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Abstract—In this work, we have developed a portable
fiber-optic sensor characterized by its robust immunity to
electromagnetic interference (EMI), exceptional sensitivity,
and real-time monitoring capabilities for magnetic fields.
This sensor exhibits remarkable accuracy and stability in
measuring both increasing and decreasing magnetic fields.
To enhance the sensor’s performance, we designed, simu-
lated, and fabricated a tapered fiber structure with a tapered
diameter of 40 um using a combiner manufacturing system
(CMS). Additionally, we employed a 2-D material known as
magnetic graphene oxide (MGO) to immobilize the sensing
region of the tapered fiber optic sensor. The key principle
behind this sensor lies in the refractive index (RI) changes of
MGO when subjected to a magnetic field, leading to a wave-
length shift in the transmitted spectrum. Through rigorous
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experimentation, we thoroughly assessed the measurement range, sensitivity, and accuracy of the sensor in detecting
both increasing and decreasing magnetic fields. Consequently, we determined the sensitivity of the fiber optic magnetic
field sensor to be 0.9 and 1.6 pm/mT for increasing and decreasing magnetic fields in the wide measurement range
of 5-600 mT, respectively. This sensor holds significant promise in various applications, including medical testing and
scientific measurements, owing to its exceptional accuracy, compact size, and noninvasive measurement capabilities.
Furthermore, its stability and noncontact measurement feature position it as a valuable tool in controlled nuclear fusion,

space exploration, and geophysical research.

Index Terms— Magnetic field sensor, magnetic graphene oxide (MGO), magnetometer, optical fiber sensor, tapered

fiber structure.

Manuscript received 1 October 2023; accepted 6 October 2023. Date
of publication 16 October 2023; date of current version 14 November
20283. This work was supported in part by the Double-Hundred Talent
Plan of Shandong Province, China; in part by the Liaocheng Uni-
versity under Grant 318052341; in part by the Special Construction
Project Fund for Shandong Province Taishan Mountain Scholars; in
part by the Natural Science Foundation of Shandong Province under
Grant ZR2020QC061; and in part by the Science and Technology
Support Plan for Youth Innovation of Colleges and Universities of
Shandong Province of China under Grant 2022KJ107. The associate
editor coordinating the review of this article and approving it for publica-
tion was Prof. Carlos Marques. (Corresponding authors: Ragini Singh;
Bingyuan Zhang; Santosh Kumar.)

Qianyun Yin and Bingyuan Zhang are with the Ji Xianlin College and
the School of Physics Science and Information Technology, Liaocheng
University, Liaocheng 252059, China (e-mail: 2316334238@qq.com;
zhangbingyuan@lcu.edu.cn).

Ragini Singh is with the College of Agronomy, Liaocheng University,
Liaocheng 252059, China (e-mail: singh@lcu.edu.cn).

Santosh Kumar is with the Shandong Key Laboratory of Optical
Communication Science and Technology, School of Physics Science
and Information Technology, Liaocheng University, Liaocheng 252059,
China, and also with the Department of Electronics and Com-
munication Engineering, K. L. Deemed to be University, Guntur,
Andhra Pradesh 522302, India (e-mail: santosh@Icu.edu.cn).

Digital Object Identifier 10.1109/JSEN.2023.3323132

. INTRODUCTION

AGNETIC field sensors have been used in a wide range
Mof scientific and industrial measurements in a variety
of fields, including gas field exploration logging and produc-
tion logging [1], military [2], navigation [3], [4], biomedical
detection [5], [6], [7], [8], [9], aerospace industry [10],
space and geophysical research, and controlled nuclear fusion
[11], [12]. Conventional electrical magnetic field sensors
mainly rely on the self-inductance and mutual inductance of
coils to achieve magnetic field measurements [13], [14], which
leads to the shortcomings of conventional electrical magnetic
field sensors such as low-frequency response, difficulty in
real-time dynamic measurements, susceptibility to electromag-
netic interference (EMI), and the resolution of the magnetic
field sensors is greatly affected by the range of magnetic
field measurements. Due to its small size, low sensitivity
to external influences, high resistance to EMI, and ease of
real-time dynamic measurements, the fiber optic magnetic
field sensor used in this study is more advantageous in the
field of magnetic field detection. For the development of
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Fig. 1. Experimental setup for measuring magnetic field.

conventional fiber optic magnetic field sensors, magnetic fluids
of ferromagnetic materials were used as sensing elements.
Over time, the magnetic fluid deposits and forms a layer that is
difficult to disperse, reducing the reusability of the fiber optic
sensor [6]. In addition, oxidation and separation of particles,
agglomeration effects, and stability are the primary issues
that must be addressed during the optimization of magnetic
fluid-based probes [6]. Due to its magnetic and electrical
properties, high specific surface area, unique catalytic ability,
and numerous applications, magnetic graphene oxide (MGO)
has garnered considerable interest [15]. Under laboratory con-
ditions, MGO has excellent stability, is simple to synthesize
and functionalize, is easily separated by magnetism, possesses
low toxicity and is inexpensive [16]. In this experiment,
we designed and developed an unique magnetic field sensor
with a tapered fiber optic structure and a sensing element
comprised of MGO on a tapered area. Modifying the current
to the electromagnet, varies the strength of the magnetic
field surrounding the probe. As the magnetic field varies, the
magnetic domains cause a change in the refractive index (RI)
of the sensing layer, that results in a change in the modal
properties of the light propagating along the fiber and a
displacement of the wavelength [17].

The purpose of this experiment is to simulate and conduct an
in-depth analysis of the distribution of the evanescent field of
the tapered optical fiber structure that helps to achieve minia-
turization, robustness, portability, economy, and practicality.
In the design and fabrication of the fiber optic probe, combiner
manufacturing system (CMS) was used to process the tapered
fiber optic structure, and the fusion-drawing method was
utilized to obtain a 40 pum tapered fiber optic structure. During
the experiment, the magnetic field around the probe is altered
by varying the current of the tunable voltage source, and the
magnetic field in the fiber optic sensing region is measured
with a Gaussmeter, allowing for real-time monitoring of the
magnetic field in industry of space and geophysical research,
and controlled nuclear fusion.

[I. EXPERIMENTAL SECTION
A. Measurement and Instrument

In this experiment, the experimental setup used to char-
acterize the probe’s sensing properties is depicted in Fig. 1.

Single-mode fiber (SMF) is the main structure of the sensor,
purchased from Shenzhen EB-Link Technology Company
China. The experimental setup consists of a supercon-
tinuum spectral light source (SUPERK COMPACT, NKT
Photonics, 450-2400 nm), an optical spectrum analyzer (OSA,
AQ6370D, YOKOGAWA, 600-1700 nm), a Gaussmeter
(CH-1800, CH-Magnetoelectricity Technology), an electro-
magnet (Shanghai Huayan Instrument Company) for gener-
ating the magnetic field, and a voltage source with adjustable
output. In this experiment, two vertical supports ensured that
the sensing portion of the probe was always positioned in the
center of the magnetic field generator. The effect of temper-
ature on magnetic field measurement was eliminated, and all
experiments were performed at room temperature. During the
experiment, the magnetic field surrounding the probe can be
altered by means of a tunable voltage source, where an increas-
ing magnetic field can be obtained by increasing the voltage
and a decreasing magnetic field can be obtained by decreasing
the voltage. During the process of adjusting the magnetic field
by varying the voltage, the changing magnetic field was moni-
tored in real-time using a Gaussmeter, and the spectral changes
caused by the changing magnetic field were recorded using an
OSA. When magnetic field measurements are performed using
tapered fiber optic structures coated with MGO, the effect of
the concentration of MGO on the sensitivity of the probe must
be taken into account. This is because denser magnetohydro-
dynamic deposition on thicker nanostranded layers results in
total absorption of cladding modes of higher order [18].

B. Sensing Principle

When magnetic field (H) is applied to MGO, its dielectric
magnetization (x.) changes, which alters the corresponding
RI (nmp). The following relationship exists between the RI of
the MGO and the RI [18]:

mMco = vEmco = V1 + Xe- (D

This experiment’s optical fiber consists of a core and
cladding with different RIs. When light propagates to the core
region, a portion of the light will form an evanescent wave
(EW) within the cladding. The penetration depth of the EW
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Fig. 3. Process of MGO coating over tapered optical fiber.

in the cladding is expressed as [19]
A
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As shown in Fig. 2, the light intensity of a EW decreases
exponentially along the z-axis of the fiber, as denoted by the
expression [20]

dp = 2)

L =le :. 3)

In this experiment, the conventional tapered optical fiber
was optimized to improve the optical fiber’s sensing perfor-
mance by coating its surface with MGO, as depicted in Fig. 3.
When light is incident on nanoparticles composed of the row
of graphene oxide, and the photon frequency matches the
overall vibrational frequency of the nanoparticle’s conduction
electrons, then MGO absorbs the photon energy strongly,
thereby significantly enhancing the sensing performance.

C. Simulation of Sensor Probe

This experiment is simulated using the beam propagation
method (BPM) algorithm in RSoft. First, the simulation model
was built using RSoft computer-aided design (CAD), and it
is worth noting that the parameters used in the simulation
model building process are exactly the same as the tapered
fiber structure used in this experiment. An ordinary SMF has a
length of 2300 pm, a diameter of 125 um, and a core diameter
of 8.2 um, as shown in Fig. 4.

The length of the fiber tapered area is 2300 pum and the
diameter is 40 um. The Rls of the fiber core and cladding
are 1.4504 and 1.4447, respectively. In this case, background
index of simulation model is 1. Finally, the light source type
is set to the fundamental mode.

Fig. 4. Schematic of the tapered optical fiber structure.
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Fig. 5. Evanescent field analysis in tapered optical fiber structure.

Fig. 5 represents the simulation results of the tapered fiber
structure using RSoft software. Here, 1, Launch represents
the total energy distribution of the light source incident on the
fiber core. 1, Mode O indicates the energy distribution of the
propagating modes within the fiber core. 2, Mode 0 denotes
the energy distribution of the propagating modes within the
cladding. From Fig. 5, it can be seen that when the light
passes through the tapered region of the optical fiber, the
energy of the core mode decreases rapidly, while the energy
of the cladding mode increases sharply, which makes the
main propagation mode of the optical fiber in the tapered
region change from the core propagation mode to the cladding
propagation mode. At the same time, core modes and cladding
modes are continuously coupled in the tapered region of the
fiber, leading to excitations in the energy distribution in the
sensing region. Simulation results show that the tapered fiber
structure can excite strong cladding modes, and the structure
is conducive to EW generation.

D. Fabrication of Sensing Probe

In this study, a CMS (3 SAE Technologies Inc., Franklin,
TN, USA) was used to develop the highly repeatable
SMF-based tapered fiber optic structure. During the fabrication
of the tapered fiber optic structure, CMS is heated by a
plasma heating system, during which the plasma temperature
increases with the heating power and a “thermally stable
plasma” is generated when a certain power is reached. This
plasma is extremely thermally stable in a vacuum, and the
thermal repeatability of thermally stabilized plasma in CMS
is over ten times greater than that of existing arc technologies.
These characteristics allow the CMS heating temperature to
be unaffected by factors such as electrode aging or wear
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Fig. 6. (a) Internal structure of the CMS instrument, (b) three electrode
heating process, and (c) taper optical fiber structure fabrication steps.

and tear, thereby enhancing the fiber fabrication process’s
efficiency and repeatability. Using CMS, the entire process
of producing tapered fiber stricture can be managed by a
well-tested computer program. Adjusting the initial power, the
length of the taper area, the diameter of the taper, etc., can be
performed multiple times during the production of the fibers in
order to produce a repeatable taper structure. The use of CMS
to develop new fiber optic structures is summarized below:
First, the SMF’s coating layer must be stripped and the fiber’s
surface must be cleaned with an ethanol solution. The cleaned
fiber is then encapsulated in a fiber optic platform, where
the CMS’s vacuum control module produces a semivacuum
environment around the SMF. As shown in Fig. 6(a), when
the ambient vacuum inside the CMS reaches a predetermined
value of 3, the three heating electrodes undergo a continuous
and uniform discharge, as shown in Fig. 6(b). At the same
time, the z-axis motor will move the fiber optic platform in
the programmed direction, gradually increasing the diameter
of the tapered region of the fiber structure to 40 um and
forming a complete tapered structure, as shown in Fig. 6(c).
As shown in Fig. 6(b), the 2-D image of the taper fiber was
scanned at the end of the tapering process using the internal
inspection device of the CMS to ensure the uniformity of the
fiber structure during the tapering process.

I11. RESULTS AND DISCUSSIONS

A. Characterization of Nanomaterials

MGO is a compound that is composed of magnetic
nanoparticles and GO with unique physicochemical properties
such as nanometer size, large specific surface area, para-
magnetism, and biocompatibility. Because it contains many
oxygen-containing reactive groups, such as epoxy, carbonyl,
and hydroxyl groups, it not only retains the basic framework of
graphene, but also has higher bioactivity than graphene. At the
same time, compared with graphene, MGO has the character-
istics of high purity of graphene while having low production
costs and easy mass production. MGO, as a superparamag-
netic material, contains Fe;O4 magnetic nanoparticles inside,
while retaining part of the original surface oxygen-containing
functional groups of GO. Due to the dispersion of w-electrons
and sp inside MGO, these m-electrons can move freely and
align along the direction of the magnetic field, increasing the
magnetic moment of MGO. In that work, we coated MGO on
a tapered area as a sensing element. The magnetic field around
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Fig. 7. HR-TEM image of MGO at different magnification (a) 94000X,
(b) 310 KX, and (c) SEM image of bare tapered probe surface.

the probe varies with small changes in the electromagnet
current. As the magnetic field changes, the magnetic domain
phenomenon generated by the MGO causes a change in the
RI of the sensing layer, which in turn causes a change in
the modal properties of light propagating along the fiber. This
phenomenon causes a shift in the peak wavelength.

By monitoring the change in peak wavelength, changes in
the magnetic field in a small area around the probe can be
detected [17]. In this experiment, MGO is an excellent choice
as a probe coating material due to its excellent paramagnetic
and magnetic properties [21]. The high-resolution transmission
electron microscopy (HR-TEM) image of MGO at different
magnification is shown in Fig. 7(a) 94000X and (b) 310 KX.
The Fe and GO patrticles are especially visible in TEM images.
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The MGO modification and distribution on the sensor are
influenced by the surface topography of the sensor. The
scanning electron microscopy (SEM) image of the developed
tapered fiber probe is shown in Fig. 7(c). In the tapered
region of this image, we can clearly see a symmetric straight
tapering with a diameter of 40 um. This implies that the
MGO-modified sensing probe is a solid base for the subse-
quent measurement studies.

B. Optimization of Sensor Structure

In this experiment, three sets of 40 pum tapered fiber
structures with the same diameter were fabricated using SMF
and multimode fiber (MMF), respectively. The transmission
spectra of the two types of fibers were measured. The results
of these measurements are depicted in Fig. 8(a). These
experimental results indicate that SMFs have better sensing
performance than MMFs. In this experiment, the diameter of
the tapered area has a significant impact on the properties of
the tapered fiber structure. The sensitivity of the sensor dimin-
ishes as the taper region grows when the diameter exceeds
the dispersion inflection point (8.75 um) [22]. Therefore,
we developed tapered fiber structures with diameters of 25, 40,
50, and 60 pum, respectively, and examined the transmission
spectra of four groups of fibers of various diameters in order
to choose the best fiber structure. According to Fig. 8(b), the
measured findings demonstrate that when the tapered diameter
is reduced, the output strength also drops. Strength loss is
brought on by power leakage in the taper region, which can
utilize to detect changes in the external RI. The taper fiber
with a diameter of 25 pum has the lowest output strength,
as can be seen from the Fig. 8(b). However, considering the
practical value of the probe, the taper area with a diameter
of 25 pum is fragile due to its small diameter, which is easy
to damage during production and use, thereby increasing the
difficulty of development and reducing the service life of the
probe. Therefore, in this work, all sensor probes have a taper
area with a diameter of 40 um. Fig. 8(c) and (d) depicts the
structural repeatability images for two sets of 40 um tapered
fiber structures composed of SMFs, demonstrating the high
reproducibility of our prepared tapered fiber probes.

On the basis of the scanning diagram of the fiber structure,
it is evident that the tapered fiber structure has excellent
reproducibility, and that the tapered fiber structure we pre-
pared matches the ideal tapered area diameter desired in the
simulation experiments.

C. Characterization of Nanomaterials-Immobilized
Structure

The morphology of the MGO coating on the surface of
the optical fiber was observed with SEM. Fig. 9(a) shows the
tapered optical fiber-based magnetic field sensor, and Fig. 9(b)
shows the MGO over the tapered optical fiber structure.
As shown in Fig. 9(b), the MGO is distributed uniformly on
the surface of the tapered optical fiber.

D. Magnetic Field Measurement

Fig. 10 depicts the transmission spectra of this tapered fiber
structure before and after coating it with MGO. Experiments
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Fig. 8. (a) Intensity spectrum of SMF and MMF, (b) analysis of output
transmitted intensity with different diameters of tapered fiber structures

and repeatability analysis, (c) diameter scan result, and (d) normalized
intensity spectrum of fabricated taper fiber structures.

demonstrate that the transmission intensity of light is higher
for the MGO-coated tapered fiber structure, thereby enhanc-
ing the sensing ability. Comparing Figs. 11-13 show that
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the optimized tapered optical fiber structure can accurately
measure magnetic fields in the range of 5-600 mT, whereas
the preoptimized (W/O MGO-coated) tapered optical fiber
structure can only accurately measure magnetic fields in the
range of 50-350 mT, as shown in Fig. 11. And it is evident
that the wavelength shift of the tapered fiber optic structure
prior to optimization is small under magnetic fields of varying
field strengths, and the measurement accuracy is low. Clearly,
the prepared MGO-coated tapered fiber-optic structures are
capable of wide-range, high-precision measurements of mag-
netic fields. Figs. 12 and 13 depict the wavelength shift of
light in the fiber under increasing and decreasing magnetic
fields, respectively. It occurs due to changes in the RI of

using the proposed SMF-based MGO-coated tapered fiber structure
(a) sensing spectrum and (b) linear plot of the proposed sensor.

the MGO resulting from changes in the core and cladding
modes of the tapered fiber. In the normalized images of
Figs. 12(a) and 13(a), wavelength shifts caused by varying
magnetic field strengths are clearly visible. Wherein the fiber
optic probe has a sensitivity of 0.9 pm/mT and an accuracy of
0.9777 in an increasing magnetic field, as shown in Fig. 12(b),
while the proposed sensor probe has a sensitivity of 1.6 pm/mT
and an accuracy of 0.9866 in a decreasing magnetic field,
as shown in Fig. 13(b).
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TABLE |
COMPARISON OF THE PROPOSED SENSOR’S PERFORMANCE DURING
FORWARD AND REVERSE MAGNETIC FIELD SENSING

TABLE Il

VARIOUS MAGNETIC COATING MATERIALS AND PERFORMANCE

COMPARISON OF MAGNETIC FIELD SENSORS

Parameters Forward sensing Reverse sensing
Detection range 5-600 mT 5-600 mT
sensitivity 0.9 pm/mT 1.6 pm/mT
Accuracy 0.9777 0.9866

Table I shows the performance comparison of the proposed
sensor during forward and reverse magnetic field sensing.
According to the information in the Table I, we can speculate
that the detection range of this sensor in both increasing and
decreasing magnetic field can reach 5-600 mT. In increasing
magnetic field, the sensitivity of this magnetic field sensor
is 0.9 pm/mT, and its accuracy is 0.9777, but in decreasing
magnetic field, its sensitivity is higher than that of increasing
magnetic field to reach 1.6 pm/mT, and the accuracy can reach
0.9866; it is obvious that this magnetic field sensor has a
good performance in decreasing magnetic field. It can also
conclude that the magnetic field sensor has good performance
in decreasing magnetic field. It has been observed that perfor-
mance of reverse sensing of magnetic field detection is quite
better than the forward sensing.

Table II organizes the nanomaterials used for magnetic field
detection and performance comparison of proposed sensor
with the existing sensors. By comparing the sensitivity and

Materials used Sensing range Sensitivity Ref.
Magnetic fluid 2.6-24.8 mT 11.67 nm/mT [23]
Ferrofluids 0-140 Oe —0.1130 dB/Oe [24]
Ferromagnetic 40-1600 e ~0.1039 dB/Oe [25]
nanoparticles
0.9 pm/mT .
MGO 5-600 mT 1.6 pm/mT This Work

measurement range of the various materials-based sensors,
we have observed that the MGO material used in this
experiment has wide measurement range and better sensing
performance in both increasing and decreasing magnetic
fields, and it also shows good maneuverability in terms of
the range of magnetic fields it can detect.

V. CONCLUSION

The main objective of this work was to show the detailed
fabrication of a tapered fiber optic sensor for measurement of
wide range of magnetic fields. The fabricated tapered fiber
optic structure is highly reproducible based on the experi-
mental results. In this experiment, optimized the tapered fiber
structure by coating the fiber’s sensing region with MGO and
measuring wavelength offsets in the presence of magnetic
fields of increasing and decreasing strength. The sensitivity
of the developed probe is 0.9 and 1.6 pm/mT in increasing
and decreasing magnetic fields, respectively. The experimental
results demonstrate that the tapered fiber optic structure has
a high degree of accuracy and sensitivity in magnetic fields
with changing trends. It is important to acknowledge that
the magnetic field measurements were restricted to the range
of 5-600 mT as a result of the constraints imposed by the
experimental setup. If the magnetic field generator is capable
of generating a greater magnetic field, it is expected that
the magnetic field sensor will detect a bigger magnetic field
strength while still maintaining satisfactory stability. There-
fore, the novel sensor probe proposed in this work has an
important potential for application in the field of noninvasive
magnetic field measurements in various industries.
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