW2 signal), as described above.
[0055] Thus, using a process similar to that described
above, a CCW1 demodulator 1154-2 and a CCW2 de-
modulator 1154-3, in this example, use lock-in detection
to discriminate between different signals. In addition, the
CCW1 demodulator 1154-2 removes the CCW2 signal,
leaving the CCW1 signal for further processing in the
CCW1 demodulator 1154-2, CCW1 C.C. demodulator
1156-2, CCW1 accumulator 1158-2, and the summer
1160-2 similar to the CW signal discussed above. The
summer 1160-2 sums the output of the CCW1 accumu-
lator 1158-2 with a CCW1 constant 1167. Similarly, the
CCW2 demodulator 1154-3 removes the CCW1 signal,
leaving the CCW2 signal for further processing in the
CCW2 demodulator 1154-3, CCW2 C.C. demodulator
1156-3, CCW2 accumulator 1158-3, and the summer
1160-3 similar to the CW signal. The summer 1160-3
sums the output of the CCW2 accumulator 1158-3 with
a CCW2 constant 1169.
[0056] Furthermore, the output of a CCW1 DDS
1172-2 and a CCW2 DDS 1172-3 is Δf1 and Δf2, respec-
tively. These are fed as reference signals to the CCW
light source, such as the CCW1 PLL 431-2 to bring the
CCW beams on-resonance. The output of a CCW1 sum-
mer 1160-2 is coupled to a second input of the second
subtractor 1170 and the output of the CCW2 summer
1160-3 is coupled to a first input of the first subtractor
1168.
[0057] In one embodiment, subtractor 1168 is coupled
to a first input of a subtractor 1174 and subtractor 1170
is coupled to a second input of the subtractor 1174. Sub-
tractors 1168 through 1174 function to implement the for-
mula 2ΔfΩ = (Δf1 - Δf2) - (Δf1 - Δf2), where the output of
the subtractor 1174, which is coupled to an input/output

(I/O) interface 1176, substantially equals twice ΔfΩ,
where ΔfΩ is proportional to rotation rate.
[0058] Figure 12 is a flow chart of one embodiment of
a method 1200 of reducing rotation sensing errors in a
resonator fiber optic gyroscope. At block 1202, a light
beam is generated. For example, a light source such as
the light sources described above can generate the light
beam. In addition, the light source can be a slave light
source locked to a reference laser, as described above,
in some embodiments. At block 1204, the intensity of the
generated light beam is modulated to produce an inten-
sity modulated light beam. In particular, the intensity of
the light beam is modulated such that one or more higher
order harmonics of the intensity modulated light beam
have an amplitude below a predetermined threshold. As
described above, the threshold is determined such that
amplitudes below the threshold have a negligible effect
on counter propagating light beams. In addition, as used
herein, the term ’higher order harmonics’ refers to har-
monics that potentially overlap a counter propagating
light beam at zero rotation or during rotation.
[0059] In some embodiments, the intensity of the light
beam is modulated at a frequency that is separated from
a frequency of a free spectral range between adjacent
resonance modes of the resonator, as described above.
In particular, the separation distance between the inten-
sity modulation frequency and the free spectral range
frequency is selected such that the amplitudes of the one
or more higher order harmonics are below the threshold.
[0060] In other embodiments, modulating the intensity
of the light beam includes generating a modulation signal
at a predetermined frequency, distorting the modulation
signal, and modulating the intensity of the light beam
based on the distorted modulation signal. The distortion
of the modulation signal is selected such that the distorted
modulation signal compensates for another non-linearity
in the modulation of the light beam. In other embodi-
ments, modulating the intensity of the light beam includes
generating a triangle-wave modulation signal and multi-
plying the triangle-wave modulation signal by a multiplier
value. The intensity of the light beam is then modulated
based on the multiplied triangle-wave modulation signal.
[0061] At block 1206, the intensity modulated light
beam is propagated through a resonator in a first direc-
tion. While propagating through the resonator, only the
one or more higher order harmonics having amplitudes
below the threshold overlap the frequency of a primary
wave a light beam that is propagating through the reso-
nator in a second opposite direction. Thus, the effect of
the one or more higher order harmonics on the counter
propagating light beam is negligible. In addition, propa-
gating the intensity modulated light beam includes mod-
ulating the intensity modulate light beam using common
cavity length modulation, as described above, in some
embodiments. Although method 1200 has been de-
scribed in terms of a single light beam, it is to be under-
stood that method 1200 can be implemented for each
light beam propagating through a resonator, as described
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above.

EXAMPLE EMBODIMENTS

[0062] Example 1 includes a resonator fiber optic gy-
roscope (RFOG) comprising: a resonator having an op-
tical fiber loop; a light source configured to generate a
light beam; and an intensity modulation circuit coupled
between the light source and the resonator, the intensity
modulation circuit configured to modulate the intensity of
the light beam from the light source to output an intensity
modulated signal to the resonator, wherein the intensity
modulation circuit is configured to produce the intensity
modulated signal such that harmonics of the intensity
modulated signal which overlap a primary wave of a
counter-propagating light beam in the resonator have an
amplitude below a predetermined threshold, wherein am-
plitudes below the predetermined threshold are negligi-
ble.
[0063] Example 2 includes the resonator fiber optic gy-
roscope of Example 1, wherein the light source is a first
light source that has a first frequency tuned to a first res-
onance frequency of the resonator and the intensity mod-
ulation circuit is a first intensity modulation circuit, where-
in the RFOG further comprises: a second light source
configured to generate a second light beam that has a
second frequency tuned to a resonance frequency of the
resonator that is at least one free spectral range above
the first frequency of the first light beam; a second inten-
sity modulation circuit coupled between the second light
source and the resonator, the second intensity modula-
tion circuit configured to modulate the second light beam
to output a second intensity modulated signal; a third light
source configured to generate a third light beam that has
a third frequency tuned to a resonance frequency of the
resonator that is at least one free spectral range below
the first frequency of the first light beam; a third intensity
modulation circuit coupled between the third light source
and the resonator, the third intensity modulation circuit
configured to modulate the third light beam to output a
third intensity modulated signal; and a beam combiner
configured to combine the second intensity modulated
signal and the third intensity modulated signal, the beam
combiner configured to output the combined intensity
modulated signal to the resonator; wherein the first in-
tensity modulated signal propagates through the reso-
nator in a first direction and the combined intensity mod-
ulated signal propagates through the resonator in a sec-
ond direction; wherein the second intensity modulation
circuit and the third intensity modulation circuit are each
configured to produce the respective second and third
intensity modulated signals such that harmonics of the
second and third intensity modulated signals which over-
lap a primary wave of the first intensity modulated signal
have an amplitude below the predetermined threshold.
[0064] Example 3 includes the resonator fiber optic gy-
roscope of Example 1, wherein the light source is a first
light source and the intensity modulation circuit is a first

intensity modulation circuit, wherein the RFOG further
comprises: a second light source configured to generate
a second light beam of a second frequency; wherein the
second light source is configured to switch the second
light beam frequency between a resonance frequency of
the resonator that is at least one free spectral range
above a frequency of the first light beam and a resonance
frequency of the resonator that is at least one free spec-
tral range below the frequency of the first light beam; and
a second intensity modulation circuit coupled between
the second light source and the resonator, the second
intensity modulation circuit configured to modulate the
second light beam to output a second intensity modulated
signal; wherein the first intensity modulated signal prop-
agates through the resonator in a first direction and the
second intensity modulated signal propagates through
the resonator in a second direction; wherein the second
intensity modulation circuit is configured to produce the
second intensity modulated signal such that harmonics
of the second intensity modulated signal which overlap
a primary wave of the first intensity modulated signal have
an amplitude below the predetermined threshold.
[0065] Example 4 includes the resonator fiber optic gy-
roscope of Example 1, further comprising: a beam splitter
coupled between the light source and the intensity mod-
ulation circuit, the beam splitter configured to output a
first portion of the light beam to the intensity modulation
circuit; a frequency shifter coupled to the beam splitter,
the beam splitter configured to output a second portion
of the light beam to the frequency shifter, wherein the
frequency shifter is configured to shift the frequency of
the second portion of the light beam to produce a second
light beam; and a second intensity modulation circuit cou-
pled to the frequency shifter and configured to modulate
the intensity of the second light beam to output a second
intensity modulated signal to the resonator; wherein the
intensity modulated signal propagates in a first direction
through the resonator and the second intensity modulat-
ed signal propagates in a second direction through the
resonator; wherein the second intensity modulation cir-
cuit is configured to produce the second intensity mod-
ulated signal such that harmonics of the second intensity
modulated signal which overlap a primary wave of the
first intensity modulated signal in the resonator have an
amplitude below the predetermined threshold.
[0066] Example 5 includes the resonator fiber optic gy-
roscope of any of Examples 1-4, further comprising: a
reference laser generator configured to produce a refer-
ence light beam; wherein the light source is a slave light
source configured to lock the light beam to the reference
light beam.
[0067] Example 6 includes the resonator fiber optic gy-
roscope of any of Examples 1-5, wherein the intensity
modulation circuit is configured to modulate the intensity
of the light beam at a frequency that is separated from a
frequency of a free spectral range between adjacent res-
onance modes of the resonator by a separation distance,
the separation distance selected such that the harmonics

17 18 



EP 2 589 929 B1

11

5

10

15

20

25

30

35

40

45

50

55

of the intensity modulated signal which overlap the pri-
mary wave of the counter-propagating light beam in the
resonator have an amplitude below the predetermined
threshold.
[0068] Example 7 includes the resonator fiber optic gy-
roscope of any of Example 1-5, wherein the intensity
modulation circuit comprises: a modulation signal gen-
erator configured to generate a signal at a predetermined
frequency; a compensation circuit configured to distort
the signal output from the modulation signal generator;
and an intensity modulator coupled to the compensation
circuit, the intensity modulator configured to modulate
the intensity of the light beam from the first light source
based on the distorted signal output from the compen-
sation circuit.
[0069] Example 8 includes the resonator fiber optic gy-
roscope of any of Examples 1-5, wherein the intensity
modulation circuit comprises: a modulation signal gen-
erator configured to generate a triangle-wave signal; a
multiplier coupled to the modulation signal generator and
configured to multiply the triangle-wave by a multiplier
value; and an intensity modulator coupled to the multiplier
and configured to modulate the intensity of the light beam
from the first light source based on the triangle-wave out-
put from the multiplier.
[0070] Example 9 includes a system comprising: a res-
onator fiber optic gyroscope (RFOG) configured to meas-
ure rotation rate; and a processing unit coupled to the
resonator fiber optic gyroscope and configured to per-
form calculations based on the rotation rate measured
by the resonator fiber optic gyroscope; wherein the res-
onator fiber optic gyroscope includes: a resonator having
an optical fiber loop; a light source configured to generate
a light beam; and an intensity modulation circuit coupled
between the light source and the resonator, the intensity
modulation circuit configured to modulate the intensity of
the light beam from the light source to output an intensity
modulated signal to the resonator, wherein the intensity
modulation circuit is configured to produce the intensity
modulated signal such that harmonics of the intensity
modulated signal which overlap a primary wave of a
counter-propagating light beam in the resonator have an
amplitude below a predetermined threshold, wherein am-
plitudes below the predetermined threshold are negligi-
ble.
[0071] Example 10 includes the resonator fiber optic
gyroscope of Example 9, wherein the light source is a
first light source and the intensity modulation circuit is a
first intensity modulation circuit, wherein the RFOG fur-
ther comprises: a second light source configured to gen-
erate a second light beam of a second frequency at a
resonance frequency of the resonator that is at least one
free spectral range above the frequency of the first light
beam; a second intensity modulation circuit coupled be-
tween the second light source and the resonator, the sec-
ond intensity modulation circuit configured to modulate
the second light beam to output a second intensity mod-
ulated signal; a third light source configured to generate

a third light beam of a third frequency at a resonance
frequency of the resonator that is at least one free spec-
tral range below the resonance frequency of the first light
beam; a third intensity modulation circuit coupled be-
tween the third light source and the resonator, the third
intensity modulation circuit configured to modulate the
third light beam to output a third intensity modulated sig-
nal; and a beam combiner configured to combine the
second intensity modulated signal and the third intensity
modulated signal, the beam combiner configured to out-
put the combined intensity modulated signal to the res-
onator; wherein the first intensity modulated signal prop-
agates through the resonator in a first direction and the
combined intensity modulated signal propagates through
the resonator in a second direction; wherein the second
intensity modulation circuit and the third intensity modu-
lation circuit are each configured to produce the respec-
tive second and third intensity modulated signals such
that harmonics of the second and third intensity modu-
lated signals which overlap a primary wave of the first
intensity modulated signal have an amplitude below the
predetermined threshold.
[0072] Example 11 includes the resonator fiber optic
gyroscope of Example 9, wherein the light source is a
first light source and the intensity modulation circuit is a
first intensity modulation circuit, wherein the RFOG fur-
ther comprises: a second light source configured to gen-
erate a second light beam of a second frequency; wherein
the second light source is configured to switch the second
light beam frequency between a resonance frequency
that is at least one free spectral range above the frequen-
cy of the first light beam and a resonance frequency that
is at least one free spectral range below the resonance
frequency of the first light beam; and a second intensity
modulation circuit coupled between the second light
source and the resonator, the second intensity modula-
tion circuit configured to modulate the second light beam
to output a second intensity modulated signal; wherein
the first intensity modulated signal propagates through
the resonator in a first direction and the second intensity
modulated signal propagates through the resonator in a
second direction; wherein the second intensity modula-
tion circuit is configured to produce the second intensity
modulated signal such that harmonics of the second in-
tensity modulated signal which overlap a primary wave
of the first intensity modulated signal have an amplitude
below the predetermined threshold.
[0073] Example 12 includes the resonator fiber optic
gyroscope of Example 9, further comprising: a beam
splitter coupled between the light source and the intensity
modulation circuit, the beam splitter configured to output
a first portion of the light beam to the intensity modulation
circuit; a frequency shifter coupled to the beam splitter,
the beam splitter configured to output a second portion
of the light beam to the frequency shifter, wherein the
frequency shifter is configured to shift the frequency of
the second portion of the light beam to produce a second
light beam; and a second intensity modulation circuit cou-
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pled to the frequency shifter and configured to modulate
the intensity of the second light beam to output a second
intensity modulated signal to the resonator; wherein the
intensity modulated signal propagates in a first direction
through the resonator and the second intensity modulat-
ed signal propagates in a second direction through the
resonator; wherein the second intensity modulation cir-
cuit is configured to produce the second intensity mod-
ulated signal such that harmonics of the second intensity
modulated signal which overlap a primary wave of the
first intensity modulated signal in the resonator have an
amplitude below the predetermined threshold.
[0074] Example 13 includes the resonator fiber optic
gyroscope of any of Examples 9-12, further comprising:
a reference laser generator configured to produce a ref-
erence light beam; wherein the light source is a slave
light source configured to lock the light beam to the ref-
erence light beam.
[0075] Example 14 includes the resonator fiber optic
gyroscope of any of Examples 9-13, wherein the intensity
modulation circuit is configured to modulate the intensity
of the light beam at a frequency that is separated from a
frequency of a free spectral range between adjacent res-
onance modes of the resonator by a frequency separa-
tion distance, the frequency separation distance selected
such that the harmonics of the intensity modulated signal
which overlap the primary wave of the counter-propagat-
ing light beam in the resonator have an amplitude below
the predetermined threshold.
[0076] Example 15 includes the resonator fiber optic
gyroscope of any of Examples 9-13, wherein the intensity
modulation circuit comprises: a modulation signal gen-
erator configured to generate a signal at a predetermined
frequency; a compensation circuit configured to distort
the signal output from the modulation signal generator;
and an intensity modulator coupled to the compensation
circuit, the intensity modulator configured to modulate
the intensity of the light beam from the first light source
based on the distorted signal output from the compen-
sation circuit.
[0077] Example 16 includes the resonator fiber optic
gyroscope of any of Examples 9-13, wherein the intensity
modulation circuit comprises: a modulation signal gen-
erator configured to generate a triangle-wave signal; a
multiplier coupled to the modulation signal generator and
configured to multiply the triangle-wave by a multiplier
value; and an intensity modulator coupled to the multiplier
and configured to modulate the intensity of the light beam
from the first light source based on the triangle-wave out-
put from the multiplier.
[0078] Example 17 includes a method of reducing ro-
tation sensing errors in a resonator fiber optic gyroscope,
the method comprising: generating a light beam; modu-
lating the intensity of the light beam to produce an inten-
sity modulated light beam having one or more higher or-
der harmonics with an amplitude below a predetermined
threshold; and propagating the intensity modulated light
beam through a resonator in a first direction, wherein

only the one or more higher order harmonics with an am-
plitude below a predetermined threshold overlap the fre-
quency of a primary wave of a light beam propagating
through the resonator in a second direction opposite the
first direction.
[0079] Example 18 includes the method of Example
17, wherein modulating the intensity of the light beam
comprises modulating the intensity of the light beam at
a frequency that is separated from a frequency of a free
spectral range between adjacent resonance modes of
the resonator by a separation distance, the frequency
separation distance selected such that the one or more
higher order harmonics of the intensity modulated signal
which overlap the primary wave of the light beam prop-
agating in the second direction have an amplitude below
the predetermined threshold.
[0080] Example 19 includes the method of Example
17, wherein modulating the intensity of the light beam
comprises: generating a modulation signal at a predeter-
mined frequency; distorting the modulation signal; and
modulating the intensity of the light beam based on the
distorted modulation signal, wherein the distorted mod-
ulation signal compensates for non-linearity in the mod-
ulation of the light beam.
[0081] Example 20 includes the method of Example
17, wherein modulating the intensity of the light beam
comprises: generating a triangle-wave modulation sig-
nal; multiplying the triangle-wave modulation signal by a
multiplier value; and modulating the intensity of the light
beam based on the multiplied triangle-wave modulation
signal.

Claims

1. A system (100) comprising:

a resonator fiber optic gyroscope (RFOG) (102)
including:

a resonator (112) having an optical fiber
loop;
a light source (116) configured to generate
a light beam; and
an intensity modulation circuit (110) cou-
pled between the light source (116) and the
resonator (112), the intensity modulation
circuit (110) configured to modulate the in-
tensity of the light beam from the light
source (116) to output an intensity modulat-
ed signal to the resonator (112), character-
ised in that:

the intensity modulation circuit (110) is
configured to produce the intensity
modulated signal such that harmonics
of the intensity modulated signal which
overlap a primary wave of a counter-
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propagating light beam in the resonator
have an amplitude below a predeter-
mined threshold, wherein amplitudes
below the predetermined threshold
have a negligible effect on counter-
propagating signals at the same fre-
quency in the presence of optical back-
scatter;

wherein the intensity modulation circuit (110)
comprises:

a modulation signal generator (438) config-
ured to generate a signal at a predetermined
frequency; and
an intensity modulator (440) configured to
modulate the intensity of the light beam from
the light source (116) based on the gener-
ated signal output from the modulation sig-
nal generator (438).

2. The system (100) of claim 1, wherein the modulation
signal generator (438) is implemented as digital elec-
tronic circuit;
wherein the intensity modulation circuit further com-
prises a digital to analog converter (436) configured
to convert the generated signal from the modulation
signal generator (438) to an analog signal and to
output the analog signal to the intensity modulator
(440).

3. The system (100) of claim 1, wherein the modulation
signal generator (838) is configured to generate a
triangle-wave signal;
the system further comprising a compensation circuit
(434) comprising a multiplier (886) coupled to the
modulation signal generator and configured to mul-
tiply the triangle-wave by a multiplier value; and
wherein the intensity modulator (840) is coupled to
the multiplier and configured to modulate the inten-
sity of the light beam from the first light source based
on the triangle-wave output from the multiplier.

4. The system (100) of claim 1, wherein the resonator
fiber optic gyroscope (RFOG) (102) is configured to
measure rotation rate;
the system (100) further comprising:

a processing unit (104) coupled to the resonator
fiber optic gyroscope (102) and configured to
perform calculations based on the rotation rate
measured by the resonator fiber optic gyroscope
(102).

5. A method (1200) of reducing rotation sensing errors
in a resonator fiber optic gyroscope, the method
comprising:

generating a light beam (1202); characterised
by:

modulating the intensity of the light beam to
produce an intensity modulated light beam
having one or more higher order harmonics
with an amplitude below a predetermined
threshold (1204); and
propagating the intensity modulated light
beam through a resonator in a first direction,
wherein only the one or more higher order
harmonics with an amplitude below a pre-
determined threshold overlap the frequency
of a primary wave of a light beam propagat-
ing through the resonator in a second direc-
tion opposite the first direction (1206).

6. The method (1200) of claim 5, wherein modulating
the intensity of the light beam comprises:

generating a modulation signal at a predeter-
mined frequency;
distorting the modulation signal; and
modulating the intensity of the light beam based
on the distorted modulation signal.

7. The method (1200) of claim 5, wherein modulating
the intensity of the light beam comprises:

generating a triangle-wave modulation signal;
multiplying the triangle-wave modulation signal
by a multiplier value; and
modulating the intensity of the light beam based
on the multiplied triangle-wave modulation sig-
nal.

8. The system (100) of claim 1, further comprising:

a compensation circuit (434) configured to dis-
tort the signal output from the modulation signal
generator; and
wherein the intensity modulator (440) is coupled
to the compensation circuit (434), the intensity
modulator configured to modulate the intensity
of the light beam from the first light source based
on the distorted signal output from the compen-
sation circuit.

9. The system (100) of claim 8 , wherein the modulation
signal generator (438) and the compensation circuit
(434) are implemented as digital electronic circuits,
wherein the intensity modulation circuit further com-
prises a digital to analog converter (436) configured
to convert the distorted signal from the compensation
circuit (434) to an analog signal and to output the
analog signal to the intensity modulator (440).
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Patentansprüche

1. System (100), das umfasst:

einen Resonator-Faserkreisel (RFOG) (102),
der aufweist:

einen Resonator (112) mit einer Lichtleiter-
schleife;
eine Lichtquelle (116), die so ausgeführt ist,
dass sie einen Lichtstrahl erzeugt; und
eine Intensitätsmodulationsschaltung
(110), die zwischen der Lichtquelle (116)
und dem Resonator (112) gekoppelt ist, wo-
bei die Intensitätsmodulationsschaltung
(110) so ausgeführt ist, dass sie die Inten-
sität des Lichtstrahls aus der Lichtquelle
(116) zum Ausgeben eines intensitätsmo-
dulierten Signals zu dem Resonator (112)
moduliert,

dadurch gekennzeichnet, dass:

die Intensitätsmodulationsschaltung (110) so
ausgeführt ist, dass sie das intensitätsmodulier-
te Signal derart produziert, dass die Ober-
schwingungen des intensitätsmodulierten Sig-
nals, die eine Primärwelle eines sich gegenläu-
fig ausbreitenden Lichtstrahls in dem Resonator
überlappen, eine Amplitude unterhalb eines vor-
bestimmten Schwellwerts aufweisen, wobei die
Amplituden unterhalb des vorbestimmten
Schwellwerts einen vernachlässigbaren Effekt
auf sich gegenläufig ausbreitende Signale bei
der gleichen Frequenz in Gegenwart einer opti-
schen Rückstreuung haben;

wobei die Intensitätsmodulationsschaltung (110)
umfasst:

einen Modulationssignalgenerator (438), der so
ausgeführt ist, dass er ein Signal bei einer vor-
bestimmten Frequenz erzeugt; und
einen Intensitätsmodulator (440), der so ausge-
führt ist, dass er die Intensität des Lichtstrahls
aus der Lichtquelle (116) auf der Basis des er-
zeugten Signals, welches aus dem Modulati-
onssignalgenerator (438) ausgegeben wird,
moduliert.

2. System (100) nach Anspruch 1, wobei der Modula-
tionssignalgenerator (438) als digitale elektronische
Schaltung implementiert ist;
wobei die Intensitätsmodulationsschaltung ferner ei-
nen Digital-Analog-Wandler (436) umfasst, der so
ausgeführt ist, dass er das erzeugte Signal aus dem
Modulationssignalgenerator (438) in ein analoges
Signal umwandelt und das analoge Signal an den

Intensitätsmodulator (440) ausgibt.

3. System (100) nach Anspruch 1, wobei der Modula-
tionssignalgenerator (838) so ausgeführt ist, dass er
ein Dreieckwellensignal erzeugt;
wobei das System ferner eine Kompensationsschal-
tung (434) umfasst, die einen Multiplizierer (886) um-
fasst, der mit dem Modulationssignalgenerator ge-
koppelt ist und so ausgeführt ist, dass er die Drei-
eckwelle mit einem Multiplizierwert multipliziert; und
wobei der Intensitätsmodulator (840) mit dem Multi-
plizierer gekoppelt ist und so ausgeführt ist, dass er
die Intensität des Lichtstrahls aus der ersten Licht-
quelle auf der Basis der Dreieckwelle, die aus dem
Multiplizierer ausgegeben wird, moduliert.

4. System (100) nach Anspruch 1, wobei der Resona-
tor-Faserkreisel (RFOG) (102) so ausgeführt ist,
dass er die Drehgeschwindigkeit misst;
wobei das System (100) ferner umfasst:

eine Verarbeitungseinheit (104), die mit dem
Resonator-Faserkreisel (102) gekoppelt ist und
so ausgeführt ist, dass sie eine Berechnung auf
der Basis der Drehgeschwindigkeit, die von dem
Resonator-Faserkreisel (102) gemessen wird,
durchführt.

5. Verfahren (1200) zur Reduzierung von Dreherfas-
sungsfehlern in einem Resonator-Faserkreisel, wo-
bei das Verfahren umfasst:

Erzeugen eines Lichtstrahls (1202);

gekennzeichnet durch:

Modulieren der Intensität des Lichtstrahls zum
Produzieren eines intensitätsmodulierten Licht-
strahls mit einer oder mehreren Oberschwin-
gungen höherer Ordnung mit einer Amplitude
unterhalb eines vorbestimmten Schwellwerts
(1204); und
Ausbreitenlassen des intensitätsmodulierten
Lichtstrahls in einer ersten Richtung durch ei-
nen Resonator, wobei nur die eine oder die meh-
reren Oberschwingungen höherer Ordnung mit
einer Amplitude unterhalb eines vorbestimmten
Schwellwerts die Frequenz einer Primärwelle ei-
nes Lichtstrahls überlappen, der sich in einer
zweiten, der ersten Richtung entgegengesetz-
ten Richtung durch den Resonator ausbreitet
(1206).

6. Verfahren (1200) nach Anspruch 5, wobei die Mo-
dulation der Intensität des Lichtstrahls umfasst:

Erzeugen eines Modulationssignals bei einer
vorbestimmten Frequenz;
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Verzerren des Modulationssignals; und
Modulieren der Intensität des Lichtstrahls auf
der Basis des verzerrten Modulationssignals.

7. Verfahren (1200) nach Anspruch 5, wobei das Mo-
dulieren der Intensität des Lichtstrahls umfasst:

Erzeugen eines Dreieckwellen-Modulationssig-
nals;
Multiplizieren des Dreieckwellen-Modulations-
signals mit einem Multiplizierwert; und
Modulieren der Intensität des Lichtstrahls auf
der Basis des multiplizierten Dreieckwellen-Mo-
dulationssignals.

8. System (100) nach Anspruch 1, das ferner umfasst:

eine Kompensationsschaltung (434), die so
ausgeführt ist, dass sie das Signal, das aus dem
Modulationssignalgenerator ausgegeben wird,
verzerrt; und
wobei der Intensitätsmodulator (440) mit der
Kompensationsschaltung (434) gekoppelt ist,
wobei der Intensitätsmodulator so ausgeführt
ist, dass er die Intensität des Lichtstrahls aus
der ersten Lichtquelle auf der Basis des verzerr-
ten Signals, das aus der Kompensationsschal-
tung ausgegeben wird, moduliert.

9. System (100) nach Anspruch 8, wobei der Modula-
tionssignalgenerator (438) und die Kompensations-
schaltung (434) als digitale elektronische Schaltun-
gen implementiert sind, wobei die Intensitätsmodu-
lationsschaltung ferner einen Digital-Analog-Wand-
ler (436) umfasst, der so ausgeführt ist, dass er das
verzerrte Signal aus der Kompensationsschaltung
(434) in ein analoges Signal umwandelt und das ana-
loge Signal an den Intensitätsmodulator (440) aus-
gibt.

Revendications

1. Système (100) comprenant :

un gyroscope à fibres optiques à résonateur
(RFOG) (102) comportant :

un résonateur (112) ayant une boucle de
fibres optiques ;
une source de lumière (116) configurée
pour générer un faisceau de lumière ; et
un circuit de modulation d’intensité (110)
couplé entre la source de lumière (116) et
le résonateur (112), le circuit de modulation
d’intensité (110) étant configuré pour mo-
duler l’intensité du faisceau de lumière pro-
venant de la source de lumière (116) pour

délivrer un signal modulé en intensité au ré-
sonateur (112), caractérisé en ce que :

le circuit de modulation d’intensité
(110) est configuré pour produire le si-
gnal modulé en intensité de telle sorte
que les harmoniques du signal modulé
en intensité qui chevauchent une onde
primaire d’un faisceau de lumière se
propageant à contre-courant dans le
résonateur ont une amplitude inférieu-
re à un seuil prédéterminé, les amplitu-
des inférieures au seuil prédéterminé
ayant un effet négligeable sur les si-
gnaux se propageant à contre-courant
à la même fréquence en présence d’un
rétrodiffuseur optique ;

le circuit de modulation d’intensité (110)
comprenant :

un générateur de signal de modulation
(438) configuré pour générer un signal à
une fréquence prédéterminée ; et
un modulateur d’intensité (440) configuré
pour moduler l’intensité du faisceau de lu-
mière provenant de la source de lumière
(116) sur la base du signal généré délivré
depuis le générateur de signal de modula-
tion (438).

2. Système (100) de la revendication 1, dans lequel le
générateur de signal de modulation (438) est mis en
oeuvre sous la forme d’un circuit électronique
numérique ;
le circuit de modulation d’intensité comprenant en
outre un convertisseur numérique-analogique (436)
configuré pour convertir le signal généré provenant
du générateur de signal de modulation (438) en un
signal analogique et pour délivrer le signal analogi-
que au modulateur d’intensité (440).

3. Système (100) de la revendication 1, dans lequel le
générateur de signal de modulation (838) est confi-
guré pour générer un signal à onde triangulaire ;
le système comprenant en outre un circuit de com-
pensation (434) comprenant un multiplicateur (886)
couplé au générateur de signal de modulation et con-
figuré pour multiplier l’onde triangulaire par une va-
leur multiplicative ; et
dans lequel le modulateur d’intensité (840) est cou-
plé au multiplicateur et configuré pour moduler l’in-
tensité du faisceau de lumière provenant de la pre-
mière source de lumière sur la base de l’onde trian-
gulaire délivrée depuis le multiplicateur.

4. Système (100) de la revendication 1, dans lequel le
gyroscope à fibres optiques à résonateur (RFOG)
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(102) est configuré pour mesurer une vitesse de
rotation ;
le système (100) comprenant en outre :

une unité de traitement (104) couplée au gyros-
cope à fibres optiques à résonateur (102) et con-
figurée pour effectuer des calculs basés sur la
vitesse de rotation mesurée par le gyroscope à
fibres optiques à résonateur (102).

5. Procédé (1200) de réduction d’erreurs de détection
de rotation dans un gyroscope à fibres optiques à
résonateur, le procédé comprenant :

la génération d’un faisceau de lumière (1202) ;
caractérisé par :

la modulation de l’intensité du faisceau de
lumière pour produire un faisceau de lumiè-
re modulé en intensité ayant une ou plu-
sieurs harmoniques d’ordre supérieur avec
une amplitude inférieure à un seuil prédé-
terminé (1204) ; et
la propagation du faisceau de lumière mo-
dulé en intensité à travers un résonateur
dans une première direction, dans lequel
seule(s) la ou les harmoniques d’ordre su-
périeur avec une amplitude inférieure à un
seuil prédéterminé chevauchent la fréquen-
ce d’une onde primaire d’un faisceau de lu-
mière se propageant à travers le résonateur
dans une deuxième direction opposée à la
première direction (1206).

6. Procédé (1200) de la revendication 5, dans lequel
la modulation de l’intensité du faisceau de lumière
comprend :

la génération d’un signal de modulation à une
fréquence prédéterminée ;
la déformation du signal de modulation ; et
la modulation de l’intensité du faisceau de lu-
mière sur la base du signal de modulation dé-
formé.

7. Procédé (1200) de la revendication 5, dans lequel
la modulation de l’intensité du faisceau de lumière
comprend :

la génération d’un signal de modulation à onde
triangulaire ;
la multiplication du signal de modulation à onde
triangulaire par une valeur multiplicative ; et
la modulation de l’intensité du faisceau de lu-
mière sur la base du signal de modulation à onde
triangulaire multiplié.

8. Système (100) de la revendication 1, comprenant en

outre :

un circuit de compensation (434) configuré pour
déformer le signal délivré depuis le générateur
de signal de modulation ; et
dans lequel le modulateur d’intensité (440) est
couplé au circuit de compensation (434), le mo-
dulateur d’intensité étant configuré pour modu-
ler l’intensité du faisceau de lumière provenant
de la première source de lumière sur la base du
signal déformé délivré depuis le circuit de com-
pensation.

9. Système (100) de la revendication 8, dans lequel le
générateur de signal de modulation (438) et le circuit
de compensation (434) sont mis en oeuvre sous la
forme de circuits électroniques numériques, le circuit
de modulation d’intensité comprenant en outre un
convertisseur numérique-analogique (436) configu-
ré pour convertir le signal déformé provenant du cir-
cuit de compensation (434) en un signal analogique
et pour délivrer le signal analogique au modulateur
d’intensité (440).
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