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Magnetic Field Sensing Based on Multimode
Fiber Specklegrams

Run-ze Zhu , Sheng-jie Wan , Yi-feng Xiong, Hao-gong Feng, Ye Chen, Yan-qing Lu, and Fei Xu

Abstract—We demonstrate a fiber magnetic field sensor based
on multimode fiber specklegrams. The magnetic field is detected by
measuring the change of speckle patterns with digital correlation
technology. When the magnetic induction increases by 50 mT, the
response of correlation coefficient is more than 0.35. The sensitivity
of the sensor is 0.00705 mT−1 for the magnetic field range of 50–
100 mT, and the resolution is 0.284 mT. The temperature cross
sensitivity is studied by establishing the sensing matrix. In addition,
dynamic range expansion and magnetic field direction sensing are
explored as the application extensions of this kind of sensor.

Index Terms—Dynamic range, fiber specklegram sensor,
magnetic field direction, magnetic field sensing, temperature cross
sensitivity.

I. INTRODUCTION

MAGNETIC field sensors play an important role in various
industries such as medicine, geophysics, energy survey

and so on. Compared with other magnetic sensors, fiber mag-
netic field sensors have the advantages of low-cost, small size
and high reliability. Magnetic fluid (MF) is a kind of stable
colloidal liquid composed of magnetic solid particles with a
diameter of less than 10 nm, a carrier liquid (also known as
media) and surfactant. In the external magnetic field, it shows
excellent magneto-optical properties such as tunable refractive
index, Faraday effect and thermal lens effect. In recent years,
the fiber-optic vector magnetic field sensors based on MF have
attracted wide research attention and most of them obtain the
magnetic field information by analyzing the optical spectrum.
For example, grating-based sensors [1], [2] and interferometric
based sensors [3]–[5] have been designed with MF acting as the
modified cladding. However, for directional detection, it is often
necessary to fabricate asymmetric structures on optical fiber
sensors, for example, by femtosecond laser microfabrication [6],
side polishing [7] and dislocation fusion [8], which increases
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the difficulty and cost of sensor manufacturing and reduces the
robustness of the device.

Optical fiber specklegram sensors (FSSs) are also a category
of optical fiber sensors. When a coherent light propagates in a
multimode fiber (MMF), an output speckle pattern is generated
that results from inter-modal interference between all guided
modes in the fiber. Because the spatio-temporal characteristics of
speckle field are affected by light guiding conditions, the change
of speckle patterns can be correlated with the change of external
environments. Moreover, different methods for analyzing the
speckle changes have been proposed, including digital correla-
tion technique [9], statistical analysis [10], and morphological
image processing [11]. The sensitivity of FSSs is high, and it
can be realized by relatively simple experimental devices with
low costs. In the fiber speckle sensing system, light source,
multimode optical fiber and camera are necessary, usually in
combination with some auxiliary devices, such as camera lens,
objective lens, collimator and so on. The applications of FSSs
have been reported to measure different physical quantities,
concerning refractive index (RI) [9], strain [12], displacements
[13], vibration [14], temperature [15], bending recognition [16],
deformation [17] and so on. In addition, speckle sensing is
also reported to be applied in biochemical measurements [18],
multiplexed sensor [19], tactile sensing [20], force myography
and human–robot interaction [21].

Magnetic field measurements with the fiber speckle pattern
have been proposed in the last century [22]. Based on Faraday
effect, the longitude magnetic field is calibrated by observing the
rotation of the output speckle patterns of a low-mode fiber [23].
In addition, graphene and other materials can be used to control
the rotation characteristics of the pattern [24]. This method is
suitable for measuring the longitudinal magnetic field in the
order of kOe.

In this work, we propose a new method of measuring magnetic
field based on multimode fiber specklegrams, which has the
potential to realize optical fiber magnetic field sensing with
simple devices and low costs. The sensor has high sensitivity and
good linear response to the change of magnetic field intensity
and the temperature cross sensitivity is studied. In addition,
dynamic range expansion and magnetic field direction sensing
are explored as the application extensions of this kind of sensor.

II. PRINCIPLE OF OPERATION

When a coherent light is launched into a MMF, an output
speckle pattern is formed at the fiber end face. The output speckle
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pattern is mainly caused by the interference of different modes
in MMF. The random distribution of speckle field is determined
by the intensity distribution and relative phase of each mode.
Therefore, the intensity distribution of output specklegrams
projected over a xy-plane I(x, y) can be expressed as (1) [25]:

I(x, y) =

N−1∑
s=0

N−1∑
t=0

asat exp[j(ϕs − ϕt)] (1)

where N is the number of modes, and a and ϕ are the amplitude
and phase of the s-th or t-th modes, respectively. According to
(1), the speckle intensity distribution is highly affected by the
phase deviation Δϕ = ϕs − ϕt, making it very sensitive to the
external perturbation and stimulation. In addition, the speckle
field distribution is also affected by the coupling between the N
modes, so the power change of the s-th mode is calculated by
(2) [26]

ΔPs =
N−1∑
t=0

κst(Ps − Pt) (2)

where Ps is the initial power and κst is the coupling coeffi-
cient. Since the distribution of speckle intensity depends on the
phase difference between modes and mode coupling effects, the
speckle field are drastically affected by the state of incident light
and the placement of optical fiber, as well as by the disturbance
and stimulation from external environment, including tempera-
ture, strain, bending, refractive index and so on. Some work has
also studied the intrinsic characteristics of specklegrams and
tried to predict and control the speckle patterns [27]–[29]. In
this context, by applying a magnetic field to the magnetic fluid
around the microfiber, we can achieve magnetic field sensing
by measuring the change of the speckle patterns. At the same
time, the speckle pattern carries two-dimensional information,
which also provides the possibility for magnetic field direction
sensing.

Digital correlation is a common method to evaluate speckle
pattern change. Common parameters for evaluating speckle
pattern variation mainly include inner product, contrast and
correlation coefficient. Here, we use Pearson correlation co-
efficient as the parameter to evaluate the change of speckle
patterns, which is not sensitive to the overall change of image
brightness and has stronger robustness in comparison to other
speckle processing methods [9], [30]. The calculation formula
of correlation coefficient is shown in (3) [15], (3) shown at
the bottom of this page, where H and V are the total number
of horizontal and vertical pixels. IR(h, v) and Im(h, v) are,
respectively, the intensities of the reference speckle pattern and
measured speckle pattern recorded by the camera in different
pixel coordinates. ĪR and Īm are their mean values. The original
value of correlation coefficient is between 0 and 1. With the

Fig. 1. Schematic of the experimental measurement setup; microscope image
of microfiber sensor sample 3 and schematic of the MF-clad tapered microfiber
magnetic field sensor in the black dotted box.

change of external magnetic induction, the output speckle pat-
tern gradually deviates from the reference pattern, which causes
the correlation coefficient to deviate from 1.

For FSSs based on digital correlation technology, the sensitiv-
ity of the sensor is usually calculated by correlation coefficient.
In this paper, the sensitivity of this kind of sensor refers to
the variation of the correlation coefficient when the external
magnetic induction changes by 1 mT and the sensitivity unit of
this magnetic field sensor is mT−1.

III. METHODOLOGY

A. Sensor Fabrication

The sensors based on tapered microfiber are widely used
because of their small size and high sensitivity. In this work,
MMF (NUFERN MM-S105/125-12A) with core diameter of
105 μm was used to fabricate the microfiber magnetic field
sensor. The structure diagram of the sensor is shown in the black
dotted box in Fig. 1.

In general, the MMF was drawn by the flame brushing
method. The heated fiber was stretched at a uniform speed
through the motorized linear stages, forming a structure com-
prising a uniform taper waist and two transition regions, and
each end of which is linked to an unstretched fiber by a conical
section. Next, we packaged it in a capillary tube filled with
MF by using UV-curing adhesive, which is mainly composed
of acrylic resin. During UV curing, no strain is applied to the
fiber. The inner diameter of the capillary is 0.5 mm and the length
is 10 cm. After that, the multimode fiber can be directly used
as a sensor for speckle sensing without additional fiber fusion,
which is simpler and more convenient. In order to demonstrate
different experiment purposes and sensing applications better,
three samples with microfiber waist diameters of 14.1 μm,

C =

∑H
h=1

∑V
v=1

[
IR(h, v)− IR

] [
Im(h, v)− Im

]
√{∑H

h=1

∑V
v=1

[
IR(h, v)− IR

]2}{∑H
h=1

∑V
v=1

[
Im(h, v)− Im

]2} (3)
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10.8 μm, and 10.14 μm were used, and the length of their
waist areas is about 7 mm. The selection of structure parameters
is mainly due to the trade-off between the evanescent field
strength and the number of fiber modes. In our experiments, the
water-based MF provided by BaseLine ChromTech Research
Centre was employed. The nominal diameter of the nanopar-
ticles (Fe3O4) is 10 nm and the RI of used MF is about 1.34
without magnetic field at the wavelength of 1550 nm. The total
length of MMF is about 2 m.

B. Experimental Setup

The schematic diagram of the measuring device is shown in
Fig. 1. The output light of tunable laser (Santec TSL710) is
coupled into multimode fiber by the collimator (THORLABS
F280APC-1550) and objective lens (20×), which is beneficial
to excite higher-order modes. The part of microfiber sensor is
placed in the magnetic field generator and the magnetic field
can be changed by adjusting the current. The magnetic field
direction is perpendicular to the optical fiber axis and the mag-
netic induction can be measured by a magnetometer. The output
specklegrams of multimode fiber are expanded, collimated and
projected to the infrared camera (Microviewer 7290A) through
the fiber collimator (LBTEK FC1550-2-PC) and camera lens.
In order to ensure the stability of the system, the multimode
fiber sensor is fixed and the external environment interference
is eliminated as much as possible. Except for special instruc-
tions, the experiment is carried out under the room temperature
23.7 °C.

C. Data Processing

The original images captured by the camera are 480 × 640
× 3 RGB images. For ease of processing, the RGB images
are converted to grayscale images. In order to fully reduce the
influence of image acquisition card and camera noise, 29 speckle
patterns are collected and averaged for each magnetic induction.
Then, the average speckle intensity is calculated by Matlab
tools and the region of interest (ROI) is selected to calculate
the correlation coefficient by (3). ROI size mainly depends on
the size of the speckle pattern projected on the camera sensor
and ROI is usually selected near the center of the speckle in this
work. In most experiments, the speckle pattern without magnetic
field is taken as the reference speckle.

IV. RESULTS AND DISCUSSIONS

A. Single Wavelength Magnetic Field Sensing

Firstly, the sensor sample 1 was tested with the room tempera-
ture 23.7 °C and a magnetic field sensing experiment was carried
out with 1550 nm laser. A square 67 × 67 pixels region with the
blue border was selected as ROI, and the captured speckle pattern
without magnetic field (0 mT) was used as the reference speckle
pattern. The magnetic field generator was used to generate 0–150
mT magnetic field with 10 mT interval.

Fig. 2(a) shows the recorded speckle patterns of multimode
fiber with magnetic inductions of 0 mT, 50 mT, 100 mT, and
150 mT and Fig. 2(b) shows the response to magnetic field.

Fig. 2. The results of magnetic field sensing experiment at the wavelength of
1550 nm. (a) The averaged speckle patterns under the magnetic inductions of
0 mT, 50 mT, 100 mT, and 150 mT. The region in the blue border is selected as
ROI. (b) Sensor responding to magnetic field at the wavelength of 1550 nm.

As shown in Fig. 2(b), after passing through a gentle region,
the response enters the linear region and then tends to be gentle
again. The dynamic range of the sensor is about 50–100 mT, and
the sensitivity is 0.00705 mT−1. The resolution of some fiber
magnetic field sensors is calculated by the resolution of optical
spectrum analyzer. In this work, the resolution of the sensor
can be obtained by the resolution of the correlation coefficient,
which is mainly affected by the noise of the camera and external
noise. After repeated tests, the average correlation coefficient of
speckle patterns taken continuously under the same conditions is
more than 0.9980 and the resolution of the correlation coefficient
is 0.0020. Therefore, the resolution of the sensor is 0.284 mT.

The trend of the response curve of magnetic field sensor is
mainly affected by the properties of magnetic fluid. The principle
analysis of its tunable RI responses to magnetic field has been
reported widely in relevant works [3]–[7]. The change of MF’s
RI induced by magnetic field is designated as the agglomeration
of magnetic nanoparticles in MF under external magnetic field.
At a relatively low magnetic induction, the effect of magnetic
field on MF is little. When a certain magnetic induction is
applied, the nanoparticles start to agglomerate which leads to
the increase of MF’s RI. In the sufficiently high magnetic field,
the change of MF’s RI is close to the saturated state because all
the nanoparticles agglomerate to form magnetic column. The
maximum change of RI caused by magnetic field is estimated
to be about 0.02. In addition, in our experiments, it is possible
that magnetic fluid can cause the strain and bending of optical
fiber with the change of magnetic field. Therefore, the change of
speckle is because of not only the RI change but also the force.

B. Multi-wavelength Magnetic Field Sensing

Based on the single wavelength magnetic field sensing experi-
ment, the multi-wavelength magnetic field response of the sensor
sample 1 was measured by tunable laser. The speckle patterns
of different magnetic inductions were recorded at wavelengths
of 1510 nm, 1530 nm, 1550 nm, 1570 nm, and 1590 nm, respec-
tively. The response curves of the sensor at each wavelength are
shown in Fig. 3(a), and the linear fitting results of 50–100 mT
magnetic field are calculated. Then, we explore the possibility

Authorized licensed use limited to: Nanjing University. Downloaded on May 28,2021 at 09:57:32 UTC from IEEE Xplore.  Restrictions apply. 



ZHU et al.: MAGNETIC FIELD SENSING BASED ON MULTIMODE FIBER SPECKLEGRAMS 3617

Fig. 3. The results of multi-wavelength magnetic field sensing experiment.
(a) Magnetic field intensity response of the sensor sample 1 at the wavelengths
of 1510 nm, 1530 nm, 1550 nm, 1570 nm, and 1590 nm. Five lines represent
the fitting lines of the measurement results at different wavelengths. 1510 nm:
y = −0.00343x + 1.135 R2 = 0.9880; 1530 nm: y = −0.00503x + 1.233 R2

= 0.9903; 1550 nm: y = −0.00705x + 1.132 R2 = 0.9938; 1570 nm: y =
−0.00487x + 1.217 R2 = 0.9977; 1590 nm: y = −0.00487x + 1.223 R2 =
0.9877; (b) Temperature response of the sensor sample 1 at the wavelengths of
1510 nm, 1530 nm, 1550 nm, 1570 nm, and 1590 nm. 1510 nm: y =−0.02032x
+ 1.491 R2 = 0.9911; 1530 nm: y = −0.02911x + 1.721 R2 = 0.9895; 1550
nm: y = −0.01883x + 1.458 R2 = 0.9815; 1570 nm: y = −0.03031x + 1.841
R2 = 0.9885; 1590 nm: y = −0.03482x + 1.841 R2 = 0.9938.

of compensating temperature cross sensing by multi-wavelength
responses.

Temperature cross sensitivity is a problem that must be con-
sidered in practical application of the sensors. The sensor sample
1 was heated on a constant temperature heating table and the
speckle patterns were recorded from 23.7 °C to 40 °C at different
wavelengths. With the change of temperature, the change of
MF’s refractive index, the thermal expansion of the capillary
and UV glue, and the thermo-optic effect of the optical fiber are
the main reasons for the change of speckle pattern. The speckle
pattern recorded at room temperature (23.7 °C) was used as
the reference pattern. The temperature response of the sensor
was obtained by calculating the correlation coefficient, and the
temperature sensitivities at different wavelengths were obtained
by linear fitting. The measurement results are shown in Fig. 3(b).

The temperature sensitivities at five selected wavelengths are
−0.02032 °C−1, −0.02911 °C−1, −0.01883 °C−1, −0.03031
°C−1, and −0.03482 °C−1. The magnetic field sensitivities of
the sample 1 at the selected wavelengths shown in Fig. 3(a)
are −0.00343 mT−1, −0.00503 mT−1, −0.00705 mT−1,
−0.00487 mT−1, and −0.00487 mT−1, respectively. As shown
in Fig. 3, the sensitivities of responses to the change of magnetic
field and temperature are different at different wavelengths. For
magnetic field and temperature sensing, the main reasons for
the influence of different wavelengths on sensitivity are com-
plex. Firstly, different wavelengths have great influence on the
excitation modes in multimode fibers [31], and different modes
have different contributions to the sensing sensitivity [32]–[35].
Secondly, due to the use of microfiber structure, considering
the waist region diameter and transition region shape, mode
coupling and mode loss occur, and the evanescent fields are
different at different wavelengths [3], [36], causing the different
responses to the change of magnetic field and temperature. In
addition, both the fiber and MF have dispersion effect on the
wavelength.

Inspired by the work of Haifeng Liu et al. [37], temperature
cross sensitivity can be resolved by sensing matrix TM. As
shown in (4), the sensing matrix TM is established by the sensi-
tivities of temperature and magnetic field. In this way, temper-
ature and magnetic induction can be measured simultaneously
by TM and the changes of correlation coefficient. Therefore, the
sensor can compensate for the temperature effects and measure
magnetic field in a temperature changing environment.

⎡
⎢⎢⎢⎢⎣

Δc1
Δc2
Δc3
Δc4
Δc5

⎤
⎥⎥⎥⎥⎦ = TM

[
ΔB
ΔT

]

=

⎡
⎢⎢⎢⎢⎣

−0.00343 mT−1 −0.02032◦ C−1

−0.00503 mT−1 −0.02911◦ C−1

−0.00705 mT−1 −0.01883◦ C−1

−0.00487 mT−1 −0.03031◦ C−1

−0.00487 mT−1 −0.03482◦ C−1

⎤
⎥⎥⎥⎥⎦
[
ΔB
ΔT

]
(4)

In this work, in order to adjust the wavelength conveniently,
near infrared light source and camera are used. In fact, they can
be replaced by visible light sources, filters, and cameras with
lower costs.

C. Application Extensions of the Sensor

In this section, dynamic range expansion and magnetic field
direction sensing are explored as the future discussion on the
application developments of this kind of magnetic field sensor. In
order to demonstrate different experiment purposes and sensing
applications better, different sample sensors were used.

The dynamic range is usually limited due to the saturation of
correlation coefficient, which is a prevalent problem in fiber
speckle sensing. Most of the existing methods are based on
speckle pattern division [38], morphological processing method
[11] and algorithm compensation [39], which are suitable for the
dynamic range limitation caused by too large difference between
two patterns and have high complexity of image processing and
algorithm. In this work, due to the difference of sensitivity and
dynamic range of response curves at different wavelengths, it
is possible to improve the dynamic range by multi-wavelength
measurement combination. The sensor sample 2 was used for
the dynamic range extension experiment.

As shown in Fig. 4(a), at the wavelengths of 1550 nm and
1570 nm, the linear dynamic range is about 20–70 mT. Due to the
saturation of correlation coefficient, the linearity of the response
curve is very low in the range of 20–120 mT and the R-squared
obtained by linear fitting is only 0.8759 and 0.75018. However,
when the measurement results at two wavelengths are subtracted,
the fitting linear R-square of the response curve in the range of
20–120 mT exceeds 0.950, which means that the dynamic range
is improved well. Similarly, as shown in Fig. 4(b), the linear
fitting R-squared values of 1510 and 1590 nm response curves
are 0.94789 and 0.95672 in the magnetic induction range of
30–110 mT. By adding the measured results at two wavelengths,
the response curve is linearly fitted in the range of 30–110 mT,
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Fig. 4. The results of dynamic range extension experiment. (a) Magnetic field
intensity responses of the sensor sample 2 at two wavelengths of 1550 nm and
1570 nm, and the result of subtraction. Three lines represent the fitting lines of
three measurement results. c1: y = −0.00573x + 1.002 R2 = 0.8759; c2: y =
−0.00282x+ 0.9501 R2 = 0.75018; c2-c1: y= 0.00291x-0.05141 R2 = 0.9536.
(b) Magnetic field responses of the sensor sample 2 at two wavelengths of 1510
nm and 1590 nm, and the result of summation. Three lines represent the fitting
lines of three measurement results. c1: y = −0.00294x + 1.037 R2 = 0.9479;
c2: y =−0.00282x + 0.9501 R2 = 0.9567; c2 + c1: y =−0.00497x1.9442 R2

= 0.9803.

Fig. 5. (a) Schematic diagram of magnetic field rotating device. (b) Response
of magnetic field direction sensing.

and the R square of the response curve is more than 0.980. There-
fore, the measurement results combination of two wavelengths
are demonstrated, which preliminarily confirms the possibility
of improving dynamic range and linearity by combination of
multi-wavelength measurements.

In addition to measuring the intensity of magnetic field, the
method of fiber speckle sensing can also be used to calibrate
the direction of magnetic field. Different from wavelength de-
modulation methods, FSS is based on two-dimensional image
information. When the applied magnetic field direction changes,
the output speckle pattern also changes, which makes it possible
to analyze the magnetic field direction information by speckle
sensing method.

The schematic diagram of magnetic field rotating device is
shown in Fig. 5(a) and the sensor sample 3 was used for magnetic
field direction sensing experiments. The speckle patterns were
recorded under magnetic field of 43 mT, 48 mT, and 55 mT.
The magnetic field direction angle varied from 0 to 360 degrees
with 30 degrees interval. The speckle pattern at a predetermined
0-degree angle with 43 mT magnetic field was taken as the
reference pattern.

As shown in Fig. 5(b), when the magnetic field direction angle
is 0 degree and 90 degree respectively, the maximum difference

of correlation coefficient is more than 0.04 and the trends of
response curves are similar under different magnetic inductions.
Considering that the correlation coefficient resolution is 0.0020,
the magnetic field sensor has the ability to distinguish the mag-
netic field direction. Different from other magnetic field sensors,
the proposed sensing method is based on the two-dimensional
information of speckle images and the change of magnetic field
direction can be observed and calibrated directly. The proposed
sensor has direction-dependent property and has the potential to
distinguish the direction of the magnetic field and further achieve
vector magnetic field sensing through the optimization of the
sensor and the improvement of the image processing method.

V. CONCLUSION

In summary, we demonstrate a fiber-optic magnetic field
sensor based on multimode optical fiber specklegrams through
digital correlation technology. The proposed method has the
advantages of compact size and low costs. The sensor has the
sensitivity of 0.00705 mT−1 in the magnetic field range of
50–100 mT with the resolution of 0.284 mT and the temperature
cross sensitivity issue is studied by establishing the sensing
matrix. Two application developments of this kind of magnetic
field sensor are also discussed. The dynamic range and linearity
can be improved by multi-wavelength measurement combina-
tion. Through the analysis of two-dimensional speckle image,
the change of magnetic field direction can be observed and
calibrated directly. Compared with the existing fiber magnetic
field sensor, the proposed method is based on the analysis
of two-dimensional speckle image and the proposed sensors
use low-cost camera instead of wide spectrum light source or
optical spectrum analyzer. Therefore, the sensor can be used for
magnetic field measurements and has the potential to distinguish
the direction of the magnetic field with simple devices and
low costs, which is expected to apply to industry, navigation,
military and other fields. The machine learning and correlation
combination algorithm will be used to further improve the
dynamic range and linearity by multi-wavelength measurement
combination.

REFERENCES

[1] Z. Zhang et al., “Plasmonic fiber-optic vector magnetometer,” Appl. Phys.
Lett., vol. 108, no. 10, pp. 101105-1–101105-4, Mar. 2016.

[2] W. Bao, X. Qiao, Q. Rong, and F. Chen, “Fiber-Optic vector magnetometer
based on magnetic fluid and fiber bragg grating written on a multi-clad
fiber,” IEEE Sensors J, vol. 18, no. 18, pp. 7486–7491, Sep. 2018.

[3] L. Luo, S. Pu, J. Tang, X. Zeng, and M. Lahoubi, “Reflective all-fiber
magnetic field sensor based on microfiber and magnetic fluid,” Opt. Exp.,
vol. 23, no. 14, pp. 18133–18142, Jul. 2015.

[4] R. Gao, Y. Jiang, and S. Abdelaziz, “All-fiber magnetic field sensors based
on magnetic fluid-filled photonic crystal fibers,” Opt Lett, vol. 38, no. 9,
pp. 1539–1541, May. 2013.

[5] X. Li and H. Ding, “All-fiber magnetic-field sensor based on mi-
crofiber knot resonator and magnetic fluid,” Opt Lett, vol. 37, no. 24,
pp. 5187–5189, Dec. 2012.

[6] J. Zhang, X. Qiao, R. Wang, F. Chen, and W. Bao, “Highly sensitivity
fiber-optic vector magnetometer based on two-mode fiber and magnetic
fluid,” IEEE Sensors J, vol. 19, no. 7, pp. 2576–2580, Apr. 2019.

[7] Z. Jiang et al., “High-sensitivity vector magnetic field sensor based on
side-polished fiber plasmon and ferrofluid,” Opt Lett, vol. 43, no. 19,
pp. 4743–4746, Oct. 2018.

Authorized licensed use limited to: Nanjing University. Downloaded on May 28,2021 at 09:57:32 UTC from IEEE Xplore.  Restrictions apply. 



ZHU et al.: MAGNETIC FIELD SENSING BASED ON MULTIMODE FIBER SPECKLEGRAMS 3619

[8] J. Yin et al., “All-fiber-optic vector magnetometer based on anisotropic
magnetism-manipulation of ferromagnetism nanoparticles,” Appl. Phys.
Lett., vol. 110, no. 23, pp. 231104-1–231104-5, Mar. 2017.

[9] E. Fujiwara, L. E. da Silva, T. D. Cabral, H. E. de Freitas, Y. T. Wu, and
C. M. d. B. Cordeiro, “Optical fiber specklegram chemical sensor based
on a concatenated multimode fiber structure,” J. Lightw. Technol., vol. 37,
no. 19, pp. 5041–5047, Oct. 2019.

[10] W. B. Spillman, B. R. Kline, L. B. Maurice, and P. L. Fuhr, “Statistical-
mode sensor for fiber optic vibration sensing uses,” Appl Opt, vol. 28,
no. 15, pp. 3166–3176, Aug. 1989.

[11] L. Rodriguez-Cobo, M. Lomer, A. Cobo, and J.-M. Lopez-Higuera, “Op-
tical fiber strain sensor with extended dynamic range based on speckle-
grams,” Sensors Actuators, A, Phys, vol. 203, pp. 341–345, Dec. 2013.

[12] M. J. Murray, A. Davis, C. Kirkendall, and B. Redding, “Speckle-
based strain sensing in multimode fiber,” Opt. Exp., vol. 27, no. 20,
pp. 28494–28506, Sep. 2019.

[13] W. Chen, F. Feng, D. Chen, W. Lin, and S.-C. Chen, “Precision non-
contact displacement sensor based on the near-field characteristics of fiber
specklegrams,” Sensors Actuators, A, Phys, vol. 296, pp. 1–6, Jun. 2019.

[14] E. Fujiwara, Y. T. Wu, and C. K. Suzuki, “Vibration-based specklegram
fiber sensor for measurement of properties of liquids,” Opt. Lasers Eng.,
vol. 50, no. 12, pp. 1726–1730, Dec. 2012.

[15] J. J. Wang, S. C. Yan, Y. P. Ruan, F. Xu, and Y. Q. Lu, “Fiber-Optic
point-based sensor using specklegram measurement,” Sensors, vol. 17,
no. 10, pp. 2429-1–2429-9, Oct. 2017.

[16] Y. Liu, G. Li, Q. Qin, Z. Tan, M. Wang, and F. Yan, “Bending recognition
based on the analysis of fiber specklegrams using deep learning,” Opt.
Laser Technol., vol. 131, pp. 106424-1–106424-6, Jun. 2020.

[17] E. Fujiwara, Y. T. Wu, M. F. M. dos Santos, E. A. Schenkel, and C. K.
Suzuki, “Development of a tactile sensor based on optical fiber speckle-
gram analysis and sensor data fusion technique,” Sensors Actuators, A,
Phys, vol. 263, pp. 677–686, Jul. 2017.

[18] F. Feng, W. Chen, D. Chen, W. Lin, and S.-C. Chen, “In-situ ultrasensitive
label-free DNA hybridization detection using optical fiber specklegram,”
Sensors Actuators, B, Chem, vol. 272, pp. 160–165, Nov. 2018.

[19] L. Rodriguez-Cobo, M. Lomer, and J.-M. Lopez-Higuera, “Fiber
specklegram-multiplexed sensor,” J. Lightw. Technol., vol. 33, no. 12,
pp. 2591–2597, Jun. 2015.

[20] Z. Ding and Z. Zhang, “2D tactile sensor based on multimode interference
and deep learning,” Opt. Laser Technol., Nov. 2020.

[21] E. Fujiwara, Y. T. Wu, M. F. M. Santos, E. A. Schenkel, and C. K. Suzuki,
“Optical fiber specklegram sensor for measurement of force myography
signals,” IEEE Sensors J, vol. 17, no. 4, pp. 951–958, Feb. 2017.

[22] M. Y. Darsht, I. V. Zhirgalova, B. Y. Zel’Dovich, and N. D. Kundikova,
“Observation of a ‘magnetic’ rotation of the speckle of light passed through
an optical fiber,” JETP Lett., vol. 59, no. 11, pp. 734–736, Jun. 1994.

[23] L. I. Ardasheva, M. O. Sadykova, N. R. Sadykov, and V. E. Chernyakov,
“Rotation of the speckle pattern in a low-mode optical fiber in a longitudi-
nal magnetic field,” J. Opt. Techno., vol. 69, no. 7, pp. 451–453, Jul. 2002.

[24] D. A. Kuzmin, I. V. Bychkov, and V. G. Shavrov, “Influence of graphene
coating on speckle-pattern rotation of light in gyrotropic optical fiber,” Opt
Lett, vol. 40, no. 6, pp. 890–893, Mar. 2015.

[25] F. T. Yu, M. Wen, S. Yin, and C. M. Uang, “Submicrometer displacement
sensing using inner-product multimode fiber speckle fields,” Appl Opt,
vol. 32, no. 25, pp. 4685–4689, Sep. 1989.

[26] P. J. Kajenski, P. L. Fuhr, and D. R. Huston, “Mode coupling and phase
modulation in vibrating waveguides,” J. Lightw. Technol., vol. 10, no. 9,
pp. 1297–1301, Sep. 1992.

[27] M. Plöschner, T. Tyc, and T. ˇCižmár, “Seeing through chaos in multimode
fibres,” Nat. Photon., vol. 9, no. 8, pp. 529–535, Aug. 2015.

[28] D. E. B. Flaes, J. Stopka, S. Turtaev, J. F. De Boer, T. Tyc, and
T. Cizmar, “Robustness of light-transport processes to bending deforma-
tions in graded-index multimode waveguides,” Phys. Rev. Lett., vol. 120,
no. 23, pp. 233901-1–233901-5, Jun. 2018.

[29] N. Borhani, E. Kakkava, C. Moser, and D. Psaltis, “Learning to see through
multimode fibers,” Optica, vol. 5, no. 8, pp. 960–966, Aug. 2018.

[30] E. Fujiwara, Y. Ri, Y. T. Wu, H. Fujimoto, and C. K. Suzuki, “Evaluation of
image matching techniques for optical fiber specklegram sensor analysis,”
Appl Opt, vol. 57, no. 33, pp. 9845–9854, Nov. 2018.

[31] B. Redding, S. M. Popoff, and H. Cao, “All-fiber spectrometer based on
speckle pattern reconstruction,” Opt. Exp., vol. 21, no. 5, pp. 26127–26134,
Mar. 2013.

[32] V. H. Arístizabal, F. J. Vélez, E. Rueda, N. D. Gómez, and J. A. Gómez,
“Numerical modeling of fiber specklegram sensors by using finite element
method (FEM),” Opt. Exp., vol. 24, no. 24, pp. 27225–27238, Nov. 2016.

[33] S. Qian, Y. Xu, L. S. Zhong, and L. Su, “Investigation on sensitivity
enhancement for optical fiber speckle sensors,” Opt. Exp., vol. 24, no. 10,
pp. 10829–10840, May 2016.

[34] L. P. Feng et al., “Generation of LP 11/LP 21 modes with tunable mode
lobe orientation controlled by polarization states,” Opt. Exp., vol. 27, no. 9,
pp. 13150–13159, Apr. 2019.

[35] Y. Q. Fan, G. Wu, W. T. Wei, Y. F. Yuan, F. Lin, and X. Wu, “Fiber-optic
bend sensor using LP 21 mode operation,” Opt. Exp., vol. 20, no. 24,
pp. 26127–26134, Nov. 2012.

[36] J. H. Chen, D. R. Li, and F. Xu, “Optical microfiber sensors: Sensing
mechanisms, and recent advances,” J. Lightw. Technol., vol. 37, no. 11,
pp. 2577–2589, Jun. 2019.

[37] H. Liu, H. Zhang, B. Liu, B. Song, J. Wu, and L. Lin, “Ultra-sensitive mag-
netic field sensor with resolved temperature cross-sensitivity employing
microfiber-assisted modal interferometer integrated with magnetic fluids,”
Appl. Phys. Lett., vol. 109, no. 4, pp. 042402-1–042402-5, Jul. 2016.

[38] E. Fujiwara, M. F. Marques Dos Santos, and C. K. Suzuki, “Optical
fiber specklegram sensor analysis by speckle pattern division,” Appl Opt,
vol. 56, no. 6, pp. 1585–1590, Feb. 2017.

[39] C. M. B. Cordeiro, T. H. R. Marques, L. Evaristo da Silva, and E. Fujiwara,
“Polymer optical fiber specklegram strain sensor with extended dynamic
range,” Opt. Eng., vol. 57, no. 11, pp. 116107-1–116107-9, Nov. 2018.

Run-ze Zhu received the B.Sc. degree from the Dalian University of Technology,
Dalian, China, in 2019. He is currently working toward the Ph.D. degree with
the College of Engineering and Applied Sciences, Nanjing University, Nanjing,
China. His research interests include fiber sensing and imaging.

Sheng-jie Wan received the B.Sc. degree in materials science from Nanjing
University, Nanjing, China, in 2019. He is currently working toward the Grad-
uation degree with the College of Engineering and Applied Sciences, Nanjing
University. His research focuses on microfiber devices and their applications in
sensing.

Yi-feng Xiong received the B.Eng. degree in materials physics from Nanjing
University, Nanjing, China. He is currently working toward the Ph.D. degree with
the College of Engineering and Applied Sciences, Nanjing University, under the
supervison of professor Fei Xu. His current research focuses on integrated optical
fiber devices.

Hao-gong Feng received the B.Sc. degree from Nankai University, Tianjin,
China, in 2019. He is currently working toward the Ph.D. degree with the College
of Engineering and Applied Sciences, Nanjing University, Nanjing, China. His
research focuses on fiber devices and their applications in sensing and imaging.

Ye Chen received the Ph.D. degree from Nanjing University, Nanjing, China, in
2015. He is currently an Associate Researcher with the College of Engineering
and Applied Sciences, Nanjing University. His research focuses on optical fiber
or microfiber devices and their applications.

Yan-qing Lu received the Ph.D. degree from Nanjing University, Nanjing,
China, in 1996. He is currently a Professor with the College of Engineering and
Applied Sciences, Nanjing University. His research interests include nanopho-
tonics and liquid crystal devices.

Fei Xu received the Ph.D. degree from the Optoelectronics Research Center,
University of Southampton, Southampton, U.K., in 2008. He is currently a
Professor with the College of Engineering and Applied Sciences, Nanjing
University, Nanjing, China. His research focuses on fiber optics.

Authorized licensed use limited to: Nanjing University. Downloaded on May 28,2021 at 09:57:32 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


