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Abstract: We present an analysis of all-fibre
sensors intended for current and magnetic field
measurements in electrical systems. After
reviewing magneto-optic effects in connection to
application requirements, we calculate the theo-
retical performances of the sensor, in terms of
sensitivity, bandwidth, dynamic range and linear-
ity, both for polarimetric and interferometric
readout schemes. Sources of errors in the fibre and
optical components are analysed, and their limi-
tations to sensitivity are evaluated. Birefringence
control is discussed, and the results applied to
develop several linked and unlinked sensor con-
figurations. Finally, experimental data are com-
pared to theoretical values.

1 Introduction

In power systems applications, fibre optic sensors attract
considerable interest in view of the well known character-
istics of passive structure, intrinsic insulation, non-
invasiveness and improved performances (especially
bandwidth) in respect to conventional devices [1, 2]. To
date, a number of fibre optic sensors have been shown to
be feasible, either as fixed-installation replacements of
existing devices or as probes for special-purpose instru-
ments [3-7]. Reported examples fall into these classes:

(a) current and voltage sensors aimed to replace CT
and VT transformers on HV lines, or to perform special
measurements (such as direct current measurements, and
high frequency transient measurement).

(b) Magnetic field and electric field sensors for measur-
ing stray flux in electrical machinery and insulators.

(c) Temperature sensors to probe internal overheating
of transformers and generators.

(d) Wind speed and stress sensors to monitor long-
haul conductor lines.

For application in power systems, several require-
ments and specifications must be met, and these have a
direct impact on permissible sensor design. The require-
ments of minimum size, electrical passive structure and
non-invasiveness are common to fixed and mobile units.
As a consequence, conductive elements are not allowed in
the sensing region, the line current cannot be shunted
through the sensor, and the distributions of electrostatic
and magnetic fields are substantially unaltered by the
sensor.
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Fig. 1 Verdet constant of some glasses and garnets (g)

Both AC (single and 3-phase) and DC current sensors
are of interest. In fixed installations, linkage to the line is
permitted, and the performance specifications of the
sensor, e.g. a measurement range 1 -=- 10000 A with 1%
accuracy and 0.1 s response time, are those of conven-
tional CT s used in power management; a larger band-
width (100 kHz) with reduced accuracy (5%) is required
for fault and transient diagnostics. The sensor can with-
stand HV voltages, and can operate in the field condi-
tions with a lifetime of 10 years [2]. In mobile
applications, intended for inspection and maintenance,
the sensor is unlinked to allow operation without line
disconnection, and has the same specifications as above,
except for lifetime and accuracy (5%).

Magnetic field sensors, aimed to diagnostics of large
power machinery, have less standard specifications.
However, the typical range is 0.01 -r- 1000 gauss, with 5%
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accuracy at mains frequency and operating temperature
ofO--120°C.

In this paper, we will deal with current and magnetic
field sensors based on the Faraday effect, and implement-
ed with the all-fibre technology.

While the micro-optic technology is close to meet in
the field the above specifications for current sensors [3,
5], the all-fibre technology has the advantage of simpler
and more rugged design of the sensing element, offers
flexibility in sensor geometry, and lends itself more easily
to distributed-type sensors.

2 Magneto-optical transduction effects

Several well known magneto-optical effects [8-13] can be
envisaged for the direct transduction of magnetic field or
current into an optical measurand. These are:

(a) Zeeman effects (longitudinal and transverse).
(b) Faraday effect (or longitudinal Zeeman-inverse

effect).
(c) Voigt effect (or transverse Zeeman-inverse effect).
(d) Cotton-Mouton effect (magnetic counterpart of

electro-optical Kerr effect).
(e) Magneto-optical Kerr effect (reflection anisotropy).
(/) Magnetic dichroism (absorption anisotropy).

In addition, an efficient transduction can be obtained
through two-step indirect effects. Reported examples [6,
14] are:

{g) Magnetostriction combined to elasto-optic conver-
sion.

(h) Joule dissipation followed by thermal expansion.
The Faraday effect was the first magneto-optical effect to
be proposed and demonstrated in fibre current sensors
[1] and still is the most viable approach because of the
substantial Verdet constant V that is available in several
glasses [8] and in ordinary fibres. The Verdet constant
relates the line integral of the magnetic field strength H
to the rotation O of the polarisation plane of a linearly
polarised wave propagating along the line L:

O = V \H • dl (1)

Equivalently, <I> is the nonreciprocal phaseshift for circu-
larly polarised waves. 0 is positive if the polarisation is
right handed, and negative if the polarisation is left
handed.

From a model based on the classical atomic dipole
oscillator [9, 12] an expression for the Verdet constant is
found [12] in terms of optical constants and of the
number N of dipole oscillators. By rearranging this
expression to eliminate N, we obtain:

(2)
me In X2 -

where Xo is the wavelength of the absorption resonance, \i
is the permeability which can be assumed to be equal to
\IQ at optical frequencies [11], and eno/mc — 741 pr/A is
the Bohr magneton. Eqn. 2 correctly predicts the X~2

trend for X$> Xo, which is evident in Fig. 1, as well as the
dependence on n of V. For pure amorphous silica, with
Xo = 0.118 nm [15], V = 5.54nr/A at X = 850 nm for
AsS3, V = 63 nr/A at X = 850 nm.

In eqn. 1, the integration path, set by the fibre
geometry, determines the measurand that is fundamen-
tally transduced in the angle <b. Open path fibres (Figs.
2a and b) are basically magnetic field sensors, since they
perform a sort of averaging of H on the measure path.
The current / is also indirectly measured, but with a scale

factor dependent on the geometry. Closed-path fibres
(Figs. 2c and d) actually perform a closed-line integral of
H, and the result is, irrespective of the geometry:

<D= VNI

<D = 0

(linked coil)

(unlinked coil)

mirrored end

(3)

(3')

Fig. 2 Geometries of magnetic field and current sensors

source
•• detector

where N is the number of turns. These are therefore true
current sensors, giving a rotation 0 dependent only on
the current / carried by the wire and on the number of
linked turns N, while the sensitivity to external field or
unlinked current is zero. Strictly, the above applies to a
fibre with negligible linear birefringence; compounding
and quenching effects are treated in Section 4.

The Voigt effect is consequent to the transverse
Zeeman effect, exactly like the Faraday effect is conse-
quent to the longitudinal [11]. With a transverse mag-
netic field HT applied to a fibre, a birefringence is induced
between perpendicular and parallel linearly-polarised
waves, and the corresponding phaseshift 0 = Ankl is

(4)<t>=K\H2dl

where, for simplicity, a constant magnetic field direction
has been assumed.

From an analysis based on classical dipole theory, the
Voigt constant Vq can be evaluated as:

q n(n2 -
(5)

where V is the Verdet constant given by eqn. 2. Since the
Voigt phaseshift <D is quadratic in the magnetic field com-
ponent HT, it is order of magnitudes smaller than the
Faraday phase O. Although this conclusion rules out the
application of the Voigt effect to current sensing, it jus-
tifies a-posteriori the correctness of eqn. 1 even for large
amplitudes of transverse HT components.

For the application in all-fibre sensing, the Zeeman
effect shall also be considered since rare-earth doped
fibre-lasers have been developed [16]. It is well known
that the normal Zeeman effect is observed as the splitting
of the atomic line either into two circularly or linearly
polarised lines, whether the magnetic field is parallel or
perpendicular to the light vector. The frequency splitting
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Av is given by [8-10]:

m
where

Z = 17.6 kHz/(A/m) = 1.4 MHz/Oe.

(6)

(V)

Several conceptual configurations can be devised to
develop a Zeeman-effect fibre sensor, both passive and
active. For example, Av can be read as the shift in
absorbance peaks relative to two orthogonal polarised
waves launched in the fibre (linear for a transverse mag-
netic field and circular for a longitudinal field). Or, the
fibre itself provided with mirror splices can be pumped to
oscillate, as in a Zeeman gas laser [17], on two orthog-
onal modes the frequency difference of which gives Av,
albeit reduced by a factor r\ <̂  1 owing to the frequency
pulling effect [17]. In any case, unlike the Faraday effect
sensor, the current measurement would have a geometry-
dependent scale factor. Also, serious problems arise from
the large atomic linewidth of the doped fibre, and
because of the intermixing of longitudinal and transverse
effects altering the polarisation state when the magnetic
field has both a parallel and a perpendicular component.
As a result, a Zeeman-effect sensor seems presently still
far from achieving a potential sensitivity comparable to
that of the Faraday effect.

The counterpart of the electro-optic Kerr effect, the
Cotton-Mouton magneto-optic effect is identical to the
Voigt effect from a phenomenological point of view, but
it is owing to the orientation of anisotropic molecules
which yields apparent values of Vq much larger than
those supplied (eqn. 5) by the electron moment, yet too
small (at least, in known materials) [8] for current
sensing.

The Kerr-reflection effect concerns the change of pol-
arisation state upon reflection on a magnetic surface,
from linear to rotated elliptical in general. According to
the direction of the magnetisation vector M in respect to
the surface ns and incident plane n{ normals, the effect is
defined as polar (MJ/ns), longitudinal (M_Lns, n,) or trans-
verse (Minj, M//n,) [8]. All three effects are small (min
of arc for kOe) except for ferromagnetic materials at satu-
ration. Although adequate for the readout of magneto-
optic disk memories and for the measurement of the thin
film thickness on magnetic heads [18], the Kerr reflection
coefficient is too small to hint the noncontact measure-
ment in reflection on a conductor line.

Lastly, magnetic dichroism is exhibited by some ferri-
magnetic materials [13] at low temperatures and near to
the absorption lines, as an anisotropy of the attenuation
coefficient, with respect to right- and left-handed circular
polarisations. A simple differential-intensity scheme can
read the magnetic dichroism induced by a current or a
magnetic field, however no material is known for room
temperature application [13].

Among indirect transduction effects, magnetostriction
combined to an elasto-optic element is well established
for building a magnetometer [6]. A nickel jacket is used
as the magnetostrictive element to impress a longitudinal
stress Ti on the fibre, that acts as the elasto-optic
element, and converts the stress in a pathlength varia-
tion:

quadratic response of the magnetostrictive effect, giving
7̂  = mT H2, a bias AC magnetic field Ho sin a>01 is
superimposed to the measurand field h by means of a
winding on the sensing fibre; thus, the stress, and hence
the phase AC), have a component 2hH0 sin coo t at the
bias frequency, which is linearly related to the measurand
magnetic field h. In power systems, the bias winding and
the highly conductive nickel jacket violate the require-
ments of passive electrical structure and inherent insula-
tion of the sensor. However, this problem is solved if a
magnetic glass or a hard-ferrite of permanent magnet-
grade are used as the magnetostrictive coating, to ensure
both a high resistivity and an adequate coercitive force
Hc providing a constant bias field. Hence, the sensor
becomes sensitive to AC magnetic fields h = h0 sin wt,
external or produced by line current, yielding a phase:

Ad> = 2hHc sin cot

Because of the anisotropy of magnetisation, the sensor is
sensitive only to the longitudinal magnetic field com-
ponent, and eqns. 1 and 3 apply formally by letting:

V = {4n/2.)qlmTHc

where O is interpreted as the excess phaseshift owing to
the current /. Joule-heating, followed by thermal expan-
sion, has been proposed as an indirect transduction effect
for current measurements [14]. This invasive method
requires the shunting of the measurand current in the
sensor. Also, bandwidth appears to be limited by the long
thermal constant of the resistive coating of the fibre, thus
reducing the interest of this approach for power system
applications [14].

3 Optical readout schemes

In this Section we analyse polarimetric and interferomet-
ric readout schemes of the Faraday rotation phase O, to
assess performances of the fibre sensor in terms of noise,
bandwidth, linearity and dynamic range. The analysis is
referred here to current sensing and in Section 4 it will be
extended to magnetic field sensing.

3.1 Polarimetric readout
In the basic scheme [2, 19, 20] of polarimetric readout
(see Fig. 3), a linearly polarised wave is launched in the

PD

where qx is related to the elasto-optic matrix elements qu,
and <D = nkl is the optical pathlength. To circumvent the

374

Fig. 3 Basic polarimetric readout of Faraday rotation <D

fibre and the output is analysed by a polarisation beam-
splitter (e.g. a Glan cube) with the principal axes oriented
at 45° with respect to the input. Thus, two signals It and
12 are supplied by the photodectors:

I, = Jo cos2(45° + <D) (8)

J2 = Jo sin
2(45° + <D) (9)
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To obtain a signal dependent only on O, regardless of the
photodetected current / 0 and associated fluctuations due
to optical power, launching efficiency and detector
responsivity [20], the signal S is computed as the ratio of
the difference to the sum of Ix and / 2 :

= sin 2<D (10)

Excluding fibre-related errors, let us consider the
minimum detectable signal S. Noise contributions to S
are: shot noise of detected currents It and I2, Johnson
noises of photodetector preamplifiers and excess noise
of the source. A calculation of the variance
a
2(S) - <(S - <S»2> associated with the signal S gives as

a result, for a(S) < <S>:

o2(S) = (2eB/I0)[F + 4kT/eRI S2)

where e is electronic charge, kT/e = 26 mV, B is the mea-
surement bandwidth, R is the equivalent noise resistance
of the preamplifier, and F is an excess noise factor. For
RI0 P AkT/e to. 104 mV, the Johnson noise is negligible,
and the quantum noise limit 2eB/I0 of the photodetected
current is reached. The corresponding noise-equivalent

hbC

= (l/2VN)(2eB/I0)
112

Fig. 4 All-fibre polarimetric readout

P = polariser
hbL = high linear-birefringence fibre
hbC = high circular-birefringence fibre (or twisted spun)

C = coupler (nonpolarising)
PS = polarisation selective splitters, oriented at 0° and 45°
PD = photodetector
(I) = splices or connectors

current o{l) at the quantum noise limit is obtained, by
random variable transformation, as

o(l) = a(S)/\dS/dI\

where dS/dl = (dS/d<&)(d<&/dI) is computed from eqns. 3
and 10 with the result:

(12)

In Fig. 5, a(l) is plotted against bandwidth B with the
detected current / 0 as a parameter, for V = 2.5 /ir/A
(ordinary silica fibres) and number of turns N = 50.

Also shown in Fig. 5 is the angle 2<D(<T) = 2VNa(I)
corresponding to <T(I), that can also be interpreted as the
noise-to-signal ratio N/S required in detecting lx and I2,
since 2<D(<7) = <T(/0)//0>

 o r a s t n e smallest signal Sa to be
resolved in the handling circuits, since Sa = 2<D(<T) from
eqn. 10.

In regard to the excess noise factor F, excluding fibre-
related effects, the main contributions come from excess
white noise of the source and 1// noises of source and
photodetector. Above 1// corner frequency, it is well
known that LEDs are quiet sources, with F rarely
exceeding a few tenths of a decibel. Both monomode and
multimode diode lasers exhibit, near threshold, a peak of
excess noise (with F up to 20 dB) levelling off above
threshold. Superluminescent LEDs are the most noisy,
with F = 0.5 -r- 10 dB on all their operating current range
[22].

The bandwidth B of the current sensor is limited
intrinsically by material relaxation time tr and by transit
time effects in the sensing coil. Also, one must consider

t 10'
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ifl _ 2
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Fig. 5 Noise equivalent current a(I) of current sensor at quantum limit
against bandwidth, and with detected current Io as parameter

Also shown is the rotation 2Q(o) corresponding to a{I), or noise-to-signal ratio of
the measurement
Vertical bars are experimental data
Assumed parameters: N = 50; V = 2.5 j/rad/A

the extrinsic limitation due to the frequency response of
the photodetector and associated circuits. In diamagnetic
materials, the relaxation time constants of the Faraday
effect fall in the sub-nanoseconds range [9] and can
therefore be ignored.

Denoting the transit time in the coil of N turns of
radius r by r( = 2nnNr/c), the time domain response to a
l(r) step of current is

= <D0 t/x 0 ^ t ^ T

= <D0 t > T

Hence, the <5-impulse response of the coil is a rectangular
pulse of time duration T; neglecting an unessential delay,
the transfer function is then

F((o) = sin (COT/2)/(O>T/2)

and by calculating the — 3 dB point of F(co), one has for
the bandwidth B:

5(3 dB) = 0.44/T = 0Mc/2nnNr (13)

This bandwidth is relatively high, e.g. for a coil radius
r = 1 cm and N = 50, n = 1.5, we have B = 28 MHz.

Commonly, electronic filtering is used to improve
sensitivity at the expense of bandwidth. However, if
the maximum bandwidth is desired, the photodetector
may become the limiting factor. State of the art design of
J-FET preamplifiers [21] with pin silicon photodiodes
yields a typical resistance-bandwidth product
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RB = 0.8 -r- 1.5 (MQ MHz) with nearly Johnson-noise
limited performance in the range of resistances
R = 5K -r- 5 MQ. Thus, if the feedback resistance R is
chosen as R > 104 mV//0 to ensure a negligible noise,
(e.g. R = 50 KQ for /0 = 10 /xA), one has a typical
bandwidth B = 0.8 H- 1.5 MHz//? (£ in MQ) (e.g.,
B = 16 -=- 30 MHz), which is comparable with that intrin-
sic of the fibre, expecially for moderate signal amplitudes
V

In the basic configuration, the dynamic range and lin-
earity of the polarimetric scheme are limited by the
S = sin 2O dependence. A simple correction of the type
S + S3/6 [20] gives a linearity error less than ±0.14% up
to 20 = 0.8. A more efficient method, which ensures an
unlimited dynamic range at the expense of some com-
plexity, is to double the optical detector section with a
second beamsplitter and photodiode receiver, orientated
with an axis parallel to the input polarisation, so as to
yield two signals Tt and T2 (cf. eqns. 8 and 9):

Ix = Io cos2 O

72 = /0 sin2 O

(8')

(9')

so that, with the same processing as S, the signal S =
cos 20 is obtained. From S and S, the angle O can be
recovered with several methods. For example, as shown
in Reference 17, the time derivatives of S and S are first
computed by analogue differentiation of the signals:

S' = 2O' cos 20

S'= - 2 0 ' s i n 20

(14)

then, they are cross-multiplied to § and — S, respectively,
and the results are added to yield:

S'S - S'S = 2O'(cos2 2O + sin2 2O) = 2O'

and O' is finally integrated (with the penalty of DC com-
ponent suppression if an analogue integration is
employed) to obtain O [17].

A digital processing of S and S may be used to pre-
serve the DC component at the expenses of a dis-
cretisation error. In any case, the power splitting in two
receivers, orientated at 0° and 45°, allows the extention of
the dynamic range, and linearity of response to the limits
attainable with electronic handling, at the expense of a
3 dB reduction of the signal /0 in each channel. An all-
fibre implementation of this approach is shown in Fig. 4.
The wave leaving the coil is first split by an ordinary
nonpolarising fibre coupler C, and by two polarising
splitters BS with their axes orientated at 0° and 45° with
respect to thejzero-current polarisation, thus yielding the
signal Ilf 12,11 and 72 at the photodetectors.

3.2 Interferometric readout
The nonreciprocal Faraday phaseshift 20 between
orthogonal circularly polarised waves propagating in the
same direction or, equivalently, between parallel polarised
waves propagating in opposite directions, can in principle
be read by a variety of interferometric configurations.
However, to cancel the minute reciprocal birefringence
that is residual in the fibre, the Sagnac interferometre is
the mandatory choice. The measurement configuration
based on this interferometre is well established, being
that developed for inertial sensing of Sagnac phaseshift
between counterpropagating waves, used in the fibre
optic gyroscope [6, 23]. This configuration is readily
adapted to current sensing [24], as shown in Fig. 6.

Two right (or left) handed circularly polarised waves
are launched in opposite directions in the sensing coil by

inserting quarter-wave retarders oriented at 45° with
respect to the linear polariser P. After propagation, the
two waves exhibit a relative phaseshift 20 and, because

out

hbC

Fig. 6 Interferometric readout

P — polariser
C = couplers (nonpolarising)

A/4 = quarter-wave retarders oriented at 45°
PM = phase modulator

of the folding in the winding, reappear at the quarter
wave retarders as left (or right) handed circular polarisa-
tion. Thus, they are retransformed back to linear pol-
arised waves, parallel to the launched one, and recombine
on the photodetector yielding a beating signal /0(l + cos
20).

Other components in Fig. 6, as in the gyroscope, serve
to ensure the reciprocity in splitting/recombining scheme
(the two coupler C), to discriminate against spurious
mode errors (the polariser P), and to impress a phase
modulation PM [6, 23] which overcomes the difficulty of
measuring O and its sign from the signal cos 20.

If Om cos com t is the phase modulation asymmetrically
impressed at time t + T/2 and t — T/2 on the two counter-
propagating waves because of the coil propagating delay
T, the photodetected signal becomes:

/, = JO{1 + cos [20 + Om cos com(t + T/2)

- Om cos cojt - T/2)]}

that, expanded in series of Bessel functions reads [23]:

/, = /0{l/2 + l/2Jo(yOJ cos 20

sin com t sin 20

cos 2com t cos 20 -I-...}

where

y = 2 sin com T/2

(15)

(16)

and T = nL/c is the propagation time in the fibre of
length L and refractive index n.

When yOm = 1.8, the Bessel function Jl reaches the
maximum value:

7T = 0.581

and therefore the component Ix at the fundamental
modulation frequency contained in /s, measured, for
example, with a lock-in amplifier (Fig. 6), is [6, 23]:

S = IQJ1? sin 2O (17)

which is the counterpart of eqn. 10. Also, one can
recover, from the measurement of the second harmonic in
/s, the signal S = Io 0.32 cos 20 that is useful for linear-
ity improvement and dynamic range extension.

The minimum detectable signal <r(J) is determined by
the shot noise associated with the photogenerated
current / 0 , and by the Johnson noise resistance of the
receiver preamplifier, yet disregarding polarisation-
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related errors. It is given by:

a{l) = a{S)l\dSldI\

where a(S) as an expression similar to eqn. 11, and dS/dl
is calculated from eqns. 3 and 17. Hence, we obtain, at
the quantum-noise limit (i.e., for R > 52 mV//0 and

= (l/2J[m)VN)(2eB/I0)
112 (18)

A comparison with eqn. 12 shows that, in principle, inter-
ferometric and polarimetric readouts have nearly equiva-
lent performances of minimum detectable current at the
quantum-noise limit. The diagram of Fig. 5 can then be
used, with the ordinates scaled by a factor J(

1
m) = 0.581,

also for the interferometric readout.
It is worthwhile to note that, while the polarimetric

scheme works in baseband and is therefore sensitive to
slow fluctuations of the polarisation plane and of fibre
birefringence besides 1// noise, with a degradation of
current sensitivity in DC, the interferometric readout
works at the considerable high carrier frequency of the
phase modulator, and its performance is as good in direct
current as in AC.

The modulation frequency which yields the maximum
phase deviation is, from eqn. 16:

fm = I/2T = c/4nnNr (19)

or an odd multiple of this value.
Typically, fm = 3 MHz for a N = 50 turns coil and

r = 10 cm. In view of the amplitude-modulated structure
of 7S with respect to the signals cos 20 and sin 20 that
are impressed on the baseband (a> = 0) and carrier fre-
quency (co = a>m), respectively (eqn. 15), the maximum
signal bandwidth is limited to fJ2 (for O <̂  1) to avoid
spectrum overlap. Therefore, we have explicitly:

B = c/SnnNr (20)

which is about half the intrinsic bandwidth owing to the
fibre structure (eqn. 13). However, the relatively high
modulation frequency fm of eqn. 19 may be difficult to
achieve with the usual piezoceramic phase modulators. If
a lower frequency is used, the maximum signal amplitude
J(

1
m) still be achieved, working with a larger phase devi-

ation <J>m (eqns. 15 and 16), but the bandwidth is then
limited operatively to half the working frequency of the
phase modulator.

As a concluding remark, from the analysis of theoreti-
cally achievable performances it turns out that polari-
metric and interferometric readouts are substantially
equivalent in terms of minimum detectable current, band-
width and dynamic range or linearity. However, because
of components limitations, the polarimetric scheme is
more suitable for high bandwidth and high dynamic
range, and the interferometric one more easily achieves
high sensitivity, especially in DC measurements.

3.3 Closed-loop vs open-loop configurations
All the above considered readouts can be turned in a
closed-loop configuration when a coil is wound on the
fibre before entering in the photodetector section. The
signal S is used to drive the coil with a current Ic so as
to give a Faraday rotation equal and opposite to the
measurand. Thus, S is kept zero by feedback, and the
desired current is read as / = nlc, n being the ratio of
feedback coil turns to fibre coil turns [25, 26]. The
closed-loop configuration can be implemented both in
polarimetric and interferometric readout, and its advan-

tages are the cancellation of nonlinearity errors due to
the null measurement method, and the unlimited
dynamic range, provided that the feedback loop is fast
enough to follow the signal current. Obviously, noise is
unchanged because at the input of the feedback loop and
bandwidth is diminished to that of the feedback coil.

4 Fibres and birefringence control

In the previous Section, an ideal fibre was assumed to
evaluate sensitivity performances, neglecting undesired
birefringence effects which limit the maximum useful
length of the sensing coil. Since the sensitivity l/<r(7) or
O/7 of the current sensor is proportional to the product
VN (eqns. 3 and 12 or 18), it is equally important to
improve the material parameters by fabricating a special
high-Vedet constant fibre as to increase the number of
turns N by an appropriate geometry and a careful
control of birefringence effects.

Special fibres may either be drawn from high-n Te-
doped paramagnetic glasses, like FR-4 and FR-5 [27, 28]
to exploit the dependence of V from n (eqn. 2), or from Y,
Fe-doped ferromagnetic ion glasses which, close to the
electronic transition (A ~ XQ in eqn. 2), yield a strongly
enhanced Verdet constant, although keeping the attenu-
ation coefficient reasonably low. A hundred fold increase
of V with respect to silica fibres appears feasible using
known materials (Fig. 1). However, if a special fibre is
fabricated with poor control of residual birefringence, the
improvement in V can be vanified by the decrease of
useful length.

The maximum useful length L of fibre, and hence the
maximum N, is limited by the linear birefringence /?, of
the fibre to a value L <̂  1//?, if alteration of the ideal pol-
arisation state is to be negligible. Both bend-induced
birefringence and residual internal birefringence contrib-
ute to jS,, limiting L to a few decimetres in ordinary silica
fibres. Moreover, since the compounding of linear and
circular birefringence is quadratic (see below), when
/?,L~ 1, the linear birefringence quenches the Faraday
one. At the opposite, when a large circular birefringence
jSc > /?, is added to the fibre, for example by twisting it,
the linear birefringence is quenched [20] and the Faraday
component added to ft is carried on unaltered.

4.1 Analysis of birefringence compounding
A quantitative analysis of the quenching effect is based
on the standard Jones matrix method [2, 20], resulting in
relatively lengthy calculations. In the following, we
present a new derivation based on operator method.

Let us consider the propagation of the Jones vector
£ = \_EX, Ey] along the z-axis, and write the equation for
an infinitesimal length dz as:

E(z + dz) = J- E{z) (21)

where J_ is the Jones matrix. For the combined linear
birefringence /?, and circular birefringence ft (reciprocal)
and 277 V (Faraday), the Jones matrix is [2, 29]:

I = i + M dz

where 1_ is the unity matrix, and M is given by:

77K + ft/2]
J

T ift/2 ]
2 -ifiJ2 J

(22)

(23)

Combining eqns. 22 and 21 yields the following differen-
tial equation for the propagation of the Jones vector E:

dEJdz = M • E (24)
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(26)

ilk |*r«*«*m J

[COS

( -

:/2) 1 (26')

The formal solution of eqn. 24 is:

£ = (exp M_z) • £ 0 (25)

where exp Mz is an operator acting on the initial state
vector £0 at z = 0. By developing eqn. 25 in power series,
and noting that:

M2n = ( - l)"A2llj_, M2 n + 1 = ( - 1)"A2"M,

n = l , 2 , . . .

we have readily as a general solution:

E = cos Az£0 -I- (I/A) sin AzM • £ 0

or, explicitly,
"cos Az + (I/A) sin Az ipV2

I/A) sin Az(HV + ft/2)

(I/A) sin Az{HV + ft
cos Az — (I/A) sin Az

where A2 is given by:

A2 = ft2/4 + (HV + ft/2)2 (27)
This result coincides with that reported in Reference 19,
and is confirmed by a direct analysis [30] based on
Maxwell equations in the limit of ray optics approx-
imation (ft, ft, HV ^ 2n/X).

4.2 Birefringence quenching
Let us first consider a fibre without circular birefringence,
i.e. ft = 0. Since the terms determining the rotation in
eqn. 26' are periodic in Az and the maximum rotation $
is obtained for Az = n/2, the useful fibre length is limited
to z = 7r/2A or, if ft > 2HV, to z = rc/ft [20]. Under this
condition it is E = (1/A)M • £0, i.e., the Faraday rotation
contained in M is reduced by a factor Az = n/2 respect to
the expected value HVz. With a linear polarisation £0 =
[1 0] at the input, the propagating vector £(z) oscillates
between linear and elliptical states of polarisation with a
spatial period z = 27t/A. The Faraday rotation term HVz
is reduced by a factor sin Az/Az, and vanishes for z multi-
ple of rc/ft.

On the other hand, if we consider a fibre with uni-
formly distributed circular birefringence much larger
than the linear birefringence, i.e. ft P ft, yet with a
superimposed small Faraday birefringence 2HV <$ ft, the
role of quenching is reversed, and the linear term ftz/2 is
reduced by a factor sin Az/Az while the linear polarisa-
tion rotates at a rate ft.

More precisely, by developing A at the second order in
p = ft/ft and inserting in eqn. 26' one finds:

A = (HV + ft/2Xl + p2/2)

cos Az + ip(l + p2/2)~y sin Az
-s in Az(l + P 7 2 ) " 1

sin Az(l + P 7 2 ) - 1

cos Az — ip(l + p2/2)~l sin Az

Let us express this matrix as the sum of a matrix of pure
rotation 6 = Az, and of an elliptical birefringence matrix:

[ cos Az sin Az~J
— sin Az cos AzJ

+ p ( l+p 2 /2 ) - 1 s inAzr ' ~ P /

l_p/2 -I

The second term vanishes for z multiples of n/A « 27r/ft,
i.e. for multiples of half the beating length of the circular
birefringence. In any case, the error component is smaller
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than p in the relative field amplitude, and smaller than p2

in the relative intensity of detected signals It and I2
(eqns. 8 and 9).

The quenching effect greatly reduces the effects of uni-
formly distributed linear birefringence, and hence
increases the maximum useful fibre length. The limit now
comes from the rare, randomly distributed spikes of
linear birefringence owing, e.g., to fibre imperfections and
microcurvatures that locally violate the condition ft >
ft and to eventual kinks and stresses imparted by coil
former and downlead fixtures. With a careful control of
fibre assembly, length in excess of 10 m can be achieved
with negligible deterioration of the output polarisation
state.

To implement birefringence quenching, one may use
either a high circular birefringence fibre or a twisted spun
fibre [20, 31, 37]. The former have been reported recently
[32] to achieve beating length Lb = 2n/flb down to a few
millimetres, and are the ideal choice for Faraday sensors,
provided that a balanced configuration (see Section 4.3) is
employed. The latter has the advantage of being readily
available and of allowing adequate control of bending
and internal residual linear birefringence in many cases.

For a twisted fibre, the circular birefringence induced
by twisting is evaluated as [33-35]:

ft = -27tn2p44/A (29)

where A is the twist period and p4 4 is an elasto-optic
coefficient. Typical values for silica fibres are ft = 0.95
-f- 1.05/A. Bend-induced birefringence is the main contri-
bution to linear birefringence of a coiled fibre, and is
given [33] by the sum of pure bending birefringence ft6
and tension-induced birefringence ftf:

(30)

where Cs is a strain-optical coefficient:

Cs = ( l /2 )n 3 (p u -p 1 2 Xl+v) ,

v is the Poisson's modulus, r is the outer fibre radius and
R is the coil radius. S = F/(nr2E) is the axial strain pro-
duced by the tensile force F which stretches the fibre
during coiling, and E is Young's modulus. Pure bending
prevails on tension for r/2R > S(2 — 3v)/(l — v), which
amounts for a typical silica fibre (r = 50 /xm) to a tensile
force of coiling F < 0.%/R(N) for R in centimetres.

For silica fibres wound on small coil radius or with
negligible tension, the value of ft6 is typically 0.2 -r- 0.4/
R2 (cm"1), for R in centimetres. To quench the linear
birefringence (ft <̂  ft) in a spun fibre, it is twisted with
a period A <̂  2An2p44 R

2/Cs r2. This gives, for silica fibres
with negligible tension, A <̂  2.5 -=- 5 R2 (A and R in
centimetres), i.e. a range of A from ~ 1 cm (R = 2 cm) to
25 cm (R = 10 cm) which is adequate for common
current sensor geometries.

Stresses exerted by fixtures of fibre mountings and by
unintentional kinks may add much larger localised
birefringence. A fixture exerting a compressive force F on
a fibre piece of length L gives a contribution [33, 34]:

ft, = {%CJXrE)F/L

which is reduced by a factor (1 — cos 23 sin 3)/2 if the
fibre is laid with friction on a V-groove of angle 23 [33].
Then, the maximum F/L allowed by the condition ft >
ft/is:

F/L <§ Aft r£/8Cs
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typically in the range 2 -f- 3j5c(iV/cm), /?c (in cm 1), or
2 -r- 3/A (N/cm) for a fibre twisted with period A (cm).
These figures indicate that fibre mounting and fastening
can be designed without special problems.

The effect of kinks has been analysed in detail [36]
and can be summarised as follows: a ridge of height H on
a cylinder of radius R stretches the fibre for a length
(8HR)112 in which an excess birefringence is generated, of
average value:

where f}lb is pure bending birefringence. The peak of
excess birefringence is located over the kink and is con-
siderably larger than j3lfc. If we introduce two multiplica-
tion factors mb and m, of the terms given by eqn. 30 for
pure bending /?16 and tension /?lk, the peak birefringence
at the kink can be accounted for respect to the ideally
smooth surface. From [36] these factors are calculated
as:

mb = SHRS/r2 mt = (2HR)l/2/r (31)

Since the axial strain S is numerically small, one usually
has mb <imt. For a kink lifting the fibre, H is not less
than approximately the fibre diametre 2r, and from eqn.
31, mt is in the range 30 -f- 60 for R = 2 -=- 8 cm, a value
which may prevent quenching. However, if the fibre has a
soft jacket and kinks on fibre are avoided, a moderate
surface roughness is tolerable, since minute irregularities
H 4 r of the coil former are absorbed by the jacket.

4.3 Balanced configurations
When the circular birefringence Oc = /?c z bias is large, its
temperature [20], stress and wavelength dependence may
add an intolerable error in the measurement of the super-
imposed Faraday rotation Q>, especially in DC and at low
frequences. The term <DC can, however, be cancelled with
a balanced configuration: since <DC is a reciprocal rotation
and <b is nonreciprocal, by reversing the propagation
from z to — z, <I>C changes its sign and <I> is unchanged.
Therefore, using a coil with a mirrored end and reading
the return wave at the input end as in Fig. 7, the two-

mirrored end

Fig. 7 Balanced polarimetric readout (cf. Fig. 4) for cancelling recipro-
cal rotation d>c of the fibre

waves rotations O + Oc and <D — Oc add to 2O cancelling
the reciprocal rotation. Thus, the polarimetric scheme
can be balanced against common mode circular birefrin-
gence of the optical path, as it is the interferometric
scheme of Fig. 6. The same arguments also apply to
downlead fibre sections connecting source and detector
to the sensing fibre, which give an error in an unbalanced
scheme (Fig. 4) while are cancelled in balanced schemes
(Fig. 6 and 7).

4.4 Other sources of errors
Several parasitic effects should be considered in a current
sensor which can generate a large bias term O6 superim-

posed to the Faraday rotation <t>. The bias is an error in
DC measurements and also affects the low-frequency
sensitivity in AC measurements because of the spectral
content associated with the slow fluctuations of <bb.

In polarimetric schemes, the angular error <Da of align-
ment of polariser axes respect to the 45° or 0° nominal
values directly translates itself in a bias error, as it can be
seen from eqns. 8, 9 or 8', 9' changing the argument by

Also, the finite extinction ratio of the polarisers can
contribute a significant bias error. The upper limit of this
error is <&b = eaB/aA, where aB and aA are the amplitudes
of fields incident on the polariser perpendicular and
parallel to the main axis and £ is the amplitude extinction
factor of the polariser.

In the interferometric schemes, the error Oa in angular
position of each quarter-wave retarder, and its deviation
<5 from the ideal n/2 phaseshift, give a bias error 0>b = <&a

+ S, and the finite extinction of the polariser e has the
same effect found for the fibre gyro [23]: <D6 =
2e I aB tAB/aA tAA |, where aA and aB are the amplitudes of
the source light incident on the principal axes, and tAB is
the fraction of eaB returned after propagation along the
polariser axis A as an error superimposed to the useful
wave aA tAA [23].

Reflections at splices and couplers, and Rayleigh scat-
tering in the fibre are sources of spurious interference for
interferometric schemes, which can be overcome by using
a source with low coherence length; in balanced polari-
metric schemes, any reflection with amplitude coefficient
r results in a maximum bias error <bb = r. Mode conver-
sion at joints between different fibres is another less
severe source of error, which amounts to <Db =
2>? I fljif tMN/aN tNN I where rj is the amplitude loss of mode
conversion from N to M, aM and aN are the amplitudes of
such modes contained in the launched light wave and tMN

is the fraction of r\aM returned as useful mode distribu-
tion aN.

5 Magnetic field sensors

Usually, magnetic flux measurements in electrical
machinery require the smallest possible size of the
sensing element, typically R ~ 1 cm, which is close to
produce incipient bending attenuation [34]. Also, a dif-
ferent approach is needed in respect to the current sensor,
since the Faraday rotation vanishes (eqn. 3') for a closed
loop unlinked to the current generating the magnetic
field.

The combined effect of Faraday and linear birefrin-
gence gives a nonvanishing net result in a circular coil if
the single turn is exactly a full-wave retarder [19, 29, 37],
a condition for which /?, = l/R or equivalently, the beat
length matches the turn perimeter Lb = 2nR. Then, the
output has the same state of polarisation as the input
after one exact turn, and the Faraday effect gives the
desired rotation O as in a straight fibre, but with half the
expected value for the used fibre length [29, 31].

To have input and output fibres on the same side for
ease of layout of the magnetic sensor, it is customary to
employ an N + 1/2-turn coil (Fig. 8), for which the above
considerations still apply [29]. In this geometry, for an
input linearly polarised field Ex0 normal to the coil plane,
the output components Ey, Ex are:

Ex= -Ex0cos<t>z (32)

Ey= -ExOsin®z (32')
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for a field Hz parallel to the input propagation vector
(Fig. 8a), and

(33)

(33')

= — Ex0 cos

xosinEy = -iE

L

-yout

out E.

I -7

Fig. 8 Magnetic field sensors based on k-retarder per turn concept
a gives a purely rotated linear-polarised output
b allows an easier allocation of the sensor and gives an elliptical output polarisa-
tion
c is the scheme for measuring both components Ht, Hy of the field

for a field Hy normal to the input propagation vector
(Fig. Sb), where the Faraday angles O z are:

Q>yz=VHy<znR(N + 1/2) (34)

As depicted in Fig. 8, in the first case, a pure Faraday
rotation Oz is obtained, while in the second case, the
output has an ellipticity <by. For measurements in a gap
with allowance for downlead trunks, Fig. 8b is a more
suitable layout, and its output can be reconducted to
purely rotated linear by adding a quarter-wave retarder.

Fig. 8c shows a polarimetric scheme for measuring
simultaneously both Hz and H», thus allowing to
compute the modulus (H2. + #2)1/2 and the angle *P =
tan"1 Hy/Hz of the magnetic field vector in the coil
plane. A linear polarised wave is launched parallel to
x — axis, and the output from the coil is splitted in two
parts that are analysed in phase and in quadrature (upper
and lower BS legs in Fig. 8c). The photodetected signals
are therefore:

Iz = Io cos2 (45° + <DJ

Iy = 70 cos2 (45° + <S>)

(35)

(36)

that are formally coincident with eqn. 8. Accordingly, the
polarimetric readout concepts outlined in Section 3.1 can
be applied to the measurement of Hy and Hz, as well as
the extension of Fig. 4 for dynamic range and linearity
improvement.

The performance evaluations of Section 3 are applic-
able to the magnetic sensorwith the appropriate changes.
As an example, the minimum detectable (or noise-
equivalent) magnetic field is given by (cf. eqn. 12):

a{H) = l/2)nR-](2eB/I0)
il2 (37)

Fig. 9 is a plot of eqn. 37 for silica fibres, and typical
values of the parameters N and R. Also, each component
<t>z and <by of the Faraday-induced rotation can be mea-
sured with the interferometric readout (see Fig. 6) to get a

balanced configuration desensitised against downlead
trunks.

In silica fibres, the typical radius R of A-retarder per
turn is, from eqn. 30, R = l/filb = 2 -f- 4 mm for
untensioned fibres, and R = 1/(/?», + /?„) = 4 -=- 10 mm
for coil wound with a tension F = 2 H- 5N.

1 -

1M
bandwidth, Hz

Fig. 9 Noise equivalent magnetic field intensity Ho against bandwidth
B and detected current Io

Assumed parameters: N = 50; V = 2.5 /irad/A; R = 1 cm

5.1 Other geometries for mobile applications
When the physical dimensions of the sensor are not con-
strained, e.g. for measurements of flux external to electri-
cal machinery, the quasistraight sensor configuration
shown in Fig. 10 is well suited to increased L, and hence

line

Fig. 10 Quasi-straight magnetic field sensor

sensitivity. The straight segments going back and forth
are the field sensitive sections, and the curved edges serve
to change O into — 0 at each reversal of the propagation
vector, thus cumulating the opposite-sign Faraday rota-
tion in the back and forth segments [38, 39]. The curved
edges are half-wave retarders that give the sign reversal,
made either by half turn (R = 2 -=- 4 mm) or, to avoid
small values, by one and a half turn (R = 6 -=- 12 mm)
[39]. An analysis of the Faraday rotation in a half wave
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retarder of n + 1/2 turns gives zero as a result [29], and
thus the total Faraday rotation 0 of the sensor is:

(D = VH2NL (37)

where L is the length of segments. Using a low-
birefringence spun fibre and trimming each half-wave
edge during coil assembly, a relatively large effective
length 2NL can be incorporated in the sensor [39].
Variants of the quasi-straight geometry are those of the
fork [39] and of the broken ring [4].

Though these configurations are basically magnetic
field sensors, they can be used in mobile application of
current sensing because of the unlinked structure allow-
ing to position the sensor around the line without discon-
necting it. The broken ring, that is obtained by folding
the quasi-straight structure on a helical single turn, offers
a satisfactory insensitivity to position of the line inside
the ring and a good immunity to external sources [4].

6 Experimental results

Data reported by several authors on current sensors per-
formances (Table 1) indicate that the specifications
required for power system applications (Section 1) can be
substantially met. However, while linearity and dynamic
range close to the predicted limits of performance
(Section 3) have been obtained, the bandwidth capability
is largely unexploited and usually traded-off to improve
sensitivity. In fact, the less satisfactory performance in
ordinary silica fibres is the minimum detectable signal,
and moreover the obtained results are far from the
quantum noise limit, as can be seen in Fig. 5. Here we
draw segments joining experimental points and corre-
sponding theoretical points at the quantum noise limit,
after a standardisation of all data to N = 50 for compari-
son. In Fig. 5, the results plotted are, from left to right,
those of References 2, 26, 2, 4 and 20, the last being for
the noise of the electronics only. Other results of Table 1,
not shown because incomplete, would exhibit even larger
differences if the missing parameters are conservatively
estimated.

To assess the relative importance of the sensor sub-
systems in the degradation of sensitivity, we measured
the noise spectral density T^fXA/y/Hz) of the total
noise equivalent current a7, explicitly given by a] =
jo T?(/) df, for a typical polarimetric unbalanced con-
figuration. The sensor has N = 50 fibre turns of twisted
spun fibre (York LB 800) wound on a 8 cm diameter coil,
and the source is a GaAlAs multimode laser (Telefunken
TXAD 8100) supplying a detected current /0 = 100 /zA at
the preamplifier, the bandwidth of which is 500 kHz. The
measurements were performed with a spectrum analyser
at the electronics output. r , ( / ) was computed by dividing
these readings by the responsivity of the sensor. Starting
from the bare electronics and adding components up to
the complete sensor yielded the results reported in Fig.
11. Curve a is for the noise of the electronics, with photo-
diodes at dark (/0 = 0) and corresponds to a noise floor
of0.02mAA/Hz.

Feeding a shot-noise limited current /0 = 100 /zA
through an external generator resulted in the expected
noise floor of 0.23 mA/^/Hz (curve b). Curve c is for the
same current /0 = 100 /zA, but actually photodetected
using the laser as the source. Thus, the ratio of the curves
c and b represents the excess noise F due to the source.
By inserting the polariser/analyser section, the noise did
not appreciably increase. When the fibre was finally
added, curves typically laying in between d and e were

observed, the level of noise being correlated to external
mechanical and thermal perturbations. The lower curve e
is representative of a mechanically assembled sensor on a
stable, but not isolated, table in the laboratory
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environment. By careful decoupling of the sensor from
ambient through a proper enclosure, curve / was
obtained. This is close to the quantum noise limit of per-
formance.

10'

io-3

10
-5

10 100 1k 10k
frequency, Hz

100k 1M

Fig. 11 Contributions to the noise spectral density T^f) of the measu-
rand current I

7 Conclusion

At present, current sensors can meet the performance
specifications for application in electrical industry.
However, further engineering efforts should be devoted to
fibres and configurations least sensitive to vibrations and
thermal perturbations, such as high elliptical or circular
birefringence fibres and balanced or actively compen-
sated configurations [41].
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