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ABSTRACT 

In the present work, two types of reciprocal interferometers for the detection of the Faraday 
effe« are theoretically 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 polarization sensitive elements. 

An all-fiber Sagnac current sensor has been realized and successfully tested. Fiber optic 
elements, such as all-fiber quarterwave loops, all-fiber polarizers, polarization maintaining fiber 
couplers and pigtailed 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 current 
sensor, based on a commercial fiber optic 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 u.m 
diameter was mechanically twisted at the rate of 10 turns/m. Perfect linearity 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 |iraòWHz, which is equivalent to a detected current 
noise of 0.1 A/VHZ. Very good stability and temperature behavior have been obtained (relative 
current error smaller than 2 %o between 20 0C and 80 0C). 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 optic current sensors can benefit 
from the well established fiber optic gyroscope technology. 

The reflection interferometer looks like one half of a Sagnac interferometer. It uses two co-
propagating orthogonal modes which are reflected at the end of the fiber sensing coil, which is 
connected to the ground level by a polarization maintaining hi-bi fiber. Between the sensing coil 
and the hi-bi fiber a quarterwave loop transforms die two orthogonal linear polarizations 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 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 
birefringence modulator. The reflection interferometer using non-reciprocal phase modulation 
has been realized and succesfully tested. The sensing element was a piece 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 to 40 A. The detected current noise amounts to about 0.015 A/VHZ. 

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 reflection configuradon. This permits to use 
die same electronic signal processing for both configurations. 
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1. INTRODUCTION 

All-fiber current sensors, based on the magneto-optic Faraday effect (rotation of the polarization 
piane by a longitudinal magnetic field), have been proposed as an alternative to conventional 
transformers in measurement, fault diagnostic and protection on high voltage lines. The main 
advantages are: insensitivity to electromagnetic interference, higher dynamic range, wide 
bandwidth and reduction of insulation problems. Moreover, 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 trials have been carried out only under very carefully controlled 
conditions. 

The major difficulty is bend-induced and intrinsic birefringence in the fiber which is wound 
around the electrical conductor. This birefringence changes the polarization state and quenches 
the Faraday effect. Early laboratory types of fiber optic current sensors were made of 
conventional telecommunication quality single-mode fibers. Linear birefringence in this fiber 
can be suppressed by twisting the fiber to introduce circular birefringence. Low-birefringence 
type fibers have been developed, however, the so called spun fiber still suffers from stress 
induced birefringence, caused 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 to a mechanically twist maintained by 
the cladding have been developed recently, but tiieir properties have to be improved further. An 
alternative approach is to remove the bend-induced birefringence by annealing. Coils are wound 
in the desired form, heated to about 900 0C for approximately 24 hours, and then cooled 
slowly. With this technique the linear birefringence is nearly eliminated. 

The Faraday effect can be detected using polarimetrie or interferometric configurations. 
Basically, the polarimetrie 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 obtain the Faraday rotation. Compensation of reciprocal polarimetrie 
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 orthogonal circular polarizations 
propagating in the same direction or between two counter propagating circular polarizations 
with the same handedness, can in principle be determined by a variety of interferometric 
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. Heterodyne detection, where the two circular 
polarizations have different optical frequencies, provides directly the Faraday phase shift, 
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regardless of fluctuations of the optical power, launching efficiency and detector responsivity. 
The Faraday signal, which modulates the phase of the carrier oscillating at the beat frequency, 
is obtained from the detected optical signal using a FM discriminator or, if a reference signal is 
available, a phasemeter. Reciprocal interferometers, 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. 

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 optic Sagnac interferometer is well known for its application 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 quarterwave loops, 
all-fiber polarizers, polarization maintaining fiber couplers and pigtailed laser sources, have 
been used. In a first experiment 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 heterodyne detection. The geometrical torsion of the helix provides an 
elegant way to compensate the perturbing effects of the bend-induced linear birefringence. 
Another all-fiber Sagnac current sensor, based on a commercial fiber optic gyroscope, has been 
realized and tested. This "gyro-current sensor" shows how the development of fiber optic 
current sensors 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 truly reciprocal reflection 
interferometer is reported. This interferometer looks like one half of a Sagnac interferometer. 
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 
polarization, as in the case of the Sagnac interferometer. The sensing coil is connected to the 
ground level by a polarization maintaining hi-bi fiber. Between die sensing coil and the hi-bi 
fiber a quarterwave loop transforms the two orthogonal linear polarizations 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 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 birefringence modulator. To be independent 
of the polarization properties of the coupler, the two reflected orthogonal modes are made to 
interfere before this coupler. This is achieved by inserting a linear polarizer 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 reflection configuration. This permits to use 
the same electronic signal processing for both configurations. 
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2. THE FARADAY EFFECT IN SINGLE MODE FIBERS 

2.1. 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 rotated by the angle 

CF = V J H 1 dz , 
L 

¢2.1.1) 

via the action of the magneto-optic Faraday effect. Hz is the magnetic field component in the 
direction of the light beam. The Verdet constant V is determined by the magnetic properties of 
the material. In diamagncdc materials V is very small but not function of the temperature, 
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 current measurement 
applications. The Verdet constant for diamagnetic materials varies proportionally to X-2 for 
wavelengths X » XQ [Ros65], where Xo is the wavelength of the absorption resonance. For 
pure amorphous silica [Pal85] Xo = 0.118 u.m and V = 5.54 ujad/A at X = 850 nm. Due to 
the small Verdet constant of these materials, the main problem is to make the light path L long 
enough to obtain a sufficiendy large rotation. 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 pjad/A at 633 nm, V = 2.6 ujad/A at 820 nm, V = 1 (irad/A 
at 1300 nm. In diamagnetic materials, the relaxation time constant of the Faraday effect falls in 
the sub-nanoseconds range [Voi08J. 

Input 
polarization 

Output 
polarization 

N turns fiber coil 

Figure 2.1 Faraday effect in a non-birefringent fiber. 
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In Fig. 2.1 it is assumed that the fiber exhibits no birefringence, in other words the polarization 
remains linear along the optical path. Applying Ampere's circuit theorem, the magnitude of the 
final polarization rotation becomes 

<pF = VNI, (2.1.2) 

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

2.2. Non-reciprocal behavior of the Faraday effect 

The Faraday effect is nonreciprocal, this means that if the polarization rotation through an 
optica] element is <pp, then on passing back through the element the light polarization is rotated 
another ÇF in the same direction. If the effect were reciprocal, die two rotations would cancel 
out. The polarization state of a light wave can be represented using the well known Jones 
vectors [Jon41]. 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 polarization 
basis can be more appropriate. For instance, as shown in Fig.2.2.b, the circular basis is well 
suited when dealing with polarization rotational effect [DSn92], 

Forward 
propagation 

Forward 
propagation 

y 

—» 
e 2 , 

4t 

, / z t f k ^2, 

/ 3 *i 

r 

. 

/ z 7 / k * 
a) Linear basis 

y y 
, 

4ZlIV. 

gfc-, r^l 
/•£ Il k' 

b) Circular basis 

Backward 
propagation 

Backward 
propagatici 

<— 
E2 

Figure 2.2 a) Linear polarization basis for forward and backward propagations, ej and t\ = basic linear Jones 

vectors, and indicate propagation in the direction of +z and in -z , respectively, b) Circular 

polarization basts for forward and backward propagations, Ej and E | = basic circular Jones 

vectors, k and k' are the propagation vectors for forward and backward propagation, respectively. 
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2.2.1. Linear basis representation 

In this representation the Faraday effect is described by a rotation tpp of the two basic linear 
polarizations. Due to the non-reciprocity, the rotation is tpF for both forward and backward 

directions. 

2.2.2. Circular basis representation 

In diis representation, a polarization state is represented by a linear combination of the two 
orthogonal basic circular polarizations. Rotational effects (or optical activity) expressed in a 
circular basis result in a phase shift 2(pF between these two basic polarizations. For reciprocal 
rotational 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 = 4cpp)-

2.3. Jones matrices of different fiber configurations 

The polarization properties of an optical element can be described by its Jones Matrix [Jon41]. 
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 [Dän92]. 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, containing elements which 
maintain the linear polarization (hi-bi fiber, hi-bi coupler, etc.), die linear basts representation is 
better suited. Therefore in the following, the Jones matrices given in the circular basis 
representation will be transformed into the linear one. The Jones vectors are defined as column 
vectors for both forward and backward propagations which is in agreement widi the convention 
adopted by Birks et al. [Bir88]. This results in backward Jones matrices which are different 
from those obtained by Jones himself [Jon41], who defined column vectors for forward 
propagation but row vectors for backward propagation. Since all considered perturbations are 
assumed to be loss-free, the resulting Jones matrices A are unitary and take the form 

A = ( J with Det(A) = IAI2 + IBI2 = 1 . (2.3.1) 

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

•a -b*> ,Re {A}+Um (B) -Im [A}+iRe ( B k 
Z = [b a * J = ( / m (A}+iÄe (B) Re {A)- i /m ( B ) J ' ( ' * ' 

where Re (X) and Im (X) denote the real and imaginary pan of X, respectively. Conversely 

the circular representation is obtained from the linear one by 
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,Re {a}+«* {b} -/m {b}+i/m ( a k 

[im {b}+i/m {a} Re (a}-iÄe (b) J ' 

2.3.1. Reciprocal properties of the Jones matrices 

-» «-
For forward and backward propagation the Jones matrices are noted A and A, respectively. In 
circular representation and if there is no Faraday effect, which is non-reciprocal, the Jones 
matrix in forward and backward propagation are related by [Dän92] 

A = A T , (2.3.4) 

—> —> *— —* 
where A T is the transposed of A. Note that A = AT is 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] 

X-Zr + Xm, (2.3.5) 
—» - + 

where the reciprocal part A r satisfies Equ. (2.3.4), whereas the non-reciprocal pan An1 

satisfies 

A„r=-AnrT . {2.3.6) 

-» —> -> <— 
A r and Am can be obtained from A and A using 

Ä\ = j(Ä* + AT) and A1n = ̂ ( A - A T ) . (2.3.7) 

Ar and Am can be obtained from (2.3.7) using Eqs. (2.3.4) and (2.3.6). In linear polarization 
basis, using Eqs. (2.3.2) and (2.3.3), the reciprocity condition given by Eq. (2.3.4) becomes 

^ / a - b \ _j 
* - ( „ . , . ) - » * • (2.3.8) 

where a A is a 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 ^ 
can be decomposed in its reciprocal and non-reciprocal pan as 

"a = "a*r + ̂ w . (2.3.9) 

where a r satisfies Eq. (2.3.8), whereas a nr is such that 

a"nr = -"ä\ir\ (2.3.10) 



7 

Again a r and a m may be expressed in terms of a and a, namely 

1 -+ 1 /—» <-», a r = 2 (a + aA) and 7„r = f ( T - a A ) . (2.3.11) 

ar and anr can be obtained from (2.3.11) using Eqs. (2.3.8) and (2.3.10). 

2.3.2. Ideal fiber 

Here an ideal fiber is thought 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 matrices 
for forward and backward propagation are, expressed in the circular polarization basis, 

£ = 
(V Ì (PF o , 

0 e***, 
and C = 

e'<PF 0 

0 e-
i(PF 

(2.3.12) 

where (pF is given by Eq. (2.1.2), that is <pF = VNI. Using Eq. (2.3.2) leads to the 
representations in the linear polarization basis 

COSCpp SlMpF 

-sintpF costpF 
and 

coscpF -sincpF 

sin<pp costpF J 
(2.3.13) 

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 

-} *- /-1ON _* «- ' / - 1 Os 
Cr = Cr = COStPpI01I and Cnr=-Cnr«isiiMpF( 0 l I • 

and for the linear one 

C r = C 1 = COS(PFf 0 j j and c„r = -Cnr=Sin(pFl_1 Q j . 

(2.3.14) 

(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 
matrices with non-reciprocal parts equal to zero. 

2.3.3. Twisted fiber 

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 [Dan92] 

f 1̂ .VHz+5 . . 
cosTd - 1 sinyd 

C = 

i-sinyd 
\ 

.11 . 1̂ ^ .VHz+6 . . 
t - sinvd cosyd + i smyd 

V T t J 

and (2.3.16) 

f tA .VHz-5 . ,_, 
cosyd +1 stny d 

C = 

H-siri Yd A 

v 
i— sinv d cosyd - i s iny d 

Y' J 

with 

Y= V(VH1 + 5)2 +Ti2 

and 

Y = V(VH2-5)2 4-Tl2 . 

(2.3.17) 

(2.3.18) 

(2.3.19) 

Here H7, is the magnetic field along the fiber axis, V the Verdet constant, d the fiber length, 8 
the twist induced optical activity and Ti 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 

VH2 = VI/2jtR . (2.3.20) 

Light 

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

In the same geometry 5 and x\ are given by [Ulr79, UIrSO, Dän92] 
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5 = H0
2CPi2-Pii)T/4 = gT/2 (2.3.21) 

and 

n = (W/4) (q i2 -qu) rp = h-£2 • (2.3.22) 

where X is the wavelength, no is the effective index of refraction of the fundamental mode in the 
fiber without perturbation, py and qjj are the phoio-elastic and piezo-optic coefficients, E is the 
Young's modulus, T is the twist rate (twist angle per unit length), R is the radius of curvature 
of the bending and 2r is the outer diameter of the fiber. For silica fibers one has typical values 
of g = 0.16 and h = 0.43. 

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

f il 
cosyd + i-sinyd 

Y c = 

VH2+S . . 
— - — sinyd 

\ 

VH2-I-S . n . , 
- sinvd cosvd - i - sinyd 

V Y Y y 

and (2.3.23) 

f .. .Tl . , . -VH2+S . , . 
cosyd + l—sinyd sinyd 

Y' Y' 

-VH2+8 . ._, . . .Tl . . . 
siny d cosyd - i—sinyd 

V Y * i J 

(2.3.24) 

For VH2 = 0 one gets C = CTand c~ = c*A, which confirms reciprocity (cf. 2.3.1.). 

For Tl = 0 the matrices simplify to those of an optical activity with a reciprocal (8) and a non-
reciprocal (VH2) part, namely 

C = 
( ^i(S+VH2M 0 

0 Ci(S+VH2M J 
and C = 

^i(S-VH2M 0 

J(S-VH2M 
, (2.3.25) 

'COs(S+VH2M sin(S+VH2)d 

-Sin(S+VH2Jd cos(S+VH2)d 
and c = 

COS(S-VH2M Sm(S-VH2M 

-SiU(S-VH2Jd cos(S-VHz)d 
(2.3.26) 

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 » Ti, i.e. if the twist induced circular 
birefringence is larger than the expected linear birefringence due to external perturbations of the 
fiber, such as bending or squeezing. Typical values for silica fibers at 633 nm are 8 = 15 rad/m 
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and TI = 1.21 rad/m for a fiber outer radius of r = 40 M-m. a twist rate of T = 30X2TC rad/m and a 
bending radius of R = 30 mm. 

2.3.4. Spun fiber 

Spun fibers are produced by spinning biréfringent fibers during the drawing process. The local 
properties are characterized by the linear birefringence and the rotation rate of the principal axis, 
corresponding to the spin rate. When the local birefringence is small (residual birefringence), 
the fiber is referred to as an "ultra-low birefringence" fiber [BarSl], whereas when the 
birefringence is large (voluntary introduced stress- 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 r\ rotates at a spin rate a. It is 
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 [Dän92] 

e-
^(cosyd - i ^ ^ s i n 7 d ) e - i a d 

(ßsinYd)c iad 

Cr1SiIOd)B-*"1 

7 

(cosyd + i™^ s i n ì d ) c iad 

\ 

(2.3.27) 

and 

C = 

r .VHz+a . 
(cosyd + i -- - sinyd)e~ iad 

Y' 

V 
easinyd)e-iad 

<£sinyd)eiad \ 

(cosyd-i^^sinyd)e iad 

Y* J 

(2.3.28) 

with 

Y = V ( V H 2 - a ) 2 + T I 2 (2.3.29) 

and 

y = V(VHZ+ a ) 2 +Tl* (2.3.30) 

Setting VH2 = 0 leads again to C = CT , which confirms reciprocity (cf. 2.3.1.). From Eqs. 
(2.3.27) and (2.3.28) die 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: For zero birefringence (n = 0, y = VH1 ± a) 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 sin^d = 0 the above matrices simplify to those of an optical activity equivalent 
to a . 

For slow rotation of the birefringence, i.e. for a « Ti, a spun fiber behaves like a linear 
polarization maintaining fiber. This can be seen from the Jones matrix, for a « rj and 
VH2 « T), applied to the two orthogonal linear input polarizations parallel to the input local 
birefringence axis. In this case the output polarizations are still linear and orthogonal, but 
rotated by an angle ad and with an additional phase of ±r)d, corresponding to the retardation of 
the fast and the slow axis, respectively. For hi-bi or linear polarization maintaining fibers the 
value of T| is commonly characterized by the beat length Lb = TtAl- Typical values are 
Lb = 3 mm, corresponding to a linear birefringence of r| = IO3 rad/m. 

For fast rotation of the birefringence axes, i.e. for a » Tl, a spun fiber behaves rather like a 
circular polarization maintaining fiber. In this case, and if a » VHZ, the Jones matrices 
simplify to those of an optical activity with a reciprocal (p = -Ti2/2a) and a non-reciprocal 
(VH2) pan [Dän92], and take the form given by Eqs. (2.3.25) and (2.3.26). However, in 
practice the equivalent circular 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 Ti = 0.95XlO3 rad/m (Lb = 3.3 mm) and a = 1.2xl03 rad/m have been 
reported in the literature [LÎ87J. 

For small local birefringence TI and VHZ = 0, the equivalent optical activity p = -r|2,'2a is 
negligible and the maximum residual birefringence reduces to T]/a. One gets an "ultra-low 
birefringence fiber" [BarSl], which can be used to measure the Faraday effect widiout 
perturbation by linear birefringence. Typical values for silica fibers at X = 633 nm are a = 120 
rad/m and T| £ 5 rad/m. But these fibers are still vulnerable to external perturbations causing 
birefringence. 

2.3.5. Helical fiber 

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

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

where z is the axis, a the radius and 2icb the pitch of the helix, and so2 = a2 + b2. 

The curvature K and the geometrical torsion T of the helix are 

K " A = , a . . and i=\= , b
L , . (2.3.32) 

so2 a2 + b2 so2 a2 + b2 

The helix angle G is defined by the relation 

IgB = b/a. (2.3.33) 

The maximum torsion for a given radius a is obtained for 6 = 45 °, i.e. for b = a, and has the 
same value as the curvature, namely T = K = l/2a. 
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2xb 

Figure 2.4 Helical fiber. 

In a helical fiber, shown in Fig. 2.3, the bending induces a birefringence T\ 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 = K. It has been shown [May89, Dän92] 
that a helical fiber and a high-bi spun fiber behave similarly. Therefore, including a constant 
Faraday effect VH2, the Jones matrices are exactly the same as those for spun fibers with 
constant spin rate a = i and constant birefringence r\, which are given in Eqs. (2.3.27), 
(2.3.28). The Faraday effect VH2 is given by Eq. (2.3.20) with R = so. For the case of 
maximum torsion (6 = 45 °) one gets with die help of Eq. (2.3.22) for silica fibers 

This yields for a helix diameter of 2a = 30 mm and a fiber diameter of 2r = 80 Jim at the 
wavelength X = 633 nmthe values TJ = 1.21 rad/manda = x = 33.3rad/m. 

A helical coil with a sufficiently large geometrical torsion (x = a » r\) is a convenient 
configuration to overcome the perturbing effects of the bendine induced birefringence 
(cf. 2.3.3). As can be seen from Eq. (2.3.27) the Jones matrix C becomes diagonal for 
yd = ran, where m is an integer, which means purely circular birefringence. For optimum 
detection of the Faraday effect one should therefore choose the length d of the fiber so that the 
above condition is satisfied for VH2 = 0, i.e. for V = -¾ = (a2 + ri2)"2. In general, the length of 
the helix satisfying this condition will not correspond to an integer number of periods, i.e. the 
projection of the helix onto a plane perpendicular 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 [May891. It is therefore desirable for a current sensor, mat the 
helical coil satisfies the condition 1^d = mît for an integer number M of periods, i.e. d = M2TUS<). 
This can be achieved by choosing the diameter 2a and the pitch 2nb of the helix appropriately. 
By using the definitions given above for i, TI, so and 9, the condition YQM2TCSO = mn yields 

cos3e 
a/a = , (2 3 351 

[(m/M)2-4sin2ej"2 * " J 

where a' = 2hr2A 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 us to calculate the geometrical 
parameters of the helix satisfying the condition ^MSJISQ = mit. 
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3. DETECTION OF THE FARADAY EFFECT 

In current sensor applications, the detection of the Faraday effect permits to recover the value of 
the electrical current to be measured. The Faraday rotation cpp can be detected using either 
polarimetrie or interferometric optical readout schemes. 

In the basic scheme [Pap80, Smi78, Ras79] of polarimetrie 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 to the input polarization. 
Photodetectors, located at each beamsplitter output, supply two signals from which, after 
processing, sin2(pp 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 sin2tpp dependence. A more efficient method [Don88], which 
ensures an unlimited dynamic range at the expense of some complexity, is to supplement the 
optical detector section 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 
cos2q>F is obtained. From sin2(pp and cos2<pp l n e Faraday rotation <pp can be retrieved. 
Balanced polarimetrie 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 are in a 
large part compensated whereas the non-reciprocal Faraday effect is doubled. 

The non-reciprocal Faraday phase shift 2tpp between orthogonal circular polarizations 
propagating in the same direction or, equivalently, between two counter propagating circular 
polarizations with die same handedness, can in principle be read by a variety of interferometric 
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 detector 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<PF, regardless of fluctuations of the 
optical power, launching efficiency and detector responsivity. Typically a Bragg cell is used to 
shift me 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, is obtained from the detected 
optical signal using a FM discriminator or, if a reference signal is available, a phasemeter. An 
other form of heterodyne detection is the so called pseudo-heterodyne detection [Ker86]. In this 
technique, the phase of the interferometer is sinusoidally swept using either a piezoelectric fiber 
stretcher or by using a sinusoidally frequency swept laser source. Unlike the classical 
heterodyne detection, which uses bulk elements such as Bragg cells, pseudo-heterodyne 
detection is well suited for the realization of all-fiber current sensors [Ker89]. Reciprocal 
interferometers, like die 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 or heterodyne detection, 
have been reported in the literature [Fcr82, Lei86, Ann87, Nic88, 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 and/or high circular birefringence and being at the same time 
temperature and vibrations insensitive. Moreover, 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 (S lOtimes) than die 
bend induced birefringence, ensuring a good sensitivity to the Faraday effect and a low 
sensitivity to temperature and vibrations. The geometry of the helix can be perfectly controlled 
and holding the fiber ends is not a problem, since there is no mechanical twist in the fiber. The 
increasing lengdi of the helical coil with increasing number of turns could be critical 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 (im ultra low-birefringence spun fiber (York LB 600). The measured total biréfringent 
retardation of the helical coil was lower than 1°, which is an excellent result. This coil has been 
used as a heterodyne current sensor in transmission, the source was a two frequency He-Ne 
Zeeman laser. Perfect linearity between the detected Faraday phase shift and the current was 
measured from 0 A to 50 A. The sensitivity and the accuracy ware essentially limited by me 
shot-noise, corresponding to about 32 mA/^Hz for 20 ^W detected optical power. 
Measurements of the Faraday effect for different positions of the electrical conductor inside the 
helical coil resulted in no change of the sensitivity. 

3.1.1. Realization 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 
YO2JtSO = it, which means that M = m (cf. Section 2.3.5). Taking into account these 
conditions, a 10 mm helical coil has been constructed with the following parameter: ultra-low 
birefringence fiber (York LB 600), fiber diameter 2r = 80 (ira, coil diameter 2a = 29.8 mm, 
helix pitch 2nb = 52 mm, helix angle 6 = Um-1CoM) = 29.05°, number of periods M = 10, helix 
length M27tb = 520 mm, fiber length d = M2icsn = 1071 mm, circular birefringence a = 28.5 
rad/m and linear birefringence n = 2.86 rad/m (at X = 633 nm). These practically realized 
values differ slightly from the theoretical values satisfying the condition "M)2TOo = it. 

The coating of die fiber induces unwanted birefringence, typically amounting to several 
degrees; it must therefore be removed. The uncoated fiber is inserted into a teflon capillary filled 
with liquid paraffin, ensuring minimum mechanical twist. The helix is formed by winding the 
fiber around a threaded plexiglass cylinder. The linear retardation of the helix was shown to be 
smaller than 1°, using a high resolution ellipsometer [Bar85] for the measurement. 
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3.1.2. Heterodyne detection of the Faraday effect 

Two orthogonal circular polarizations, frequency shifted by A(Ü/2TI, are launched at the input of 
the helix. At the output, one has two frequency shifted nearly circular orthogonal modes, with a 
phase difference depending on the Faraday effect A linear polarizer, placed at the helix output, 
causes the two frequency shifted modes to interfere. Let Eu and Ej2, be the Jones vectors of 
the two orthogonal input polarizations given in the circular basis, namely 

*<Y iAcû t /2 and E i 2 = r ] e - i A o , t / 2 . (3.1.1) 

The output Jones vector is then 

E0 = PC(Ei i + Ei2) , (3.1.2) 

where P and C are the Jones matrices of the linear 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* \ 

where 

A = (cos^ + i ^ ^ s i n y d ) e i c t d and B = ( £ sm-jd)e-iad , (3.1.4) 
r y 

with Y= V ( V H 2 - a ) 2 + n 2 and ct = T (geometrical torsion of the helix). The Jones matrix 
of the linear polarizer, in the circular polarization basis, with its transmission axis oriented at an 
angle y respect to the horizontal reference axis, is 

(3.1.5) 
1 e" 

\ & i 

Starting from Eq. (3.1.2) one finds for the output intensity 

I0 = E U 0 = "Al2+ IB|2 + Re((A2ei2^-B2e-
i2xf)eiAcût} , (3.1.6) 

where X' is the hermitian conjugate of the Jones vector X. 

In the ideal case, where the fiber exhibits no linear birefringence(r| = 0), one has, using VHZ = 
VI/2HSQ and d = N2nso (cf. Section 2.3.5), 

A = ei(Y«0d = eiVHzd = eiVNI and B = o ( 3 . Ì . 7 ) 
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Replacing the actual values of A and B in Eq. (3.1.6), the output intensity becomes 

I0 = 1 + COs(A(Ut + 2VNl + 2\t/) = 1 + cos(A0)t + <pd> (3.1.8) 

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

For the real case, where r\ * O and assuming that a » Tj and a » VH2, the helical fiber 
behaves rather like a circular polarizarion maintaining fiber (cf. Section 2.3.4). In this case the 
Jones matrix simplifies to those of an optical activity with a reciprocal (p = -T[2Ha.) and a non-
reciprocal (VHj) pan. The exact solution for the output intensity is given by Eq. (3.1.6) and 
can be rewritten in the form 

I0 = IAI2 + IB*I2 + Re(IA2 - B'2lei(Atût + *P + 2V)) 

= IAI2 + IBT2 + IA2 - B'2lcos(Acot + <p + 2y), (3.1.9) 

where B' = Be ^, and <p is the interference phase given by 

A2 - B ' 2 = IA2-B*2|e*. (3.1.10) 

From Eq. (3.1.10) one obtains 

O = Bn-Ir2 ReJA)Im[A)-Re[W)Im[B-] x 

F o r a » ri, Eq. (3.1.11) reduces to 

(p=2VNI-(Ti2/a)d. (3.1,12) 

Finally for the real case the detected phase is given by 

9d » 2VNI - (n2/cx)d + 2\L/ . (3.1.13) 

If one compares with the ideal case (Tj = O), the detected phase is shifted by -(r|2/a)d, which is 
<Tj2/ct)d - 0.31 rad for the actual helical coil (a = 28.5 radnr', Tj = 2.86 radrrr1 and d = 1071 
mm). This phase offset is not negligible and can be an important drawback for dc detection of 
the Faraday effect. However it can be compensated by adjusting the azimuth of the linear 
polarizer such that 2y = (Ti2/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 y = 0°. 



17 

I 

S. 
I s o . o -

•0.5 

Electrical current (kA) 

3 4 5 6 7 
J L 

T r 
0.2 0.3 

Faraday phase <pF (rad) 
0.5 

Figure 3.1 Calculated phase for heterodyne detection using the actual 10 tum helical coil at 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 Eq. (3.1.11) will slightly differ from this linear dependence. Figure 
3.2 gives the relative error, calculated from Eqs. (3.1.11) and (3.1.12), between the linear 
approximation and the exact dependence of the detected phase for the parameters of the actual 
helical coil (cf. 3.1.1) and for \j/ = 0°. This example shows that the resulting error is 
approximately 5 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 tum helical coil at X = 633 nm (V » 4.4 urad/A) and for y = 0°. 
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3.1.3. Optical set-up and signal processing 

Figure 3.3 shows the experimental set-up used. The Faraday phase shift 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 afar the linear polarizer P (cf.Section 3.1.2). 

Zeeman Laser 

\ He-Ne / • 

Internal 
reference 

Reference 
signal 

Detector 
signal 

Electronic 
processing 

Figure 3.3 Experimental set-up for heterodyne detection. 

The beam diameter at the laser output is 5mm, the lenses Li (f = 100 mm) and L,2(f= 20 mm) 
reduce the beam diameter to 1 mm so as to ensure a good behavior of the two retardation plates 
and an efficient beam injection into the fiber coil. The acousto-optic modulator (AOM) driven at 
40 MHz acts as an optical isolator for the reflected light coming back from the input and output 
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 transforms the two orthogonal linear polarizations of the Zeeman laser into two orthogonal 
circular polarizations. L3, L4, L5 are microscope objectives. After the polarizer P the beam 
intensity varies at 1.8 MHz, which is the beat frequency between the two orthogonal 
polarizations of the Zeeman laser. The multimode fiber allows remote detection of the 
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interference signal, this is an efficient means to have good electromagnetic immunity. The 10 
tum 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 proportional to the ac part of the detected phase <pd. This signal is measured with a FFT 
spectrum analyzer. 

3.1.4. Experimental results 

The power delivered by the laser was 450 u,W and the detected power was 20 JiW. Therefore 
only 4.5 % of laser power was available at the output of the optical system. The signal to noise 
ratio at the detector was measured to be SNRd = 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 
SNRr = 77 dB for 10 kHz detection bandwidth. The resulting error of the ac part of the 
detected phase (pa is given by 

5(Pdn = (1/^)(SNRd"1 + SNRr-l)W , (3,1.14) 

which yields Stpdn = * ^ MJrad. The voltage noise measured at the phase demodulator output, 
using a FFT spectrum analyzer with a detection bandwidth of 6 Hz, was equivalent to 
5(pdn = 4jirad. Convened to 10 kHz this yields Scpdn = 163 jirad, which is close to the 
expected value given above. This corresponds to a phase noise density of 1.63 lirad/NH?, or a 
current noise density of 31.6 roA/VHz. Figure 3.4 shows the detected phase <pd< 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. 
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Figure 3.4 Measured Faraday phase versus electrica] current I. 

A linear fit to the measured values yields for the standard deviation from the mean value 
a<pd = 1.292 mrad and for the correlation coefficient r = 0.9999734. From this one gets with 
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S(Pd = (J^Vl - r 2 (3.1.15) 

for the nns error of the detected phase Scpd = 9.4 ^rad, which corresponds to 61 = 0.2 A for the 
current, which is somewhat larger than the measured phase noise of Stpdn = 4 VszA. This 
difference may be attributed to the reading error of the ampere-meter, which has 100 A full 
scale and 1 % maximum error specified by the manufacturer. 

In conclusion, the helical fiber coil used as Faraday current sensor gives excellent results. The 
fact that the geometrical torsion a (~ 30 rad/m) is large compared to the bend induced 
birefringence ri ( - 3 rad/m) maintains the eigenpolarizations nearly circular for all values of the 
current within the considered range, which results in a nearly ideal situation for the detection of 
the Faraday effect. Since the fiber has no mechanical twist, there is no problem to hold its 
extremities. A practical problem arises from the fact that the coating must 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 (iW detected power shot noise 
limited detection was achieved, resulting in a phase noise density of 1.63 urad/vHz which 
corresponds to a current noise density of 31.6 mA/VHz. 

3.2. Reciprocal interferometers for Faraday effect detection 

As mentioned 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 reflection interferometers used to detect Faraday effect will be described. 
Detailed theoretical and experimental investigations will be given in chapters 4 and 5. 

3.2.1. The Sagnac Interferometer for Faraday effect detection 

The fiber optic Sagnac interferometer is well known for its application as a gyroscope. 
However, only few contributions [Fer82, LeiS6, Don88, Nic88] concerning its application as 
Faraday current sensor have been reported. It is obvious that the Sagnac interferometer offers 
several advantages for optical 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 effect or the Faraday effect. The two interfering light waves travel in opposite 
directions using the same polarization mode of the fibers. Therefore, linear polarization 
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 optic 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 correctly 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(pF, where (pF is defined by Eq. (2.1.1). Circular polarizations are 
obtained from linear polarizations by using all-fiber quarter wave retarders (X/4). The Faraday 
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sensing coil can be any classical configuration. In order io maintain the linear polarization 
emerging from the all-fiber polarizer up to the all-fiber quarter wave retarders in the Sagnac 
loop, one has to use a polarization maintaining coupler, a polarization maintaining phase 
modulator and polarization maintaining fiber (hi-bi fiber). The coupler between 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-couplings) in 
the hi-bi fiber. 

Source 

Reciprocal 
output 

Fiber 
sensing 
coil 

^ j J Q Y Current I 
X/4 

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

3.2.2. The reciprocal reflection interferometer for Faraday effect detection 

A reciprocal interferometer can also be obtained by using a highly linear biréfringent fiber 
connected to a quarter wave fiber loop which is end mirrored and whose birefringence axes are 
oriented at 45e respect to those of the hi-bi fiber. If linear polarizations are launched into each 
birefringence axis of the hi-bi fiber, their accumulated relative phase for one total round trip is 
zero. Indeed, thanks to the end mirrored quarterwave 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 polarization coming 
from the hi-bi fiber is transformed into circular polarization after the quarterwave loop. If some 
Faraday effect is present between the quarterwave loop and the mirror, the two circular 
polarizations will be non-reciprocally phase shifted with respect to each other. Therefore, after 
one total round trip, the two output linear polarizations undergo twice the Faraday effect and 
will be phase shifted by 4<pp. 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 out thanks to 
the reciprocity of the interferometer. Figure 3.6 shows the principle of the reciprocal reflection 
interferometer used for Faraday effect detection. 

The hi-bi fibers to 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 output 
linear polarizations to interfere. The interference signal is proportional to (]+COS4<I)F) and has 
therefore a vanishing sensitivity for weak Faraday effect. This problem can be overcome if the 
two linear polarizations are phase shifted by it/2 {quadrature detection), using a quarterwave 
plate for example. This phase shift can be achieved at the input of the interferometer before the 
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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 die two propagating orthogonal modes. However, unlike the principal 
propagating modes, reciprocity is not realized for cross-coupled modes. For example, if cross-
coupling arises in die sensing coil, the cross-coupled part will use the same polarization mode 
of the hi-bi fiber for forward and backward propagation; this results in non-zero phase shift at 
the interferometer output due to the high birefringence of die polarization maintaining fiber. 
This cross-coupled part will therefore perturb the Faraday phase detection. But, if low 
coherence sources and sufficientiy long hi-bi fibers are used, no interference caused by cross-
coupled light will occur, since die imbalance of die optical partis is larger man die coherence 
length of the source. As a consequence, die cross-talk arising in the interferometer will no 
longer perturb the detection of the Faraday effect. 
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Figure 3.6 Principle of the reciprocal reflection 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 
biréfringent (which is always the case in practice); moreover, the axes of this birefringence are 
randomly oriented widi respect to die hi-bi fiber axes, therefore an uncontrolled additional 
phase shift will perturb die detected Faraday phase. This phase will vary with environmental 
conditions, which is not acceptable for current sensor applications. Using a polarization 
maintaining coupler widi axes aligned to those of the hi-bi fiber is not a good remedy, because 
the output arm of die coupler, due to its high birefringence, will still introduce an unwanted 
additional phase to the detected Faraday phase. The problem of die birefringence of die coupler 
can be eliminated if die returning light is made to interfere before the coupler. This is achieved 
by inserting a polarizer between die coupler an the hi-bi fiber, as shown in Fig. 3.7. As a 
consequence, die coupler has only to transmit the intensity of die interference which is not 
affected by die birefringence. However, the sensitivity of die 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 die 
interferometer itself. The easiest way to produce an efficient non-reciprocal phase shift is to 
periodically modulate die relative phase of die two linear polarizations at die hi-bi fiber input 
widi die help of a birefringence modulator. If die modulation period is equal to half die time 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 
resulting 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. 
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Figure 3.7 Reciprocal reflection interferometer for Faraday effect detection. PMC: polarization maintaining 

coupler, P: all-fiber polarizer, B-PhM: biréfringent phase modulator, M: mirror. 

In conclusion, the reflection interferometer is reciprocal, like the Sagnac interferometer. 
However, to achieve similar performance it requires only one quarter/wave 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 turns 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 theoretical and experimental investigations of the Sagnac 
interferometer used to detect the Faraday effecL Section 4.1 gives the basic equations of the 
detected intensity at the reciprocal Sagnac output for different fiber coil configurations. 
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 illustrated in Fig. 3.5. In 
order to ease the theoretical analysis it is convenient to use a bloc-diagram representation as 
shown in Fig. 4.1. 

Figure 4.1 Bloc-diagram representation of the minimum reciprocai configuration of the Sagnac 

interferometer configured for Faraday effect detection. 

Each bloc corresponds to a Jones matrix of an individual clement constituting the Sagnac 
interferometer. Except for the sensing coil, which features circular birefringence, the elements 
of the interferometer are linearly biréfringent and have the same orientation of the birefringence 
axes, exept for the quarterwave loops. Therefore the linear polarization basis is better suited for 
the calculations. The reference frame (x,y,z) has its x axis parallel to the input linear 
polarization, which is represented by the Jones vector Ej, and the orientation of the z axis is 
given by the propagation vector k. The Jones matrices are forward matrices for clockwise 
propagation and backward matrices for counter-clockwise propagation, namely x = x and x = 
x for clockwise and counter-clockwise propagations, respectively. The linear polarizer p has 
its transmission axis parallel to the input linear polarization. The loop coupler is polarization 
maintaining (hì-bi coupler) and one of its axes is parallel to the transmission direction of the 
linear polarizer, the transmission and the coupling are represented by the Jones matrices T and 
K, respectively. The hi-bi 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-
coupling arises from one birefringence axis to the other, consequently the Jones matrices Ti and 
12 are diagonal. The two quarterwave retarders, represented by the Jones matrices qi and q2, 
have their birefringence axes oriented at 45° with respect to the hi-bi fiber axes. The Jones 



25 

matrix^ of the sensing coil is given in chapter 2, for twisted, spun and helical configurations. 
Non-reciprocal phase modulation is represented by the phase factor exp(i$(t)|, the clockwise 
wave is phase shifted by <f>(t), whereas the counter-clockwise one undergoes a phase shift of 
<t>(t+T), where T is the time of flight of the light in the Sagnac loop. Truly reciprocal behavior is 
obtained when the Sagnac loop is configured in reflection, therefore the relevant output of the 
loop coupler is me port A. Outgoing cross-coupled part, due to the non-ideal elements, is 
eliminated thanks to the linear polarizer. The interference of the two counter propagating waves 
is obtained at port A, thus the source coupler has only to couple the intensity of the interference 
signal toward the reciprocal output port R. 

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

- ¢ ) -
The forward and backward Jones matrices of the linear polarizer are 

•1 0' 
P =P =P = 0 0 

(4.1.1) 

(4.1.2) 

From Fig. 4.1 and taking into account that p Ej = Ej (input linear polarization parallel to the 
transmission axis of the polarizer), the output Jones vector E0 becomes 

The intensity I0 of the output Jones vector is given by 

(4.1.3) 

Io — E Q E 0 , (4.1.4) 

where X1 is the hermirian conjugate of the Jones vector X. The intensity at the reciprocal output 
R is half the intensity I0, due to the source coupler, namely 

lR = 2 E o E o • (4.1.5) 

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

% = t =•£ = 
V2 

'JW- o 1 

. 0 e -ifo/2 

A -, _ i f e 1 ^ o 
and K = K = K = -p-

n[ 0 c-M2 
(4.1.6) 

where (JH and 4>K 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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_> <_ ( ikAnLj/2 0 î 
f î = £ = C J - U ( = 1.2, (4.1.7) 
' j ( O c~ïkAnL/1) 

where An is the birefringence and Lj the length of the hi-bi fiber. 

There are two different possible orientations for the biréfringence axes of the quarterwave 
!oops, and therefore two different sets of Jones matrices. This problem is treated in the next 
section. 

4.1.1. Perpendicular and parallel orientation of the quarterwave loops 

In the sensing element (fiber coil), the counter-propagating circular polarizations must have the 
same handedness in order to obtain 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 element between them is exactly circular. Therefore the relative rotational orientation of 
their birefringence axes is not important. This is no longer true if the loops are not ideal, e.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 investigated in Section 4.5 for two different relative orientations of 
the loops, namely perpendicular and parallel orientation. In this section it will be shown that for 
perpendicular and parallel orientation the output intensities are the same. This is also true 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. 

Figure 4.2 Configuration with perpendicular orientation of ihe 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 clement. The Jones matrices of the coupler and the hi-bi fibers are diagonal. This 
yields 

£ ^ i £ci(<M<AnL2)/2 f S - V r i = - ^ P e i ( * l + k A n L , W 2 , 
V2 V2 

f * ? E . 1 iCfc+kAnLO/2,-. ^ % £ E i * K0,c+kAnL2>/2Ei ( 4 > L g ) 

With these conditions Eq. (4.1.3) simplifies to 

E0 ̂ ^ ^ ^ ( L ^ M f t j H t + T ) ^ ^ +ei<K05fcS]Ei. (4.1.9) 

This result shows that, thanks to 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 will not affect the interference phase (Faraday effect). This clearly appears if one 
calculates the intensity Io based on Eq. (4.1.4) with leixi2 = 1. In oüier words, this phase factor 
can be omitted, yielding 

E O 4 P ^ ( I + T ) 5 ^ ? 1 + e W & t & E , . (4.1.10) 

In Eq. (4.1.10) the matrices qj correspond to Jones matrices of quarterwave 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 

q i Œ q a"vfli i j = q i and qi = q2=vfl-i i j = : u ' C4-1U) 

In this case Eq. (4.1.10) simplifies to 

E 0 = I P " q l V ^ ^ ^ + e ^ ^ q x E i = I r O l 1 C ( O q I E i , (4.1.12) 

where the matrix c(t) is defined by 

«t^JM+Vt + JMS. (4.1.13) 

c(t) represents the interference of the two counter-propagating waves undergoing Faraday effect 
in the sensing coil c 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 c(t) is not unitary. It can be written as 

,C11(Oc12(O, 
W Ic2I(O C22(O ) 

Using Eqs. (4.1.2) and (4.1.11) for p~ and qj. respectively, the output Jones vector becomes 

E o = 4{cn(t)+C22(O+i[C]2(0-C2i(O]}Ei. (4.1.15) 

Thus, thanks to the polarizer p , the output and the input vectors are colinear. 

Parallel orientation of the quarterwave loops 

Figure 4.3 shows the configuration witìi parallel orientation of the quarterwaves loops. In this 
case the fast/slow axis (f/s) of one loop are aligned to the fast/slow axis (f/s) of the other one. 
The linear 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 arc equivalent to 
a halfwave element 

0-*3 
(TDdLP 

XJ4 Sensing XIA 
element 

Figure 4.3 Configuration with parallel orientation of the quanerwave loops. 

For convenience the birefringence axes of the quarterwave loops are chosen parallel to the 
directions x and y of the reference frame, as shown in Fig. 4.3. This means that the linear 
polarizations propagating from pons C and D up to the inputs of the loops must be rotated by 
45°. This is achieved 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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f ' = Ä eiAnLi/2 e-iAnLi/2 

. (' .iAtiLi/2 „iAnLi/2 ̂  

V2 e-iAnLi/2 e-iAnLi/2 

5 = £ 
/' eiAnL2/2 ^ i A n L ^ 

„-ÌA11L2/2 -iAnL2/2 
and f2 = ^ 

f eiAnL2/2 ^ - i A n L ^ "\ 

ÌAnL2/2 -ÌA11L2/2 
(4.1.16) 

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

g-^^= l e iC*K+kAnL2) /2p . _ £-¾-^ = J.ei(ct>T+kAnLiy2p. _ 

fîtEi = ̂ +kAnLl>/2Ei' and 1 ¾ 4 ^ ^ ^ 5 % ! 1 , (4.1.17) 

where 

p'=(0"O) md * • - ( ! ) • (4-LI8) 

With these conditions Eq. (4.1.3) simplifies to 

E0 = ^ ! [ ¢ 1 ^ + - ^ 0 - , + 1 4 ) 1 / 2 ^ ^ ( 1 + 1 ) ¾ ^ ¾ +eWÛSifc&Ei ' . (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 

E0 4pv*<t+T>s?a+*mv s&E,'. (4.1.20) 

In Eq. (4.1.20) the matrices qj correspond to 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 with respect to those of the hi-bi fibers can differ from 45". 

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

<3i = ¾ = 
!-i«/* 0 

= q// J= 1,2. 
0 e'"/4 

In this case Eq. (4.1.20) reduces to 

E 0 = ^ p - G / / [ c ^ t + T ^ + e i W ^ q / / E i ' = ip-qz/cWq/zEi' , 

(4.1.21) 

(4.1.22) 
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where the matrix c(t) is defined by Eq. ¢4.1.13). Using Eqs. (4.1.18) and (4.1.21) one obtains 

E0=I(CuCO+C22(O+ i[ci2<0-C2i(t)J) E(. (4.1.23) 

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 configurations. Obviously, this is 
also true for any other relative orientation of the quarterwave loops. 

In conclusion, assuming ideal quarterwave loops, any relative orientation of these loops give 
rise to the same interference signal I0, they dierefore behave equivalently with respect to the 
Faraday effect for a given sensing coil configuration. 

4.1.2. Ideal fiber coil 

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

S J C0SCpF rin1* Ì and t J C0S*F "SintpF ) , (4.1.24) 
I -simpp coscpF J ^ sin<pF costpp J 

where <PF = VNI. Using Eq. (4.1.13) one obtains 

cn(t) = C22(O = e'W) 2costpFCOS^^, c12(t) = -c2i(t) = ielW> 2sin(pFsin^~ , (4.1.25) 

where 

Ô(t+T) + <b(t) 
¢ (1 )=^ 11

 v w and A0(t) = (t>(t+T)~ ¢(1). (4.1.26) 

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

IR(0 = { + J C O S [ 2 ( P F + A(KO] . (4.1.27) 

This result is similar to the one obtained for the gyroscope [EzeS2], but here the Sagnac phase 
shift is replaced by the Faraday phase shift. For real fiber coils, the output intensity will no 
longer correspond to Eq. (4.1.27), as it will be shown in the following. 

4.1.3. Coil with mechanically 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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+ |fcos(Yd)cos(yd) + ~ (
 t

 z ) sin(yd)sin(yd) |cosA<j)(t) 

+ ^_YËL±i s i n ( 7 d ) c o s ( y d ) +^XIk±5 s i l l (y d ) c o s ( 7 d )V i n A^ t ) f (4.1.28) 

where 7= [(VH2+ 5)2+112J'/2 andy = [(VHz-5)2+T|2]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. 5 » Tj, Eqs. (4.1.27) and (4.1.28) become identical. 

4.1.4. CoM with spun or helical fiber 

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

IR = Jen**) 4«"*Vd) + ip^JWtTd) +1 pMp^sin2(yd) 

+ T|cos(Yd)cos(Yd) + — sin(Yd)sin(yd) cosAi|)(t) 
\ Tt ) 

+ i Ê ^ £ ± i £ s i n ( 7 d ) c o 5 ( Y d ) - ^ ^ (4.1.29) 

where y = [ (VH z -a) 2 + ri2)]1 '2 and y = [(VHz + a ) 2 + Ti2]'/2. Like for twisted fiber 
Eqs. (4.1.27) and (4.1.29) yield numerical results which are very close to each other. For 
large spin rates, i.e. a » ^ , Eqs. (4.1.27) and (4.1.29) become identical. 

4.2. Faraday phase recovery 

The Faraday phase shift 2(pp is obtained from the detected intensity IR(O thanks to the non-
reciprocal phase modulation 

¢(0 = «osin(€om0 , (4.1.30) 

which yields 

A(Ji(I) = 2 ^ ( 0 ^ / 2 ^ 0 3 ^ ( 1 + 1 / 2 ) ] = A<tocos[(Mt+-T/2)]. (4.1.31) 

As it will be shown further, a>m is chosen so that <%,T/2 = Jt/2; this provides the best immunity 
to fluctuations of 0½ and T and a minimum for the required amplitude ¢0 of the phase 
modulation. 
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4.2.1. Ideal fiber coil 

In this case the output intensity becomes, using Eqs. (4.1.27) and (4.1.31), 

IR(D =|[1+JO(A"))0)COS(2(PF)) 

OO 

Uodd 

OO 

+ 2Cos(2tpF) ZM^V^Olcos^ tumd+T^) ] . (4.2.1) 
[leven 

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

^.^if^tóMtaLÌ, (4.2.2) 
[hmtò lR(2û>m)J ' 

where (p<j is the delected phase, lR(û>m) and ^(20½) are the amplitudes of the components of 
IR(O at (1½ and 20½ respectively. For the ideal fiber coil this yields, using Eq. (4.2.1), 

(pa = 2tpF = 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(J)(O and the definition given above for the 
detected phase, one gets 

<pd = tan-1 

f VHz±S. s i n(Y d)C 0 S(yd) + Y Ì ^ _ Ì sin(yd)cos(Yd) ' 

t 2 - (VH 7 ) 2 

COs(Yd)COS(Yd) + - — * — sin(-yd)sin(Yd) 

V Tt ) 

(4.2.4) 

where Y= [(VHz+ Ç)2+r|2]1/2 and Y = [(VH2-^)2+ Tl2] 1 ^ , with E, = 5 for twisted fiber and 
Ç = -a for spun or helical fiber. For sufficiently large twist or spin rates, i.e. S » TJ or a » 
T], the detection is nearly ideal, namely tp<j = 2<pF- The relative error due to non-ideat fiber coil 
is defined as 

U-^t. (4.2.5) 
2<pF 
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where (pF = VNI. Figure 4.4 shows the relative detected phase error e<p versus the Faraday 
phase <pF. 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 pm, a twist rate of T = 10x27t rad/m and a Verdet 
constant of V = 2.6 iirad/A at X = 820 nm. 

Electrical current (kA} 
4 • 6 

J L 

Faraday phase (rad) 

Figure 4.4 Calculated relative phase errar versus Faraday phase for the twisted fiber coil. 

For this example, the relative detected phase error is smaller than 3 ppm for currents from 0 A 
up to approximately 10 kA. 

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

4.3. Source coherence effects 

It is well known from the fiber gyroscope, that highly coherent sources are not suited to 
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 a 
coherent source, all these effects add up coherently at die 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 problem 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 measurements, it is crucial to 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 out 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 dépendance of the 
Vcrdet constant for !ow-birefringence fibers have been reported [Ren89]. It results that some 
fibers exhibit non-negligible temperature dependence of the Verdet constant, whereas others are 
not temperature dependent. In the following, die Verdet constant of the fiber is assumed to be 
temperature independent. The only temperature effects come from the temperature dependence 
of the bend induced and twist induced linear and circular birefringence. Experimental 
investigations have shown that the acrilate coating of the fiber has negligible effect in the 
considered temperature range of -40 0C to 80 0C. In addition it appears that the thermal 
expansions of the diameter and the length of the fiber can be neglected [Ren88]. 

The temperature coefficients of bend induced and twist induced birefringences of the LB 600 
ultra-low birefringence fiber manufactured by York VSOP (Hampshire, UK), have been 
measured to be [Ren88] 

Ot1 = (IAl) ̂  = 5.7 x 10^1K-1 and o$= ( 1 / 8 ) ^ = 4.95 x 1(H K"1 . (4.4.1) 

The linear and the circular birefringence venus température is then 

Tl(T)=Ti0[I +OnCT-T0)] and 5(T) = So[I +O 5(T-T 0)] , (4.4.2) 

where rio and Oo are die values of the birefringence at me room temperature To = 20 0C. For 
twisted, and of course bent, fibers (Ç = 5) the detected phase given by Eq. (4.2.4) takes the 
form 

(PdCD= <Pd[nCTXSCT)] . (4.4.3) 

For spun or helical fibers CC = a) rotational effects arc of geometrical type and therefore not 
temperature dependent This yields 

(PdCD = (Pd[Tl(T)] . (4.4.4) 

Here the temperature coefficient Ct11 depends on the type of the linear birefringence of the 
considered fiber, e.g. stress induced or form induced birefringence. The relative detected phase 
error versus temperature is defined as 

E 9 C T ) - ^ - * 1 * , (4.4.5, 
2(pF 

where <pF = VNI. Figure 4.5 shows the relative error Eq3(T) computed for the same twisted fiber 
coil as given in section 4.2.2. 
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Temperature (C0J 

Figure 4.5 Calculated temperature dependence of the relative detected phase error due to the fiber coil. Fiber 
diameter 2r = 80 Jim, coil diameter 2R = 345 mm, twist rate T = 10 x2jtrad/m, number of 
turns: N= 20. Verdet constant = 2.6 urad/Aat k = 820 nm, 

One sees that EC(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 yd and yd appearing 
in Eq. (4.2.4), which are approximately equal to 35 x 2% and vary by an amount of about 2 x 
2TÏ between -40 C and 80 0C. Because yd and yd are arguments of sine and cosine functions 
in Eq. (4.2.4), Ec(T) features a periodic temperature behavior. 

It appears from this example that the Sagnac configuration using a twisted fiber coü exhibits 
temperature variations which are negligible for practica] current sensing applications (required 
rninimal error £ 0.1 %). This will obviously also be true 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 circular polarizations of the same handedness in the sensing coil. Moreover, after having 
undergone the Faraday effect, the circular polarizations are again transformed into linear 
polarizations thanks to 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 to those of the hi-bi fibers. In this section, influences of errors 
affecting the retardation and the orientation of the quarterwave loops will be theoretically 
investigated. In the following it is supposed that the only non-ideal elements in the Sagnac 
interferometer are the quarterwave loops. Cases where the relative orientation of the 
quarterwave loops is different from 90° (perpendicular configuration) or 0° (parallel 
configuration) will not be investigated in the following. 
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4.5.1. Detected Faraday effect 

In this section, effects of quartcrwave 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 

_> xcos(Ri/2) isin(Ri/2)s *_ / cos(Ri/2) -isin(Ri/2) x 
q i Visin(Ri/2) cosCRi/2) J ' q i ~(,-isin(Ri/2) cos(Ri/2)J' 

_» / cos(R2/2) -isin(R2/2) -, ^ , cos(R2/2) isin(R2/2) -x 
q 2 = t-isin(R2/2) cos(R2/2) J " ^ QjZ = {ism(Ri/2) cos(R2/2) J ' ( 4 ' 5 1 ) 

where 

Rj = n/2 + ARj j = 1,2. (4.5.2) 

Replacing into Eq. (4.1.10) one obtains the output Jones vector E0. The intensity at the 
reciprocal output is then calculated using Eq. (4.1.5). Finally one gets 

1R(I) = [cos—2—costppcosSR - sin—j—sintpFCOsAR]2 , (4.5.3) 

where 

g R = AR1 -AR 2 a n d A R = AR1^AR2 ( 4 5 4 ) 

SR 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 ARi = AR2 = AR 
and 5R = 0. The detected phase is obtained from Eq. (4.5.3) using Eqs. (4.1.31) and {4.2.4). 
This yields 

^f sin2<pFCQsSRcosAR "\ 

^COS29FCOS28R - sin2<pFCOS2ARj 

The relative detected phase error is defined as 

e, =?îz2?L . (4.5.6) 
2<PF 

Assuming 5R « 1 and AR « 1 the relative phase error approximates to 
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SR2 - AR2 .. . _. 
etp= 2 • (4.5.7) 

For Ri = 88° and R2 = 92° this gives AR = 2° = 0.035 rad, 5R = 0° and e ç = 6.1 x 10"4 or 
0.61 %o. This example shows that a retardation error of 2° results in relative detected phase 
error smaller than 1 %o, 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 

« " • « " ( ' " T . « « ) i=1'2, t4:,'8> 

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

IR(I) = [cos-y^costppcosAR - sin-y^sintpFcos5R]2 , (4.5.9) 

where AR and 5R are defined in the previous section. If one compares Eqs. (4.5.3) and (4.5.9) 
it appears that AR and 5R are reversed. 

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

.( sin2<pFCOs8RcosAR "N 
(pd^ta i r 1 — *£ — . (4.5.10) 

1^COS2IPFCOS2AR - SiH2CpCOS2OR I 

For SR « 1 and AR « 1 the relative phase error, defined by Eq. (4.5.6), approximates to 

AR2 - 5R2 , _ _ 
e<P= 2 • (4.5.11) 

This relative phase error has the same absolute value as the one obtained for the perpendicular 
configuration, but with opposite 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 X = 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 u.m. The 
temperature dependence of me retardation is due only to 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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<Pd(T) = (Pd[AR(T)1SR(T)J, (4.5.12) 

where (pd(AR,5R) is given by Eqs. (4.5.5) or (4.5.10). AR(T) and 5R(T) arc obtained from the 
definitions of AR and SR and taking into account that the loop retardation is due to the bend 
induced linear birefringence Ti(T). Thus 

AR(T) = AR0 +
 R l 2 R z Or1(T- T0) and SR(T) = SR0[I + On(T - T0)]. (4.5.13) 

where ARo and SRQ are the values of AR(T) and SR(T) at room temperature To as defined in 
section 4.5.1. Here Ri and R2 are die loop retardations at room temperature. The relative 
detected phase error e<p(T) is obtained from Eq. (4.5.12) and writes 

Z9(J) = [(Pd(T) -2tpFl/2(pF. (4.5.14) 

Figure 4.6 shows die relative detected phase error versus temperature for the perpendicular 
configuration, die Faraday phase shift is <pp = 0.5 rad corresponding to a current of about 10 
kA for a 20 turns fiber coil and a Verdet constant of V = 2.6 urad/A at X, - 820 nm. One sees 
that the best temperature behavior, i.e. the smallest relative phase error versus temperature, is 
achieved for loops with linear retardations of R] = 88° and of R2 =92°, instead of Ri <=R2 = 
90°. In this case the maximum error is smaller than \%o throughout the considered temperature 
range. From Fig. 4.6 it also follows that it is important to choose loops having retardations 
which are symmetrically distributed about 90°, e.g. Ri = 88° and R2 = 92°. Asymmetrical 
distributions of the retardation, e.g. Ri = 90° and R2 = 92°, give rise to important errors, more 
than 2 %o for the considered example. For the parallel configuration only the sign of the relative 
error changes compared to the perpendicular configuration. 

1 -

•= - 2 -

9 F = 0.5 rad 
1-1OkA 

•40 

• R , - 9 0 o . R z - 9 0 
• R , = 9 0 0 , R Ï O 9 2 

• R 1 «88° ,R 2 o92 

X 
\ 

I 
-20 

1 

20 

Temperature (0C) 

40 60 80 

Figure 4.6 Calculated relative detected phase error c9 versus temperature, for different values of the loops 
retardation Ri and R2 (given at room temperature) and for a Faraday phase of CJ>F = 0-5 rad 
corresponding 10 a current of about 10 kA for a 20 turns fiber coil and n Verdet constant of 
V = 2.6 urad/A at X = 820 nm. 
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The behavior of the relative detected phase error £q> versus the Faraday phase is given in 
Fig. 4.7 for a temperature of T = 80 0C. One sees that Etp 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 6 

0.0 0-1 0.2 0.3 0.4 0.5 

Faraday phase (rad) 

Figure 4.7 Calculated relative detected phase error eq, versus Faraday phase at a temperature of T = 80 C* for 

different values of the loop retardations Ri and R2 (given at room temperature). 

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

4.5.3. Misalignment effects 

In this section the quarterwave loops are assumed to be ideal, i.e. both have a linear retardation 
of 90°. Moreover, the birefringence axes of both loops are assumed to be perfectly aligned with 
respect to each other. In practice this condition can be easily fulfilled, because the birefringence 
axes lie in the planes containing 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 influence of the misalignment of the birefringence 
axes of the hî-bî fibers will be investigated for both perpendicular and parallel configurations. 

Perpendicular orientation of the quarterwave loops 

For the ideal 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 to those of the quarterwave loops. 
Moreover, the birefringence axes of the hi-bi fiber arc 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 that the fibers are now slightly rotated. Let 
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A6i and A62 be the alignment errors of the birefringence axes at each hi-bi fiber end next to the 
quarterwave loops. Thus the Jones matrices of the rotated hi-bi Fibers are 

cosA9,c i kAnLl '2 - s i n A e i e - * ^ ^ 

,sinA9ie i kAnLl '2 c o s A G ^ 1 1 ^ ^ , 
5-¾*. 

_ fcosA82e l k A n L 2 / 2 - ^ ^ £ * ^ l \ . _ 
S = -1,ATn UÀ i ft f2 = f2A. (4.5.15) 

UnA62e- l kAnL2/2 cosASse" 1 ^ 2 / 2 J 

For ideal alignment, i.e. A8] = 0 and A92 = 0, the above matrices reduce to those given by Eq. 
(4.1.7). To calculate the output Jones vector E0 one has to start from Eq. (4.1.3). Using the 
matrices given by (4.5.15) one finds, like in Section 4.1.1, that the linear retardation of the hi-
bi fibers amounts to an isotropic phase factor which can be omitted. For the output intensity one 
gets finally 

IR(O = [cos—^costpFCOsAB- sin-y-sintppcosSÖ]2 , (4.5.16) 

where 

Ae=A6i+A62 and S9 = A8i-A92. (4.5.17) 

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

Icos^cpcos^AS - Sin^pFCOS^ooJ 

The relative error e<p is defined by Eq. (4.5.6). Assuming A8 « 1 and 69 « 1 one has 

AG2 - 592 

E 9 = 2 ' (4.5.19) 

For ABi = A82 = 1° this gives A6 = 2 ° - 0.035 rad, 59 = 0° and e ç = 6.1 x 1(H or 0.61 %o. 
This example shows that an alignment error of 1° induces a reladve detected phase error smaller 
than 1 %o, which is acceptable for current sensing applications. 

Parallel orientation o/t/ic quarterwave loops 

For the ideal case, as shown in Fig. 4.3, the birefringence 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. Moreover, for convenience, the birefringence axes of the loops 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 arc no longer at 45° with respect to die x and y directions, Ulis means that the 
hi-bi fibers are now slightly rotated. The angles of the hi-bi fibers axes wim respect to the x 
direction are 
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Gi = 45° + ABi and AO2 = 45° +• A92 . (4.5.20) 

For ideal alignment one has AOi = AO2 = 0°, giving 61 = 62 = 45°. The Jones matrices of the 
rotated hi-bi fibers are given by (4.5.15), where Afy is replaced by Q1. As for the perpendicular 
configuradon, the linear retardation of the hi-bi fibers results in an isotropic phase factor which 
can be omitted in the expression for the output Jones vector E0- For the output intensity one 
gets finally 

IRO) = Icos-|— costppcosSe - sin-^—sintppcosAe]2 (4.5.21) 

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

(Pd = IaH"1 sin2<pFCOs5QcosA8 

I C O S 2 ^ F C 0 S 2 S S - sin2<pFCOS2A9y 

The relative error e<p is defined by Eq. (4.5.6). Assuming A6 « 1 and 66 « 1 one has 

Ô 9 2 - A 6 2 

(4.5.22) 

£<p «" (4.5.23) 

This relative phase error has the same absolute value as for the perpendicular configuration, 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. 

1.5-( 

&Q, (deg) 

Figure 4.8 Calculated phase error versus alignment error A8] for fixed A82 and for a constant Faraday effect 

of <PF = 0.05 rad, corresponding to a current of about 1 kA for a 20 turn fiber sensing coil with a 

Verdcl constant of V = 2.6 (irad/A at X. = 820 nm. 
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Figure 4.8 shows the behavior of the detected phase <pd for a constant Faraday effect of 
(pF = 0.05 rad versus the misalignment error A8i, for both perpendicular and parallel 
configurations. The horizontal line (A92 = 0°) corresponds to the correct value of die detected 
phase. It appears that if one of the quarterwave loops is correctly aligned <A8j = 0° or 
AÔ2 = 0°) the detected phase error is zero independently of the orientation of the other 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 detected phase noise. The equivalent 
behavior of the perpendicular and the parallel configuration is clearly evidenced in Fig. 4.8; 
they are symmetrical with respect to die alignment errors. 

4.6. All-Fiber Sagnac current sensor 

The purpose of this section is to 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 results, the theory developed in the 
previous sections of chapter 4 will be used. 

4.6.1. Summary 

An all-fiber Sagnac current sensor has been realized and successfully tested. All-fiber optical 
elements have been used throughout, namely pigtailed laser diodes, polarization maintaining 
fibers, all-fiber retardation plates, etc. The sensing coil is a 10 tum 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 maintaining fibers. The Faraday phase is 
measured by using non-reciprocal phase modulation and coherent detection. The current sensor 
has been investigated using both the reciprocal and the non-reciprocal output of the Sagnac 
interferometer. Perfect linearity 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 (J.rad/'v'Hz or a current noise of 1 A/VHZ 
for a 10 turn helical coil. At the non-reciprocal output the detected power was 760 nW and the 
electronic noise was equivalent to a phase noise of 10 jirad/VHz or a current noise of 0.17 
A/VHZ for a 10 turn helical coil. 

4.6.2. Principles and signal processing 

The minimum reciprocal configuration described in Section 3.2.1 will be used. The sensing coil 
is a 10 tum helix with the same characteristics as the one described in Section 3.1.1. As already 
shown from Üieoretical and experimental results in Section 3.1, the helical coil can be 
considered as nearly ideal. The other elements constituting the Sagnac interferometer are also 
assumed to be ideal for a first analysis. The effects of the non-ideal elements will be briefly 
discussed later. 

Taking into account the above assumptions, the non-reciprocal phase induced by the Faraday 
effect is 
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(p(t) = 2<pir(t> = 2VNI(t). (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) = UK){ 1 + COS[C(I) + A<Kt)]} , (4.6.2) 

where A<|>(t) is the non-reciprocal phase modulation, defined in Section 4.2, namely 
A(J)(t) = 2<t>0sm((0mT/2)cos[tûm(t + 172)] = A0ocos[cüm(t + T/2)], where wm/27t = fm is the 
frequency modulation. At the non-reciprocal output the detected signal voltage is [Eze82, 
Ulr82J 

W O = Unco{ 1 - cos[(p(t) + A(Jt(I)] ) . (4.6.3) 

The non-reciprocal phase <p(t) is retrieved using coherent detection [Hay82], For that purpose 
the detected signal is band-pass filtered in order to get the component at 0½. As a consequence 
of Eq. (4.2.1) the filtered signal is of the form 

u(t) = ±2uoJi(A(j>o)sin(p(t)cos[(Om(I + T/2)], (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 
ureKO and then low-pass filtered. The reference signal is 

UreKO = UrefnsinCcdmt + <t>rer), (4.6.5) 

where C>ref is a constant phase shift. The signal at die low-pass filter output is then 

U(t) =±UoIi(A(|)o)sin(p(t)sin(Orcf-ü)mT/2). (4.6.6) 

Adjusting <bp so that Oref ~ (ümT/2 = 7t/2, the output signal becomes 

U(t) = ±UoJi(A<l>o)sm(p(t) . (4.6.7) 

For small values of the Faraday effect (tp(t) « 1, i.e. I < IkA for a 10 tum helical coil and 
X = 780 nm) one can assume that sin(p(t) = tp(t). Maximum sensitivity is obtained for 
Ji(A<|io)= max, i.e. for A<|)o - 1-8 with Jt(A(po) = 0.58. Moreover, the sensitivity to 
fluctuations of A^o = 2<J>0sin(<j)mT/2) vanishes if one works at the maximum of J i , which 
provides immunity against variations of ¢0, 0)m and T. For tomT/2 = Jt/2 the required phase 
modulation <|>o is minimum and the immunity of the demodulated signal against fluctuations of 
<ùm and T is even further improved. Using T = nL/c one gets for the optimum length of the 
Sagnacloop 

L = c/2nfm. (4.6.8) 
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In our experiment the modulation 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 length- was only 55 m, which yields 
sin((ùmT/2) « 0.7. Nevertheless it is always possible to fulfill the condition A<t»o = 1.8 
(Ji(A$o) maximum) by increasing §Q. 

4.6.3. Effects of non-Ideal elements 

The helical coil 

An ideal helical coil [May891 has degenerated eigenpolarizations in absence of the Faraday 
effect. This is no longer true in presence of the Faraday effect. However, for practical values of 
the current to be measured ¢1 <. 20 kA for a 10 turn helical coil) the eigenpolarizations will 
remain close to purely circular polarizations, permitting optimum detection of the Faraday 
effect. For a non-ideal helical coil, coupling between eigenpolarizations (of the ideal helical coil) 
arises. The coupled part is not transmitted by the polarizer (P) and therefore does not disturb the 
Faraday effect measurement at the reciprocal output. 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 diat this helical coil is close to an ideal one, leading to negligible 
perturbation for the measured Faraday effect. This is particularly true for the Sagnac 
interferometer, where perturbing reciprocal effects are strongly attenuated 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 die two counter propagating linear polarizations 
from the hi-bi fiber into circular 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 
non-reciproca] phase shift. The light leaving the helical 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 possible to 
approach very closely die ideal value of the all-fiber quarterwave plates and thus minimizing die 
unwanted effects due to non-ideal behavior. 

The hi-bi fiber 

An ideal hi-bi fiber maintains linear polarization launched parallel to one of the birefringence 
axes. In real hi-bi fibers [KamSl, Kam82], randomly distributed perturbations along the fiber 
length give rise to cross-coupling 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 polarizer (P) and therefore does not 
disturb die Faraday phase measurement 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 non-ideal helical coil 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 %o of the input power, corresponding to a 
extinction ratio of -20 dB over 1 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 
assuming that the non-ideal helical coil and the quarterwave plates produce about 1 % of die 
total power in the wrong polarization, only 0.002 %o of the total output power will perturb 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 isX = 3 nm was used, which yields a coherence length of 200 \xm, so that the counter 
propagating cross-coupled light beams will not interfere. The result is a negligible phase error 
for the measured Faraday effect. 

The polarization maintaining coupler 

In an ideal polarization maintaining coupler, linear polarization launched parallel to one of the 
birefringence axes is maintained. In a real polarization 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 die 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 modulator 

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 biréfringence and the intrinsic birefringence 
are not aligned. This has been confirmed experimentally. 

The non-reciprocal output 

There are two contributions to the difference between die reciprocal and the non-reciprocal 
output, namely die cross-coupled polarization in the Sagnac loop and the non-reciprocal 
behavior of the polarization maintaining coupler (PMC). The cross-coupled 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. 
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4.6.4. Noise limitations 

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

Detection 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 die detection noise, as shown in Fig. 4.9. It 
is assumed that <p « 1, i.e. sin<p = <p and costp » 1. 
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Figure 4.9 Power spectrum at the detection. 

The components at 0½ (0½ = 2icfm) and 20½, of the detected signal u(t) (u^t) or unr(t)) are 
given by 

U(O1n) = ±2uo9(t)Ji(A<t>o)cos[(uItl(t+T/2)] (4.6.9 a) 

11(20½,) = +2u(>J2(A<)o)cos[2cûm(t+T/2)]. (4.6.9 b) 

In our experiment, the current is a harmonic function of time with the frequency fï/2n, which 
gives for the Faraday phase 

(D(O = -v^sinßt, (4.6.10) 

where tp is the rms value of <p(t) and Q « 0½,. Calculating the rms value of u(tûm) and u(2c0m) 
one gets 

Ui = V2urj(pJi(A(i>n) (4.6.11) 

and 

U2 = V2uoJ2(A<t>o> . (4.6,12) 
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Since it is more reliable to determine U2 from the detected spectrum than to measure un from the 
dc level under the same conditions as ui, it is convenient to replace uo in Eq. (4.6.11) by Eq, 
(4.6.12), which yields 

U 1 = J l ^ O ) 9 1 1 2 (4,6.13) 
J2(A$o) 

The minimum detectable phase tpmin corresponds to the case where the component at fm of the 
detected signal is equal to the noise at the same frequency fm, i.e. ui = Ujn. From Eq. (4,6.13) 
one gets then for the minimum detectable phase 

Çmin = WMuIn = J^MsNR-W (4.6.14) 
J1(A(J)0)

 u2 J1(A^) 

where SNR = 1122Aun
2 is defined as the ratio of the detected electrical power at 

2fm(independent of ip for tp « 1) and the electrical noise power at fm for the relevant detection 
bandwidth B for the phase measurement. Figure 4.9 shows how ui, U2 and the SNR can be 
measured using a spectrum analyzer. 

Shot-noise 

The shot-noise usn is proportional to the average detected optical power Popt, i.e. to the mean 
value <u> of the detected signal. The signal to noise ratio for shot-noise limited detection is 
given by 

SNR5n = ^ ¾ = <U>2/Usn2i (4.6.15) 
2Bhv 

where T) is the quantum efficiency of the detector, Pop[ the mean detected power, B the 
detection bandwidth and usn

2 the electrical power of the shot-noise. Using Eq. (4.2.1) and 
assuming that tp « 1 one gets 

<u> = U0[IfJ0(A^o)], (4.6.16) 

FromEqs. (4.6.15) and (4.6.16) one obtains then 

usn = U0[IU0(A(J1O)]SNR5n-^. (4.6.17) 

The minimum detectable phase corresponds to the case where ui = usn- Combining Eqs. 
(4.6.11), (4.6.12) and (4.6.16) one geis 

IAMAM s^^n (4.6.18) 
VZT1(A^) 

where ± stands for the reciprocal and the non-reciprocal output, respectively. 
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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 6tp can be determined from the 
measured spectrum for zero current (Hj. = 0). Assuming that 5<p « 1 and that P] and P2 is the 
electrical power of the detected signal at fm and 2fm, respectively, and using Eq. (4.2.1) one 
gets 

Y Tl Crii VP2 JKn) 
(4.6.19) 

4.6.5. Experimental results 

Experimental set-up 

LD 

F-PC 

Dr 

I 
Dl 

* = hi-bi splice (glued), Loss - 7 dB 
p • = Fused splice, Loss 5 0.1 dB 

. ... ^O 
PMC ; h.-bl ©sens ing 

2 x 20m cori 

Dnr PZT 

f 
Electronic 
processing 

Signal 
generator 

High 
voltage 
amplifier 

Faraday signal 

Figure 4.10 Experimental set-up. LD: pigtailed laser diode (X = 786 nm.rmiltimode), PC: all-fiber 
polarization controller, C: coupler, P: all-fiber polarizer, PMC: polarization maintaining coupler, 
Dr: detector ai reciprocal output, Dj: optical intensity detector, D^: detector at non-reciprocal 
output, PZT: piezoceramic ail-fiber phase modulator, X/4: all-fiber quancrwave 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 <p. As explained below, 
coherent detection is used to recover the phase q>. Both reciprocal and non-reciprocal outputs 
were measured. The coherent demodulation 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 its auxiliary input by the signal 
supplied by Dj, which is proportional to the laser intensity. The readout and the analog output 
are proportional to tp. 
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Faraday effect measurement 

The Faraday phase q> was measured at both the reciprocal and the non-reciprocal output. The 
loss of the glued hi-bi splices is about 50%, thus the optical 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 limited condition was not achieved. The electronic noise is composed essentially 
of the Johnson noise from the feedback resistor (transimpedance amplifier) and the voltage 
noise from the operational amplifier. Table 4.1 gives the minimum detectable phase <pmin, 
deduced from Eq. (4.6.14), and the measured SNR at each output. Theoretical values of <pmin 

corresponding to shot-noise limited detection are also given, using Eq. (4.6.18) with &§Q = 1.8 
and Tl = 0.88 for a silicon photodiode. For each value of <pmin the corresponding current has 
been calculated using Imi„ = (pmm/2VN, with V » 3 ujad/A (X = 780 nm) and N=IO turns. 

B = IHz 

Reciprocal output 
Popt = 135 nW 

Non-reciprocal output 
Popt = 760 nW 

a) Measured 

SNR = 78 dB 
9min = 64 nrad 

SNR = 91 dB 
(ft™ = 14 nrad 
Imin = 0.24 A 

b) Shot-noise limited 

SNR5n =113.7 dB 
(pmin = 3.3 iirad 
Imin = 0.05 A 

SNR5n = 121.2 dB 
(pmin = 0.7 Hrad 
Imin=0.012A 

Table 4.1 Minimum detectable phase (pmin and current Imin for 1 Hz detection bandwidth, a) Deduced 

from the measured SNR. b) Deduced from the calculated SNR1n Tor shot-noise limited detection. 

The minimum detectable phase corresponds to the noise level at the demodulated output Direct 
measurement of this noise has been performed for both reciprocal and non-reciprocal outputs, a 
lock-in amplifier witfi 1 Hz detection bandwidth has been used. Table 4:2 shows the value <pn 
of the phase equivalent noise measured at the demodulator output, and the value of (pmin 
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 = IHz 

Reciprocal output 
Pop[= 135 nW 

Non-reciprocal output 
Popt = 760 nW 

a) Noise measurement 

ipn = 60 pxad 
In=IA 

(Pn = 10|irad 
In = 0.17 A 

b) Calculated from 
measured SNR 

(pmin = 64 pJad 
Imin = 1.1 A 

<pmin = 14 ^rad 
Imin = 0.24 A 

Table 4.2 Minimum detectable phase and current for 1 Hz detection bandwidth, a) Noise measured at 

demodulator output b) Calculated from the measured SNR. 
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1 10 100 
Current (A) 

Figure 4.11 Measured Faraday phase versus electrical current at reciprocal output. 

Figure 4.11 shows the measured Faraday phase <p versus the ac current I at 175Hz for a 
detection bandwidth of B ~ 1 Hz. A linear fit to the measured values yields the standard 
deviation Oq) and the correlation coefficient r. The rms phase error 5cp is obtained from 
8<p = CçV 1-r2. Table 4.3 gives the values of the rms phase error OVp and the measured phase 
noise (pn at the demodulator output. 

B = I H z 

Reciprocal output 
Popt = 135 nW 

Non-reciprocal output 
Popt = 760 nW 

a) rms phase error 

6(p = 75 jirad 
In = 1.25 A 

6(p = 8 ujad 
In = 0.13 A 

b) Noise measurement 

<Pn = 60|irad 
I n = I A 

q)n = 10|jrad 
In =0.17 A 

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

Table 4.3 shows that the error of the measured phase <p is essentially due to the noise at the 
demodulator output, i.e. OVp = (pn for both the reciprocal and the non-reciprocal output. 

Temperature dependence 

A variation of 5 0C around room temperature results 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 intensity of the principal polarization into the orthogonal one, resulting in a reduction 
of the Faraday signal. An efficient way to compensate this reduction would be to normalize the 
Faraday signal to the optical output intensity of the principal polarization. Qualitative 
investigations of die sensitivity of the Faraday signal to changes of the temperature of individual 
elements have been performed. One element at a time was heated at a temperature of about 
50 0C. The list of the elements in decreasing order of sensitivity 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 previously realized with bulk optical elements. For 
both the bulk and the all-fiber version, measurements of the sensitivity of the Faraday signal to 
mechanical perturbations have been performed. The sensor was mechanically perturbed by 
hitting die hi-bi fiber, the helical coil, etc, and by strongly whisüing. For all these perturbations 
die 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 applications. 

Long term stability 

For constant room temperature, measurements over 15 hours show that the Faraday signal 
remains 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 die signal at die non-reciprocal output. We have measured the dc fluctuations of 
the Faraday signal at die non-reciprocal output for zero current. Without polarizer at the non-
reciprocal output, the measured dc fluctuations were about 5 mrad, which corresponds to a dc 
current of 80 A. Witii a linear polarizer aligned parallel to the principal polarization,-die dc 
fluctuations drop approximately by a factor 100, corresponding to 50 urad or 0.8 A. This 
confirms the necessity of having a linear polarizer aligned to the principal polarization at die 
non-reciprocal output, particularly for dc detection of the Faraday effect. These results show 
mat for ac measurement of die 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, resulting in a gain of a 
factor 2 for the detected optical power. 

4.6.6. C o n c l u s i o n s 

An all-fiber Sagnac current sensor has been demonstrated. The principal difficulty was to 
control in a perfect manner die polarization of die light at each point of die 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 coil have been used. The 
Faraday phase is measured in die same manner as in standard fiber optic gyroscopes, i.e. by 
non-reciprocal phase modulation and coherent detection. The reported work permits to point out 
most of the fundamental problems inherent to die 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 widiout drift problems. This leads to a 
simplified all-fiber Sagnac current sensor with only one fiber coupler. It has also been 
demonstrated Üiat die mechanical stability increases approximately by two orders of magnitude 
for the all-fiber version of the Sagnac current sensor compared to the bulk version. Additional 
investigations will be necessary to localize and to 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 

optic 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 die hi-bi fibers and the 
quarterwave loops will be measured and then compared with the theory previously developed. 

4.7.1. Summary 

An aJI-fiber Sagnac current sensor based on a commercial fiber optic gyroscope has been 
realized and tested. A 20 tum fiber coil with a diameter of 2R = 345 mm is used. The ultra-low 
birefringence fiber, which has a diameter of 2r = 80 Hm, is mechanically twisted at die rate of 
10 tums/m. The same fiber was used for die 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 quarterwave loop. Perfect linearity 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 uiad/VHz, which is equivalent to a detected current noise of 0.1 A/VHZ. 

4.7.2. Experimental set-up and signal processing 

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

Analog 
output 

Figure 4.12 Fiber gyroscope convened to an all-fiber Sagnac current sensor. SM: source module. DM: 

detector module, FC: fused coupler, IOC: integrated optic Y-coupler. 
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The sensing coil is made of 20 turns of ultra-low birefringence fiber (York LB 800) which is 
mechanically twisted at the rate of 10 tums/m. The diameter of the fiber is 80 urn. 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 quarterwave loops are made of the same 
fiber type as die one used for the sensing coil. The loop diameter is adjusted so that the 
retardadon is 90° with a precision of about 1 %. The fiber is confined in a 1 mm circular slit in a 
15 mm x 15 mm piece of aluminum. The slit filled widi a soft UV-curred glue. The parallel 
configuration has been chosen, this means that die birefringence axes of die 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 extremity 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 (IOC) 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, namely 80 m of hi-bi fiber belonging to die original gyroscope and 20 m of low-bi fiber 
constituting die quarterwave loops and die sensing coil. The extremities of die hi-bi fibers next 
to the loops are fixed in such a way that they can be slightly twisted, this permit to adjust 
precisely die orientation of the hi-bi fiber birefringence axes widi respect to those of the 
quarterwave loops. As a practical consequence, die fused splices between die hi-bi Fibers and 
die loops need no more to be oriented which simplifies die splicing procedure. The electronic 
control module which is supplied with die gyroscope provides a digital output signal of 16 bits 
with a sampling rate of 1 kHz. A D/A convener transforms die 16 bit signal into an output 
voltage which is proportional to the non-reciprocal phase shift in die Sagnac loop. The 
assumptions concerning the elements of die sensor are die same as those given in Section 4.6. 
Therefore the detected phase induced by the Faraday effect is given by Eq. (4.6.1), namely 
9(t) = 2VNI(t). The detected interference signal is given by Eq. (4.6.2). The detected phase 
retrieval is performed by the digital signal processing unit in die electronic control module and 
is given by Eq. (4.2.2), namely (pd = tan-1{J2(A(fio)lR(<ûm)/Jl(û(t)o)lR(2tûm)). The effects 
related to non-ideal elements have also been developed in Section 4.6. 

4.7.3. Measurement of the Faraday effect 

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

Sensitivity: 50 degh_1/LSB (at die 16 bit digital output), 
Output noise: 10 degh~VVHz or 0.2 LSB/VHZ, 

where LSB stands for least significant bit in the digital output. Odier parameters of die original 
gyroscope are 100 m fiber length, 68 mm coil diameter, 820 nm wavelength and about 20 u.W 
optical power output. Experimental investigations have confirmed the above data for the 
sensitivity and die noise. The manufacturer indicates that the detection is rather limited by 
electronic noise than by die shot-noise. 

The characteristics of die D/A convener module are 91.6 pV/LSB convenion rado and a 
frequency response of 200 Hz at -3 dB. The additional noise due the D/A module is negligible. 
The sensitivity to die rotation rate at the D/A output was measured to be Sn = 6.68 mV/deg-s"1. 
This sensitivity can be converted into current sensitivity via the Faraday effect; for a 20 tum 
sensing coil and a Verdet constant of V = 2.6 ^rad/A at 820 nm this yields S] = 0.234 mV/A. 
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Figur« 4.13 Output voltage, proportional to the Faraday effect, versus electrical current 

Figure 4.13 shows the measured Faraday signal versus the 75 Hz ac electrical current, 
measured with a FFT spectrum analyzer at 1 Hz detection bandwidth. The detected optical 
power at die output is approximately 7 u,W, which means that die losses due to the four splices 
amount approximately to 5 dB. The output noise is now about 0.4 LSB/VHZ, which 
corresponds to approximately 0.1 A/VHZ for a 20 turn coil and a Verdet constant of V = 2.6 
urad/A at a wavelength of X = 820 nm. Therefore, the additional losses due to the modifications 
of the gyroscope result in an increase of die equivalent output phase noise by a factor of 2. The 
measured slope, or the sensitivity, is measured to be S[ = 0.236 mV/A, which is in good 
agreement with the expected value of Si = 0.234 mV/A. A linear fit to the measured values 
yields the standard deviation au and the correlation coefficient r. The rms voltage error Su is 
obtained from Su = auVl-r2 . From the measured values one gets Su » 0.33 mV, which 
corresponds to a rms current error of 61 = 1.4 A. This is much larger than the equivalent current 
noise of 0.1 A for 1 Hz detection bandwidth. This discrepancy may be attributed 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 temperature 

The retardation and the position of the birefringence axes of die quarterwave loops have been 
measured between 0 C and 800C The results are shown in Fig. 4.14. From the linear fit one 
obtains the temperature sensitivity of the retardation for the loops, namely AR/AT = 0.0035°/°C 
for the first loop and AR/AT = 0.0061Q/°C for the second one. The temperature coefficient is 
given by GIR = (AR/AT)/R. With R = 90° this yields CtRi = 3.9 x 10'4 K"1 and <XR2 
= 6.8 x 10*4 K*1, which is in good agreement with the value given for purely bend induced 
birefringence, namely Ccn = 5.7 x 10"4 K"1 (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 temperature range (-40 0C to 80 0C) does not exceed 2 %o. 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 %o. 
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Figure 4.14 Loop retardation and birefringence axes position versus temperature. 

In Section 4.4 the detected error due to die 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 gives a 
theoretically estimated detected phase error of less than 2.5 %o. The measured relative phase 
error versus temperature is shown in Table 4.4. From 20 0C to 80 0C it is smaller than 2 %o, 
which is in agreement with the theoretical prediction. However, for temperatures smaller than 
20 0C 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 uncontrolled biréfringent retardations larger than 10°. 
Moreover, the fiber coating can be an important source of additional birefringence at low 
temperature. 

Temperature 

Relative phase error 

00C 

2.3% 

200C 

<2%o 

4O0C 

<.2%o 

600C 

<2%o 

8O0C 

<2%o 

Table 4.4 Relative detected phase error versus temperature. 

4.7.5. Influence of the alignment between the hi-bl fibers and the quarter-

wave loops 

The influence of the alignment error of the birefringence axes of the hi-bi fiber has been 
theoretically investigated in Section 4.5.3. For the parallel 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 A8[ of one of the hi-bi fiber ends has been measured for constant 
orientation 402 of the other fiber extremity. The experimental results and the theoretical values 
obtained from Eq. (4.5.22) are compared in Fig. 4.16. Two situations are investigated. First. 
one of the two loops is correctly oriented (A62 *= 0°). In this case the theory predicts that the 
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detected phase is independent of the orientation error Ù8\ and corresponds exacdy to twice the 
Faraday phase shift (2<pp). This is confirmed by the experimental results. The small 
discrepancy between the theory and the measurements may be attributed to a non-ideal 
alignment of the fixed extremity, i.e. A62 differs slightly from zero. Second, the fixed hi-bi 
fiber extremity has a misalignment error of AÖ2 = 45°. Figure 4.16 confirms the good 
agreement between the theory and the measurements. 
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Figure 4.16 Output voltage versus hi-bi fiber alignment error A0](extremity next to the first loop} for 

constant 0.63 (extremity next to the second loop) and for a Faraday phase shift of ç j ; = 0.0206 

rad (280 A,™ for a 20 turn fiber coil and V = 2.6 urad/A at \ = 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 to 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 also 
analyzed. The reflection interferometer with internal non-reciprocal phase modulation is 
reported in Section 5.3. The analysis of die 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-diagram representation will be used for the theoretical 
analysis, as shown in Fig. 5.1. 

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 biréfringent, thus the linear polarization basis is more suited for the 
calculation. The input linear polarization, which is represented by the Jones vector Ej, 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° linear input polarization has to be seen rather like the superposition of 

. two in phase linear polarizations parallel 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 r has its birefringence axes aligned to the x and y directions. As will be 
shown later, this linear retarder is necessary to 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 1/̂ 2 and i/V2, 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 T is diagonal. The quarterwave retarder, represented by the Jones matrix q, 
has its birefringence axes oriented at 45° with respect to the hi-bi fibers axes. The Jones matrix 
^? of the sensing coil is given in Chapter 2 for twisted, spun and helical configurations. The 
mirror is characterized by its reflection Jones matrix 3. The output Jones vector E0 can also be 
seen as the superposition of two nearly linear orthogonal polarizations, each corresponding to 
the horizontal and vertical input polarizations. Therefore, a linear polarizer has to be used in 
order to obtain 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 with a 
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 linear polarization at 45° with respect the x and y 
axes, writes 

- A ( I ) - (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 [Dän92J. Based on Fig. 5.1, the 
resulting output Jones vector is then 

E0 = ^ s f m s m T r Ej , (5.1.2J 

where 

m = c q and m = q c . (5.1.3) 

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

/ - 1 (K 
S= 0 , ) . (5.1.4) 

The forward and backward Jones matrices of the hi-bi fiber are 



59 

r = r = f = 
rcikAiiL/2 

Q -ikAnlV2 
(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 

E0 = 2 ^ s m s m f rEj = ~-fm f r E j , 

with 

-ma-mb*' 
m = s m s m = 

mb ma* 

¢5.1.6) 

(5.1.7) 

The matrix m contains the effects of the sensing coil c and the quarterwave loop q. As it will 
be shown further, for ideal optical elements ma vanishes and mb = ie12*^. This means that ma 

represents the polarization coupling due to 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 

fjM 

o 

0 

e-i<W2 
(5.1.8) 

where 4>r is the linear retardation. Using Eq. (5.1.6) and the explicit expressions for the 
matrices quoted above, the output Jones vector writes 

E0 = 
2V2Ì 

[mae*kA^+<W2)_mb*e-i<|>r/2^ 

^ a , e - i ( k A n L ^ r / 2 ) + m b e i V 2 y 

(5.1.9) 

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

E0 = 
-mb^e 

mbe 
ÌW2 

=-m^~^(0ymbo^Ç). (5.1.10) 

This particular case shows clearly that the two input linear orthogonal polarizations result into 
two output linear orthogonal polarizations. Thus, in order to recover the Faraday effect, which 
is contained in the matrix element mb, 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 

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

E = p E 0 4 [Ä« irn^^^-^^h + Um ( m ^ ^ J l E i = VEj. (5.1.12) 

One sees that the output polarization is parallel to the input polarization, owing to the polarizer, 
but with a complex amplitude V resulting from the interference of the two output 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 ma and mt,. 

Taking into account that Ii = EjEi = 1, the detected intensity I of the Jones vector E is given by 

I = E rE= £ [/te 2 ( 1 ¾ ^ " 1 - 4 ^ } + Im^jn^^2)}. (5.1.13) 

For ideal optical elements the matrix element ma vanishes and the detected intensity becomes 

W), (5.1.14) 

For non-ideal optical elements ma, which represent the unwanted cross-coupling, is different 
from zero. It 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 2n rad and is 
strongly dependent of the external conditions, e.g. temperature. This cross-coupled pan will 
therefore perturb the Faraday phase detection. The interference of the cross-coupled light is 
eliminated when the coherence length of the tight is shorter 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 it is assumed that we are sdii in a quasi-
monochromatic situation. Therefore the power spectrum of the source covers a frequency range 
Av which is small compared with the mean frequency Vo [Bor59]. From Eq. (5.1.12) and 
using the relation kAnL = 2IW(Tx - Ty) = -2KVX, where Tx and Ty are the group delays for the 
two polarization modes of the hi-bi fiber and v is the optica] frequency, the Jones vector E at 
the frequency v becomes 

E ={[Re {m^^^^v^j +Um (^)^)/2,^. ( 5 M 5 ) 
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where ma(v), nib(v) and fy(v) represent the matrix elements ma, 0¾ and the retardation t^ at the 
optical frequency v. For non-monochromatic light, the input Jones vector E, has to be replaced 
by 

Ej(O = V(I)Ei, (5.1.16) 

where V(t) is the analytic signal associated to the real input wave V^t) [Bor59]. That is 

OO 

V(t) = Vr(t)+iVj(t) = 2j V(v)e_ i 2 i r v tdv, (5.1.17) 

O 

where V(v) the Fourier transform of the real amplitude Vr(I) = Re ( V(t) J, namely 

00 

V(v)= Jvr(t)e i2iuvtdt. (5.1.18) 
- O O 

The real part Vr(t) and the imaginary part V;(t) =Im (V(t)} may be shown to be Hilbert 
transforms of each other [Bor59]. For the time averaged intensity of Ei(t) one has 

<; Ij(O > = < Et (t)Ei(t) > = 1 , (5.1.19) 

where < x(t) > denotes the time average of x(t). Thus, the analytic signal satisfies 

<|V(t)|2>=l. (5.1.20) 

The Jones vector E(t) for non-monochromatic light is men obtained from Eq. (5.Ì.15) in the 
form of 

E(I)=U(I)Ei, (5.1.21) 

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

TC 

U(t) = 2] i [Re {maMe^- 2™-^)^ + Um (mb(v)ei<Mv)/2)]V{v)e-i2jüvtdv 

(5.1.22) 

2 
O 

The loop retardation, the birefringence properties and the Verdet constant of the sensing coil 
remain approximately constant for wavelength variations of a few nanometers. Therefore, for 
quasi-monochromatic light, i.e. for a spectral bandwidth of a few nanometers, the 
approximations ma(v) « ma(vn), irib(v) = mb(vrj) and <t>r(v) = 4>r(vn) can be used. Thus, using 
Re {x} = (x + x*)/2, Eq. (5.1.22) modifies to 
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U(O = ^ 0 ) ^ 0 ^ 2 } V(v)c- i 2 l cv< t+ tW 

0 
OO 

+ { ^ 0 ) ^ ^ ^ 2 } V(v)e-
i2TCV^dv 

0 • 

O O 

+ i / m f m b C v O e ^ ^ ^ ) l\ V(v)e~ i2 , tv tdv . (5.1.23) 
O 

Finally one gets 

U(t) = \ ma tvo ïe^oV^t+ t ) + 1 , , £ < v d e ^ « ^ V ( w ) 

- £ / n (mbfvoïe^^^JVW - (5.1.24) 

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

< I(t) > = < E1O)ECO > = < U(0*U(I)E!(0 E1(O > = < U(t)*U(t) > . (5.1.25) 

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

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

I = £ Im3(V0)I
2 + \lm Hrn^V^^12) 

+ ^l7(2t)IÄe{mi(vo)eif<Wvo)-27tVo2T]) {5 ! 2 7 ) 

For partially polarized light one has O < Ky(2x)l < 1, if IY(2T)1 = 1 the light is coherent, and if 
17(21)1 = O the light is incoherent- For coherent light the output intensity becomes 

Icon= JÄ« 2 { m ^ e ^ o W - ^ O T ] , + i / m 2{mb(vo)ei<Mvo>/2] , ( 5 K 2 8 ) 

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 true 
for the time delay difference t. As a consequence, the first term of the right hand side in Eq. 
(5.1.28) fluctuates, resulting in a random drift at the detection, which affects the measured 
Faraday phase. It is therefore obvious that the detection with coherent light is of no practical 
use. For incoherent light, i.e. 7(21)1 = O, the output intensity becomes 
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Iincoh 4 Im3(V0)I
2 Aim 2 ( 1 1 ^ 0 ) ^ 0 ) / 2 ) . (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 reflection interferometer is of 
pracdcal use only with incoherent light. 

5.2. Detected intensity for different fiber configurations 

It is assumed in mis section that the only non-ideal optical element is the fiber coil. The theory 
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 coil 

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 oriented at 45° with respect to die 
x axis are defined in Section (4.1.1). It follows then, using Eq. (5.1.7), that the Jones matrix 
m is given by 

Tn 3 -Wi0* 

Vd]3 m a * 

f 0 O e ^ 

=Ì2(PF « 
(5.2.1) 

Thus one has 

m3 = 0 and mb = iel2cPp . {5.2.2) 

It is clear that for the ideal case, i.e. all the optical elements are ideal, the matrix element ma 

vanishes. Since the effects of the coherence are proportional to Im3(Vo)I2, this means that for the 
ideal case the coherence has no influence on the detected intensity. Using Eq. (5.1.27) for the 
detected intensity and the results above for the matrix elements, this yields 

I = J Im 2 ( iei2<fV<Mvo)/2} = I {i + c o s [4(PF+(MVO)] ) - (5.2.3) 

The Faraday phase (pF is generally much smaller than 1, üierefore the maximum sensitivity is 
obtained for 0r(vo) = —7t/2, which is the quadrature condition. In this case the detected intensity 
becomes 

I = g [1 + sin(4(pF)] (5.2.4) 

For small values of the Faraday effect, i.e. 4<pp £ 0.1 rad, one gets 
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I « ! + 5<PF. (5-2.5) 

For ac detection of a small Faraday effect the detected signal is proportional 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 spun fibers given in Sections 2.3.3 and 2.3.4, the matrix elements of m are 

ma = -2 3 * sin(-ïd)sin(Yd) + i - sin(Yd)cos(yd) + i ̂  sin(yd)cos(Yd) (5.2.6) 
r( y' y 

and 

m,, = _ YËslÊ sineyd)cos(Yd) - ^ ^ sin(Yd)cos(yd) 
Y T' 

_ i ^ 2 ^ n
 sin(-jd)sin(Yd) + icos(vd)cos(Yd), (5.2,7) 

YT 

where Ç = ö for twisted fibers and Ç = - a for spun or helical fibers. The exact solution for the 
detected intensity can be obtained introducing ma and mt,, given by Eqs. (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 ma and mt,. If £ » T\ one has (VHz±Ç)/y = 1, ((VHz)2-^2+!! 2Vy/ - 1, 
TIVYY = 1VY s 1 VY - 1VC an<i Y = Y e Ç- Th^ yields 

ma » i2^ sin(Yd)eiìfli and mb = iei2(?F. (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 quadrature condition is 
satisfied, i.e. <j>r(vo) = -n/2, one gets 

I - ~ [1 + sin(4<pF)] + i ß r s i n 2 ( i d ) 

+ ly(2-t)l|pYsin2(id)cos(2Yd-27tvo2T). (5.2.9) 

The first term of the right hand side of Eq. (5.2.9) corresponds to 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 tpF Ê 0.1 the detected signal 
is essentially proportional to the Faraday phase <pF- As a numerical example, the coil used in 
Section 4.7, which has a diameter of 345 mm and is formed of 20 rums twisted fiber with a 
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diameter of 80 um, has a ratio of iyC = 0.006 at X = 780 nm. Thus the maximum value (iyC)2 

of the second term is approximately 3.6 x 10~5. 

5.2.3. Effects of non-ideal quarterwave loop 

Effects of quarterwave 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 quarterwave loop are 

_• /COs(R/2) isin(R/2K *_ / cos(R/2) -isin(R/2) ^ 
q \isin(R/2) cos(R/2)J ' q ~ Uisin(R/2) cos(R/2) J' 

where 

R = JI/2 + A R . (5.2.11) 

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

ma = -sin(AR)cos(2tpp) (5.2.12) 

and 

nib = -sin(2<pF) + icos(AR)cos<2<pF). (5.2.13) 

The output intensity is obtained applying Eq. (5.1.27). One gets 

I = g [1 +sin(4<pF)] - 4sin2(AR/2)sin(49F> 

+ |l7(2t)lsm2(AR)cos2(2(pF)sin(27rvo2T) . (5.2.14) 

The first term of the right hand side of Eq. (5.2.14) corresponds to the ideal case treated in 
Section 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 fluctuates due to the random 
variations of the time delay difference i. For small Faraday phase, i.e. (pp £ 0.1, the detected 
signal reduces to 

I = |[l+(I-AR2/2)4(pF] + ̂ l7(2'U)IAR2sin(2irvo2-[). (5.2.15) 

Assuming incoherent light, i.e. IV(2T)1 = 0, the detected intensity is proportional to the Faraday 
phase. The relative error of the slope (dl/dq)?), with respect to the ideal case (AR = 0), is then 

£ = -AR2/2. (5.2.16) 

For AR = l°as an example one gets tel = 0.3 %o. 
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5.2.4. Effects of non-ideal alignment of the quarterwave loop 

In this section the quarterwave loop is assumed to be ideal, i.e. its linear retardation is 90°. Let 
A9 be the misalignment error of the loop birefringence axes. The forward and backward Jones 
matrices of the quarterwave loop oriented at 45° with respect to die x reference axis are then 

q = •n 
'l-isin(2A9) icos(2AG) ^ 

v icos(2A6) l+isin(2A6) 

« - 1 'l-isin(2A9) -icos(2A9) " 

-icos(2A6) l+isin(2A9)y 

The matrix m is obtained using Eq. (5.1.7), this yields for thé matrix elements 

ma = -isin(2A6)cos(2tpF) 

and 

mb = -sin(2(pp) + icos(2AG)cos(2<pF) • 

The output intensity is obtained applying Eq. (5.1.27). One gets 

I = -j [1 + sin(4cpF)] - TSin2(Aé)sin(4(pF) 

(5.2.17) 

(5.2.18) 

(5.2.19) 

- 1 ly(2x)lsin2(2 A6)cos2(2(pF)sin(2îtvo2-0 . (5.2.20) 

The first term of the right hand side of Eq. (5.2.20) corresponds to die 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 diird one depends on the degree of coherence and fluctuates 
due to the random variations of the time delay difference T. For small Faraday phase, i.e. 
(ppSO.l, the detected signal reduces to 

I « \[1 + (1 -2Ae2)4tpF] + |tv(2T)IAe2sin(27tv02T) . (5.2.21) 

Assuming incoherent light, i.e. IT(2T)I = 0, die detected intensity is proportional to die Faraday 
phase. The reladvc error of the slope (ttl/d<pp), widi respect to the ideal case (A9 = 0), is then 

e = -2A92. 

For AG = 1° » 0.0175 rad as an example one gets IeI <= 0.61 

(5.2.22) 

5.3. 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 S.2 Bloc-diagram representation of the reflection interferometer using internal non-reciprocal phase 
modulationiU). 

The conventions adopted 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 unchanged. The linear polarizer is 
now inside the interferometer and has the same orientation as in Section 5.1, therefore p =p is 
unchanged too. The linear retardation r\t) is now also inside the interferometer and varies 
periodically with time at die frequency OW2JI. AS shown in Fig. 5.2, the input Jones vector Ei 
is die same as in Section 5.1, however it is now located after the polarizer inside the 
interferometer, The output Jones vector E0 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 vector 

E0 = s r (t) T m s m F r (t) E,. 

The backward and forward Jones matrices of the linear retardation are 

(5.3.1) 

7(0 = 
' JMW 0 ' 

o c-Wtya 
and r (t) = 

.ifr(t+Ty2 

0 

0 

-i<Mt+U/2 
(5.3.2) 

where T is the propagation time for a total round trip in the interferometer. If the linear 
retardation varies rapidly with respect to T, one has ^(t) * <pr(t+T), therefore r (t) * r (t)A. This 
means that the rapidly time varying linear retarder is a non-rcctprocal device and can be 
considered as a non-reciprocal biréfringent phase modulator. From Eq. (5.3.2) one can write 

r (t) = r(t) and r (t) = x<t+T) . (5.3.3) 

Taking into account that s, f, r(t) and r(t+T) are diagonal and that f = f = f, Eq. (5.3.1) 
simplifies to 

E 0 =r( t+T)fmfr ( t )Ei , (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 Ei die output Jones vector is found to be 

V2 

maCi(kAnL^(t))_mb*e-iA«j,(t)/2 
(5.3.5) 

where 

frt) = Or(H-D+(MO md m ) = Mt+T)-m. ¢5-3.6) 

This result is very similar to the one obtained in Section 5.1.1 for E0, die only difference 
appears in the phase terms, tìiat is ij>(t) and A<t>(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 ulat the integration time is shorter than the period 211/0½ of the phase modulation, 
i.e. < cos((omt) > = cos(<umt), and taking into account that the output intensity is half the 
intensity emerging from the polarizer, this yields 

I(t) = {Im3(V0)I
2 + {Im 2 {mtXvoJe^W/Z} 

+ 1 W2T)IÄe (m!(v0)eW>-27rv02ï]} . (5.3.7) 

In Section 5.1 Ej was located before the coupler (side A), whereas now it is located after the 
coupler (side C), this introduces a difference of a factor two between Eqs. (5.1.27) and 
(5.3.7). If incoherent light is used, i.e. 17(21)1 = 0, one gets 

Kt)=5lma(vo)|2+^/m2(mb(vo)e iAW/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 intensity for different fiber configurations 

Ideal fiber coil 
From Section 5.2.1 one has ma = 0 and nn, = ie'̂ VF. Introducing into (5.3.8) one obtains 

1W = * +5COs[4cF-f-A<Kt)]. (5.3.9) 

This result is similar to the one obtained for the Sagnac interferometer (see Eq. (4.1.27)) but 
now the Faraday phase tpp is multiplied by a factor four instead of two, therefore the sensitivity 
to the Faraday effect is doubled compared with the Sagnac interferometer. 



69 

Twisted and spun fiber 

The matrix elements are given by Eqs. (5.2.6) and (5.2.7). As shown in Eq. (5.3.8) only mb 
combines with the phase modulation A<(»(i)- In order to get a better readable expression for I(t) it 
is worthwhile to rewrite mb in a more condensed form, namely 

mb=Äc{mb) + i/m{mb) = A + i B . (5.3.10) 

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

1(0 = \ Im3(V0)!
2 + ̂ ¾ ^ + ^ ¾ ^ COSARCI) + ^Y sinAtft). (5.3.11) 

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

5.3.2. Faraday phase recovery 

Like for the Sagnac interferometer the Faraday phase shift 4tpp is obtained from the detected 
intensity I(t) thanks to the non-reciprocal phase modulation <J>r(t), which is of the form 

W t ) = ^ S m ( O m O , (5.3.12) 

using Eq. (5.3.6) this yields 

A<K0 = 2(|)osin(tûinT/2)cos[0)m(t+-T/2)] = A<tnDCOs[û3m(t+T/2)]. (5.3.13) 

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

Ideal fiber coil 

Replacing Eq. (5.3.13) into Eq. (5.3.9) one gets for the detected intensity 

Kt) = |[l+Jo(A0o)cos(4(pF)] 

1 
-ys inC^jXt - l^+^JuC^OÏcos lMXOinCt+T^) ] 

fiodd 

5COS(4(PF) £(-l)M%(A)|io>cos[^û»n(t+T/2)] • <5-3-14) 
|ieven 

where Ĵ (A<|)n) denotes die [ith-order Eessel function. To recover the Faraday phase shift, the 
same signal processing principle as for the Sagnac interferometer is applied, namely 
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(5.3.15) 

where tpd is the detected phase, and IRCÜ)™) and 1(1(20½) are the amplitudes of the components 
Of I(t) at 0½ and 20½, respectively. For the ideal fiber coil this yields, using (5.3.14), 

(pd = 4<pF = 4VNI, (5.3.16) 

which corresponds to an ideal detection of the Faraday effect. 

Twisted and spun fiber 

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

(pd = tan-
2AB \ if ^ M (5.3.17) 

For sufficiently large twist or spin rates, i.e. 5 » T\ or a » r\, the detection is nearly ideal, 
namely (pd « 4(pp. The relative error due to non-ideal fiber coil is defined as 

em = 
(pd - 4tpF 

4(pF 
(5.3.18) 

where (pF = VNI. Figure 5.3 shows the relative detected phase error E<p versus the Faraday 
phase tpF, 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 u.m, a twist rate of T = 10 x 2K rad/m and a Verdet 
constant of V = 2.6 urad/A at X = 820 nm. 

.a 

0.00 

Electrical current (kA) 

2 4 6 

0.10 0.15 

Faraday phase (rad) 
0.25 

Figure 5.3 Calculated relative phase error versus Faraday effect far the twisted fiber coil. 
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For this example, the relative detected phase error is smaller than 3 ppm for currents from 0 A 
to approximately 10 kA. 

In conclusion, the reflection configuration used with a twisted fiber coil, or with a spun or 
helical fiber coil, permits to measure the Faraday phase shift with negligible error, at least for 
most practical current 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 a^ and a s of the bend and the twist induced birefringences, 
respectively, arc in given in Section 4.4. 

For twisted fibers (Ç = 5) the detected phase defined by Eq. (5.3.17) takes the form 

<Pd(T) = W[TtCT)1O(T)], (5.4.1) 

where T](T) and 5(T) are defined in Section 4.4. For spun or helical fibers (£, = a) rotational 
effects are of geometrical type and dierefore not temperature dependent, this yields 

(PdCO = Cd[TKT)] • (5-4.2) 

The relative detected phase error versus temperature is defined as 

e„m = MEbi î ï , (5.4.3) 
4(pF 

where (pF = 4VNI. Figure 5.4 shows the relative error Eq)(T) computed for the same twisted 
fiber coil given in Section 5.3.2. One sees that eç(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 to the terms Td and yd in Eq. (5.3.17), 
these terms are approximately equal to 17 x 2n and vary by an amount of about 2ic between 
-40 C0 and 80 0C. Because Yd and yd are arguments of sine and cosine functions in Eq. 
(5.3.17), this results in aperiodic behavior of £(p(T). 

It appears from this example that the reflection configuration using a twisted fiber coil, exhibits 
temperature variations which are negligible for practical current sensing applications (required 
minimal errors 0.1 %). This is obviously also true for spun or helical fiber coils. 
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Figure 5.4 Calculated temperature dépendance of the relative phase error due lo the fiber coil. Fiber diameter 

2r = 80 (im, coil diameter 2R = 345 mm, twist rate T = 10 x 2n rad/m. number of turns 

N a i0, Verdet constant = 2.6 urad/A at X = 820 nm. 

5.5. Effects of non-ideal quarterwave loop 

The quarterwave loop has to transform the orthogonal linear polarizations, coming from each 
birefringence axis of the hi-bi fibers, into circular orthogonal polarizations. Moreover, after 
having undergone the Faraday effect, the circular polarizations arc again transformed in linear 
polarizations thanks to the quarterwave loop. These transformations of polarizations will be 
correctly performed only if the retardation of the loop is 90° and if the orientation 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. Retardation error effects 

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

The matrix elements ma and mi, for a quarterwave loop with a retardation error AR are given in 
Section 5.2.3, that is 

ma = -sin(AR)cos(2ÇF) and mj, = -sin(2(pF) + ÌCOS(AR)COS(2<PF) = A + iB . (5.4.4) 

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

I(t) = 4 - J (sin22(pp- cos2ARcos22(pF)cosA<KO - -r sin4tppcosARsinA(tt(t). (5.4.5) 
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The detected phase is obtained introducing A and B into Eq. (5.3.17). This yields 

^cos22<ppcos2AR - sin22(ppj 

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

4<PF 

Assuming AR « 1 the relative phase error approximates to 

AR2 

L<P 2 (5.4.8) 

For R = 88° or R = 92° this gives AR = ±2° =• ±0.035 rad and thus e<p « 6.1 x 10"4 or 
0.61 %o, which is the same result as for the Sagnac interferometer. This example shows that a 
retardation error of 2° results in a relative detected phase error smailer than 1 %o. This is 
acceptable 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 X = 820 nm, the linear retardation of R = 90" is obtained with a fiber 
loop diameter of 10 mm for a fiber of diameter 2r = 80 \xm. The temperature dépendance of 
the retardation is only due to die bend induced linear birefringence, because, like for the fiber 
sensing coil, the coating effects are negligible. 

The detected phase versus temperature is given by 

<Pd<T) = (Pd[AR(T)], (5.4.9) 

where <Pd(AR) is given by Eqs. (5.4.6). AR(T) is obtained from the definitions of AR and 
taking into account that the loop retardation is due to the bend induced linear birefringence r)(T). 
Thus 

AR(T) = AR0 + Ra11(T - T0), (5.4.10) 

where ARo is the value of AR(T) at room temperature To and is defined in Section 5.2.3, 
whereas R is the loop retardation at the room temperature, i.e. R = n/2+ARo- The relative 
detected phase error e<p(T) is obtained from Eq. (5.4.9) using 

E9CT) = [(Pd(T)-4(pFl/4(pF. (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 turns fiber coil and a 
Verdet constant of V = 2.6 jirad/A at X = 820 nm. One sees 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 
temperature range. 
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Figure 5.5 Calculai«! relative phase error Eq, versus temperature, for different values of the loop retardation 

R (given at room temperature) and for a Faraday phase of (pp = 0.25 rad corresponding to about 

10 kA for a 10 turns fiber coil and a Verdet constant of V = 2,6" urad/A at X = 820 nm. 
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Figure 5.6 Calculated relative phase error E^ versus Faraday phase at the temperature T = 80 C° for different 

values of the loop retardation R (given at room temperature). 
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From Fig. 5.5 one secs also that a retardation error of ±1" at room temperature gives rise to a 
relative'phase error larger than 2 %o. Therefore in order to get a relative detected phase error 
smaller than 2 %o, which is often required for current sensing applications, a retardation 
precision of ±0.5" is necessary for the quarterwave loop at the room temperature. The behavior 
of the relative detected phase error E^ versus the Faraday phase is given in Fig. 5.6 for a 
temperature of T = 80 0C. One sees that e^ is approximately independent of the Faraday phase 
and can be merely evaluated using Eq. (5.4.7). 

In conclusion, using appropriate quarterwave fiber loops, relative detected phase errors smaller 
than 2 %o are obtained. This is acceptable 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 ma and mb for a quarterwave loop with an alignment error A9 are given in 
Section 5.2.4, that is 

ma = -isin(A9)cos(2tpF) and mb = -sin(2<pF) + icos(2A6)cos(2cpF) = A + iB . (5.4.12) 

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

I(t) = 4 + 4 (sin22çF - cos22A9cos22<pF)cosA<Kt) - ^ sin4tpFC0$2A9sinAii>(t) . (5.4.13) 

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

,{ sin4(ppcos2A9 "\ 
CPd = IaH1 z 2T z . (5.4.14) 

^cos22cppcos22A8 - sin22cpFj 

Again, this results are very similar to the ones obtained for the Sagnac interferometer. The 
relative error £<p is defined by Eq. (5.4.11). Assuming A9 « 1 one has 

Ec = 2A82. (5.4.15) 

For A0 = 1" = 0.0175 rad this gives e<p = 6.1 x 1(H or 0.61 %o. This example shows that an 
alignment error of 1° results in a relative detected phase error smaller than 1 %a, which is 
acceptable for current sensing applications. 

5.6. Experimental investigations of the unmodulated reflection 
interferometer 

The purpose of this section is to demonstrate experimentally the principles of the reflexion 
interferometer 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 IY(2T)! of the light source is nearly equal to one, this 
will permit to point out the perturbing effects of coherent cross-coupling arising in the 
interferometer. 

Experimental set-up and signal processing 

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

Hi-bi ftoer eigen oo90° 
polarizations o t 

Li Oi Oi yn. PI A/4 

|H-EHErMHH* 

Fused splice 

Temperature 
and current 
control 

45° 0° I 2 Ï A ^ MTW 
\ 

Figure 5.7 Experimental set-up. LD: single-mode laser-diode (X = 780 nm), Li: antireflection coated lens, 
01: optical isolator, Pj^: Gian Thomson polarizers. BS: beam splitter cube, SFP: scanned 
Fabry-Perot analyser, DSip: silicon photodiode detectors, L2: low-bi microscope objective, 
I: electrical current 

A single mode laser-diode emitting at a wavelength of X = 780 nm with an antireflection coated 
collimating !ens (Li) is used. The laser-diode is current and temperature stabilized. 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 a scanned Fabry-Perot analyser (SFP), this 
allows to get an optimal adjustment of the two 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 (Pj) is necessary to guarantee a perfect linear polarization state. The quarterwave 
retardation plate permits to get the quadrature condition for optimum detection of the Faraday 
effect, 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 
Jim) and of the adjustable quarterwave fiber loop (York LB 800, 125 |im) are given in Section 
4.6.3. The sensing element is formed of a piece of straight fiber of ultra low birefringence type 
(York LB 800, 125 p.m) 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 signal 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 straight sensing fiber represents an ideal sensing coil without birefringence. Assuming that 
the orientation of the different polarizing elements are correct, it results that we are nearly in the 
ideal case described in Section 5.2.1. Thus the effects 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 tpF = 12 mrad for a 100 turn current coil and for V = 3 Jlrad/A at X = 780 nm. 
Therefore sin(49p) » 4tpp in die considered current range and Eq. (5.2.5) can be used. The 
detected voltage U(O is proportional to the detected intensity. Using Eq. (5.2.5) one gets 

U(O = U0[I + 4tpF(t)] = U0[I + 4VNI(O], (5.6.1) 

where I(t) is the electrical current, N die number of turns of the current coil and Uo is the dc 
component of the detected voltage. The ac component is then given by 

Uac(0 = 4U0VNI(O, 

which is proportional to the electrical current 

(5.6.2) 

re 

3 

5 -

A-

3 -

2 -

1 -

0 -

T = 30 ms 
r = 0.999494 
au = 1.24 mV 

1 I 

-**^*"^ 

O Measured values 
Linear fil 

I I I 
10 20 

Current (Arms) 

30 40 

Figure 5.8 Measured output voltage versus electrical current. 

The measured dc component was Uo = 100 mV. From Eq. (5.6.2) this gives a slope, or 
sensitivity, of Si = 0.12 mV/A for V = 3 uxad/A (X= 780 nm) and N = 100. The measured ac 
output voltage (Faraday signal) venus the electrical current J is shown in Fig. 5.8. The 
integration time of the lock-in amplifier was T = 30 ms. The detected optical power is 
approximately 10 u.W. The measured slope was Si =0.096 mV/A, this is 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 output noise voltage for the integration time of 30 ms was 
approximately 1 U.V; this correspond to a current noise of 0.01 A. A linear fit to the measured 
values yields the standard deviation au and the correlation coefficient r. The rms voltage error is 
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obtained using 6U = ouV 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 
polarization cross-coupling produced by the non-ideal elements constituting the interferometer, 
to fluctuations of the optical power, and to voltage and current reading errors. 

In theory the dc component Uo should be stable, however, neither the fiber elements 
(quarterwave loop, sensing fiber, bi-bi fiber, etc) nor their orientation with respect to each other 
(orientation of the birefringence axes) are perfect. Therefore, in practice the ideal case of the 
Section 5.2.1 is not perfectly achieved and the matrix element ma (see Eq. (5.1.27) is not zero. 
This results in an additional term in the detected voltage which depends on the time delay 
difference T of the hi-bi fiber. The fluctuations of the dc component Uo have been measured to 
be about ± 10 % around a mean value of Uo - 100 mV. The typical time constant of these 
fluctuations corresponds to 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 die retardation or the orientation of the birefringence axes of the quarterwave loop. This 
produces a targe polarization cross-coupling, resulting in fluctuations of die detected signal due 
to the drift of the time delay difference i 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 intensity I 
contains a term Io which is independent of x and an other one AI which is proportional to 
sin(2rcvo2x). For a coherent source, i.e. ry(T)l = 1, AI varies between ±AIo = ±sin2(AR). The 
relative fluctuations are found to be 

AIp sin2AR /<;A-I\ 
I0 ~l-2sin2AR/2 * P ' ° ^ 

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

AI0 _ ^ 2 A e 
1O 1- 2sin2A9 

The quarterwave fiber element is formed by a loop which is compressed between two rigid 
plates [Fro88]. 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 die loop plane, which can be varied between -45° up to 45°. Figure 5.9 
shows die detected voltage U(t) for zero Faraday phase and for different values of the 
retardation error AR in die case of correct alignment (A9 = 0°). At die time t = 0 s the hi-bi 
fiber was heated over a lengtii of about 1 cm until the temperature had increased by about 15 0C. 
This produces a variation of the time delay difference t. After about 25 s die heating is removed 
and the fiber temperature decreases down to the room temperature producing again a variation 
of t, but with the opposite sign. Thesevariations of T results in fluctuations AU of the the 
detected voltage around a mean value Uo as explained above, AU and U are proportional to AI 
and IQ. respectively. 
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Figure 5.9 Detected voltage versus time for zero Faraday effect and for different values of the quarterwave 
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Figure 5.10 Detected voilage versus time for zero Faraday effect and for different values of the quarterwave 

loop misai ig nement A8. 

The same measurements have been performed for different values of the misalignment A6 in 
the case of correct loop retardation (AR = 0°). The results are shown in Fig. 5.10. 

Measurements of Aln/Io = AUn/Uo versus the retardation and alignment errors AR and AO, 
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 theoretical predictions given by Eqs. (5.6.3) and (5.6.4). The 
values of AUo ̂ d Uo are obtained from Figs. 5.9 and 5.10 with a precision of about 20%. In 
practice 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 error affecting the evaluated value of AR was estimated at about ±5°, 
whereas the error of the alignment of the loop birefringence axes was estimated at about ±2°. 
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Figure 5.11 Relative fluctuation of the detected voltage versus the loop retardation error AR. 
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Figure 5.12 Relative fluctuation of the detected voltage versus the loop misalignment error û0. 

These results show good agreement between the theoretical model and the measurements. This 
confirms that the reflection interferometer with a coherent source suffers from severe 
fluctuations. Even if the loop retardation is close to 90° and its orientation is correct, 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 perturbs the Faraday phase measurement. 

5.6.2. Low coherence source 

In this experiment the degree of coherence Iyt2x)l 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 experimental set-up and the signal processing is shown in Fig. 5.13. 
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Figure 5.13 Experimental set-up. LD: multimode laser-diode (X = 780 nm, Ai. = 3 nm), P j^ : Glan-
Thomson polarizers, BS: beam splitter cube. Dp: silicon photodiode detector. L: low-bi 
microscope objective, I: electrical current. 

The multimode laser-diode emits at a wavelength of X = 780 nm with a spectral bandwidth of 
AX « 3 nm, corresponding to a coherence length of L0 = X2f&X » 200 (Jm The spectrum of the 
source is monitored 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 
remains multimode in spite of the light reflected back from the interferometer. The beat length 
Lb of the hi-bi fiber is approximately 2 mm. One beat length corresponds to an optical path 
unbalance of X = 780 nm. The length of the hi-bi fiber is L = 20 m, which is equivalent to 104 

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 » 80Lc, which means that 
IV(2T,)I = 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 the 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 
component of the detected voltage is also given by Eq. (5.6.2). The measured dc component 
was Uo = 33 mV. From Eq. (5.6.2) this gives a slope, or sensitivity, of Si = 0.04 mV/A for 
V = 3 M-rad/A (X= 780 nm) and N = 100. The integration time of the lock-in amplifier was 
T = 30 ms. The detected optical power was approximately 3.3 JiW. The measured slope was 
Si = 0.034 mV/A, this is in good agreement with the expected theoretical value of 0.04 mV/A, 
taking into account that the Verdet constant is not precisely known. The output noise voltage, 
for the integration time of 30 ms, was approximately 1 u.V. This corresponds to a current noise 
of 0.019 A. A linear fit to the measured values yields the standard deviatipn_qu and the 
correlation coefficient r. The rms voltage error is obtained using SU = ouV 1-r2. From the 
measured values one gets OU = 0.011 mV, which corresponds to a rms current error of 
51 = 0.32 A. The expected error due to the measured noise is 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 output voltage versus electrical current. 

In contrast to the case whith the coherent source, the dc component Uo did not fluctuate with 
time, which confirms that the cross-coupled polarizations do not interfere any more. 

Effects of quarterwave loop retardation error 

Assuming correct alignment of the quarterwave loop (A8 = 0°), the detected intensity in 
presence of a retardation error AR is given by Eq. (5.2.14), where ly(2t)l = 0 for the low 
coherence source. For small Faraday effect (4<pp < 0-1 rad) the detected voltage is 

U(t) = U0( 1 + [1 - 2sin2(AR/2)]4<pF(t)} = U0[I + 4VNl(t)cosAR], (5.6.5) 

where Uo is the dc component of the detected voltage. The ac component is then given by 

Uac(t) = Uo4VNI(t)cosAR = U0'(t)cosAR . (5.6.6) 

The relative rms Faraday signal Uac/Un' has been measured for different values of the 
retardation error AR and for a constant current of I = 20 A (pp s 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 error 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 sensitivity occurs. Therefore AR has to be as small as 
possible in order to get a Faraday signal which is nearly temperature independent. 

• < * .. 
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Figure 5.15 Measured relative ac voltage Uac/Uo' 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 A9 is given by Eq. (5.2.20), where Iy(Zi)I = 0 for the low coherence source. For small 
Faraday effect (4(pp <: 0.1 rad) the detected voltage is 

U(t) = UQ{1 + [1 - 2sin2(Ae)]4cpF(t)} = U0[I + 4VNI(t)cos2A9] , (5.6.7) 

where UQ is the dc component of the detected voltage. The ac component is then given by 

UwCO = Uo4VNI(t)cos2AG = U0'(t)cos2A6 . (5.6.8) 

The relative rms Faraday signal Uac/Uo' has been measured for different values of the 
alignment error A9 and for a constant current of I = 20 A (tpF = 6 mrad). The results are 
reported in Fig. 5.16 together with the theoretical prediction obtained from Eq. (5.6.8). This 
confirms the good agreement between the theoretical model and the measurements. 
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Figure 5.16 Measured relative ac voltage Uac/Uo' versus loop alignment error AQ. 
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The error for the determination of A9 is ±2° as already explained in Section 5.6.1. One sees that 
an alignment error of the quarterwavc loop results also in a reduction of the sensitivity to the 
Faraday effect. 

Effecis of the polarization cross-coupling 

As already explained in Section 3.2.2, perturbing interference due to cross-coupled light is 
eliminated for a 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 A9, one perturbs the hi-bi fiber by heating it in order to produce 
changes of the time delay difference t. The measurements showed clearly that the detected 
voltage does not change when the hi-bi fiber is heated. Therefore, a 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 interferometer produces an 
unwanted phase shift which perturbs the Faraday phase measurement. This can be avoided if 
the interference between the two orthogonal output modes takes place before the coupler by 
inserting a linear polarizer as shown in Fig. 3.7. As a consequence, a non-reciprocal phase 
modulation becomes necessary in order to get optimum sensitivity to the Faraday effect. In this 
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. 

LD 

X/2 ,BS 

0-Tf^-Eh-D 
DF 

Coherent 
detection 

Lock-in 

45° 

Signal 
generator 

Reference 

0° 90° Z 7Tv 

High 
voltage 
amputier 

(35m) 

X/4,45" 

Low-bi 

Fused splice 

A ^ . ? ! - . Mirror 

H 

Current source 

Figure 5.17 Experimental set-up. LD: multimode laser-diode (K = 780 nm.ûX- 3 nm), P: Glan-Thomson 

polarizers, BS: beam splitter cube, D F : silicon photodiode detector, L: low-bi microscope 

objective, I: electrical current. 
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In the previous section the spectrum of the multimode laser source was monitored during the 
measurements. 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 output signal is 
expressed by Eq. (4.6.7), that is 

U(t) = UoJi(A<t>o)sin<p(t), (5.7.1) 

where the non-reciprocal phase <p(t) is now 

tp(t) = 4(J)Kt) = 4VNI(t) . (5.7.2) 

For small values of the Faraday effect (cp(t) < 0.1 rad, i.e. I <. 170 A for a 1OO tum current coil 
and X= 780 nm) one can assume that sintp(t) = tp(t). Like for the Sagnac interferometer, 
maximum sensitivity is obtained for Ji(A(po) = max, i.e. for A<J>o = 1.8 with Ji(Atj)o) = 0.58. 
Moreover, the sensitivity to fluctuations of A(JH) = 2<f>0sin(û>mT/2) vanishes if one works at the 
maximum of J j , which provides immunity against fluctuations of ¢0', 0½ and T. For ûimT/2 = 
TI/2 the required phase modulation <po is minimum and the immunity of the demodulated signal 
against fluctuations of u)m and T is even further improved. Using T = n2L/c one gets for the 
optimum length of the hi-bi fiber 

L = c/4nfm. (5.7.3) 

In our experiment the modulation frequency imposed by the all-fiber modulator 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 practical reasons the fiber loop length was only 35 m, which yields 
sin(û>mT/2) = 0.8. In the experiment the highest obtainable amplitude of the non-reciprocal 
phase modulation was A^o = 1 rad. This non-optimum phase modulation resulted in a reduction 
of the signal to noise ratio of about 3 dB, which was acceptable for measurements. 

5.7.2. Non-ideal 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-coupled light is principally eliminated by the linear output polarizer, 
whereas in the reflection interferometer it is eliminated thanks to the low coherence of the 
source. The effects of a non-ideal quarterwave loop have been experimentally investigated and 
are reported 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 deiailed description of these effects is given in Section 
4.6.4. 

5.7.3. Faraday effect measurement 

Figure 5.18 shows the measured demodulated signa! (Faraday signal) versus the 75 Hz ac 
electrical current for a lock-in integration time of T; = 30 ms, which corresponds to about 1 Hz 
detection bandwidth. The measured slope, or sensitivity, is Si •= 0.0185 mV/A. The detected 
optical power is approximately 6 u.W. The signal to noise ratio is defined as the ratio of the 
detected electrical power at 2fm and the electrical noise power at fm (see Section 4.6.4). For 
1 Hz detection bandwith the signal to noise ratio at the detector output is about 100 dB. The 
shot-noise limited detection condition was not achieved. The minimum detectable phase %n\n 

due to the detected noise is given by Eq. (4.6.14), namely çmjn = 112(A^OyJi(AQo)]SNR-1/2. 
The amplitude of the non-reciprocal phase modulation is AIJJQ - 1 rad. The resulting minimum 
detectable phase is then (pmjn •= 3 (jrad, which corresponds to a minimum detectable current of 
lmin ™ 2.5 mA for a 100 turn current coil and a Verdet constant of V = 3 prad/A. The measured 
voltage noise at the demodulated output is about 0.3 p.vMiz corresponding to a current noise 
of about 15 mA in 1 Hz detection bandwith, which is 6 times larger than me predicted value. 
This means that the demodulation stage introduces a certain amount of noise. This problem 
could be overcome by using improved electronics. The rms voltage error, after demodulation, 
is obtained from the linear fit to the measured values, namely 5U =ouVl-r2. This yields SU * 
3.7 LiV, which corresponds to a rms current error of Sl - 0.2 A. The expected error due to the 
measured noise is 13 times smaller than the actual error of 0.2 A. This is mainly due to 
fluctuations of the optical power, and to voltage and current reading errors. 

o .o -

Currenl (Arms) 

Figure S. 18 Demodulated voilage versus electrical current. 
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5.7.4. Effects of non-ideal quarterwave loop 

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

Effects of quarterwave loop retardation error 

The coherent detection provides an output signal which is proportional to the amplitude of the 
component at the modulation frequency fm. From Eq. (5.4.5) and assuming a small Faraday 
phase (4(pF < 0.1 rad) one gets for the demodulated voltage 

U(t) = Urj4VNI(t)cosAR = Un'(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 UAJo' n a s been measured using die same experimental 
conditions as in Section 5.6.2. The results are reported in Fig. 5.19 together with the theoretical 
prediction obtained from Eq. (5.7.4). 
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Figure 5.19 Relative demodulated voilage U/Un' versus the loop reiardaiion AR. 

Here again one has a good agreement between 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(t) = Uo4VNI(t)cos2A6 = Uo'(t)cos2AO . (5.7.5) 

This expression is the same as the one obtained for the unmodulated reflection interferometer 
(see Eq.( 5.6.8)). The relative signal UAJo' has been measured using the same experimental 
conditions as in Section 5.6.2. The results are reported in Fig. 5.20 together with the theoretical 
prediction obtained from Eq. (5.7.5). 

O Measured 
Theory 
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Figure 5.20 Relative demodulated voltage U/Uo' versus [he misalignment error &B. 

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

5.7.5. Effects of the polarization cross-coupling 

Like for the unmodulated case (see Section 5.6.2), no perturbing interference 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 clearly rtiat the detected voltage 
does not change when the hi-bi fiber is perturbed, confirming the theoretical 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 

Measurement of the temperature effects in the Sagnac interferometer have shown that problems 
arise due to technological reasons, such as glue points in the sensing coil etc. 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 using internal non-reciprocai modulation has 
been successfully demonstrated. The effects of non-ideal quarterwave loop have been 
experimentally investigated and show good agreement widi die theoretical predictions. The 
principal effect of a quarterwave loop retardation error 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 sensor 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 compared. Both arc reciprocal and are therefore sensitive to the 
Faraday effect, whereas other polarization perturbing effects arising 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 mat 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 5). 

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. 

Detected phase 

Number of turns 
of the sensing coil 
for the same sensitivity 

Number of X/4 loops 

Coupler type 

Principle of the non-
reciprocal modulation 

Minimum number of 
splices (pigtailed source) 

Hi-bi fiber length for 
the same modulation 
frequency (1 MHz) 

SAGNAC TYPE 

<Pd = 2(pF = 2VNI 

N = 20 

2 

polarization maintaining 

optical phase modulation 

10 

100 m 

REFLECTION TYPE 

(Pd s 4(pF = 4VNI 

N = I O 

1 

no special requirement 
(polarization maintaining 
is better) 

retardation modulation 

5 

50 m 

Table 6.1 Principal characteristics of the Sagnac ami the reflection lypc interferometer. 
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Tabic 6.1 shows that for similar performances the reflection configuration requires half the 
number of splices, half the length of low-bi and hi-bi fiber, and only one quarterwave loop. 
Therefore, the manufacturing is simpler for the reflection configuration than for the Sagnac 
configuration. The smaller number of splices and elements in the interferometric part reduces 
also the risk of errors due to non-ideal elements and alignments. Therefore, the cost for the 
current sensor using the reflection configuration is likely to be lower than for the Sagnac 
version. On the other hand, the Sagnac configuration has the advantage that the essential parts 
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 biréfringent modulator has to be 
oriented at 45 ° with respect to the polarizer. It is therefore not possible, or very difficult, to 
integrate it on the same chip together with the coupler and the polarizer. If an integrated optic 
birefringence modulator is used, an additional splice is required. The use of a piezoelectric 
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 voltage driving is required to obtain an efficient birefringence modulation. It is 
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 die previous chapters. For most of these 
effects the resulting error is lower than 0.1 %o. It was therefore not possible to measure them 
for an experimental comparison of the two configurations. 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 temperature behavior of the sensing coil (due to technological 
problems at the time being) and it was therefore not possible to make comparative 
measurements between the two configurations. Therefore, the following analysis is essentially 
based on die 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 twisted rate of 10 tums/m and a coil 
diameter of 345 mm this error amounts to about 3 ppm for a current of about 10 kA, which is 
negligible for current sensor applications. 

For the Sagnac configuration with a 345 mm diameter coil using 20 turns of a twisted fiber with 
10 tums/m the effects of the temperature due to the sensing coil give rise to an error which 
oscillates between 0 ppm and 30 ppm (see Fig. 4.5) in the temperature range of-40 0C to 
800C. Under die same conditions, but with a 10 turn coil, the error for the reflection 
configuration oscillates between -30 ppm and +30 ppm (see Fig. 5.4). Though these errors are 
negligible for current sensing applications, it appears that die Sagnac configuration is by a 
factor of two less sensitive to temperature changes of the sensing coil than the reflection 
configuration. 
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The effects of non-ideal quarterwave loops are similar for both configurations. A retardation 
error ofl° or an alignment error of 1° give rise to a phase error of 0.61 %. This is acceptable for 
most current sensing applications. 

The temperature dependence in the range of-40 C° to +80 C0 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 acceptable, if they are symmetrically distributed, e.g. 
one loop 88° (or 92°) and the other 92° {or 88°). The reflection configuration is more sensitive to 
retardation errors of the quarterwave loop; for example an error of 1° gives rise to a detected 
phase error of about 2.2 %o in the temperature range of -40 0C to 80 0C (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. 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. This idea was already successfully applied 
by several authors [Fer82, Lei86, Don88, Nic88]. In this work, the Sagnac current sensor was 
obtained by modifying the minimum reciprocal configuration of the fiber gyroscope in order to 
be sensitive to the Faraday effect. For this purpose, two quanerwave loops are inserted to 
obtain circular polarizations in the sensing coil from the linear polarizations of the hi-bi fiber in 
the rest of the Sagnac interferometer. This is necessary to get optimum 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, has been developed. This model 
provides an efficient tool 10 simulate and to understand the non-trivial behavior of the modified 
Sagnac interferometer. The effects caused 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 optic 
elements, such as all-fiber quanerwave loops, all-fiber polarizers, polarization 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 heterodyne detection. The geometrical torsion 
of the helix provides an elegant 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 cut in the middle of its length 
and then spliced to the quanerwave loops. A 20 tum fiber coil with a diameter of 2R = 345 mm 
was used. The ultra-low birefringence fiber, which has a diameter of 2r = 80 u.m, was 
mechanically twisted at the rate of 10 turns/m. Perfect linearity 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 (Jjad/^Hz, which is equivalent to a detected current noise of 
0.1 A/vHz. Very good stability and temperature behavior have been obtained. Some problems 
remain at low temperatures (S 0° C) due to technological problems in the realization of the 
sensing coil. This "gyro-current sensor" shows how the development of fiber optic current 
sensors 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 truly reciprocal reflection 
interferometer is reported. This interferometer looks 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-propaga ting modes of the same 
polarization, as in the case of the Sagnac interferometer. The sensing coil is connected to 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 orthogonal 
circular polarizations and vice-versa. The combination of the hi-bi fiber, the quarterwave loop 
and the mirror results in a perfecdy 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 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 biréfringent modulator. 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 
properties of the coupler, the two reflected orthogonal modes are made to interfere before this 
coupler. This is achieved by inserting 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 coherence 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, theoretical and 
experimental results are in good agreement. 

A first reflection interferometer without non-reciprocal modulation has been realized. 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 a coherence length of about 200 urn. 
With this low coherence source it was shown experimentally 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 tum solenoid. 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 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 demonstrate the 
principle of the non-reciprocal modulation. A low coherence laser diode was used. The phase 
modulation was obtained by winding the hi-bi fiber around a piezo-ceramtc cylinder. The 
sensing element was again a 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 amounts to about 
0.015 A/VHZ. 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 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 reflection configuration. This permit to use 
the same electronic signal processing for both configurations. The effects of non-ideal elements 
are similar for both configurations. However, the temperature effects due to the quarterwave 
loop are more critical for the reflection configuration than for the Sagnac interferometer. 

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