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Abstract: A high sensitivity optical fiber magnetic field sensor is proposed and implemented
by using a helical long-period fiber grating (HLPFG) based on a three-core fiber (TCF) bonded
to a U-shaped aluminum (Al) wire. An electrical current flowing through the Al wire in a
perpendicular magnetic field can generate Ampere force, which changes the distance between
the two arms of the U-shaped Al wire. Thus, when the intensity and direction of the magnetic
field change, the bending curvature of TCF-HLPFG bonded to the U-shaped Al wire varies with
the change of Ampere force, which is represented as the shift of resonant wavelength in the
spectrum. The as-fabricated sensor can respond to the magnetic field direction and the intensity
with a range from −15 mT to 15 mT, and the measured sensitivity is 456.5 pm/mT with Al
wire electrical current 1A. The proposed sensor has the advantages of low cost, nondestructive
measurement method and ease manufacture, and is expected to be applied to weak magnetic field
measurements.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Magnetic field sensors have been widely used in military, medicine, general industry. Many
electronic techniques for developing magnetic field sensors, including search coils, Hall-
effect sensors, anisotropic magnetoresistive devices, and giant magnetoresistive devices, have
been explored [1]. Compared with traditional methods, optical technology in magnetic field
measurement present has obvious advantages such as low cost, low power consumption, the
possibility of miniaturization, and immunity to electromagnetic interference and so on [2]. Optical
magnetic field sensors based on Faraday effect [3], magneto-optic effect [4,5], magnetic-strict
effect [6,7], magnetic force [8] or other mechanisms have been extensively studied. Among them,
the feasibility of using Faraday effect for magnetic field sensing has been demonstrated in an
all-fiber optical magnetic field sensor, but the sensor cannot directly respond to the direction of
magnetic field, and the sensitivity of magnetic field is fairly low. Therefore, optical magnetic field
sensors based on magneto-optic effect are widely studied to improve the magnetic field sensitivity
[9]. The efficiency of magneto-optical effect is mainly determined by the materials, such as
magnetic fluid (MF). MF is one of the most sensitive magneto-optical materials, which has the
ability to quickly adjust its refractive index under the magnetic field [10,11]. In 2012, Gao et al.
[4] reported a highly-sensitive magnetic sensor utilizing a D-shaped long-period fiber grating
(LPFG) immersed in an MF. Although the microfiber (several micrometers in diameter) exhibits a
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higher sensitivity, it comes at the cost of reduced mechanical strength. For magnetic-strict effect,
in 2009, Yang et al. [6] proposed using TbDyFe with magnetic-strict effect as a magneto-optic
fiber for magnetic field sensing. However, the magnetic saturation and hysteresis inherent in
magnetic materials may greatly reduce the dynamic range of material stretching, resulting in
inaccurate sensor measurements. In addition, a novel Ampere force-based magnetic field sensor
was reported, which circumvents saturation and hysteresis, but it cannot identify the direction of
the magnetic field [12].

Bending sensors based on LPFGs have been demonstrated in different configurations. For
example, in 2017, Wang et al. [13] proposed a two-dimensional bending sensor based on two
non-orthogonal LPFGs in a three-core fiber (TCF). In 2014, Zhang et al. [14] developed a
bending vector sensor consisting of a strong coupling LPFG and a slight-lateral-offset fusion
splicing. The helical long-period fiber grating (HLPFG) has many of the same characteristics as
ordinary LPFG, thus it can also be used as fiber bending sensor. For instance, in 2017, Cao et al.
[15] presented a HLPFG with the periodic helical index modulation by twisting the double-clad
fiber, and investigated its bending characteristics. In 2018, Li et al. [16] demonstrated a bending
sensor based on single-mode fiber (SMF) HLPFG, achieving a sensitivity of 1.94 nm/(1/m).

In this letter, we propose a novel optical fiber vector magnetic field sensor based on a structure
consist of a TCF-HLPFG and a U-shaped aluminum (Al) wire. When the current flows through
the U-shaped Al wire, in a magnetic field perpendicular to the current, the two arms of the
U-shaped Al wire will generate Ampere force, which will change the distance between the two
arms of the U-shaped Al wires, thus leading to the change of bending curvature of TCF-HLPFG.
Such a fiber-optic magnetic field sensor exhibits a high sensitivity of 456.5 pm/mT when Al wire
electrical current is 1A. In addition, the sensor can also identify the direction of magnetic field
by changing the direction of the Ampere force. To the best of our knowledge, this is the first time
to realize magnetic field vector sensing by using HLPFG combined with magnetic force effect.

2. Sensor design and fabrication

In this experiment, a commercial TCF is used to fabricate the TCF-HLPFG. As shown in Fig. 1(a),
the three cores are distributed along a line, and the distance between the two external cores and
the central core is measured approximately 21.8 µm. The diameters of the center core and the
two external cores are measured to be 8.3 and 7.6 µm, respectively. The cladding diameter of
TCF is about 125 µm, which matches the diameter of a standard SMF.

Fig. 1. (a) Microscopic image of the cross section of the TCF. (b) Schematic diagram of the
TCF-HLPFG fabrication device.

A hydrogen-oxygen flame heating system, consisting of a rotation motor, hydrogen generator,
and two translation stages, is employed to fabricate the TCF-HLPFG [17]. The schematic diagram
of the simplified fabrication system is shown in Fig. 1(b). The two fiber holders are used to
support the TCF, and the velocities of two translational stages and the rotate speed of the rotator
are controlled by computer to adjust the diameter of the fiber and the pitch of HLPFG. In this
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experiment, the velocities of the two translation stages are set as v1 = 0.8 mm/s and v2 = 1.6 mm/s,
respectively. A schematic diagram of the proposed sensor is shown in Fig. 2(a). The length of
TCF-HLPFG is controlled to 15.5 mm, and both ends of the grating section are spliced with
standard SMF. The microscopic image of a TCF-HLPFG with 85 µm diameter and 480 µm
grating pitch is shown in Fig. 2(b). The diameter of TCF is controlled using the relative velocity
of two translational stages as the heated optical fiber is fused. The helical pitch of TCF-HLPFG
can be controlled by adjusting the rotate speed of the rotation motor [18]. The transmission
spectrum of the fabricated sensor is characterized by connecting the two ends of the device to
a broadband light source (BBS) (1250 to 1650 nm) and an optical spectrum analyzer (OSA,
AQ6317B, ANDO) with 0.02 nm resolution. Figure 2(c) shown the transmission spectrum
of the TCF-HLPFG with a 1563.88 nm of resonant wavelength and 33.22 dB of transmission
contrast. Here, the mode coupling behavior of the proposed TCF-HLPFG is similar to that of
the conventional LPFG. The mode coupling between the fiber core and cladding modes of the
proposed TCF-HLPFG will occur when the following resonance condition is satisfied [15].

λi = (ncore − ni
cladding)Λ (1)

where ncore and ni
cladding are the effective refractive index of fundamental core mode and the i

th order cladding mode respectively, Λ is the grating period, and λi is the i th order resonance
wavelength.

Fig. 2. (a) Schematic diagrams of the proposed sensor. (b) Microscopic image of the grating
section. (c) Transmission spectrum of the TCF-HLPFG

3. Sensitivity to magnetic field

A schematic diagram of the experimental setup used for magnetic field sensing is shown in
Fig. 3(a). The magnetic field generator is formed by two electromagnets. The magnetic field
intensity is adjusted by changing the magnitude of the supply current and calibrated by a gauss
meter. In this experiment, the Al wire is designed into a U-shaped structure and connected
with a power source and a resistance to form a loop. In this way, the value of current flowing
through the two arms of the U-shaped wire is exactly the same, and the two arms of the U-shaped
wire can generate the same amount of Ampere force. The direction of the Ampere force can be
determined by the left-hand rule. Since the existence of the U-shape wire, the electrical currents
flowing in the two arms are parallel to each other and in opposite directions. Then, the direction
of the Ampere forces in the two arms are opposite in the same external magnetic field, resulting
in a smaller distance between the two arms, i. e., increasing the bending curvature of the grating,
as shown in Fig. 3(b). However, when the direction of the applied magnetic field is reversed,
the direction of the Ampere forces in the two arms will also reverse accordingly, leading to a
larger distance, i. e., decreasing the bending curvature of the grating, as shown in Fig. 3(c). The
TCF-HLPFG is placed vertically on the two arms of the U-shaped wire and the contact points
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are fixed with UV glue. The BBS and OSA are used to detect a shift in transmission spectra
wavelength of the TCF-HLPFG during the experiment.

Fig. 3. (a) Experimental setup for magnetic field sensing. Schematic diagram of deformation
of TCF-HLPFG under negative (b) and positive (c) magnetic fields.

It is well known that the Ampere force generated by a current in a perpendicular magnetic
field can be expressed as [12]

FH = I · H · LH (2)

where FH is the Ampere force, I is the electrical current, H is the magnitude of magnetic field,
and LH is the length of the wire carrying the current within the perpendicular magnetic field. It
is worth mentioning that the TCF-HLPFG is glued to the U-shaped Al wire and staying in an
initial status of slightly bending curvature. When the two arms of the U-shaped structure are
close to each other under the action of Ampere force, the bending curvature of the grating will
further increase, resulting in the blue-shift of the resonant wavelength. On the contrary, when
the direction of the applied magnetic field is reversed, the direction of the Ampere force will be
reversed accordingly, leading to the red-shift of the resonant wavelength. Thus, the direction of
the magnetic field can be identified through monitoring the shift direction of resonant wavelength
of the TCF-HLPFG. The change of curvature-induced δneff variation leads to the resonance
wavelength shift. The theoretical resonance wavelength shift is obtained using the same approach
as in [12,19]:

∆λ =

[︄
λ

(δneff − δng)
·

dδneff

dR
+
(δneff )

3

δng
·

dΛ
dR

]︄
· ∆R (3)

where δneff = nco eff − ncl eff v is the differential effective index between the cladding mode and
the core mode, δng = nco g − ncl gv is the differential group index, R is the curvature radius. The
curvature-induced δneff variation plays a leading role in determining ∆λ, which can be used
to accurately detect the magnetic field by monitoring the change of the transmission spectra
wavelength.

In this experiment, the Al wire current is fixed at 1A to detect the response of the sensor to
magnetic field intensity. When the direction of the magnetic field is negative and the magnetic
field intensity is increased from 0 to −30 mT with a step of 5 mT, the transmission spectra at
different magnetic field intensity are illustrated in Fig. 4(a). The wavelength blueshifts from
1543.88 to 1521.01 nm with a total shift of 22.87 nm. When the direction of the magnetic field
is positive and the magnetic field intensity is increased from 0 to 30 mT with a step of 5 mT,
the transmission spectra at different magnetic field intensity are illustrated in Fig. 4(b). The
results show that the resonance wavelength redshifts from 1543.88 nm to 1551.31 nm with total
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shift of 7.43 nm. Moreover, the contrast of the transmission spectra varies with the increase
of magnetic field intensity in the negative and positive directions, as shown in Figs. 4(a) and
4(b). This is because that the coupling energy of the core mode to the cladded mode is mainly
dependent on the overlap of the two modes and the induced waveguide perturbation in the LPFG
[20]. Figure 4(c) shows the relationship between the wavelength shift and magnetic field intensity
along the positive and negative directions in the ±30 mT range. The result shows that the shift of
resonance wavelength is nonlinear with the variation of magnetic field intensity. A linear fitting
method is used to characterize the sensitivity of the sensor to the magnetic field intensity. The
linear response region appears from −15 to 15 mT, as shown in Fig. 4(d). The sensitivity of the
wavelength shift is calculated to be 456.5 pm/mT when the Al wire electrical current is 1A.

Fig. 4. Transmission spectra of the TCF-HLPFG at (a) 0 to −30 mT and (b) 0 to 30 mT
of magnetic field intensity at 1A Al wire current. (c) Non-linear relationship between the
magnetic field intensity and resonant wavelength shift. (d) Linear part of the resonant
wavelength shift.

There are two factors (electrical current I and magnetic field H) affect the characteristics of
magnetic field sensor. To investigate the response of the sensor to electrical current, the magnetic
field intensity is fixed at 50 mT, and then the value of electrical current is gradually increased.
Figure 5(a) shows the transmission spectra of the TCF-HLPFG at different values of electrical
current. The resonant wavelength shift and transmission contrast variation with electrical current
increases are shown in Fig. 5(b). When the current increases from 0.9A to 1.6A, the wavelength
shifts from 1546.80 to 1552.31 nm with a total shift of 5.51 nm, and the transmission contrast
changes from −41.62 to −25.87 dB. The electrical current sensitivities are calculated by applying
the linear fit to the experimental data, producing a 8.9 nm/A for the transmission wavelength
demodulation and a 23 dB/A for the intensity demodulation, respectively. It can be speculated
that the performance of this sensor can be improved by increasing the applied current.

In order to improve the sensitivity of the magnetic sensor based on TCF-HLPFG, as shown in
Eq. (2), the Ampere force is proportional to the product value (I · H) of the electrical current and
the magnetic field intensity. Moreover, the data in Fig. 4(c) are recalculated and the relationship
between the resonant wavelength and I · H is replotted, as shown in Fig. 6. Obviously, the
wavelength shift is proportional to the product value (I · H). Here, the Ampere force increases
as the electrical current increasing while the magnetic applied remains constant, resulting in a
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Fig. 5. (a) Transmission spectra of the TCF-HLPFG vary with the current at a magnetic
field intensity of 50 mT. (b) Linear correlation between the resonance wavelength or grating
contrast and the electric current.

larger resonant wavelength shift. Thus, the sensitivity of the magnetic sensor can be improved
through applying a larger electrical current.

Fig. 6. The relationship between the resonant wavelength and I · H.

For comparison, Table 1 exhibits the sensing performance of various optical fiber magnetic
field sensors. The magnetic field intensity sensitivity of the sensor presented in this study is
competitive with that of other sensors. More importantly, the magnetic field sensor bonded
TCF-HLPFG to the U-shaped Al wire has a non-destructive surface topography and the ability to
identify the magnetic field direction due to the curvature properties of HLPFG.
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Table 1. Comparison of Magnetic Field Sensors with Different Sensing Performance.

Structure Sensitivity Range Direction of discriminant

LPFG within a D-shaped [4] 176.4 pm/mT 1.4∼189.7 mT NO

Electroforming LPFG [21] −0.465 dB/mT 0∼47.6 mT NO

MSM fiber sensor with MF-filled tube [22] 123 pm/mT 0.6∼21.4 mT NO

MZI with a MF component [23] 20.8 nm/mT 5∼9.5 mT NO

MF into a hollow-core waveguide [24] 292 pm/mT 0∼30 mT YES

Side-polished MMF [25] 6920 pm/mT 0∼40 mT YES

MF with SPF-SNS [26] 2370 pm/mT 2∼6 mT YES

TCF-HLPFG (our work) 456.5 pm/mT −15∼15 mT YES

4. Conclusions

In summary, we demonstrated a novel magnetic field sensor bonded TCF-HLPFG to the U-shaped
Al wire, with the ability of simultaneous sensing to the magnetic direction and intensity. At
the Al wire current of 1A, the sensitivity of this magnetic field sensor is up to 456.5 pm/mT
in the magnetic field intensity range of −15∼15 mT, and it is possible to further improve the
sensor performance by increasing the applied current of the U-shaped Al wire. Moreover, the
magnetic field sensor can distinguish different magnetic field directions by the red and blue shifts
of resonant wavelength. The proposed sensor avoids magnetic saturation and hysteresis, and
presents all the advantages of optical fiber magnetic field sensors. It means that the proposed
sensor can give the significant potential for a new generation of magnetic field optical sensors.
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