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An erbium doped (Er3*) fiber optic laser is proposed for magnetic field measurement. A pair of FBGs
glued onto a magnetostrictive material (Terfenol-D rod) modulates the laser wavelength operation when
subject to a static or a time dependent magnetic field. A passive interferometer is employed to measure the
laser wavelength changes due to the applied magnetic field. A data acquisition hardware and a LabVIEW
software measure three phase-shifted signals at the output coupler of the interferometer and process
them using two distinct demodulation algorithms. Results show that sensitivity to varying magnetic
fields can be tuned by introducing a biasing magnetic field. A maximum error of 0.79% was found, for
magnetic fields higher than 2.26 mTrys.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fiber optic magnetic field sensors have been studied over the
years. Special interest has been shown in the high power industry
owing to its intrinsic insulation (silica), immunity to electro-
magnetic interference, high dynamic range and bandwidth and
possibility to employ remote interrogation [1]. Several sensing
mechanisms such as magnetic fluid, Lorentz force, Faraday effect
and magnetostrictive effect have been proposed for magnetic field
measurement. These methods can be used with both constant and
varying magnetic fields.

The first mechanism was explored by combining the magnetic
fluid with an optical fiber refractive index sensor. In the pres-
ence of the magnetic field the refractive index of the fluid changes
3 x 104 RIU/mT (RIU—Refractive Index Units) at 28°C from 0 to
70mT [2].

Sensors established on the Lorentz force require another current
carrying conductor (few milliamps) that will experience deforma-
tion in the presence of an orthogonal magnetic field. Although
they do not experience hysteresis, the deformation induced is very
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small; in [3] the optical sensor is a Distributed feedback laser, with
a Pi-Shift FBG written in Er3* fiber, and the wavelength changes are
read with a Michelson interferometer with 25 m of optical path
imbalance. A minimal detected field of 1.5 wT/Hz'/2 was calcu-
lated. Another alternative reported consists on using a 6 cm long
cavity laser with one longitudinal mode and two orthogonal polar-
izations. Measurement of the beat frequency between these two
polarizations is proportional to the laser birefringence and changes
according to pressure exerted in the cavity due to the Lorentz
force. Results showed relatively good linearity for magnetic fields
between 4 and 20 mT [4].

Faraday effect is one of the most popular optical sensing mech-
anisms for magnetic field. It consists of light polarization rotation
induced by the magnetic field as it propagates through a sensing
medium and its sensitivity depends on the medium Verdet con-
stant. While standard fiber optic can be used as a sensing medium
to observe the Faraday effect, the Verdet constant of silica is very
small and the wounding of the fiber around the conductor gives
rise to linear birefringence, further degrading the sensitivity [5].
A prototype operating at 850 nm and based on a Sagnac configu-
ration was developed and tested where a maximum error of 0.2%
was achieved for currents ranging from 300 to 4000 Agys and tem-
peratures from 40 °C up to 60 °C, satisfying 0.5 class operation [6].
Faraday based sensors are affected by the residual birefringence of
standard fibers [7], although this problem has been recently over-
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Fig. 1. Experimental setup including the laser, passive interferometer and acquisition setup.

comed in standard fibers [8], an alternative solution has been the
use of spun fibers of low birefringence or high circular birefringence
[9,10]. On the other hand, the bulk glass materials are more robust
and can have higher Verdet constants than fibers. However, fiber
alignment with the bulk material is tricky [11,12]. In [11] a sensor
operating at 820 nm in a close loop configuration achieved a 5.5%
error under stable environmental conditions from 10 A-20 kA.

In the last category, magnetostricitve elements can be deposited
or glued to an optical fiber strain sensor. In reference [ 13], Terfenol-
D is deposited in an etched FBG (Fiber Bragg Grating) with 86 um
diameter, improving the sensitivity from 0.386 to 0.95pm/mT.
A distributed sensor was also developed in [14] and consists in
wounding a standard single mode fiber around a nickel wire. In
the presence of the magnetic field the nickel wire stretches and the
phase of the Rayleigh backscattered light changes according to it.
A passive Mach-Zehnder interferometer with a 3 x 3 coupler and
an OPD of 2 m (1 m spatial resolution) was used to read the phase
changes.

In this paper we present an erbium doped optical fiber laser with
two FBGs whose wavelength is modulated according to the exter-
nal magnetic field. The transducer element is a Terfenol-D rod that
stretches both FBGs, changing the laser emission wavelength. This
variation is converted into an intensity modulation at the output
of a passive interferometer using a 3 x 3 output coupler. The laser
combines higher SNR (Signal to Noise Ratio) with narrower band-
width, enabling, together with the interferometric readout system,
a higher resolution than is attainable with systems based on the
direct modulation of a single FBG.

2. Principle

The implemented setup is demonstrated in Fig. 1. The laser con-
sists of two FBGs at 1534.17 nm with 150 pm spectral width (at
half power) and 82% reflectivity, and the other at 1534.21 nm with
160 pm spectral width and 87% reflectivity, written in single mode
Boron codoped Photosensitive fiber using a 1058 nm period phase
mask. In between the two FBGs, a piece of 6.8 m of Fibercore Erbium
doped fiber M-5 is used as the gain medium, resulting in 8 m cavity
length.

Each FBG s glued side by side in two points, distant 2 cm apart, in
a Terfenol-D (composition Tbq>7Dyg 73Fe;) rod having a diameter
of 0.5cm and 10cm in length. The thickness of the material lim-
its the magnetic field frequency response to 100 kHz. A function
generator, a current amplifier and an inductor are used to gener-
ate magnetic field (AC and/or DC with a magnetic-current relation
of 12.2mT/A), modulating both FBGs and consequently the laser

wavelength emission. The AC and the DC magnetic field correspond
to the alternate and constant field, respectively. Laser operation in
reflection is preferable than in transmission as no residual pump
power is present in the output.

For the detection of the magnetic field induced wavelength shift,
an interferometric readout scheme was set up. A passive interfer-
ometer, having a OPD of 3.96 mm (Optical Path Difference) resulting
in a spectral range of 594 pm between interferometric fringes at
1534 nm was built with a 2 x2 and a 3 x 3 coupler at the input
and output, respectively, producing three outputs with 120 degrees
phase difference between them, given by [15]:

Vn = A; + B.Cos[¢(t) + ¢pc — (n — 1)]%71 @)

where n is the output 1, 2 and 3, A; is the DC component obtained
when sweeping one period of the interferometer, B is the visibil-
ity of the fringes which is maximized by a polarization controller
(PC), A(t) and @pc is the time varying and DC interferometer phase,
respectively. In such configuration, any change in the laser emis-
sion wavelength results in a change of the interferometer optical
output phase (@(t) and @pc) proportional to the OPD. This way,
the interferometer acts like a wavelength-to-intensity modulator
enabling to track the wavelength changes, induced by the magnetic
field, very accurately with low cost instrumentation.

This interferometer has the advantage of not needing an active
element to avoid total output fading. The relative phase of the three
outputs and the signal processing can always retrieve the relevant
output information, independently of the random drift of the inter-
ferometer. Nevertheless, the interferometer drift is mixed with the
DC phase changes, also affecting the output intensity and limiting
the application of this scheme to AC measurements. In any case,
magnetic field measurements were performed in a temperature-
controlled environment.

A 16 bits analogue-digital converter from NI (National Instru-
ments) with 305 wV resolution and 2 Mbps bandwidth is used to
read the three outputs of the interferometer and the applied current
signal to the inductor. In this way, the use of virtual instrumentation
becomes possible, making it straightforward to test and imple-
ment any signal processing algorithm, by simply adjusting the
software, offering a much higher versatility and scalability. There-
fore, to test the versatility of virtual instrumentation systems, a
LabVIEW program was developed to process the interferometric
signals, and used to test and implement, simultaneously, two dis-
tinctive demodulation methods. The first one (type I) is presented
in Fig. 2 and consists on performing derivatives and an integration
as depicted [15]. The output only contains the variant phase infor-
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Fig. 2. Type I processing diagram.
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the Terfenol-D rod due to thermal expansion. At the output of the
interferometer this effect will be mixed with the random drift of the
interferometer and using type I method this DC effects are excluded.
On the other hand, when using the type Il method the output will
contain the temperature effect but having a slow variation which
is simply removed by filtering the AC response.

3. Results
3.1. Laser

Laser spectral width is measured by coupling a tunable laser
(100 kHz bandwidth) with the developed one. In the frequency
domain, the convolution of both incoherent signals is read with a
50 GHz photodetector and an Electric Spectral Analyzer. Since the
tunable laser is very narrow when compared to the developed laser
the result gives the spectral shape of the laser, centered in the fre-
quency given by the beat frequency of both [17]. In Fig. 3 itis shown
the laser spectrum obtained with the electrical spectrum analyzer.
A spectral width of 1.87 GHz (14.7 pm at 1534 nm) was measured
fora pump power of 560 mW, the laser linewidth is 40 times smaller
than the fringe spectrum range of the interrogation interferometer
assuring adequate sensitivity. The linewidth dependence on pump
power is residual and the variations are negligible with respect to
the free spectral range of the interferometer, the slight benefits of
the linewdtidth reduction are partially faded by the reduction of
the emitted power, therefore, the pump level had little impact on
the sensor performance. During the following measurements, the
pump power was set at 560 mW.

Using the Thorlabs PM20CH power meter the laser response was
characterized using several pump power levels. Fig. 4 shows a max-
imum laser power of 4.7 mW for 560 mW pump and a threshold of
50 mW for lasing.

Frequency (GHz)

Fig. 3. Laser spectrum measured in an electrical spectral analyzer.
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Fig. 4. Laser power in function of the pump power.

Laser power stability was also measured along the time using a
photodetector and the analogue digital converter. Recording the
laser power with an acquisition sampling frequency of 10kHz
showed that the laser had an output power modulation below 1.2%
at 50Hz caused by the electronics driving the pump diode. Long
term power fluctuations of about 4% where observed as well, how-
ever the detection electronics compensates for this slow variation.
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Fig.5. Laser wavelength change with DC magnetic field and in the inset the material
response according to the manufacture.

3.2. Magnetic field measurement

Several continuous current steps were applied to the coil and
the laser wavelength changes were recorded using a wavelength
meter Burleigh WA-1650 (0.5 pm resolution). Fig. 5 shows the
magnetostrictive response of Terfenol-D driving the laser emission
wavelength, the hysteresis cycle was obtained with three indepen-
dent tests when the magnetic field goes up and down. The error
bars correspond to the standard deviation of the three indepen-
dent measurements, and account for the repeatability of the sensor,
or the measurement precision. The maximum fluctuation regis-
tered was of 4.5 pm at B=5.95mT for the up curve and 10.7 pm at
B=8.33mT for the down curve. In all cases, the measurement accu-
racy, given by the deviation between the measurement points and
the non-linear calibration curve was much better, corresponding
to smaller error values. The non-linear behavior of the calibration
curve is intrinsic to the Terfenol-D response to DC magnetic fields,
as can be seen in the inset of Fig. 5, where a representation of the
manufacturer Data-sheet is given (notice that an unloaded rod was
used, therefore saturation is reached with an applied field smaller
than the one presented in the inset of Fig. 5). The material expansion
in the presence of a magnetic field is non-linear and independent
of the negative and positive sign of the magnetic fields. Therefore,
when no bias magnetic field is applied, the application of an AC
magnetic field results in a response that is doubled in frequency.
Moreover, since the transducer is intrinsically non-linear, different
DC biasing points will result in different sensitivities to AC fields.
Hysteresis is an additional problem for DC measurements that is
overcame with specific setups [18].

The laser response to alternate magnetic fields (AC) at 20 Hz was
characterized using different constant magnetic fields (DC), with
the setup presented in Fig. 1. The acquisition system was defined
with 10 kHz sample frequency and a low pass filter with 200 Hz cut-
off was applied for each input signal, before processing the three
outputs of the interferometer. The AC RMS value was obtained after
filtering the demodulated signal with a second order Butterworth
band-pass filter with a 5 Hz bandwidth.

Fig. 6 shows the RMS AC response for a DC magnetic field of
0mT applying different AC steps during 30 s each. The results were
obtained with the demodulation process type II and the values
shown in each step correspond to the average value. Response
of the Terfenol-D to positive and negative magnetic fields is the
same. So for 0 mT magnetic field offset, the AC magnetic field pro-
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Fig. 7. Type Il demodulation algorithm response to AC, using different magnetic
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duces a modulation whose frequency is acquired at two times the
modulation frequency. Still when a magnetic field offset is intro-
duced the modulation is therefore obtained at the same modulation
frequency. Taking this effect into account, the acquisition will be
acquired at to two times the modulation frequency when no bias
magnetic field is present or at the modulation frequency when a
bias field is applied. In Fig. 6 it is shown that for alternate magnetic
fields below 4.55 mTgys the sensitivity is small, on the other hand,
at values higher than 22.54 mTgys it saturates.

Compilation of the sensor response obtained using demodula-
tion algorithm type II with different DC magnetic fields is present
in Fig. 7. For each, two independent tests were conducted and the
results showed good agreement. Also, a standard deviation error in
eachstepis present, but they are too small to be observed in the plot.
Analyzing these results we see that controlling the DC magnetic
field offset (this could also be done by a permanent magnet) higher
sensitivity can be obtained, depending of the measurement range.
For magnetic fields up to 12.2 mTgys a constant field of 4.88 mT
gives the best response. On the other hand, for values higher than
12.2 mTgryps, @ DC magnetic field of 8.54 mT is preferable, measur-
ing fields up to 18.2 mTgy;s. Moreover the worst sensitivities were
found for a constant magnetic field of 0, 13.42 and 16.47 mT, which
also corresponded to the worst sensitivity region in Fig. 5.
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Table 1
Maximum AC detection errors in percentage obtained with different bias magnetic fields for variant magnetic fields higher than 2.25 mTRMS.

Bias field B (mT) 0.00 4.88 8.54 10.98 13.42 16.47
Type I (%) 1.609 0.406 0.645 0.776 0.655 0.792
Type 11 (%) 1.562 0.413 0.644 0.757 0.652 0.790
Relative Difference (%) 3.018 —1.645 0.098 2.527 0.412 0.228
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Fig. 8. Type Il demodulation AC signals for AC magnetic fields higher than the bias
field.

The same measurements where performed simultaneously with
the algorithm I, the plots obtained with the two algorithms where
indistinguishable and therefore the results have been numerically
compared. Considering the results obtained for each independent
test maximum errors were calculated and presented in Table 1.
The calculation is done considering two times the standard devi-
ation divided by the average AC value in each step for changing
magnetic fields higher than 2.25 mTgys. A maximum error of 1.61%
was found considering a zero magnetic field offset. For other off-
set values the error is lower than 0.79% because the sensitivity is
higher for low AC magnetic fields. Also, both demodulations algo-
rithms were compared. Although the same response was obtained,
the errors were slightly lower using type Il algorithm, which makes
use of the Arc tangent function. However an isolated case, for a bias
of 4.88 mT, type Il processing gave a slightly superior error. The
maximum and minimum improvement obtained with it was 3.02
and 0.1%, respectively. Better resolutions are in general achieved in
type Il than in type [ method because the latter one employs more
complex functions such as derivatives and integration, translating
in to increased noise.

Fig. 8 shows the signals recovered for two particular cases,
where the AC modulation is higher than the bias field. It clearly
shows the fundamental frequency of 20 Hz and a distortion in the
lower part of the sinusoidal due to the week response of the mag-
netostrictive material to low magnetic fields. According to Fig. 5,
the region of 0-2 mT (field going down) and from 0 to 3 mT (field
going down) shows very little response. This range is about 5 mT
and justifies the flat response of the lower part of both curves.

The signal to Noise ratio was also inspected by the FFT (Fast
Fourier Transform) of the recovered demodulated signal as a func-
tion of the bias field considering 20 Hz modulation and bandwidth.
In Fig. 9 it is shown the FFT spectrum for a 0 and 4.88 mT bias fields.

The results are also compiled in Fig. 10 for a wider range of bias
fields, showing a variation between —63 and 67 dB for non-zero bias
fields with no dependence with the applied bias field. However, the
SNR decreases significantly, to —46 dB for the 40 Hz harmonic when
no bias field is applied.

Frequency (Hz)

Fig. 9. FFT of the recovered signal when an alternating magnetic field is applied
with a bias field of 0 and 4.88 mT.

-45 -

SNR (dB)
&

-70

Byc (MT)

Fig. 10. SNR as a function of the bias field.

In agreement with the DC response of the laser shown in Fig. 5,
the best response of the AC current senor is achieved with a low
but non-zero biasing field, however the best linearity is obtained
for moderate DC fields because the transducer works still far from
saturation. These two situations are compared in Fig. 11.

Finally, we have to pint out the foreseeable thermal behav-
ior of this system. This sensor is intended for AC measurements,
temperature is a quasi-DC effect because of its variation is slow.
Temperature has two effects, the first one is the shift of the wave-
length emitted by the laser due to the thermal expansion of the
transducer, the type I processing of the acquired signals makes up
for this shift so that temperature does not affect the measurement
of the AC magnetic field, the type Il processing can remove the ther-
mal shift by a DC filter. The second thermal effect is the variation of
magnetostrictive strain with temperature; although magnetostric-
tive curves are very sensitive to stress, it has been demonstrated
[19,20] that the response of Terfenol-D is almost temperature inde-
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Fig. 11. Type Il demodulation algorithm response to AC, using different magnetic
field offsets.

pendent in the range of [0°C, 90°C] for excitation fields between
0 and 40 kA/m. Therefore, it is assumed that the sensor presented
here could be reasonably stable within the temperature ranges and
magnetic excitations mentioned before. Thermal calibration would
be required beyond these ranges and this is a matter of further
analysis.

4. Conclusion

A magnetic field sensor based on a fiber optic laser has been
proposed. The laser emission wavelength is modulated by a magne-
tostrictive transducer that stretches the Bragg mirrors of the laser.
The sensor is interrogated by a Match-Zener interferometer with
three outputs at 120°, the three outputs are processed in real time to
retrieve the phase variation induced by the AC wavelength shift giv-
ing a stable output. Neither thermal stabilization of the gratings nor
drift compensation of the interferometer is required. The response
of the sensor to AC magnetic fields has been analysed for differ-
ent strengths of the DC bias filed; the performance of two different
demodulation algorithms has been compared. By tuning the DC
magnetic field from 0 to 16.47 mT the AC response showed differ-
ent responses, where the best sensitivities were achieved for 4.88
and 8.54 mT. Additionally, lower sensitivities were observed when
a constant magnetic field of 0, 13.42 and 16.47 mT was applied,
corresponding to the lower and higher saturation levels of the mag-
netostrictive material. Moreover, a maximum error of 0.79% was
found for AC magnetic fields above 2.26 mTgys, with a non-zero
bias magnetic field. Furthermore, comparison of both demodula-
tion algorithms revealed the same response, but errors were lower
in all tests when using the Arc tangent function based algorithm.
The maximum and minimum improvement was 3.02% and 0.1%,
respectively.
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