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A New Configuration of Low-Cost Moderate Grade I-FOG 
Derived from JG-108FA

Sandra Ray*1, Masatoshi Harigae*2, Hirokimi Shingu*2 and Kazuhiro Sakuma*3

ABSTRACT

The aim of this research is to propose a new configuration of a low-cost moderate grade I-FOG for mass pro-

duction.  The theoretical part of this report mainly emphasizes the required reciprocity and the limitations of I-

FOG. The experimental part describes the assembling and testing of four different gyro configurations derived

from a moderate grade open-loop I-FOG produced by Japan Aviation Electronics Ltd., JG-108FA. Finally, by

analyzing the tests data, we identify the different error sources generated in each case and establish a produc-

tion cost-performance balance in order to apply a lower cost configuration for mass production.

This research was done by Ms Sandra Ray as her technical training under NAL in cooperation with Japan

Aviation Electronics Industry, Ltd. from April 5 to August 23 in 1996.

Keywords: interferometric FOG, reciprocity, low cost, moderate grade

概　　　　　要

本研究の目的は，低価格で大量生産が可能な民生用干渉型光ファイバージャイロの新しい構成法を提案す

ることである。まず，光ファイバージャイロの原理を考察し，光の相対伝播特性（reciprocity）が大切である

ことと，ジャイロの性能を制限する種々の要因について述べる。つぎに，日本航空電子工業�製の JG-108FA

をモデルベースに，4つのジャイロ構成法を提案し，それぞれ性能を実験的に評価する。その結果，価格と性

能のバランスが取れた，大量生産可能な新しい光ファイバージャイロの構成法を提案することができた。

本研究は，サンドラ・レイが航技研における技術研修として行ったもので，日本航空電子工業�の協力を

得て，1996年 4月 5日から 8月 23日までの期間にわたり実施した。

Introduction

The measurement of rotation is of considerable interest in a number of areas. The popular rotation sensor

over the past few decades has been the mechanical gyroscope which basically depends on the high angular

momentum generated by a spinning wheel or a spinning ball. The advent of the laser in 1960 rekindled the

interest in the use of the Sagnac effect for detecting the inertial rotation by purely optical means. Nowadays

ring laser gyro technology has reached its full maturity and is used in many areas of inertial navigation. Twen-

ty years ago, the development of low-loss optical fibers and solid state semi-conductor light sources and detec-

tors opened up a very active and very promising area of research in fiber-optic rotation sensors also based on
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1.  PRINCIPLE OF THE INTERFEROMETRIC

FIBER-OPTIC GYRO

1.1 Sagnac effect

Interferometric Fiber-Optic Gyro (I-FOG) measures input

angular rate through the Sagnac effect. Detection of rotation with

light was demonstrated by Sagnac in 1913.  The Sagnac effect

creates a differential phase shift between two beams of light

counter-propagating in an optical fiber coil due to an input rota-

tion rate. The Sagnac effect can easily be explained in the simple

case of an ideal circular path (cf. Fig. 1).

Light entering the loop is divided into two counter-propagat-

ing waves that return in phase at point M after having traveled

along the same path in opposite directions. In the case of rotation,

during the transit time through the loop, the beam splitter has

moved to MÕ. So, an observer, at rest in the inertial frame, sees

that the co-rotating wave has had to propagate over a longer path

than the counter-rotating one. The path length difference between

the co-rotating wave and the counter-rotating one is given by :

»L＝ c»t (1)

with

ÛR2‰
»t＝ tr－ tcr＝4― (2)

c 2

where tr (＝ L/(c－ R‰)) and tcr (＝ L/(c＋ R‰)) are the transit

times of the co-rotating and counter-rotating waves, c is the

velocity of light in vacuum, R is the radius of the circular path

and ‰ is the input rotation rate component parallel to the optical

path input axis.
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the Sagnac effect. The Interferometric Fiber-Optic Gyro (I-FOG) is now recognized as a crucial technology for

many applications of inertial guidance and navigation. Its main advantages are : low-mass solid-state config-

uration, long lifetime, high reliability, high dynamic range, ability to withstand shocks and vibrations, large

bandwidth, short warm up time and low power consumption.

From the physicistÕs point of view, the I-FOG brought many simple solutions to apparently complex prob-

lems, making high performance possible despite the various imperfections of the components. As a new tech-

nology, the I-FOG brings great expectations of very significant production cost reduction by using components

that can be mass-produced.

Based on these two remarks, we shall first give a brief and simple derivation of the Sagnac effect in a vac-

uum and also in a medium, present the general configurations of I-FOG, discuss the necessity of reciprocity

and polarization control together with their technical solutions. Other error sources will then be considered

with emphasis on their technical solutions and their influence on the gyro performance. Once these theoretical

basis are established, we shall present the results of our experimental research. We aimed at production of a

low-cost moderate grade I-FOG, derived from JG-108 FA, using a new configuration technique. Therefore, the

four different cases we chose to analyze will be compared in terms of performance, error sources and produc-

tion cost so as to find the appropriate compromise for mass production.

Fig. 1 Sagnac effect in the case of a circular path
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Measured by interferometric means, this transit time differ-

ence yields the phase difference :

4ÛR 2˙
»Í＝―‰ (3)

c 2

where ˙ is the angular frequency of the wave.

This result is very general and can be extended to any axis of

rotation and to any closed path, even if they are not contained in

a plane, using a scalar product:

4˙
»Í＝― A á ‰ (4)

c 2

where ‰ is the rotation rate vector and A is the equivalent area

vector of the closed path. The Sagnac effect appears as the flux of

the rotation vector ‰ through the enclosed area.

1.2  Sagnac effect in a medium

If light propagates in a medium, it can be demonstrated that

the Sagnac induced phase shift remains unchanged (relativistic

effect).

In the case of light propagation in a medium of index n, the

velocity of propagation must take into consideration the relativis-

tic addition of the velocity of light in the medium, i.e., c/n and the

tangential velocity of the medium, i.e., R‰ so that the velocity of

the co-rotating wave, cr becomes :

c―＋ R‰n
cr＝――

R‰1＋―
nc

(5)
c 1～＝―＋R‰（1－―）n n 2

to the first order in ―R‰
c . Similarly, the velocity of the counter-

rotating wave, ccr, is given by:

c―－ R‰n
ccr＝――

R‰1－―
nc (6)

c 1～＝―－R‰（1－―）á
n n 2

Therefore, »t in the medium becomes :

»t＝ tr－ tcr

2R‰－(cr－ccr)
＝ 2ÛR―― á (7)

cr ccr

Upon substitution for cr and ccr from above, we get :

2R‰－ 2R‰(1－―1
n 2)

»t＝2ÛR―――
―c

2

n 2

＝ 4ÛR2―
‰
c2

(8)

＝―
4

c2
A á ‰

which is identical to that in a vacuum.

The transit time difference does not depend on the index n.

As a consequence, the phase shift  is also independent from n.

1.3   Interferometric Fiber-Optic Gyro

(1) Principle

The basic configuration of an I-FOG includes a light source, a

optical fiber coil and a detector as shown in Fig. 2. The light

source is coupled into the input of a coupler. The outputs of the

coupler are fed into the two ends of the fiber coil and circulate in

opposite directions. After the light waves pass through the fiber

coil, they are coupled back through the coupler. The light is then

directed onto the detector and is used to extract phase informa-

tion proportional to input rotation rate. In the case of input rota-

tion rate, a differential phase shift is created between the two

beams of light counter-propagating in the optical fiber.

The differential phase shift »Í corresponds to a shift of

interference fringes from their initial position given by :

»Í »L
»z＝―＝― á (9)

2Û 

That is to say :

Aá‰
»z＝ 4― á (10)

c

Intensity of the light in the observation point is a function of

the rotation rate.

I＝ I0(1＋ cos»Í)
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Fig. 2  Basic configuration of I-FOG
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8Û
＝ I0(1＋ cos(―A á‰)) (11)c

The Sagnac induced phase shift is enhanced by using a mul-

titurn optical fiber coil. The influence of the number of turns N in

the coil is given by:

8Û
»ÍN＝N― A á‰. (12)

c

Sensitivity appears as proportional to N. Nevertheless, fiber

length is limited by attenuation. I-FOG uses, as waveguide, a coil

of optical fiber of several hundreds meters length. It can achieve

good performance rate sensing in small package volume.

As in any passive optical system, the theoretical sensitivity

of I-FOG is limited by the photon shot noise. Sensitivity is max-

imized by operating with a phase bias of Û/2 (cf. Fig. 3) and then

the photon shot noise limitation is significantly reduced. The

minimum response time of I-FOG is the transit time through the

fiber coil. This yields a very high theoretical bandwidth (several

hundreds of kilohertz). Even if the signal processing techniques

reduce this bandwidth, frequency ranges of several kilohertz are

reached, which is a very significant improvement over previous

technologies.

(2) Open-loop configuration

The natural response of the gyro is non-linear and with a

poor sensitivity. Indeed, the natural gyro is operated with a nom-

inal zero path difference and, as shown in Fig. 3, for small varia-

tions in relative phase, there is negligible variation in the intensi-

ty output. Open-loop configuration (cf. Fig. 4) achieves better

linearity and higher sensitivity using bias modulation with a

phase bias of Û/2.

Suppose modulation voltage is given by Fig. 5 and consider

the beams of light entering the coil at t-˜, where ˜ is the transit

time through the coil.

・The counterclockwise wave immediately goes through T. So,

its phase bias shift is given by kV(t-˜) with k constant.

・The clockwise wave passes through the coil before going

through T at t. So, its bias phase shift is given by kV(t).

・Finally, when the two beams of light recombine, the cumulat-

ed bias phase shift is k(V(t)-V(t-˜))=2kV(t).

The interferometric signal is modulated. Fig. 6 describes

how this modulation puts the operating points on a relatively lin-

ear part of the interferometer characteristic I(»Í). In the case of

航空宇宙技術研究所資料 709 T号4

Fig. 3 Natural response of I-FOG

Fig. 4 Open-loop configuration
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no rotation, the bias phase shift ± kV(t) places the operating

points in M＋ and M－ and then results in a constant intensity of

the output signal.  In the case of rotation, the operating points

move to opposite sides of M＋ and M－.  It results in a modula-

tion of the interferometer output signal s(t). If rotation rate ‰ is

not too high, nearly linear part of the interferometer characteristic

is used and intensity tends to be proportional to rotation rate ‰.

A phase modulator can be realized, for example, by using

the elasto-optic effect.  The fiber is wrapped around a cylinder of

piezoelectric material in several turns.  If an alternating voltage is

applied to the piezoelectric cylinder, mechanical vibrations are

generated.  The phase of the light wave passing through the fiber

is then modulated via the elasto-optic effect.  This arrangement is

the preferred solution for all-fiber gyroscopes.  If Integrated-

Optic Components are used, it is advantageous to use an electro-

optic substrate, e.g., LiNbO3. With two electrodes adjacent to the

waveguide, an electrical field is induced inside the waveguide

and the phase of the light is modulated.

(3) Closed-loop configuration

Open-loop configuration is criticized for its intrinsic sinu-

soidal output function with rate and for its low dynamic range.

This technology is also sensitive to changes in optical power,

modulation depth, changes in overall optical path loss and elec-

tronic drifts. As a result, most I-FOG developments have opted

for a closed-loop signal processing approach based on the superi-

or scale factor stability and linearity associated with operating the

Sagnac interferometer at a null.

In the closed-loop configuration (cf. Fig. 7), the output of

the demodulator is passed through a servo amplifier which then

drives a non-reciprocal phase transducer (NRPT) placed within

the fiber coil. In this way, the interferometer is always operated at

null, i.e., at …s－c＝ 0 by generating a suitable non-reciprocal

phase shift in the NRPT that is equal in magnitude to but opposite

A New Configuration of Low-Cost Moderate Grade I-FOG Derived from JG-108FA 5

Fig. 6  Modulation fo the interferometric signal

Fig. 5  Modulation voltage
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in sign to the Sagnac induced phase shift. The output of the sys-

tem is then the output of the NRPT.

2.  RECIPROCITY OF AN I-FOG

Theoretical analyses of I-FOG led to the conclusion that this

sensor could measure rotation rates of less than 0.01û/h.  These

analyses assumed that the limiting noise is shot noise at the pho-

todetector.  This sensitivity range would permit I-FOG to be used

as a navigation grade gyro in competition with laser gyros and

conventional spinning-mass gyros.  The experimental results

demonstrated sensitivities much worse than those predicted by

the theoretical analyses.  It appeared that experimental sensitivi-

ties were not limited by shot noise but rather by reciprocal noise

in the fiber coil and other parts of the optical path.  This recipro-

cal noise can be greatly reduced by ensuring that the interferom-

eter uses only a single polarization state in a single-mode bire-

fringent fiber.

2.1   Principle of reciprocity

In a linear medium, the propagation equation of the wave

amplitude A is :

n 2 ÿ 2A
Ñ 2A－――＝0. (13)

c 2 ÿ t2

Looking for harmonic solutions, A(x, y, z, t)＝ As(x, y, z)ei˙t,

where depends only on the spatial coordinates and  is the angular

frequency, the propagation equation is reduced to:

n 2 ˙2

Ñ 2As＋―As＝0. (14)
c

Therefore, any solution A(x, y, z, t)＝ As(x, y, z)ei˙t, has a

perfectly reciprocal solution A'(x, y, z, t)＝ As(x, y, z)e－i˙t since

the reduced propagation equation depends on the square ̇ 2＝(－

˙)2. Physically, this mathematical change of sign corresponds to

a propagation in the opposite direction with exactly the same

propagation delay and the same attenuation of the phase front. In

free space, difficult alignments are required to excite both recip-

rocal opposite solutions and it is never perfect. However, if the

system is single-mode, alignments are only needed to optimize

the whole power. Once it is coupled, both opposite waves are

automatically reciprocal.

2.2   Reciprocal configuration

A simple fiber ring interferometer is not intrinsically recip-

rocal. Complementary interference fringes are observed at both

ports of the interferometer, depending on the alignments of the

fiber ends (cf. Fig. 8). At the input, the beam is split and focused

on both fiber ends that filter the unique propagation mode and, at

the output, the beams are recombined to interfere. A small

change in the alignments has a significant effect on the matching

of both output phase fronts, modifying the fringe pattern and,

consequently, producing a variation proper to the measured phase

difference. The Sagnac effect is a very small first-order effect in

R‰/c which is buried in the change of the zero-order, the absolute

phase cumulated in the propagation. Fortunately, single-mode

reciprocity provides perfect common-mode rejection and will

permit the nulling out of this zero-order and its variations almost

perfectly. So, to avoid this severe limitation and to get high per-

formance, a so-called reciprocal configuration is used (cf. Fig. 9).

Light is fed into the interferometer through a truly single-

mode waveguide and the returning interference waves are filtered

through the same waveguide in the opposite direction. This sim-

ple modification has made both opposite paths identical, zero

rotation giving zero phase difference. In this case, alignments are

needed solely to optimize the whole power which requires diffi-

cult but reasonable mechanical tolerances. Spatially, a short

length (about 1m) of single-mode fiber can be considered as a

perfect filter. Nevertheless, there is also a need for polarization

filtering, since a single-spatial-mode fiber is actually a dual-

polarization-mode fiber and the fiber birefringence may yield a

spurious phase difference.

In addition to the coil splitter, the complete reciprocal con-

figuration needs a second splitter to tap off a part of the interfer-

ence wave returning through the filtered input-output port of the

ring interferometer. The power loss generated by this second

splitter is the price paid to insure reciprocity in the optical sys-

tem.

The use of a truly single-mode filter at the common input-

output port of the interferometer renders the fiber ring interfer-

ometer sensitive only to non-reciprocal effects as the Sagnac
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Fig. 7  Closed-loop principle
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effect. Furthermore, a modulation-demodulation at the proper or

eigenfrequency of the coil provides a biased signal that does not

degrade the original perfection of the system. These two simple

conditions, combined in a so-called minimum reciprocal config-

uration, make high performance possible despite the various

defects of the components (cf. Fig. 10).

2.3   Polarization reciprocity

(1) Polarization errors

A Single-Mode (SM) fiber has actually two polarization-

modes. The residual birefringence of a SM fiber modifies the

polarization state as the light propagates. In the fiber coil, at a

given position, both counter-propagating waves have different

polarization states and therefore, because of birefringence, do not

see exactly the same index of refraction. This yields a spurious

phase difference at the output. It is possible to show that, theoret-

ically, if a polarizer is placed at the common input-output of the

fiber, the phases of the waves transmitted in opposite directions

are then perfectly equalized. However, the rejection of a practical

polarizer is not infinite and there remains a residual phase differ-

ence between both counter-propagating waves.

The first I-FOG were constructed using SM fiber. At that

time, it became obvious that uncontrollable and environmentally

dependent polarization evolution occurring in the SM fiber is

manifested as bias drift and signal fading. Complete signal fading

happens when the coil imparts a rotation of the polarization vec-

tor that places it in alignment with the extinction axis of the

polarizer. It is then rejected by the polarizer and no light reaches

the detector. To avoid the signal fading problem, the use of a

depolarizer in the gyro loop was proposed and demonstrated.

Polarization Maintaining (PM) fiber, which appeared on the

market in the early 80Õs, provided a simple mean of polarization

control, preserving the simplicity of the gyro architecture. The

use of PM fiber resulted in significant advances allowing todayÕs

I-FOG technology to offer navigation grade performance. Never-

theless, it complicated the cost problem. The early hopes that PM

fiber, which is the highest cost item in the navigation grade gyro,

would become inexpensive with time still remain unfulfilled.

Due to the large volumes produced for use in optical communi-

cations and its simpler design, SM fiber is one to two orders of

magnitude lower in cost than PM fiber. Nevertheless, SM fiber

gyroscopes continue to be considered by most I-FOG developers

as a technology only suitable for less demanding applications.

Polarization errors depend on the quality of the polarizer, on

the amount of the polarization cross-coupling and the coherence

between the interfering waves. The biggest step in overcoming

problems with polarization errors was the introduction of the

broad-band light source which provides substantial decorrelation

for light waves taking paths different from the primary waves.

Nevertheless, many of these sources have quite complex coher-

ence functions and decorrelation of the cross-coupled waves is

not always a straightforward task. The introduction of PM fiber

greatly simplified polarization management as the same polariza-

tion state can be maintained throughout the gyro. Suppression of

polarization errors in the depolarized gyro still remains challeng-

ing.

(2) PM gyroscopes

Two groups of polarization errors are identified: amplitude-

type errors and intensity-type errors.

Intensity-type polarization errors mainly result from inter-

ference of two waves which cross-couple at the points K2 and K3

(cf. Fig. 11) and both propagate through the reject axis of the

polarizer. Because of excellent polarizers that are available

nowadays, intensity-type polarization errors are of little concern.

Of primary concern are the amplitude-type polarization errors.

These errors result from the interference of a primary wave

and a cross-coupled wave. The cross-coupled wave couples to the

A New Configuration of Low-Cost Moderate Grade I-FOG Derived from JG-108FA 7

Fig. 8 Fiber ring interferometer

Fig. 9 Reciprocal configuration

Fig. 10 Minimum reciprocal configuration
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ÒwrongÓ polarization in front of the polarizer at the point Ô 1,

propagates through the reject axis of the polarizer and cross-cou-

ples back to the ÒrightÓ polarization within the sensing coil at the

point K2 or K3. The primary wave then serves as a local oscillator

for the coherent detection of this cross-coupled wave; that is why

the amplitude type polarization errors yield a significant spurious

signal compared to the intensity type errors.  Therefore, mini-

mization of the cross-coupling and use of a polarizer with high

extinction ratio lead to the reduction of these errors.

The typical PM gyro with an IOC is constructed to guide lin-

early polarized light in the fast axis. So, the cross-coupled wave

spends some time propagating in the slow axis and encounters a

birefringence induced delay with respect to the primary wave.

The adjustment of this delay and the use of a broad-band light

source are additional very powerful techniques of polarization

errors suppression. Indeed, the amplitude-type polarization errors

ÍA are proportional to the degree of partial coherenceÎ(˜) of the

light source and this discussion can be summarized in a very sim-

ple equation :

ÍAµÔ1Ô2ÈÎ(˜) (15)

where, Ô1 Ô2 are the amplitude cross-couplings at the points K1,

K2. È is the amplitude extinction ratio of the polarizer.

Nevertheless, many light sources have quite complex coher-

ence functions. An example of a SLDÕs coherence function is

shown in Fig. 12. A good gyro design should take into account

all the cross-coupled delayed waves that interfere with the prima-

ry wave and lead to the polarization errors. The delays of the

cross-coupled waves have to be adjusted so that their location on

the coherence function provides sufficient decorrelation, i.e.,

delays have to be placed away from the coherence peaks, in the

regions of low coherence.

The optimal operating conditions for polarization errors

control can be summarized as follow:

・Use of the same optical axis throughout the gyro. The cumu-

lated birefringence induced delays then move away from the

coherence peaks.

・Use of an optical circuit and a sensing coil with high birefrin-

gence. Large delays are induced in this way and can eliminate

many polarization errors.

・Use of a light source with a coherence function composed of

few recorrelation peaks.

(3) Depolarized gyroscopes

The coil of the depolarized gyro can be made out of SM

fiber. The polarization of the light in the SM coil undergoes evo-

lution that depends on the environment, i.e., temperature,

mechanical stresses, magnetic field, etc.

In order to avoid signal fading, the light must be depolarized

within the gyro loop. This is accomplished by using single or

dual depolarizers as shown in Fig. 13. Depolarizers are made out

of PM fiber which is attached to the IOC or its leads at 45û.  They

have to be long enough to decorralate the light waves propagat-

ing in their slow and fast axis. Then, regardless of the polariza-

tion evolution within the coil, half the light always returns

aligned with the pass axis of the polarizer and reaches the detec-

tor.

A quick inspection of the depolarized gyro architecture reveals

many problems with polarization errors. In PM gyroscopes,

polarization errors were minimized by minimization of polariza-

tion cross-coupling thanks to the use of the same birefringence

axis throughout the gyro. Now, polarization cross-coupling in the

loop is maximized by the  depolarizers splices. As using only one

birefringence axis throughout the gyro is no longer possible, the

delays induced by the depolarizers can add to or subtract from the

航空宇宙技術研究所資料 709 T号8

Fig. 11 PM gyro

Fig. 12 A SLDÕs coherence function Fig. 13 Depolarized gyro
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delays induced in the front end of the gyro. The coil itself has

some linear and circular birefringence as a consequence of fiber

bending, twisting and stresses induced within the coil. This bire-

fringence can also add to or subtract from these delays. However,

the coil birefringence is not large enough to decorrelate the waves

propagating through the coil.

The way all these delays combine depends to a large degree

on the evolution of the polarization within the SM coil. Conse-

quently, error terms involve all possible combinations and

change with time as polarization evolves in unpredictable ways;

the same bias performance as PM gyros cannot be achieved with

depolarized gyros.

3.  LIMITATIONS

3.1   Transience-related effects

Even when single mode and single polarization state are

used, the accuracy of an I-FOG can be limited by thermally

induced non-reciprocities in the fiber coil.

Indeed, the reciprocity of the two counter-propagating paths

is insured only if the system is time-invariant. Time-dependent

perturbations, such as fluctuations in temperature, vibrations or

acoustic noise may lead to non-negligible errors.

Thermally induced non-reciprocity was analyzed by Shupe.

Thermally induced non-reciprocity can occur if there is a time-

dependent temperature gradient along the fiber. Non-reciprocity

arises when the corresponding wave fronts of the two counter-

rotating beams traverse the same region of the fiber at different

times. If the fiberÕs propagation constant varies at different rates

along the fiber, the corresponding wave fronts in the two counter-

rotating beams traverse a slightly different effective path. This

creates a relatively large non-reciprocal phase shift that is indis-

tinguishable from the Sagnac induced phase shift.

The spurious phase shift occurring in an elementary fiber

segment  is given by:

2Û dn dT 2l－ L
Ídl＝―（―＋ n Ï）. dl .― .― (16)

 dT dt c

where n is the index of the fiber, Ï is the linear expansion coeffi-

cient, c is the wave velocity, L is the fiber length and l represents

the distance of the infinitesimal area from one end of the coil. We

can consider that the main perturbation comes from the index

change dn/dT.

Similar spurious phase shift is produced by time-dependent

mechanical stresses. For example, a sinusoidal vibration on an

elementary segment of the fiber dl causes an error given by:

2Û dn n dˆ 2l－ L
Ídl＝―（―＋―）. dl .― .― (17) dˆ ES dt c

ˆ＝ ˆ0 sin ˙t

where ˙ is the angular frequency of vibration, E is the YoungÕs

modulus, S is the sectional area of the fiber. When this periodic

vibration is sufficiently rapid compared to the time constant of

the I-FOG signal processing, no bias drift arises. If the variation

is slower than the time constant, a drift is generated and a noise

appears at the output of the gyro. This error is considered to be

produced by oscillation of the fiber inside the coil, oscillation of

the leads and mechanical resonance of the structural parts.

The optical power can also vary being synchronized with

the period of vibration. This periodic variation of the optical

power is usually due to periodic changes in alignment of the

fibers with the light source module and the IOC. An additional

bias drift is yielded by this synchronous variation of optical

power.

To overcome these problems, several winding configura-

tions of the sensing coil have been proposed. Compensation of

time-dependent perturbations is obtained by a symmetrical wind-

ing where symmetrical segments are closely placed. The so-

called dipolar winding reduces the effect of thermal transience by

a factor approximately equal to the number of layers. The

quadrupolar winding is a more complex but even better compen-

sation method. The effect of thermal transience is reduced by the

square of the number of layers.

An adequate potting has to be used to ensure the coil

ruggedness and securing the winding by impregnation with var-

nish is an efficient technique for preventing the oscillations of the

fiber inside the coil. An adequate mechanical design is also

required to set up the mechanical resonance point far from the

perturbation frequency range.

Finally, the use of optical components with environmental

ruggedness reduces the periodic change in optical power and

thereby, prevents from bias drift.

3.2   Backreflection and backscattering

The 4% Fresnel backreflection at the air-silica interface of

the fiber coil ends surimposes a parasitic Michelson interferome-

ter. As antireflection coating cannot provide a low enough level

of backreflected light, the solution is still to polish the fiber ends

at a sufficient slant angle and to align them according to refrac-

tion laws so as not to degrade the coupling. Once these spurious

reflected waves are reduced, a low coherence source destroys the

coherence between the primary waves and these spurious waves,

avoiding direct coherent detection.
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Rayleigh backscattering preserves the same optical frequen-

cy as the primary wave and can be considered as a randomly dis-

tributed backreflection due to inhomogeneities in the fiber.

Rayleigh scattering is caused by dipolar antenna radiation of the

material atomic bindings excited by the incoming wave. Scat-

tered radiation produces a secondary pair of waves propagating

in the fiber. The forward scattering is reciprocal and does not

yield any spurious effect in the fiber gyro. On the contrary, the

backward scattering behaves like a randomly distributed backre-

flection and yields a spurious phase difference because of the

coherent detection process with the primary wave acting as a

local oscillator. The low coherence length of a broad-band source

preferably used in an I-FOG decreases considerably the Rayleigh

backscattering noise.

3.3   Truly non-reciprocal effects

Even in a perfectly reciprocal system, the Sagnac effect is

not the only truly non-reciprocal effect.

The Kerr effect manifests itself as intensity-dependent per-

turbations of the fiberÕs propagation constant. Reciprocity is

indeed based on the linearity of propagation equation, but an

imbalance in the power levels of the counter-propagating waves

can produce propagation non-linearity because of the high optical

power density in the very small silica fiber core. Therefore, the

Kerr effect yields a spurious non-reciprocal phase difference. It

could be reduced by simply reducing the power in the fiber, but

this would relatively increase the influence of detection noise.

Concerning the Kerr effect too, the use of a broad-band light

source is a simple and efficient solution.

It has been reported that an I-FOG used under the earthÕs

magnetic field shows a drift nearly equal to the earth rotation

rate, caused by the Faraday effect. When an I-FOG is located in a

magnetic field, its fiber loop acts as a Faraday device and the

polarization plane of the linearly polarized wave in the fiber

rotates. If the sensing loop is made of ideal circular single-mode

fiber, the Faraday effect is canceled while the light travels once in

the fiber loop and no spurious phase difference is generated.

However, in a practical fiber, a phase difference appears due to

polarization changes along the fiber arising from residual bire-

fringence. The use of PM fiber reduces the magnetic dependence.

4.  ERRORS

At rest, the output signal of an I-FOG is composed of a

white noise and a slowly varying function representing the long-

term drift of the mean value.

4.1   Drift

Drift corresponds to the residual lack of reciprocity in the I-

FOG, usually expressed in ± û/h. As described in the previous

chapters, the different causes of drift can be:

・ a limited spatial rejection of the single-mode filter.

・ a limited polarization control.

・ a time-dependent temperature gradient.

・ Faraday effect.

・Kerr effect.

・ defects in the modulation or demodulation processes.

4.2   Noise

In an I-FOG, the theoretical noise limit is the detection

noise. Different units are used to evaluate the white noise:

・ standard deviation of equivalent rotation rate per square root

of bandwidth of detection or (deg/h)/¤Hz.

・ equivalent noise power spectral density or (deg/h)2/Hz.

・ random walk performance or deg/⁄h.

As described in the previous chapters, the different causes of

noise are:

・Rayleigh backscattering.

・ time-dependent mechanical stresses.

・ detection noise.

4.3   Noise/Drift

Noise and drift correspond to different requirements which

depend on the applications. If a fast stabilization and control

response is required, then noise is important, but, for navigation,

drift is the fundamental parameter. In navigation applications, the

angular orientation is calculated by integrating the rotation rate

signal. This process of integration inreases the effect of averaging

the white noise and, consequently, makes the drift in the long

term dominant .

4.4   Scale factor

Major advantages of the I-FOG technology are that it offers

the potential of a low-cost, all solid-state approach with long-life-

time and high-reliability over current gyros. In order to fully

exercise these advantages, it is imperative that these gyros have

scale factors compatible with strapdown applications. An accu-

rate scale factor is necessary to have an accurate measurement of

high rates and so, the scale factor stability and the scale factor lin-

earity are very important characteristics of the gyro. Closed-loop

modulation is an efficient solution to achieve higher dynamic

range and high scale factor accuracy. The scale factor stability

depends on the stability of both the wavelength and the equiva-

lent area of the coil.
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5.  RECAPITULATION OF THE 

THEORETICAL PART

5.1   Optimal operating conditions

・ Polarization effects.

・Non-ideal polarizers.

・Non-ideal modulators.

・ Presence of higher order modes.

・ Time-dependent temperature gradient.

・Mechanical stress induced effects.

・ Scattering from interfaces.

・Rayleigh backscattering.

・Kerr effect.

・ Faraday effect.

・ Light source problems.

・ Etc.

The above lists several error sources that must be dealt with

in order to achieve good performance. To overcome these prob-

lems,  optimal operating conditions can be established :

・ a single-mode reciprocal configuration using a single spatial-

mode and single polarization-mode filter at the common input-

output port of the interferometer.

・ a modulation biasing scheme with a reciprocal phase modula-

tor within the sensing coil.

・ a broad-band light source with a short coherence length.

・ PM fiber.

・ a closed-loop configuration operating the interferometer at

null.

・wavelength control.

5.2   State of art

After 20 years of research and development, the I-FOG is

now recognized as a crucial technology for many applications of

inertial guidance and navigation. Even though high grade gyros

for space applications are still under development, some moder-

ate grade commercial gyros are already mass-produced. The

prospect that I-FOG would replace mechanical and ring laser

gyroscopes in many applications has traditionally been the moti-

vation for continuing development of I-FOG technology. The

main advantages of I-FOG are : low-mass solid-state configura-

tion, long lifetime, high reliability, high dynamic range, ability to

withstand shocks and vibrations, large bandwidth, nearly instan-

taneous start-up and low power consumption. The main applica-

tions now deal with intermediate grade gyros (0.1 to 10û/h) : Atti-

tude and Heading Reference Systems for airplanes and heli-

copters, bore-hole survey,  robotics, car navigation systems aided

by GPS. As some of these markets are exceedingly price sensi-

tive, it has been questioned whether an I-FOG can be produced to

satisfy the technical and price requirements and this was the main

thread of the experimental part of our research.

6.  EXPERIMENTS OF I-FOG DERIVED

FROM JG-108FA

6.1   Performance and applications

An I-FOG can achieve various performance levels accord-

ing to its configuration: open- or closed-loop, fiber length, signal

processing, etc. Consequently, the I-FOG technology has a wide

field of applications that can be divided into three main grades :

inertial, intermediate and moderate as shown in Table 1.

JG-108 FA, made by JAE Ltd., is a moderate grade gyro

with analog output. Its performance can be defined as :

・Bias drift: 0.1 û/s max.

・ Scale factor stability :± 3 %.

・ Scale factor linearity :± 1 %FS (% per full scale) max.

・ Temperature range : from－ 20 ûC to +70 ûC.

・Dynamic range :± 100 û/s.

・ Sinusoidal vibration : 5G, 20 to 200 Hz.

・ Shock: 40 G, 11ms.

This low-cost moderate grade gyro is mainly used for angu-
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lar rate measurements in commercial applications: camera stabi-

lizer, auto-guided tractor, guidance and control for R/C heli-

copter.

A digital output version of JG-108 FA exists and is com-

mercialized as JG-108 FD.

6.2   Configuration

Fig. 14 shows the configuration of JG-108 FA. The required

dynamic range is not so wide, so an open-loop modulation has

been adopted. JG-108 FA is an all-fiber gyro with a Laser Diode

as light source and a PZT phase modulator.

All-fiber approach serves to simplify and to stabilize the

system. It eliminates the problem of tight alignment tolerances

and provides simplicity and packageability. All-fiber approach

usually provides very good signal-to-noise ratio and bias perfor-

mance, but the scale factor accuracy is limited in practice to

about 0.1%. To improve the scale factor, optical power level at

the detector, amplitude of phase modulation and phase difference

at the demodulator are carefully controlled by the open-loop sig-

nal processing circuit.

In this configuration of gyro, the production cost is mainly

raised by the working time necessary for 10 splicing points and

also by the cost of polarizer and depolarizers. If the splicing

points can not be suppressed in such an all-fiber approach, we

will study the real influence of polarizer and depolarizers in order

to propose a lower cost configuration of JG-108 FA for mass pro-

duction.

6.3   Components

(1) Light source

The main requirements for the light source are good spatial

coherence, low temporal coherence, sufficient output power to

achieve high performance. Depolarized gyros especially require

a lower coherence function of the light source. A LD provides a

spatially coherent light but its spectrum is composed of narrow

emission peaks due to the Fabry-Perot modes of the Laser cavity.

To reduce this temporal coherence, the LD should be driven

below threshold current but this reduces the output power and so,

increases the RIN (relative intesity noise). Another solution

simultaneously to get a good spatial coherence and a low tempo-

ral one is to use Super Luminescent Diodes (SLD) in which the

Laser effect is suppressed. The gain of these diodes is very high,

even without cavity effect. The first spontaneous emission pho-

tons are amplified by stimulated emission. The output wave is

generated in a narrow stripe and so, has a spatial coherence simi-

lar to the one of a LD. Fig. 15 shows the coherence functions of

LD and SLD measured at T＝ 25ûC.

Even if the LD is operated below threshold, its temporal

coherence is higher than the SLDÕs one; its second peaks due to

the Fabry-Perot modes are closer to the main peak and of higher

amplitude. Moreover, as regards to the production cost and to the

output power level too, present SLD technology seems to be the

appropriate choice for this gyro configuration. Nevertheless, for

the construction of our engineering model of JG-108 FA, we used

a 0.83Òm pulsation type LD. This LD fits the SM fiber for 1.3Òm

used in the sensing coil and is now on mass production as a key

component of compact disc technology. As the characteristics of

a SLD would be more appropriated to our application, the results

we will get with the engineering model will represent the worst

case of performance.

In such a depolarized gyro, we can expect the limitation of

polarization control to be the main error source. Therefore, to
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analyze the LD influence in this I-FOG configuration, we must

first evaluate its coherence function.

On the one hand, the coherence function of the LD increas-

es with the drive current since higher drive current leads to high-

er LD efficiency and so, higher Laser effect (cf. Fig. 16). On the

other hand, by reducing the drive current, we reduce the output

optical power and then increase the RIN. A compromise has to be

found between RIN and bias drift caused by high coherence func-

tion.

The LDÕs coherence function also depends on the tempera-

ture (cf. Fig. 17). For a given optical power, when the tempera-

ture increases, the LD efficiency decreases because of semicon-

ductor characteristics and then the temporal coherence of the

light source is reduced.

To achieve simultaneously low bias drift and low RIN, the

LD is driven by an APC (Automatic Power Control) circuit to be

operated with a power level of 0.25ÒW at the detector but, as it is

low cost configuration, no temperature compensation is neces-

sary.

The LD influence also depends on its wavelength stability.

The emitted wavelength varies with the temperature and the LDÕs

drive current. Wavelength instability generates variations of scale

factor. Using an APC circuit and no temperature compensation,

this configuration cannot reach a high scale factor stability.

Finally, another important characteristic of the light source

may be the polarization state of the emitted light. The LD we
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Fig. 17 Influence of the temperature on the coherence
(function: T＝－45ûC and T＝ 90ûC for If＝46mA.)

Fig. 16 Influence of the drive current on the coherence
(function: If＝52mA and If＝70mA for T＝ 25ûC.)
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used has a polarization degree P＝ 0.3 when If whereas present

SLD modules could easily provide a split power between the two

orthogonal axes (P<0.3).

(2) Sensing coil

The fiber coil is made out of 180m of SM fiber for 1.3Òm

with a cladding diameter of 125Òm, that is to say superior to the

standard diameter of gyro fibers, 80Òm. This SM fiber does not

allow to achieve the same performance as PM gyros and tends to

increase the volume of the sensing coil. Nevertheless, it meets the

requirements of moderate grade gyros and, what is more, mass

production for optical communications makes SM fiber a low

cost component.

The diameter of the coil is 61.5mm and the winding is con-

ventional solenoid technique instead of quadruple technique.

This conventional technique is less effective to reduce thermally

induced non reciprocities but results in a shorter working time

and, consequently, in a lower production cost.

Finally, the problem caused by the recorrelation peaks of the

LDÕs coherence function is not only solved by placing a SM fil-

ter between the couplers but also by bending the fiber. In that

case, the cut off frequency of the fiber decreases and only the fun-

damental mode can be transmitted.

(3) Heart of the interferometer

It consists of two SM couplers, two depolarizers, a polarizer

and a PZT phase modulator associated in an all-fiber approach.

The source coupler and the coil one are fused taped couplers. The

depolarizers are Lyot type depolarizers made out of PANDA

fiber. The fiber is cut so that the length ratio of the two parts is 2:1

and spliced again at 45û. Requirements for these depolarizers are:

・ To decorrelate the two orthogonal waves with a birefringence

induced delay.

・ To insure even splitting of the light between the two orthogo-

nal axes.

Lengths of depolarizers 1 and 2 are respectively 90cm and

180cm. This insures the decorrelation of the two orthogonal

waves. The polarization degree P of the light is defined with the

respective intensities of the polarization modes and should be

null for an even splitting of intensity between the two orthogonal

axes.

Ix－ Iy
P＝―. (18)

Ix＋ Iy

The polarization degree of the light at the output of the depolar-

izers varies with the splice angle accuracy and should be null for

45û. The depolarizers  of the engineering model we realized are

characterized by :

P1＝ 0.048

P2＝ 0.045.

The polarizer is made out of coiled PANDA fiber for polar-

izer. When this stress-induced high-birefringence fiber is coiled,

a differential curvature loss occurs between the two polarization

states and yields the rejection of one axis. The polarizer is a high

cost component in our gyro configuration. The one we used has a

power extinction ratio È2＝－40dB.

The PZT phase modulator is realized by winding a High-NA

SM fiber around a piezoelectric tube. This type of SM fiber has

very low bending losses. The tube diameter controlled by a dri-

ving voltage modifies the optical length of the fiber. The fre-

quency modulation of the PZT modulator is about 45kHz.

The heart of the interferometer is also composed of a detec-

tor but, for moderate grade gyros, the characteristics of this com-

ponent are not so critical since the gyro performance is not affect-

ed by a shot noise.

6.4   Tests and evaluation

(1) Method

Among the devices of the I-FOG, the interferometer, espe-

cially a depolarizer and a polarizer, costs a great deal because

splicing two fibers requires a time-consuming job. The aim of our

survey is to evaluate the influence of the two depolarizers and of

the polarizer on the gyro performance. Therefore, we studied the

gyro performance in four different cases of optical configuration.
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The first case was the general configuration and then, we

removed successively depolarizer 1, depolarizer 2 and the polar-

izer.

For each case, we measured the performance mainly in

terms of bias drift, scale factor and noise. Scale factor tests were

performed at 25 ûC, － 20ûC and 70ûC by rotating the rate table

through the set of fixed rates shown by Table 2. Bias stability

tests were performed in a thermal chamber by applying the ther-

mal cycle described by Fig. 18. No input rotation rate was applied

and a 5Hz low-pass filter was used to eliminate major part of the

short term fluctuations. During these tests, we also measured the

power level at the detector, the LDÕs drive current and other sig-

nificant voltage levels in the electronic circuit to estimate the effi-

ciency of the feedback loop. Noise represents short term instabil-

ity. It was studied by measuring the spectrum of the gyro output

without applying rotation rate, on a special support reducing

vibrations. So, this measurement is composed of the electronic

noise of the circuit and of the optical noise for the gyro at rest

under stable temperature. The frequency range of measurement

was from 1Hz to 1kHz.

No tests for bias stability and noise under vibration were

performed on this engineering model since the components were

not properly fixed.

Before each succession of tests, we measured the output

power level for the optical part of the gyro for a drive current

I f＝ 46mA (corresponding to P＝ 0.25ÒW without modulation

in the general configuration) and checked its stability when the

SM fiber from the coil or from the LD was bent. In that way, we

could observe the influence of the depolarizers and of the polar-

izer on the optical power level and its stability. Then, we adjust-

ed the feedback circuit and measured the LDÕs drive current. This

drive current has a low limitation and a high one respectively due

to the LD and to the feedback circuit.

(2) First case

First, we measured the performance of the general configu-

ration of JG-108 FA (cf. Fig. 14) as reference for other cases.

The requirements for the scale factor are:

・ temperature stability:± 3%.

・ linearity error:± 1%FS.

This first configuration meets the scale factor requirements (cf.

Table 3 and Fig. 19).

During bias test, we measured the LDÕs drive current. It var-

ied from 37mA at － 20ûC to 61mA at 70ûC. This variation yields

a wavelength change (cf. Fig. 20) which is the main cause of the

scale factor temperature instability. This variation of scale factor

can be evaluated by:

1 1
―－―
(T) (T0)»SF(T, T0)＝―― (19)

1
―
(T)
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Using the data from Fig. 20, we can estimate that, if the scale

factor depends only on the wavelength, in the best case, we can

achieve a scale factor stability of about ± 1.37% (cf. Table 4).

The comparison between Table 3 and Table 4 indicates that

the scale factor temperature stability is actually in the order of the

scale factor variation caused by the wavelength change. Never-

theless, the scale factor does not depend only on the light source

wavelength. It may be influenced by a change of the coil area due
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to temperature variation and also by the feedback loop perfor-

mance, that is to say, stabilities of the output power level, the

phase modulation amplitude and the phase shift at the demodula-

tor. As regards to that point, we can notice in Fig. 20 (left) that the

gain of the APC loop is higher for － 20ûC than for 70ûC and this

may explain why the scale factor temperature stability is better

for － 20ûC than for 70ûC.

The bias drift observed over the thermal cycle was 0.03û/s.

This value meets the requirements of JG-108 FA as the bias drift

less than 0.1û/s (cf. Fig. 21).

Fig. 22 shows the spectrum of the gyro output measured on

a vibration reducing table without applying rotation rate. These

measurements are not used to check the noise requirements since

they don't take into account the vibrations of the gyro under nor-

mal operating conditions, but we shall use them to compare the

noise characteristics in the four different configurations. In this

first case, we can already notice a 100Hz low-pass filter in the

electronic circuit.

Table 5 should be used to translate the gyro noise from dB to

û/s peak to peak in figures 22, 27 and 30 and the gyro noise from

dB to V in figures 22, 23, 27 and 30.

Figures 23 and 24 represent respectively the electronic noise

of the gyro and the noise of the measurement equipment. So, we

can assume that, in the general configuration at rest, major part of

the noise is not optical noise.

We can check the noise requirements on the data taken dur-

ing bias test and confirm that this gyro presents a noise less than

0.04û/s for f < 5Hz at rest and under stable temperature (produc-

tion requirements : noise inferior to 0.08û/s with 5 Hz low-pass
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filter, gyro at rest and under stable temperature).

After the assembling of the gyro optical part, we measured

the optical output power P＝ 0.22ÒW when If ＝ 46mA and

checked that this power was constant when the SM fiber from the

coil or from the LD was bent. After the adjustment of the feed-

back circuit, the drive current was 45.8 mA.

(3) Second case

For this second case, we removed depolarizer 1 (cf. Fig. 25).

The polarization degree of the light emitted by the LD for If＝ 46
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mA is P＝ 0.3 which corresponds to a power ratio between the

orthogonal axis equal to 2:1 and, when passing through SM fiber,

this light may undergo unpredictable evolution. This polarization

evolution of the light entering the polarizer yields variations of

the optical power and may even generate signal fading. The role

of depolarizer 1 was to provide depolarized light to the polarizer’

s input, that is to say, to avoid signal fading and to stabilize the

optical power. Nevertheless, concerning optical power stabiliza-

tion, we must notice that the APC circuit is already used and so,

depolarizer 1 is only necessary to avoid large variations of opti-

cal power.

For this second case, scale factor temperature stability and

linearity error are quite similar to those measured for the first

case and they meet the requirements of JG-108 FA (cf. Table 6).

As a matter of fact, the drive current increase from 36mA at －

20ûC to 72mA at 70ûC and the correct operation of the feedback

loop should have generated a scale factor temperature stability

equivalent to the one in the first case. The scale factor stability is

slightly better in the general configuration but this result may be

explained by the imprecision of the rate table. To make sure that

this result needs to be explained, we should have performed

repeatability tests that are not required for moderate grade gyros.

Anyway, this result confirms that depolarizer 1 is not so useful to

achieve a stable power level.

The bias drift in this second configuration is 0.02 û/s, even

slightly better than for the first case (cf. Fig. 26). This result con-

firms that depolarizer 1 is not useful for polarization error con-

trol.

Fig. 27 represents the noise at the gyro output. By compar-

ing figures 22 and 27, we can notice that the removal of depolar-

izer 1 does not yield any additional output noise. Nevertheless, an

in-depth survey of this gyro performance should perform vibra-

tion tests and, at that time, we might observe additional noise for

the second configuration. Finally, the data taken during bias test
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confirm that this configuration meets the noise requirements of

JG-108 FA.

After the assembling of the gyroÕs optical part, we measured

the optical output power P＝ 0.248ÒW when I f＝ 46mA. This

output power is a little bit higher than for the first case. It slight-

ly varies when the SM fiber from the LD is bent but we did not

observe signal fading. So, the removal of depolarizer 1 did not

yield so significant power fluctuations; the polarization degree of

the light reaching the polarizer is not so high. After the adjust-

ment of the feedback circuit, the drive current was 43.1 mA, so

the operating point of the feedback loop was quite similar to the

general configuration one.

(4) Third case

For this third case, we removed depolarizer 2 (cf. Fig. 28).

The polarization state of the light entering the coil is linear and it

may undergo unpredictable evolution when passing through SM

fiber. This polarization evolution within the coil generates polar-

ization errors and fluctuations of the power level at the detector.

The role of depolarizer 2 was to provide depolarized light to the

coil.

The scale factor linearity error still meets the requirements

of JG-108 FA but the scale factor temperature stability was dete-

riorated in this third case (cf. Table 7). We can check that this

degradation is not due to the wavelength change but to the feed-

back circuit that does not manage to exactly compensate the

effects of polarization variations. As a matter of fact, the feed-

back loop was not able to insure stable power level at the detec-

tor and phase matching between detected signal and reference at

the demodulator. In this open-loop configuration, the scale factor

varies linearly with the power level. So, we can guess that this

instability is the main cause of degradation of the scale factor sta-

bility.

The bias drift is 0.63û/s and sinusoidal drift appeared during

temperature ramping (cf. Fig. 29). This bias drift does not meet

the requirements of JG-108 FA because the reduction of polar-

ization control within the SM coil increased the polarization

errors. This result emphasizes the necessity to feed a SM coil

with a depolarized light averaging the polarization errors.

From Fig. 30, we can assume that the removal of depolariz-

er 2 does not generate any additional noise when the gyro is at

rest.

Nevertheless, we can guess that this gyro is very sensitive to

time-dependent mechanical stresses. As a matter of fact, after the

assembling of the gyro optical parts, we measured the optical out-

put power P＝ 0.462ÒW when If＝ 46mA. This power is higher
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Fig. 28 Third configuration
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than the one in the second case but it varies when the coil fiber is

bent.

If the noise requirements are matched according to the bias

test data, vibration tests should prove that this configuration has

a low environmental ruggedness. After the adjustment of the

feedback circuit, the drive current was 33.6mA. It still corre-

sponded to a suitable operating point of the feedback circuit.

(5) Fourth case:

For this fourth case, we removed the polarizer (cf. Fig. 31).

The polarizerÕs leads act as a SM filter and the polarizer provides

linearly polarized light to the SM coil. As a consequence, when

the polarizer is removed, polarization errors as well as reciproci-

ty errors are generated.

After the assembling of the optical part, we measured the

optical output power P＝ 2.35ÒW when I f＝ 46mA. This high

power level may have required to adapt the circuit gain during the

adjustment of the feedback loop but, as it will be proved by the

bias test results, this configuration presents too low performance,

even when the feedback loop is properly operated, so we did not

change the circuit gain. We checked that this optical power level

was significantly changed when the fiber from the coil or from

the LD was bent. So we can guess that this configuration could

not stand mechanical stresses and vibrations.

The bias test confirms that this gyro configuration is too

basic to provide suitable performance (cf. Fig. 32). As a matter of

fact, the bias drift is about 50û/s as long as the APC circuit man-

ages to control the power level at the detector and then reaches
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310û/s when the APC does not manage to compensate the effects

of temperature ramping. This configuration cannot be used as a

gyro if the temperature is not stable, but this case clearly demon-

strated the necessity of a minimum control of the polarization

state within the SM coil. For that reason, we could not character-

ize any scale factor in this case.

6.5   Discussion
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Fig. 30 Spectrum of the gyro's output: case 3

Fig. 31 Fourth configuration.
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The comparison of these four different configurations of

gyro confirms the importance of polarization control on the depo-

larized gyro performance.

From a theoretical point of view , we can suppose that the

phase error generated by polarization errors in the optical part of

such a gyro is given by:

Íe＝KÈP (20)

with K: constant

È: amplitude extinction ratio of the polarizer

P: polarization degree of depolarizer 2.

In this case, the rate error is given by :

Re＝SF× Íe (21)

c
where SF＝― is the Sagnac scale factor (l is the length of

4ÛRl
coil).

Table 8 summarizes the expected results based on this

hypothesis and the bias drift data. With K＝ 0.3, the third and

fourth columns are proportional except for the fourth configura-

tion. This validates our hypothesis except for the last case which

presents an additional bias drift caused by defects in the modula-

tion and demodulation processes when the APC circuit is no

longer efficient. Nevertheless, we should notice that, as long as

the APC loop properly compensates the effects of polarization

state evolution within the coil, this hypothesis is available : bias

drift about 50û/s for the fourth case.

7.  CONCLUSION

We would compare the perfomances in four different cases and

try to establish a production cost / performance balance, and con-

clude as follows :

1. The fourth case cannot be considered as a gyro.

2. The third one suffers from a drastic degradation of perfor-

mance compared with the general configuration and the slight

reduction of its production cost does not compensate so low

performance.

3. The second configuration demonstrated performance equiva-

lent to those of the general configuration and reduces the pro-

duction cost by the removal of depolarizer 1. In that case, we

subtract from the production cost the price of one depolarizer

made out of PANDA fiber and also the working time corre-

sponding to two additional splicing points. Vibrations and

shocks withstanding tests were not performed on our engineer-

ing model but they are necessary before applying this configu-

ration to production. Nevertheless, as bias test data revealed

similar behaviors for the two first configurations during tem-

perature ramping, we can trust in the vibrations and shocks

withstanding of this second configuration. Moreover, a degra-

dation of vibrations and shocks withstanding would be due to

the lack of polarization control in the SM fiber from the LD.

So, by tightly fixing this fiber, we could reduce vibrations and

shocks sensitivity. Another necessary step before applying to

mass production is to establish the distribution of optical com-

ponents performance so as to make sure that this case is actu-

ally representative of the average performance. As future pro-

duction model of JG-108 FA will use SLD module instead of

LD, by operating the SLD at low power level, we might

achieve higher light source performance that is to say lower

temporal coherence and more evenly split optical power

between the two orthogonal axes.

So, finally, this second case seems to be a good candidate for

next generation of a low-cost moderate grade I-FOG.
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