Université de Neuchitel
Institut de Microtechnique

Reciprocal interferometers for fiber
optic Faraday current sensors

These

Présentée i la Faculté des sciences

pour obtenir le grade de docteur &s sciences

par

Guido Frosio



IMPRIMATUR POUR LA THESE

Reciprocal. Interferometers for Fiber Optic. .

Faraday..Current Sensoms ... oo

de Mynsieur. Guido Frosio.... ... e, e

UNIVERSITE DE NEUCHATEL

FACULTE DES SCIENCES

La Faculté des sciences de I'Université de Neuchétel
sur le rapport des membres du jury,

Messieurs. R...Ddndliker,. N..de Rooij,

Ph...Robert (EPF-Lausanne)..et.H.. Brindle. ...

autorise I'impression de la présente these.

Neuchatel, le ... 15 juin. 1992 .o

Le doyen:

[ 12t

A. Robert



ABSTRACT

In the present work, two types of reciprocal interferometers for the detection of the Faraday
effect are theoreucally and experimentally investigated and compared. The first one is a Sagnac
interferometer and the second one is a reciprocal reflection interferometer. Special emphasis is
given to the effects of non-ideal behavior of the different polarizadon sensitive clements.

An all-fiber Sagnac current sensor has been realized and successfully tested. Fiber optic
elements, such as ali-fiber quarterwave loops, all-fiber polarizers, polarization maintaining fiber
couplers and pigmiled laser sources, have been used. In a first experiment the sensing coil had
the form of a helix surrounding the electrical conductor. Another all-fiber Sagnac carrent
sensor, based on a cormmercial fiber aptic gyroscope, has been realized and tested. A 20 turn
fiber coil with a diameter of 345 mm was used. The ultra-low birefringence fiber of 80 um
diameter was mechanically twisted at the rate of 10 tums/m. Perfect linesarity berween the
detected Faraday phase shift and the 75 Hz ac current was measured from 10 A o 800 A. The
detected phase noise aroqunts to about 10 pradHz, which is equivalent to a detected curren:
naise of 0.1 A/Hz. Very good stability and wmperature behavior have been abtained (relative
current error smailer than 2 %e between 20 °C and 80 °C). Some problems remain at low
temperatures (< 0° C) due to technological problems in the realizadon of the sensing coil. This
"gyro-current sensor” shows how the development of fiber aptic current sensors can benefit
from the well established fiber opiic gyroscape technalogy.

The reflection interferometer looks like one half of a Sagnac interferometer. It uses twa ca-
propagatng arthogonal modes which are reflected at the end of the fiber sensing coil, which is
connected 10 the ground level by a polarization maintaining hi-bi fiber. Between the sensing coil
and the hi-bi fiber a quarterwave loop transforms the two orthogonal linear polarizations into
arthagonal circolar polarizations and vice-versa. The combination of the hi-bi fiber, the
quarterwave loop, and the mirror results in a perfectly balanced reciprocal interferometer. After
a total round trip in the interferometer the only phase shift between the two palarizations is
caused by the Faraday effect, The reflected light is detected at the output arm of a fiber coupler.
The effects of polarization ¢ross-coupling due to non-ideal elements are eliminated by using a
low coherence source, Non-reciprocal phase moduiation is necessary o get optimum detecticn
of the Faraday phase shift. This non-reciprocal modulation is performed by an all-fiber
birefringence modulatar. The reflection interferometer using nen-reciprocal phase modulation
has been realized and succesfully tested. The sensing element was a picce of straight fiber of
ultra-low birefringence type. The magnetic field was produced by a 100 tum solenoid. Perfect
linearity between the detected Faraday phase shift and the 75 Hz ac current was measured from
0 A 10 40 A, The detected current noise amounts to about 0.015 A/NHz,

From the comparison between the Sagnac and the reflection configuration it appears that, for
similar performance, the secand needs less fiber optic elements and half the number of splices.
This is an important advantage for the industrial production of current sensors. The rnodulated
detector signals are identical for the Sagnac and the reflection configuraton. This permits to use
" the same electronic signal processing for both configurations.
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1. INTRODUCTION

All-fiber current sensors, based on the magneto-optic Faraday effect (rotadon of the polarizadon
plane by a longitudinal magnetc field), have been proposed as an altemative to convendonal
transformers in measurement, fauli diagnostic and proteciion on high voltage lines, The main
advantages are: insensitivity to elecromagnetic interference, higher dynamic range, wide
bandwidth and reduction of insulation problems, Morcover, this type of sensors does not
require a power supply for HV-installed parts, are lightweight and well suited for harsh
environments.

For years many research groups have been involved in the development of the all-fiber Faraday
current sensors, These sensors are today in a research and early development stage.
Applications of these sensors have so far been limited to laboratory instruments and plasma
current research, Field mials have been carried out only under very carefully controlled
conditions.

The major difficulty is bend-induced and inginsic birefringence in the fiber which is wound
around the electrical conductor. This birefringence changes the polarization state and guenches
the Faraday effect. Early laborziory types of fiber optic current sensors were made of
convenronal telecommunicadon guality single-mode fibers. Linear birefringence in this fiber
can be suppressed by twisting the fiber to introdnce circular birefringence. Low-birefringence
type fibers have been developed. however, the so called spun fiber still suffers from sess
indoced birefringence, cansed by coiling and vibrations, A new type of fibers exhibiting high
circular birefringence has been recently developed. However, this fiber, called hi-bi spun fiber,
has to be improved, specially for its circular polarization maintaining capability and its thermal
sensitivity. Low-birefringence fibers which are subjected (¢ 2 mechanically wist maintained by
the cladding have been developed recently, but their properties have to be improved further. An
aliernative approach is to remove the bend-induced birefringence by annealing. Coils are wound
in the desired form, heated to about 900 °C for approximately 24 hours, and then cooled
slowly. With this technique the linear birefringence is nearly eliminated.

The Faraday effect can be detected using polarimetric or interferometric configurations.
Basically, the polarimetric method consists of measuring the Faraday rotation by using a
polarizing beam splitter at the fiber output. Two balanced signals are obtained and electronically
processed in order to obrain the Faraday rotation. Compensation of reciprocal polarimetric
effects is obtained by using a sensing fiber coil with a mirror on the far end and detecting the
return wave at the input end. In this case the non-reciprocal Faraday effect is doubled and
reciprocal birefringence effects are compensated for the most part.

The non-reciprocal Faraday phase shift, obtained between two arthogonal circular polarizations
propagating in the same direction or between two counter propagating circular polarizations
with the same handedness, ¢an in principle be determined by a variety of interferometric
configurations. When both circular polarizations have the same optical frequency, this is
referred (0 as homadyne detecdon. In this case the Faraday phase shift can be recovered by
using classical phase modulation 1echniques. Heterodyne detection, where the two circular
pelarizations have different opdcal frequencies, provides direcily the Faraday phase shift,



regardless of fluctuarions of the optical power, launching efficiency and detector responsivity.
The Faraday signal, which modulates the phase of the carrier oscillating at the beat frequency,
i5 obtained from the detected optical signal using a FM discriminator or, if a reference signal is
available, a phasemeter. Reciprocal interferemeters, like the Sagnac interferometer and the
refiecton interferometer, permit to cancel 1o a large extent the unwanted reciprocal effects due to
residual birefringence in the fiber, whereas the non-reciprocal Faraday effect remains.

In the present work, two types of reciprocal interferometers for the detection of the Faraday
effect are theoretically and experimentally investigated and compared. The first one is a Sagnac
interferometer and the second one is a reciprocal reflection interferometer.

The fiber opuc Sagnag interferometer is weil known for its applicadon as a gyroscope. It is only
sensitive to non-reciprocal effects, such as the Sagnac effect or the Faraday effect. Therefore it
is a good candidate for current sensing applications. An all-fiber Sagnac current sensor has
been realized and successfully tested. Fiber optic elements, such as all-fiber gquanterwave loops,
ail-fiber polarizers, polarization maintaining fiber couplers and pigtailed laser scurces, have
been used. In a first experiment the sensing coil had the form of a helix aronnd the electrical
conductor. This helical coil had been used previously in a fiber optic current sensor working in
transmission and using heterodyne detecton. The geometrical torsion of the helix provides an
elegant way to compensate the perturbing effects of the bend-induced linear birefringence.
Anather ali-fiber Sagnac current sensor, based on a commercial fiber optic gyroscope, has been
realized and tested, This "gyro-current senscr” shows how the developmen: of fiber optic
current sgnsors can benefit from the well established fiber optic gyroscope technology.

To the best of our knowledge, it is for the first time in this work that a wuly reciprocal reflection
interferometer is reparted. This interferometer looks like one half of a Sagnac interferometer.
The reflecdon interferometer uses two co-propagaring orthogonal modes which are reflected at
the end of the fiber sensing coil, rather than two counter-propagating modes of the same
polarization, as in the case of the Sagnac interferometer. The sensing coil is connected 10 the
ground level by a polarization maintaining hi-bi fiber. Between the sensing coil and the hi-bi
fiber a quarterwave loop transforms the two arthogonal linear polarizatians into orthogonal
circular polarizations and vice-versa. The combination of the hi-bi fiber, the quarterwave loop
and the mirror results in a perfectly balanced reciprocal interferometer. After a total round trip in
the interferometer the only phase shift between the two polarizations is caused by the Faraday
effect, The reflected light is detected at the output arm of a fiber coupler. The effects of
polarization cross-coupling due to non-ideal elements, such as the sensing coil, the quanervave
loop, the hi-bi fiber, ¢tc, are eliminated by using a low coherence source. Non-reciprocal phase
modulation is necessary to get opdamum detecdon of the Faraday phase shift. This non-
reciprocal modulation is performed by an all-fiber birefringence modulator. To be independent
of the polarizatior properties of the coupler, the rwo reflected orthogonal medes are made (o
interfere before this coupler. This is achieved by inserting a linear polanzcr between the coupler
and the modulator.

From the comparison between the Sagnac and the reflection configuration it appears that, for
similar performance, the second needs less fiber optic elements and half the number of splices.
This is an important advantage for the industrial production of current sensors. The modulated
detector signals are identical for the Sagnac and the reflecdon configuradon. This permits to use
the same electronic signal processing for both configurations.



2. THE FARADAY EFFECT IN SINGLE MODE FIBERS

21. The Faraday effect in a non-birefringent fiber

When linearly polarized light passes trough a transparent material of length L located in a
magnetic field H the direction of the linear polarization is ratated by the angle

gr=V [H,dz, @.1.1)
L

via the acton of the magneto-optic Faraday effect. H; is the magnetic field component in the
direction of the light beam. The Verdet constant V is determined by the magnetic properdes of
the material. In diamagnetic materials V is very small but not function of the temperatre,
whereas in paramagnetic materials it is usually somewhat larger but always dependent on the
temperature. Because of the temperature independence of the Faraday rotation, diamagnetic
materials, such as silica, are more suitable for the use as sensor material in curment measurement
applications. The Verdet constant for diamagnetic materials varies proportionally to A~2 for
wavelengths A >> Ag [Ros65], where Ag is the wavelength of the absorption resonance. For
pure amorphous silica [Pal85] A9 =0.118 um and V = 5.54 prad/A at A = 850 nm. Due to
the small Verdet constant of these materials, the main problem is 1o make the light path L long
enough to obtain a sufficienty large rotaton. As shown in Fig. 2.1 silica single mode optical
fibers are well suited to provide a long light path. Typical values of the Verdet constant for a
silica fiber are (Don88}: V = 4.4 prad/A at 633 nm, V = 2.6 urad/A at 820 nm, V = 1 prad/A
at 1300 nm. In diamagnetic materials, the relaxation time constant of the Faraday effect falls in
the sub-nanoseconds range [VoiQ8).

Electric
Irput current [

polarization

N turns fiber coil

Cutput
polarization

Figure 2.1 Faraday effect in a non-birefringent fiber.



In Fig. 2.1 it is assumed that the fiber exhibits no birefringence, in other words the polarization
remains linear along the opdeal path. Applying Ampere's circuil theorem, the magnitude of the
final polarizaton rotadon becomes

¢F = VNI, (2.1.2)

where I is the current carried by the electrical conductor and N the number of dmes the fiber
loops around the conductor. Equation (2.1.2) is valid regandless of the size or the shape of the
loops. The conductor may thus vibrate without affecting the amount of the Faraday rotaton.

2.2. Non-reciprocal behavior of the Faraday etffect

The Faraday effect is nonreciprocal, this means that if the polarization rotation through an
optical clement is @F, then on passing back through the element the light polarization is rotated
another @f in the same direcdon, If the effect were reciprocal, the two rotations would cancel
out. The polarization state of a light wave can be represented using the well known Jones
vectors [Jond1]. Usually in the literature a linear basis is chosen to describe the Jones vectors,
as shown in Fig. 2.2.a. However, depending on the involved phenomena, other polarizadon
basis can be more appropriate. For instance, as shown in Fig.2.2.b, the circular basis is well
suited when dealing with polarizaton rotadonal effect [Dan92].

¥ y
Forward - Backwand
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— —
=]
. . 2
ZHK

a) Lingar basis

Backward
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Figure 2.2 a)Llinear polarization basis for forward and backward propagations.“)el and‘a = basic linear Jones
vcclors._’and indicate propagarion in the direction of +z and in ~2, respeciively, b} Circular
polarizmion basis for forward and backward propagmions, TE'; and E, = hasic circular Joncs
vectors, Kk and k' are the propagation vectors for forward and backward propagation, respectively.



2.21. Linear hasls representation

In this representadon the Faraday effect is described by a roiation g of the two basic linear
polarizations. Due 1o the non-reciprocity, the rotation is @F for both forward and backward

directions.
222 Circular basis representation

In this representation, a polarization state is represcnted by a linear combination of the two
crthogonal basic circular polarizations. Rotational effects (or optical activity) expressed in a
circular basis result in 2 phase shift 2¢F between these two basic polarizations. For reciprocal
ratational effects the phase shifts in the forward and backward direction will cancel (total phase
amounts to zero), whereas for the Faraday effect they are cumulative (total phase shift = 4¢gp).

2.3. Jones matrices of different fiber configurations

The polarization properties of an optical element can be described by its Jones Matrix [Jond1].
The Jones matrix of a piece of single mode fiber can be derived using coupled-mode theory.
This approach is well suited to describe the superposition of different perturbations in single
mode fibers, given by their respective dielectric tensors, which will change the polarization
properties of the fiber. Jones matrices for forward and backward propagations and for different
fiber configurations (twisted, spun, helical) in presence of Faraday effect have been obtained in
circular basis representation [Dédn92]. This representation is well adapted when dealing with the
Faraday effect, which is a rotational effect. However, to describe the polarization properties of
complex systems, such as interferometers for current sensors, contzining elements which
maintain the linear polarization (hi-bi fiber, hi-bi coupler, etc.), the linear basis representation is
better suited. Therefore in the following, the Jones mamices given in the circular basis
represcatation will be transformed into the linear one. The Jones veciors are defined as column
vectors for both forward and backward propagations which is in agreement with the convention
adopted by Birks er al. {Bir88). This results in backward Jones matrices which are different
from those obtained by Jones himself [Jon41], who defined column vectors for forward
propagacon but row vectors for backward propagation. Since all considered perturbations are
assumed to be loss-free, the resuiting Jones matrices A are unitary and take the form

A —B* ) '
A=(B A*) with Det(A) = A2 + B2 =1, (2.3.1)

If A represents the Jones matrix in a circular polarization basis, the corresponding manix ain a
linear basis is given by

R i —Im [A}+iR
(e{A}ﬂlm [B) ~im {A}+ 8{31)1 (2.3.2)

—h*
2= a*)= Im [A}+iRe {B) Re [A)-ilm (B]

where Re {X} and /m [X) denote the real and imaginary part of X, respectively, Convarsely
the circular representation is obtained from the linear one by



=(Re {a}+iRe (b} —Im {b}+iim lal). (2.3.3)

Im {b}+iIm {a] Re [a]-iRe (D]
2.3.1. Reciproca! properties of the Jones matrices
For forward and backward propagation the Jones matrices are noted X and X , respectively. In

circular representadon and if there is no Faraday effect, which is non-reciprocal, the Jones
matrix in forward and backward propagation are related by [Din92)

A=AT, (2.3.4)

- - , .
where AT is the transposed of X Note [hati = AT is5 only true in a circular polarization basis.
Equation (2.3.4) represents the condition for reciprocity. In presence of Faraday effect Eq.

(2.3.4) no longer holds, however any Jones matrix may be decomposed in its reciprocal and
non-reciprocal part in the following way [Ulr82)

A=A +Ay. (2.3.5)

-5
where the reciprocal part A r satisfies Equ. (2.3.4), whereas the non-reciprocal part Agr
satisfies

A =-AnT . (2.3.6)
- — - A
Ay and Apyr can be obtained from A and A using

=l ®+AD and An=iR-AD. 23.7)

‘K; andim can be obtained from (2.3.7) using Egs. (2.3.4) and (2.3.6). In linzar polarization
basis, using Eqs. (2.3.2) and (2.3.3), the reciprocity condition given by Eq. (2.3.4) becomes

a -b
‘E:(b* a*)= 24, (2.3.8)

where 34 is @ with its off diagonal elements complex conjugated. Equation (2.3.8) represents
the reciprocity expressed in the linear polarization basis. Like in circular polarization basis a
can be decomposed in its reciprocal and non-reciprocal part as

nra (2.39)

where _a', satisfics Eq. (2.3.8), whereas E'm- is such that

For=—2n. (2.3.10)



Again arand g may be expressed in terms of 2 and ‘E, namely

@+59 ad  FueyE@-T4. 2.3.11)

B —

-
ar=
= — .
arand apr ¢an be obtained from (2.3.11) using Eqs. {2.3.8) and (2.3.10).

2.3.2. ldeal fiber

Here an ideal fiber is thonght of as a fiber which exhibits neither linear nor circular
birefringence, the only perturbation the fiber undergoes is the Faraday effect. The fiber loops N
times around a conductor which carries a current I Under these conditions, the Jones mamices

for forward and backward propagation are, expressed in the circular polarization basis,

S o 9F 0
d- _ and €= L (23.12)
0 ¥ o e

where @F is given by Eq. (2.1.2), that is @ = VNI Using Eq. (2.3.2) leads 1o the
representations in the linear polarization basis

COSQF singF COSPE —SINQE
oo PR SMF 4 [ COSPF TSIROR ) 23.13)
—SinQF cOSQE sinpr  cosQE

For this simple case it is worthwhile to evaluate the reciprocal and non-reciprocal parts of the
Jones matrices, with the help of the equations given in Section 2.3.1. For the circular
polarization basis one gets

10 : -10
6,=E,=cos¢p(o ]) and Em=—Em=isin(pF( a ]), (23.14)
and for the lincar one
10 01
—'r=(¢?, =costps(0 l) and E’m=-(:?m-= simpp(_l 0) . (2.3.15)

This example shows that the Jones matrix of the Faraday effect, which is non-reciprocal, has a
reciprocal part which differs from zero. On the other hand, reciprocal effects always have jones
mamices with nan-reciprocal parts equal to zero.

2.3.3. Twisted fibar

In twisted fibers an optical activity, or circular birefringence, is produced by mechanical
torsion. In addition, a linear birefringence. e.g. induced by bending due to coiling, may be
present. If the fiber, considered as a curved line in space, lies in a plane, there is no geometrical
torsion, It is assumed that the twist, the bending and the magnetic field are constant along the



fiber. In the circular polarization basis the resulting forward and backward Jones matrices in
presence of Faraday effect are then {Din92]

cosyd - iVHZ"-Es sinyd ul sinpd
C- v ! 5 and (23.16)
v
2 sinyd cosyd i Hot sinyd
N
cosyd + iVHz-s siny'd ul sinyd
y Y
C-= v 5 , (23.17)
VH.—
2 sinyd cosyd —i Hz siny d
Y Y
with
v=v{(VH+ §)2 + 12 (2.3.19)
and

¥ =‘K(VH1~ 5H2+n2 . {2.3.19)

Here H, is the magnetic field along the fiber axis, V the Verdet constant, d the fiber length, &
the twist induced oprcal activity and 7| the bending induced linear birefringence. For a circular
fiber loop of radius R around the current I, as shown in Fig. 2.3, one gets for the circular
birefringence due to the Faraday effect

VH, = VI/2rR . (2.3.20)

Light

Figure 2.3 Magnetic field produced by a current | on a fiber loop.

in the same geometry & and 1| are given by [Ulr79, Ulr80, Din92)



8 = ng(pr2—p11)TH = gT12 | (2.3.21)
and

. E r? 112

n =(m03/4)(qn-qmiﬁ=hxﬁ . (2322

where A is the wavelength, ng is the effective index of refraction of the fundamental mode in the
fiber without perturbation, p;j and gjj are the photo-elastic and piezo-optic coefficients, E is the
Young's modulns, T is the twist rate (twist angle per unit length), R is the radius of curvature
of the bending and 2r is the onter diameter of the fiber. For silica fibers one has typical values
of g=0.16 and h =0.43,

From Egs. (2.3.2), (2.3.16) and (2.3.17) the forward and backward Jones matrices in linear
polarization basis are found to be

VH,+&

cosyd + in sinyd sinyd
Y
T= Y and (2.3.23)

H+8

v
- sinyd cosyd - in- sinyd
Y Y

-VH,
cosyd + ill' siny'd |Z+a siny'd
Y

e _ . , (2.3.24)
-VH
TR0 d cosTd—iﬂ’sin}’d
Y

For VH; ={) one geis E = 87 and T = ?", which confirms reciprocity (ef. 2.3.1.).

For 1 = 0 the matrices simplify to those of an optical activity with a reciprocal (8) and a non-
reciprocal (VH;) part, namely

- c——i (6+VHd 0 - c-—i (6-VHd 0
= and C= , (2.3.25)
0 ci(5+VH,)d 0 ci(S—VHz)cI

-
c =

[cos(ﬁ«tVHz)d sin(5+VHz)dJ - { cos(8—VHd sin(d-VHd
and ¢ =

. (2.3.26)
—sin(8+VH)d cos(8+VH)d -sin(§-VH)d cos(S—VHz)dJ

This also means that a twisted fiber can be considered as a circular polarization maintaining
fiber (medium with high optical activity) as long as 8 >> 1, i.e. if the twist induced circular
birefringence is larger than the expected linear birefringence due o external perturbations of the
fiber, such as bending or squeezing. Typical values for silica fibers at 633 nm are & = 15 rad/m



10

and 1| = 1.21 rad/m for a fiber onter radius of r = 40 um, a twist rate of T = 302x rad/m and a
bending radius of R =30 mm.

234. Spun tiber

Spun fibers are procuced by spinning birefringent fibers during the drawing process. The iocal
properties are characterized by the linear birefringence and the rotation tate of the principal axis,
corresponding to the spin rate. When the local birefringence is small (residual birefringence),
the fiber is referred to as an "uitra-low birefringence” fiber [BarBl], whereas when the
birefringence is large (voluntary introduced swess- or shape-induced linear birefringence), it is
referred to as an “spun high-birefringence” or "cicular-polarization maintaining™ fiber [Li87]. In
a high-birefringence spun fiber the axes of the birefringence 1 rotates at a spin rat¢ o. Itis
assumed that the birefringence, the spin rate and the magnetic field are constant along the fiber,
In the circular polarizadon basis the resulting forward and backward Jones matrices in presence
of Faraday effect are then {Din92)

(wostd — i T2 Ginydje—iod (i sinydye—iod
Y Y
C-= 2.3.27)
(iE sin}d)t:"”fl (cosyd + iVHZ_OL sinyd)e' %4
Y
and
(casyd +1 L2 Ginyye-iad 2 sinydyei®d
- ¥ Y
C= ; (2.3.28)
G2 sinyd)e-ied (cosyd - iVHz‘+0t sinyd)ei®d
Y Y
with
¥=Y(VH;- 0)2 + 02 (2.3.29)
and

Y =V (VH .+ 0)2 +n2 . (2.3.30)

Setng VH; = 0 leads again to E = ET, which confirms reciprocity (cf. 2.3.1.). From Eqs.
{2.3.27) and (2.3.28) the forward and backward Jones matrices in linear polarization basis can
be found through Eq. (2.3.2).

The Jones matrices for spun fibers are very similar to those for twisted fibers, however there is

a fundamental difference: Far zero birefringence ( = 0, ¥ = VH; £ @) the rotational effects of
the fiber, which are purely geometrical, disappear and only the Faraday effect remain. On the
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other hand, for sinyd = 0 the above mauices simplify to those of an optical activity egunivalent
to o.

For slow rotation of the birefringence, i.e. for & <<, a spun fiber behaves like a linear
polarization maintaining fiber. This can be seen from the Jones matrix, for o << 1] and
VH, << 1, applied 10 the two orthogonal linear input polarizations parallel to the input local
birefringence axis. In this case the ontput polarizations are still lingar and orthogonal, but
rotated by an angle ad and with an additional phase of +nd. comesponding to the retardation of
the fast and the slow axis, respectively. For hi-bi or linear polarization maintaining fibers the
value of 1 is commonly characterized by the beat length Ly = =/m. Typical values are
Ly = 3 mm, corresponding to a linear birefringence of 1 = 103 rad/m.

For fast rotation of the birefringence axes, i.e. for o >> 1, & spun fiber behaves rather like a
circular polarization maintaining fiber. In this case, and if & >> VH;, the Jones matrices
simplify to those of an optical acovity with a reciprocal {p = m%2¢) and a non-reciprocal
(VH,) pan [Di#n92), and take the form given by Eqs. (2.3.25) and (2.3.26). Hawever, in
practice the equivalent cirenlar birefringence is still very small compared with the local linear
birefringence and therefore the circular polarization maintaining properties are achieved only for
long fibers, Fibers with i = 0.95x103 rad/m (L, = 3.3 mm) and & = 1.2x103 rad/m have been
reported in the literature {Li87].

For small lecal birefringence 1 and VHz = 0, the equivalent optical activity p = -1n2/2¢ is
negligible and the maximum residual birefringence reduces to 1/¢c. One gets an "ulma-low
birefringence fiber” [Bar81}, which can be nsed to measnre the Faraday effect without
perturbation by linear birefringence. Typical values for silica fibers at A = 633 nm are o = 120
rad/m and 1 € 5 rad/m. But these fibers are siill vulnerable to extemal perturbations causing
birefringence.

2.3.5. Helical flber

The curved line in space of a right-handed helix is described in Cartesian coordinates x,y,z as a
funcdon of the path length s by

x=acos(s/sp), y=asin(s/sp), z=b(s/sp), (2.3.31)

where 2 is the axis, a the radius and 2nb the pitch of the helix, and sg2 = a2 + b2.
The curvature k and the geometrical torsion 1 of the helix are

a

a___2 _ b __ 5
“50? aZ+b? and KA (2.3.32)

aZz +p2
The helix angle 0 is defined by the relation
1g0 =bfa. (2.3.33)

The maximum torsion for a given radius a is obtained for & = 45 °, i.e. for b = a, and has the
same value as the curvarere, namely 1= x = 1/2a.
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Figure 2.4 Helicai fiber.

In a helieal fiber, shown in Fig. 2.3, the bending induces a birefringence 1 with its axes aligned
to the normal and the binormal directions of the helix. The value of the bending induced
birefringence is obtained from Equ, (2.3.22) with 1/R = x. It has been shown [May89, Din92)
that a helical fiber and a high-bi spun fiber behave similarly. Therefore, including a constant
Faraday effect VH,, the Jones matrices are exactly the same as those for spun fibers with
constant spin rate ¢ =t and constant birefringence m, which are given in Egs. (2.2.27),
(2.3.28). The Faraday cffeet VH; is given by Eq. (2.3.20) with R = sg. For the case of
maximum torsion (8 = 45 °) one gets with the help of Eq. (2.3.22) for silica fibers

17632 1
n=0.43I(ﬂ) and 1= (2.3.34)

This yizlds for a helix diameter of 2a = 30 mm and a fiber diameter of 2r = 80 um at the
wavelength A = 633 nm the values 1 = 1.21 rad/m and @ = 1= 33.3 rad/m.

A helical eoil with a sufficiently large geometrical torsion (T = o >> 7)) is a convenient
configuration to overcome the perturbing effects of the bending induced birefringence
(cf. 2.3.3). As can be seen from Eq. (2.3.27) the Jones mawix C becomes diagonal for
yd = mm, where m is an integer, which means purely circular birefringence. For optimum
deteetion of the Faraday effect one should therefore choose the length d of the fiber so that the
above condition is satisfied for VH; =0, i.e. for y= = {&2 + n2)1/2. In general, the length of
the helix satisfying this condition will not correspond to an integer number of periods, i.c. the
projection of the helix onto a plane perpendienlar to its axis does not form a closed loop. If the
electrical conductor is not precisely positioned in the axis of the helix, this may result in an error
for the measured Faraday effect [May89]. It is therefore desirable for a current sensor, that the
helieal coil satisfics the eondition ypd = ma for an integer number M of periods, i.e. d = M2nsg.
This can be achieved by choosing the diameter 2a and the pitch 2ntb of the helix appropriately.
By using the definidons given above for 1. M, sg and 8, the conditian YoM27tsp = mit yields

VL cos3@
: " [{m/M)? - 4sin29] 12 (2.3.35)

where 2' = 2hr2/A depends only on the fiber parameters and the wavelength, and with a typical
value of h = 0.43 for silica fibers. Equation (2.35) permits s to calculate the geometrical
parameters of the helix satisfying the condition ypM2rsp = mz.
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3. DETECTION OF THE FARADAY EFFECT

In current sensor applications, the detecrion of the Faraday effect penmits to recover the value of
the clectrical current to be measured. The Faraday rotation @p can be detected using either
polarimetric or interferometric optical readout schemes.

In the basic scheme [Pap80, Smi78, Ras79] of polarimetric readout, a linearly polarized wave
is launched in the fiber and the output is analyzed by a polarization beamsplitter (e.g. a
Wollaston prism) whose principal axes are oriented at 45° with respect 1o the input polarization.
Photodetectors, located at each beamsplitter output, supply two signals from which, after
processing, sin2QF is obtained, regardless of fluctuations of the optical power, launching
efficiency and detector responsivity [Ras79). In this basic configuration, the dynamic range and
linearity are limited by the sin2¢F dependence. A more efficient method [Don88], which
ensures an unlimited dynamic range at the expense of some complexity, is 1o supplement the
opucal detector secion with a second beamsplitter, oriented with an axis parallel to the input
polarization. Using the same signal processing as before, an additional signal proportional to
cos2@F is obtained. From sin2¢f and cos2¢@f the Faraday roration @ can be retrieved.
Balanced polarimetric readout is obtained by using a sensing fiber coil with a mirrored end and
reading the return wave at the input end [Don88], so that reciprocal birefringence effects areina
large part compensated whereas the non-reciprocal Faraday effect is doubled

The non-reciprocal Faraday phase shift 2@F between orthogonal circular polarizations
propagating in the same direction or, equivalently, berween two counter propagating circolar
polarizations with the same handedness, can in principle be read by a variety of interferome tric
configurations. When both circular polarizations have the same optical frequency, this is
referred to as homodyne detection. In this case the Faraday phase shift can be recovered by
using classical phase modulation techniques, However, to achieve an output signal which is
proportional to the Faraday effect, regardless of fluctuations of the optical power, launching
efficiency and detecior responsivity, complex homodyne detection schemes have to be used
{Gia82]. Heterodyne detection, where the two circular polarizations have different optical
frequencies, provides directly the Faraday phase shift 2@, regardless of fluctuations of the
optical power, launching efficiency and detector responsivity. Typically a Bragg cell is used to
shift the optical frequency of one arm of the interferometer with respect to the other [Bus89,
May88]. A two frequency Zeeman laser can also be used [Fer82]. The Faraday signal, which
modulates the phase of the carrier oscillating at the beat frequency, #5 obtained from the detected
optical signal using a FM discriminator or, if a reference signal is available, a phasemeter. An
other form of heterodyne detecdon is the so catled psendo-heterodyne detection [Ker86]. In this
technique, the phase of the interferometer is sinusoidally swept using either a piezoelectric fiber
stretcher or by using & sinusoidally frequency swept laser source, Unlike the classical
heterodyne detection, which uses bulk elements such as Bragg cells, pseudo-heterodyne
detection is well snited for the realization of all-fiber current sensors {Ker89]. Reciprocal
interferometess, like the Sagnac interferometer and the reflection interferometer, permit to cancel
to a large extent the unwanted reciprocal effects due to residual birefringence in the fiber,
whereas the non-reciprocal Faraday effect remains. Several fiber current sensors using Sagnac
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interferometer with different detection techniques, such as homodyne ar heterodyne detection,
have been reponed in the fiterature [Fer82, LeiS6, Ann87, Nic8B, Fro92].

3.1. Heterodyne detection of the Faraday effect with helical coil

One of the principal problems of the optical fiber current sensor is how to make a fiber coil
having low linear birefringence andfor high circular birefringence and being at the same time
temperature and vibrations insensitive. Moreaver, this coil should be easy to manufacture in a
well controlled manner and no problems due to mechanical strain should arise at the fixation of
the two fiber ends. Finally, the coil dimensions should be well suited for the considered
application of the current sensor. The optical fiber helical coil permits to fulfil most of the above
mentioned conditions, in particular the geometrical torsion is much higher (2 10times) than the
bend induced birefringence, ensuring a good sensigvity to the Faraday effect and a low
sensitivity to temperaturc and vibrations. The geometry of the helix can be perfecily controlled
and holding the fibar ends is not a problem, since there is no mechanical twist in the fiber. The
incrzasing length of the helical coil with increasing number of tums could be criticai for current
sensors on high voltage power lines, however, it is often not necessary to have a large number
of turns.

A 10 turn helical coil of 30 mm diameter and 520 mm length has been constructed using a
80 pm ultra Jow-birefringence spun fiber (York LB 600). The measured total birefringent
retardation of the helical coil was lower than 1°, which is an excellent result. This coil has been
used a5 a heterodyne current sensor in transmission, the source was a two frequency He-Ne
Zezeman laser. Perfect linearity berween the detected Faraday phase shift and the current was
measured from 0 A to 50 A. The sensitivity and the accuracy ware essentiafly limited by the
shot-noise, corresponding to about 32 mA/¥Hz for 20 pW detected optical power.
Measurements of the Faraday effect for different positions of the ¢lectrical conductor inside the
helical coil resulted in no change of the sensitvity,

3.1.1. Reelization and birefringence measurement of the helical coll

Based on Eq. (2.35), the geometrical parameters of the helix are chosen in such a way that
Yo?nsp = n, which means that M = m (cf. Section 2.3.5). Taking into account these
conditions, a 10 rurn helical cail has been construcied with the following parameter: ultra-low
birefringence fiber (York LB 600), fiber diameter 2r = 80 um, coil diameter 2a = 29,8 mm,
helix pitch 2nb = 52 mm, helix angle 8 = tan-1(b/a} = 25.05%, number of periods M = 10, helix
length M2ab = 520 mm, fiber length d = M2asg = 1071 mm, circular birefringence & = 28.5
rad/m and linear birefringence R = 2.86 rad/m {at A = 633 nm). These practically realized
values differ slighdy from the 1heoreticat values satisfying the condition yp2nsg = x.

The coating of the fiber induces unwanted birefringence, typically amouniing to severai
degrees; it must therefore be removed. The uncoated fiber is inserted into a teflon capillary fitled
with liquid paraffin, ensuring minimum mechanical twist. The helix is formed by winding the
fiber around a threaded piexiglass cyiinder. The linear retardation of the helix was shown to be
smailer than 1°, using a high resoludon ellipsometar [Bar85] for the measurement,
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3.1.2. Heterodyne detection of the Faraday effect

Two orthogonal circnlar polarizations, frequency shifted by Awy2m, are launched at the input of
the helix. At the outpnt, one has two frequency shifted nearly circnlar orthogonal modes, with a
phase difference depending on the Faraday effect. A linear polarizer, placed at the helix ontput,
causes the two frequency shifted modes to interfere. Let Ejj and Eja, be the Jones vectors of
the two orthogonal input polarizations given in the ¢ircular basis, namely

1. .
Eil = (OJCIAOJ[/z and Eiz =((;)e-lﬂ0nfz . (3'1.1)

The output Jones vector is then
Eq,=PC(Es1 +Ej2) ., (3.1.2)

where P and C are the Jones matrices of the linsar polarizer and the helical coil, respectively.
The Jones matrix C of the helix, in the circular polarization basis, is given by Eq. (2.3.27)and
is of the form

A-B* 113
Cog as)- (3.1.3)
where
A=(cosd +i 22 % ndiei®™  and B = (D simpu)e 194 | (3.1.9)
¥

with y=+ (VH, - @)? + 112 and & = T (geometrical torsion of the helix). The Jones matrix
of the linear polarizer, in the circular polarization basis, with its ransmission axis criented at an

angle y respect to the horizonial reference axis, is
{1 v ’ ‘ ’
P=51 . (3.15)
gV )
Starting from Eq. (3.1.2) one finds for the output intensity
To = ENEg = IAI2 + [BI2 + Re{(A%i2Y _ p2i2¥ciAaty (3.1.6)

t. . .
where X' is the herrnitian conjngate of the Jones vector X.

In the ideal case, where the fiber exhibits no linear birefringence{1 = 0), one has, using VH; =
V1/2nsp and d = N27sg (cf. Section 2.3.5),

A=crrod _ iVHA_JVNL oy p_g. 3.1.7)
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Replacing the actual values of A and B in Eq. (3.1.6), the output intensity becomes
To =1+ cos(Awt + 2V NI + 2y) = 1 + cos(Awt + @g) (3.1.3)

Therefore in the ideal case (no bending induced birefringence), the detected phase ¢g of the
heterodyne signal yiclds directly the Faraday effect (multiplied by 2). The azimuth y of the
linear polarizer only induces a constant phase shift.

For the real case, where 1} # 0 and assuming that @ >> 1] and & >> VH,, the helical fiber
behaves rather like a circular polarization maintaining fiber (¢f. Section 2.3.4). In this case the
Jones mawix simplifies to those of an optical activity with a reciprocal (p = -n%/2c) and a non-
reciprocal (VHg) part. The exact sclution for the output intensity is given by Eq. (3.1.6) and
can be rewritten in the form '

To = 1A + IB'2 + Re{IA2 ~ BZIe{(A01 + 9 +2¥))
=1AIZ +1B12 + 1A% -~ B'YUcos(Aw + @ + 2y, (3.1.9)
where B' = Bc""zw. and ¢ is the interference phase given by
A2-B2=1A2-B2e?. (3.1.10)

From Eq. (3.1.10) one obtains

o Re (A)Im (A} - Re (B')Im (B'}
¢ =an '(2 ReZ(A}—ImZ{A} - Re2{B'} + Im Z[B'})' (3.1.11)

For a >> n, Eq. (3.1.11) reduces to

= 2YNI- (m%oxd . (3.1.12)
Finally for the real case the detected phase is given by

Pd=2VNI- (n¥edd + 2y . .11
If one compares with the ideal case (1 = 0), the detected phase is shifted by -(m2/o)d, which is
M%/atyd = 0.31 rad for the actual helical ccil (o = 28.5 radm~1, iy = 2.86 radm—! and d = 1071
mumn). This phase offset is not negligible and can be an important drawback for dc detecton of
the Faraday effect. However it can be compensated by adjusting the azimuth of the linear

polarizer such that 2y = (M2/a)d. Figure 3.1 shows the theoretical value of the detected phase
versus the Faraday phase, as calculated from Eq. (3.1.11), for the actual coil and for w = 0°.
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Figure 3.1 Calculated phase for heterodyne detection using the actual 10 tum helical coil a1 X = 633 nm (V
=4.4 urad/A) and for y = 0°.

The detected phase given by Eq. (3.1.13) depends linearly on the Faraday effect, however the
exact behavior predicted by Eg. (3.1.11) will slightly differ from this linear dependence. Figure
3.2 gives the relative crror, calculated from Egs. (3.1.11) and (3.1.12), between the linear
approximaton and the exact dependence of the detected phase for the parameters of the acrual
helical coit (¢f. 3.1.1) and for y = 0° This example shows that the resulting error is
approximately < 0.12 %, which is negligible for most current sensor applications.
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Figure 3.2 Calculated relative error between the detected phase and the linear approximation for heterodyne
detection using the actual 10 wm helical coil at A = 633 nm (V = 4.4 prad/A} and for y=0°,
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3.1.3. Optical sat-up and 'sighal processing

Figure 3.3 shows the experimental set-up used. The Faraday phase shifi is obtained by
measuring the relative phase between the reference and the detector signal, each varying at the
beat frequency of the Zeeman laser (1.8 MHz). The detector signal results from the interference
between the two orthogonal circular polarizations after the linear polarizer P (cf. Section 3.1.2).

Zeaman Laser

internal AOM
refarence

10 tum fiher
hefical coil

Datector

B

Detsctor
signal

Relerence Y
signal [Eisctronic
*|processing

Figure 3.3 Experimental sci-up for heterodyne detection.

The beam diameter at the lsser oueput is 5mm, the lenses Ly (f = 100 mm) and Lz (f = 20 mm)
reduce the beam diameter to 1mm so as to ensure 2 good behavior of the two retardation plates
and an efficient beam injection into the fiber coil. The acousto-optic modulator (AOM) driven at
40 MH2 acts as an optical isolator for the reflected light coming back from the inpmt and outpnt
ends of the fiber and returning exactly into the laser cavity. The first quarter wave plate
compensates the residual birefringence of the lenses and the AOM, the second quarter wave
plate ransforms the two orthogonal linear polarizations of the Zeeman laser into two orthogonal
circular polarizations. L3, L4, Ls are microscope objectives. After the polarizer P the beam
imensicy varjes at 1.8 MHz, which is the beat frequency between ¢he two orthogonal
polarizations of the Zeeman laser. The multimode fiber allows remote detection of the



19

interference signal, this is an efficient means o have good electromagnetic immunity. The 10
turn helical coil forms the sensing element (cf. Section 2.1.3). The current source supplies an
ac current with a frequency of 170 Hz. The maximum available current is about 100 A, The
signal processing part consists of a coherent phase demodulator [Fro92] providing an output
signal proporiional to the ac part of the detected phase ¢4, This signal is measured with a FFT

spectrum analyzer.

3.1.4. Experimentel resulis

The power delivered by the laser was 450 p'W and the detected power was 20 uW, Therefore
only 4.5 % of laser power was available at the output of the optical system. The signal to noise
ratio a¢ the detector was measured to be SNRg = 82 dB for 10 kHz detection bandwidth, which
is nearly shot noise limited. The signal to noise ratio of the reference was measured to be
SNR; =77 dB for 10 kHz detection bandwidth. The resulting error of the ac part of the
detected phase gq is given by

Bpd,, = (IN2)SNRg ! + SNR D2, : (3.1.14)

which yields 8¢, = 115 prad. The voltage noise measured at the phase demodulator ontput,
using a FFT spectrum analyzer with a detection bandwidth of 6 Hz, was equivalent to
&g, = 4 prad. Converted to 10 kHz this vields 8pg, = 163 prad, which is close to the
expected value given above. This corresponds to a phase noise density of 1.63 wrad/VHz, or a
current noise density of 31.6 mA/NHz. Figure 3.4 shows the detected phase gg, measured in
6 Hz bandwidth, versus the electrical current I. Measurements with different positions and
orientations of the electrical conductor inside the coil did not show any change of the detected
Faraday phase.

Faraday phase (mrad)

L] T T T L L) ¥ ¥ T T
0 10 20 30 40 50 60 70 &0 90 100 120
Electrical current (A)

Figure 3.4 Measured Faraday phase versus electrical currem [

A linear fit to the measured values yields for the standard deviation from the mean value
Gpg = 1.292 mrad and for the correlation coefficient r = 0.9999734. From this one gets with
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&g = Gq V1 - 12 (3.1.15)

for the rms error of the detected phase 8¢g = 9.4 prad, which corresponds 1o 81 = 0.2 A for the
current, which is somewhat larger than the measured phase noise of 894, = 4 prad. This
difference may be attributed to the reading error of the ampere-meter, which has 100 A full
scale and | % maxirpum error specified by the manufacturer.

In conclusion, the helical fiber coil used as Faraday current sensor gives excellent resolts. The
fact that the geometrical torsion o {~ 30 rad/m) is large compared to the bend induced
birefringence 1 {~ 3 rad/m) maintains the eigenpolarizadons nearly circular for all values of the
current within the considered range, which results in a nearly ideal situation for the detecdon of
the Faraday effect, Since the fiber has no mechanical twist, there is no problem ¢ hold its
extremities, A practical problem arises from the fact that the coating most be removed in order
to avoid additional birefringence. However, this problem could be circumvented with another.
type of coating, which does not induce birefringence. With 20 W detected power shot noise
limited detection was achieved, resulting in a phase noise density of 1.63 urad/¥Hz which
corresponds o a current noise density of 31.6 mANHz.

3.2. Reciprocal interferometers for Faraday effect detection

As mendoned above, reciprocal interferometers, like Sagnac and reflection interferometers,
permit to cancel to a large extent the unwanted reciprocal effects due to residual birefringence in
the fiber, whereas the Faraday effect remains unaffected. In this section, the basic principles of
the Sagnac and the reflecdon interferometers used to detect Faraday effect will be described.
Detailed theoretical and experimental invesdgations will be given in chapters 4 and 5.

3.21. The Segnec interferometer for Feredey etfect detection

The fiber optic Sagnac interferometer is well known for its application as a gyroscope.
However, only few contributions [Fer82, Lei86, Dong8, Nic83] concerning its applicacon as
Faraday current sensor have been reported. It is obvious that the Sagnac interferometer offers
several advantages for opdcal current sensing compared to classical detection schemes, When
used in a strictly reciprocal configuration, it is only sensitive to non-reciprocal effects, such as
the Sagnac ¢ffect or the Faraday effect. The two interfering light waves travel in opposite
directions using the same polarization mode of the fibers. Therefore, linear polarizadon
maintaining fibers to and from the sensing head can be included in the interferometer, which
allows to place all detection and modulation elements at ground potential. Finally, the Sagnac
current sensor could benefit of the well established fiber optc gyroscope technology.

The Sagnac interferometer used to detect the Faraday effect is obtained from the minimum
reciprocal configuration of the fiber gyroscope [Eze82]. To detect comectly the Faraday effect
one must ensure that the two counter propagating polarizations in the sensing coil are circular
and have the same handedness. Figure 3.5 shows the resulting minimum reciprocal
configuration of an all-fiber Sagnac interferometer for Faraday effect detection. The detected
non-reciprocal phase is 2@r, where @ is defined by Eq. (2.1.1). Circular polarizatons are
obuained from linear polanizations by using all-fiber quarter wave retarders (A/4), The Faraday
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sensing coil can be any classical configuration. In order to maintain the linear polarization
emerging froro the all-fiber polarizer up 0 the all-fiber quaner wave retarders i the Sagnac
loop, one has to use a polarization maintaining coupler, a polarization maintaining phase
modulator and polarization maintaining fiber (hi-bi fiber). The equpler betwesn the light source
and the all-fiber polarizer has not to be polarization maintaining. Direct cross-talk arising
anywhere in the Sagnac loop will be eliminated by the polarizer P. Low coherence sources have
to be used in order to avoid perturbations induced by Rayleigh back-scattering and indirect
cross-talk (light returning into initial polarization state after two successive cross-conplings) in
the hi-bi fiber.

Source| |

Fiver
sensing
cail

Reciprocal

output
Current |

Figure 3.5 Minimum reciprocal configuration of an all-fiber Sagnac interferometer for Faraday effect
detection. C: coupler, P: all-fiber polarizer, PMC: polarization mainaining coupler, PhM:
polarization maintaining phase modulator.

3.2.2. The reciprocal reflection interferometer for Faraday effect detection

A reciprocal interferoreter can also be obtained by using a highly linear birefringent fiber
connected to a quarter wave fiber loop which is end mirrored and whose birefringence axes are
oricnted at 45° respect to those of the hi-bi fiber. If linsar polarizations are launched into each
birefringence axis of the hi-bi fiber, their accumulated refative phase for one total reund trip is
zerv. Indeed, thanks to the end mirrored quanerwave loop, each linear polarization will use one
birefringence axis in forward direction and the orthogonal one in the backward direction,
resulting in exactly the same optical path for both polarizations. Each linear poiarization coming
from the hi-bi fiber is transformed into cireular polarization after the quarterwave loop. If some
Faraday effect is present between the quarrerwave loop and the mirror, the two circnlar
polarizations will be non-reciprocally phase shifted with respect to each other. Therefore, after
one total round trip, the two ocutput linear polarizations undergo twice the Faraday effect and
will be phase shifted by 4@F. Linear birefringence effects in the hi-bi fiber and twist induced
optical activity arising in the fiber between the loop and the mirror, are canceled ont thanks to
the reciprocity of the interferometer. Figure 3.6 shows the principie of the reciprocal reflection
interferemeter used for Faraday effect detection.

The hi-bi fibers 1o and from the sensing head allow to place all detection and modulation
elements at ground potential. At the interferometer output a polarizer causes the two cutput
linear polarizations to interfere. The interference signal is proportional to (1+cosdpr) and has
therefore a vanishing sensitivity for weak Faraday effect. This problem can be overcome if the
twer linear polarizations are phase shifted by /2 (quadrature detection), using a quarterwave
plate for example. This phase shift can be achieved at the input of the interferometer before the



2

coupler, or at the output after the coupler. The different parts of the interferometer, such as the
sensing coil, the quarterwave loop and the hi-bi fiber, are not ideal and therefore introduce
cross-coupling between the two propagating orthogonal modes. However, anlike the principal
propagating modes, reciprocity is not realized for cross-coupled modes. For example, if cross-
coupling arises in the sensing coil, the cross-conpled part will ase the same polarization mode
of the hi-bi fiber for forward and backward propagacion; this results in non-zero phase shift at
the interferometer output due to the high birefringence of the polarizaticn maintaining fiber.
‘This cross-conpled part will therefore perturb the Faraday phasc detecGon. But, if low
coherence sources and sufficiently long hi-bi fibers are used, no interference cansed by cross-
coupled light will occur, since the imbalance of the optcal paths is larger than the coherence
length of the source. As a consequence, the cross-talk arising in the interferometer will no
longer perturb the detection of the Faraday effect.

hi-bi fibar

Low coherence (0)
aptica! source .

O] et
] ¢ #3
e
Fiber

i \ 21 sphca sansing

Interference coil
phasa Y]
recovery Current 1

Flgure 3.6 Principle of the reciprocal reflecton interferometer for Faraday effect detection. C: coupler, M:
mirror,

The arrangement depicted by Fig, 3.6 has an important drawback, the coupler C might be
birefringent (which is always the case in practice); moreover, the axes of this birefringence are
randomly oriented with respect o the hi-bi fiber axes, therefore an uncontroiled additional
phase shift will perturb the detected Faraday phase. This phase will vary with environmental
conditions, which is not acceptable for current sensor applications. Using a polarization
maintaining coupler with axes aligned to those of the hi-bi fiber is not 2 good remedy, because
the output arm of the coupler, due to its high bircfringence, will still inmeduce an unwanted
additional phase to the detected Faraday phase. The problem of the birefringence of the coupler
can be eliminated if the returning light is made to interfers before the coupler, This is achieved
by inserting a polarizer between the coupler an the hi-bi fiber, as shown in Fig. 3.7. As a
consequence, the coupler has only to transmit the insensity of the interference which is rot
affected by the birefringence. However, the sensitivity of the interference signal to the Faraday
phase vanishes for weak Faraday effect because the detection is not performed in quadrature,
The only way to solve this problem is to introduce a non-reciprocal phase shift inside the
interferometer itself. The easiest way to produce an efficient non-reciprocal phase shift is to
periodically modulate the relative phase of the two linear polarizations at the hi-bi fiber input
with the help of a birefringence modulator. If the modulation period is eqaal to half the dme of
flight for a total round trip, an optimum non-reciprocal relative phase modulation is obtained. In
practice, such a birefringence modulator can be realized using a hi-bi fiber wound around a
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piezoceramic stretcher [Var83); integrated optic modulators are also good candidates, The
reseling interference signal is similar to the one obtained with classical non-reciprocal phase
modulation for the fiber gyroscope, therefore the same signal processing can be used.

hi-bi fiber

Low coherence
optical source 3 3

Fiber
sensing
coil

|:| Detectar

Current |

Figure 1.7 Reciprocal reilection interferometer for Faraday effect detection. PMC: polarization maintaining
coupler, P: all-fiber polarizer, B-PhM: birefringent phase modulator, M: mirror.

In conclusion, the reflection interferometer is reciprocal, like the Sagnac interferometer,
However, to achieve similar performance it requires only one quarterwave loop and half the
number of splices; this is very important for practical current sensors realizations. Moreover, its
sensitivity to the Faraday effect is twice as much as for the Sagnac interferometer, thus for the
same sensitivity a sensing coil with half the number of tumns can be used, ensuring better
immunity to external perturbations. To become insensitive to non-ideal components {cross-talk
in hi-bi fiber, birefringence of coupler) similar tricks as in the all-fiber Sagnac interferometer
have to be used: low coherence source, non-reciprocal phase modulation (birefringence).
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4. THE SAGNAC INTERFEROMETER WITH FARADAY EFFECT

This chapter reports the detailed theotetical and ¢xperimental investigations of the Sagnac
interferometer used to detect the Faraday effect. Seetion 4.1 gives the basic eqnations of the
detected intensity at the reciprocal Sagnac output for differem fiber coil configarations.
Principles of the Faraday phase recovery and results for different fiber configurations are dealt
with in section 4.2, In sections 4.3 to 4.5 the influence of the non-ideal elements is analyzed.
Experimental results are reported in Sections 4.6 and 4.7.

4.1. Jones matrices and detected intensity

The minimum reciprocal configuration of the Sagnac interferometer is illnstrated in Fig. 3.5. In
order 1o ease the theoretical analysis it is convenient to use a bloc-dingram representation as
shown in Fig. 4.1.

1
() == 3 . c T He
e &
Loop Bt | & o _J
coupler B8 coupler D e f2 G

R

Figure 4.1 Bloc-dizgram representation of the minimun reciprocal configuration of the Sagnac
interferometer configurod for Faraday effect detection.

Each bioc corresponds to a Jones matrix of an individual clement constituting the Sagnac
interferometer. Except for the sensing coil, which features circular birefringence, the clements
of the interferomerer are linearly birefringent and have the same orientation of the birefringence
axes, exept for the quarterwave loaps. Therefore the linear polarizaton basis is beter suited for
the calculations. The reference frame {x,y,z) has its x axis paralle] to the input linear
polarization, which is represented by the Jones vector E;, and the orientation of the z axis is
given by the propagation vector k. The Jones matrices are forward matrices for clockwise

ropagation and backward matrices for counter-clockwise propagation, namcly? =X and¥ =
x for clockwise and counter-clockwise propagations, respectively. The linear po[aﬁzcr? has
its transmission axis parallel to the input linear polarization. The loop coupler is polarization
maintaining (hi-bi coupler) and one of i1s axes is parallel 1o the wansmission direction of the
(l_i’ncar polarizer, the ransmission and the coupling are represented by the Jones matrices T and
®, respectively. The hi-bt fibers have their birefringence axes parallel to those of the coupler. In
the following analysis it is assumed that the hi-bi fibers are ideal, which means that no cross-
‘cj_c’:oupling arises from one birefringence axis to the other, consequently the Jones maui’ccs 1 gld
12 are diagonal, The two qnarterwave retarders, represented by the Jones matrices g1 and g3,
have their birefringence axes oriented at 45° with respect to the hi-bi fiber axes. The Jones
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mamix S of the sensing coil is given in chapter 2, for twisted, spun and helical configurations.
Nen-reciprocal phase modulation is represented by the phase factor exp(i¢(6)], the clockwise
wave is phase shifted by ¢(1), whereas the counter-clockwise one undergoes a phase shift of
O(1+T), where T is the time of flight of the light in the Sagnac loop. Truly reciprocal behavior is
obtained when the Sagnac loap is configured in reflection, therefore the relevant output of the
locp coupler is the port A. Outgoing cross-coupled part, due to the non-ideal elements, is
eliminated thanks (o the linear polarizer. The interference of the two counter propagating waves
is obtained at port A, thus the source coupler has enly to couple the intensity of the interference
signal toward the reciprocal output port R.

The input Jones vector is parallel 10 the x reference axis, thus

Ei=(:])- (4.1.13)

The forward and backward Jones matrices of the linear polarizer are

5’=‘5=p=[ég)- (4.1.2)

From Fig. 4.1 and taking into account that 5’ E; = E; (input linear polarizaticn paralle] to the
transmission axis of the polarizer), the output Janes vector Eq, becomes

Eo= bt DR B G20 B 7+ 0T § &5 TE (4.1.3)

The intensity I, of the cutput Jones vecter is given by

a

lo=EbE,, (4.1.4)

where X' is the hermitian conjugate of the Jones vector X. The intensity at the reciprocal output
R is half the inteasity Io, due to the source coupler, namely

1R=%ELE0. (4.1.5)

The loop coupler is assumed 1o be loss-free with a coupling ratio of 50 % and to be purely
linearly birefringent with no cross-coupling between the two orthogonal birefringence axes,
thus

ief2 . [ eltn2
?:41_=T-_-L € 0 and F=%=x=-% ¢ ° v (41.6)
V2 o it g o

where ¢ and ¢ are the linear retardations of the transmission and the coupling of the coupler,
respectively.

The hi-bi fibers, like the coupler, are assumed to present no cross-coupling between the
birefringence axes. Their Jones matrices are then
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ﬁ’:‘ﬁ:[° ¥ 0 Jj=1.2. 4.1.7)
o ¢ ikAnLy2

where An is the birefringence and L;j the length of the hi-bi fiber.

There are two different possible orientations for the birefringence axes of the quarterwave
foops, and therefore two different sets of Jones martrices. This problem is treated in the next
secdon.

4.1.1. Perpendicular and paraliel orientation of the quarterwava loops

In the sensing clement (fiber cail), the counter-propagating circular polarizations must have the
same handedness in order to obiain a cumulative Faraday effect at the Sagnac loop output. This
is achieved if the polarization coming from the hi-bi fiber is oriented at 45 ® with respect to the
birefringence axes of the quarterwave loop. For ideal quarterwave loops the polarization in the
sensing clement between them is exactly circular. Therefore the reladve rotational orientation of
their birefringence axes is nat important. This is na longer true if the loops are not ideal, ¢.g.
their linear retardation is different from 90°, In this case the resulting error affecting the Faraday
phase recovery depends on the relative orientation of the loops. The effects of non-ideal
quarterwave loops will be invesagated in Section 4.5 for two different relative orientations of
the loops, namely perpendicular and parallel orientation. In this section it wili be shown that for
perpendicular and parallel orientation the output intensides are the same. This is also rue for
any other relative orientation of the quarterwave loops.

Perpendicular orientation of the quarterwave loops

Figure 4.2 shows the configuration with perpendicular orientation of the quarterwave loops.

s O_” ) O =
ey s
€R00KH
M4 Sensing Ad
element

Sagnac loop hith

Figure 4.2 Configuration with perpendicatar orientation of the quarterwave loops.
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In this case the fast axis (f) of one loop is aligned with the slow axis (s) of the other one and
conversely. The linear polarizations at the quarterwave loop inputs are aligned in space. In this
configuration and in absence of Faraday effect, the two loops are in Series and result in a zero
birefringence element. The Jones matrices of the coupler and the hi-bi fibers are diagonal. This

yields

e 2P _ L& i(oetkanly)2 ST =L peiGrkanlz
K , ih =
P 2= ﬁ pe P 1 \(—
FlTE; = L GetkAN L2, g R = L eilOxrkanlo) 2 g (4.1.8)
¥z° V2
With these conditions Eq. (4.1.3) simplifies to
-cl[¢r+¢x+kﬂna~l+l-2)]/2 P 5 [eld( ®2Tq+ ei¢(l)‘q_1 € S2IE; . (4.1.9)

This result shows that, thanks 1o the reciprocity of the Sagnac loop used in reflection, the
effects of ideal (no cross-talk) hi-bi fibers and hi-bi coupler result in an isotropic phase factor
which wall not affect the imerference phase (Faraday effect). This clearly appears if one
calculates the intensity I based on Eq. (4.1.4) with lei%i2 = 1. In other words, this phase factor
can be omired, yielding

Eo =35 DG 2] +6l00G; €531E; . (4.1.10)

In Eq. (4.1.10) the maﬁrices'(_ﬁ'- correspond 10 Jones matrices of quanerwave loops which are
not assumed.to be ideal, i.e. the retardation is not necessarily 90° and the orientation of the
birefringence axes can differ from 45°.

For ideal quarterwave loops, i.e. with 90° of linear retardation and correct orientation, one has

Gweg(e m EEd D e
In this case Eq. (4.1.10) simplifies to

K, = EP Gl D 4 0§ g, E; =%fp—°_f cqy Ei . (4.1.12)
where the matrix ¢(t) is defined by

e =ci®t TP, 000G (4.1.13)

¢(t) represents the mtcrfcrcnce of the two counter-propagating waves undergoing Faraday effect
in the sensing coil < and non- reciprocal phase modulation. In an interference process, the
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energy is not conserved if only one output port of the interferometer is considered, therefore the
Jones matrix ¢(t) is not unitary . It can be written as

c11{t) c12(d ) ' (4.1.14)

e = (czl (1) exn(t)

Using Eqs. (4.1.2) and (4.1.11) for ‘p— and q respecdvely, the output Jones vector becomes
Eo = 3 (en@® + 2200 + iler2® - can(O)) i (4.1.15)

Thus, thanks to the polarizer ia_ the output and the input vectors are colingar.

Parallel orientation of the quarterwave loops

Figure 4.3 shows the configuration with parallel orientation of the quarterwaves loops. In this
case the fast/slow axis (f/s) of onc loop are aligned to the fast/slow axis (f/s) of the other one.
The lincar polarizations at the quarterwave loop inputs are perpendicular in space. In this
configuration and in absence of Faraday effect, the two loops are in series and are equivalent 1o
a halfwave element.

-
——

o @b
M4 Sensing AM
element

Sagnac leop hi-bi

Figure 4.3 Configuration with parallel orientation of the quanterwave loops.

For convenience the birefringence axes of the quarterwave loops are chosen paraliel 10 the
directions x g¢nd y of the reference frame, as shown in Fig. 4.3, This means that the lincar
polarizations propagating from ports C and D up to the inputs of the loops must be rotated by
45°. This is pchieved by twisting the hi-bi fibers by 45°, Assuming no cross-coupling between
the birefringence axes, the Jones matrices of the 45° twisted hi-bi fibers are are given by
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V2| cidnly idnly2 V2| jianly2  idnlon

Taking into account that the Jones matrices of the coupler are diagonal yields

.. ‘ L
5?3=%c1(¢ﬂkAan)ﬂp ) ‘p—‘;‘ﬁ=iel(¢1+kAnL1)/2P. )

f] TE; = %1(¢r+kA“Ll)/2E' and HEE; ——e’@’r*k’f‘"LZ)’zE', (4.1.17)
where

ot 4 E=( 4.1.18
o) e we()

With these conditions Eq. (4.1.3) simplifies to

Ey= 'fzei[¢r+¢w+kf3‘"ﬂ*!+L2)]’2p'[ei¢(‘+"f)Ejz Tqh +e0Og CRIE" . (4.1.19)

Like for the perpendicular configuration, the hi-bi fibers and the coupler introduce an isotropic
phase shift which can be omitted, yielding

Eo =700 DG 2 + 000G SHIE: . (4.1.20)

In Eq. (4.1.20) the matrlces‘(_ﬁ carrespond to Jones matrices of quarterwave loops which are
not assumed to be ideal, i.e. the retardation is nat necessarily 90° and the arientation af the
birefringence axes with respect to those of the hi-bi fibers can differ from 45°.

For ideal quarterwave loops, i.e. with 90° of linear retardation and carrect orientation, one has

-3 —
Qj=q,j=

e-infd
( 0 eim#

J=qﬂ =1,2. (4.1.21)
In this case Eq. (4.1.20) reduces to

Eq ——pq;,[c“?’(”T) C+eitE c]Q//E ‘= Zoaye®ayEr, (4.122)
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where the matrix ¢(t) is defined by Eq. (4.1.13). Using Eqs. (4.1.18) and (4.1.21) one obtains
= (e + o200 + iler2® - enON i (4123

Equations (4.1.23) and (4.1.15) differ only by a factor i, which means that the output
intensities are the same for both parallel and perpendicular configuratons. Qbviously, this is
also true for any other relative orientation of the quarterwave 1oops.

In conclusion, assnming ideal quarterwave loops, any relative orientation of these loops give
rise to the same interference signal Ly, they therefore behave equivalently with respect 1o the
Faraday effect for a given sensing coil configuration.

4.1.2. Ideal tiber coll

An ideal coil is made of fiber which cxhibits neither linear nor circular birefringence, the only
perturbation the fiber nndergoes arises from the Faraday effect. The forward and backward
Jones matrices of such a coil are given in section 2.3.2, namely

2 =( cosgr  singr J — =( COSQF ~SingF J ' (4.124)
-SiNQE COSPF SINQF  COSYF

where ¢ = VNI. Using Eq. (4.1.13) one obtains
c11{t) = coa(t) = c'q’(t) 2cos(pr.tos 200 » Cpp() =—co1(t) = 1c'¢(t) 251mppsm 200 , (4.1.25)

where

30 =20 g ag) = oD - 00, (4.1.26

The output Jones vector is obtained nsing Eqs. (4.1.15) or (4.1.23), which differ only by a
factor i. Further substitntion in Eq. (4.1.4) yields the intensity at the reciprocal output,
regardiess of the configuration type,

IR(Y) = 3 + 3 cos[2pF + AD()] . (4.1.27)
This result is similar to the one obtained for the gyroscope [Eze82), but here the Sagnac phase
shift is replaced by the Faraday phase shift. For real fiber coils, the output intensity will no
longer comrespond to Eq. (4.1.27), as it will be shown in the following.

4.1.3. Coll with mechanlcaliy twisted fiber
The Jones matrices in linear polarization basis are given by Eqs. (2.3.23) and (2.3.24).

Applying the same procedure as for the ideal fiber coil, one gets for the intensity at the
reciprocal output
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+8stin2wd>+ [wi JZ in2(yd)

2_ 2
8 (V.Hz)_ Sin(yd)sin(y‘d)Jcosaq;(t)
Tt

Ig = -é-cosz(}d) + %cosz('fd) + %(V H:’

+ %(cos(yd)cos(‘y‘d) +

VH,

+ 41[— VH; ¢ sm('yd)cos('y’d) + - sm(‘y’d)cos('rd)Jsmﬁq)(t) (4.1.28)
¥ Y

where ¥ = [(VH; +8)2+2]12 and ¥ = [(VH;—5)2 +112]1/2 | Although Eq. (4.1.28) is more

complicated than Eq. (4.1.27), both yield numerical results which are very close to each other

as will be shown later. This is the main consequence of the reciprocity of the Sagnac

configuration. For large twist rates, i.e. 8 >> 1, Egs. (4.1.27) and (4.1.28) become identical.

4.1.4. Coil with spun or hellcal fiber

The Jones matrices in circular polarization basis are given by Eqs. (2.3.27) and (2.3.28).
Applying the procedure already vsed for the ideal fiber ceil, one gets for the intensity at the

reciprocal output

I = § c0s2(d) + g cos2(yd) + %[VH;" “)zsinz(yd) + %[VH; * a)zsinz(?'d)
2 _ 2
L};{H’L sin(’yd)sin(‘y‘d)Jcosaq)(t)

+ %(cos(yd)cos(y‘d) +

+
Bl

[—V___H; 22 sin(yd)cos{yd) — VHz|+ 3 sin (Yd)COS(Td)JsinAtp(l) . (4.1.29

where ¥ = [(VHz— )2 + 121172 and v = [(VH, + )2 + 112]1/2, Like for twisted fiber
Eqgs. (4.1.27) and (4.1.29) yield numerical results which are very close to each other. For
large spin rates, i.¢. & >>1, Egs. (4.1.27) and (4.1.29) become identical.

4.2. Faraday phase recavery

The Faraday phase shift 2¢p is obtained from the detected intensity Ig(t) thanks to the non-
reciprocal phase modulation

(0) = dosin{wmt) , (4.1.30)
which yields '
AD(L) = 2pgsin{em T/2)cos[g (t+T/2)] = Adocos[ ey, (t+T/2Y] . (4.1.31)

As it will be shown further, ¢y, is chosen so that @ T/2 = 7/2; this provides the best immunity
to fluctuations of ®y and T and a minimum for the required amplitude ¢g of the phase
moduolation,
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4.21. Ideal fiber coil

In this case the ourput intensity becomes, using Egs. (4.1.27) and (4.1.31),
1
Ir(t) = 7{1 + Jo(Ago)cos(2¢F))

- 2sin(2gp) 3 (-1 D2 (Adg)cos{ RO+ T/2))
podd

+2c0s(208) (-1 (Ado)cos(Han(t+T/)) . @2.1)
peven

To recover the Faraday phase shift, the same signal processing principle as the one used with
fiber gyroscopes {Gia82] is applied, namely

< a1 ((24800) IR(Om) .22
I1(Adg) IR0 ‘

where g is the detected phase, Ir{wy) and Ir(2eny) are the amplitudes of the components of
IR(1) at wm and 2y, respectively. For the ideal fiber coil this yields, using Eq. (4.2.1),

@g = 29F =2VNI, (4.2.3)

which corresponds to an ideal detection of the Faraday effect.

4.2.2. Twisted and spun fiber

The output intensities for mechanically twisted fiber and for spun or helical fiber are given in
sections 4.1.3 and 4.1.4. Using Eq. (4.1.31) for A¢{t) and the definition given above for the
detected phase, one gets

YHit8 Gntydycostyd) + b

sin(yd)cos(yd)

(4.2.4)

¢g = tan’!
82 - (VH,?

cos{ydlcos{yd) + oy sin(yd}sin(yd}

where v = [(VH; +E)2+n2)1/2 and ¥ = [(VH,-E}2 +12]12, with € =& for twisted fiber and
£ =~qa for spun cr helical fiber. For sufficienty large twist or spin rates, i.e. § >>nor a »>
1, the detection is nearly ideal, namely Qg = 2qg. The relatve error due to non-ideal fiber cail
is defined as

-2
gp =24 “9F (4.2.5)
2pF
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where pf = VNI Figure 4.4 shows the relative detected phase error £¢ versus the Faraday
phase ¢F, calculated from Eq. (4.2.4) for a 20 turn twisted fiber coil with a diameter of
2R = 345 mm, a fiber diameter of 2r = 80 um, a twist rate of T = 10x 21 rad/m and a Verdet
constant of V = 2.6 prad/A at A = 820 nm..
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Figure 4.4 Calculated refative phase error versus Faraday phase for the twisted fiber coil.

For this example, the relative detected phase emror is smaller than 3 ppm for currents from Q0 A
up to approximately 10 kA.

In conclusion, che Sagnac configuration used with twisted fiber coil, or with spun or hetical
fiber coil, permits to measure the Faraday phase shift wirh negligible error for practical current
ranges.

4.3. Source coherence effects

It is well krown from the fiber gyroscope, that highly coherent sources are not suited o
provide an output signal with high stability. This is in particular due to unavoidable Rayleigh
back-scattering, back-reflected light from optical interfaces arising along the optical path, and
polarizations cross-coupling in the different elements constituting the Sagnac loop. With &
caherent source, all these effects add up coherently at the reciprocal Sagnac interferometer
output, resulting in a perturbation of the detected phase.

These effects act similarly when the Sagnac interferometer is used to measure the Faraday
effect. However, the problern due to cross-coupled polarizations is more critical in this case,
because the Faraday effect, unlike the Sagnac effect, operates on the polarization. Therefore,
for stable Faraday effect measuremnents, it is crucial 1o use a low coherence source. This results
in an incoherent combination of this spurious effects, which does not affect the detected
Faraday phase shift. It should be pointed our that perturbing effects due to polarization cross-
coupling which result in a balanced optical path for both clockwise and counter-clockwise
propagation will not be eliminated by using a low coherence source.
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4.4, Temperature effects due to the sensing coil

In practice even high quality silica fibers may contain paramagnetic and ferromagnetic
impurities, resulting in a non-zero temperature dependence. Temperature dependance of the
Verdet constant for low-birefringence fibers have been reported [Ren89]. It results that some
fibers exhibit non-negligible wmperature dependence of the Verdet constant, whereas others are
not iemperature dependent. In the following, the Verdet constant of the fiber is assumed to be
temperature independent. The only temperature effects come from the temperature dependence
of the bend indnced and twist induced linear and circular birefringence. Experimental
investigations have shown that the actilate coating of the fiber has negligible effect in the
considered temperature range of —=40 °C to 80 °C. In addition it appears that the thermal
expansions of the diameter and the length of the fiber can be negiected [Ren88).

The temperature cocfficients of bend induced and twist induced birefringences of the LB 600
ultra-low birefringence fiber mannfactred by York VSOP {(Hampshire, UK), have been
reeasured 1o be [Ren88)

on = (1m)g%= 57%x104K-1  and a5= (1/6)%= 4.95% 104 K1, {4.4.1)

The linear and the circular birefringence versus termperature is then

AM=noll +an(T-Te)] and &T) = Gg[l + (T - Ty)] , (4.4.2)

where Ng and 8¢ are the values of the birefringence at the room temperawre Tg = 20 °C. For
twisted, and of course bent, fibers (§ = &) the detected phase given by Eq. (4.2.4) takes the
form

o4(T) = @a[n(T),8(T)] . (4.4.3)

For spun or helical fibers (£ = &) rotational effects are of geometrical type and therefore not
wmperarure dependent. This yields

9d(D) = ga[n(D)] . (4.4.4)

Here the temperature coefficient oy depends on the type of the linear birefringence of the
considered fiber, ¢.g. stress induced or form induced birefringence. The relative detected phase
ermor versus temperature is defined as

T)-2
@4(T) - 20F . (4.4.5)

Egp(T) = 2(pF

where ¢ = VNI Figure 4.5 shows the relative eror £¢(T) computed for the same twisted fiber
coil as given in section 4.2.2.
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Figure 4.5 Calculared temperatre dependence of the relative detected phase error due o the fiber coil, Fiber
diameter: 2r = B0 um, coil diameter 2R = 345 mm, twist rate T = 10 x 2x rad/m, number of
tums: N = 20, Verdet constant = 2.6 prad/A at A = 820 nm,

One sees that £4(T) is almost independent of the Faraday phase shift and is, for this practical
example, smaller than 35 ppm. The periodic behavior is due to the terms vd and Yd appearing
in Eq, (4.2.4), which are approximately equal 10 35 x 21 and vary by an amount of about 2 %
2n between —40 C° and 80 °C. Because wl and ¥d are arguments of sine and cosine functions
in Eq. (4.2.4), s,p(T) fearures a periodic temperature behavior.

It appears from this example that the Sagnac configuration using a twisted fiber coil exhibits
temperature variations which are negligible for practical current sensing applications (required
minimal error < 0.1 %). This will obviously also be rue for spun or helical fiber coils. -

4.5. Effects of non-ideal quarterwave loops

The quarterwave loops have to transform the linear polarizations, coming from the hi-bi fibers,
into cirenlar polarizations of the saroe handedness in the sensing coil. Moreover, after having
undergone the Faraday effec, the circular polarizations are again transformed into linear
polarizations thanks (o the quarterwave loops. These transformations of polarization will only
be correct if the retardation of the loops is 90° and if the the orientation of their birefringence
axes is at 45° with respect te those of the hi-bi fibers. In this section, influences of errars
affecting the retardation and the orientation of the quanerwave loops will be theoreticaily
investigated. In the following it is supposed that the anly non-ideal clements in the Sagnac
interferometer are the quarterwave loops. Cases where the relative orientation of the
guarterwave loops is different from 20° (perpendicular configuration) or 0° (parallel
configuration) will not be investigaied in the following.
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45.1. Detected Faraday eftect

In this section, effects of quarterwave loops with retardation value different from 90° but with
correct orientation of the birefringence axes will be studied for both perpendicular and parallel
configuration of the quarterwave loops (see section 4.1.1).

Perpendicular orientation of the quarterwave loops

A scheme of this configuration is shown in Fig. 4.2. In this case the Jones matrices of the
quarterwave loops, in the linear polarization basis, are

- _ rcos(R1/2) isin(R1/2) e ¢ cos(Ry/2) —isin(R1/2)

au —(isin(leZ) cos(R;/Z)) o —(—isin(RU’Z) cos(R1/2) )’

- cos(Ra/2) —isin(R2/2) — cos(R2/2) isin(Rof2)

a2 =(-isin(R2f2) cos(Ra/2) ) and “-F(isinmgm cos(Rg'Z))' (431
where

Rj=m/2+AR; j=1,2. (4.5.2)

Replacing into Eq. (4.1.10) one obtains the output Jones vector E,. The intensity at the
reciprocal output is then calculated using Eq. (4.1.5). Finally one geis

A
Ir(t) = [cosag(t)cosrpFCOsSR - sin g(t)sinrppcosaR]Z , (4.5.3)
where
AR; - AR ._ AR1+ AR
SR="572 and AR =SELISR2 (4.5.4)

6R is representative of the difference between the retardations of the two loops, whereas AR
represents the mean value of the retardation error. For identical loops one has AR} = ARy = AR
and 8R = 0. The detected phase is obtained from Eq. (4.5.3) using Eqs. (4.1.31) and (4.2.4),
This yields

1 R
oa = tan'] sin2QFcosd ‘cosAR . (4.5.5)
cos2ppeos28R — sin2ppcos2AR
The relative detected phase error is defined as
-2
Eg =94 <OF 4.5.6)

20F

Assuming 8R << I and AR << 1 the relative phase error approximates to
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3R2 — ARZ
Ep=———5"" . (4.5.7)
For Rq = 88° and R = 92° this gives AR = 2° = 0.035 rad, 8R = 0° and gp = 6.1 x 10~ or
0.61 %e. This example shows that a retardation emor of 2° resuits in relative detected phase
error smaller than | %e, which is acceptable for current sensor applications. :
Parallel orientation of the quarterwave loops

A scheme of this configuration is shown in Fig. 4.3, In this case the Jones matrices of the
quarterwave loops, in the linear polarization basis, are

—iR;2
- ¢ .
A = . = 4:1.8
qj = gj [ o clR'QJ =12, (4.1.5)

where Rj is defined by Eq. (4.5.2). Replacing now inte Eq. (4.1.22) and applying the same
procedure as for the perpendicular configuration one obtains

Ig{t) = [cosé-g(—l)costppcosAR - sinM;m sinppros8R2 , {4.5.9)

where AR and 8R are defined in the previous section. If one compares Eqs. (4.5.3) and (4.5.9)
it appears that AR and 8R are reversed.

The detected phase, obtained from Eqs. (4.2.4) and (4.5.9), is

0= tan‘l( sin2prcoséRcosAR J . (4.5.10)
€

as2iprcos2AR — sinlppeos28R
Far 8R << 1 and AR << 1 the relative phase crror, defined by Eq. (4.5.6), approximates ¢

2_ 8R2
€o =M : (4.5.11)

This relative phase error has the same absolute value as the one obtained for the perpendicular
configuration, but with apposite sign. Therefore, regarding the influence of non-ideal
quarterwave loops, both perpendicular and parallel configurations behave similarly.

4.5.2. Temperature effects

The quarterwave loops are made of the same ultra-low birefringence fiber type as used for the
fiber sensing coil. At a wavelength of A = 820 nm, the linear retardation of R = 90° is obtained
with a fiber loop diameter of 10 mm for a fiber with a diameter of 2r =80 um. The
temperature dependence of the retardation is due only ta the bend induced linear birefringence;
like for the fiber sensing coil, the coating effects are negligible.

Regardless of the configuration (perpendicular or parallel), the detected phase versus
temperature is given by
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¢d{T) = @q[AR(T).SR(T)], (4.5.12)

where Q4(AR,5R) is given by Egs. (4.5.5) or (4.5.10). AR(T) and 8R(T) arc obtained from the
definitions of AR and 3R and taking into account that the loop retardation is due to the bend
induced linear birefringence n(T). Thus

AR(T) = ARg 4.31.'2"_132%(1"_ Tp) and  SR{T)=8Rg[l + an(T-Ty)] . 4519

where ARg and 3Ry are the values of AR(T) and SR(T) at room temperature Ty as defined in
section 4.5.1. Here R and Ry are the loop retardations at room temperature. The relative
detected phase error eg(T) is obtained from Eq. (4.5.12) and writes

£g(T) = [9a(T) - 2¢F)/29F. (4.5.14)

Figure 4.6 shows the relative detected phase error versus temperature for the perpendicular
configuration, the Faraday phase shift is ¢p = 0.5 rad corresponding to a current of about 10
kA for a 20 rurns fiber coil and a Verdet constant of V = 2.6 grad/A at A = 820 nm. One sees
that the best temperature behavior, i.e. the smallest relative phase error versus termperature, is
achieved for loops with linear retardations of Rj = 88° and of R = 92°, instead of Ry =Ra =
90°. In this case the maximum error is smaller than 1%o throughout the considered temperature
range. From Fig. 4.6 it also follows that it is important to choosc loops having retardations
which are symmetrically distributed about 90°, e.g. R = 88° and R = 92° Asymmerrica)
diseribudons of the retardation, ¢.g. Ry = 90° and R = 92°, give rise to important errors, more
than 2 % for the considered example. For the parallel configuradon only the sign of the reladve
emor changes compared to the perpendicular configuragon.

14 [Pe=05mad
| w10 KA

v Las
T

——R;=90% Ry=50°

Relative detected phase emor (%)

v R,=290°%R 3=92° ‘\\
g e Ry=B8% R=92° .
4 1 I T 1
-40 20 0 20 40 &80 80

Temperature (°C}

Figure 4.6 Calculated relative detecied phase error £g versus temperature, for different values of the loops
retardation Ry and R (given at room temperature) and for a Faraday phase of @F = 0.5 rad
corresponding o a current of abour 10 kA for a 20 turns fiber coil and a Verder consant of
V = 2.6 yrad/A a1 A = 820 nm.
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The behavior of the relative detected phase error &g versus the Faraday phase is given in
Fig. 4.7 for a temperature of T = 80 °C. One secs that £ is approximately independent of the
Faraday phase and can be merely evaluated with Eqs. (4.5.7) or (4.5.11).

Electrical current (kA)
0 2 4 6 8

;a- 0.0 — ] | | |
5 os
A OO
£ 10—
[=9
?S -1.5
3 — [,=90°A,=90"
T a9t R =NLR,=2° i
-;%’ ...... R1=88°,R2=92° [— _,.-n—v--——“"'"
] ._——u..m———-..—._—nu--...._..-.__—.u—-——m——-—n—-—'v———“
5 25 . : | I
0.0 0.1 0.2 0.3 0.4 ok
Faraday phase {rad)

Figure 4.7 Calculated relative detected phase error €g versus Famday phase at & temperature of T = 80 C° for
different values of the Joop retardations By and Ry (given at room temperature).

In conclusion, the nse of approptiate quarterwave fiber loops allows to achieve relative detected
phase errors smaller than 1 %o, Therefore, such quarterwave retardation devices are well soited
for current sensor applications. Here again, for the parallel configuration only the sign of the
relative error changes compared to the perpendicular configuraton.

453. Misalignment etfects

In this section the quarterwave loops are assumned 10 be ideal, i.e. both have & linear retardation
of 90°. Moreover, the birefringence axes of both loops are assumed to be perfectly aligned with
respect to cach other. In practice this condition can be easily fulfilled, because the birefringence
axes lic in the planes comaining the loop and perpendicular to the loop. Therefore, in the
perpendicular configuration both loops are placed in perpendicular planes, whereas in the
parallel one they are in the same plane. However, the linear polarizations coming from the hi-bi
fibers could have an alignment error which will affect the detected phase. This misalignment is
due to a non-correct orientation of the birefringence axes of the hi-bi fibers with respect to those
of the quarterwave loops. In this section, the inflnence of the misalipnment of the birefringence
axes of the hi-bi fibers will be investigated for both perpendicular and paralle] configurations.

Perpendicular orientarion of the quarterwave loops

For the iden] case, as shown in Fig. 4.2, the birefringence axes of the hi-bi fiber are aligned
with respect to each other and are at 45% with respect 10 those of the quarterwave loops.
Moreover, the birefringence axes of the hi-bi fiber are parallel to the directions x (horizontal)
and y (vertical) of the reference frame. For the non-ideal case, the axes of the hi-bi fibers are no
longer aligned to the x and y directions, this means thar the fibers are now slightly rotated. Let
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A8 and AB; be the alignment errors of the birefringence axes at each hi-bi fiber end next to the
quarterwave loops. Thus the Jones mamices of the rotated hi-bi fibers are

o cc;s:i'.e|<:’.'k‘£\“1‘1/2 -simé.el¢:'i}“'~‘“l‘1‘r"a £ _Pa
1= . . 1=n",
sinA@elkANL12 cosAQyemikanla/2
o c0s0te AL —ginagytri o f=Bn @5.15)
2= . . 2 = fh. 5.
sinAfpe KANLY2 coonp, —ikAnLo/2

For ideal alignment, i.e. A8y =0 and A8 = (), the above matrices reduce to those given by Eq.
(4.1.7). To calculate the ourput Jones vector E, one has to start from Eq. (4.1.3). Using the
matrices given by (4.5.15) one finds, like in Secrion 4.1.1, that the linear retardarion of the hi-
bi fibers amounts to an isotropic phase factor which can be omitted. For the output intensity one

gets finally

R = [cosA‘;(z) cosPrcosAf — sinAg{I} singpeosf9)? (4.5.16)
where
AB=AB +AB, and 60=A8)-AD;. 4517

From the definition of the detected phase given by Eq. (4.2.2), one gets

(4.5.18)

¢4 = tan! sin2@peosbBcosAf
cos2@rcos2Af — sin2ppcos280 )

The relative error £q is defined by Eq. (4.5.6). Assuming AD << 1 and 50 << 1 one has

AB2 — 592
Eg =5 . (4.5.1%
For A8) = ABp = 1° this gives AB =2 ° = 0.035 rad, 80 = 0° and g9 = 6.1 x 10~ or 0.61 %o
This example shows that an alignment error of 1° induces a relasive dewecied phase error smaller
than 1 %o, which is acceptable for current sensing applications,

FParallel orientatian of the quarterwave loops

For the ideal case, as shown in Fig. 4.3, the bircfringence axes of the hi-bi fiber are
perpendicular with respect to each other and are at 45° with respect to those of the quarterwave
loops. Moreaver, for convenience, the birefringence axes of the loops are parallel to the
directions x (hcrizontal) and y (vertical) of the reference frame. For the non-ideal case, the axes
of the hi-bi fibers arc no longer at 45° with respect to the X and y directions, this means that the
hi-bi fibers are now slightly rorated. The angles of 1he hi-bi fibers axes with respect ta the x
direcdon are
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0;=45"+A0; and AB=45"+A02. (4.5.20)

For ideal alignment one has A9 = A9z = 0°, giving 01 =82 = 45°. The Jones matrices of the
totated hi-bi fibers are given by (4.5.15), where A8; is replaced by 6;. As for the perpendicular
configuradon, the linear retardadon of the hi-bi fibers results in an isotropic phase factor which
can be omitted in the expression for the ontput Jones vector Eq. For the output intensity one

gets finally

Ig(t) = [cos%mcos(ppcosﬁe - sinAg([) $inPrcosAB]2 . {4.5.21)

The detected phase is obtained with the same procedure as for the perpendicular configuration.
Thus

R sin2prcosdBeosAd o (4.5.22)
Pa= cos2ppcos2sl — sin2ppcosZAg ) o

The relacive eror £ is defined by Eq, (4.5.6). Assuming A8 << 1 and 38 << | one has
602 - AG2
gp=——a— . (4.5.23)

This relative phase error has the same absolute value as for the perpendicular configuradon, but
opposite sign. Therefore, considering the influence of the non-ideal alignment of the
quarterwave loops, both perpendicular and parallel configurations may be regarded as
equivalent.
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Figure 4.8 Calcutated phase error versus alignment error 48] for fixed A and for a constant Faraday effect
of F = 0.03 rad, corresponding to a current of about 1 kA for a 20 turn fiber sensing coil with a
Verdel constant of V = 2.6 prad/A at A = §20 nm.
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Figure 4.8 shows the behavior of the detected phase @y for a constant Faraday effect of
¢F = 0.05 rad versus the misalignment error A8y, for both perpendicnlar and parallel
configurations. The horizontal line (A82 = 0°) corresponds to the correct value of the detected
phase. It appears that if one of the quarterwave loops is correciy aligned (A8 = 0° or
207 = 0°) the detected phase error is zero independently of the orientation of the ather loop.
However, for such a case the amplitude of the interference signal drops, which results in a
poorer signal to noise ratio and therefore in a higher detccted phase noise. The equivalent
behavior of the perpendicolar and the paralle] configuration is clearly evidenced in Fig. 4.8,
they are symmetrical with respect to the alignment errors.

4.6. All-Fiber Saghac current sensor

The purpose of this section is 10 demonstrate a practical realization of the all-fiber Sagnac
current sensor described in Section 3.2.1. Both reciprocal and non-reciprocal outputs will be
investigated. For the interpretation of the experimental resuits, the theory developed in the
previons sections of chapter 4 will be used.

4.6.1. Summary

An all-fiber Sagnac current sensor has been realized and suecessfully tested. All-fiber optical
elements have been nsed throughout, namely pigtailed laser diodes, polarizaton maintaining
fibers, all-fiber retardation plates, etc. The sensing ¢oil is a 10 tumn helix of 30 mm diameter and
520 mm length. This coil is connected to the ground, where all the electronic parts of the sensor
are located, by two 20 m long linear polarization roaintaining fibers. The Faraday phase is
measured by nsing non-reciprocal phase moduladon and coherent detection. The current sensor
has been investigated using both the reciprocal and the non-reciprocal output of the Sagnac
interferometer. Perfect lincarity between the detected Faraday phase shift and the 175 Hz ac
current was measured from 0.1 A to 100 A. For both outputs the sensitivity and the accuracy
were essentially limited by the detector noise. Shot-noise limited detection was not yet achieved
due to lack of optical power. At the reciprocal output the detected power was 135 nW and the
electronic noise was equivalent to a phase noise of 60 prad/¥Hz or a current noise of 1 ANHz,
for a 10 trn helical coil. At the noa-reciproral output the detested power was 760 nW and the
electronic noise was equivalent to a phase noise of 10 purad/Hz or & current noise of (.17
ANHz for a 10 tum helical coil.

4.6.2. Princlplas and slgnal processing

The minimum reciprocal configuration described in Section 3.2.1 will be used, The sensing coil
is a 10 turn helix with the sarne characteristics as the one described in Section 3.1,1, As already
shown from theoretical and experimental resnlts in Section 3.1, the helical cail can be
considered as nearly ideal. The other elements constituting the Sagnac interferometer are also
assumed to be ideal for a first analysis. The effecis of the non-ideal elements wiil be briefiy
discossed later,

Taking into account the above assumptions, the non-reciprocai phase induced by the Faraday
effect is
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@(t) = 2gp(t) = 2VNI{} . 4.6.1)

For the ideal fiber coil the detected intensity at the reciprocal output is then given by Eq.
(4.1.27), which yields for the detected signal voltage

ur(t) = urp{1 + cos[@(®) + AP} , (4.6.2)

where Ad(t) is the non-reciprocal phase modulation, defined in Section 4.2, namely
Ad(t) = 20asin{@nT/2)cos[@m(l + T/2)] = Adocos[wmt + T/2)], where wm/2x = fn is the
frequency modulation. At the non-reciprocal output the detected signal voltage is [Eze82,
lr82]

unr{8) = upe{ 1 — cos[p(r) + AG(1)]) . (4.6.3)

The non-reciprocal phase (1) is rerrieved using coherent detection [Hay82]. For that purpose
the detected signal is band-pass filtered in order 1o get the component at thy. AS a consequence
of Eq. (4.2.1) the filtered signal is of the form

u(r) = F2npJ1 (Adg)sinp(t)cos[wm(t + T72)] . (4.6.4)

where the plus sign holds for the reciprocal and the minus sign for the non-reciprocal output,
respectively. To perform the coherent detection, this signal is multiplied by a reference signal
ref(ty and then low-pass filtered. The reference signal is

Uref(t) = tiremsin{Wmt + D) . (4.6.5)
where Dpef is a constant phase shift. The signal at the low-pass filter outpur is then
U() = 20Ul 1(Adp)sing(Osin(Drer — e T72). (4.6.6)
Adjusting ®F so that Qper — w0y T/2 = 1/2, the output signal becomes
Ut} = 2Ugli(Adg)sing (1) 4.6.7)

For small values of the Faraday effect (q(1) << 1, i.e. T € 1kA for a 10 turn helical coil and
A =780 nm) one can assume that sing{t) = @(t). Maximum sensitivity is obtained for
J1(Adp) = max, i.e. for Adp = 1.8 with J1{Adp)} = 0.58. Moreover, the sensitivity to
fluctvations of Adp = 29gsin(we, T/2) vanishes if one works at the maximum of J;, which
provides immunity against variations of $0. tdm and T. For wy T/2 = #/2 the required phase
modulation ¢g is minimum and the immunity of the demodulated signal against finctuations of
®m and T is even further improved. Using T = nL/c one gets for the optmum length of the

Sagnac loap

L =c/2nfy,. (4.6.8)
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In our experiment the modolation frequency imposed by the all-fiber modulator was
fm = 930 kHz. With n = 1.5 one gets from Eq. (4.6.8) L = 107 m for the optimal length.
However, for practical reasons the fiber loop leagth. was only 55 m, which yields
sin{@mT/2) = 0.7. Nevertheless it is always possible to fuifill the condition A¢g = 1.8
(J1({Adg) maximum) by increasing ¢p.

4.6.3. Effects of non-idegl elaments

The helical coil

An ideal helical coil [May89) has degenerated cigenpolarizations in absence of the Faraday
effect. This is no longer true in presence of the Faraday effect. However, for practical valves of
the current to be measured (I < 20 kA for a 10 tumn helical coil) the ¢igenpolarizations will
remain ¢lose to purely circelar polarizations, permitting optimem detection of the Faraday
effect. For a non-ideal helical coil, coupling between eigenpolarizations (of the ideal helical coil)
ariges. The coupled part is not transmirted by the polarizer (P) and therefore does not disturb the
Faraday effect measurement at the reciprocal outpet, However, this non-ideal behavior of the
helical coil will slightly change the sensitivity to the Faraday effect of the measured non-
reciprocal phase shift. In our experiment the helical coil has a total linear retardation which is
below 1°. This means that this helical coil is close to an ideal one, leading to negligible
perurbation for the measpred Faraday effect. This is paricularly true for the Sagnac
interferometer, where perturbing reciprocal effects are strongly anenuated when detecting the
Faraday effect at the reciprocal output.

All-fiber quarterwave plates

The all-fiber quarterwave plates [Fro89] are formed by a fiber loop compressed between two
rigid plates, the retardation value can be adjusted by varying the compression force. The aim of
these all-fiber quarterwave plates is to convert the two counter propagating linear polarizations
from the hi-bi fiber in1o circnlar polarizations for the helical coil Faraday sensor. Non-ideal
behavior of the quarterwave plates gives rise to not exactly circular polarizations entering the
helical coil, resulting in a change of the sensitivity for the Faraday effect measured from the
noan-reciprocal phase shift. The light leaving the helicel coil will not be transformed in a
perfectly linear polarization after the non-ideal quarterwave plate. This means that a certain
amount of light will be present in the wrong linear polarization of the hi-bi fiber. However, this
part is not accepted by the polarizer (P) at the reciprocal Sagnac interferometer output, and
therefore does not disturb the Faraday phase measurement. In our experiment it was passible to
approach very closely the ideat value of the all-fiber quarterwave plates and thos minimizing the
vawanted effects due to non-ideal behavior.

The hi-bi fiber

An ideal hi-bi fiber maintains linear polarizadon launched parallet to one of the birefringence
axes. In real hi-bi fibers [Kam81, KamB82], randomly distributed perturbacions along the fiber
length give tise to cross-conpling between the two linear eigenpolarizations and therefore the
linear input polarization is no longer maintained. In our Sagnac interferometer the light coupled
into the wrong linear polarization is not accepted by the polanizer (P) and therefore does not
disturb the Farnday phase measurcment at the reciprocal output. However, if light in the wrong
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polarization is already present at the hi-bi fiber input, due to nan-ideal helical ceil or quarter-
wave plates, it can be cross-coupled during the propagation in the hi-bi fiber. This coupled
light, accepted by the polarizer (P), depends also on the Faraday effect and will therefore
perturb the measurement at the reciprocal output. For our hi-bi fiber (York HB 750) the average
cross-coupled power after 10 m is about 0.1 %e of the input power, corresponding to a
extinction ratio of —20 dB over | km measured with a low coherence source. Each piece of hi-bi
fiber is 20 m long and gives therefore 0.2 %o of cross-coupled power. For 20 m hi-bi fiber and
agsuming that the non-ideal helical coil and the quarterwave plates produce about 1 % of the
total power in the wrong poiarization, anly 0.002 % of the tatal output power will perrurb the
measurement of the Faraday effect at the reciprocal output. This error may drift slowly with
time, following the environmental conditions. In our experiments a low coherence source of
about AX = 3 pm was used, which yields a coherence length of 200 um, so that the counter
propagating cross-coupled light beams will not interfere. The result is a negligible phase error
for the measured Faraday effact.

The polarization mainmining coupler

In an ideal polarization maintaining coupler, linear polarization launched parallel to one of the
birefringence axes is maintained. In a real polarizaton maintaining coupler, the output
polarization is no longer the same as the input polarization, it contains a certain amount of the
orthogonal component. The effects are essentially the same as those due to the non-ideal hi-bi
fiber, However, the cross-coupled power is about two orders of magnitude higher for the
polarization maintaining coupler. As already mentioned for the hi-bi fiber, this error drifts
slowly with time according to the environmental conditions. If the coherence of the source is
low, as in our experiment, the resulting phase error is still negligible for the measured Faraday
effect.

The phase modulaior

The all-fiber phase modulator consists of 10 turns of hi-bi fiber wound around a piezoceramic
(PZT) cylinder of 32 mm diameter. The intrinsic birefringence in the hi-bi fiber is about 400
times larger than the bend induced birefringence. Thus the linear polarizations of the hi-bi fiber
are maintained, even if the axis of the bend induced birefringence and the intrinsic birefringence
are not aligned. This has been confirmed experimentally.

The non-reciprocal output

There are two contributions (o the difference between the reciprocal and the non-reciprocai
output, namely the cross-coupled polarization in the Sagnac loop and the non-reciprocal
behavior of the polarization mainiaining coupler (PMC). The cross-caupled part has undergone
the Faraday effect and depends on the environmental conditions and therefore fluctuates with
time. Fortunately this cross-coupled part can be eliminated by inserting a linear polarizer at the
non-reciprocal output. The polarization maintaining coupler (PMC) produces a dc non-
reciprocal optical phase shift at the non-reciprocal output, this phase is small (< 10 mrad) and
drifts slowly. It is impossible to eliminate this contribution. However, for ac detection this
additional dc phase is not relevant.



4.6.4. Nolse limitations

The smallest measurable phase depends on the signal-to-noise rado at the detecon. The noise
is a combinadon of shot-noise, due to the optical detection, and electronic noise.

Detecrion noise

The detected signal voltage is given by Eq. (4.2.1). The electrical power spectrum at the
detection consists of the detected signal power and the detection noise, as shown in Fig. 4.9. It
is assumed that @ << 1, i.e. sinp =g and cosp = 1.

W = J3{Ag)

2 2 2 detection noise
us ot Jy (ko)

= U3 el

Detected electrical power

Frequency

Figure 4.9 Power spectrum at the detection.

The components at ¥, (B = 2rfy) and 26y of the detected signal u(t) (u{t) or ug D)) are
given by

u(tom) = L2upp(t 1(Adg)cos[Om(1+T/2)] (4.69 a)

u(20m) = Tugl2{Adp)cos[2on(1+T1/2)] (4.6.9 b)

In cur experiment, the current is a harmenic function of ume with the frequency Q/2n, which
gives for the Faraday phase

(1) = V2@sing, (4.6.10)

where @ is the rms value of 9{t) and £ << oy, Calculating the rms value of u{@y,) and n(20m)
one gets

ug = Viugpl (Adg) {4.6.11)

and

uz = V2upla(Adg) . (4.6.12)
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Since it is more reliable to determine u2 from the detected spectrum than to measure up from the
dc level under the same conditions as uy, it is convenient to replace ug in Eq. (4.6.11) by Eq.
(4.6.12), which yields :

n] = T1(a%0) Quz, (4.6.13)
Ta(Ado)
The minimum detectable phase ¢min comesponds to the case where the component at fyy of the

detected signal is equal to the noise at the same frequency fiy, i.e. u; =15 From Eq. (4.6.13)
one gets then for the minimum detectable phase

< J2(800) uin _ 12(A00) qp.1p (4.6.14)
Ti{Adgy U2 1i{Ado)

Pmin

where S3NR = up2/uy,2 is defined as the ratio of the detected electrical power at
2f(independent of @ for @ << 1) and the electrical noise power at fry, for the relevant detection
bandwidth B for the phase measurement. Figure 4.9 shows how uy, uz and the SNR can be
measurcd vsing a spectrum analyzer.

Shot-noise

The shot-noise ugy, is proportional to the average detected optical power Py, 1.¢. to the mean
value <u> of the detected signal. The signal 1o noise rato for shot-noise limited detection is

given by

SNRsp = MWPop <u>ugn?, (4.6.15)
2Bhv

where T is the quantum cfficiency of the detector, Popy the mean detected power, B the
detection bandwidth and ugn? the electrical power of the shot-noise. Using Eq. (4.2.1) and
assuming that ¢ << 1 one gets

<> = ug[Ho{Adg)], {4.6.16)
From Eqs. (4.6.15) and (4.6.16) one obtains then
ugn = up[12]o(Adg)]SNRgy 172, 4.6.17)

The minimum detectable phase corresponds to the case where u) = ugp. Combining Eqgs.
(4.6.11), (4.6.12) and (4.6.16) one geis

1 + Ig(Adp)
in =——— 02T o 172 4.6.18
Pmin V211(A00) sn ¢ )

where * stands for the reciprocal and the non-reciprocal output, respectively.



Residual non-reciprocal phase

As previously stated, non-ideal elements result in an unwanted residual non-reciprocal phase at
both reciprocal and non-reciprocal output. This residual phase 8¢ can be determined from the
measured specrum for zero current (Hy = 0). Assuming that 8¢ << 1 and that Py and P2 is the
clectrical power of the detected signal at fyy and 2fy,, respecdvely, and using Eq. (4.2.1) one
gets

Jap) [P

4.65. Experimental results

Experimental set-up

+ = hi-bi splice (glued}, Loss ~ 7 dB
* = Fused splica, Loss s0.1dB

hi-bl Sensing ¢
2x20m  eoil

0)

High
Electronic Stgoal vo?lagﬂ
processing generator amplitier

+l‘ *l"ll’

Faraday signal

Figure 4.10 Experimentnd set-up. LD: pigtailed 1aser diode (A = 786 nm, multimode), PC: all-fiber
polarization controller, C: coupler, P: ali-fiber polarizer, PMC: polarization mantaining coupler,
Dy: detector at reciprocad ousput, Dj: optical intensity detector, Dy detector at non-reciprocal
output, PZT: piezoceramic all-fiber phase modulator, 3.4: all-fiber quaricrwave retarder.

Figure 4,10 shows the optical set-up. The Faraday signal at the reciprocal (r) and the non-
reciprocal (nr) outputs is proportional to the non-reciprocal phase @. As explained below,
coherent detection is used to recover the phase ¢. Both reciprocal and non-reciprocal outputs
were measured. The coherent demedulation is achieved by a mixer which is followed by a lock-
in amplifier for the low-pass filtering. In order to compensate the fluctuations of the laser
intensity, the lock-in amplifier normalizes the output signal to ics auxiliary input by the signal
supplied by Dj, which is proportional to the laser intensity. The readout and the analog output
are pruportional 19 ¢, '
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Faraday effect measurement

The Faraday phase ¢ was measured at both the reciprocal and the non-reciprocal cutput. The
loss of the glued hi-bi splices is about 50%, thus the opdeal power at the reciprocal output is
much lower than at the non-reciprocal output, namely 135 nW versus 760 nW. At both outputs
the shot-noise bimited condition was not achieved. The electronic noise is composed essendally
of the Johnson noise from the feedback resistor (transimpedance amplifier) and the voliage
noise from the operadonal amplifier. Table 4.1 gives the minimure detectable phase ©yin,
deduced from Eq. {(4.6.14), and the measured SNR at each output, Theoretical values of @min
corresponding to shot-noise limited detecdon are also given, using Eq. (4.6.18) with A¢g = 1.8
and 1y = 0.88 for a silicon photodiode. For each value of i the corresponding current has
been calculated using Inin = Qmin/2VN, with V = 3 prad/A (A = 780 nm) and N = 10 tumns.

B=1Hz a) Measured b} Shot-noise Hmited

Reciprocal output SNR =78 dB SNRg =113.7dB

Pupt =135 nW Prnin = 64 md ®Omin = 33 “.rad
Imin=1.1A Imin =0.05 A

Non-reciprocal output SNR =91 dB SNRgy =121.2dB

Popt = 760 oW Pmin = 14 prad Pmin = 0.7 prad
Inin =024 A Imin=0012 A

Table 4.1 Minimum detectable phase gy jn and current [y for 1 Hz detection bandwidth. a) Deduced
from the measured SNR. b) Deduced from the cakeulated SNRyq for shot-noise limited detaciion.

The minimum detectable phase corresponds to the noise level at the demodulated cutput. Direct
measurernent of this noise has been performed for both reciprocal and non-reciprocal cutputs, a
lock-in amplifier with 1 Hz detection bandwidth has been used. Table 4:2 shows the value ¢,
of the phase equivalent noise measured at the demodulator output, and the value of @i,
obtained from measured SNR. Table 4.2 shows that the values obtained from the SNR are in
good agreement with those measured at the demodulator output.

B=1Hz a) Noise measurement b) Calculated from
: measured SNR
Reciprocal output ©n =60 prad ®min = 64 plrad
Pup[=135 nwW In=1A Imin=1.lA
Non-reciprocal cutput ¢q =10 urad ®min = 14 prad
Popt = 760 nW I,=017 A Imin=024 A

Table 4.2  Minimum detectable phase apd current for | Hz deteclion bandwidth. a) Noise measured at
demodulator output. b) Calculated from the measured SNR.
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Figure 4.11 Measured Faraday phase versus electrical current at reciprocal outpul

Figure 4.11 shows the measured Faraday phase ¢ versus the ac current [ at 175 Hz for a
detection bandwidth of B = 1 Hz. A linear fit to the measured values yields the standard
deviadon Qg and the correlation coefficient r. The mms phase error 8¢ is obtained from
& = cm\] 1-r2. Table 4.3 gives the values of the rms phase error 8¢ and the measured phase
noise @n at the demodulater ontput.

B=1Hz a) rmas phase error b) Noise measuremment
Reciprocal output 8¢ =75 urad Qn = 60 {rad

Popt = 135 nW Im=125A Ih=1A
Non-reciprocal output 6¢ = § urad Qn =10 prad
Popt = 760 nW Ir=013 A n=017A

Table 4.3  Minimum detectable phase @ and current I for 1 Hz detecvion bandwidth. a) rms phase error
obtained from the linear fit, b) Noise measurement at demodulator oumput

Table 4.3 shows that the error of the measured plhiase ¢ is essentially due (o the noise at the
demodulator output, i.e. & = @, for both the reciprocal and the non-reciprocal outpat,

Temperature dependence

A variation of 5 °C around room temperature resulls in a change of about 25 % of the Faraday
signal at both the reciprocal and the non-reciprocal output. The main effect of the temperature is
to couple imensity of the principal polarization into the orthogonal one, resolting in a reduction
of the Faraday signal. An efficient way to compensate this reduction would be 10 normalize the
Faraday signal to the optical ontput intensity of the principal polarizagon. Qualitative
invesdgations of the sensidvity of the Faraday signal o changes of the remperature of individual
elements have been performed. One element at a time was heated at a temperature of about
50 °C. The list of the elements in decreasing order of sensifiviry to temperature reads: the
electronics, in particular the mixers; the PZT phase modulator, the hi-bi fiber and PMC; the all-
fiber quarterwave retarder; the helical coil.
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Mechanical perturbations

The same type of Sagnac current sensor was previousty realized with bulk optical elements. For
both the bulk and the all-fiber version, measureroents of the sensitivity of the Faraday signal to
mechanical perturbations have been performed. The sensor was mechanically perturbed by
hitting the hi-bi fiber, the hetical coil, eic, and by strongly whisting. For all these permurbations
the all-fiber version was about 100 times less sensitive than the bulk one, confirming the
absolute necessity to use an all-fiber version for industrial applicagons.

Long term stability

For constant Toom temperature, measurements over 15 hours show thac the Faraday signal
temains perfectly constant for both the reciprocal and the non-reciprocal output.

Simplified all-fiber Sagnac current sensor

As previously stated, the cross-coupled polarization in the Sagnac loop gives rise to a
fluctuation of the signal at the non-reciprocal output. We have measured the de flnctuadons of
the Faraday signal ar the non-reciprocal output for zero current. Without polarizer at the non-
reciprocal output, the measured de fluctuadons were about 5 mrad, which corresponds to a de
current of 80 A. With a linear polarizer aligned parallel to the principal polarization, the dc
fluctuations drop approximartely by a factor 100, corresponding to 50 prad or 0.8 A. This
confirms the necessity of having a linear polarizer aligned to the principal polarization at the
non-reciprocal ourput, particularly for dc detection of the Faraday effect. These results show
that for ac measurement of the Faraday effect the non-reciprocal output can be used without loss
of accuracy. Therefore the first coupler C in Fig. 4.10 can be removed, resulung in a gain of a
factor 2 for the detectred oprical power.

4.6.6. Conclusions

An all-fiber Sagnac current sensor has been demonstrated. The principal difficuity was to
control in a perfect manner the polarizaton of the light at each point of the interferometer. For
this purpose, elements such as polarization maintaining couplers, hi-bi fibers, all-fiber
polarization controllers, all-fiber polarizers and a helical fiber sensing ccil have been used. The
Faraday phase is measured in the same manner as in standard fiber opiic gyroscopes, i.c. by
non-reciprocal phase modulaton and coherent detection. The reported work permits 10 point out
most of the fundamental problems inherent to the Sagnac interferometer used as a Faraday
current sensor. As an important result we found that for ac current detection the non-reciprocal
output of the Sagnac interferometer can be used without drift problems. This leads to a
simplified all-fiber Sagnac current sensor with anly ane fiber coupler. It has also been
demonstrated that the mechanical stability increases approximately by two orders of magnitude
for the all-fiber version of the Sagnac current sensor compared (o the bulk version. Additional
investigations will be necessary to localize and 10 solve the problems of the stability with
respect tO temperature.
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4.7. All-fiber Sagnac current sensor based on a commercial fiber
optle gyroscope

In this section a current sensor based on a modified commercial fiber gyro is described and
characterized. Influence of the temperature and of the alignment between the hi-bi fibers and the
quarterwave loops will be measured and then compared with the theory previously developed.

4.7.1. Summary

An all-fiber Sagnac current sensor based on a commercial fiber optic gyroscope has been
realized and tested. A 20 rurn fiber coil with a diameier of 2R = 345 mm is nsed. The ulira-low
birefringence fiber, which has a diameter of 2r = 80 pm, is mechanically twisied at the rate of
10 tums/m. The same fiber was used for the quarterwave loops. The polarization maintaining
fiber of the gyroscope, which is 100 m long, was cut in the middle of its length and then
spliced at each guarterwave loop. Perfect linearity berween the detected Faraday phase shift and
the 75 Hz ac current was measured from 10 A 10 800 A. The detected phase noise amounts to
about 10 prad/Hz, which is equivalent to a detected current noise of 0.1 ANHz

4,7.2. Experimantal set-up and signal procassing

The experimental set-up of the all-fiber Sagnac current sensor, which consists of a modified
fiber gyroscope, is shown in Fig. 4.12.

Electranic controle t___> DiA conventer ’ 2:1?:13?
C 3 16 bits
| output
Mw I r
controle L atien = '
Sonal ' & = Fused splice
r | oot
SM < = hi-bi
10G
s N!un_\
Sensing
oM

cail

hi-bi

low-hi

Figure 4.12 Fiber gyroscope converted to an all-fiber Sagnac current sensor. SM: source module, DM:
detector medule, FC: fused coupler, 1OC: integrated optic Y-coupler.
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The sensing coil is made of 20 turns of ulra-low birefringence fiber (York LB 800) which is
mechanically twisted at the rate of 10 turns/m. The diameter of the fiber is 80 um. The total
length of the fiber constituting the coil is approximately 20 m. The birefringence of the whole
fiber coil was measured to be approximately 2°. The quarierwave loops are made of the same
fiber type as the one used for the sensing coil. The loop diameter is adjusted so that the
retardation is 90° with a precision of about 1 %. The fiber is confined in a 1 mm circular stitin a
15 mm x 15 mm piece of aluminum. The slit filled with a soft UV-curred glue. The parallel
configuration has been chosen, this means that the birefringence axes of the quarterwave loops
are aligned. The hi-bi fiber of the gyroscope was cut in the middle of its length and then 10 m
shortened at each exwemity in order to compensate the length of fiber coil to get an optimal non-
reciprocal phase modulation. This phase modulation is produced by the integrated optic Y-
coupler (I0C) which contains in one of its arms an integrated optic phase modulator. The
frequency modulation is about 1 MHz. The total length of the fiber forming the Sagnac loop is
100 m, namety 80 m of hi-bi fiber belonging to the original gyroscope and 20 m of low-bi fiber
constituting the quarterwave loops and the sensing coil. The extremities of the hi-bi fibers next
to the loops are fixed in such a way chat they can be slightly twisted, this permit to adjust
precisely the orientation of the hi-bi fiber birefringence axes with respect to those of the
quarterwave loops. As a practical consequence, the fused splices between the hi-bi fibers and
the loops need no more to be oriented which simplifies the splicing procedure. The electronic
control module which is supplied with the gyroscope provides a digital output signal of 16 bits
with a sampling rate of 1 kHz. A D/A convener transforms the 16 bit signal into an output
voltage which is proportional to the non-reciprocal phase shift in the Sagnac loop. The
assumptions concerning the elemenss of the sensor are the same as those given in Section 4.6,
Therefore the detccted phase induced by the Faraday cffect is given by Eq. (4.6.1), namely
(1) = 2VNIft). The detected interference signal is given by Eq. (4.6.2). The detected phase
rerrieval is performed by the digital signal processing unit in the electronic conmol maoduie and
is given by Eq. (4.2.2), namely ¢g = tan—1{I2(Adg}R (0 )1 1(860)[R(260m) ). The effects
related to non-ideal elements have also been developed in Section 4.6. : C

4.7.3. Megsurement of the Faraday eflect

According to the data sheet, the principal characteristics of the fiber gyroscope are:

Sensitivity: 50 degh—1/LSB {at the 16 bit digital output),

Qutput noise: 10 degh~1/Hz or 0.2 LSBAHz,
where LSB stands for least significant bic in the digital outpur. Other parameters of the original
gyroscope are 100 m fiber length, 68 mm coil diameter, 820 nm wavelength and about 20 pW
optical power output. Experimental investigadons have confirmed the above data for the
sensidvity and the noise. The manufacturer indicates thar the detection is rather limited by
clectronic noise than by the shot-noise.

The characteristics of the D/A converier module are 91.6 pV/LSB convertion ratic and a
frequency response of 200 Hz at -3 dB. The additional noise due the D/A module is negligible.
The sensitivity to the rotation rate at the D/A output was measured to be Sq = 6.68 mV/deg's-L.
This sensitivity can be converted into current sensitivity via the Faraday effect; for a 20 wrn
sensing coil and a Verdet constant of V = 2.6 prad/A at 820 nm this yields §y = 0.234 mV/A,
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Figure 4.13 Quiput voltage, proportional to the Faraday effect, versus electrical current,

Figure 4.13 shows the measured Faraday signal versus the 75 Hz ac clectrical current,
measured with a FFT spectrum analyzer at | Hz detection bandwidth. The detected optical
power at the output is approximately 7 W, which means that the losses due 10 the four splices
amount approximately to 5 dB. The output nois¢ is now about 0.4 LSB/¥Hz, which
corresponds to approximately 0.1 A/Hz for 2 20 turn coil and a Verdet constant of V = 2.6
prad/A at a wavelength of A = 820 nm. Therefore, the addidonal losses doe to the modificadons
of the gyroscope result in an increase of the equivalent output phase notse by a factor of 2. The
measured slope, or the sensitivity, is measured to be §| = 0.236 mV/A, which is in good
agreemeni with the expected value of Sp=10.234 mV/A. A linear fit to the measured values
vields the standard deviation ¢, and the correlarion coefficient r. The rms voliage error fu is
obtained from &u = 6yV 1-r2. From the measured values one gets Bu = 0.33 mV, which
corresponds 10 a rms current error of 8 = 1.4 A, This is much larget than the equivalent current
noise of 0.1 A for 1 Hz detection bandwidth. This discrepancy may be atmibuted to the reading
error of the amperemeter, which has 1500 A full scale and 1 % maximum error specified by the
manufacturer. '

4.7.4. Measurement of the influence of the tempersture

The retardadon and the posidon of the birefringence axes of the quarterwave loops have been
measured between 0 C° and 80°C. The results are shown in Fig. 4.14, From the lintar fit one
obtains the emperature sensitivity of the retardation for the loops, namely AR/AT = 0.0035°/°C
for the first loop and AR/AT = 0.0061°/°C for the second one. The temperature coefficient is
given by ap = (AR/ATYR. With R = 90° this yields ap1 = 3.9 x 104 K-! and ag?
= 6.8 % 10-4 K*1, which is in good agreement with the value given for purely bend induced
birefringence, namely oy = 5.7 x 104 K-} (see Section 4.4). The differences are probably due
to uncontrolled influence of the fiber coating and the glue in the loops. In Section 4.5.2 it has
been established that for quarterwave loop retardation errors € 2° the resulting detected phase
error in the considered temgperature range (-40 °C to 80 °C) does not exceed 2 %e. Moreover,
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one sees from Fig. 4.14 that the orientation of the birefringence axes can vary up to 1°, this
results, as it has been shown in Section 4.5.3, in detected phase errors in the order of 0.5 %e.
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Figure 4.14 Loop retardation and birefringence axes position versus wemperamre,

In Secdon 4.4 the detected arror due 1o the fiber sensing coil was shown to be smaller than
0.035 %o for the same temperature range. In the worst case the above errors add up, this givesa
theoretically estimated detected phase error of less than 2.5 %o. The measured relative phase
erTor versus temperature is shown in Table 4.4. From 20 °C to 80 °C it is smaller than 2 %o,
which is in agreement with the theoretical prediction. However, for temperatures smaller than
20 °C the relative error becomes much larger (10 times) than theoretically expected.
Experimental investigations have shown that the glue points used for the construction of the
fiber coil can introduce unwanted and euncontrolled birefringent retardations larger than 10°.
Moreover, the fiber coating can be an important source of addidonal birefringence at low
temperature.

Temperamre 0°C 20°C 40°C 60°C 80°C

Relative phaseerror 23 %  €2% <2% <2%  <2%o

Table 4.4  Relatve detected phase error versus temperature.

4.7.5. Influence of the alignment between the hi-bi fibers end the quarter-

wave loops

The influence of the alignment error of the birefringence axes of the hi-bi fiber has been
\heoretically investigated in Section 4.5.3. For the parallet configuration the detected phase is
given by Eq. (4.5.22). The output voltage, which is proportional to the detected phase, versus
the alignment error Ay of one of the hi-bi fiber ends has been measured for constant
onentation AB7 of the other fiber extremity. The experirmental results and the theoretical values
obtained frem Eq. (4.5.22) are compared in Fig. 4.16. Two situations are invesdgated. First,
one of the two loops is correctly oriented (483 = 0°). In this case the theory predicts that the
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detected phase is independent of the crientation error A8 and corresponds exactly to twice the
Faraday phase shift (2¢g). This is confirmed by the experimental results. The small
discrepancy between the theory and the measurements may be attributed 10 a non-ideal
alignment of the fixed extremity, i.e. A8y differs slightly from zero, Second, the fixed hi-bi
fiber extremity has a misalignment error of Af2 = 45° Figure 4.16 confirms the good
agreement between the theory and the measurements.
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Figure 4.16 Ourpu voliage versus hi-bi fiber alignment error 48){exuemity next 10 1he first loop) for
constant 402 (exwemity next 1w the second ioop) and for a Faraday phase shift of op = 0.0206
rad (280 Any for a 20 tom fiber coil and V = 2.6 prad/A at A = 820 nm).
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5. THE RECIPROCAL REFLECTION INTERFEROMETER WITH
FARADAY EFFECT '

This chapter reports the detailed theoretical and experimental investigations of the reflection
interferometer used to detect the Faraday effect. In Section 5.1 the detected intensity will be
derived for the general case, i.e. regardless 1o the used fiber configuration for the sensing coil.
The influence of the source coherence is taken into account in this analysis. In Section 5.2 these
results will be applied to the different fiber configurations, namely the mechanically twisted
fiber, the spun fiber and the helical fiber. The effects of non-ideal quarterwave loop are alse
analyzed. The reflection interferometer with internal non-reciprocal phase modulation is
reported in Section 5.3. The analysis of the effects of the non-ideal elements and of the
temperature are presented in Sections 5.4 and 5.5. Experimental results are reported in Section
5.6 and 5.7.

5.1. Detected intensity and effects of the coherence of the source
for general fiber configuration
The principle of the reciprocal reflection interferometer for the Faraday effect detection is shown

in Fig. 3.6. For convenience a bloc-diagramn representation will be nsed for the theoretical
analysis, as shown in Fig, 5.1.

G)NQ =El-= — r
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Figure 5.1 Bloc.diagram representation of the reflection interferometer used to detect the Faraday effect.

Each bloc corresponds to a Jones matrix of an individual element constituting the reflection
interferometer. Except for the sensing coil, which has circular birefringence, the elements of the
interferometer are linearly birefringent, thus the linear polarization basis is more suited for the
calculation. The input lingar polarization, which is represented by the Jones vector Ey, is
oriented at 45° with respect to the reference frame (x,y,z) defined in Section 2.2. As explained
in Section 3.2.2 the 45° lincar input polarization has to be seen rather like the superposition of
_two in phase linear polarizations paratlel to the x (horizontal) and y (vertical) reference axes.
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The notation used for forward and backward propagation has been defined in Section 4.1. The
input linear retarder 1 has its birefringence axes aligned to the x and y directions. As will be
shown later, this linear rctarder is necessary (o obtain the quadrature condition for the output
interference signal. The coupler is assumed not to affect the polarization, this means that the
transmission and the coupling are given by the factors 142 and N2, respectively. However,
in practice this condition is only partially fulfilled. The hi-bi fiber has its birefringence axes
parallel to the x and y reference axes. In the following analysis it is assumed that the hi-bi fiber
is ideal, this means that no cross-coupling arises from one birefringence axis to the other, thus
its Jones matrix f is diagonal. The quanterwave retarder, represented by the Jones mnm’x'ﬁ’.
has its birefringence axes oriented at 45° with respect to the hi-bi fibers axes. The Jones matrix
‘2 of the sensing coil is given in Chapter 2 for twisted, spun and helical configurations. The
mirror is characterized by its reflection Jones matrix s. The output Jones vector Eq can also be
seen as the superposition of two nearly linear orthogonal polarizadons, each corresponding to
the horizontal and vertical inpue polarizations. Therefore, a linear polarizer has to be used in
order to ohtain the interference between them. This interference can also be achieved using a
Wollaston prism. This permits to obtain an output signal which is insensitive to the variations
of the optical power, launching efficiency, etc. In the following analysis, only detection witha
linear polarizer {p) will be investigated. This is sufficient to point out the most interesting
properties of the reflection interferometer.

5.1.1. Detected intensity

The input Jones vector, corresponding to a lingar polarizadon at 45° with respect the x and y
axes, writcs

EF%(D (5.1.1)

To compare the backward travelling output wave with the forward travelling input wave
correctly, a second reflection matrix s has to be introduced [Dan92]. Based on Fig. 5.1, the
resulting qutput Jones vector is then

Eom3sfhsmErE;, (5.1.2)
where
m=cq ad m=g¢. (5.1.3)

The reflection matrix, expressed in the linear polarization basis, is of the form

s=("; ?) (5.1.4)

The forward and backward Jones matrices of the hi-bi fiber are
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T=F=t= ) (5.1.5)

where An is the birefringence and L the length of the hi-bi fiber. Taking into account that s and
f are diagonal, Eq. {5.1.2) modifies to

Eo=3fsmsm frEj=5fm frE;, (5.1.6)
with
My —p™*
m=s§sﬁ{=[ b J (5.1.7)
mp mp*

The rratrix m contains the effects of the sensing coil € and the quarterwave loop ‘_ci Ag it will
be shown further, for ideal optical elements my vanishes and my, = i¢29F, This means that m,
represents the polarization coupling due 1o non-ideal optical elements. The Jones matrix of the
linear retarder, which has its birefringence axes aligned to the directions x and y, is given by

2 g
r= . (5.1.8)

0 e—i%ﬁ

where ¢r is the linear retardation. Using Eq. (5.1.6) and the explicit expressions for the
marrices quoted above, the ontput Jones vector writes

; maei(kAan,jZ)_ m'l;*ﬂﬁicbrjz .
Bo=2v i : {5.1.9)
242 myre i KANL+O2) | 1 o362

For ideal elements. namely non-birefringent fiber sensing coil (see Eq. (2.3.13)) and ideal
quarterwave loop (see Eq. (4.1.11), the mairix element mj, vanishes and the output Jones vector
becomes

wa—ily/2 , 1 .
Eg=| 0" - —mb*e"’w( )+ ——r (0) i (5.1.10)
pei02 0 !

This particular case shows clearly that the two input linear orthogonal polarizadons resnlt into
two output linear orthogonal polarizations. Thus, in order to recover the Faraday effect, which
is contained in the matrix element mg, it is necessary that these two orthogonal output
polarizations interfere. That can be obtained by a linear polarizer.
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This linear polarizer has its transmission axis aligned at 45° with respect to the x reference axis,
thus its Jones matrix is

p=%(; i) G.1.11)

Using Eq. (5.1.9) one has for the Jones vector E after the polarizer

E=pE, =i§ [Re (muelCARLASID)y 4 i (10 I O2 )1 E; = VE; . (5.1.12)

One sees that the output polarization is parallel to the input polarization, owing to the palarizer,
but with a complex amplimde V resulting from the interference of the two ontput orthogonal
polarizations, as explained above. This complex amplitude V depends on the optical path
difference kAnL of the hi-bi fiber and contains information about the Faraday effect through the
matrix elements m, and my.

Taking into account that Ij = EIEi =1, the detected intensity I of the Jones vector E is given by
1=E'E = } (Re 2(maeCOLAD] ¢ i 2(emyclO2)). (5.1.13)
Far ideal optical elements the matrix element my, vanishes and the detected intensity becomes
1= 4im 2{me72) (5.1.14)

For non-ideal optical elements m,, which represent the anwanted cross-coupling, is different
from zero. 1t appears then clearly from Eq. (5.1.13) that the optical path difference AnL of the
hi-bi fiber will be a perturbing term. Generally, kAnL is larger than 1000 x 2x rad and is
strongly dependent of the extemal conditions, e.g. temperature. This cross-coupled part will
therefore perturb the Faraday phase detection, The interference of the cross-coupled light is
eliminated when the coherence length of the light is sherter than the path difference of the two
polarization modes in the hi-bi fiber. For this reason, the influence of the source coherence will
be investigated in the next chapter.

5.1.2. Influence of the source coherence

The source is now non-monochromatic, however i is assemed that we are sdll in a quasi-
monochromate siruation. Therefore the power spectrum of the source covers a frequency range
Av which is small compared with the mean frequency vo [Ber59). From Eg. (5.1.12) and
using the relation kAnL = 2mv(ty — 1) = -2mvt, where Ty and 1y are the group delays for the
two polarization modes of the hi-bi fiber and v is the optical frequency, the Jones vector E at
the frequency v becomes

E = 5 (Re (ma@)e (2O 4 ifm (myuye V2 g5 (5.1.15)
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where ma{v), mp(v) and ¢{V) represent the matrix elements my, my and the retardation ¢y at the
optical frequency v. For non-menochromatic light, the input Jones vector Ej has to be replaced
by ‘

Ej(t) = VDE; . (5.1.16)
where V() is the analyric signal associated to the real input wave V{t) [Bor59]. That is

V()= Vo) + Vi =2[ Yv)e ™y, (5.1.17)
0

where \Af(v) the Fourier transform of the real amplitude V() = Re [V(1)}, namely

(==}

V= [Viwel2™tac, (5.1.18)

-0

The real part Vi{t) and the imaginary part Vi(t) =m [V(t)} may be shown to be Hilbert
transforms of each other [Bor59). For the time averaged intensity of Ei(1) one has

<K(0>=<ElOEM>=1, (5.1.19)
where < x(t) > denotes the ime average of x(t). Thus, the analytic signal satisfies
<IV(2>=1. (5.1.20)

The Jones vector E(t) for non-monochromatic light is then cbtained from Eq. {5.1.15) in the
form of

E() = UDE; , {5.1.21)

where U(t) is the analytic signal assoctated to the output wave (after the polarizer). Using Eqs.
(5.1.15) and (5.1.17) the output analytic signal becomes

U = 2] & (Re (myel 2V 4 it (mye Y2 vy e T2y

0
(5.1.22)

The loop retardation, the birefringence propenties and the Verdet constant of the sensing coil
remain approximately constant for wavelength variations of a few nanomsters. Therefore, for
quasi-monochromatic light, i.e. for a spectral bandwidth of a few nanometers, the
approximations my(v) = ma(vo), mp{v) = mp(vo) and §{V) = & vp) can be used. Thus, using
Re {x} = (x + x*)/2, Eq. (5.1.22) modifies to
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U@ = izma(VO)civao)ﬂ 2]' \?(v) emi2AvV(t+t) g,
0

+ L v IOVOV2 5 3) 2PV -0y

O .
+ 1 o (o) VOV2y of Vi eiZTVigy (5.1.23)
2 0

Finally one gets

U = iz ma(voel VO 2V (141 +% mivoye VO 2y (1)

- % In (myvg)e VO 2 vy (5.1.24)

The time averaged output intensity is obtained using Bq. (5.1.21) as

<It) > =<EWEQ > =< U*UGED B > = < U0* U > . (5.1.25)

This result depends on the coherence of the fight. The complex degree of coherence is defined
as {Bor59]

L] .
«(T) = S VDY () > |m|e—121w0T‘ (5.1.26)

<V{OV ) >

Using Eqs. (5.1.24) 10 (5.1.26) one gets

I =g Ima(vo)? + § fm 2(mpvo)e V02
" % W(21)l Re (matvgleltPrVo}-2mveltly - (5.127)

For partially polarized light one has O < ly(21)l < 1, if y(27) = 1 the light is coherem, and if
Iy(27)l = G the light is incoherent. For coherent light the output intensity becomes

leon = § Re 2 (ma(vple IVOV220v0T) 4 L 1y 24emp (ug)el9riv0)2) (5.1.28)

which is identical to Eq. {5.1.13). As already explained in Section 5.1.1 the optical path
difference AnL depends strongly on the environmental conditions. This is of course also tne
for the time delay difference 1. As a consequence, the first erm of the right hand side in Eq.
(5.1.28) flucwates, resulting in a random drift at the detcction, which affects the measured
Faraday phase. 1t is therefore obvious that the detection with coherent light is of no praciical
use. For incoherent light, i.e. ¥(21) =0, the cutput intensity becomes
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Tincon = 5 Ima(vo)2 + 5 Jm 2{my(vo)e PKVOV2) (5.1.29)

The term depending on the time delay difference t has disappeared, thus no random drift occurs
in this case. From the above considerations it follows that the reflecton interferometer is of
practical use only with incoherent light.

5.2. Detected intensity for different fiber configurations

It is assumed in this section that the only non-ideal optical element is the fiber coil. The theery
developed in Section 5.1 is applied to different cases of fiber configurations. The first case
treated is the ideal fiber coil. Then the twisted and spun (or helical) fiber configuration will be
investigated and compared with the ideal fiber coil.

5.2.1. Ideal fiber ceil

The forward and backward Jones matrices of the ideal coil undergoing the Faraday effect are
given in Section 2.3.2. The matrices for the ideal quarterwave criented at 45° with respect to the
x axis are defined in Section (4.1.1). It follows then, using Eq. (5.1.7), that the Jones matrix
mis given by

my —mp* 0 iZe_i(?F
me ( A J= (5.2.1)
M Ma ielz(pF 0
Thus one has
ma=0 and my=ielPF, (5.2.2)

It is clear that for the ideal case, i.e. all the optical elements are ideal, the matrix element m;,
vanishes. Since the effects of the coherence are proportional to Im,(vo)i2, this means that for the
ideal case the coherence has no influence on the detected ineensity. Using Eq. (5.1.27) for the
detected intensity and the results above for the mamix elements, this yields

I = fm 2[iel 29Felfr(VO¥2) =é {1 + cos[d0r+b: (vl ). (5.2.3)

1
3
The Faraday phase @F is generally much smaller than 1, therefore the maximum sensitivity is

obtained for ¢(vg) = —r/2, which is the quadrature condition. In this case the detected intensity
becomes

1=é (1 + sin(4op)] - _ (5.2.4)

For small valves of the Faraday effect, i.e. dpp £ 0.1 rad, one gets
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For ac detection of a small Faraday effect the detected signal is propontional to the Faraday
phase.

5.2.2. Twisted and spun fiber

Proceeding in the same way as for the ideal coil, but using now the Jones matrices for the twist
and span fibers given in Sections 2.3.3 and 2.3.4, the matrix elements of m are

g =2 2—5— sin(yd)sin(yd) + i 3— sin(yd)cos(yd) + 1 3 sin(yd)cos(Yd) (5.2.6)
and
== P2 Giaiicos(yd) — YHE sin(yd)cos(yd)
—i “(VHaT’—éZmE sin(yd)sin(yd) + icostyd)cos(yd) , (5.2.7)

where £ = § for twisted fibers and € = —a for spun or helical fibers. The exact solution for the
detected intensity can be obtained inooducing my and my, given by Eqgs. (5.2.6) and (5.2.7),
into Eq. (5.1.27). In order to get a better feeling for the behavior, it is worth-while to look at
approximations for my and my. If € >> 1 one has (VHytE)y = 1, ((VHZ)2-E24n2)yy = 1,
né&yY =Y = /Y = /8 and ¥ = ¥ = E. This vields

manizgsin(w,d)cm and  mp~ iel29F, (5.2.8)

Only the approximate solutions will be investigated in the following. Introducing the
expressions of Eq. (5.2.8) into Eq. (5.1.27) and assuming that the quadramre condition is
satisfied, i.e. §(vo) = —x/2, one gets

I -% [1 +sin(4Qp)] + %@Tsini!m)
+ 17{21)1%G—]]zsinzf'zd)cos(?)d—mwﬁt) . (5.2.9)

The first term of the right hand side of Eq. {5.2.9) corresponds 10 the ideal case treated in
Section 5.2.1. The second and the third terms result from the non-ideal fiber coil, however the
third one disappears when incoherent light is used. Here again for g £ 0.1 the detected signal
is essentially proporticnal to the Faraday phase ¢F. As & numerical example, the coil used in
Section 4.7, which has a diameter of 345 mm and is formed of 20 tums twisted fiber with a
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diaroeter of 80 um, has a ratio of /€ = 0.006 at A =780 nm. Thus the maximum value {1/E)2
of the second term is approximately 3.6 x 10-5,

5.23. Effects of non-ideal quarterwave loop

Effects of guarterwave loop with a retardation R different from 90°, but with the correct
orientation of the birefringence axes, will be analyzed. The forward and backward Jones

matrices of the non-ideal guarterwave loop are

- rcos(RA2) isin(R/2) — cos(R/2) —isin(R/2)

a= (isin(RJZ) cos(R/2) ) ’ - [—isin(RfZ) cos(R/2) ) ’ (5.2.10)
where

R=7/2+AR. {(5.2.11)

The marrix m is obtained using Eg. (5.1.7), this yields for the matrix elements

my = —sin{AR)cos(29F) (5.2.12)
and
mp = -sin(2pF) + icos(AR Y)eos(2oF) . (5.2.13)

The ontput intensity is obtained applying Eq. (5.1.27}. Onc gets
1 . 1. .
I= g[1+sin(4pp)] - zsmg(AR!Z)sm(tka)
+ %hf(Zz)Isinz(dR)cosz(ZqJF)sinQ?wo?r) . (5.2.14)
The first term of the right hand side of Eq. {5.2.14) corresponds to he ideal case treated in
Secton 5.2.1, the second and the third terms result from the non-ideal quarterwave loop,
however the third one depends on the degree of coherence and fluctnates due to the random

variations cf the time delay difference 1. For small Faraday phase, i.c. g £ 0.1, the detected
signal reduces to

1= %[1 +(1-AR%/2)40F] + %I‘y(Zt)lastin(ZnVoZ‘r) . {5.2.15)

Assuming incoherent light, i.e. W(21)! = 0, the detected intensity is proportional to the Faraday
phase. The relative ermar of the slope (dI/deg), with respect to the ideal case (AR = (), is then

£=-ARZ2, (5.2.16)

For AR = 1°as an example one gets lel = 0.3 %o.



5.2.4. Efiects of non-ldeal alignment of the quarterwave loop

In this section the quarterwave loop is assumed to be ideal, i.e. its linear retardarion is 90°. Let
AB be the misalignment error of the loop birefringence axes. The forward and backward Jones
matrices of the quarterwave loop oriented at 45° with respect o the X reference axis are then

- 1 (1-isin{240) icos(2A0) e 1 {1-isin(2A8) -icos(2A8)

17 7‘5[ icos(2A8) 1+isin(246) ] ) \’_7[ ~icos(248) 1+isin(ZA8) J L e
The matrix m is obtained using Eq. (5.1.7), this yields for thé matrix elements

my = —isin{248)cos(2Qr) (5.2.18)
and

my, = -sin(2¢F) + icos(2A8)cos(2pE) . (5.2.19)
The output intensity is ebtained applying Eq. (5.1.27). One gets

1= 3 (1 +sin(4gp) ~ %sinZ(Ae’)sin(mpF)

- §Y20)lsin¥2A8)cos22gR)sin(2mve2T) : (5.2.20)

The first term of the right hand side of Eq. (5.2.20) corresponds to the ideal case treated in
Section 5.2.1, the second and the third terms result from the misalignment of the loop
birefringence axes, however the third one depends on the degree of coherence and fluctuates
due 10 the random variations of the time delay difference 1. For small Faraday phase, ie.
or £ 0.1, the detected signal reduces to

1= % [1 + (1-248%)dqF] + %mzx)me%in(zmozz) . (5.2.21)

Assuming incoherent light, i.e. ly(27)l = 0, the detected intensity is proportional to the Faraday
phase. The reladve crror of the slope (dI/dgg), with respect to the ideal case (AB = 0), is then

£=-2A02 (5.2.22)

For A8 = 1°=0.0175 rad as an example one gets gl = 0.61 %o

53. The reflection interferometer with non-reciprocal internal phase
modulation

The principles of this set-up are given in Section 3.2.2 and its optical scheme is shown in
Fig. 3.7. Figure 5.2 shows the corresponding bloc-diagram.
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Figure §.2 Bioc-diagram representation of the reflection interfergmeicr using internal aon-reciprocal phase
modulat.ion?t).

The conventions adcpted for the reference frame and the polarization basis are the same as in
Section 5.1, this means that the Jones matrices T and m are nnchanged. The linear po(l_,a.rizcr is
now inside the interferometer and has the same oriertation as in Section 5.1, thereforep =p is
unchanged too. The linear retardation Rt) is now also inside the interferometer and varies
periodically with time at the frequency @m/2r. As shown in Fig, 5.2, the input Jones vector E;
is the same as in Section 5.1, however it is now located after the polarizer inside the
interferometer, The output Jones vector E, is located before the polarizer in backward
propagation. The polarization properties of the coupler have no influence on the detected signal
any more.

Using the above definitions and remembering that a second reflection matrix has to be
introduced, one gets for the output Jones vecror

Ea=sT(0 T msm T TOE;. (5.3.1)

The backward and fénwmi Jones matrices of the linear retardation are

L [(db0r .Gy
rit)= and r()= . (5.3.2)
o ciOn 0 DR

where T is the propagation time for a total round trip in the intcrfcrom‘gter. It;thc linear
retardation varies rapidly with respect to T, one has ¢e(t) = ¢:(t+T), therefore r (t) = r ()~ This
means that the rapidly time varying linear rewarder is a non-reciprocal device and can be
considered as a non-reciprocal birefringent phase modulator. From Eq. (5.3.2) one can write

TM =) and T =1+T). (5.3.3)

¥
i

Taking into account that s, £, i{t) and r{t+T) are diagonal and lhat? =f =f, Eq. (5.3.1)

simplifies 10

Eo=t{t+T)fmfz() E;, ’ (5.3.4)
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where m is defined in Section 5.1. Using the explicit expressions for the above matrices and
Eq. (5.1.1) for E; the output Jones veetor is found 1o be

e (KARLHO() _ oy +o—1AG(0/2

B, = 41"5 ) : (5.3.5)
my*e (KAL) |y o (GAG(/2
where
) = M and  Ad() = d{t+T) — {1 . {5.3.6)

This result is very similar to the one obrained in Section 5.1.1 for Eq, the only difference
appears in the phase tenms, that is §(t) and Ad(t). It is therefore not necessary to apply again the
procedure used in Section 5.1.2 to get the output intensity with coherence source effects.
Equation (5.1.27) can be used after introduction of the relevant modifications for the phase ¢.
Assuming that the integration time is shorter than the period 2n/thy, of the phase modulation,
i.e. < cos{wmt) > = cos(wnpt), and taking into account that the output intensity is half the
intensity emerging from the polarizer, this yields

1) = tavo)2 + £ fm 2 (mp(vo)e A002 )
+ 7 H2TH Re (mi(vo)e 2HO-2vo2tly (5.3.7)
In Section 5.1 E; was located before the coupler (side A), whercas now it is located after the
coupler (side C), this inroduces a difference of a factor two between Egs. (5.1.27) and
{5.3.7). If incoherent light is used, i.e. ty(27)l =0, one gets

1) = § tma(vo)? + 3 Im 2(mi(ve)e A0(/2) (5.3.8)

In the following, only the case of incoherent light will be treated, because coherent light is not
useful for practical applications.

5.3.1. Detected intensily for differeni fiber configurations

Ideal fiber coil )
From Section 5.2.1 one has my = 0 and my, = jel2PF, Introducing into (5.3.8) one obtains

()= 5 +5Cosi4F + A . (5.3.9)
This result is similar to the one obtained for the Sagnae interferometer (see Eq. (4.1.27)) but

now the Faraday phase @ is multiplied by a factor fonr instead of two, therefore the sensitivity
t0 the Faraday effect is doubled corpared with the Sagnac interferometer.
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Twisted and spun fiber

The matrix elements are given by Eqgs. (5.2.6) and (5.2.7). As shown in Eq. (5.3.8) only my,
cambines with the phase modulation Ad(t}. In order to get a better readable expression for I(t) it
is worthwhile 1o rewrite my in a more condensed form, namely

mp =Re{my) +fm{mp)=A +1B . (5.3.10)

Introducing into Eq. (5.3.8), the output intensity becomnes

A2+B2 A2 B2
73

() = % Ima(voM? + 27 cosAD() + 523 SinAY(D) . (5.3.11)

This result is general and can be nse with any Jones matrix m.

5.3.2. Faraday phase recovery

Like for the Sagnac interferometer the Faraday phase shift 4¢pg is obtained from the detected
intensity I(t) thanks to the non-reciprocal phase modulation ¢(t}, which is of the form

(1) = Posin{@nt) , (5.3.12)
nsing Eq. (5.3.6) this yields

Ad(t) = 2dpsin{om T/2)cos[wm{t+1/2)] = Adpcos{ wm(t+T/2)] . (5.3.13)

In the next chapter, the Sagnac and the reflection interferometers will be compared. The latter
having a sensitivity two times larger than the former. It is therefore necessary, in order to ge1a
realistic comparison, that the coil of the reflection interferometer has half the number of turns
compared to the one of the Sagnac interferometer. Thas, in the following numerical stmuladons
a coil with 10 turns will be used.

ldeal fiber coil
Replacing Eq. (5.3.13) into Eq. (5.3.9) one gets forthe detected intensity

Ity = 3 [1 + Jo{Adg)cos(igp)]

~ L singagr) (-1 123, (Agg)cosinom(t+T/2)]
yrodd

+ %cos(ikpp} Z(ul)HfZJu(Aq:g)cos[umm(HT/Z)] ) (5.3.14)

Heven

where J;(Adg) denates the puth-arder Bessel function. To recover the Faraday phase shift, the
same signal processing principle as for the Sagnac interferometer is applied, namely
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o an-1(2(800) 1) (5.3.15)
T1(800) 120m) )

where (g is the detected phase, and Tr(tm) and Ip(2wy,) are the amplitudes of the components
of (1) at ¢y and 200, Tespectively. For the ideal fiber coil this yields, using (5.3.14),

@d =4QF=4VNI, (5.3.16)

which cgrresponds 10 an ideal dewecdon of the Faraday effect.

Twisted and spun fiber

The output intensity for mechanically wwisted fiber and for spun or helical fiber is given in
Section 5.3.1. Using Eq. (5.3.13) for A¢(t) and the definidon given above for the detected
phase, one gets

2AB

9a= ""‘"'l(mi) . (5.3.17)

For sufficiently large twist or spin rates, i.e. § >> 1) or & >> 1), the detection is nearly ideal,
namely ¢d = 4pF. The relagve error due 10 non-ideal fiber coil is defired as

_ ®d - 4QF
4PF

(3.3.18}

E? t
where ¢F = VNI. Figure 5.3 shows the relative detected phase error £g versus the Faraday
phase @, calculated from Eq. (5.3.17) for a 10 turns twisted fiber coil with a diameter of
2R = 345 mm, a fiber diameter of 2r = 80 pm, a twist rate of T = 10x2x rad/m and a Verdet
constant of V = 2.6 prad/A at A = 820 nm.
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Figure $.3 Calkulated relative phase error versus Faraday effect for the rwisted fiber coil.
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For this example, the relative detected phase error is smaller than 3 ppm for currents from 0 A
1o approximately 10 kA.

In conclusion, the reflection configuration used with a twisted fiber coil, or with a spon or
helical fiber coil, permits to measure the Faraday phase shift with negligible error, at least for
most practical curment ranges.

5.4. Temperature effects due to the sensing coil

Like for the Sagnac interferometer, the Verdet constant is assumed to be temperature
independent. Thus only the temperature effects of the bending, stress (hi-bi spun fibers) and
twist induced birefringences are taken into account in the following, The case of the twisted
fiber is treated here, this means that the fiber undergoes mechanical twist ¢end bending. The
temperature coefficient oy and o of the bend and the twist induced birefringences,
respectively, are in given in Section 4.4.

For wwisted fibers (§ = &) the detected phase defined by Eq. (5.3.17) akes the form

@a(D) = pgfn(T).&) , (5.4.1)

where (T} and 8(T) arc defined in Section 4.4. For spun or helical fibers (& = o} rotational
cffects are of geometrical type and therefore not temperature dependent, this yields

»od(T) = ea[n(™m)] . . (5.4.2)

The relative detected phase error versus temperature is defined as

(T} = $4(T) —dor . (5.4.3)
4pp

where @F = 4VNL Figure 5.4 shows the relative error £¢(T) computed for the same (wisted
fiber coil given in Section 5.3.2. One sees that ey(T) is approximately independent of the
Faraday phase shift and is, for this practical example, smaller than 35 ppm. The periodic
behavior, like for the Sagnac interferometer, is due o the terms yd and Yd in Eq. (5.3.17),
these terms are approximaiely equal to 17 x 2r and vary by an amount of about 21 between
-40 C° and 80 °C. Becanse yd and Y'd are arguments of sine and cosine functions in Eq.
(5.3.17), this results in a periodic behavior of €g(T).

It appears from this example that the reflection configuration using a rwisted fiber coil, exhibits
temperature variations which are negligible for practical current sensing applications (required
minimal error 2 0.1 %). This is obviously also true for spun or helical fiber coils.
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Figure 5.4 Calculated temperature dependance of the relative phase emor due 10 the fiber coil, Fiber diameter
2r = 80 um, coil diameter 2R = 345 mm, {wist rate T = 10 x 2x rad/m, number of turns
N = [0, Verdet constant = 2.6 urad/A at A = §20 nm.

5.5. Effects of non-ideal quarterwave loop

The quarierwave loop has to transform the orthogonal linear polarizations, coming from each
birefringence axis of the hi-bi fibers, into circular orthogonal polarizations. Morcover, after
having undergone the Faraday effect, the circular polarizations are again transformed in linear
pelarizations thanks to the quarterwave loop. These wansformations of polarizadons will be
comrectly performed only if the retardation of the loop is 90° and if the orientadon of its
birefringence axes is at 45° with respect to those of the hi-bi fibers. In this section, influences of
errors affecting the retardation and the orientation of the quarterwave loop will be theoretically
investigated. In the following it is supposed that the only non-ideal element in the reflection
interferometer is the quarterwave loop.

5.5.1. Retardatlon error effects

In this secrion, effects of quarterwave loop with a retardadon R different from 90°, but with
correct orientation of birefringence axes, will be stodied.

The mawrix elements m, and my, for a quarterwave loop with a retardation error AR are given in
Section 5.2.3, that is

my = —sin{AR)cos(29r) and  my = -sin(2¢F) + icos(AR)cos(2pp) = A +1B . (5.4.4)

Introducing my, A and B into Eq. (5.3.11) one gets for the detected intensity

(sin227 - cos2ARCos22pRICOSA0C) — F Sind@RCosARSInAN() (5.4.5)

B
Bl

()=
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The detected phase is obtained introducing A and B into Eq. (5.3.17). This yiclds

sindgppcosAR
= tan! . 5.4.6
v (cos%qapcosz(_\l{ - sin22q)}=) (5.4.6)

This results are very similar to the ones obtained for the Sagnac interferometer. The relatve
detected phase error is defined as

_9d-49F (5.4.7)

€
P
49F

Assuming AR << ] the relative phase error approximates (¢

AR?

€p="5 . _ (5.4.8)
For R = 88° or R = 92° this gives AR = £2° = $0.035 rad and thus € = 6.1x 10~* or
0.61 %o, which is the same result as for the Sagnac interferometer. This exampie shows thata
retardation error of 2° results in a relative detected phase error smailer than 1 %o This is
acceptabie for current sensor applications.

5.5.2. Temperature effects

The quarterwave loop is made of the same ultra-low birefringence fiber type as the fiber sensing
coil. At a wavelength of A = 820 nm, the lincar retardation of R = 90° is obtained with a fiber
loop diameter of 10 mm for a fiber of diameter 2r = 80 um. The temperature dependance of
the retardation is only due to the bend induced linear birefringence, because, like for the fiber
sensing coil, the coating effects are negligible.

The detected phase versus temperature is given by

94(T) = gua[4R(T)] , (5.4.9)

where ¢4(AR) is given by Egs. (5.4.6). AR(T) is obtained from the definitions of AR and
taking intp account that the loop retardation is due to the bend induced linear birefringence n(T).
Thus

AR(T) = ARg + Roy(T - To) , (54.10)
where AR is the value of AR(T) at roomn temperature Ty and is defined in Section 5.2.3,

whereas R is the Ioop retardarion at the room temperatre, ie. R = 7/2+ARg. The relative
detected phase error g4(T) is obtained from Eq. (5.4.9) using

eg{T) = {4(T) - 4pFl/dor. (5.4.11)
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Figure 5.5 shows the relative detected phase error versus temperature for a Faraday phase shift
of pF = 0.25 rad corresponding to a current of about 10 kA for a 10 wms fiber coil and a
Verdet constant of V = 2.6 prad/A at A = 820 nm. One sces that the best temperature behavior,
i.e. the smaller relative phase error versus temperature, is obtained using a loop with a linear
retardations of R = 90%. In this case the maximum error is smaller than 1.3 %o in the considered

lemperature range.
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Figure 5.5 Calculated relative phase error g versus temperature, for different values of the loop retzrdation
R (given ot reom temperature) and for a Faraday phase of oF = 0.25 rad corresponding to about
10 kA for a 10 turns fiber coil and a Verdet constant of V = 2.6 prad/A at A = 820 nm,
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Figure 5.6 Calculnted relative phase error £ versus Faraday phase at the womperature T = 80 C° for different
values of the loop retardation R (given at room temperature).
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From Fig. 5.5 one sees also that a retardation error of £1° at room temperature gives rise 10 4
relative phase error larger than 2 %e. Therefore in order to get a relative detected phase errar
smaller than 2 %e, which is often required for cumrent sensing applications, a retardarion
precision of £0.5° is necessary for the quarterwave 1oop at the room temperature. The behavior
of the relative detected phase error £¢ versus the Faraday phase is given in Fig. 5.6 fora
temperature of T = 80 °C. One sces that £ is approximately independent of the Faraday phase
and can be merely evalnated using Eq. (5.4.7).

In conclusion, using appropriate quarterwave fiber loops, relative detected phase errors smaller
than 2 %o are obtained. This is acceptabie for most current sensing applications.

5.5.3. Misalignment effects

The quarterwave loop is assumed to be ideal, i.e. its linear retardation is 90°. -

The matrix elements my, and my, for a quarterwave loop with an alignment error Af are given in
Section 5.2.4, that is

my = —isin(AB)cos(2¢E) and mp =—sin(29p) + icos(2AB)cos(2gp) = A +iB . (5.4.12)

Introducing ma, A and B into Eq. (5.3.11) one geis for the detected intensity
It = % + % (sin?2F — cos22ABcos22@E)cosA(t) — % sindgpcos2ABsinAd() . (5.4.13)

The detected phase is obtained introducing A and B into Eq. (5.3.17), this yields

sind@pcos2A0 ) ] {5.4.14)

=tan-!
b (c0322tppc0322A9 —sin?2pp

Again, this results are very similar to the ones obuained for the Sagnac interferometer. The
relative ermor £¢ is defined by Eq. (5.4.11). Assuming AB << 1 one has

Eg = 2462, (5.4.15)

For AB = 1° = 0.0175 rad this gives €p = 6.1 X 10~* or .61 %e. This example shows that an
alignment error of 1° results in a relative detecred phase ermror smaller than 1 %e, which is
acceprable for current sensing applications.

5.6. Experimenta! investigations of the unmodulated reflection
interferometer
The purpose of this sectian is 10 demonstrate experimentatly the principles of the reflexion

interferomerer developed in Sections 5.1 and 5.2. The basic optical arrangement of the
reflection interferometer is in given in Fig. 3.6. In the following the fiber coupler was replaced
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by a bulk beam splitter which do not perturb the polarization state. The reflection interferometer
with internal non-reciprocal phase modulation will be investigated in Section 5.7.

5.6.1. High coherence source

In this experiment the degree of coherence K{21)) of the light soumé is nearly equal to one, this
will permit to point out the perturbing cffects of coherent cross-coupling arising in the

interferometer.

Experimental ser-up and signal processing
The experimental set-up and the signal processing are shown in Fig. 5.7.

@ Optical
spectrum

monitor

Hi-bi fiber eigen  0° 90°
polarizations o ’

Hi-bi (20m} * Fused splice

L1 Q1

A4.45°
100 tums Mirror

Temperatura
and current
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Figure 5.7 Experimental set-up, LD: single-mode laser-diode (A = 780 nm), L1: antireflection coated lens,
OL opuical isolator, Py 2: Glan Thomson polarizers, BS: beam splitter cube, SFP: scanned
Fabry-Perot analyser, Dg 5 silicon photodiode detectors, Ly: low-bi microscope objective,
L: electrical current

A single mode laser-diode emitting at a wavelength of A = 780 nm with an andreflection coated
collimating lens {L1) is used. The laser-diode is current and temperature siabilized. To ensure a
pure single mode behavior two Faraday isolators are placed after the collimating lens. The
spectrum of the laser source is monitored using 2 scanned Fabry-Perot analyser (SFP), this
allows to get an optimal adjusanent of the twa isolators and to be sure that the source remains
coherent during the measurements. The halfwave retardation plate serves to adjust the linear
polarization at 45 © respect to the birefringence axes of the hi-bi fiber. The Glan-Thomson
polarizer (P} is necessary to guarantec a perfect linear polarization state. The quarterwave
retardation plate permits to get the quadrature condition for optimum detection of the Faraday
cffect, as explained in Section 3.2.2. The bulk beam splitter (BS) is nearly polarization
independent. The characteristics of the hi-bi polarization maintaining fiber (York HB 800, 125
pm) and of the adjnstable quarterwave fiber loop (York LB 800, 125 pm) are given in Section
4.6.3. The sensing clement is formed of a piece of straight fiber of ultra low birefringence type
{York LB 800, 125 pm) which is end mirrored (glued 100 % reflecting dielectric mirror). The
magnetic field is produced by a 100 tum solenoid. After the output Glan-Thomson polarizer
(P2), the interference signzl is detected and analyzed using a lock-in amplifier. The current
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source supplies an ac current at 75 Hz, a TTL output provides the reference signal for the lock-
in amplifier.

Faraday effect measurement

The saaight sensing fiber represents an ideal sensing coil without birefringence. Assuming that
the orientadon of the different polarizing elements are correct, it results 1hat we are nearly in the
ideal case described in Section 5.2.1. Thus the effecis of the coherence of the source should be
negligible. The maximum available electrical current is 40 A {rms}). This results in a Faraday
phase of @F =12 mrad for a 100 turn cument coil and for V = 3 prad/A at A = 780 nm.
Therefore sin(4gF) = 4¢F in the considered current range and Eq. (5.2.5) can be used. The
detected voltage U(t) is proportional to the detected intensity. Using Eq. (5.2.5) one gets

U = Ugfl + 4pp)] = Ugll + 4VNI(D], (5.6.1)

where I{1) is the electrical current, N the number of tumns of the current coil and Uy is 1he dec
component of the detected voltage. The ac component is 1hen given by

Ugc(t) = 4UgVNI(D), (5.6.2)

which is proportional to the electrical current.
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Figure 5.8 Measured outpus voltape versus electrical current.

The measured dc component was Ug = 100 mV. From Eq. (5.6.2) this gives a slope, ar
sensitivity, of St = 0.12 mV/A for V = 3 prad/A (A= 730 nm) and N = 100. The measured ac
output voltage (Faraday signal) versus the electrical current ! is shown in Fig. 5.8. The
integration time of the lock-in amplifier was T = 30 ms. The detected opiical power is
approximately 10 pW. The measured slope was S; = 0.096 mV/A, this i5 in good agreement
with the expected theoretical value of 0.12 mV/A, taking into account that the Verdet constant is
not precisely known. The cuipul noise voltage for the integration 1ime of 30 ms was
approximately 1 pV; this correspond to a current noise of 0.01 A. A linear fit to the measured
values yields the standard deviation Oy, and the correlation coefficient r. The rms voltage error is
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obtained using 8U = oy 1-r2, From the measured values one gets Su = 0.04 mV, which
corresponds to a rms current error of 81 = 0.42 A. The expected error due to the measured
noise is 40 times smaller than the actual error of 0.42 A.- This is mainly due to coherent
polarizadon cross-coupling produced by the non-ideal elements constituting the interferometer,
to fluctuations of the optical power, and to voltags and current reading errors.

In theory the dc component Ug should be stable, however, neither the fiber elements
{quarterwave loop, sensing fiber, bi-bi fiber, etc) nor their origntation with respect to each other
(orientation of the birefringence axes) are perfect. Therefore, in practce the ideal case of the
Section 5.2.1 is no1 perfectly achieved and the matrix element my (see Eq. (5.1.27) is not zero.
This results in an additional term in the detected voltage which depends on the nme delay
difference T of the hi-bi fiber. The fluctuations of the dc component Ug have been measured to
be about + 10 % around a mean value of Up = 100 mV. The typical dme constant of thess
fluctuwations corresponds ta a few seconds. ‘

Effect of the polarization cross-coupling

To point out the effects of coherent polarization cross-coupling we modified in a well controlled
way the retardation or the orientation of the birefringence axes of the quarterwave loop. This
produces a large polarization cross-coupling, resulting in flucwations of the detectad signal due
to the drift of the Wme delay difference 7 of the hi-bi fiber. If the retardation of the loop is varied
by AR, the resulting detected intensity is given by Eq. (5.2.14}. The detected imtensity I
contains a term Ip which is independent of © and an other one Al which is proponional to
sin(2rvp21). For a coherent souree, ie. (Tl = 1, Al varies between +Alp = sin2(AR). The
relative fluctuations are found to be

sin2AR
Ip "~ 1- 2sin?AR/2 5.63)

When the orientation of the birefringence axes of the loop is varied by A, the resulting
detected intensity is given by Eq. (5.2.20). With the same assumptions as above and applying
the same procedure one gets

Alg _ 5in22A8 . 5 6.4
Ib - 2sin2068 ° (5.6.9)

The guarterwave fiber element is formed by a loop which is compressed between two rigid
plates [Fro83). The retardation R can be varied by changing the compression force, which is
adjustable with a screw acting on a spring. The alignment of the birefringence axes is given by
the angular position of the loop plane, which can be varied between ~45% up to 45°. Figure 5.9
shows the detected voltage U(t) for zero Faraday phase and for differemi values of the
retardation error AR in the case of correct alignment (A@ = 0°). At the time t =0 s the hi-bi
fiber was heated over a length of about 1 cm until the temperature had increased by about 15 °C.
This produces a variation of the time delay difference t. After about 25 s the heating is remaved
and the fiber tempemature decreases down to the room temperature producing again a variation
of 1, but with the opposite sign. These variations of T results in fluctuations AU of the the
dstected voltage around a mean value Uy as explained above, AU and U are proportional 10 Al
and Ig, respectively.
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Figure 5.9 Detected voltage versus time for zero Faraday effect and for different values of the quarterwave
loop retardation ermror AR.
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Figure 5.1Q0 Detccted vollage versus time for zero Faraday effect and for differcnt values of the quanerwave
foop misalignement A8,

The same measurements have been performed for different values of the misalignment A8 in
the case of correct loop retardation (AR = 0°), The results are shown in Fig. 5.10.

Measurements of Alg/lp = AUg/Ug versus the retardation and alignment errors AR and A8,
respectively, have been performed with the set-up of Fig. 5.7. These results are reported in
Figs. 5.11 and 5.12 together the thearetical predictions given by Eqs. (5.6.3) and (5.6.4). The
values of AUy and Uy are obtained from Figs. 5.9 and 5.10 with a precision of about 20%. In
practce it is difficult to know the exact values of AR, because the mechanical device producing
the variation of the loop retardation is not calibrated and is not always the same for the same
screw position. The etror affecting the evaluated value of AR was estimated at about +5°,
whereas the error of the alignment of the lcop birefringence axes was estimated at about £2°,
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Fipure 5.12 Relative fluctuation of the detected valtage versus the Joop misalignment ervor A8,

These results show good agreement between the theoretical model and the measurements. This
confirms that the reflection interferometer with a coherent source suffers from severc
fluctwations. Even if the loop retardanon is close to 90° and its oriemarion is cormect, coherent
polarization cross-coupling arises in the hi-bi fiber and in the other non-ideal elements, which
results in fluctuations of the detected signal and perwrbs the Faraday phase measurement.

5.6.2. Low coherence source

In this experiment the degree of coherence [Y(2TH of the source was nearly equal to zero. This
means that there should be no coherent polarization cross-coupling affecting the detected signal.

Experimental set-up and signal processing

The experimemal set-up and the signal processing is shown in Fig. 5.13.
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Figure 5.13 Experimental set-up. LD: muliimode laser-diode (3 = 780 nm, AL = 3 nm}, P; 2! Glan.
Thomson polarizers, BS: beam spliver cube, Dg: silicon photodiode detector, L: low-bi
microscope objective, I electrical current.

The multimode laser-diode emits at a wavelength of A =780 nm with a spectral bandwidth of
A} = 3 nm, corresponding 10 a coherence lengih of Le = A2/AA = 200 um. The spectrum of the
source is monirored during the measurements, using a spectrometer which consist of a
holographic grating and a detector array. This control is necessary to make sure that the source
remaing multimode in spite of the light reflected back from the interferometer. The beat length
Lp of the hi-bi fiber is approximately 2 mm. One beat length cormesponds to an optical path
unbalance of A = 780 nm. The length of the hi-bi fiber is L = 20 m, which is equivalent 1o 10#
beat lengths. Therefore, after a total round trip in the hi-bi fiber the resulting optical path
unbalance is 2AL = 2 x 104 x 780 nm = 15.6 mm, and thus 2AL = 80L., which means that
ly(21)l = 0. The interferometer itself and the signal processing are the same as for the high
coherence source,

Faraday effect measurement

The measured ac output voltage (Faraday signal) versus 1he electrical current I is shown in Fig.
5.14, The experimental conditions are the same as in Section 5.6.1 and therefore the ac
compenent of the derected voltage is also given by Eq. {5.6.2). The measured dc component
was Up = 33 mV. From Eq. (5.6.2) this gives a slope, or seasitivity, of §; = 0.04 mV/A for
VY =3 purad/A (A= 780 nm) and N = 100. The integration time of the lock-in amplifier was
T = 30 ms. The detected optical power was approximaiely 3.3 uW. The measured slope was
S1=0.034 mV/A, this is in good agreement with the expecied theoretical value of 0.04 mV/A,
taking into account that the Verdet constant is not precisely known, The cutpat noise voltage,
for the integration time of 30 ms, was approximately 1 pV. This corresponds to a current npise
of 0.019 A. A linear fit to the measured values yields the standard deviation Oy and the
correlation coefficient 1. The rms voltage error is obtained using U = oV 1-r2. From the
measured values one gets 3U = 0.011 mV, which corresponds to a rms carrent error of
81 = 0.32 A. The expected emor due to the measured noise i3 17 times smaller than the actual
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error of 0.32 A. This is mainly due to fluctuations of the optical power, and to voltage and
current the reading errors.
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Figure 4.14 Measured outpul voltage versus clectrical current.

in contrast to the case whirh the coherent sonrce, the dc component Ug did not fluctuate with
dme, which confirms that the cross-coupled polarizations do not interfere any more.

Effects of quarterwave loop retardation error

Assuming correct aligament of the quarterwave loop (A8 = 0°), the detected intensity in
presence of a retardation error AR is given by Eq. (5.2.14), where 1y(21) = 0 far the law
coherence source. For small Faraday effect (4¢p < 0.1 rad) the detected voltage is

Uty = Up{1 + [1 — 2sin2(AR/2))4qp(1)} = Ug(] + 4VNI(DcosaR), (5.6.5)
where Up is the de component of the detecred voltage. The ac component is then given by
Unelt) = Ugd ¥NI(t)cosAR = Uy'(1icosAR . (5.6.6)

The relative rins Faraday signal Uye/Up' has been measured for different values of the
retardation errar AR and for a constant current of 1 = 20 A (9F = 6 mrad), the results are
reported in Fig. 5.15 together with the theoretical prediction obtained from Eq. (5.6.6). This
confirms the good agreement between the theoretical model and the measurements. The error
for the determination of AR is £5°, as already explained in Section 5.6.1. One sees that a
retardation crror of the quarterwave loop results in a reduction of the sensitivity to the Faraday
effect. This decrease in sensitivity is not really a problem by itself, however, if AR changes
with temperature undesirable drift of the sensidvity occurs. Therefore AR has to be as small as
possible in order to get & Faraday signal which is nearly temperature independent.
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Figure 5.15 Measured relative ac voltage Uno/Ug' versus loop retardation error AR,

Effects of non-ideal alignment of the quarterwave loop

Assuming no retardation error (AR = 0°}, the detected intensity in presence of an alignment
error A8 is given by Eq. (5.2.20), where [¥(21)1 = O for the low coherence source. For small
Faraday effect (4o < 0.1 rad) the detected voltage is

Uty = Ug{1 + [1 - 2sinX{aA®)]4@p(t)] = Upl1 + 4VNI(Deos248] (5.6.7)
where Upis the dc component of the detected voliage. The ac component is then given by

Uac(t) = UpdVNI{1)cos2A8 = Ug'(1)cos2A8 . (5.6.8)
The relative rms Faraday signal Upe/Ugp' has been measured for differemt values of the
alignment error A8 and for a constant current of I = 20 A (¢F = 6 mrad). The results are

reported in Fig. 5.16 1ogether with the theoretical prediction obtained from Eq. (5.6.8). This
confirms the good agreement between the theoreucal model and the measurements.
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Figure 5.16 Measured relative ac voltage Uy/Ug' versus loop alignment error A8,
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The error for the determination of A is £2° as already explained in Section 5.6.1. One sees that
an alignment error of the quarterwave loop results also in a redoction of the sensitvity to the
Faraday effect.

Effects of the polarization cress-coupling

As already explained in Section 3.2.2, perturbing interference due 1o cross-coupled light is
climinated for & low coherence source. To prove this fact experimentally one can apply the same
procedure as for the case whith a coherent source. For different values of the retardation error
AR and of the alignment error A8, one perturbs the hi-bi fiber by heating it in order to produce
changes of the time delay difference 1. The measurements showed clearly that the detected
voltage does not change when the hi-bi fiber is heated. Therefore, z low coherence source
makes the reciprocal reflection interferometer practically useful.

5.7. Experimental investigations of the non-reciprocally phase
modulated reflection interferometer

As already point out in Section 3.2.2, the coupler in the reflection interfecrometer produces an
unwanted phase shift which perturbs the Faraday phase measuremient. This can be avoided if
the interference between the two orthogonal output modes takes place before the conpler by
inserting a lincar polarizer as shown in Fig. 3.7. As a consequence, a non-teciprocal phase
modulation becomes necessary in order to get optimum sensitivity to the Faraday effect, In (his
section, the principle of the internal non-reciprocal phase modulation is experimentally
demonstrated and applied to measure the Faraday effect.

5.7.1. Experimental set-up and signal processing

In this experiment the same low coherence source as in Section 5.6.2 was used. The
experimental set-up is shown in Fig. 5.17.
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Figure 517 Expedmental set-up. LD: muhimode laser-diode (h = 780 nm, AL = 3 om), P: Glan-Thomson
polarizers, BS: beam splitier cube, Df: silicon photodiode detector, L: low-bi microscope
objecuve, I electrical current,
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In the previous section the specttum of the multimode laser source was monitored during the
measurernents. It was observed that the spectrum of the source remained stable, therefore it was
no longer necessary to monitor it. The all-fiber phase modulator consists of 20 turns of hi-bi
fiber wound around a piezoceramic (PZT) cylinder of 32 mm diameter. The other optical
elements in the interferometer are the same as in Section 5.6.2. '

Assuming that the orientations of the different polarizing elements are correct, we are nearly in
the ideal case described in Section 5.3.2. Therefore the detected signal is given by Eq.
(5.3.14), The Faraday phase is recovered using coherent detection. The principle of the signal
processing is described in detail in Section 4.6.2. After coherent detection the cutput signal is
expressed by Eq. (4.6.7), that is

U(r) = Ugl(Adosing(n), (5.7.1)
where the non-reciprocal phase ¢(t) is now
(e} = 4r(1) = 4VNI() . (5.7.2)

For small values of the Faraday effect (¢(t) <0.1rad, i.e. 1 €170 A for a 100 wm current coil
and A = 780 nm} one can assume that sing(t) = @(t}. Like for the Sagnac interferometer,
maximum sensitivity is obtained for J1(Adp) = max, i.c. for Apg = 1.8 with J1(A¢g) =~ 0.58,
Moreover, the sensitivity to fluctuations of Adp = 2¢3in{wmT/2) vanishes if one works at the
maximum of J1, which provides imrmunity against fluctuations of ¢0» &y, and T. For o, T/2 =
72 the required phase modulation ¢ is minimam and the immunity of the demodulated signal
against fluctuations of @y, and T is even further improved. Using T = n2L/c one gets for the
optimum length of the hi-bi fiber

L = ¢/4nfy. ' (5.7.3)

In our experiment the modulation frequency imposed by the all-fiber moduolator was
fm = 845 kHz. With n = 1.5 one gets from Eq. (5.7.3} L. = 59.2 m for the optimum length,
However, for pructical reasons the fiber loop length was only 35 m, which yields
sin{@mT/2) = 0.8. In the experiment the highest obtainable amplitude of the non-reciprocal
phase modulation was Adp = 1 rad. This non-optimnm phase modulation resulted in a reduction
of the signal to noise ratio of about 3 dB, which was acceptable for measurements.

3.7.2. Non-ldeal elements and noise lImitations

The effects of the non-ideal elements are essentially the same as for the Sagnac interferometer
and are described in detail in Section 4.6.3. The principal difference is that in the Sagnac
interferometer the cross-conpled light is principally eliminated by the linear output polarizer,
whereas in the reflection imerferometer it is eliminated thanks 1o the low coherence of the
sonrce. The effects of a non-ideal quarterwave loop have been experimentally investigaled and
are reporied in Sections 5.7.4 and 5.7.5.
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The detected signal is similar to the one obtained with the Sagnac interferometer, therefore the
effects of the noise are also similar. A detailed description of these effects is given in Secdon

4.6.4,

5.7.3. Faraday affect measuremant

Figure 5.18 shows the measured demodulated signal (Faraday signal) versus the 75 Hz ac
electrical current for a lock-in integradon time of Tj = 30 ms, which corresponds to about 1 Hz
detection bandwidth. The measured stope, or sensidvity, is §; = 0.0185 mV/A. The detected
optical power is approximately 6 pW. The signal to noise ratio is defined as the rado of the
detected electrical power at 2fy and the electrical noise power at f (see Section 4.6.4), For
1 Hz detection bandwith the signal ta noise mtio at the detector output is about 100 dB. The
shot-noise limited detection condition was not achieved. The minimum detectable phase @min
due 1o the deteéted noise is given by Eq. (4.6.14), namely Qmin = [T2(A0g) 1 (Adp)ISNR-1/2,
The amplitude of the non-reciprocal phase modulation is Adp = 1 rad. The resulting minimum
detectable phase is then @i = 3 prad, which corresponds to 4 minimum detectable current of
Imin = 2.5 mA for a 100 wmn current ¢oil and a Verdet constant of V = 3 urad/A. The measured
voltage noise at the demodulsied output is about 0.3 uV/AHz corresponding 10 a current noise
of about 15 mA in 1 Hz detection bandwith, which is 6 times larger than the predicted value,
This tmeans that the demodulation stage introduces a certain amount of noise. This problem
could be overcome by using improved elecirenics. The ms voltage error, after demodulation,
is obtained from the linear fit to the measured values, namely 8U =g,V 1-r2. This yiclds §U =
3.7 1V, which corresponds to a rms current error of 81 = 0.2 A. The expected error due 1o the
measured noise is 13 times smaller than the actual ervor of 0.2 A. This is mainly due 10
fluctuations of the optical power, and to voltage and current reading errors.
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Figure 5.18 Dcmodulated voltage versus electrical current.
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5.7.4. Effects of non-ideal quarterwave loop

The effects of the non-ideal retardation and the non-ideal alignment of the quarterwave loop
have already been investigated out in Section 5.6.2. However, it is interesting (0 measure these
effects with the modulated version of the reflection interferometer.

Effects of quarterwave loap retardation error

The coherent detection provides an outpuz signal which is proportional to the amplitude of the
cormponent at the modulation frequency fy. From Eq. (5.4.5) and assuming a smail Faraday
phase (4@ < 0.1 rad) one gets for the demodulated voltage

U(t) = Ugd VNI{)cosAR = Ugi(t)cosAR . (5.7.4)

This expression is the same as the one obtained for the unmodulated reflection interferometer
(see Eq.{ 5.6.6)). The relative signal U/Ug' has been measured using the same experimental
conditions as in Section 5.6.2. The results are reported in Fig. 5.19 together with the theoretical
prediction cbtained from Eq. (5.7.4).

O  Measured
0.2 ~— Thaory

0.0 ~

T T T T T
o] 20 40 60 80

Retardation error (%)
Figure 5.19 Relative demodulated voliage UAUQ versus the loop retardation AR.

Here again one has a good agreetnent berween the theoretical model and the measurements. The
conclusions are the same as in Section 5.6.2.
Effects of non-ideal alignment of the quarterwave loop

Applying the previous procedure one gets for the demodulated voltage
U() = Upd VNI()cos240 = Uy (t)cos2AG . (5.7.5}

This expression is the same as the one obtained for the unmodulated reflection interferometer
(see Eg.( 5.6.8)). The relative signal U/Uy' has been measured using the same experimental
conditions as in Section 5.6.2. The results are reparted in Fig. 5.20 rogether with the theoretical
prediction obtained from Eg. (5.7.5).
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Figure 5.20 Relative demodulated voltage UfUy' versus the misalignment emor A9,

The good agreetnent between the theoretical model and the measurements is confirmed and the
conclusions are the same as in Section 5.6.2

5.7.5. Effects of the polarlzation cross-coupling

Like for the unmodulated case (see Section 5.6.2), no perturbing imerference due to cross-
coupled light will arise if a low coherence source is used. Applying the same procedure as for
the case whith a coherent source, the measurements showed cleasly that the derected voltage
does not change when the hi-bi fiber is perturbed, confirming the thearetical previsions.
Therefore, a low coherence source makes the modulated reciprocal reflection interferometer
practically useful for industrial current sensors.

5.7.6. Effects of the temperature

Measurements of the temperature effects in the Sagnac interferometer have shown that problems
arise due to technological reasans, such as glue points in the sensing coil eic. Therefore it was
not worthwhile to proceed to new temperature measurements as long as these technological
problems were not solved.

5.7.7. Conclusions

The principle of the fiber reflection interferometer vsing internal non-reciprocal modulation has
been successfully demonstrated. The effects of non-ideal quarterwave loop have bsen
experimentally investigated 2nd show good agreement with the theoretical predictions. The
principal effect of a quarterwave loop retardation ermor or misalignment error is a reduction of
the sensitivity for the Faraday effect. The use of a low coherence source is necessary to get
immunity to external perturbations acting on the hi-bi fiber which connects the seasor coil to the
electronics at ground level.
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6. COMPARISON OF THE SAGNAC INTERFEROMETER AND THE
RECIPROCAL REFLECTION INTERFEROMETER

In this chapter the Sagnac current sensor (see Fig. 3.5) and the modulated reflection
interferometer (see Fig. 3.7) are cornpared. Both are reciprocal and are therefore sensitive to the
Faraday effect, whereas other polarization perturbing effects ansing in the interferometer are
eliminated to a large amount. One has to compare the two types of interferometer for the same
sensitivity to the electrical current, therefore it is assumed that the sensing coil in the reflection
interferometer has half the number of turns of the coil in the Sagnac interferometer. For this
reason the theoretical investigations have been performed with N = 20 number of turns for the
Sagnac interferometer (see Chapter 4) and N = 10 for the reflection interferometer (see

Chapter 3).

6.1. Principal characteristics

The principal characteristics of the Sagnac and the reflection configuration are compared in
Table 6.1. These two configurations provide the same modulated detector signals, therefore the
same signal processing can be used for both configurations.

SAGNACTYPE REFLECTION TYPE

Detected phase @g=29F = 2VNI ¢d = 4pF = 4VNI

Number of turns

of the sensing coil

for the same sensitivity N=20 N=10

Number of A4 loops 2 1

Coupler type polarization maintaining no special requirement
(polarization maintaining
is better)

Principle of the non-

reciprocal modulagon optcal phase modutation retardation moduladon

Minimum number of

splices (pigtailed source) 10 5

Hi-bi fiber length for

the same modulation

frequency (1 MHz) 100 m 50m

Table 6.1 Principal characteristics of the Sagnac and the reflection type interferometcr,




90

Table 6.1 shows that for similar performances the reflection configuration requires half the
number of spliccs, half the length of low-bi and hi-bi fiber, and only one quarterwave loop.
Therefore, the manufacwring is simmpler for the reflection configuration than for the Sagnac
configuratian, The smaller number of splices and elements in the interferometric part reduces
also the risk of ermors due 10 non-ideal elements and alignments. Therefore, the cost for the
current sensor using the reflection configuradon is likely to be lower than for the Sagnac
version, On the other hand, the Sagnac configuration has the advaniage that the essential pans
are commercially available. It is possible to have on a single integrated optic chip the polarizer,
the loop coupler and the phase modulator. With the reflection configuration, the coupler and the
polarizer can also be integrated on the same chip, but, the birefringent modulator has 1o be
oriznted at 45 ° with respect to the polarizer. It is therefore not possible, or very difficult, 10
integrate it on the same chip together with the conpler and the polarizer. If an integrated optc
birefringence modnlator is used, an additional splice is required. The use of a piczoelectric
stretcher permits to have an all-fiber birefringence modulator without cutting the hi-bi fiber.
However, it is difficult to modulate efficiently the PZT element at a resonance frequency of
1 MHz. A high volitage driving is required to obtain an efficient birefringence modulation. Itis
always possible to increase the length of the hi-bi fiber in order to decrease the optimum
modulation frequency. However, this means that the advantage of the shorter hi-bi fiber in the
reflection configuration is lost.

6.2. Effects of non-ideal elements and temperature

These effects have been theoretically analyzed in the previous chapters. For most of these
effects the resulting error is lower than 0.1 %a It was therefore not possible to measure them
for an experimental comparison of the two configuratons. The only effects giving rise to
detectable errors are the temperature dependence of the quarterwave loops. These effects were
smaller than the ones due to the tempernture behaviar of the sensing coil (due to technological
problems at the time being) and it was therefore not possible 10 make comparative
measurements between the two configurations. Thercfore, the following analysis is essentially
based on the theoretical results.

The error due to the non-ideal sensing coil, e.g. bent and twist fiber, are the same for both
configurations, as shown in Figs. 4.4 and 5.3. For a twisied rate of 10 tums/m and a coil
diameter of 345 mm this error amounts to about 3 ppem for a current of abont 10 kA, which is
negligible for current sensor applications. ‘

For the Sagnac configuration with a 345 mm diameter coil using 20 tums of a 1wisted fiber with
10 tums/m the effects of the temperature due 10 the sensing coil give rise to an error which
oscillates between Q0 ppm and 30 ppm (see Fig. 4.5) in the temperature range of —40 °C 10
80 °C. Under the same conditions, but with a 10 turn coil, the error for the reflection
configuratdon oscillates between —30 ppm and +30 ppm {see Fig. 5.4). Though these errors are
negligible for current sensing applications, it appears that the Sagnrac configuraton is by a
factor of two less sensitive to temperature changes of the sensing coil than the reflection
configuratian.
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The effects of non-ideal quanterwave loops are similar for both configuradons. A retardation
error of 1° or an alignment error of 1° give rise 1o a phase error of 0.61 %. This is acceptable for
most current sensing applications.

The temperature dependence in the range of -40 C° 1o +80 C° of the quarterwave loop with 90°
retardation results in an error of about 1.2 %o for both configurations. For the Sagnac
configuration retardation errors of 2° are accepiable, if they are symmetrically distibuted, e.g.
cne loop 88° (or 92°) and the other 92° {or 88°), The reflection configuration is more sensitive (o
retardation errors of the quarterwave loop; for example an error of 1° gives rise o a detected
phase error of about 2.2 %o in the temperature range of —40 °C 10 80 °C (see Fig. 5.5). This
could be a problem for high precision current sensor applications.
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7. CONCLUSIONS

In this work, Sagnac and reciprocal reflection interferometers for the detection of the Faraday
effect have been theoretically and experimentally investigated. The principal goal of this
research was to compare this, two reciprocal configurations in order to point out their
fundamental properties for the detection of the Faraday effect.

‘The fiber optic Sagnac interferometer is well known for its application as a gyroscope. [tis only
sensitive 10 non-reciprocal effects, such as the Sagnac effect or the Faraday effect. Therefore it
is a good candidate for current sensing applications. This idea was already successfully applied
by several authors [Fer82, LeiB6, Don88, Nic88). In this work, the Sagnac currem sensor was
obtained by modifying the minimum reciprocal configuration of the fiber gyroscope in order 10
be sensitive 1o the Faraday effect. For this purpose, two quanerwave loops are inserted to
obtain circular polarizations in the sensing coit from the linear polarizatons of the hi-bi fiber in
the rest of the Sagnac interferomerer. This is necessary to ger opomum interferometric detection
of the Faraday effect. A fiber sensing coil exhibiting very low linear birefringence is connected
between the two loops. The design and the interpretation of the results requires a thorough
understanding of the different polarization phenomena arising in the interferometer. For this
purpose a theoretical model, based on the Jones calculus, bas been developed. This model
provides an efficient tool to simulate and to understand the non-trivial behavior of the modified
Sagnac interferometer. The effects cansed by the non-ideal elements in the interferometer have
been theoretically and experimentally investigated. It appears that the developed theory and the
experimental results are in good agreement. '

An all-fiber Sagnac current sensor has been realized and successfully tested. Fiber opric
elements, such as all-fiber quarterwave loops, all-fiber polarizers, polarizaton maintaining fiber
couplers and pigtailed laser sources, have been used. The sensing coil had the form of a helix
around the electrical conductor. This helical coil had been used previously in a fiber optic
current sensor working in transmission and using heteradyne detection. The geometrical torsion
of the helix provides an clegant way to compensate the perturbing effects of the bend-induced
linear birefringence.

An other all-fiber Sagnac current sensor based on a commercial fiber optic gyroscope has been
realized and tested. The 100 m long fiber of the gyroscope was cat in the middle of its length
and then spliced 10 the quarterwave loops. A 20 tumn fiber coil with a diameter of 2R = 345 mm
was used. The ultra-low birefringence fiber, which has a diameter of 2r = 80 pm, was
mechanically twisted at the rate of 10 wms/m. Perfect lincarity between the detected Faraday
phase shift and the 75 Hz ac current was measured from 10 A to 800 A. The detected phase
noise amounts to about 10 uradHz, which is equivalent to a detected current noise of
0.1 AlHz. Very good stability and temperature behavior have been obtained. Some problems
remain at low temperatures (€ 0° C) due to technological problems in the realization of the
sensing coil, This "gyro-current sensor” shows how the development of fiber oplic current
sensors can benefit from the well established fiber optc gyroscope technology.

To the best of our knowledge, it is for the first Ume in this work that a truly reciprocal reflection
interferometer is reported. This interferometer [ooks like one half of a Sagnac interferometer.
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The reflection interferometer uses two co-propagating orthogonal modes which are reflected at
the end of the fiber sensing coil, rather than two counter-propagating modes of the same
palarization, as in the case of the Sagnac interferometer. The sensing coil is connected 10 the
ground level by a polarization maintaining hi-bi fiber. Between the sensing coil and the hi-bi
fiber a quarterwave loop transforms the two orthogonal lingar polarizations into orthagonal
circular polarizations and vice-versa. The combination of the hi-bi fiber, the guarterwave loop
and the mirror results in a perfectly balanced reciprocal interfernmeter. After a total round trip in
the interferometer the only phase shift between the two polarizations is caused by the Faraday
effect. The reflected light is detected at the output arm of a fiber coupler. The effects of
polarization cross-coupling due to non-ideal elements, such as the sensing coil, the quarterwave
loop, the hi-bi fiber, etc, are eliminated by using a low coherence source. Non-reciprocal phase
modulation is necessary to get optimum detection of the Faraday phase shift. This non-
reciprocal modulation is performed by an all-fiber birefringent madulator. Like for the fiber
gyroscope, efficient non-reciprocal modulation is obtained for a modulation frequency equal to
2/T, where T is the time of flight for a total round trip. To be independent of the polarization
propertes of the coupler, the two reflecied orthogonal modes are made to interfere before this
coupler. This is achieved by insening a linear polarizer between the coupler and the modulator.

Like for the Sagnac configuration, a theoretical model based on the Jones calculus and taking
into account the cohercnce of the light, has been developed. This model has been used to
evaluate the effects of non-ideal elements and of the temperature. Here again, theoredeal and
experimental results are in good agreement.

A first reflection interferometer without non-reciprocal modulation has been reaiized. Optimum
sensitivity to the Faraday effect was obtained by introducing a 90° phase shift between the two
linear input polarizations, using a quarterwave plate. Two different laser sources have been
used with this interferometer. The first source was a single-mode laser diode, delivering highly
coherent light, With this source, the perturbing effects of coherent polarization cross-coupling
have been experimentally verified. The measurements are in good agreement with the theory.
The second source was a multimode laser diode exhibiting & coherence length of about 200 pm.
With this low coherence source it was shown experimentaily that the perturbations due to
polarization cross-coupling are eliminated. Good agreement with the theory is obtained. The
sensing element was formed of a piece of straight fiber of ultra-low birefringence type. The
magnetic field was produced by a 100 turn solenoid. Perfect linearity between the detected
Faraday phase shift and the 75 Hz ac current was measured from 0 A 10 40 A. The detected
cwrrent noise amounts to about 0.02 A/VHz. These theoretical and experimental investigations
confirmed the necessity to use a low coherence source in order to get good signal stability with
the reflection configuration.

The purpose of the second reflection interferometer was to experimentally demonscrate the
principle of the non-reciprocai modulation. A low coherence laser diode was used. The phase
modulation was obtained by winding the hi-bi fiber around a piezo-ceramic cylinder. The
sensing element was again 2 straight fiber. The Faraday effect has successfully been measured
using coherent detection. Perfect linearity between the detected Faraday phase shift and the
75 Hz ac current was measured from 0 A to 40 A. The detected current noise armounts to about
0.015 A/NHz. Effects of non-ideal elements in the interferometer have also been measured and
are in good agreement with the theory. Here again, good signal stability was achieved thanks to
the low coherence of the source,
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From the comparison between the Sagnac and the reflection configurarion it appears that, for
similar performance, the secend needs less fiber optic elements and half the number of splices.
This is an important advantage for the industrial production of current sensors. The modulated
detector signals are idendcal for the Sagnac and the reflection configuragon, This permit to use
the same electronic signal processing for both configurations. The effects of non-ideal elements
arc similar for both configurations, However, the temperature effects due to the quarterwave
loop are more critical for the reflection confignration than for the Sagnac intsrferometer.

To conclude, the possibility o use the Sagnac and the reciprocal reflection configurations for
current sensing has been successfully demonstrated, and their basic properties and limitations
are completely understood from the theoretical point of view.
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