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Featured Application: We propose an SPR sensor with high sensitivity and resolution based on
the higher-order modes, which can be applied in the measurement of the refractive index.

Abstract: In this paper, we propose an approach to improve the sensitivity of an optical fiber surface
plasmon resonance (SPR) sensor with a pure higher-order mode excited by a designed mode selective
coupler (MSC). We calculate the proportion of the power of the higher-order mode in the cladding.
Compared to the LPy; mode, the power proportion of the LP1; mode (LP»; mode) in the cladding
theoretically improves by 100% (150%). To generate a relatively pure LP1; mode or LP,; mode, a
mode selective coupler (MSC, 430-580 nm) is designed. The coupling efficiency of the LPy;—LPq;
mode coupler is over 80%, and that of the LPy;—-LP,; mode coupler is over 50%. The simulation results
show that the sensitivity of the LP;; mode and the LP»; mode increases by approximately 330% and
360%, respectively, using the intensity modulation (1 = 1.33-1.38, 430-580 nm); the resolution of the
refractive indices of our sensor, using the LP1; mode (LP;; mode), is 2.6 x 10~# RIU (2.4 x 104 RIU).
The higher sensitivity and resolution of our presented fiber SPR sensor containing a visible MSC
make it a promising candidate for the measurement of refractive indices.

Keywords: surface plasmon resonance; higher-order modes; mode selective coupler (MSC); optical
fiber sensor

1. Introduction

The surface plasmon resonance (SPR) technique has been widely used in biosensing
due to its high sensitivity and rapid response [1,2]. The key to improve the sensitivity
of optical fiber SPR sensors is to enhance the intensity of the interaction between the
evanescent wave and the metal film [3]. Compared with the fundamental mode, the higher-
order modes (the LPq; and LP>; modes) easily leak to the fiber cladding due to a greater
angle of incidence, leading to much more power remaining in the cladding [4]. Given
this, when the evanescent wave to excite the SPR in sensing is used, the sensitivity can
be improved by higher-order modes. Therefore, several methods have been proposed to
excite higher-order modes to enhance the sensitivity of fiber SPR sensors, such as D-shaped
structures [5], tilted fiber Bragg gratings (TFBGs) [6], and lens illumination [7]. Although
the existing studies can improve the sensitivity of SPR sensors using higher-order modes,
the power proportion of higher-order modes used to excite SPR is unknown due to the
mixing with the fundamental mode. If the proportion of the fundamental mode can be
reduced to the minimum, or even to zero, along the optical fiber, the sensitivity of the SPR
fiber sensors could be further improved.

Utilizing higher-order modes to improve the sensitivity of fiber SPR sensors has
been explored by many researchers [7-10]. For instance, using a Bessel-Gauss beam as
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a light source, a sensor with a high sensitivity of 11,928.25 dB/RIU is obtained, which
is 10 times that of a Gaussian beam [7]. The higher-order modes in the cladding can
be generated by TFBGs with different angles, which provides a sensitivity of around
500 nm/RIU [8]. Moreover, a biosensor shows a detection limit of 1.5 x 10° colony-forming
units (CFU)/mL, using a U-shaped fiber to tilt the incident angle to generate higher-order
modes [9]. Meanwhile, these higher-order modes can be generated by changing the mode
field using a mismatched junction between two fibers, which improves the performance
of the sensor with a sensitivity of 4816.092 nm/RIU [10]. However, these approaches fail
to further improve their sensitivity because the mixing of higher-order modes with the
fundamental mode is inevitable, and the fundamental mode dominates in the optical fiber.
In particular, the latter is the main reason preventing the enhancement of the sensitivity of
fiber SPR sensors. Hence, if we want to further improve the sensing performance of SPR
sensors, it is reasonable to consider using relatively pure higher-order modes. However,
it is difficult to excite the pure higher-order modes according to the existing methods.
In 2020, Yao et al. [11] fabricated a visible mode selective coupler (MSC), generating the
LP;; mode at a specific wavelength range (480-540 nm), almost without the fundamental
mode. The presented approach gives us a new practical way to apply this MSC to excite
the pure higher-order mode (not just the LP1; mode) after slight modifications. With this
method, we can intensify the SPR on the surface of the core by generating relatively pure
higher-order modes.

In this paper, we propose a SPR sensor with a designed MSC to obtain a pure higher-
order mode for sensitivity improvement. Section 2 describes the mechanism of the sensor
for the refractive index (RI) measurement using higher-order modes. Then, in Section 3,
we calculate the power proportion of different modes in the cladding and design an MSC,
using two optical fibers. Finally, the parameters of the MSC are optimized to produce a
pure higher-order mode for RI measuring, and simulations of the designed SPR sensor
are shown in Section 4, proving that this sensor is an effective device to achieve highly
sensitive RI measuring.

2. Sensing Mechanism

The designed sensor consists of three parts, the MSC, the polarization controller (PC),
and the sensing area of this sensor, as shown in Figure 1.

Figure 1. Schematic diagram of SPR sensor with a pure higher-order mode.

In the sensor, the light beam is coupled into the fiber by Flange and propagates as
the fundamental mode into the MSC. The MSC is made from two fused fibers and is used
to produce a pure higher order mode in the visible band. In general, as the fundamental
mode propagates in the fusion region, the energy transitions periodically from one fiber
to another, propagating as the LP1; (LP»1) mode when the coupling length increases. It
is, therefore, possible to optimize the MSC parameters so that the fiber output is purely
the LP1; (LPy;) mode. An optical isolator is used to avoid reflections from the fiber output
affecting the output LPq; (LP21) mode.
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The PC controls the light field distribution of the modes by adjusting the polarization
direction of the higher order modes, which in turn concentrates the power for excitation of
the SPR in the sensing area.

The sensing area of this sensor for RI measuring is made by stripping part of the
cladding from the few-mode fiber and coating it with silver film to excite SPR in the
solution. Then, the output light intensity through different Rl solutions is received by the
detector, where the sensitivity and RI resolution of the sensor can be measured.

Based on the proposed fiber SPR sensor, in order to obtain a higher order mode with
a higher power proportion for full excitation of the SPR, in the next section, the power
proportion of different higher order modes in the cladding is theoretically analyzed and an
MSC with a central wavelength of 500 nm is designed. In addition, all parameters related
to the sensor and used in the Section 3 and the Section 4 are listed in Table 1.

Table 1. Parameter indices related to the SPR sensor.

Index Parametric Meaning Index Parametric Meaning
The efficiency of converting the
F; (R) The electric field 0% fundamental mode into a higher order
mode of MSC
R The normalized radius A The wavelength
a The radius of the fiber Neff The effective RI of the LPh,, mode
k The wavenumber in the vacuum D The core distance
B the propagation constant L The fusion length of fiber
Neo the RI of the core Tco The radius of the core in the simulations
. The radius of the cladding in
N the RI of the cladding Tel the simulations
u the core parameter Loss The loss of SPR in the sensing area
W the cladding parameter n The refractive index in the simulations
. The total loss of the LPnym mode, including
%4 The normalized frequency Toss the LPyy, LPy1, and LP,; mode
The efficiency of a light source producin, ..
NLPO1—light the fun dameztal mo%ie P & Lin The minimum detected loss
The proportion of the power of the LPpm, A .
LPrm—l mode in the cladding to the total power P The incident power
The ratio of the power enhancement of the
7 higher order mode to the Pout The output power

fundamental mode

3. Theoretical Analysis

3.1. The Power of Different Modes in the Cladding
The sensitivity of the sensor could be improved by using only the higher-order mode

to excite SPR in this sensor. To verify this assertion, the powers of the LPy;, LP11, and LP»;
modes in the cladding are calculated.

The electric field F;(R) of the LPyy, mode (ignoring the phase el 1=0,1,---)in the
step fiber is expressed as [4]

d  1d P
dR?2  RdR R2

—+a2(k2n§0—ﬁ2)]a(m—oogR<1 (1a)

= - _ - _ _ — <

{dR2+RdR o (/3 kncl)]F,(R) 01<R< oo (1b)
where R is the normalized radius, a is the radius of the fiber, k is the wavenumber in
the vacuum, § is the propagation constant, n., is the core index, and n. is the RI of

the cladding.
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By substituting Equation (1) into the boundary conditions that F;(R) and Fl’ continue
when R = 1, characteristic eigenequations follow these relationships:

u ]n+1(u)/]n(u) = WKn+1(W)/Kﬂ(W) (2a)
u ]nfl(u)/]n(u) = Wanl(W)/Kn(W) (2b)

V=VU2+W2=k-a\/n% —n} (20)

where n is the order of mode, U is the core parameter, W is the cladding parameter,

and V is the normalized frequency [4]. The bisection method is adopted to solve these

equations using some subroutines of Fortran [12] (GNU Fortran 10.3.0, Rev5, built by the

MSYS2 project).

The proportion of the power of the LP,,, mode in the cladding to the total power is
expressed as [4]

Ji Ff(R)RdR

HLPnm—cl = m

0 “1I

The percentage of cladding power to the total power of the first three modes (the LPyy,
LPq;, and LP,; mode) is illustrated in Figure 2. The value of the LP»; mode is discontinuous
in the inset of Figure 2 due to the defined error range (0.00001) of the bisection method.
This indicates that in the cladding, the power of the higher-order modes is higher than
that of the fundamental mode. In other words, compared to the fundamental mode,
the higher-order modes can effectively improve the power of the evanescent wave for
SPR excitement.

®)

Figure 2. The proportion of power of the LP;;; mode in the cladding with the different normalized
frequency. The inset clearly depicts this proportion when V > 8.

In the designed sensor, the loss of the light source and the efficiency of converting the
fundamental mode into a higher order mode of MSC are considered. Thus, in the sensing
area of this sensor, the ratio of the power enhancement of the higher order mode to the
fundamental mode is defined as

_ MLpot-tlight XY X YLPum—cl — NLPO1-light X TLPO1—cl Y X WLpum—cl — MLPO1—cl
HLP01—light X 1LPO1—cl 1LP01—cl

4)

where 7 represents the proportion of the power increase of the LPp;, mode to the funda-
mental mode in the cladding. 77, po1—1igns indicates the efficiency of a light source producing
the fundamental mode. # p,,;,; represents the proportion of the power of the LPyy, mode
in the cladding to the total power in the optical fiber. y of the MSC is defined as the ratio
between the generated higher-order mode power and the total power of the MSC.
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As shown in Figure 3, in this sensing area, the proportion of the cladding power
increases by approximately 100% and 150% when the LPy; and LP,; modes are adopted,
where v of the LPy;—P1; mode coupler is set as 0.8, and <y of the LPy;—LP,; mode coupler
is set as 0.5, according to the calculation in Section 4.1. The abnormal peak of the blue
curve is caused by the error of the numerical method, which coordinates with the inset
of Figure 2. These results indicate that the advantage of applying higher-order modes for
sensing is that higher order modes have more power in the cladding to excite a higher
intensity of SPR, and the loss of these modes can be fully detected by intensity modulation,
whose variation can reflect the change trend of RI. Therefore, the evanescent wave power
enhanced by these modes contributes to the sensitivity enhancement of the RI, which is
verified by simulations of the sensing area of this sensor.

Figure 3. The proportion of enhanced power as the normalized frequency increases.

3.2. The Principle of an MSC Working in the Visible Band

The MSC is made by fusing two fibers of the same material, but with different diame-
ters. In order to achieve a high  for MSC, the dispersion effect of the fiber is taken into
account for a given doping ratio, and the 7 is increased by optimizing structural parameters
of the MSC without adjusting the fiber doping ratio to change the RI of the fiber. Assuming
that the optical fiber used is only doped with GeO5, the core is doped with 13.28%, and the
cladding is doped with 9.78%. The dispersions of the two fibers, taken from the Sellmeier
equation, are expressed as

- 0.7108675759 x A2 n 0.4491392689 x A2 n 0.8917276872 x A2 (5a)
“ AZ —0.06848004262 = A2 —0.12192521242 A2 — 10.17600548352

no— 1 0.7069927717 x A2 n 0.4383817131 x A2 n 0.8932435754 x A2 (5b)
o= A2 —0.06846008852 A2 —0.120453250522 A2 — 10.10300357052

where 7, is the RI of the core, n,; is the RI of the cladding, and the unit of wavelength (1)
is micrometers (1m).

The key to designing the MSC is that the wave-vector of different modes should be
matched, which means that different modes have an equal RI [11].Under such conditions,
the fundamental modes propagating in one fiber can all be converted into higher-order
modes propagating in the other fiber, as shown in Figure 1. During propagation, the funda-
mental mode gradually passes through the fusion area into another fiber and propagates
for a certain length to satisfy v = 1. If the fusion area is too long, energy will propagate
from one fiber to another periodically which will lead to the fluctuation of .

However, because of the dispersion effect caused by the RI of the fiber, not all the
power of the fundamental modes in a wavelength range totally propagates to another fiber
and converts into the power of the higher-order modes, resulting in v < 1. Given the RI of
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the fiber, the variation in the RI of the LPy, mode can be calculated by Equation (2) and
Equation (5), as illustrated in Figure 4. Considering reasonable structural parameters of the
MSC, the mode effective Rl is set as 1.482248. Then, the radius of the fiber core for the LPy;
mode is identified as 2.99 um; this parameter for the LP1; mode (LP»; mode) is 5.15 pm
(7.15 pm) at A = 500 nm.

Figure 4. The mode effective RI curves for the LPy;, LP11, and LP,; modes with the core radius of
the fiber a (um).

As shown in Figure 4, the dispersion effect caused by the RI changing with wave-
length leads to a mismatch of the effective refractive indices for different modes within a
wavelength range. Therefore, v < 1. To achieve the overall maximum value of - in the
visible band, the structural parameters of MSC are optimized in Section 4.1.

4. Simulations and Discussions
4.1. Simulation of MSC

In our sensor, the wavelength of SPR ranges from 430 nm to 580 nm. Thus, to produce
a relatively pure higher-order mode in the visible band and to maximize v, the optimized
central wavelength of visible MSC is selected to be 500 nm.

Ignoring the influence of external fiber bending on the coupling area, we establish a
model of the MSC with Rsoft; the area of fusing is shown in Figures 1 and 5. In this model,
the radius of two optical fibers is 2.99 um for LPy; mode, and 5.15 pm (7.15 pm) for LPq;
mode (LP»; mode). The model aims to analyze how the core distance (D) and the fusion
length of fiber (L) affect .

As shown in Figure 5, the fundamental mode originates from the bottom of the left
fiber as the triangle marked in Figure 5a. It should be noted that the incident power equals
the total power. In the fusion area, the total power transmits from one fiber to another
fiber periodically. In the end, most of the power flows out of the top of the right fiber
corresponding to the right fiber shown in Figure 5b, in the form of the LPj; mode or the
LP;; mode, and a small amount of power, the power of the fundamental mode, exits from
the top of the left fiber, corresponding to left fiber, depicted in Figure 5b. Therefore, D and
L are related to the ratio of the power distribution between the two fibers, which affects v.
Thus, optimizing these parameters can improve the <y in the visible band (430-580 nm).
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(a) (b)

Figure 5. A model of the visible MSC in the area of fusing. (a) is the OXZ plane, and (b) is the OXY
plane, L is the fusing length of the fiber, and D is the core distance between two cores.

Using the MOST module, the optimized result is achieved, as shown in Figure 6a. It
clearly shows that there are many options for D and L to realize v > 0.95 at A = 500 nm.
However, when D and L are determined, v will peak at the central wavelength and decline
on both sides, as shown in Figure 6b. Therefore, in order to obtain high <y in the entire visible
band, the choice of the parameters for D and L is limited. According to our simulation, for
the LP1; mode and the LP>; mode, D is 8.08, and 10.61 um, and L is 1253.3 and 3700 um.
For example, at the central wavelength, the orange pentagram indicates the parameters
(D =8.08 um and L = 1253.3 um) of the LPy;—LP1; coupler shown in Figure 6(a), and the
coupling efficiency vy of this coupler is derived from the power of LP1; over the power
of LPy1—P11 in Figure 6b, which is 95.69%. Similarly, -y of the LPy;—P51 coupler is 90.60%,
which is marked with the black pentagram shown in Figure 6c.

(b) (c)

Figure 6. Simulations of y at the central wavelength and the power of the MSC in the visible band.
(a) the coupling efficiency (7 ) of the MSC at A = 500 nm, with different core distance (D) and varied
coupling length (L). (b) The normalized power under different wavelengths. (c) y of the LPy;—-LPy;
coupler at A = 500 nm, with different D and varied L.

As shown in Figure 6b, the efficiency of conversion (y) is less than 1 and it is relatively
low for the LPy;—-LP>; mode coupler in the visible wavelength range. This is because the
evanescent field of the higher-order mode extends significantly, which easily allows the
higher-order mode to transition to another fiber and propagate forward as the fundamental
mode during the propagation in the fusion area.
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(a)

To further improve v to obtain a pure higher-order mode, one method is to optimize
D and L under a certain type of optical fiber, which has been fully described. Another way
is to change the components of the fiber to study the effect of dispersion on y. However,
due to limitations of the experimental conditions, we do not adopt this approach.

4.2. Simulation of the Sensing Area for RI Measurement

Utilizing the higher-order modes produced by the MSC, we designed an RI sensing
area of this sensor based on SPR, as shown in Figure 7.

(b)

Figure 7. Schematic diagram of the sensing area of this sensor with material settings. (a) 3D mode.
(b) Cross section of the sensing area. (c) Mesh of the sensing area.

In this sensing area, most cladding of the fiber has been removed, and the exposed
core is coated by a 40 nm thick silver film [13]. The thickness of the 40 nm silver film is
selected according to multiple simulations of structures with different thicknesses. Such a
structure can excite SPR between the silver film and the evanescent wave.

Ignoring the discontinuity of the interface between the sensing region and the optical
fiber, we conduct a simplification of the 3D model shown in Figure 7a; thus, we simulate
it in a 2D form, as shown in Figure 7b, since the mode field is same in the direction of
propagation. In our model (COMSOL Multiphysics), the radius of the core is 6 um and
that of the cladding is 18 um. We select Frequency Domain (ewfd) in Electromagnetic
Waves module in which the scattered wave type is set as the plane wave in the Scattering
Boundary Condition and the Transition Boundary Condition is set to Ag film. Additionally,
the physis-controlled mesh is used in the Mesh, as depicted in Figure 7c.

The loss of SPR is given by [14]

Loss = 8.686277[%11,15]7 (dB/m) (6)
where 1,1 is the RI of the LPnm mode.

As shown in Figure 8, the loss of the LP,, mode is related to the polarization because
of the noncircumferential symmetry of the sensing area of this sensor, as shown in Figure 7.
If all the cladding of the sensing area is replaced by silver film, the loss of the LPm mode is
assumed to be independent of the polarization, and its distribution is marked by the boxes
in Figure 8.

Among the modes shown in Figure 8, the LP1y, LP11y2, and LP215; mode are identified
as the LPy;, LP1;, and LPp; modes due to their loss curves with the largest variation.
Under such conditions, where these polarization direction modes are adopted, the sensing
structure shows high loss and are extremely sensitive in solutions with different RI. To
verify this view, the response curves of the three modes to RI are shown in Figure 9.
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(a)

(a)

(b) (c)

Figure 8. The spectrum of loss spectra of the LPhn mode and the corresponding optical field
(n =1.33). (a) Spectra and electricity of the LPy; mode; (b) spectra and electricity of the LP1; mode;
(c) spectra and electricity of the LP»; mode.

(b) ()

Figure 9. The spectrum of loss of the LPym mode at different RI. (a) The spectrum of loss of the LPy;
mode. (b) The spectrum of loss of the LP1; mode. (c) The spectrum of loss of the LP»; mode. The loss
data are not provided when n = 1.38, since there are no stable electric fields in our simulation.

The intensity modulation method [15] is adopted to demodulate the losses of the
above modes (the LPy;, LP11, and LP1 mode), ranging from 430 nm to 580 nm. This result
is defined as Ijogs. The fitting results of Ij,s; are shown in Figure 10, and the sensitivity
defined as the loss over RI of each order mode is shown in Table 2. Actually, in the sensing
area, the LP1; mode and the LP,; mode are used separately to excite SPR to improve the
sensitivity of this sensor. The sensitivity of the fundamental mode is calculated only for the
comparison among modes. It illustrates clearly that the sensitivity of the sensing area of this
sensor for each mode exhibits high linearity. Besides linearity, the value of sensitivity of the
LP;; mode and the LP»; mode is increased by approximately 330% and 360%, respectively.
These values are attributed to the controlled energy distribution of the mode in the sensing
area. Therefore, this means that using higher-order modes can improve the sensitivity of
the SPR sensor.

Table 2. The sensitivity of the LPn, mode by intensity modulation (x 1073 dB/RIU).

LPy; LP1 LPy;
Sensitivity 1.95 8.45 9.03
Normalization 1.00 432 462

of Sensitivity
Correlation coefficient 0.98 0.98 0.98
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Figure 10. The loss of the LP,m mode under different RI.

Besides the sensitivity of the sensor, another important indicator is the resolution of the

RI. Referring to the parameters of a photodetector (0.1-0.35 A /W, 430-600 nm, DET10A2,

THORLABS), we set the minimum detected photocurrent as 1.0 nA and the dark current as

0.3 nA, with a photoelectric conversion rate of 0.2 A/W. Then, the minimum detected loss
Ipin can be calculated by

— lIin = 10108(AP/P1'71) @)

AP = Pin — Pout (8)

Assuming that the incident power (P;,,) of the sensing area of this sensor is 10 mW
and the output power (Pyyt) is 5 x 107® mW corresponding to the minimum detected
photocurrent, I, is 2.1715 x 10-°dB. According to the sensitivity shown in Table 2, the
RI resolution of our sensor, using the LP1; mode (LPy; mode), increases to 2.6 x 10~* RIU
(24 x 107* RIU), which is 7.6 times higher than that of a similar sensing area
(1.83 x 1073RIU), determined by Kort Bremer et al. [16]. Therefore, these results show that
because of the higher-order modes, the sensitivity and the Rl resolution of the SPR sensor
can be improved significantly.

4.3. Discussions

In this section, we will discuss the reliability and drawbacks of the simulation model.
Additionally, the experimental feasibility and strategies to improve the performance of our
sensor are described through the theoretical analysis and existing technology.

The model of the sensing area is inferred to be reliable based on the following reasons.
Firstly, the simulation results are consistent with the theoretical analysis results. This
indicates that the higher-order mode has a high energy proportion in the cladding, and
can fully excite SPR; therefore, in the sensing area, the RI sensitivity and resolution of
higher-order modes are much higher than those of the fundamental mode. Secondly, the
reliability of the model is verified from the experimental results of others. According to
Table 1 and I,,,;,;, the RI sensitivity of the fundamental mode is 1.1 X 1073 RIU. This result
roughly equals the experimental results of Kort Bremer et al.(1.83 x 10~3RIU) [16], but is
slightly lower than that of Liu et al. (6.1 x 107#RIU) [17]. The reason is that there is still a
small part of cladding left in the sensing area. The cladding is not completely removed,
which fails to fully utilize the energy of the cladding in the sensing area to excite SPR.

Although the reliability of the model is verified, it also shows that the shortcoming of
the model is that it cannot fully utilize the energy in the cladding. As we use the LP;; and
the LP»; mode to excite SPR, these modes can be obtained only by partially stripping the
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cladding in the simulations, which is different from the results in the actual experiments. In
reality, these modes propagate in the core of fiber without cladding, exposed to the solution
with high loss. However, this cannot be acquired in the simulations, since the simulations
need to meet the boundary condition.

The proposed sensor is experimentally feasible, using higher-order modes. In the
experiment, the usage and generation of the LP1; and the LP»; mode is of great necessity
and importance. First, the loss of these modes is low, which has little effect on the intensity
modulation compared to other higher-order modes, such as the LPyy, (m > 2), the LP1,
(m > 2), and the LPy, (m > 2) mode. Second, it is possible to fabricate a few-mode fiber
with low loss in the visible band. On the one hand, in the area of communication, a
few-mode fiber has already been developed which can support the LPy;, LP11, and LP»;
mode, propagating with a loss of less than 0.21 dB/km (FM GI-4, 1550 nm, Yangtze Optical
Fiber and Cable Co., Ltd., Shanghai, China). The processing experience and fabricating
procedures of this fiber may be helpful to make a few-mode fiber in the visible band. On the
other hand, the length of few-mode fiber is short (~cm) in the sensor, resulting in low loss
of transmission, which can be ignored. Third, it is realistic to make the LPy;-LP;; coupler
and the LPg;-LPy; coupler with high v in a wide range of visible bands due to the former
coupler has been fabricated [11]. Finally, the processes associated with the manufacture of
sensing zones are well established. The sensing area can be processed by the wheel-based
side grinding method [18,19]. Then, Ag layers (40 nm in thickness) can be deposited on the
sensing area using a vacuum deposition machine (ZZS-700B, Chengdu Vacuum Machinery,
Chengdu, China) at a certain working pressure and specific rates [20].

To further improve the performance of our sensor, we present two methods. One is to
replace the sensing area with a new structure. In view of the experiment, the performance
of the sensor might be improved by removing all the cladding or replacing the sensing
area by some complex structures which can leak more power [21-24]. However, due to
the complexity of these structures, it is unrealistic to evaluate the performance of these
structures using theory and simulations. The other method is by enhancing the intensity
sensitivity of the detector to achieve a high RI resolution of the sensor. For example,
adding the pixel number is a method to achieve this goal, which can be proved by Kort’s
experiment, where the RI solution increases from 1.83 x 1073RIU to 5.96 x 10~* RIU [16].
Moreover, in other experiments, using a smart phone camera instead of a CMOS camera
increases the RI resolution of the sensor from 6.1 x 10~#RIU [17] to 7.4 x 107°RIU [25]. As
for our model, if the minimum detected photocurrent is 0.4 nA and the maximum dark
current is 0.3 nA, the minimum detected loss can be improved to 5.7891 x 10~7 dB. Then,
according to the sensitivity shown in Table 2, the RI resolution of our sensor, using the LPy4
mode (LP,; mode), increases to 6.8 x 10~ RIU (6.4 x 10~ RIU).

Here we list a commercial SPR instrument (Biosuplar 6), whose RI resolution is
2.7 x 1075 RIU [25] as a comparison. It shows that, through the proposed methods, it is
promising to improve the performance of our sensor at a low cost, making it comparable
with the above-mentioned instrument in terms of the RI resolution.

Based on this model, it is possible to fabricate a sensor using a higher-order mode to
achieve high sensitivity and resolution of the RI at a low cost.

5. Conclusions

An SPR-based optical fiber sensor with pure high-order modes produced by an MSC
is proposed and simulated. This designed SPR sensor containing an MSC can enhance the
strength of the interaction between the propagation mode and the silver film. Thus, the
sensitivity of the sensor using the LP1; mode (the LP,; mode) increases by approximately
330% (360%), which can be explained by theoretical calculations. The structural parameters
of MSC are optimized to produce pure higher-order modes. In the sensing area of this
sensor, the intensity modulation is adopted to calculate the variation of detected light
intensity to measure RI. The RI resolution of our sensor, using the LP1; mode (LPy; mode),
is 2.6 x 107* RIU (2.4 x 10~* RIU). Therefore, the sensor presented in this study provides
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an optimum device for the measurement of RI. Related experiments will be carried out in
the future to further verify our results.
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