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Abstract. Fiber optic sensors dispose of some advantages
in the field of electrical current and magnetic field meas-
urement, like large bandwidth, linearity, light transmission
possibilities. Unfortunately, they suffer from some parasitic
phenomena. The crucial issue is the presence of induced
and latent linear birefringence, which is imposed by the
fiber manufacture imperfections as well as mechanical
stress by fiber bending. In order to the linear birefringence
compensation a promising method was chosen for pulsed
current sensor design. The method employs orthogonal
polarization conjugation by the back direction propagation
of the light wave in the fiber. The Jones calculus analysis
presents its propriety. An experimental fiber optic current
sensor has been designed and realized. The advantage of
the proposed method was proved considering to the sensi-
tivity improvement.
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1. Introduction

The development of magneto-optic sensors has
brought some new opportunities in current and magnetic
field measurement. The principle of magneto-optic effects
is based on the interaction between magnetic field and the
phenomenon of light refraction and reflection in transpar-
ent medium and on its surface [1]. Three basic magneto-
optic effects are known - Cotton-Mouton effect, Kerr sur-
face effect and Faraday effect [2].

The most important for current sensor application is
Faraday magneto-optic effect. Faraday effect causes the
electromagnetic wave polarization rotation due to the
magnetic field intensity in transparent material. The basic
properties of this effect are high linearity (in the case of
paramagnetic and diamagnetic materials), temperature
dependence and the dependence on the wavelength. The
magnitude of the effect depends further on the magneto-
optic material constant (Verdet constant) and on the

interaction length through which the wave travels in
magnetized material.

The property of magneto-optic material which has to
be observed is the presence of linear birefringence and its
rate to induced circular birefringence. Circular birefrin-
gence is induced by the magnetic field. By evaluating the
rate of circular birefringence it is possible to determine the
intensity of the magnetic field. The linear birefringence is
an undesirable effect which affects the polarization state of
the wave. Input linear polarization state is modified to the
elliptically polarized one and the sensitivity of circular
birefringence evaluation is rapidly decreased. The linear
birefringence can be of a latent origin. It can be induced by
outer mechanical and thermal impacts further. It is impor-
tant to watch the possibility of linear birefringence induc-
tion in designed sensors and try to prevent it. In the case of
some sensor fabrication it is not possible to satisfy this and
the requirement of suppression or compensation occurs.
Some methods for linear birefringence suppression based
on diverse principles [3], [4] have been published. The
most advantageous method is based on the compensation
of a phase shift of the orthogonal wave components. This
method utilizes orthoconjugation retroreflector which al-
lows the back propagation of the wave with conjugated
orthogonal components. The wave component which trav-
els forward aligned with the fast axis travels back aligned
with the slow axis. Equally, the forward traveling slow-
axis component travels back as the fast-axis component.
The phase shift which the wave components experienced is
equalized. The output polarization state is rotated by the
angle 6= 90° in respect to the input polarization state.

2. Faraday Magneto-Optic Effect

The Faraday magneto-optic effect induces the optical
activity due to the material magnetization. We can observe
this effect in lot of materials with crystallic and amorphous
structure. The analysis of Faraday effect appears from the
interaction of electric field intensity E of the wave and the
electron kinetics. Electrons represent oscillators described
by the equation of enforced oscillation of the undamped
harmonic oscillator [5]. The influence of the magnetic field
wave component is negligible due to its low intensity. In
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the presence of outer magnetic field with the flux density B
parallel to the wave propagation it is in force the equation
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where m, is the electron mass, e is the electron charge, r is
the vector which determines the electron displacement, &t

is the quasi-elastic force preserving electron in equilibrium.
Electric field of the wave polarizes the medium

P=-N.er (2)

where N, is the count of electrons in volume unit which are
deflected by the electric field. Substituting equation (2)
into (1) we get
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where ay is the eigenfrequency of the electron oscillator.
Equation (3) represents the system of two simultaneous
differential equations. We obtain two terms by their solu-
tion. One for the right-hand, the second for the left-hand
circular polarized wave in the medium

E = Eroejwt, E = Eloejwl' )

The macroscopic relation for the medium polarization
due to the electric field of circular polarized waves is in the
form

Pr = gOZrEr’ Pl = ‘C"OZIEI (5)
where y, and y is the dielectric susceptibility for right-
hand and left-hand circular polarized wave and & is the
permittivity of vacuum. Refractive index of the medium is
related to dielectric susceptibility

N“=g =1+y. (6)

Substituting equations (5) into system (3) and by the
utilization of relation (6) we obtain the relations for refrac-
tive index of right-hand and left-hand circular polarized
wave
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When we take into account certain simplifications [6]
we can differentiate equations (7). Consider | as an inter-
action length and B as the magnetic flux density, the po-
larization rotation angle is

3
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where n,=(n, + n;)/2 is the medium refractive index, V is
the Verdet constant which determines magneto-optic
properties of medium. It is obvious that Verdet constant
depends on the wavelength.

Equation (8) is the basic relation for Faraday mag-
neto-optic effect. The polarization rotation & is directly
proportional to magnetic flux density B in the interaction
length |. The effect is non-reciprocal. The polarization
rotation direction depends on the mutual orientation of
magnetic flux density B and the propagation direction. The
polarization of wave propagating in the direction of B
experiences a rotation with an angle 6. The polarization of
wave propagating in the opposite direction to B experi-
ences a rotation with an angle -6.

3. Integral Magneto-Optic Sensor

For the current sensor realization it is advantageous to
utilize the concept of integral fiber-optic sensor. Single
mode optical fiber serves as a magneto-optic element,
which is called Faraday rotator. The basic setup is shown
in Fig. 1.

Fig. 1. The principle of integral fiber-optic current sensor.

The sensor principle is based on the Ampere’s law
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where g is the permeability of Faraday rotator material. For
diamagnetic and paramagnetic materials holds = 1
where 14 is the permeability of vacuum. Magnetic flux
density vector B circulates round the conductor with the
current. Faraday rotator in the form of loop of optical fiber
encircles the conductor and implements the integration
loop in (9). Only currents which are encircled by the inte-
gration loop contribute to the flux density B. Further, the
magnitude of integral (9) is not affected by the conductor
position in the loop and does not depend on the integration
loop length. The influence of currents outside the sensor is
suppressed and it is not necessary to define the mutual
position of the conductor and the sensor. The optical fiber
can be wound with several loops around the conductor for
improving sensitivity. It is possible to construct a sensitive
sensor based on optical fiber with low Verdet constant.
With respect to (8) and (9) we can derive the relation for
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polarization rotation angle in fiber-optic sensor with
number of loops N

e(t)zﬂVSBB(t)-dl = 1, VNi(t)- (10)
|
For a given rotator with Verdet constant V the polari-
zation rotation in time At) depends only on the measured
current waveform i(t). The rate of the polarization rotation
and the measured current value can be evaluated by means
of polarimetry.

4. Linear Birefringence Suppression

Considering the need for preservation of single po-
larization state during the propagation the application of
single mode fiber is demanded. The fiber core material
(Si0,) has a relatively low Verdet constant value
V=367 rad-T"m". However, it is possible to provide
sufficient sensitivity with an adequate fiber loops count.
Winding a fiber in loops leads unfortunately to mechanical
stress and consecutively to linear birefringence formation
in the fiber core. The linear polarization of coupled light
wave transforms into elliptical polarization and sensor
sensitivity is decreased. Consider a single mode fiber with
diameter D, which is wounded into a single loop with ra-
dius R,. The specific phase shift d which experience both
orthogonal wave components is [7]

2
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where A is the wavelength of the couple light wave, E is
Young’s modulus, C. is the stress-optic coefficient. For
silica fiber, E.=7,45-10° Pa and C,=-3,34-10"' Pa’ at
A=633 nm [7].

Some methods for linear birefringence suppression
based on diverse principles have been published. The basic
method utilizes a twisted single mode fiber [3]. The twist-
ing imposes a circular birefringence into a fiber. The rate
of circular birefringence exceeds the rate of linear birefrin-
gence. A similar approach employs Spun HiBi fibers (Spun
High Birefringence) [4]. In this type of fibers a chiral stress
components are formed in the fiber cladding which impose
a circular birefringence. In both approaches the linear bire-
fringence can be neglected. The magneto-optic circular
birefringence is superimposed to the latent one and its rate
of change can be evaluated. The disadvantage of these
methods is strong temperature dependence of the latent
circular birefringence.

Another approach is fiber annealing [8]. A fiber coil
is fixed in a ceramic labyrinth. This setup is exposed to
annealing with a slow temperature rise in the range
10" + 10° °C/min. After the temperature achieves 800 °C,
it is stabilized for several hours. Subsequently, the tem-
perature is slowly decreased with steepness 0.1 °C/min.
The influence of high temperature treatment reduces the

inner mechanical stress in the fiber coil and the linear bire-
fringence rate is decreased. The temperature dependence of
residual linear birefringence is also reduced [8].

The sensors with back light propagation can be con-
structed for the birefringence compensation. This approach
exploits the non-reciprocity of Faraday effect and the re-
ciprocity of linear birefringence. The light wave is re-
flected on the far end and its polarization state is rotated
with an angle 6=90°. Then, it is coupled back into the
fiber. The light wave which travels the same path in the
opposite direction experiences a double polarization rota-
tion imposed by the Faraday effect, due to its non-recip-
rocity. The orthogonal wave components are swapped in
relation to the fast and slow fiber axis (as described in the
Introduction). The phase shift is equalized and the influ-
ence of linear birefringence disappears in the ideal case. In
the real case the power losses in the fiber and by the light
reflection lead to the presence of residual linear birefrin-
gence, which can decrease the sensitivity. The orthoconju-
gate retroreflector (OCR) is exploited for the light reflec-
tion and polarization rotation. The common term for this
component is Faraday mirror, Fig. 2.

fast fiber axis

permanent magnet

slow fiber axis

Faraday rotator &= 45°

Fig. 2. The principle of orthoconjugate retroreflector (OCR).

In Fig. 2, after the orthogonal wave components E;,
and E,y pass the optical fiber in forward direction, they
experience a rotation #=45°. When they are reflected by
the mirror, they pass the Faraday rotator again. The resul-
tant rotation is €= 90°. Now the orthogonal components
pass the fiber back but in complementary fiber axis. We
obtain a linearly polarized light on the close end of the
fiber with the rotation #=90°. When a magnetic field
influences the fiber, the polarization will be different from
the value #=90°. This can be evaluated by means of
polarimetry.

5. Theoretical Analysis of OCR

The Jones calculus can be exploited for theoretical
analysis of fiber-optic sensor with OCR. The analyzed
setup is shown in Fig. 3. For the simplification, following
analysis does not take into account power losses in a fiber
and on the optical components. In a real sensor, power
losses are always present and they decrease its sensitivity.
The next simplification is the assumption that the single
mode fiber which is being analyzed is free from intrinsic
linear birefringence. The linear birefringence is induced by



104 P. DREXLER, P. FIALA, UTILIZATION OF FARADAY MIRROR IN FIBER OPTIC CURRENT SENSORS

the fiber bending only. The experiments published in [9]
show that this can be fulfilled for commercially available
fibers. This allows to match the eigenstates to the coordi-
nate systems which simplifies the analysis as shown below.

Fig. 3. The Jones calculus description of fiber optic sensor setup.

The light wave on the input of an optical fiber is described
by the Jones vector J,. Consider the polarization angle
0=45° compared to vertical. The light wave passes the
fiber described by the matrix Tor and its polarization state
is changed. The resultant vector is
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is a geometric mean of phase shifts ¢ and & which are
imposed by the circular and unwanted linear birefrin-
gence [10].

The light wave J, has generally elliptical polarization
state and enters the OCR described by the matrix Tocr. On
the output we get
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The light wave passes the fiber in the back direction
and on its close end is described by the vector
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The resultant vector (15) is relatively difficult to ana-

lyze regarding to the investigation of birefringence. For the
solution of this challenge we can analyze the separate in-
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stances when only the linear or only the circular birefrin-
gence is present. The resultant polarization state is given by
their superposition.

Consider the presence of linear birefringence o only
(¢=0). It is possible to modify the relation (12)
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After the back propagation in the fiber the light wave
is described by the vector
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It is obvious that we obtain a linearly polarized wave
at the close end of the fiber. The polarization state is ro-
tated with an angle #=90°. The influence of linear bire-
fringence has disappeared.

In the second instance, consider the presence of cir-
cular birefringence ¢ only (J= 0) which is induced by the
measured magnetic field. The light wave at the far end of

1 | cos¢

fiber is described by the vector
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After the back propagation in the fiber the light wave
is described by the vector
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The term sin 2¢ in (19) represents the phase shift due
to the circular birefringence induced by the magnetic field.
The light wave travels the fiber twice experiencing a dou-
ble rotation 2¢. On the output of the fiber the polarization
state can be evaluated by means of dual quadrature po-
larimetry. Both components of vector J4 can be detected in
the channels with orthogonal polarizers (polarizing beam
splitter). The components of Jones vector represent the
electric field intensities. Optical power of the waves and
the voltages on detector’s output are proportional to the
square of electric field intensities in both channels. The
dependence of detected signal magnitudes on the rotation
is shown in Fig. 4 for both orthogonal channels. We can
find the characteristics linear for a small rotation angles.

22,5 -15,0 7.5 0,0 7.5 15,0 22,5
#[°]

Fig. 4. The dependence of detected signal magnitudes on the
polarization rotation.

6. Experimental Realization of Fiber
Optic Sensor

On the base of obtained results in previous chapter
a fiber optic current sensor has been designed. The sensor
utilizes OCR in order to linear birefringence compensation.
The scheme of the sensor is depicted in Fig. 5.

The source of the carrier optical signal is laser diode
L with a single mode fiber pigtail. By the help of mating
sleeve S1 the fiber is connected to the second one with
integrated collimator C1. The collimated beam is generally
elliptically polarized. Polarizer P ensures initial linear
polarization. After passing the non-polarizing beam splitter
NBS the beam is coupled into the fiber via collimator C2.

evaluation of
optical signal

sensing fiber part

Fig. 5. The scheme of designed fiber optic current sensor.

The mating sleeves S3, S2 join the sensing fiber part SF to
the part of the optical signal evaluation. C3 collimates the

beam for OCR and couples it back into the fiber. After the
back propagation, the divergent beam is collimated via C2
and its part is deflected by means of NBS. The polarizing
beam splitter PBS splits the beam in two orthogonal chan-
nels which are equipped with photodetectors PD1 and
PD2. PBS serves as a polarization analyzer. The whole
sensor is designed for wavelength 4= 633 nm since silica
fiber exhibits adequate magneto-optic sensitivity at this
point. Standard single mode FC connectors were chosen.
Polarizer P avoids the coupling of reflected beam back into
the laser diode’s pigtail, the power stability of the laser
diode is not affected in this way.

The proposed sensor was experimentally realized for
the pulsed current measurement in the range of kA. The
value of Verdet constant limits theoretical maximal current
value which is being measured. For the silica fiber with the
core material constant V =3.67 rad-T'm" the maximal
current value for one fiber loop N =1 is

0 T

| =l " ~170kA - (20)
HVYN 447107 -3,67-1

The period of analyzer PBS polarimetric function
ends at this point. In the real sensor the residual linear
birefringence caused by the power losses decreases the
sensor sensitivity and the maximal current value will be
higher. However, the rate of this effect is difficult to esti-
mate. It will depend on the way how the fiber is led to the
sensing fiber coil. The bandwidth restriction is placed by
the magneto-optical as well as by the electronic part of the
sensor. When we aim on the magneto-optical part we can
see that the bandwidth is limited by the time of light
propagation in the sensing fiber coil. Consider one fiber
loop with the radius R;=5cm, and the fiber refractive
index ng=1.5. The maximum bandwidth of the magneto-
optical part of the sensor is

_ 0,44c  0,44-3-10°

= - =280 MHz-(21)
2nRNN  27-5-107-1,5-1

For sensitivity comparison, the current pulse
measurement without and with the presence of OCR were
performed. The identical conditions were kept for both
cases. Fig. 6 shows a scheme of the experimental setup for
current measurement without OCR. The sensor setup util-
izing OCR is depicted in Fig. 7. By the reason of more
complicated optical components adjustment only absolute
polarimetric method with single analyzer A and single
photodetectors PD was realized for the OCR demonstration
purposes.

. ® PBS =
30 s O OF o}

Fig. 6. The experimental sensor setup without OCR.
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Fig. 7. The experimental sensor setup with OCR.

The experimental sensor setup employing OCR is shown in
Fig. 8. For current generation a pulsed source with an in-
ductive load was used [11]. The high voltage capacitor was
discharged into a system of coils. The circuit was switched
by the power thyristor module equipped with a control
circuitry and fly-back diode. Two sensing fiber loops en-
circled two wire loops of the inductive load. A double
current value was indicated then. The waveform of the
current pulse was measured by the Rogowski coil sensor
too. Since the output voltage of the Rogowski coil is pro-
portional to the derivation of the current, it was integrated
by means of the mathematical function of the oscilloscope.
A pigtailed laser diode with operating wavelength
A =633 nm and the power P = 10 mW was used as a laser
source. The whole fiber optic part of the sensor employed
asingle mode fiber SM600 with cladding diameter
D.= 125 um and core diameter d. = 4,3 um. Fig. 9 shows
a detailed view of the OCR and the beam splitter with inte-
grated fiber optic collimators.

laser beam splitter analyser

sensing fiber OCR

Fig. 8. The experimental setup of the magneto-optic current
fiber sensor with OCR.

Fig. 9. The beam splitter assembly with polarizer and integrated
collimators (left) and orthoconjugate retroreflector

(right).

Resonant discharge circuit produced harmonic
damped current waveform with oscillating frequency
f=59kHz and first peak’s value in the range of
I, = 1300+ 1600 A. The current value was obtained by the
help of a calibrated Rogowski coil sensor. Fig. 10 presents
waveforms which were captured by the measurement with-
out the OCR. Dual quadrature polarimetry using polarizing
beam splitter and couple of photodetectors was used for
optical signal evaluation [12]. The first waveform (from
the top) in Fig. 10 is the Rogowski coil voltage and the
second its integral, which indicates the real current wave-
form in the load with the top value I, = 1550 A. The third
and fourth waveforms are the voltages on the
photodetector’s outputs.

The waveforms which were captured by the current
pulse measurement with OCR are shown in Fig. 11. The
first waveform considered from the top is the Rogowski
coil voltage. The second waveform is its integral, which
represents the current waveform. The third waveform is the
photodetector’s output voltage. The duration of the current
pulse, which is represented by the sinus half wave, was
ty=8.5 pus and it reached the value up to I,=1600 A. It
hasn’t been able to achieve shorter pulses with this simple
current generator. But the main goal of this experiment was
to show the sensitivity improvement, not the bandwidth
possibilities.

< -13808 20008 Trgd % [ 3004

5000/ @ 5007/ @ 5.00v/ @

— |

Fig. 10. The waveforms captured by the
measurement without OCR.

current pulse

B 2000/ @ 500/ @ « 00s 50004 Trigd §f H 6007

Fig. 11. The waveforms captured by the
measurement with OCR.

current pulse
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When we compare the photodetector’s output volt-
ages in Fig. 10 and Fig. 11 it is obvious that only very low
sensitivity was achieved with the sensor without OCR. In
Fig. 10, the voltage value does not exceed 5 mV in the
moment of the current top I, = 1550 A.

The estimated voltage top value is U,=1.4mV. A
strong photodiode’s shoot noise and thermal noise of the
transimpedance amplifier dominates in the output signal.
When the sensor with OCR was used for the current pulse
measurement a much larger sensitivity was achieved, Fig.
11. The sensors output voltage U, =214 mV corresponds
with the current top I, =1365 A. The sensitivity has im-
proved by a factor Ag = 174. Interference is observable in
the waveforms in Fig. 11. It is probably caused by the steep
current rise by the thyristor switching.

7. Conclusion

The fiber optic sensors which have been described in
this paper represents an advantageous way for DC and AC
currents and magnetic fields measurement. Their advan-
tages become significant by the measurement of pulsed
quantities of very high level and very short time duration.
The galvanic isolation is important in high voltage systems
and prevents ground loops further. The carrier signal is a
light wave which can be transmitted for a long distance
without bandwidth limitation. The bandwidth is then de-
termined mainly by the electronic part of the sensor.

The drawback of the single mode fiber optic sensors
is the presence of latent and induced linear birefringence. It
significantly reduces the sensor sensitivity due to the po-
larization state degeneration. However, some methods offer
the suppression or compensation of the linear birefrin-
gence. In this work, the compensation method which util-
izes orthogonal polarization conjugation has been chosen
as a promising approach. It has been theoretically analyzed
by means of Jones calculus. The ability of linear birefrin-
gence compensation has been proved together with double
sensitivity improvement. The results of the analysis have
been experimentally demonstrated by the measurement of
the pulse current waveform.
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