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Abstract

An anti-resonant fiber (ARF) surface plasmon resonance (SPR) dual-parameter sensor is designed for simultaneous detection of
the magnetic field and temperature. Both sides of the fiber core in the sensor are filled with gold nanowires and gold dielectrics,
respectively, to excite SPR. The center air hole in the ARF is filled with a magnetic fluid (MF) which responds to the magnetic
field and temperature, and the temperature measurement is carried out by putting polydimethylsiloxane (PDMS) outside the gold
nanowires. Analysis by the finite element method reveals maximum first and second resonance peak sensitivities of 300 pm/
Oe and 500 pm/Qe, respectively, when the magnetic field is between 50 and 130 Oe. The maximum wavelength sensitivity
of the second resonance peak is 10.8 nm/°C in the temperature range of 20-30 °C. Temperature cross-sensitization due to the
magnetohydrothermo-optical effects is overcome by building and demodulating the sensing matrix. This new sensor design is
very promising in fields such as industrial automation, military application, and geological exploration.

Keywords Anti-resonant fiber - Surface plasmon resonance - Sensing - Magnetic field - Temperature - Dual-parameter sensing

Introduction

Magnetic field sensors such as magnetostrictive sensors,
hall effect devices, magnetoresistive sensors, and magnetic
induction sensors are widely used in industrial automation,
automotive electronics, and smartphones [1-3]. However,
these traditional sensors have some disadvantages such as
the need for additional temperature control systems, high

< Xianli Li
Ix17158@163.com

< Chao Liu
msm-liu@ 126.com

School of Physics and Electronic Engineering,
Northeast Petroleum University, Daqing 163318,
People’s Republic of China

School of Materials Science and Chemical Engineering,
Harbin Engineering University, Harbin 150001, China

School of Foreign Languages, Civil Aviation University
of China, Tianjin 300300, China

Department of Physics, Department of Materials Science
and Engineering, and Department of Biomedical
Engineering, City University of Hong Kong, Tat Chee
Avenue, Kowloon, Hong Kong, China

cost, high power consumption, and poor remote monitor-
ing capabilities [4, 5]. In this respect, optical fiber magnetic
field sensors with a small size, fast response, low cost, and
high interference immunity have been developed [6]. For
example, Yang et al. have proposed to use magnetostric-
tive TbDyFe thin films as the magnetic sensing materials in
optical fibers. The TbDyFe thin films are deposited on the
etched side circles of the fiber Bragg grating (FBG) by mag-
netron sputtering to accomplish both magnetic and current
sensing [7]. Paliwal et al. have applied the SPR technique to
study the optical properties of Ce- and Mn-doped BiFeO,
thin films. The dependence of the magnetic field on the opti-
cal properties of the doped BiFeO; films is determined by
utilizing pulsed laser deposition of BiFeO; films and SPR
[8]. However, these sensors have some drawbacks because
the film thickness and location are difficult to control and
production is quite complicated and costly.

Nanomaterial magnetofluids have spurred the develop-
ment of optical fiber magnetic field sensors due to their mul-
tiple magneto-optical properties such as tunable refractive
index (RI) [9], magnetic volume change [10], and magnetic
dielectric anisotropy [11]. By means of encapsulation, the
liquid state of the magnetic fluid (MF) can bond easily with
the fiber compared with the coating process [12]. Several
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types of optical fiber magnetic field sensors based on MF
have been proposed, for instance, photonic crystal fiber
[13], Fabry-Perot fiber [14], single mode-multimode-single
mode fiber fusion splicing [15], anti resonant fiber (ARF)
[16], and so on. However, the detection of individual physi-
cal parameters is still inaccurate due to cross-sensitivity
issues, and consequently, multiparameter sensors based on
matrix demodulation have been proposed. Liu et al. have
designed a temperature-compensated magnetic field sensor
based on the coupling of surface plasmon resonance and
directional resonance in a D-shape photonic crystal fiber
and deduced the relationship between the resonance wave-
length and applied magnetic field with a high sensitivity of
0.87 nm/mT [17]. K. A. et al. have proposed a highly sensi-
tive magneto-fluidic (ethanol) temperature sensor based on
a ring-core microstructured optical fiber (MOF) showing a
magnetic field sensitivity of about 25,641.025 nm/RIU and
temperature sensitivity of about 10 nm/°C in the ranges of
50-200 Oe and 10-60 °C [18]. Wang et al. have described
a two-parameter sensor based on the surface plasmon reso-
nance (SPR) photonic crystal fiber (PCF) for magnetic field
and temperature detection. The magnetic field sensitivities
of channel 1 and channel 2 are 65 pm/Oe and 0 pm/Oe,
respectively, in the magnetic field range of 50-130 Oe and
the temperature sensitivities of channel 1 and channel 2 are
520 pm/°C and 2360 pm/°C, respectively, in the range of
17.5-27.5 °C [19].

Although these aforementioned sensors offer certain
advantages and improvements, one of the obvious drawbacks
is the complex manufacturing process. In this respect, the
anti-resonant fiber magnetic field sensor is simpler because
it consists of a negative curvature anti-resonant tube with a
certain thickness instead of the photonic crystal fiber with
complex air holes. The photoconductive mechanism depends
on suppressed coupling and anti-resonance conditions
between modes in the core and cladding [20, 21]. Compared
with previously reported single-parameter sensors, our pro-
posed structure consisting of 10 sets of negative curvature
tubes provides a rich design dimension for multiparameter
measurements, effectively improves the performance of the
ARF-SPR sensor and solves the temperature-induced cross-
sensitization problem.

Herein, a novel ARF-SPR dual-channel magnetic field
temperature sensor comprising 10 sets of conjoined tubes
is designed for simultaneous detection of the magnetic
field and temperature. The surface plasma waves (SPW)
are excited by placing gold nanowires and gold dielectrics
on both sides of the fiber core. The temperature-sensitive
PDMS is put outside the gold nanowires, and the fiber core
is filled with the magnetic field-sensitive MF. The magnetic
field and temperature are measured by detecting the dis-
placement of the coupled waves. To optimize the structure
and performance, the mode coupling, resolution, structural
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parameter sensitivity, linearity, and other characteristics
of the sensor are analyzed and simulated by the COMSOL
software. The results indicate that the sensor can accurately
detect magnetic field and temperature in the ranges of
50-130 Oe and 20-30 °C, respectively. The parameters of
the sensor are optimized based on the wavelength sensitivi-
ties at magnetic fields between 50 and 70 Oe and tempera-
ture between 20 and 22.5 °C. In the magnetic field range of
50-130 Oe, the average sensitivities of the first resonance
peak and the second resonance peak are 237.5 pm/Oe and
400 pm/Oe with minimum resolutions of 0.33 Oe and 0.2
Oe, respectively. The average wavelength sensitivity of the
second resonance peak is 10.6 nm/°C with a minimum reso-
lution of 0.0096 °C in the temperature range of 20-30 °C.
This sensor design overcomes the problem of cross-sensitiv-
ity due to the temperature variation by building and demod-
ulating the sensing matrix boding well for application to
navigation, smart devices, and smart grids [22].

ARF Design and Theory

The ARF-SPR-based two-parameter sensor is analyzed by
COMSOL software. The cross-section and 3D cross-section
of the sensor are depicted in Fig. la and b.

The structural parameters, A, d,, d,, d;, t, R, R,, and
R;, are represented as the distance from the central stomata
to the center of the inner tube, inner tube diameter, outer
tube diameter, diameter of the gold nanowire, the thickness
of the tube wall, radius of the cladding layer, and radius
of the perfectly matched layer, respectively. The initial
parameters of the anti-resonant fiber (ARF) are as follows:
A=9.6 ym, d; =2*%(A*sin(0.1*I1))-2*1, d, =6 pm, d; =1 um,
and r=0.5 pm. The ARF consists of 10 sets of conjoined
negative curvature tubes with the inner tubes being tangent
to form the fiber core for light transmission. The glass tube
on the left side of the fiber core is filled with gold nanow-
ires, and the glass tube on the right side is filled directly with
gold dielectrics, thus generating two resonance peaks for
bidirectional sensing of temperature and magnetic field. The
glass tube to the left of the fiber core is filled with a temper-
ature-sensitive liquid (PDMS) in addition to gold nanowires
[23]. Finally, the middle of the 10 sets of conjoined tubes
are filled with a magnetic fluid (MF) [6]. The white area is
air with a refractive index of 1. SiO, is a commonly used
fiber material in optical fibers, with low cost, chemical and
thermal stability, as well as controllable morphology and
porosity [24-26]. We change the refractive indices of the
core and cladding by doping SiO, with different elements
to obtain the optimal fiber structure. Therefore, it is often
chosen as background material. The blue region is the SiO,
glass tube with a negative curvature, and the refractive index
is calculated by the Sellmeier equation [27]:
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Fig. 1 a Cross-section and b 3D cross-section of the ARF-SPR sensor
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where A; =0.6961663, A,=0.4079426, A;=0.897479,
B,=0.0684043, B,=0.1162414, and B;=9.896161. n(1)
representing the refractive index of the medium, 4 is the
wavelength of light. A;, B; represent polarizations associ-
ated with specific optical properties of the material, and the
choice of these polarizations is obtained from experimen-
tal measurements. The yellow area is filled with gold used
to excite SPR. Although there is a temperature-dependent
Drude model, the Drude-Lorentz model better describes the
dielectric constant of gold in a modest temperature range.
Hence, the dielectric constant of gold is expressed in terms
of the Drude-Lorentz model as [28]:

w?

p

) 2)

Epe) =6 — ————
a)(a) + ta)T)
where e,=9.75, w,= 1.36 x 1016 rad/s, and
®,=1.45%1014 rad/s. e,,(¢) represents the dielectric con-
stant of gold in an electromagnetic field. ¢, represents the
dielectric constant at high frequencies, which indicates the
static dielectric constant of a dielectric independent of the
frequency of the electromagnetic wave. @ represents the
electromagnetic wave frequency. w_ represents the relaxation
time or decay rate of the Lorentz term, which determines the
width of the focal peak. w, represents the frequency of the
Lorentz term, which indicates the position of the frequency
peak on the frequency axis. The purple region is filled with
a magnetic fluid (MF). Since the refractive index properties
are often used for optical sensing, it is necessary to introduce

the refractive index as a function of the applied magnetic
field, and the refractive index ny; can be expressed as [29]:

H—-H, T
My = (ny —my) lCOth <a T 0) - a(H—HO)] +n,

3
where n, is the saturation of the refractive index of the MF,
n, is the initial refractive index of the MF, a is the fitting
coefficient, T'is the working temperature, H, is the threshold
value of the magnetic field, and H is the external magnetic
field intensity. Here, these parameters are set to a=5, H,=30
Oe, n; =1.4352, and n,=1.4385. The orange region is filled
with temperature-sensitive liquid (PDMS), a new tempera-
ture-sensitive substance with refractive indexes varying with
temperature as shown by the following Eq. (4) [30].

Nppys = —4.5 X 10747 + 1.4176 , )

where T represents the ambient temperature in C. The
operating band of an anti-resonant fiber is determined by
the anti-resonance conditions, and the selection of differ-
ent glass tube thicknesses can lead to changes in the fiber
operating bandwidth and loss characteristics. Accordingly,
the glass tube thickness is one of the key parameters of the
anti-resonant fiber as shown in Eq. (5) [31]:

= Am
2 ' &)
2x glass - n?

where 1 is the wavelength, m is the resonance order, and
Ngjass and 1 are the refractive indexes of SiO, and the ana-
lyte, respectively.
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In order to improve the sensing characteristics, surface
plasmon resonance (SPR) is exploited. The coupled model
theory (CMT) can be used to analyze the SPR effect [32].
Figure 2 shows the basic principle of SPR, which represents
the energy transfer between the fiber core and the metal sur-
face. Electrons on the surface of the metal film move col-
lectively in resonance at the metal-dielectric interface cou-
pled with the incident light and propagate forward along the
split interface to excite a surface plasma wave (SPW) that
propagates along the surface of the metal film. When the two
modes, that is, the SPP mode on the metal surface and the
fundamental mode in the fiber core, satisfy the phase match-
ing condition, most of the energy of the incident light will
be converted into the SPW to stimulate SPR, consequently
producing a sudden drop in the energy of the reflected light
and resonant absorption peaks in the reflection spectrum.
The change in the refractive index of the substance on the
surface of the metal film can be determined by measuring
the change in the specific wavelength corresponding to the
resonance absorption peak. The refractive indexes of MF
and PDMS change under the influence of the magnetic field
and temperature. This allows the resonance wavelength cor-
responding to the SPR effect to change to realize magnetic
field and temperature sensing. Materials with small thermo-
optic coefficients contribute little to temperature sensing
when the temperature varies over a small interval. Conse-
quently, our work focuses on the effects of temperature on
the refractive indexes of MF and PDMS, which have large
thermo-optic coefficients.

The essence of SPR is the energy exchange between
the fundamental mode and metal surface plasmon exci-
tation (SPP) so that SPR can be monitored based on the
loss spectrum of the fundamental mode. The loss of the

Fig.2 Principle of SPR

fundamental mode at different wavelengths can be calcu-
lated by Eq. (6) [33]:

g = 27 _20
2 In(10)

Im(neff) / (dB/cm), (6)

where 1 is the wavelength and Im(n.) is the imaginary part
of the effective refractive index. SPR exists at a specific
wavelength and changes regularly with the refractive index
of the analyte. The structural parameters of the optical fiber
have an important influence on the properties of the ARF-
SPR sensor, and therefore, the wavelength sensitivity is
monitored as an evaluation index to analyze the sensor. It
is defined as the ratio of the difference in resonance wave-
length (RW) of two neighboring analytes to the difference of
the refractive indexes of two neighboring analytes as shown
by Eq. (7) [34]:

Al
Spw = An’ @)

where A4 is the resonance wavelength change of the two-
neighboring analytes and An is the refractive index dif-
ference between the two neighboring analytes. Here, we
mainly investigate two-parameter sensing of the magnetic
field and temperature and introduce the wavelength sensi-
tivity for the temperature and magnetic field as shown by
Egs. (8) and (9):

Ay

Spw(H) = N7 and ¥
AL

Spw(T) = AT )
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where Ay is the resonant wavelength variation of the neigh-
boring magnetic field and AH is the neighboring magnetic
field variation, Ay is the resonance wavelength change for
the adjacent temperature, and AT is the adjacent tempera-
ture change. In order to solve the cross-sensitivity problem
caused by the magnetic field and temperature variations dur-
ing sensing, a two-parameter sensitivity matrix is utilized to
demodulate the magnetic field and temperature as shown by
Eq. (10) [35]:

Aj'l — <Speakl(H) Speakl(T) > AH 10

A/lz SpeakZ(H) Speak2(T) AT ’ ( )
where A4, and A/, denote the RW shifts of the two reso-
nance peaks and S,.(T) and S,.(H) (i=1,2) denote the
temperature and magnetic field sensitivity of the first and
second resonance peaks, respectively. The sensing matri-
ces for the magnetic field and temperature can be obtained
by back-calculating the sensitivity matrix by measuring the
resonance wavelength shifts of the first resonance peak and

the second resonance peak with changes in magnetic field
and temperature, as shown by Eq. (11):

(AH> — <Speukl(H) Speakl(T) >_1<A/11>. (11)
AT Speak2(H) SpeakZ(T) Aﬂz

Based on the original parameters of the ARF described
above, the mode characteristics of the sensor are analyzed
at T=20 °C and H=50 Oe. Figure 3a and b present the
loss spectra of the analyte in both polarization directions.
It can be observed that y-pol exhibits only one resonance

peak, while x-pol shows two resonance peaks, indicating
that x-pol has more electric field components orthogonal
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to the gold nanowires and gold dielectrics. Actually, the
x-pol characteristics are also observed to be superior to
y-pol for the mode field distributions in Fig. 3a and b. The
mode field variations before, during, and after the resonant
coupling of SPR ., and SPR ., are depicted in Fig. 3(a),
respectively. The energy in the fundamental mode is greater
than in the SPP mode before resonant coupling. When the
coupling point is reached, most of the energy in the funda-
mental mode is transferred to the SPP mode (i.e., SPR peak
1 fundamental mode energy is transferred to the SPP mode
on the right side of the fundamental mode, and SPR peak
2 fundamental mode energy is transferred to the SPP mode
on the left side of the fundamental mode). After coupling,
the energy returns to the fundamental mode. The mode field
distribution in Fig. 3b, on the other hand, cannot distinguish
whether most of the energy of the fundamental mode is
transferred into the left SPP mode or the right SPP mode
for two-parameter sensing. Therefore, the x-pol model is
chosen in our subsequent analysis.

The loss spectra generated by the x-pol modes and the
real part of the effective refractive indexes of the x-pol fun-
damental and coupled SPP modes are shown in Fig. 4. The
red, brown, and blue lines represent the effective refractive
index real part of (Re(n.sy)) the fundamental mode, SPP
mode 1 and SPP mode 2, respectively. The green line rep-
resent the fundamental mode CL associated with imaginary
part of the effective refractive index Im(n.g). As the wave-
length gradually increases, the Re(n.) of the two modes
decreases at different rates and the position of the SPP mode
changes. At 1214 nm (SPP,,,) and 1370 nm (SPP,»),
SPP mode 1 and SPP mode 2 are coupled with the funda-
mental mode, respectively, and most of the energy of the
fundamental mode is transferred into the SPP mode, which
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leads to a sudden decrease in the energy of the reflected light
and produces two loss peaks at the intersection of the curves.
This phenomenon satisfies the coupling theory. The results
show that the curve trend is consistent with the energy cou-
pling, and both modes satisfy the phase-matching condition
to produce the SPR effect.

The finite element method (FEM) based on COMSOL
software is utilized to study the sensing performance of the
ARF-SPR sensor. When performing model construction, we
usually build a circular perfect match layer in the outermost
layer for reducing unnecessary electromagnetic reflections.
It is worth mentioning that before the simulation, we also
need to do a critical step of meshing this model to get more
accurate results. To find a set of initial parameters suitable
for structural optimization, a number of rough simulation
calculations were performed to ensure the effective excita-
tion of the SPR effect and the stable output of the sensor
performance. In addition, when a large number of rough
simulations are performed, the degree of influence of each
parameter on the sensor performance is largely grasped, and
the sensor performance is improved by further optimization.

Based on the degree of influence of parameters on sensor
performance and structural characteristics, these important
structural parameters are optimized in order from the inside
out, which is gold line diameter d5, inner tube diameter d,
and tube wall thickness ¢. In addition, keeping other parame-
ters unchanged while optimizing one parameter ensures both
optimization and computational efficiency. The gold nanow-
ire d; was first optimized using a single variable method. As
shown in Fig. 1a, the outside of the gold nanowires is filled
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Wavelength/(um)

with a temperature-sensitive liquid, and so, the change in
the structure of the gold nanowire may only play a role in
the second resonance peak, which is confirmed by Fig. 5b.
As dj increases, the first resonance peak resonant wave-
length (RW) does not shift, while the second resonance peak
shifts toward shorter wavelengths. To produce the optimal
structure for practical fabrication, Fig. Sc shows the loss
curves for different gold nanowire diameters at temperatures
of 20 °C and 25 °C. The diameters of the gold nanowires
are chosen to be in the range of 0.9-1.1 pm. As shown in
Fig. 5d and e, the resonance intensity decreases gradually
with increasing gold nanowire diameter. This is because the
penetration depth of gold is only 20 to 30 nm, and when
the diameter of the gold nanowires increases, the fiber core
mode effectively shields the plasma excitations, leading to
low coupling efficiency [36]. Figure 5f shows the curves of
sensitivity versus loss for different d; at 20 °C. The wave-
length sensitivity (WS) increases to 11 nm/°C with increas-
ing d5, but the loss is too small to efficiently excite SPR and
the curve quality is poor. When d; =1 pm, both loss and WS
are at a moderate level and the curves are smoother. Conse-
quently, the gold nanowire diameter d; is chosen to be 1 um.

After determining the gold nanowire d,, the effects of
the inner tube d, on the sensing properties are determined
as shown in Fig. 6b—f. It is shown to play a decisive role in
the cladding constraint modal field. A d, that is too large
cannot bind light to the fiber core thus limiting mode cou-
pling, whereas a smaller d; leaves the modal field uncon-
strained leading to unstable beam transmission. According
to the geometric relationship between d; and A, varying A
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Fig.5 a—c Loss spectra of the ARF-SPR sensor with different gold nanowire diameters. Losses and resonance wavelengths: d first and e second

resonance peaks. f Wavelength sensitivity of the second resonance peaks at 20 °C

changes d,. Therefore, based on the optimized gold nanow-
ire ds, the sensing properties are analyzed when the dis-
tance A from the central air hole to the center of the inner
tube increases from 9 to 9.8 um with a 0.2 um step at 50
Oe and 70 Oe magnetic fields. The optimized inner tube
acts as a major contributor to the magnetic field because
the central air hole is filled with a magnetic fluid. As the
inner tube A increases, the second resonance peak reso-
nance wavelength does not shift, and the first resonance
peak redshifts. At A=9 um, the first resonance peak loss
is the largest corresponding to a wavelength sensitivity of
up to 250 pm/Oe. A decrease in the distance A from the
central air hole to the center of the inner tube increases the
percentage of SiO, in the fiber core, thus allowing more
energy to be confined within the core and better reso-
nance. Therefore, A is chosen to be 9 um. The diameter of
the outer tube is adjusted by varying d, around the initial
value. Numerical simulation reveals that the magnitude of
d, has almost no effect on the properties of the sensor and
the resonance wavelength does not change. Therefore, the
initial value of 6 pm is used for d,.

The tube wall thickness ¢ is optimized based on the opti-
mized gold nanowires d; and inner tube d;. As shown in
Fig. 7b, the resonance wavelength (RW) of the ARF-SPR
sensor varies significantly with the thickness of the tube
wall. The RW of both resonance peaks shifts to longer wave-
lengths when the tube wall thickness ¢ is increased from
0.4 to 0.6 um. This phenomenon can be interpreted as an

increase in the real part of the effective refractive index
(Re(n)) of the SPP mode, but there is no significant change
in the Re(n) of the fundamental mode, and so the phase-
matching point (resonance wavelength) of the SPP and fun-
damental modes moves to a longer wavelength. In addition,
the first resonance peak RW changes more significantly,
indicating that the tube wall thickness ¢ has a greater influ-
ence on the magnetic field. Figure 7c—e show the tube wall
thickness ¢ versus resonance wavelength and losses at 50 Oe
and 70 Oe magnetic fields. The resonance wavelength curves
show large slopes, suggesting that the tube wall thickness
affects the refractive index difference between the cladding
and the core, thus changing the mode-coupled band. Fig-
ure 7f portrays the wavelength sensitivity for different tube
wall thicknesses at a magnetic field of 50 Oe, at t=0.6 um.
The first resonance peak confinement loss (CL) is the larg-
est and the wavelength sensitivity is 250 pm/Oe indicating
that there is strong coupling between the fundamental and
SPP mode to excite SPR, and the two resonance peaks are
far away for temperature and magnetic field detection. As a
result, #=0.6 um is selected.

The optimized ARF can be produced by the stacked
and quadratic map methods [37, 38]. The liquid gold,
temperature-sensitive liquids, and magnetic fluids are
pushed into the negative curvature tube by high-pressure
chemical vapor deposition (HPCVD) [39]. Several selec-
tive filling techniques have been reported to fabricate
ARF-SPR sensors for two-parameter detection [40-42].
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The detection process for magnetic field is illustrated in
Fig. 8. A broadband light source and optical spectrum
analyzer (OSA) are connected to the left and right sides
of the SMF, in which the ARF-SPR sensors are embed-
ded to generate different magnetic field strengths and
temperatures via the magnetic field and temperature con-
trol devices. In the case of magnetic fields, for exam-
ple, when a broad spectrum of light with wavelengths
of 1000-1600 nm is incident in an ARF-SPR sensor, the
sensor probe generates SPRs, leading to the formation of
resonance valleys in the transmission spectrum. The sens-
ing probe passes through a solenoid coil that can be pro-
grammed with a programmable power supply to adjust the
current and thus change the strength of the magnetic field.
In order to monitor the magnetic field strength in real
time, a Gaussmeter was used as a measuring instrument
to measure the magnetic field strength around the probe.
Different magnetic fields cause the refractive index (RI)
of the MF filling the sensor probe to change, thus affect-
ing the transmission of light through the fiber. Finally, the
resonance wavelengths of the corresponding loss spectra
are acquired by connecting the optical spectrum analyzer
(OSA) to the personal computer (PC) for magnetic field.

Results and Discussion

The sensing characteristics including the fitted curves, reso-
lution, structural parameter sensitivity, and figure of merit
of the optimized sensor are analyzed using COMSOL for
magnetic fields from 50-130 Oe and temperature from 20
to 30 °C.

Spectrograph

Magnetic Field and Temperature Sensing

The wavelength sensitivity, which is defined as the ratio
of the resonant wavelength shift of the adjacent magnetic
field strength or temperature to the adjacent magnetic field
strength or temperature change, is one of the most important
parameters for the ARF-SPR sensor [21]. Figure 9a displays
the curves of resonance wavelength versus loss for different
magnetic field strengths. As the magnetic field increases,
both resonance peaks blueshift, with the first resonance peak
resonant wavelength (RW) changing from 1214 to 1195 nm
and the second one from 1370 to 1338 nm. Figure 9b and c
summarize the wavelength sensitivity (WS) and confinement
loss (CL) of the first and second resonance peaks and Fig. 9a
shows magnetic field strengths in the range of 50-130 Oe. The
wavelength sensitivity of the second resonance peak is higher
than that of the first resonance peak in general. The maximum
wavelength sensitivities and average wavelength sensitivi-
ties of the first and second resonance peaks are 300 pm/Oe /
500 pm/Oe and 237.5 pm/Oe / 400 pm/Oe, respectively. To
analyze the sensitivity of the magnetic field, linear fitting is
performed on RW of the two resonance peaks and the fitted
expressions are:

4,=1.2256-2.4x 10*H and (12)

2,=1.3886-4 x 107*H , (13)

where 4, and 4, are the resonance wavelengths of the
first and second resonance peaks, respectively, and H is
the magnetic field strength. As shown in Fig. 9d and e,
the R? values of the first and second resonance peaks are

Light source

m"-‘-i!

ARF-SPR Sensor

) Programmable power supply

Fig.8 Schematic diagram of the experimental setup for magnetic field and temperature detection
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99.31% and 98.89%, respectively, indicating that the sens-
ing characteristics are excellent and the second resonance
peak is better than the first resonance peak for magnetic
field detection.

The temperature effects on the ARF-SPR sensor are
studied. Figure 10a presents the relationship between the
resonance wavelength and losses in the temperature range
of 20-30 °C. The first resonance peak wavelength sensi-
tivity (RW) does not change, suggesting that the first reso-
nance peak is not sensitive to temperature. The confine-
ment loss (CL) of the second resonance peak decreases
gradually as the resonance wavelength blueshifts because
the refractive indexes of MF and PDMS decrease with

increasing temperature. The effective refractive indexes
of the two SPP modes decrease and resonance weakens
gradually. It can be verified by Fig. 10b showing that the
maximum wavelength sensitivity and average wavelength
sensitivity of the second resonance peak are 10.8 nm/°C
and 10.6 nm/°C, respectively. The first resonance peak is
almost independent of temperature and the temperature
sensitivity of the first resonance peak is 0 nm/°C. The tem-
perature versus resonance wavelength relationship can be
fitted by Eq. (14) as shown in Fig. 12¢ [43]:

A, = 1.581 — 1.056 X 10T , (14)

75
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Fig. 10 a Loss spectra of the fundamental mode at 7=20-30 °C. b Resonance wavelengths and losses at different temperatures

of the second resonance peaks
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where 1, is the resonance wavelength of the second reso-
nance peak and 7 is the temperature. The R? value of the
second resonance peak is 99.994%.

Multiparameter sensing based on matrix demodulation
enables decoupling of the magnetic field and temperature,
thus overcoming the temperature cross-sensitivity issue.
The derived magnetic field and temperature sensitivities
are solved by Eq. (11) to obtain:

AH\ (03 0 \ [ A4
(37)= (05 108) (a22)

The other important parameter is the resolution which
refers to the ability to detect the smallest change in a weak
signal. The lower the resolution, the more sensitive the
sensor is to the input signal and the easier the detection.
According to Eq. (16) [44]:

5)

An,AA
" AZ,

A/lmin
= (16)

n

min

eak

where S, is the wavelength sensitivity and A4, is the
minimum measured value of the spectrum analyzer (OSA)
usually associated with the instrument. With regard to the
magnetic field, the minimum and average resolutions of
the first and second resonance peaks are 0.33 Oe / 0.2 Oe

and 0.42 Oe / 0.25 Oe, respectively. As for the temperature,
the second resonance peak shows a minimum resolution of
0.0096 °C and average resolution of 0.0094 °C. Regarding
the temperature and magnetic field, the second resonance
peak shows a lower resolution than the first resonance peak
due to the higher wavelength sensitivity of the second reso-
nance peak. Hence, its ability to detect weak signals is better
than that of the first resonance peak.

Sensitivity of Structural Parameters

The structural parameter sensitivity, defined as the ratio of
the resonance wavelength shift to the structural parameter
change, is adopted to evaluate the stability of the SPR sen-
sor during manufacturing [45]. Owing to real and objective
conditions, the actual characteristics may deviate from theo-
retical ones due to small changes in the fiber during manu-
facturing. The sensitivity curves of the structural parameters
for the gold nanowires (d), inner tube diameter (d,), and
tube wall thickness (7) are plotted in Fig. 11a—c. With regard
to the gold nanowire (d3), the structural parameter sensitivity
of the second resonance peak decreases to 20 nm/um, and
for the inner tube diameter (d,), the sensitivity of the first
resonance peak is as small as 5 nm/um. The thickness of
the tube wall affects the sensor, and as shown in the figures,
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Fig. 12 FOM: a magnetic field first resonance peak, b magnetic field second resonance peak, and ¢ temperature second resonance peak
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Table 1 Performance

. . Reference Fiber type Material Detection range Sensitivity

comparison with recently

reported sensors [11] PCF MF 100-160 Oe 5000 pm/Oe
[13] PCF Fe;0, 100-160 Oe 83,268.46 nm/RIU
[16] NC-HCF MF 100400 Oe 6.8 nm/Oe
[18] MOF C,H;OH 50-200 Oe, 10-60 °C 25,641 nm/RIU, 10 nm/°C
[20] PCF Water 30—70 °C 818 pm/°C
Ours ARF MF 50-130 Oe, 20-30 °C 500 pm/Oe, 10.8 nm/°C

the structural sensitivity of both resonance peaks is larger
for the thickness of the tube wall (7). The average structural
sensitivities of the two peaks are 455 nm/um and 90 nm/
um, respectively, and consequently, the pipe wall thickness
should be precisely controlled during actual manufacturing.

Figure of Merit (FOM)

The figure of merit (FOM) defined as the ratio of wavelength
sensitivity to the full-width at half-maximum (FWHM) is
derived to evaluate the overall performance of the ARF-SPR
sensor. A larger FOM indicates more desirable properties as
shown in Eq. (16) [46]:

S

n (16)

FOM = ———
FWHM

where S, is the wavelength sensitivity and FWHM refers
to the frequency band corresponding to half the height of
the confinement loss (CL) peak. Figure 12a and b show the
FOM and FWHM values of the first resonance peak and
second resonance peak for different magnetic field strengths,
and Fig. 12c shows the results of the second resonance peak
at different temperatures.

Table 1 compares the optical properties of recently stud-
ied magnetic field sensors and temperature sensors. The
selection of the filler material and the structure of the fiber
have a great influence on the performance of the sensor.
The table lists a range of sensors in different materials
and configurations. The sensor has a simpler structure than
previously proposed sensors and can detect magnetic field
and temperature with higher sensitivity over a wider band.

Conclusion

A novel ARF-SPR sensor incorporating MF and PDMS is
designed for simultaneous detection of the magnetic field and
temperature while avoiding the problem of temperature cross-
sensing. By analyzing the effects of the structural parameters
of the ARF, the optimal fiber structure size is determined.
The modal characteristics of the sensor are investigated by
COMSOL. The x-pol mode has better sensing characteristics.

@ Springer

In the magnetic field range of 50-130 Oe and temperature
range of 20-30 °C, the magnetic field and temperature reso-
lutions are below 0.5 Oe and 0.0096 °C, respectively, with
a minimum structural sensitivity of 5 nm/um and maximum
FOM of 118.681 °C — . Compared with other magnetic field
sensors, this ARF-SPR sensor boasting a simple structure,
high sensitivity, and easy manufacturing has great potential
in aerospace applications, long-distance transmission, and
complex environmental monitoring.
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