Theory and Applications of
Optical Gyroscopes: Part i

The operating principles
and the functions of
fiber-optic gyroscopes,
including open- and closed-
loop interferometric devices
and resonant fiber-optic
gyros, are investigated.

in the July issue of Sensors, exam-

ined the operating principles and
functions of active and passive ring laser
gyros. Part II takes up fiber-optic gyro-
scopes. The figures, equations, and refer-
ences in Part II are numbered consecu-
tively to those in Part L.

Part I of this article, which appeared
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The concurrent development of opti-
cal fiber technology, spurred mainly by
the communications industry, presented
a potential low-cost alternative to the
high-tolerance machining and clean-
room assembly required for ring laser
gyros. The glass fiber in essence forms
an internally reflective waveguide for
optical energy, along the lines of a small-
diameter linear implementation of the
doughnut-shaped mirror cavity concep-
tualized by Schulz-DuBois [4]. The use
of multiple turns of fiber means the
resultant pathJength change due to the
Sagnac effect is essentially multiplied by
a factor N equal to the integer number
of turns, thereby providing significantly
improved resolution [12]. An additional
advantage of the fiber-optic configura-
tion stems from the fact that operation
is not dependent on a high-finesse cav-
ity, thereby significantly reducing manu-
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facturing costs [20].

The refractive index n
relates the speed of light
in a particular medium to

WAVEGUIDE AXIS_

CLADDING

the speed of light in a vac-
uun:

CLADDING

)

C
n= E_ Figure 5. The dis

tinctive “step” discontinuity in the refractive index at

the interface between the core and the cladding gives rise to the termi-
nology “step-index” fiber. (Adapted from [21])
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' Step-index multimode fiber (see Figure
5) is made up of a core region of glass
with index of refraction n, surrounded

by a protective cladding with a lower
'index of refraction n [21]. The lower

refractive index in the cladding is neces-
sary to ensure total internal reflection of
the light propagating through the core
region. Step-index refers to this
“stepped” discontinuity in the refractive
index that occurs at the interface of the
core and cladding.

As shown in Figure 6 (page 28), as long
as the entry angle (with respect to the
waveguide axis) of an incoming ray is
less than a certain critical angle 6, the
ray will be guided down the fiber, virtu-
ally without loss. The numerical aperture
of the fiber quantifies this parameter of
acceptance (i.e., the light-collecting abil-
ity of the fiber), and is defined as [21]:

NA = sin 8, = \/ n’-n,} (5)

where:
NA = numerical aperture of the fiber
8, = critical angle of acceptance
n, = index of refraction of glass core
n, = index of refraction of cladding

As shown in Figure 6, a number of
rays following paths of different lengths
can simultaneously propagate down the
fiber, as long as their respective entry
angles are less than the critical angle
of acceptance 6. Multiple-path propa-
gation of this nature occurs when the
core diameter is much larger than the
wavelength of the guided energy, giving
rise to the term multimode fiber. Such
multimode operation is clearly undesir-
able in gyro applications, where the
objective is to eliminate all nonrecipro-
cal conditions other than that imposed
by the Sagnac effect itself. As the diame-
ter of the core is reduced to approach
the operating wavelength, a cutoff con-
dition is reached where just a single
mode is allowed to propagate, con-
strained to travel only along the wave-
guide axis [21].

Light can randomly change polariza-
tion states as it propagates through stan-
dard single-mode fiber. The use of special
polarization-maintaining fiber, such as
PRSM Corning, maintains the original
polarization state of the light along the
path of travel [3]. This is important,
because light of different polarization
states travels through an optical fiber
at different speeds. Figure 7 (page 28)
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factor relating Zy to Q in
Equation 6 is thus depen-
dent on the stability of L,
D, and A [11]. Practical
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implementations usually

Figure 6. Entry angles of incoming rays 1 and 2 determine the propa-

gation paths in the fiber core. (Adapted from [21])

shows the typical “minimum-reciprocal”
IFOG configuration. Polarization-main-
taining single-mode fiber [21] is used to
ensure that the two counterpropagating
beams in the loop follow identical paths
in the absence of rotation.

The Sagnac phase shift between the
two beams introduced by gyro rotation is
given by [12]:
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Iy =
Zg = number of fringes of phase
shift due to gyro rotation
length of fiber cable in loop
diameter of loop
wavelength of optical energy
speed of light in a vacuum
= rotation rate ’
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operate over plus or minus
half a fringe (i.e., 7@
radian of phase difference)
with a theoretical sensitivity of 10-°
radian or less of phase shift [22]. IFOG
sensitivity may be improved by increas-
ing L (i.e., adding more turns of fiber in
the sensing loop), peaking at an optimal
length on the order of several kilometers,
after which the fiber attenuation (1 dB

per kilometer typical) begins to degrade
performance [11]. This large amount of
required fiber represents a rather signifi-
cant percentage of overall system cost.
The two counterpropagating beams
reunite at the detector, which monitors
the cosinusoidal intensity changes
caused by constructive and destructive
interference. The peak intensity occurs
as shown in Figure 8 (page 29) at the
point of zero rotation rate, where the
phase shift A¢ between the counter-
propagating beams is equal to zero.
Unfortunately, there is no way to deter-
mine the direction of rotation directly
from the intensity information (as can be
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Figure 7. The popular “minimum-reciprocal” IFOG configuration uses d low-coherence light source (such as a
superluminescent diode) in conjunction with a multiturn loop of polarization-maintaining single-mode fiber
to yield a nonlinear analog output signal. (Adapted from [11,24])
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secondary interferometers
[22]. The limited temporal
coherence of the broad-
band SLD causes any
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Figure 8. A nonreciprocal phase shift is introduced in the open-loop
IFOG to shift operation to the region of maximum sensitivity shown
in the plot of detector intensity vs. phase shift (A), resulting in the
unambiguous demodulator output shown in (B). (Adapted from [11])

inferred from the symmetrical nature of
the plot with respect to the Y-axis), and

zero, suppressing the
contrast of these spurious
interferometers. The de-
tection system becomes
sensitive only to the in-
terference between waves that fol-
lowed identical paths [11,22].

The open-loop IFOG is attractive from
the standpoint of reduced manufactur-
ing costs; high tolerance to shock and
vibration; insensitivity to gravitational
effects; quick startup; and fairly good
sensitivity in terms of bias drift rate and
the random walk coefficient. Coil geom-
etry is not critical, and no path-length
control is needed. Disadvantages include
the long length of optical fiber required
{relative to other fiber-optic gyro designs,
as discussed later); limited dynamic
range in comparison to active ring laser

the sensitivity of I to small changes in
rotation rate is greatly reduced due to
the horizontal nature of the slope [20].
To overcome these deficiencies, nonre-
ciprocal phase shifts between the two
beams are introduced at an oscillatory
rate w, usually by phase modulation of
the beams near one end of the inter-
ferometer coil [10]. This phase modula-
tion can be accomplished using a length
of fiber wound around a piezoelectric
cylinder, and introduces a bias of /2 to
shift the operating point over into the
region of maximum sensitivity on the
response curve as shown in Figure 8A
[11]. (The output of the photodetector is
then synchronously demodulated and fil-
tered to yield the sinusoidal analog rep-
resentation of Ad shown in Figure 8B.
Note that the direction of rotation is
now easily determined from the sign of
the output. Disadvantages of this open-
loop approach include the nonlinear
relationship of the demodulated output
to rotation rate Q, and the inherent sus-
ceptibility to errors caused by variations
in the light source intensity or compo-
nent tolerances. As Blake [20] points out,
it is difficult to achieve good linearity in
analog electronic componentry over six
orders of magnitude of dynamic range.
An interesting characteristic of the
open-loop IFOG is the absence of any
narrow-band laser source [23], the
enabling technology allowing the Sagnac
effect to reach practical implementation
in the first place. A low-coherence
source, such as a superluminescent diode
(SLD), is typically used instead to re-
duce the effects of noise [12,24], the
primary source of which is backscatter-
ing within the fiber and at any inter-
faces. As a result of such backscatter, in
addition to the two primary counter-
propagating waves in the loop there are
a number of parasitic waves that yield
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gyros; and scale factor vari-
ations due to analog com-
ponent drifts [25]. Open-
loop configurations are
therefore most suited to

—
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accuracy, such as gyrocom-
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passing in automobile navi-

gation, pitch and roll
indicators, and attitude
stabilization.

CLOSED-LOOP
INTERFEROMETRIC
FIBER-OPTIC GYROS

For applications (such as aircraft navi-
gation) demanding higher accuracy than
that afforded by the open-loop IFOG,
the closed-loop configuration offers sig-
nificant promise, with drifts in the
0.001-0.01°/hr range and scale factor
stabilities > 100 ppm [25]. Closed-loop
digital signal processing is considerably
| more complex than the analog signal
processing employed on open-loop
IFOG configurations. Feedback into a
frequency- or phase-shifting element
(see Figure 9) is used to cancel the rota-
tionally induced Sagnac phase shift.
Because the system is always operated
“at a null condition where Ad is equal
to zero, minor variations in light-
source intensity and analog component
tolerances have a markedly reduced
effect [11].

Referring again to Figure 9, the output
of the demodulator is passed to a servo
amplifier that in turn drives a non-recip-
rocal phase transducer (NRPT), typically
an electro-optic frequency shifter placed
within the fiber interferometer [11]. The
NRPT introduces a frequency differ-
ence between the two counterpropagat-
ing beams, resulting in an associated
fringe shift at the detector given by [10]:

AfLn

7y - = 0
where:
Zyp = fringe shift due to frequency
difference
Af = frequency difference intro-
duced by the NRPT

I. = length of fiber cable in loop
n = index of refraction
¢ = speed of light
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Figure 9. The closed-loop IFOG uses a nonreciprocal phase transducer
1o null out the Sagnac phase shift A introduced by rotation rate Q.
(Adapted from [11])

To null out Ad at the detector, the
fringe shift Zy due to gyro rotation must
be precisely offset by the fringe shift Z;
due to the relative frequency difference
of the two beams:

Ab =7y +Zp=0 (8)
Substituting the previous expressions

for Zy; and 7y and solving for Af yields
[10,11}:

4A

o 0-2a

M=0r® T wrt T m ©)
where:

A = area of fiber loop

N = number of turns in loop

I. - = length of fiber cable in loop

P = loop perimeter

D = loop diameter

The gyro output, being the servo-con-
trolled frequency shift Af imparted by
the NRPT, is thus inherently digital, as
opposed to an analog DC voltage level,
and also linear.

Ezekiel and Arditty [11] list the follow-
ing advantages of the closed-loop config-
uration over the open-loop IFOG design
previously discussed:

o Tt is independent of intensity varia-
tions in the light source, since the sys-
tem is operated at null.

o It is independent of individual com-
ponent gains (assuming high open-loop
gain maintained).

o Linearity and stability depend only
on the non-reciprocal phase transducer.

RESONANT FIBER-OPTIC
GYROS

The resonant fiber-optic gyro (RFOG) -
evolved as a solid-state derivative of the
passive ring resonator gyro. A passive




Qo)

INPUT
COUPLER

RESONATOR
LOOP

OUTPUT
COUPLER

@ loutit}

Figure 10. In the resonant fiber-optic gyro (RFOG),
maximum optical coupling into the loop occurs at
the resonant frequency that vields an integral num-
ber of wavelengths corresponding to the loop perime-
ter. (Adapted from [19])

resonant cavity is formed from a multi-
turn closed loop of optical fiber as
shown in Figure 10. An input coupler
provides a means for injecting fre-
quency-modulated light from a laser
source into the resonant loop in both the
clockwise and counterclockwise direc-
tions. As the frequency of the modu-
lated light passes through a value such
that the perimeter of the loop precisely
matches an integral number of wave-
lengths at that frequency, input energy
is strongly coupled into the loop [19]. In
the absence of loop rotation, maximum
coupling for both beam directions
occurs in a sharp peak centered at this
resonant frequency.

If the loop is caused to rotate in the
clockwise direction, of course, the
Sagnac effect causes the perceived loop
perimeter to lengthen for the clockwise-
traveling beam, and to shorten for the
counterclockwise-traveling beam. The
resonant frequencies must shift accord-
ingly, and energy is consequently cou-
pled into the loop at two different fre-
quencies and directions during each
cycle of the sinusoidal FM sweep. An
output coupler samples the intensity of
the energy in the loop by passing a per-
centage of the two counter-rotating
beams to their respective detectors, as

CW Res

CCW Res

Af-»l

Figure 11. The difference (Af) between the reso-
nance frequencies associated with the clockwise and
counterclockwise beams provides ¢ measure of rota-

tion rate Q. (Adapted from [19].)
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shown in Figure 10.

The demodulated output from these
detectors will show resonance peaks as
illustrated in Figure 11 (page 31) sepa-
rated by a frequency difference Af given
by the following [19]:

D
Af = e Q (10)
where:

Af = frequency difference between

counterpropagating beams
D = diameter of resonant loop

A

n

free-space wavelength of laser
refractive index of fiber

In practice, the laser frequency is usu-
ally adjusted to maintain resonance in
one direction, while an electro-optical
frequency shifter is used to drive the
other direction back into resonance.
This requires a frequency shift of 2 x the
induced Sagnac effect, since the first
direction has been locked. Actual rota-
tion rate is then determined from the
magnitude of the frequency shift.
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Like the IFOG, the all-solid-state
RFOG is attractive from the standpoint
of high reliability, long life, quick
startup, and light weight. The principal
advantage of the RFOG, however, Is
that it requires significantly less fiber
(10-100 X less) in the sensing coil than
the IFOG configuration, while achieving
the same shot-noise-limited performance
[19]. Sanders attributes this to the fact
that light traverses the sensing loop mul-
tiple times, as opposed to once in the
IFOG counterpart. On the downside are
the requirements for a highly coherent
source and extremely low-loss fiber com-
ponents [25].
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