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Temperature and Vibration Insensitive Fiber-Optic
Current Sensor

K. Bohnert, Member, OSA, P. Gabus, J. Nehring, and H. Brindie

Abstract—A robust interferometric fiber-optic current sensor
with inherent temperature compensation of the Faraday effect is
presented. Sensor configurations based on Sagnac and polariza-
tion-rotated reflection interferometers are considered. The sensing
fiber is residing and thermally annealed in a ceiled capillary of
fused silica. The capillary is embedded in silicone within a ring-
shaped housing. Ii is theoretically and experimentally shown that
the temperature dependence of the birefringent fiber-optic phase
retarders of the interferometers can be employed to balance the
temperature dependence of the Faraday effect (0.7 x 10—4/°C).
Insensitivity of the sensor to temperature within ¢.2% is demon-
strated between —35 °C and 85 °C. The influence of the phase
retarders on the linearity of the senser is also addressed. Further-
more, the sensitivity to vibration of the two configurations at fre-
guencies up to 500 Hz and accelerations up to 10 g is compared.
High immunity of the reflective sensor to mechanical perturbations
is verified.

Index Terms—~Current measurement, Faraday effect, nonrecip-
rocal wave propagation, optical fiber devices, optical fiber trans-
ducers, optical interferometry, optical phase shifters.

1. INTRODUCTION 4
URRENT sensors employing the Faraday effect in a coil
of optlcal fiber are very attractive for metering, control,

and protection in high-voltage substations. Advantages include

the inherent electric separation of the sensor electronics at

ground potential from the sensing fiber coil at high voltage as

well as the small size and weight. As a result, the sensors can be
mntegrated into existing high-voltage equipment such as circuit
breakers and bushings. This eliminates the need for bulky
stand-alone devices for current measurement. Furthermare, the
output signals, in contrast to the power outputs of conventional

inductive current transformers, are compatible with modern

digital control and protection systems. For a review of optical
current sensing techniques, see [1].

Applications in high-voltage substations often requ1re Sensor -

accuracy within 3:0.2% over a wide temperature range, typi-
cally from —40 °C to 85 °C [2]. Mechanical perturbations
should not disturb the signal in order to avoid erroneous trig-
gering of substation protection circuits. In the past, the perfor-
mance cf fiber-optic current sensors was often severely limited
by unacceptably high sensitivity to both temperature and vibra-
tion. The signal drifts with temperature were largely the result
of stress-induced linear birefringence in the sensing coil. In re-
cent years, considerable improvements have been achieved in
this regard by thermal annealing of the fused silica fiber coil
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[3] and by using flint glass fiber having low stress-optic coeffi-
¢ients [4]. Other approaches to suppress the disturbing effects of
linear birefringence are based on twisted fiber [5], fiber align-
ment along a helical path [6], spun ellipticaily birefringent fiber
[7}, and efectronic compensation techniques [8]. Polarimetric as
well as interferometric schemes have been employed to measure
the magnetooptic phase shifts [9], [10].

However, even a perfect fiber coif still exhibits the inherent
temperature dependence of the Verdet constant, which is 0.7 %
107% °C~* for fused silica fiber [11]. Hence, the signal varies
by about 0.9% over the described temperature range, which is
outside the tolerances of high precision sensor applications. In
this paper, a method is presented that aflows us to inherently
compensate the temperature dependence of the Faraday effectin
Sagnac and polarization-rotated reflection interferometers. The
sensors are built with annealed sensing fiber and employ ellip-
tical-core fiber phase retarders to generate the circular or ellip-
tical waves counterpropagating or copropagating in the coil.

First, we review the two sensor configurations and describe
the preparation and characterization of the annealed coil and
the retarders. Then, we theoretically and experimentally show
how to employ the small temperature dependence of adequately
prepared retarders to balance the temperature dependence of
the Verdet constant within 0.2% over a temperature span of
120 °C. Finally, we investigate and compare the sensitivity to
vibration of the two configurations at frequencies up to 500 Hz
and accelerations up to 10 g. It is verified that the reflective
sensor configuration is, to a high deoree immune to mechan—
ical perturbations.

II. SENSOR CONFIGURATIONS

Fig. 1 shows the Sagnac configuration of the sensor [10],
[12}-[14]. Two circular polarizations with the same sense of ro-
tation are counterpropagating in the sensing coil. (Deliberate de-
viations from circular polarization will be discussed in Section
IV.) The magretic field of the current induces a nonreciprocal

_phase shif between the two waves given by

As = 2y M
with g = VNI, Here, V is the Verdet constant of the fused
silica fiber (2.65 prad/A at 820 nm [15]), IV is the number
of fiber loops, and I is the electric current. The circular po-
larizations are generated from linear polarizations prior to en-
tering the coil by means of two short sections of elliptical-core
fiber acting as quarter-wave retarders [16]. Upon leaving the
coil, the circular waves are converted back to linear ones. Polar-
ization-maintaining elliptical-core fibers serve to transmit the
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Fig. 2. Reﬂectiv'e fiber-optic current sensor.

forward- and backward- -propagating linear waves, The polar-
ization directions of the linear waves coincide and are for ex-
ample parallel to the major core axis as indicated in Fig. 1. The
“broad-band semiconductor light source has a center wavelength
A near 820 nm. The scheme used to measure the current-induced
optical phase shifts is identical to that of an open-loop minimum
configuration fiber gyroscope [17]. Without further measures,
the detected intensity resulting from the interference of the two
returning linear waves is given by

I3 = I,(1 4 cos Agg) )
where /, is proportional to the laser diode optical power. By
means of nonreciprocal phase modulation {17], an output is gen-
erated that, for sufficiently small A¢g, changes linearly with
‘Adg. Here, the modulator is a disk-type or tube-type piezoelec-
tric ceramic (pzt) with a number of fiber turns wrapped around
it. ‘The pzt is driven at its resonant frequency and modulates the
- differential phase of the two interfering waves with an amplitude
eto of 1.84 rad. The current-induced phase shift Agg is then de-
termined from the signal components I;(vy,) and I4(22y,) at
the first and second harmonics of the modulation frequency v,
as follows:

Ta(vm) [ Ta(20m) = [(J1(e0)/ J2(e,)] tan{Ags).  (3)
J and J,. are the first- and second-order Bessel functions,
respectively. With a modulation amplitude o, = 1.84 rad,
J1(a,) is at its first maximum, which ascertains the maximum
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signal-to-noise ratio. An alternating current of frequency v,
gives rise to two side band signals at frequencies 1, & v, For
Ags < 1 rad, the relationship between da(vm )/ 1a(2vm ) and
Aps is approximately linear, and given by '

L{om)/ 1a(20m) = [(Fi(00) [ a{e))Ads. @)

"A sensor output that is linear over a wider range can be achieved

by digital signal processing.

In the polarization-rotated reflection interferometer also
known as inline configuration [18]-{20], [14], the transmission
dircction of the fiber polarizer is at 45° with respect to the
birefringent axes, = and ¥, of the elliptical-core fiber lead. Thus,
two waves with orthogonal linear polarizations copropagate
toward the sensing coil (Fig. 2). Prior to entering the coil, the
linear polarizations are converted into left and right circular
polarizations, again by an elliptical-core fiber retarder. At the
coil end, the circular lightwaves are reflected and pass the coil
a second time. Upon reflection, the polarizations are swapped,
ie., left circular turns into right circular polarization and vice
versa. The quarter-wave retarder converts the returning circular
waves back to orthogonal linear waves. Compared to the
forward-traveling linear waves, the new polarization directions
are also interchanged, i.e., the forward waves polarized along
z and y become backward waves polarized along v and z,
respectively. Finally, the two orthogonal waves are brought to
interference in the fiber polarizer. As a result of the polarization




BOHENERT ef al.: TEMPERATURE AND VIBRATION INSENSITIVE FIBER-OPTIC CURRENT SENSOR

annealed fiber fused silica capillary

nitrogen gas

elliptical-core retarder

fibers

sensor coll
housing

silicane

Fig. 3. The bare sensing fiber is residing and thermeally annealed in a coiled
capillary of fused silica (for clarity, only cne Ioop is shown). The coil of capillary
is embedded in silicone within a sealed housing.

swapping, the overall accumulated optical path imbalance of
the interfering waves is zero. The current-induced nonreciprocal
phase shift of the two waves is twice as large as in the Sagnac
configuration
Agp = 4dpr. (5
The nonreciprocal phase modulator of the reflective configura-
tion modulates the birefringence of the polarization maintaining
fiber lead and thus the differential phase of the two orthogonal
waves. Because it is difficult to obtain a sufficiently large modu-
lation depth (i.e., 1.84 rad) with elliptical-core fibers, a fiber sec-
tion with stress-induced birefringence is used for the modulator.
Apart from the reduced number of components, the reflection
configuration has the important benefit that it is highly immune
to mechanical shock and vibration [14], [21]. In both sensor
configurations, vibration-induced perwurbations are, for the
most part, common mode for the two interfering waves and,
therefore, tend to cancel each other. In particular, in the reflection
interferometer, the perturbation of the differential phase of the

forward-propagating waves is largely canceled on the return .

trip as a consequence of the polarization swapping. Remaining
dynamic disturbances of the sensor signals are mainly due to the
relative time delay between the two counterpropagating waves
{Sagnac sensor) or the forward- and backward-propagating
waves (reflective sensor) at a given location along the fiber.
However, the differential phase of the two orthogonal waves of
the reflective sensor is disturbed by about a factor of 1000 less
than the phases of the two individual waves of the Sagnac sensor.
Therefore, disturbances that can be observed in the Sagnac con-
figuration are mostly negligible in the reflective configuration.
Furthermore, in contrast to the Sagnac configuration, the reflec-
tive sensor is insensitive to rotational movements of the fiber coil
(Sagnac effect). '

III. FIBER COIL AND RETARDERS

- Fig. 3 illustrates the packaging of the sensing fiber coil
{shown here for a coil operated in transmission). The bare

269

sensing fiber, with low intrinsic birefringence, 80-pm outer
diameter, and retarders at both ends, resides in a coiled capillary
of fused silica. The inner and outer capillary diameters are 320
and 400 pm, respectively. For clarity, only one fiber loop is
shown in Fig. 3. Note that, in reality, the quarter-wave retarders
are positioned mext to each other so that a fully closed coil
results. The coil is thermally anneated to eliminate the bend-in-
duced mechanical stress [3]. The capillary is filled with dry
nitrogen and embedded in silicone inside a sealed ring-shaped
housing (see Fig. 4). A perturbation of the circular polarization
states by mechanical stress and, hence, a deterioration of the
sensor precision is avoided in a simple and reliable manner.
The residual birefringent phase retardation in the sensing fiber
after annealing is typically between 2° and 6° and is almost
independent of temperature (Fig. 5). The coils investigated had
up to 15 fiber loops and diameters of 137 and 117 mm.

Asmentioned previously, the quarter-wave retarders are short
sections of elliptical-core fiber with the birefringent axes at 45°
with respect to the axes of the elliptical-core fiber leads and a
length corresponding to a quarter of the fiber beat length [16].
Here, the beat length is about 3 mm. Fig. 6 illustrates an efficient
procedure to manufacture the retarders. The method does not
require active core axis alignment and accurate fiber cleaving
to a defined length. A piece of elliptical-core fiber is fusion
spliced to the low-birefringent sensing fiber. Subsequently, the
two fused fiber sections are twisted by 45°. The twisted fiber
stretch is typically aboui 5 cm in length. Next, the elliptical-core
fiber section is heated in the arc of the splicer at a position sep-
arated from the splice by the proper length of the retarder. With
adequate translation equipment, this position can be adjusted
with a precision of a few micrometers. At the heated location,
the fiber softens and the twist relaxes, resulting in the desired
45° angular offset in the core orientation. Although the offset
is not abrupt—core imaging shows that the axis rotation takes
place over alength of 500 pm—perfect circular polarization can
almost be achieved. As a consequence of the nonzero length of
the rotation zone, the overall length of a 90° retarder is some-
what larger than it would be in the undisturbed fiber.

It was found that it is advantageous to prepare the retarder
with a little overlength and approach the desired retardation by
fine tuning the birefringence. To this purpose, the retarder sec-
tion itself is heated in the arc of the splicer. This causes the Ge
dopants in the core to partially diffuse out into the cladding and
results in a reduction of the birefringence [22]. An additional
mechanism may be a change in the intrinsic fiber stress induced
by the heating. By successive short-time heating, the retardation
can be reduced in a controlled manner by at least 25°. The pro-
cedure proved io be very useful for the implementation of the
inherent temperature compensation discussed here.

Elliptical-core fiber retarders are advantageous in that retar- -
dation changes with temperature are relatively small. The retar-
dation p of a 93.5° retarder made from such a fiber was found
to decrease essentially linearly at a rate of 6p/6T = (—2.05°
+ 0.1°) x 1072 °C™L or (1/p)6p/6T = (-2.2 £ 0.1) x
107%°C~1 at 816 nm (Fig. 7). In contrast, the temperature de-
pendence of fibers with stress-induced birefringence is larger by
roughly an order of magnitude [23].
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Fig. 4. Photograph of coil housing.
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Fig. 5. Residual birefringence of sensor fiber coil (without retarders) versus
temperature after thermat annealing, The birefringent phase retardation before
annealing was about 84°.

TV. INHERENT TEMPERATURE COMPENSATION OF THE
FARADAY EFFECT

- We use the temperature dependence of the quarter-wave re-
tarders and its effect on the scale factor, i.e., on the sensitivity of
the sensor, to inherently compensate the variation of the Verdet
constant with temperature. Nonperfect quarter-wave retarders
(that is, retarders with retardations deviating from = /2) have

been discussed by Frosio et al. [19], [20] and Short ezl [16]. In
the following sections, the wave propagation in the iwo types of
interferometer is analyzed in further detail, assuming retarders
of varying retardations, and then it is shown both theoretically
and experimentally how the retarders can be employed for tem-
perature compensation.

A. Sagnac Configuration With Retarders of Varying
Retardation

The simple relationships between ¢p (i€., the current) and
the observed phase shifts A¢g and Ag g, as given by (1} and (5),
are valid only for circularly polarized light waves in the sensing
coil, which presupposes retarders with true «/2 phase retarda-
tion. If the retarders deviate from 7 /2—for example, as a result
of temperature variations or manufacturing tolerances—the in-
coming linear polarizations are converted into elliptical ones.
Bach of the two elliptical polarizations counterpropagating in
the coil of the Sagnac interferometer can be viewed as a su-
perposition of two circular waves, namely, a main wave with
the correct sense of rotation and an odd wave with opposite
sense of rotation. The amplitudes of the main and odd waves
vary in proportion to cos(e,/2) and sin(e/2), respectively, with
¢ being the deviation of the retarders from /2. Another non-
perfect quarter-wave retarder at the exit of the coil converts any
of these circular waves into a polarization state that can be con-
sidered as a superposition of two orthogonal linear polarizations
with directions parallel to the major and minor core axes of the
exit fiber lead. The amplitudes of these orthogdnal waves are
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Fig.7. Phase retardation p of elliptical-core fiber retarder versus temperature.

obtained by again multiplying the amplitades of their circular
parent waves with-cos{e/2) and sin(z/2}, respectively.

The complex amplitudes, including the phases, of the waves
returning from the coil are obtained from a Jones matrix de-
scription of the light propagation [24], [19], [16]. In the Sagnac
configoration, we define the directions of the birefringent axes
of the elliptical core fiber leads as z and y. We further assume
that the polarizer is aligned along =, and take as unity the am-
plitudes of the two linear waves propagating in clockwise {cw)
and counterclockwise (ccw) directions toward the coil. In the
ideal case of true /2 retarders, the amplitudes of the returning
waves with polarizations along « and y are then simply given as

B, ow =iexpli(x — ¢r)] (62)
B cow =1 expli(x + wr)l (Gb)
Ey.ow =0 (6c)
By, cow =0 (6d)

with ¢ = VNT. x is the angle between the fast axes of the re-
tarders. Optical losses are neglected and the coil is assumed to
be free of linear and, in the absence of a current, circular bire-

fringence. Phase terms introduced by the nonreciprocal phase

modulator are omitted here (without limiting the validity of the
considerations) and will be addressed in Section IV-C. If the
two retarders deviate from /2 by the amounts g1 and z2, TE-
spectively, one obtains instead

By, cw =icos(e1/2) cos(e2/2) expli(x — ¢F)]

— isin(e;/2) sin(e2/2) exp[—i(x — ¢F)]  (72)
Ee, cow =ic08(22/2) cos(e1/2) expli(x + o7 )]
— isin(ea/2) sin(e1/2) exp{—i(x + ¢r)]  (7b)
By cw = —cos(e1/2) sin(e2/2) expli(x — o5}l
— sin(e1/2) cos(e2/2) exp{—i(x —pr)] (7€)
By o =  cos(ea/2)sinfes 2) expli(x + ov)]
— sin(eg/2) cos(e1/2) exp[~i(x + ¢r)l- (7d)

Each of the two returning linear waves along =, Ez cw, and
E; ccw whose interference signal is detected can also be viewed
as a superposition of a main and an odd linear wave. In the spe-
cial case of g1 = €9 = &, the amplitudes of the two main waves
are reduced by a factor of cos?{s/2) compared to the case of
true /2 retarders. The odd wave amplitudes increase in pro-
portion to gin(g/2). The phase of the odd waves with respect
to the main waves depends on the relative alignment of the fast
axes of the two retarders. At zero current, the odd waves are
in phase with the main waves for -orthogonal alignment (x =
90°) and are opposite in phase for paraliel alignment (x = 0°).
The nonreciprocal differential Faraday phase shift of the main
waves is 2¢p. The odd waves experience an equal shift, but of
opposite sign. The waves returning with polarizations along 4,
i€, Foy ow and By cow, are orthogonal to the transmission di-

- rection of the polarizer and are therefore not detected. Note that

the phase delays between 2 and y polarizations as a result of the
birefringence of the fiber leads are not considered in (6) and (7)
because, other than in the reflective configuration, they have no
effect in the Sagnac configuration. '

The phase difference between Eg ow and FEq, cow can be
written as '

Ad¢g = arctan
(cose; + cosez)sin 2pF

{8}

(1 + cosey cosen) cos 2pp — siney sin gz cos 2x
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In the special case of small Faraday phase shifts ¢7 and equal
retarders, i.e., 81 = g2 = &, the nonreciprocal phase difference
for parallel and perpendicular retarders is approximated by

A¢g =2¢pr/ cose, x =0 (9a)

and
x = 90°.

Agg =2ppcose, (9b)

For small £, (9a) and {Ob) further reduce, in agreement with [16],
[19], to Ads = 205 (1 & £2/2) with the plus and minus signs
referring to parallel and orthogonal retarders, respectively. In the
case of a 45° angle between the fast retarder axes, Ay is given
by Ags = Jprp(l - e*/8) [16].

The detecied intensity resulting from the superposition of
ES) and ESZ), can be written as

Iy = (1,/2) cos® pp(sin® x + cos® e cos® ).  (10)

B. Reflection Configuration with Retarders of Varying
Retardation

The amplitudes of the forward-propagating linear waves, now
with polarizations along % and y, are again assumed as unity. In
the case of a true /2 retarder, the amplitudes of the returning
linear waves are given by

E. =iexp(—i2¢r) (11a)
E, =iexp(i2ep). (11b)
If the retarder deviates by £ from /2, one obtains
E, =icos®(e/2) exp(~2ipr) — i sin®(£/2)
- exp(2ipF) — cos(e/2) sin{e/2)
- [exp(i(Af + 2pF)) + exp(i{A8 — 2¢r))] (12a)

Ey =1 cos®(e/2) exp(2ipr) — isin®(e/2)
- exp{—2ipr) — cos(e/2) sin(=/2)
- lexp(—i(A8 + 2pr)) + exp(—i(A8 — 2pF))]. (12b)

The first two terms in (12a) and (12b) describe the coherent
waves returning with swapped polarizations, i.e., polarizations
orthogonal 1o those of their forward-propagating parent waves.
The third and fourth terms represent the waves returning with
unswapped polarizations. The corresponding waves in the
Sagnac configuration return with polarizations along ¥ and
are blocked by the polarizer. As a result of the birefringence
of the elliptical-core fiber, the unswapped waves accumulate
optical path imbalances £AL = =AngL with respect to
- the swapped waves. Here, An, is the group index difference
between the orthogonal polarizations and L is the length of
.the elliptical-core fiber lead. The path imbalances are much
longer than the coherence length of the broad band source aad,
therefore, the unswapped waves interfere incoherently and
-have no effect on the recovered nonreciprocal phase shift. The
‘phase differences =A@ associated with these path imbalances
are given by A# = 2rAnL/), with An representing the
birefringence of the elliptical-core fiber.

The current-induced phase difference A¢r between the co-
herent terms of E,, and E, is, apart from the doubled Faraday
phase term (4dpp instead of 2¢p), the same as the one in the
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Sagnac configuration with identical parallel retarders (g1 =
g2 = g, x = () as follows?

2cosesindep

A¢pg = arctan (13)

(14 cos? ) cosdpr —sin’ e

For smafl Faraday phase shifts, ¢z, the phase difference can be
approximated analogously to the Sagnac cenfiguration as

Adp = dpp/cose. (14)
In general, the detected intensity is given by

Ia = (Io/2) cos® Zpr

[cog® e+ (1/2)sin? & (1 + |y(2AL)| cos(dm LAn /X)), (15)

The term governed by gin? £ is due to the unswapped waves. It
depends on their degree of coherence, [y(2A L)), and oscillates
in case of, e.g., thermal variations in the birefringence An and
the length I of the elliptical-core fiber lead. With alow coherent
source, |7(2AL)| is essentially zero and (15) reduces to
1 = (Io/2) cos® 2pp[cos® s + (1/2)sin®e].  (16)
Apart from the term (I /4) cos? 2 sin® £, which describes the
intensity of the incoherent light, (16) is equivalent to (10) for the
Sagnac configuration with ¥ = 0. '

Tt is obvious from (%) and (13) that the relationship between
the recovered phase shifts A¢yg r and the Faraday phase shift
@ of a sensor with imperfect /2 retarders, i.e., with & # 0, is
nonlinear (Fig. 8). Although the nonlinearity strongly increases
with increasing ¢ and @, it can be neglected in many practical
cases. For example, for a reflective sensor with a 100° retarder,
as discussed here, the error remains below 0.2% as long as Agp
does not exceed 50°,

The scale factor also changes if the angle between the bire-
fringent axes of the elliptical-core fiber leads and the retarders
deviates by an amount AfF from a perfect 45° orientation
[19], [16]. For a given &, the signal decreases in proportion to
cos(2A0), if Af and & are small. For small g and arbitrary
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the Verdet constant with temperature (see Fig. 10). '

A and e, the nonreciprocal phase shift in the reflective sensor
is given by

cose cos(2A85) !
Apr = dpF.
or cos?e +sin® & sin?(2A8) or

(an

C. Nonreciprocal Phase Modulation With Retarders of Varying
Retardation

With nonreciprocal phase modulation & = o, sin(27vmt),
the detected intensity in the Sagnac configuration is given by

Iy = (Io/2){sin® x[cos(ct/2) cos ¢ +sin{a/2) sin o F cos e]?
+ cos? x[cos(a/2) cos pp cos € + sin(o/2) sin er]?} (18)

and the intensity in the reflection configuration is given by

Iz = (Io/2){[cos(/2) cos 2pF cos & + sin(a/2) sin 2¢F]*

+(1/2) sin® e cos® 2pp ). (19)

It can be shown that the components of I, at the first and second
harmonics of the modulation frequency vm give, if inserted in
(3), the current-induced phase shifts of (8) and (13). Therefore,
the considerations in Sections IV-A and IV-B remain valid in
case of signal recovery based on a nonreciprocal phase modula-
tion scheme.

D. Application to Inherent Temperature Compensation

Fig. 9 shows the normalized sensitivities for the two sensor
configurations as a function of the phase delay of the retarders,
p = /2 + &, according to (9a), (9b), and (14}; see also [19],
{201, [16]. The normalized sensitivities are defined as the ra-
tios Ads/20r and Adg/dor, respectively. The temperature
dependence of the retarders and its effect on the sensitivity is
now employed to compensate the temperature dependence of
the Verdet constant. Considering the Sagnac configuration with

effect of temperature dependent retarder, pg, = 100.4°

1.02 == /
— ~
E=] S
o -
\ el
¥ ) S
£ | combined contributions -
& 1.01
- contribution from
2 temperature-dependent Verdet constant
g (1) BVIST = 0.7x10° T I
2 1.00 \\
Sl 1 P 1 I 1
~40 -20 0 20 40 60 80

Temperature (°C)

Fig. 10. Individual contributions of Verdet constant and adequately prepared
retarders to temperature dependence of scale factor (Sagnac configoration with
parallel retarders and reflective sensor). The combined contributions result
in a temperature-independent sensitivity. The temperature dependence of the
retardation p of (1/ p)8p /6T = —2.2 x 10~3 *C~! requires the setting of the
room temperature retardation prr to 100.4° 1o compensaie the temperaiure
dependence of the Verdet constant 1 of (1/1)8V/6T = 0.7 x 10-*eCt,

parallel alignment of the identical retarders or, equivalently, the
reflection configuration and assuming retarders with a temper-
ature dependence as shown in Fig. 7, we set the room tempera-
ture retardation to 100.4° rather than 90°. The heavy curve seg-
ment on the upper branch in Fig. 9 then indicates the variation
in sensitivity as a result of the change in retardation with tem-
perature. This variation in sensitivity just offsets the tempera--
ture dependence of the Verdet constant, as depicted in Fig. 10.
It is clear from Fig. 9 that room temperature retardations larger
than 100.4° result in overcompensaiion, whereas those smaller
than 100.4° result in undercompensation or even an enhanced
temperature dependence if the retardation is chosen below 90°.
The room temperature retardation must be between 98.4° and
102.2° if the residual temperature dependence of the sensor is
to be kept within +0.2% over a temperature range of 125 °C
(—40 to 85 °C). Temperature compensation of the Sagnac con-
figuration with orthogonal retarders of equal delays requires re-
tardations of 76.5° (heavy segment on lower branch). Note that
the absolute change §p in retardation decreases with p. '

The compensation scheme is rather straightforward to imple-
ment for the reflective sensor because only the retardation of a
single retarder must be adjusted. In contrast, in the Sagnac con-
figuration, both the retardations and relative angular orientation
of two retarders must be properly set.

In order to verify the concept, several reflective current
sensors were prepared with retarders having phase delays
between 60° and 109° at room temperature, The sensor signals
were measured as a function of the tetarder temperature for”

‘an alternating current of comstant amplitude. The retarder

temperature was varied between room temperature and 100 °C
with a precision of 0.2 °C by exposing the retarder to an air
stream of controlled temperature. The sensing fiber was kept at
room temperature. For simplicity, the fiber was aligned straight
and placed into the magnetic field inside a solenoid. Fig. 11
compares the experimental signals [recovered root mean square
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Fig. 11. Experimental and theoretical sensor signals (reflective current sensor)
as a funetion of the retarder temperature. The temperature of the sensing fiber
was kept constant. The four data sets correspond o sensors having retarders
with rogmt temperature rerardations prr of about 90°, 160°, 112°, and 62°.

The theoretical curves were calculated according to (13) using the measured

temperature dependence of the retardation of (1/p)ép/ 6T = —2.2x107%/°C.
" The 100° retarder results in a slope of —0.63 x 10— 4/°C, which largely cancels
the temperature dependence of the Verdet constant.

(rms) optical phase shifis] with theory, i.e., with the normalized

sensitivity, A¢r/4er, according to (13). The experimental .

data points were normalized with a common factor such that
the signal at a retardation of 90° corresponded to unity. The
theoretical curves were computed using the experimentally
~ determined temperature dependence of the retardation p of
(1/0)6p/6T = —2.2 x 107%/°C from Fig. 7 and treating the
room temperature phase delays of the retarders as adjustable
parameters. The resulting retardations of 90.0°, 100.2°, 111.7°,
and 62.3° agree well with the experimentally measured retar-
dations, which were 90°, 101°, 109°, and 60°, respectively,
with an uncertainty of about £1.5°. Also, the variations in
the experimental and theoretical sensitivities with retarder
temperature are in good agreement. Some noticeable deviations
in the case of the 62° retarder are attributed to its short length.
Here, modifications of the fiber properties cavsed by splicing
are more pronounced. It should be mentioned that the 101°
and 90° retarders were obtained from the 109° retarder (with
1050 pm in length) by consecutively reducing the retardation
by fine tuning, as described in Section III.

By varying the temperature of the sensing fiber while
keeping the retarder at constant temperature, we determined
the temperature dependence of the Verdet constant. We found
(1/V)dV/dT = (0.75 £ 0.25) x 10~%/°C, which is consistent

with published data [11].
" Finally, a reflective sensor was prepared with an annealed
coil {two loops) and a retarder (added after annealing of the
~ coil) whose retardation was set for temperature compensation

of the Paraday effect. A variation of only the retarder temper- .

ature (between 22 and 100 °C) changed the normalized signal
at atate of (—0.7 £ 0.1) x 107%/°C. Fig. 12 shows the signal
as a function of the coil temperature (common temperature of
retarder and sensing fiber) between —35 and 85 °C. The signal
remains constant, welt within £0.2%, as required in demanding
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Fig. 12. Signal versus coil temperature for a iemperature-compensated
reflective current sensor.

high-voltage substation applications. The slight overcompensa-
tion (—0.14 x 10~% °C~1) is consistent with the tolerances of
the retarder manufacturing and the uncertainty in the tempera-
ture coefficient of the Verdet constant.

V. SENSITIVITY TO VIBRATION

The excellent performance of the reflective sensor under me-
chanical vibrations has been already reported in [21]. Here, we
further confirm these findings by a direct comparison of the
Sagnac and reflective configurations. The packaged sensor coils
were mounted on a vibration table and subjected to harmonic
accelerations of up to 10 g at frequencies up to 500 Hz. The ac-
celerations were applied parallel and perpendicular to the plain
of the coil. The coil of the Sagnac sensor had nine fiber loops,
the coil of the reflective sensor had two loops (which is equiva-
lent to a Sagnac sensor with four loops). Note, however, that the
vibration-induced signal in terms of equivalent current should

_ be approximately independent of the number of fiber loops.

The outstanding performance of the reflection configuration
is seen in Fig. 13, where the sensitivity to vibration (here, ex-
citation parallel to the plane of the coil) of the two sensors is
compared in the range 20-500 Hz at an acceleration of 5 g. The
Sagnac sensor shows vibration-induced signals corresponding
to about 5 A rimns (disregarding the peaks due to uncontrolled
resonant table vibrations perpendicular to the nominal vibra-
tion direction). For the reflective sensor, no vibration effects
are seen, i.e., there is no noticeable difference in the recorded

- spectra with and without vibration. Note that the spectra were

recorded by sweeping the vibration frequency and detecting the
signal spectrum with a dynamic signal analyzer in a peak hold
averaging mode. In the presence of detectable signals (Sagnac
sensor), this procedure results in the rms amplitude spectrum of
the sensor output. In the absence of detectable vibration signals,
as in the case of the reflective sensor, the spectrum shows peak
noise which occurred during the sweep period (a few minutes).
The spectrum of the reflective sensor in Fig. 13 shows the dif-
ference of the recorded spectra (peak noise spectra) with and
without vibration. Fig. 14 compares the vibration-induced rms
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Fig. 14. Vibradon-induced signals in terms of equivalent current for the
Sagnac and reflective sensor configurations, respectively, as a function of
acceleration. The vibration frequency is 50 Hz.

signals at a fixed frequency of 50 Hz as a function of the accel-
eration. Even at 10 g the reflective sensor was not affected by
vibration, i.e., the signal perturbations corresponded to less than
‘the noise equivalent current of about 0.2 A rms/y/Hz. Similar re-
sults were obtained for vibrations perpendicular to the plane of
the coil.

V1. CONCLUSION

A robust temperature- and vibration-insensitive fiber-optic
current sensor has been demonstrated. Sagnac and polarization-
rotated reflection interferometer configurations of the sensor
were considered. The sensing fiber is residihg and thermally
annealed in a capillary of fused silica. This makes simple pack-
aging of the coil possible and prevents deterioration of the signal
by temperature dependent linear birefringence. The birefringent
phase retarders of the sensor, which generate the elliptical waves
counter- or copropagating in the coil, consist of a short section
of elliptical-core fiber. The 45° angular alignment of the retarder

275

axes with respect to the axes of the ellipticai-core fiber lead is
achieved by relaxation of a 45° fiber torsion in the arc of a fu-
sion splicer. The retardation is fine tuned to the desired value by
mulktiple short-time heating of the retarder in the splicer.

The optical wave propagation in the two interferometers
for nonguarter-wave tetarders was analyzed in detail. For
small Faraday phase shifts, the sensitivity of the sensor varies
in proportion © 1/cose, with € being the deviation of the
retardation p from /2, both for the Sagnac configuration with
parallel alignment of the fast retarder axes and for the reflective
configuration. The sensitivity varies proportionally to cose for
the Sagnac configuration with orthogonal alignment of the fast
axes. The temperature dependence of the retardation was em-
ployed to inherently balance the temnperature dependence of the
Faraday effect (0.7 x 10~% °C~1). This requires setting of the
room temperature retardation to an appropriately chosen value
(here, 100°, in the case of the reflective sensor). Insensitivity of
the sensor to temperature within 0.2% between —35 and 85 °C
has been achieved. The nonlinearity in the signal-versus-current
relationship, which occurs for € # 0, stays below 0.2% in the
case of 100° retarders as iong as the cuirent-induced phase
shift between the interfering waves does not exceed 50°.

In particular, the reflective sensor configuration was found to
be undisturbed by vibrations of the coil at accelerations up to
10 g and frequencies up to 500 Hz. Thus, the sensor fulfills the
essential requirements of the electrical power industry.
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