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Efficient direct magneto-optical phase modulation
of light waves in spun microstructured fibres
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Abstract. 'We have proposed a phase modulator of optical
radiation for an interferometric electric-current sensor. The
modulator takes advantage of the Faraday effect in spun
microstructured optical fibres. Such fibres enable small-
diameter multiturn fibre coils to be produced, which is
necessary for achieving a preset phase modulation amplitude
at a moderate drive current. The principal characteristics of
the modulator have been studied experimentally: frequency
response, magneto-optical sensitivity and output signal
contrast. The results demonstrate that the modulator ensures
high efficiency, approaching the theoretical one, provided the
modulation period exceeds the time it takes light to pass
through the fibre. We have examined the influence of spun
fibre parameters on the performance of the modulator.
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1. Introduction

Modulation measurements of the phase shift between waves
carrying information about the measurand are widely used
in interferometric fibre-optic sensors of physical variables.
Such devices include fibre-optic electric-current sensors
based on the Faraday effect [I,2]. The longitudinal
magnetic field of the electric current to be measured
induces a phase shift between orthogonal circularly
polarised light waves in the fibre of the interferometer.
The shift is proportional to the current and is measured
using an optical interferometer that includes a modulator of
the phase difference between the waves. Use is commonly
made of piezoelectric modulators, which utilise fibre
tension, or electro-optical crystal modulators. A distinctive
feature of such modulators is their optical reciprocity, so a
delayed modulation method should be used [3]. In addition,
a certain optical path length of the interferometer, adjusted
to the phase difference modulation frequency, is needed.
The method requires a polarisation-maintaining-fibre delay
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line. It is worth noting that such modulators may generate
spurious signals at the modulation frequency [4], which lead
to errors in the fibre-optic sensor.

Phase modulation with the use of a nonreciprocal
Faraday effect in silica fibre offers the possibility of creating
a modulator that would ensure direct (delay-free) modu-
lation of the phase difference between light waves. A key
component of fibre-optic Faraday modulators is a fibre coil
located inside a toroidal solenoid carrying an electric
current. The coil should be made of fibre capable of
effectively accumulate the Faraday-effect-induced phase
shift along its length.

Such a modulator has a number of useful properties.
When it is used in an interferometer, no delay line is needed,
and both dc and ac control signals can be employed. In view
of this, such modulators can be used to create and adjust a
constant phase shift between interfering waves. Their
advantage is the possibility of creating an all-fibre optical
channel for an electric-current sensor using essentially one
type of fibre.

At the same time, because of the low magneto-optical
sensitivity of silica, this type of modulator requires a
multiturn fibre coil. In particular, to obtain a phase differ-
ence modulation amplitude ¢, ~ 2 rad at a current of
~ 2 A through the plane of a fibre coil, the coil should
have of the order of 10* turns. This can only be ensured by
using a spun microstructured fibre with a small beat length
of the built-in linear birefringence, L;, ~ 1 mm, which can
be wound onto a spool of small radius (down to 2—3 mm)
almost without optical power losses and, most importantly,
without preventing the Faraday-effect-induced phase shift
from effectively accumulating along the fibre [5—7]. Because
spin pitches of the birefringence axes, L, less than 2 mm
are technically difficult to produce during the fibre drawing
process, it is impossible to ensure the relationship Ly, > L,
optimal in terms of magneto-optical sensitivity. As a result,
when light propagates along such a fibre, its polarisation
state periodically deviates from a circular polarisation
[8—11], thereby reducing the magnetic field sensitivity of
the fibre. At the same time, the high birefringence in the
spun microstructured fibres we used compensates in large
measure for the unwanted effect of coiling-induced bending
strain on the polarisation down to bending radii of ~ 1 mm
[11, 12]. Because of this, the Faraday-effect-induced phase
shift accumulation effectiveness, even though lower in
comparison with an ideal fibre, remains quite sufficient.

Important characteristics of modulators that are used in
interferometric sensors are their magneto-optical sensitivity
and contrast, which determines the fraction of the total
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power of light waves at the modulator input that acquire
relative phase modulation. The former characteristic deter-
mines the accuracy of the sensor, and the latter determines
its threshold sensitivity. In addition, an important character-
istic of modulators is the variation of the phase modulation
amplitude with modulation frequency (amplitude— fre-
quency response). In particular, it depends on the length
of the fibre segment exposed to a magnetic field. This
characteristic determines the working modulation frequency
band.

The purpose of this work was to theoretically and
experimentally study the above characteristics of a Fara-
day-effect phase modulator based on spun microstructured
fibre.

2. Theory

2.1 Operating principle of an ideal modulator

The proposed phase modulator is shown schematically in
Fig. la. The modulator includes a fibre coil ( /) located in a
toroidal solenoid (2), whose turns pass across the plane of
the coil. When an electric current flows through the
solenoid, the fibre coil is in the longitudinal magnetic
field of the current. The modulator under consideration
operates in reflection. A polariser (not shown in Fig. 1a) is
placed at the input/output of the modulator. The working
light waves of the modulator are orthogonal circularly
polarised waves. A superposition of such waves forms a
linearly polarised wave at the output of the polariser. Light
waves are launched into the fibre coil of the modulator,
pass through its turns, are reflected by a mirror (3), and
return along the same path.

The longitudinal magnetic field of the solenoid induces a
circular birefringence in the fibre of the modulator. Quasi-
circularly (right and left) polarised waves propagate along
the coil at different velocities, and the round-trip Faraday-
effect-induced phase difference between them is

¢ = 4VSN N1y, (1
where V (rad A™") is the Verdet constant of the fibre; S < 1
is the relative sensitivity of the fibre; N; is the number of
turns in the coil; N, is the number of turns in the solenoid;
and [, is the current through the solenoid.

In the absence of any current through the solenoid, the
round-trip optical path difference between orthogonally
polarised waves in the fibre coil is zero because reflection
of circularly polarised waves from the mirror changes their

HO=Isin(2n/ 1)
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Figure 1. (a) Schematic of the modulator: (/) fibre coil, (2) solenoid,
(3) mirror. (b) Equivalent schematic diagram of the fibre coil in the
modulator (see text).

propagation direction and, hence, the waves become orthog-
onal. As a result, all the phase shifts induced by the intrinsic
birefringence of a real fibre are completely compensated for.
For this reason, the linearly polarised wave emerging from
the polariser returns to it in the same polarisation state as at
the input, and the contrast of the modulator is 100 %. The
magnetic field generated by a current through the solenoid
produces an uncompensated phase shift, ¢p, between
circularly polarised waves, which shows up in that the light
coming to the polariser is linearly polarised and its plane of
polarisation makes an angle ¢p/2 with that of the input
light. It can be shown that, at the output of the modulator,
the optical power as a function of the current through the
solenoid has the form of an interference pattern:

P(ly) = Po[l + K(x) cos(pg(ly))]

= Po{l + K(X) COS[4VS(X)N1N2[0]}. (2)

Here K(x) and S (x) are the contrast and sensitivity of the
modulator, which depend on a number of parameters (x),
and P, is the power of the light waves at the input of the
modulator. The contrast K(x) characterises the relative
power, Pgy, of the light waves that acquire phase
modulation in the modulator:.

Pmax — Pmin

_Prv _
Pmax +Pmin

K(x) = A3)

Py

Here P, and P, are the maximum and minimum powers
of the light at the output of the polariser, which correspond
to phase shifts, ¢, in (2) of 0 and =, respectively. Note that
this definition of the contrast of the wanted signal of a
modulator coincides with the visibility factor of the
interferometer into which the modulator is incorporated.
Generally, the K(x) and S(x) characteristics depend on the
amplitude and frequency of the current, parameters of the
magnetosensitive fibre, mechanical forces and temperature,
and determine the current-sensing performance of the
modulator.

2.2 Effect of spun fibre parameters on the performance
of the modulator

As pointed out above, the main parameters of high-
birefringence spun microstructured fibre that is used in
modulators (L, ~ 1 mm, Ly, ~ 2 —4 mm) are such that the
fibre maintains a circular polarisation of waves only
partially. The reason for this is that, at the above
parameters, the polarisation state of light periodically
deviates from a circular polarisation, and the deviation
may be significant (to the point of linear polarisation [6, 7]).
Because of this, light waves that propagate along such a
spun fibre are most of the time in an elliptic polarisation
state, which reduces the Faraday-effect-induced phase shift
accumulation effectiveness. The effectiveness can be eval-
vated using the expression for the magneto-optical
sensitivity of a straight spun fibre [11]:

2L,

\/ALE + L3,

which demonstrates that the sensitivity decreases with
decreasing L,/Lg, ratio, as does the contrast of the
modulator. Indeed, orthogonally polarised waves propagat-

S(Lba Lsp) = “4)
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ing along a spun fibre may experience changes in their
ellipticity, rotation direction and azimuth angle, remaining
nevertheless orthogonal. After passing a segment of the
fibre of length z, the waves have an unwanted phase
difference proportional to the fibre length, which can be
compensated in reflection mode. As pointed out above, this
can be achieved with a mirror that causes waves to
propagate along the same portion of the fibre in the
opposite direction and changes their polarisation state to
the orthogonal one (a right-hand elliptical polarisation
should convert to a left-hand one and vice versa).
Unfortunately, an elliptically polarised wave cannot be
converted to an orthogonally polarised one by a Fresnel
reflector or metallic mirror [13]. As a result, after a round
trip through the fibre coil, waves capable of interfering will
have a smaller amplitude at the input/output of the
modulator in comparison with the case when circularly
polarised waves are incident on a mirror. Accordingly, the
contrast decreases.

Let us show this in a more rigorous way. The Jones
vector of a wave with an arbitrary elliptical polarisation U,
ellipticity angle ¢ and azimuth angle 6 has the form [13]

cosOcose —isinOsine

= Aexp(id) sinOcose+icosOsineg

U

‘ Eyx . )

Ey

Here ¢ is the initial phase, the same for E, and E,. The
orthogonal polarisation state W can be obtained through
the substitutions 6 — 0 + /2 and ¢ — —e:

—sinfcose +icosfsing

= Aexp(id) cosfcose+isinOsine

w

(©)

After the reflection of wave U from a mirror, the resultant
wave will be represented by the Jones vector

—cosfcose+isinfsing

Ey
) . . .
sinfcose +1icossineg

‘EY = Aexp(id)

U

W)

The polarisation of the reflected wave can be expressed
through the orthogonal polarisations U and W [see (5) and

©)]:

Ey
Ey

Ey

+by Ey

U

®)

‘E)I(
U

Ey

w
Substituting the Jones vectors (5)—(7) into (8), we find the
coefficients a; and by

ay = —cos 26 cos 2e,

©)
by = sin20 + icos 20 sin 2e.

The absolute squares of these coefficients have a clear
physical meaning: |ay|” is the relative power of a wave that
had polarisation U both before and after reflection from the
mirror, and |by|* is the relative power of a wave that had
polarisation U before reflection and polarisation W after:

lay|* = cos? 20 cos? 2,

(10)
|byl* = sin? 20 + cos? 20'sin> 2.

It is easy to see that |ay|*+ |by|* =1. During the

propagation through the spun fibre in the reverse direction,
the wave with polarisation W will compensate for the phase
delay accumulated during the propagation in the forward
direction, whereas the phase delay of the wave with
polarisation U will continue to increase.

It is easy to show that the coefficients in the representa-
tion of the reflected wave W in terms of polarisations U and
W are given by

ay = cos 20 cos 2¢, a1
by = sin 20 — 1cos 20 sin 2¢.

It is seen that by, = b;; and that the absolute squares of the
coefficients ayy and by are identical to (10). It should be
emphasised that |ay|* is the relative power of the wave that
had polarisation W both before and after reflection from
the mirror, and \bW\Z is the relative power of the wave that
had polarisation W before reflection and polarisation U
after.

Only waves that have compensated the phase shift will
be able to interfere at the detector, and the interference term
will be proportional to byby:

byby = sin® 20 + cos® 20sin? 2¢

= sin? 2¢ + sin’ 20 cos > 2s.

(12)

When a mirror reflects waves whose polarisation states are
close to a right- or left-hand circularly polarised state
(¢ = m/4), we have byby =~ 1, and the interference pattern
has the maximum visibility. For the reflection of almost
linearly polarised waves (¢ ~ 0), we have byby ~ sin’ 20,
i.e. this product depends on the azimuth angle 6. In
intermediate instances, the visibility of the interference
pattern depends on both 6 and e.

The above analysis is valid for monochromatic light. In
the case of a wide spectrum, elliptically polarised waves
incident on the mirror have various azimuth angles in a
range considerably broader than 2m. Averaging relation
(12) over the entire 6 range, we find the visibility of the
interference pattern for a wide spectrum:

K(&) = (byby) = sin? 2. (13)
To evaluate the contrast, we can use an average ellipticity
angle of the light polarisation in a spun fibre:

1.2
2ep = arcsin 1 ——5—2—— ). (14)
Lg, +4L;
Substituting (14) into (13), we obtain
4L\’
Kigg) = 5. 15
o=~ ) (15)

It follows from (15) that the contrast should decrease
markedly with decreasing L,/Ls, ratio.

2.3 Frequency characteristic of modulator sensitivity

The Faraday effect has a very fast response. The decrease in
modulation efficiency with increasing modulation frequency
is due to the fact that the modulation period becomes
comparable to the time it takes light to pass through the
fibre-optic section of the modulator. Let us derive relations
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for the amplitude and initial phase of the Faraday-effect-
induced phase shift at the output of a modulator for a
sinusoidal current through the solenoid of the modulator:
1y(?) = Iy, sin 2m f,1). We make the following assumptions:
The fibre of the modulator is taken to transmit waves of
any polarisation with no distortion (an ideal fibre for the
Faraday effect) and to be characterised only by the ref-
ractive index of silica, which determines the speed of light in
the fibre. In addition, the ac magnetic field is taken to be
uniform along the entire fibre in the coil, meaning that the
initial phase of the field is the same throughout the fibre.

Consider the equivalent schematic diagram of the fibre
section of the modulator in Fig. 1b. The fibre segment
between zero and L, is exposed to a magnetic field (the total
fibre length, L, includes the output portion of the fibre,
which is in zero magnetic field). A round trip of light in a
real modulator in the model under consideration is taken
into account by adding a length L of the fibre. Its portion
from 2L — L, to 2L is exposed to a magnetic field (Fig. 1b).
Note that, to adequately evaluate the Faraday-effect-
induced phase shift in this model, the magnetic field
direction should be the same for the two sections of the
fibre. Phase shifts are then summed up, like in a real
modulator. In this model, the Faraday-effect-induced phase
shift in an element dz of the fibre (Fig. 1b) can be written in
the form

dogp(z) =2VI(z,t)dz/(nR), (16)
where R is the radius of the fibre coil. At the instant in time
when the light wave passes through the element dz, the
current is

I(z, 1) = L[sin(2n frnt — 21 frazn /)], 17)

where 7 is the refractive index of silica and c is the speed of
light. Substituting (17) into (16) and integrating over the
ranges 0 <z< L, and 2L >z > 2L — L, we obtain the
following relation for the total phase shift in the coil of the
modulator:

P (fim) = A(fm) SIN27fint + ¥ (frn)], (13)
where the amplitude and initial phase are given by
A(.fm) _ Sin(nfm”Lm/C) COS[(nfmn/C) (2L - Lm)} 19
A0) - R futLn ¢ -
2V,
A(0) =——2=, (20)
¥(fm) = 2mfunL/c. @n

Relation (19) is the frequency characteristic of the
modulator sensitivity normalised to the zero-frequency
sensitivity. The latter is given by relation (20), which
indicates that, at zero frequency, the modulator introduces
an expected constant phase sift ¢p(0) = A4(0) = 4VIyN,
where N = L, (2nR)"" is the number of turns in the fibre
coil.

3. Experimental

For experimental studies, the modulator was incorporated
into a linear reflective interferometer, schematised in Fig. 2.
The interferometer included a light source ( /), directional

coupler (2), polariser (3), mirror (8) and a modulator in
the form of a fibre coil (5) situated inside a toroidal
solenoid (6). The fibre segments (4) and (7), located
outside the magnetic field of the solenoid, connected the
modulator to the optical system of the interferometer. The
reflected light was detected by a photodiode (9) placed at
the coupler output. The signal from the photodiode was fed
to an oscilloscope ( 10).

2
9

Figure 2. Schematic of the experimental setup: (/) light source, (2)
directional coupler, (3) polariser, (4) input end, (5) modulator coil, (6)
solenoid, (7) output end, (8 ) mirror, (9) photodiode, ( /0) oscilloscope,
(11) current amplifier, ( /2) generator.

Lo

In our experiments, the toroidal solenoid was powered
by an alternating or direct current. Frequency character-
istics were measured using a standard sine wave generator
(12), which ensured a current of 600 mA at frequencies
from 20 Hz to 100 kHz. Electric-current sensors typically
employ harmonic phase modulation with an amplitude of
~ 2 rad, ensured by a current of several amperes, which is
produced by a current amplifier (//) with a 40-kHz
resonance circuit.

The light source used was an erbium-doped fibre
oscillator (wavelength, 1.55 um) with a 30-mW output
power and 25-nm emission bandwidth. The multiturn
coil of the modulator was made of a spun microstructured
fibre which had a quasi-elliptical silica core surrounded by
six air holes.

In our studies, we used two types of spun micro-
structured fibres, with L, =5mm and Ly, = 3.5 mm
(type I) or L, =1mm and Ly, =4 mm (type II). The
modulator coil of the type I fibre had N, = 10* turns
around a silica tube 20 mm in outer diameter and
100 mm in length. The toroidal solenoid, which generated
a longitudinal magnetic field in the fibre of the modulator,
had N, =48 turns of 1.2-mm-diameter copper wire. The
wire turns passed through the inner hole of the silica tube
and covered it on the outside to form a toroidal solenoid.
The fibre segment (7), located outside the magnetic field,
had a length Ly =200 m and was wound onto a spool of
diameter 30 mm. The total length of the spun micro-
structured fibre in the interferometer was 900 m, and the
optical loss was ~ 3 dB.

The modulator coil of the type II fibre had N, = 8500
turns around a silica tube 12 mm in outer diameter and
100 mm in length. The toroidal solenoid had N, = 47 turns
of 0.9-mm-diameter copper wire. The total length of the
spun microstructured fibre in the interferometer was 400 m,
and the optical loss was within 5 dB.

Figure 3 shows the relative optical power at the photo-
detector input as a function of the dc current through the
solenoid for the two types of fibres in the modulator coil [the
filled and open squares represent experimental data for the
type I and II spun fibres, and the curves represent the best fit
to Eqn (2)]. It follows from Fig. 3 that the relative magneto-
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Figure 3. Relative optical power measured at the photodetector input as
a function of the dc current through the solenoid: L, = 5 mm, Ly, =
3.5 mm (filled squares); L, = 1 mm, Ly, =4 mm (open squares). The
curves show fits with cosine functions.

optical sensitivity of the type I and II spun fibre coils is
S =0.97 and 0.265, respectively. The contrast, K, of the
output signal for these fibres is 0.56 and 0.029.

We measured the amplitude —frequency response of a
modulator fabricated using the type I spun fibre, with a beat
length L, = 5 mm. The magnetic-field-induced modulation
of the phase shift between optical modes showed up as a
periodic modulation of the optical power at the interfer-
ometer output:

P(1) = Po{1 + Kcos[pp(fin) sin(2n fu1)]}. (22)
Here @p(fm) = 4VSN|N,Ij[A(fn)/A(0)] is the modulation
amplitude of the Faraday-effect-induced phase shift, which
depends on modulation frequency as represented by
Eqn (19). Intensity (22) comprises a constant component
and a time-dependent (modulation) component. At a small
modulation amplitude, the modulation component of the
intensity is

Pro(1) = 5 Prog(fin) cOS(4T fin1), (23)
where Ppo(fm) = PoK[@g( fm)]2 is the peak-to-peak ampli-
tude of the modulation component.

Therefore,

12
or(fin) = {%] — const [P (fi)] 2.

(24)
Relation (24) was relied on in developing a technique for
measuring the frequency response of modulator sensitivity.
Po(fm) was measured using an oscilloscope. The peak-to-
peak intensity modulation amplitude was measured at a
constant current through the solenoid: I, = 600 mA. The
normalised measured frequency response is shown in Fig. 4
together with a fit to relation (19).

In addition, our experiments showed that the modulator
under examination was free of spurious signals such as con-
comitant intensity modulation, typical of modulators based
on piezoelectric or electro-optical delayed modulation [4].

4. Analysis of the results

This paper examined the frequency response of a Faraday-
effect phase modulator and the influence of spun fibre
parameters on the sensitivity and contrast of the modulator.

o 2 =
=N !

Normalised ¢}

0.4

0 20 40 60 fo/kHy,

Figure 4. Frequency response of a Faraday modulator (the solid squares
represent the experimental data and the curve shows a theoretical fit).

Comparison of the calculated frequency characteristics
of the modulator to experimental data (Fig. 4) demonstrates
satisfactory agreement at low frequencies, where the mod-
ulation period exceeds the time it takes light to pass through
the fibre. The discrepancy at higher frequencies may be the
result of the averaging of the oscillating Faraday-effect-
induced phase shift, in particular because the current-
carrying solenoid is also a distributed element, which was
left out of consideration in the above theory.

Analysis of the frequency response (19) indicates that the
use of a Faraday modulator in an interferometer limits the
total fibre length. The nonreciprocity of the modulator
makes the use of a delay line, necessary in systems with
reciprocal modulators, unnecessary or even detrimental.

Consider now the influence of fibre parameters on the
sensitivity (scale factor) and contrast of the modulator. On
the one hand, to achieve high sensitivity and contrast the
condition Lg,/L, < 1 should be met, which allows waves
propagating through the fibre to remain almost circularly
polarised [7, 8]. On the other hand, L, should be small
compared to the beat length of the birefringence (L;,q)
induced by various deformations of the fibre, primarily by
small-radius coiling (R < 1 cm). However, for the former
condition to be met, too small a spin pitch will then be
necessary, unachievable at present for technical reasons.
Thus, a trade-off between these fibre parameters is needed.

To analyse the sensitivity of spun fibre, we used relation
(4). Figure 5 shows calculated S(Ly) for two spin pitches
corresponding to our experiments [curves (/) and (2) for

0.6 4
04 Al
0.2 r

0 1 2 3 4

Lp/mm

Figure 5. Relative sensitivity of the modulator as a function of the built-
in birefringence beat length for spun fibres with spin pitches Ly, = (1) 4
and (2) 3.5 mm (calculation). The filled squares represent experimental
data for L, = 1 mm, Ly, =4 mm and L, = 5 mm, Ly, = 3.5 mm.
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Ly, =4 and 3.5 mm, respectively]. The experimental data
are represented by filled squares. It follows from Fig. 5 that
the experimental data agree well with theoretical predictions
[6-8].

To analyse the contrast of the output signal of the spun
fibre modulator in an interferometer, we used relation (15).
Figure 6 shows calculated K(Ly) for two spin pitches [curves
(1) and (2) for Ly, =4 and 3.5 mm, respectively]. The
experimental data are represented by filled squares. The
reduction in contrast with decreasing L; can be accounted
for by the deviation of the polarisation states of the optical
modes from a circular polarisation, which decreases the
fraction of light involved in interference after the reflection
from the mirror [see (13)]. The discrepancy between the
theoretical prediction and experimental point for the type I
fibre may result from the influence of the fibre segment
between the coil and mirror on the contrast.

The present experimental and theoretical results can be
used to select parameters of spun microstructured fibres for
modulator coils.

K -
06 | 2"
ges
4
g
04 s
4
’
L4
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02F il
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’
(4
1 1 Il 1
0 1 2 3 4 Ly/mm

Figure 6. Contrast of the modulator signal as a function of the built-in
birefringence beat length for spun fibres at a constant spin pitch (the
curves show calculation results and the filled squares represent experi-
mental data). The parameters of the modulator are the same as in Fig. 5.

5. Conclusions

We have proposed an efficient phase modulator based on a
nonreciprocal Faraday effect in spun microstructured
optical fibres. Such fibres retain their magneto-optical
sensitivity even at small bending radii and enable multiturn
coils to be produced in order to achieve the required phase
modulation amplitude (several radians). The proposed
modulator is intended for use in interferometric electric-
current sensors. Its distinctive feature is direct (delay-free)
modulation, which requires no delay line. We have studied
the amplitude—frequency response of the Faraday modu-
lator in the range 0—80 kHz. The results demonstrate that
the modulator ensures high efficiency, approaching the
theoretical one, provided the modulation period exceeds the
time it takes light to pass through the fibre. Experimental
data show that the modulator is free of spurious signals at
the modulation frequency. We have examined the influence
of spun fibre parameters on the magneto-optical sensitivity
of the modulator and the contrast of its output signal in a
reflective interferometer with the aim of optimising fibre
parameters. The proposed phase modulator offers the
possibility of implementing a new optical scheme of an
electric-current sensor using one type of fibre: spun
microstructured fibre.
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