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Abstract—Highly elliptically birefringent fibers have been fabricated
by spinning a linearly birefringent fiber during the draw. These fibers
are particularly interesting for application as Faraday-effect fiber cur-
rent monitors, since, in contrast with conventional fibers, they can be
wound in small multiturn coils while retaining their sensitivity. The
fiber and its exploitation in three optical schemes are modeled using
Jones calculus and also experimentally investigated. A simple optical
configuration is proposed, combining the elliptically birefringent fiber
and a broad-spectrum light source. An accurate, compact, and robust
current monitor is obtained. The sensor is characterized by a mea-
surement repeatability of +0.5 percent, a temperature drift of 0.05
percent /°C and a sensitivity of 1 mA rms /Hz'/%, Further, we predict
the performance of this sensor with optimized fiber length for a given
measurement bandwidth.

I. INTRODUCTION

INCE THE early demonstrations of the principle of

optical fiber current monitoring by Smith [1] and Papp
et al. [2]-[4] there has been much research and develop-
ment aimed at understanding the polarization properties
of the fiber [5]-[16], developing optical signal processing
schemes [17] and engineering a robust fiber-optic current
sensor [18]-[20]. The main impetus for this work has
come from the electrical power industry, since the fiber
current monitor offers several advantages over conven-
tional current transformers. Perhaps the most important
of these is that the fiber is a dielectric and thus does not
require the usual costly and bulky oil-filled electrical in-
sulation tower, with its tendency to explode if breakdown
occurs. This problem becomes more significant as trans-
mission line voltages increase. A further advantage is that
the fiber current sensor is able to detect transient electrical
faults owing to its high measurement bandwidth, (limited
only by the optical transit time of the light within the fi-
ber). In addition, it is lightweight, small in size, and po-
tentially less expensive.

The fiber current sensor consists of a coil of fiber wound
around the current-carrying conductor, a light source, and
a polarization analyzer [1], [2]. The Faraday effect causes
a rotation of the plane of polarization of the light propa-
gating in the fiber in proportion to the current flow. Anal-
ysis of the output plane of polarization therefore provides
a measure of current.

The problem central to the development of a practical
device is that of linear birefringence in the fiber, invari-
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ably present as a result of intrinsic manufacturing imper-
fections (core ellipticity, anisotropic stress) [16], [21] or
induced by bending [11] and transverse pressure [13]. The
linear birefringence interferes with the Faraday-induced
rotation and even if present in small amounts makes it
nearly unmeasurable. A simple rule is that the maximum
usable fiber length in which Faraday rotation can be mea-
sured is one half of the fiber polarization beat length, de-
fined as the length in which 2 phase slippage occurs be-
tween the two orthogonal linearly polarized modes of the
fiber. Typical fibers have a beat length of a few meters
when straight, or a few centimeters when packaged or
wound in small coils. Thus whatever the length of the
fiber employed in the current sensor coil (usual tens to
hundreds of meters), the presence of linear birefringence
can reduce the effective fiber interaction length to less than
a meter. Moreover, packaging effects are environmentally
unstable and this results in a variation in interaction
length, and hence sensitivity, with time.

Early work to overcome the birefringence problem
aimed at producing a low-birefringence fiber by spinning
the preform during fiber drawing [6]-[9] to average the
fast and slow birefringence axes. Such a fiber has been
successfully commercially developed and has been widely
used in experimental and prototype current monitors.
However, when coiled the fiber suffers from bend-in-
duced birefringence [11] which can catastrophically re-
duce the current sensitivity.

It has long been realized [10] that it is an indispensable
requirement for measuring Faraday rotation to induce suf-
ficient circular birefringence into the fiber to swamp the
bend- and packaging-induced linear birefringence. The
Faraday-induced rotation (a form of circular birefrin-
gence) then co-exists with the fiber intrinsic circular bi-
refringence and is additive to it, thus allowing the full
rotation to be measured.

Circular birefringence can be introdiiced into the fiber
by torsional stress induced by twisting [10]. However, the
number of turns per meter that the fiber can withstand be-
fore breakage ( ~ 100) limits the degree of circular bi-
refringence which can be produced to a relatively low
value and the fiber remains sensitive to the introduction
of bend birefringence {8]. Thus the minimum coil size
which can be wound is restricted to ~20-cm diameter. A
further consequence is that the fiber has a long optical
rotation length (typically 15 cm) and thus is sensitive to
pressure which occurs over a length less than this. In par-
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ticular, dynamic pressure caused by vibration Lias proved
to be a severe problem [22].

Day [15] has tried to overcome the bending problem by
annealing coiled fiber to remove the bend-induced bire-
fringence. However, removal of the fiber coating and sub-
sequent high temperature annealing tends to weaken the
fiber, making it difficult to produce a small multiturn de-
vice. Moreover, the approach does not remove the vibra-
tion sensitivity.
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performance which might be attained by fiber current sen-
SOTS.

II. THEORY OF SPUN FIBERS

The net birefringence [6], of a spun fiber of length z
can be represented by two lumped birefringent elements,
a retarder R(z) with principal axis orientation ¢(z) and
a rotator (z). The Jones matrix [30] describing the fiber
is thus given by [R] [Q], where

R(z . R(z R(z
[R] = | cos R(z) + j sin R@) cos 2¢(z) jsin R@). sin 2¢(z)
2 2 2 (1)
R(z R(z z
Jj sin —(2—) - sin 2¢(2) cos % — j sin ——) - cos 20(z)
Several attempts have been made to make fiber with a and
high intrinsic circular birefringence by introducing large o
permanent levels of torsional stress locked into the fiber Q] = cos 0(z)  —sin 2(2) ) (2)
by the cladding or a plastic jacket [23]. In another ap- sin Q(z)  cos Q(z)

proach helical-core fibers [24], [25] have been developed
which have exhibited optical rotation lengths as short as
4.9 mm. However, helical fibers tend to be awkward to
handle because of their large diameter and asymmetric
core; their use is thus restricted to large diameter coils.

In this work we describe a fiber that we believe is a
complete solution to the problem, the spun elliptically bi-
refringent (SEB) fiber [26], [27]. The fibers are made by
spinning highly linearly birefringent [28] ‘‘bow-tie’’ pre-
forms during the drawing process so as to impart a rapid
built-in rotation of the fiber birefringent axes. The effect
is that the fiber becomes elliptically birefringent. By care-
ful choice of the spin rate relative to the pre-existing
stress-induced linear birefringence, the resulting ellipti-
cally-polarized eigenmodes can be made quasicircular. In
this case the fiber response to magnetic fields approxi-
mates that of an isotropic or circularly birefringent fiber.
The advantage of the approach is that the fibers still retain
a sufficiently large value of elliptical birefringence so as
to impart a high resistance to external perturbations. The
SEB can thus be regarded as a compromise between the
polarization-holding (and consequent packaging insensi-
tivity) of the highly linearly birefringent precursor fiber
and the electric-current response of a true circularly bire-
fringent fiber. This allows very small, multiturn coils to
be wound and enables an extension of the sensitivity of
fiber current monitors into the submilliamp region.

A disadvantage of the SEB fiber approach is that the
precursor fiber depends for its linear birefringence on
thermal stress [28], [29] and therefore the magnitude of
the induced elliptical birefringence in the SEB fiber is
temperature dependent.

We present here three signal processing schemes which
successfully overcome the temperature problem. The ad-
vantages of each technique is discussed and the perfor-
mance evaluated. A compact, sensitive, multiturn current
sensor is described which is demonstrated to be vibration
immune and have a temperature sensitivity of only 0.05
percent / °C. Consideration is also given to the limits of

The retardation and rotation of a length of fiber can be
expressed in terms of the unspun linear birefringence A8,
spin twist rate £ and Faraday-induced rotation angle per
unit length f by

1
R(Z) =2 sin'l <mﬁ - sin 'YZ>

Q(z) = &z + tan”' < 9 {73 * tan 'yz> + nw

(3)

(1+4%)
(4)
and
-Q
o) = ETED LMy, (5)
where
2
22D o
y = % (a8% + 4(¢ + ))'"". (7)

m, n are integers and 6, is the initial orientation of the
local slow axis of the fiber. Here ¢ (z) and 6, are defined
with respect to vertical. In addition, it is assumed for these
calculations that negligible torsional stress (i.e., post-draw
twist) exists in the fiber.

The local Faraday rotation per unit length f for a fiber
coil depends on its diameter D, the current ] being passed
through it and on the Verdet constant V of the fiber core.
The Verdet constant of fused silica has been found to have
a quadratic dependence on inverse wavelength [31]. From
measurements made at wavelengths of 633 nm and 790 nm
f can be expressed [1], [20] as

579 x 107 1
=5 —p (rd/m). (8)

It is convenient now to introduce parameters which are
derived from the previous formulas and which more
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readily describe the fiber with respect to currert sensing
[26], [27], namely the elliptical polarization beat length
L,, and the normalized current sensitivity S. The elliptical
polarization beat length L, can be expressed by

, Lp'LT

L =
P@+ )" -,

(9)

where the linear beat length L, of the precursor fiber is

2T
L, =—
and the spin pitch Ly is
2
Ly = —g—r (11)

The maximum fiber current sensitivity § normalized to the
sensitivity of an ideal circularly birefringent fiber can be
derived from (4) and is given by

AL2/L}
S=—=-3. (12)
1 + 4L, /Ly
The actual value of fiber sensitivity found in practice de-
pends on the optical configuration used (e.g., reflect back
or single pass—see Section III). Here S represents the best
case.

The normalized elliptical beat length and relative cur-
rent sensitivity for the fiber are plotted in Fig. 1(a) and
(b) as a function of the ratio of the spin pitch Ly to unspun
linear beat length L,. To make the fiber insensitive to ex-
ternal packaging effects we require the elliptical beat
length L, to be as short as possible. From Fig. 1(a) we
see that this is achieved by choosing a starting preform
with short unspun linear beat length L, and then selecting
a large ratio of spin pitch to unspun linear beat length.
However, this ratio cannot be increased indefinitely as the
effect is a large decrease in the relative fiber current sen-
sitivity (Fig. 1(b)). The decreased sensitivity results be-
cause the ellipticity of the eigenmodes of the fiber be-
comes greater and approaches that of a high linearly-
birefringent fiber (i.e., linearly polarized modes). It is
well known that such a fiber has a very small response to
current. We must therefore choose a compromise between
the two parameters and obtain as short an elliptical mode
beat length as possible without seriously reducing the sen-
sitivity. An optimized fiber might have a spin pitch ap-
proximately equal to the unspun linear beat length, and is
thus quasicircularly birefringent with L, =~ 4.2L,, with rel-
ative fiber current sensitivity § around 80 percent (see
points marked on Fig. 1(a) and (b)). If we start with a
typical unspun bow-tie preform having a fiber beat length
of 1 mm, a spun fiber having an elliptical beat length of
4.2 mm will resuit. This degree of elliptical birefringence
is very high and sufficient to allow a bend radius as small
as 5 mm (see Section III-C).
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Fig. 1. (a), (b) Normalized elliptical beat length and relative current

sensitivity as a function of the ratio of spin pitch to unspun fiber beat
length.

III. CurrRENT SENSORS UsING SEB FIBER

Most fiber current-sensor measurement schemes use a
configuration which involves launching linearly polarized
light into the fiber and analyzing the state of polarization
of the output. In the case of an isotropic or pure circularly
birefringent fiber the output is plane polarized and rotated
by the Faraday effect. For an SEB fiber which is quasi-
circularly birefringent, the fiber can be regarded as com-
posed largely of a rotator element, but with a small re-
tarder component. The output state of polarization (SOP)
then will be in general nearly plane-polarized, with a de-
gree of polarization ellipticity which depends on how close
to circularly birefringent the fiber has been designed.
Since SEB fiber is obtained by spinning a fiber with ther-
mal stress-induced linear birefringence, the magnitude of
the resultant elliptical birefringence is also temperature
dependent. The following optical configuration schemes
were developed to compensate for the varying polariza-
tion orientation and ellipticity which results from the tem-
perature-sensitive elliptical birefringence.

A. Scheme 1: Active Temperature Compensation

The approach is shown schematically in Fig. 2. Polar-
ized output from a monochromatic laser is launched into
the fiber coil. The output from the coil is passed through
a polarization controller which compensates the slow tem-
perature-dependent birefringence changes in the fiber. The
polarization controller does not respond to the higher-fre-
quency current-induced polarization changes and there-
fore the processed electrical output is a direct measure-
ment of current. The use of an integrator in the
polarization controller feedback loop ensures that the out-
put SOP is nominally linear at an angle of 45° to the axis
of the polarization beamsplitter and thus a stable, accurate
current measurement is obtained.

The scheme was implemented with an all fiber polar-
ization controller {32]. Maximum current sensitivities of



LAMING AND PAYNE: ELECTRIC CURRENT SENSORS EMPLOYING BIREFRINGENT FIBERS

Polariser

/ Current
Polarising
beam
splitter
Laser
diode Fibre
coil {_‘
Polarisation
controller rﬂll;2 Iy

l4=1lg

[/j I+ 12
| [ curen

output

Fig. 2. Scheme 1: Active temperature compensation.

100 pA rms/ Hz!/? for an 80-turn sensor operating at 633
nm (HeNe), and 100 A rms/Hz'/2 for a 185 turn sensor
operating at 790 nm (diode laser), were obtained. How-
ever, it was found that since the fiber birefringence is
wavelength sensitive, a narrow spectrum light source
( <1 GHz) was required to ensure a polarized output. For
the semiconductor-powered sensor the frequency jitter
{331, [34] of the laser emission wavelength caused polar-
ization noise at the output of the sensor, reducing its max-
imum sensitivity at frequencies below ~ 100 kHz.

B. Scheme 2: Orthoconjugate Reflector

An orthoconjugate reflector (OCR) [35}, which consists
of a 45° Faraday rotator and mirror has previously been
proposed as a means of returning the orthogonal polar-
ization-state back down a fiber such that all reciprocal lin-
ear and circular birefringence in the fiber is undone. The
returning polarization state will then always be linear and
orientated at 90° to the launch state. However, a nonre-
ciprocal rotation in the fiber due to current-induced Far-
aday rotation will add on the return pass and will not be
undone by the OCR. A double Faraday rotation will thus
be observed.

An experimental current sensor utilizing this technique
was constructed and is shown schematically in Fig. 3. Po-
larized light from a single longitudinal mode semiconduc-
tor laser operating at 780 nm was launched through a po-
larization insensitive beamsplitter into the fiber coil. The
output from the coil was collimated and passed through a
bulk 45° Faraday rotator, reflected by a mirror, passed
back through the rotator and relaunched into the fiber. The
polarization state is thus rotated by 90° (i.e., orthogonal
to itself) before reinsertion into the fiber. The returned
light is deflected by a polarization-insensitive beamsplit-
ter and analyzed with a polarizing beamsplitter. The ratio
output provides a measure of the current since the re-
turned polarization is rotated by double the nonreciprocal
Faraday-induced rotation in the fiber.

A 30-turn loosely wound fiber coil of ~20-cm diameter
was used, wound from fiber of 100-um diameter, 0.14
NA having unspun linear beat length L, = 1.62 mm and
spin pitch L; = 1.64 mm. This gave an elliptical beat
length L, = 6.8 mm and projected relative current sensi-
tivity S = 79.6 percent.
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The sensor response to current was measured while in-
creasing the temperature in the range 20 to 70°C and it
was found that the OCR stabilized the current reading sig-
nificantly. Without the OCR a variation in sensitivity of
~ 425 percent was obtained, whereas with it rapid sen-
sitivity oscillations of +2 percent occurred around the
measured nominal 77 percent relative sensitivity. The re-
maining variations were due to residual, imperfectly com-
pensated linear birefringence in the fiber which varies with
temperature.

Although providing an interesting compensation, the
OCR is bulky, temperature sensitive in itself, and requires
shielding from magnetic fields. It would thus be necessary
to incorporate it into the terminal equipment.

C. Scheme 3: Reflect-Back Configuration

The reflect-back configuration in which a mirror is
placed at the end of the fiber has been suggested previ-
ously [36] as a method of compensating the thermal vari-
ations in the twist-induced circular birefringence experi-
enced in a current monitor which utilizes twisted low-
birefringence fiber. In the SEB fiber current-monitor the
scheme has a similar effect in compensating variations in
the dominant circular birefringence component of the fi-
ber, but unfortunately not in the linear birefringence com-
ponent.

1) Principle of Operation: A schematic diagram of the
reflect-back SEB fiber current sensor [37], [38] is shown
in Fig. 4. Light output from a semiconductor light source
is polarized at 45° to the vertical and launched through a
polarization-insensitive beamsplitter into the fiber coil.
Light at the far end of the fiber coil is reflected by a mirror
and passes back through the coil where it is directed by
the polarization-insensitive beamsplitter to an analyzer
consisting of a polarizing beamsplitter orientated with axis
vertical and horizontal.

The reflect-back current monitor can be modeled by
Jones calculus [30] as

E, lout

1 , , 1
—ﬁlR][Q][QI[R]L} (13)

where [R], [©Q] are the forward lumped retarder and ro-
tator elements given in (1) and (2), and [R'], [©'] are the
elements seen in the reverse direction. Note that [Q’ ] must
have its sign reversed to allow for phase reversal of the
mirror and is therefore given by

| cos Q' (z) sin Q'(z)
] = {—sin Q' (z) cos Q’(z):l' (14)

The values of R'(z), ©'(z) and ¢'(z) required for cal-
culation of [R’] and [©] can be found from (3)-(8), with
the sign of the Faraday-induced rotation per unit length f
reversed to allow for the nonreciprocal nature of the Far-
aday effect. We can now calculate the output response P
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from the ratio electronics [18§]
— Ei
+ E?

I, -1, E:
p 1 2

L +1L E

(15)

and the normalized current sensitivity s (defined as the
ratio of the incremental responses dP /di to current flow i
for spun and ideal fibers) as a function of thermal changes
in birefringence L,. The theoretical results for a 10-m fi-
ber are as plotted against birefringence (and approximate
temperature [29]) for several orientations of the fiber at
the input, 8,; in Fig. 5(a) and (b). The fiber has a spin
pitch Ly = 1.64 mm (¢ = 12197 rad * m™') and nominal
linear beat length, L, = 1.62 mm (A8 = 12347 rad -
m~'). The response P varies widely with increasing tem-
perature and depends on fiber orientation 8,,. The small-
signal current sensitivity s has a much smaller variation
( ~25 percent) and is identical for all input angles. Note
that the peak value of s (79.6 percent) corresponds to the
maximum sensitivity S calculated from (12).

Fig. 5(c) and (d) shows experimentally determined re-
sponse and sensitivity curves for a loosely wound, 30-turn
fiber coil with nominal unspun linear beat length L, =
1.62 mm and spin pitch Ly = 1.64 mm. The total fiber
length was ~ 10 m and a single-longitudinal mode semi-
conductor laser operating at 780 nm was used to inject
light into the fiber with a polarization orientation 6, =
110°. The results are in excellent agreement with the the-
oretical predictions.

Although much reduced by use of the reflect-back
scheme, the oscillations in current sensitivity ( £25 per-
cent) remain unacceptable. However, it was found that
they can be considerably reduced by employing a broad-
spectrum light source to average the variations. The effect
can be understood as follows. Let us consider passing a
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s (%)
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response, P 0.6
0.4
[Pl
12 0.2
ity 0|
-0.2
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Fig. 5. (a), (b) Theoretical sensitivity s and response P curves for an SEB
current sensor having spin rate ¢ = 1230 rad /m plotted against thermal
variations in unspun birefringence. (c), (d) Experimental sensitivity s
and response P curves obtained while varying the sensor temperature.

second wavelength A, simultaneously through the fiber.
The sensitivity and response oscillations will be shifted
slightly in phase as shown by the dashed curve in Fig.
5(a). Thus if the spectrum of the source contains a con-
tinuum of wavelengths the curves will be smoothed to a
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value corresponding to the mean of the oscillations. For
the example used here the sensitivity will be averaged to
a nominal 63.5 percent of the ideal current sensor (see
below). To achieve complete averaging it is necessary for
the source to have a spectral width such that its coherence
length is about one tenth of the path length difference be-
tween polarized modes. For the above experimental val-
ues a spectral width of ~5 nm would suffice.

The spectral averaging effect was experimentally veri-
fied by repeating the experiment while reducing the drive
current in the single longitudinal mode semiconductor
laser until it behaved as an ELED. Simultaneously, the
coil temperature was continuously increased. The results
are shown in Fig. 6 where the fiber current sensitivity is
compared in time with the fiber temperature. The plot
shows a dramatic reduction in sensitivity variations with
temperature once the laser begins operating as a broad
spectrum ELED.

It should be noted that the use of spectral averaging

reduces the current sensitivity from the maximum obtain-
able § (equation (12)) to a value given by §°. This expres-
sion is plotted in Fig. 1 for comparison with the single-
pass narrow-spectrum fiber sensitivity. It can be seen that
the current sensitivity at the desired operating point of
Ly/L, = 1 is 64 percent.
2) Minimum Permitted Coil Diameter: The effect on
current sensitivity of coiling an SEB fiber can be approx-
imately modeled by considering the fiber as truly circu-
larly birefringent with optical rotation length equal to
twice the elliptical beat length. The bend-induced linear
birefringence induces a linear beat length Ly in the plane
of the bend [11], where

74N - D

Ly 7

(16)

Here D and d are the coil and fiber diameters, respec-
tively. The optical rotation-length and bend-induced lin-
ear beat length Ly are analogous with spin-pitch L; and
unspun linear beat length L, of (10) and (11). We can
therefore use the previously developed expression for s?
(equation (12)) to give a sensitivity when bent §3, where
Ly/L}

Srﬁ+@@” (17)
The total current sensitivity of a coiled spun Hi-Bi is then
approximated by the product of $* and S3.

A 92-pm-diameter fiber with unspun linear beat length
L, = 2.05 mm and spin pitch Ly = 1.49 mm was used
for the bend sensitivity measurements. The fiber elliptical
beat length L, was therefore 11.5 mm, giving a predicted
current sensitivity S° of 78 percent. Experimentally the
current sensitivity was measured to be 80 percent of an
ideal fiber.

The fiber was loosely coiled into sensors of diameters
50, 40, 25, 17, and 12 mm. The normalized current sen-
sitivities measured for the different diameters are plotted
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Fig. 6. Improvement in current sensitivity variations with temperature due
to increasing spectral width of the source.

in Fig. 7 along with S3. The experimental data and the-
oretical curve are in good agreement and it can be seen
that this particular fiber can be continuously coiled to a
diameter of 13 mm before a current sensitivity reduction
of 1 percent occurs. If the fiber were designed with shorter
elliptical beat length or smaller diameter (to reduce bend
birefringence) the minimum radius could be made much
smaller. A practical limit of a few millimeters coil di-
ameter is possible.

IV. TEsTS oN A ProTOTYPE REFLECT-BACK SEB
CURRENT SENSOR

A prototype current sensor was constructed based on
the design outlined above. A 100 turn 25-mm diameter
coil was wound on a silica former. The fiber had a di-
ameter of 100 um and measured parameters of unspun
linear beat length L, = 1.7 mm and spin pitch Ly = 1.64
mm resulting in an elliptical beat length L, of 7.44 mm.
The computed fiber current sensitivity S? is thus 66 per-
cent of an ideal fiber.

A General Optronics superluminescent diode (SLD) was
used as the light source. The SLD had a broad-spectrum
emission with a FWHM of 12 nm centered at 821 nm.
The device was pigtailed and gave a relatively low power
output (0.1 mW) into a single-mode fiber compared with
present commercially available SLD’s. The coil attenua-
tion was less than 0.3 dB.

The sensor response was characterized for long-term
drift, temperature stability, fiber input-angle sensitivity,
applied pressure on the fiber, vibration sensitivity and
large and small signal response.

A. Long-Term Stability

A signal current of 10-A rms at 488 Hz was passed
through the sensor coil. The sensor response in a labora-
tory environment was measured with a lock-in amplifier
having a time constant of 0.3 s and the data logged by a
computer every 0.5 s for 1 h. The recorded data is shown
in Fig. 8. It can be seen that the averaged fiber current
sensitivity is 67.25 percent of an ideal circularly birefrin-
gent fiber (in good agreement with the theoretically pre-
dicted value of 66 percent). The maximum deviation of
the data from this mean was +0.3 percent of the mean
value with a standard deviation 0.085 percent.
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B. Temperature Sensitivity

The sensor response to current was measured as a func-
tion of temperature in the range 20-70°C. The data, nor-
malized to a sensor response of 67 percent, is shown in
Fig. 9. It was found that the current sensitivity increased
linearly by ~0.05 percent/°C. This is expected and is
due to the linear birefringence component A 3 decreasing
(L, increasing) with temperature (see (12)). Although a
very acceptable figure, further improvements are possible
by using a fiber with less temperature sensitive birefrin-
gence, such as an elliptical-core fiber.

C. Input Angle

The sensor current sensitivity was measured as a func-
tion of fiber input angle between 0° and 90° and was found
to be independent of input angle within the measurements
accuracy of +0.5 percent.

D. External Forces

The effect on sensor response of lateral side pressure
applied to the fiber was investigated by applying a dis-
tributed load to a 75-mm straight portion of fiber at the
mirror-end of the coil. The fiber was 100 um in diameter
and coated to a diameter of 200 um.

The current sensitivity is plotted against absolute load
in Fig. 10 for uniformly distributed and point load. It can
be seen that a distributed load of 2N reduced the sensitiv-
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Fig. 9. The effect of temperature on the sensor response.
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Fig. 10. Variation in current sensitivity with applied load on the fiber.

ity to 99 percent of its full value. If applied to a low-
birefringence fiber of similar diameter, this would result
in induced linear birefringence of 45° [13] and would
catastrophically destroy the response of a conventional fi-
ber-optic current monitor [18]. This clearly demonstrates
the advantages of SEB fiber over standard single-mode
fiber.

As expected, the very high point load affects the sensor
strongly, since it is localized to a length shorter than the
optical rotation in the fiber and is therefore not averaged.
This severe test shows that even highly birefringent fibers
have a limit to their polarization-holding ability.
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E. Vibration Test

A vibration applied locally to a fiber or, more specifi-
cally, to.an SEB fiber, can introduce additional local lin-
ear birefringence, or can modify the local unspun linear-
birefringence AS. Referring to the theoretical curves of
absolute fiber output P against birefringence AS (Fig.
5(b)) for a monochromatic source, it can be seen that any
change in birefringence causes a change in the sensor out-
put which is indistinguishable from actual current.
Whereas this is a serious problem in conventional fiber
current monitors, the broad-spectrum source smoothes the
output-ratio dependence on fiber birefringence and thus
significantly reduces the vibration sensitivity.

A section of fiber from the mirror-end of the coil was
attached with contact adhesive to the top surface of a 0.5”
accelerometer, as shown in Fig. 12(a). The fiber was sub-
jected to controlled lateral vibrations over the frequency
range 30 Hz-1 kHz and the induced current signal was
measured. The test was repeated on low-birefringence fi-
ber of similar dimensions.

The vibration sensitivity of the two fiber types are
shown in Fig. 11(b), where the vibration-induced effec-
tive current for 1 g of applied acceleration is plotted
against the vibration frequency. The vibration sensitivity
of low-birefringence fiber was large and, as expected, de-
pendent on the orientation of applied vibration. However,
owing to the strong elliptical birefringence present in the
SEB fiber and spectral averaging, its vibration sensitivity
was reduced by approximately 40 dB and found to be in-
sensitive to the orientation of applied vibration.

The sensitivity of SEB fiber was found to be approxi-
mately 40 dB lower than low-birefringence fiber. The sen-
sitivity decreased with increasing frequency, but was not
proportional to applied displacement, as might be antici-
pated.

At a frequency of 50 Hz a current of 50 mA would be
measured if the fiber were subjected to an acceleration of
1 g. Moreover, the experimental fiber was loose wound
and a carefully-packaged sensor could be expected to have
a much lower vibration sensitivity.

F. Maximum Sensitivity

Oscilloscope traces of the 100-turn sensor noise output
and response to a signal current of | A rms at 25 Hz are
shown in Fig. 12 for a measurement bandwidth of 1 kHz.
The maximum sensitivity was detector shot-noise limited
to | mA rms/Hz'/2 as a result of the low power available
from the SLD and excess optical losses in the bulk com-
ponents. A more powerful light source and refinement of
the optics should result in a maximum sensitivity of 100
uA rms/Hz'/?, or 10 mA turn /Hz'/%.

G. Large-Signal Current Response

The sensor response (I, — I,/I, + 1) to current is a
sine function. Thus it is intrinsically nonlinear and has
been evaluated numerically by solving the matrix equa-
tions (13) which model the polarization behavior of an
SEB fiber, as well as that of conventiona!l fibers.
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The absolute sensor response for several input angles is
shown in Fig. 13, and compared to that of an ideal cir-
cularly-birefringent fiber. The response is sinusoidal and
has a small dc-offset, the magnitude of which depends on
fiber orientation. Note that the small signal sensitivity
(i.e., incremental) will not be affected by the dc offset and
will be invariant with orientation. It can be seen that as
the current increases towards + 1500 A the sensitivity to
current decreases. This limits the maximum current range
of the 100 turn sensor to +1.5 kA, or, more practically,
to approximately 500 A for S-percent linearity. It can be
seen that this limit is $™'/? times higher than that for a
similar coil of ideal fiber.

H. Experimental

The large signal response was evaluated by passing cur-
rent in the range 20-450 A rms at 50 Hz through the sens-
ing coil. The response was measured with a lock-in am-
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Fig. 13. Calculated large-signal response of SEB fiber compared with that
of the ideal fiber.

plifier which responded only to the fundamental frequency
component w of the signal. As the sensor response and
the signal are both sinusoidal, the theoretical normalized
response P(w) as a function of current is given by a Bes-
sel expansion:

2J,(S'/24NVN2 1)
S'24NV2I

where N is the number of fiber coils, ¥ the Verdet con-
stant of silica (rad/A) and I the rms current.

The experimentally obtained data and theoretical
expression are plotted in Fig. 14 as a function of signal
current. There is good agreement between the experimen-
tal and theoretical data, indicating that the sensor output
can be electronically relinearized to give a linear accurate
output to currents > 1 kA,

P(w) = (18)

V. OPTIMIZED SENSOR PERFORMANCE

The minimum detectable current in the prototype cur-
rent sensor was detection shot-noise limited at the low
frequencies measured. However, owing to the low power
output from the SLD employed and excess optical losses,
the potential high sensitivity of the sensor was not
achieved. In this section a more realistic power budget is
developed for the sensor and the minimum detectable cur-
rent is then evaluated in terms of total receiver noise. The
current monitor frequency response is calculated as a
function of coiled fiber length. Finally these factors are
combined to predict the maximum current sensitivity
which can be achieved in a given measurement bandwidth
with a fully optimized sensor.

A. Received Power

The power available from commercial SLD’s is ~5
mW, of which about 1 mW can be launched into the fiber.
Allowing for losses at the beamsplitters and fiber indi-
cates a conservative received power Pg of 100 uW.

B. Noise Sources

A transimpedance amplifier employing a Si-FET front-
end gives superior performance up to ~ 100 MHz, be-
yond which advantages may be gained using a bipolar
front end [39], [40]. We restrict our analysis to a trans-
impedance amplifier with Si-FET front end having a ca-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 7. NO. 12, DECEMBER 1989

100

Relative 98
current
sensitivity

(%) 96 | o
Experimental o ’

Theoretical curve  *°

points * |

L L s N L s L L L
0 50 100 150 200 250 300 350 400 450
Actual current, | (A rms)

Fig. 14. Relative large-signal response of SEB fiber current sensor.

pacitance of 3 pF, and transconductance of = 5 mS. The
silicon p-i-n photodiode is assumed to have a capacitance
of 1.5 pF, a responsivity 5 of 0.7 A/W and negligible
leakage current.

As two preamplifiers are employed there are two John-
son noise currents i; and two FET noise current {pgT Con-
tributions to total noise which is then given by:
)2 (19)
where i, is the detector shot noise current which is inde-
pendent of the power split between the two detectors.
Using the well-known expressions for noise currents [39],
[40] we find that the Johnson noise contribution is negli-
gible if the feedback resistor employed is greater than ~5
kQ and the FET noise does not become comparable to the
detector shot noise until approximately 100 MHz. How-
ever, above this frequency it dominates and therefore the
noise increases with bandwidth to the power 3 /2.

. .2 2 2
ltor &= (ls + 21FET + 2lj

C. Noise Equivalent Current

In the small signal case the electronic signal processing
calculates the ratio:

Py

_ 1 — b
I + L

P ~ 20 (20)

where

§ = 2NVIs. (21)

The noise equivalent current /,,;, (the current at which
the signal-to-noise ratio is unity) is then given by:
1 noise

= A. 22
4NVs qP, (22)

Imin

D. Bandwidth-Limited Operation

The bandwidth of the current sensor is limited by the
fact that the instantaneous value of current changes during
the time taken for the light to propagate through the fiber
coil. Thus, the light emerging from the coil, length [ at
an instant in time, ¢ will have accumulated an optical ro-
tation given by the integral of the current over the time of
propagation of that portion of light, that is from ¢ — 2/n /c
to ¢ where n is the refractive index. The optical rotation
induced by a sinusoidal current of amplitude a and an-
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gular frequency w is thus:

f(w) = Sl

t—=2n/c

ka sin wt’ dt’ (23)
where k is a constant relating the optical rotation to cur-
rent. Integrating we obtain:

8(w) = 2% sin <wt - ’f> sin <”‘7“’> (24)

w

From this equation we see that the optical signal has a
constant time delay of /n/c and its amplitude varies with
frequency as a sinc function. Thus the optimum fiber
length [, for a given frequency response Fy is given by

1 ¢
bt = = —. 25
™ = T (25)

Thus for a 10 MHz bandwidth the optimum fiber length

is 5 m.

E. Projected Sensor Response

Equations (22) and (25) for the noise equivalent current
and optimized fiber length for a given bandwidth have
been combined to plot the minimum detectable current in
a given bandwidth in Fig. 15. The curves are plotted for
two realizable coil diameters of 10 and 100 mm and as-
suming a practical fiber length limit of 100 m, which cor-
responds to 3200 turns of a 10 mm-diam coil.

From this figure we see that in the low-frequency region
( <300 kHz), the fiber length is limited to 100 m not by
bandwidth considerations, but by practical considera-
tions. The minimum detectable current is limited by de-
tection shot noise and thus increases with the square root
of the bandwidth. Typically for a 1 kHz measurement
bandwidth a maximum sensitivity of 100 pA rms is ob-
tained for a 10 mm coil.

For higher frequencies ( 1-100 MHz) the sensor is still
detection shot-noise limited. However, since the maxi-
mum fiber length has to be reduced to cater for the in-
creased bandwidth, the minimum detectable current in-
creases with bandwidth to the power 3 /2. Thus for a 10
MHz bandwidth a maximum sensitivity of 0.3 A rms is
projected for a 10 mm coil.

Above 100 MHz the minimum detectable current in-
creases with bandwidth to the power 5/2, since the de-
tection noise is now dominated by the FET channel noise
in the preamplifier.

VI. CONCLUSION

A quasi-circularly birefringent fiber has been developed
using spun bow-tie fiber and modeled using Jones calcu-
lus. Three optical geometries employing this fiber for cur-
rent monitoring have been proposed and evaluated to
overcome the intrinsic thermal drift of the fiber birefrin-
gence.

A maximum current sensitivity of 100 gA rms Hz ™'/
for the single-pass configuration was obtained. However,
this configuration remained prone to thermal and mechan-
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ical effects and was sensitive to light-source wavelength
instability.

The use of an orthoconjugate reflector was found to sta-
bilize the fiber-current-sensor response, but had a number
of practical disadvantages.

The reflect-back optical configuration using a broad-
band optical source is a simple and inexpensive solution
which provides excellent stability. The theory describing
this sensor has been developed and experimentally veri-
fied. A prototype 100-turn fiber sensor was constructed
and found to have a measurement repeatability of +0.5
percent and a temperature drift of 0.05 percent /C°. As a
consequence of using the spun birefringent fiber, the cur-
rent sensor was insensitive to external loading and could
be wound as small as 13 mm in diameter with only a
1-percent reduction in sensitivity. The fiber was also
found to be approximately 40-dB less vibration sensitive
than conventional fiber. A maximum current sensitivity
of 1 mA rms Hz™'/? and a large signal response of
450-A rms were demonstrated, giving the device a dy-
namic range of 113 dB. With minor improvements we ex-
pect to improve the maximum sensitivity to 100 A rms
Hz™'/? and the dynamic range to 140 dB.

The ability to wind small fiber coils while retaining high
current sensitivity allows short fiber lengths to be used
and high bandwidths are therefore possible. Compact all-
dielectric current sensors with milliampere sensitivity in
the megahertz range can be projected.
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