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Abstract: A reflective surface plasmon resonance (SPR) sensor based on optical fiber microring is 
proposed. In such a sensor, plasmons on the outer surface of the metallized channels containing 
analyte can be excited by a fundamental mode of a thin-core fiber (TCF). The refractive index (RI) 
sensing can be achieved as the surface plasmons are sensitive to changes in the refrective index of 
the analyte. Numerical simulation results show that the resonance spectrum shifts toward the shorter 
wavelength gradually when the analyte refractive index increases from 1.0 to 1.33, whereas it shifts 
toward the longer wavelength gradually when the analyte refractive index increases from 1.33 to 
1.43, and there is a turning point at the refractive index value of 1.33. The highest sensitivity 
achieved is up to 2.30×103

 nm/RIU near the refractive index value of 1.0. Such a compact sensor has 
potential for gaseous substance monitoring. 
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1. Introduction 

Surface plasmons propagating at the 

metal-dielectric interface are extremely sensitive to 

changes in the refractive index of the dielectric 

medium. This feature constitutes the core of many 

surface plasmon resonance (SPR) sensors [1]. 

Typically, these sensors are implemented in the 

Kretschmann configuration [2] to direct p-polarized 

light through a glass prism and reflect it from a thin 

metal (Au and Ag) film deposited on the prism facet. 

However, this method remains a gold standard for 

commercial SPR systems, which is bulky, expensive, 

and not suitable for some applications such as 

remote sensing. To overcome these limitations, 

using optical fiber instead of a prism has attracted a 

lot of research attention due to its advantages of 

miniaturization, label-free sensing, remote sensing 

capabilities, and real-time monitoring. The SPR 

optical fiber sensors have board applications in 

biology, environment, chemistry, medicine, etc. 

[3–8]. Over the past decade, many fiber-based SPR 

sensors have been reported [9–14], including sensors 

based on side-polished fiber, D-type fiber, tapered 

fiber, and fiber Bragg gratings. These sensors are 

based on Kretschmann [2] configuration, to 

mentallize fiber surfaces and enable evanescent 

coupling with a plasmon, and one has to first strip 

the fiber jacket and then etch or taper fiber cladding 

almost to the core. This laborious procedure 

compromises fiber integrity, making the resultant 

sensor be prone to mechanical failures. In recent 

years, with the rapid development of the 

micromachining technology, many microstructures 
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on optical fiber have been fabricated and used as 

microfluidic channels for the analyte measurement. 

SPR sensors based on microstructured optical fibers 

(MOFs) have attracted immense research interest 

worldwide [15–20]. Deposition of metal layers 

inside of the MOFs can be performed either with the 

high-pressure chemical vapor deposition technique 

[21] or with electroless plating techniques used for 

the fabrication of metallized hollow waveguides and 

microstructures [22, 23]. Microfluidics on 

microstructured fibers is enabled by passing analyte 

though the fiber porous cladding, thus, partially 

solving the packaging problem. 

In this paper, we present a reflective SPR sensor 
based on an MOF by introducing a microring as the 
microfluidic channel into the cladding of the 

thin-core fiber (TCF). A gold layer is deposited on 
the outer surface of the microring to form the Otto 
configuration [2]. As far as we know, no 

experimental observations and theoretical analysis 
on optical fiber SPR sensors based on the Otto 
configuration have been reported. The excitation of 

plasmon resonances in the proposed sensor is 
investigated numerically using the finite element 
method (FEM). Numerical simulation results show 

that such a compact structure can excite SPR 
effectively. The resonance spectrum shifts toward 
the shorter wavelength gradually when the refractive 
index (RI) of the analyte increases from 1.0 to 1.33 

and shifts toward the longer wavelength gradually 
when the RI of the analyte increases from 1.33 to 
1.43, and there is a turning point at the RI value of 

1.33, which is a phenomenon not observed in other 
structures. The highest sensitivity achieved is 
2.30×103

 nm/RIU near the RI value of 1.0. Such a 

fiber microring SPR sensor has a large measurement 
range, compact size, and a durable structure which 
can be used in gaseous material detections. 

2. Geometry and theory 

Figure 1 shows the cross-sections of the 

proposed SPR sensor based on optical fiber 

microring. This kind of structure design is based on 

[24, 25], in which an air ring is introduced as the 

microfluidic channel into the cladding of the TCF. A 

gold layer with thickness 50 nm is desposited on the 

outer surface of the microring. The reflective type 

sensor is formed by a layer of gold film with 

thickness 50 nm coated on the optical fiber end. The 

sensing head is composed of a core layer, a residual 

cladding layer, an air layer, a metal layer, and a 

cladding layer, going from inside to outside. The 

thickness is 50 nm for both the residual cladding and 

the air ring. The air ring can be used as a 

microfluidic channel, in which the tested samples 

with different RIs can be injected directly. In the 

simulation, the diameter and the RI of the fiber core 

are selected as 7 m and 1.46, respectively, and the 

cladding RI is 1.45. 

 
Fig. 1 Cross-sectional structure of the SPR sensor head 

based on optic fiber microring. 

When light propagates in the fiber, due to the 

reduction of the fiber cladding, the fundamental 

mode spreads out of the residual cladding region and 

forms a dynamic evanescent field. In the SPR setup 

based on the Otto configuration, the surface plasma 

wave (SPW) is supported by the tail of the 

evanescent wave at the metal-microring (analyte) 

interface. Owing to the strong absorption of the 

metal film, there are lots of plasmon charges at the 

interface, and the SPW propagates along the 

metal-microring (analyte) boundary. Furthermore, 
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the SPR can be excited when the light wave vector 

matches the SPW vector at the plane of z=0 [2], 

leading to local field reinforcement at the interface 

between the gold film and the sensing sample. When 

light propagates to the fiber end, the light is 

reflected due to the presence of the gold layer coated 

on the fiber end. The reflected light passes through 

the mental-microring interface again to reinforce the 

SPR effect. The SPR effect in the surface of the 

metal film is easy to be influenced by the 

surrounding medium, and the position of the SPR 

spectrum is changed with the RI of the analyte 

injected into the microring. Thus, by detecting the 

wavelength shift, the RI of the analyte can be 

measured. 

3. Numerical results and discussion 

Commercial software COMSOL Multiphysics 

with perfectly matched layer boundaries based on 

FEM was used to analyze the proposed sensor. 

Figure 2 illustrates the intensity of the electric field 

in the cross section of the optical fiber microring 

structure using the study “mode analyses” from 

COMSOL Multiphysics. The wavelength of the light 

is 460 nm. As shown in Fig. 2(a), the electric field 

intensity at the interface between the gold film and 

the microring is obviously reinforced when the gold 

film is deposited and SPR is excited (the thickness 

of Au film=50 nm, analyte RI na=1.33), while in Fig. 

2(b), no SPR is excited as the absence of the gold 

film. It means that the proposed sensing structure is 

advisable to excite the SPR effect. 

 
           (a)                         (b) 

Fig. 2 Electric field distribution in the cross section of the 
fiber microring at the wavelength =460 nm: (a) when the SPR 
is excited with the gold film thickness of 50 nm and analyte RI 
is 1.33 and (b) no SPR is excited in the absence of the gold film. 

The performance of the sensor depends on its 

structural parameters. According to the SPR theory 

based on the Kretschmann configuration, due to the 

radiation damping, if the thickness of the metal is 

too small, the SPW at the metal surface will be 

strongly damped. While the thickness of the metal is 

too large, the SPW can no more be efficiently 

excited because of the strong absorption of the metal 

[2]. Thus, the thickness of the Au film has 

significant effect on the surface plasmon wave 

excitation. To observe the effect of Au film thickness 

on the sensor performance, the Au film thickness is 

varied from 40 nm to 70 nm while other parameters 

remain as constant (residual cladding thickness=  

50 nm, air ring thickness=50 nm, and na =1.0) in the 

simulation. When using COMSOL Multiphysics 

software, the electric field intensity (E) at different 

wavelengths can be obtained. The corresponding 

intensity (I) is obtained by the following equation 

 2
0

1
( )

2
I w c E               (1) 

where c is the speed of light; 0 is the permittivity 
of vacuum; E is the electric field intensity. And then 
the intensity in dBm is transformed form the 

following formula  
( )

(dBm) 10 lg
1

I w
I

mw
     

.         (2) 

All calculations and SPR spectra are performed 

by using Matlab. The SPR spectra corresponding to 

different Au film thicknesses are shown in Fig. 3, 

where it can be observed that the resonance 

wavelength shifts toward longer wavelength with an 

increase in thickness of the Au film. This indicates 

that due to an increase in Au film thickness, light 

penetration through the cladding decreases. The gold 

film thickness of 50 nm is selected for the RI sensor 

simulation. 

Besides the Au film thickness, effects of the 

microring thickness on the SPR spectrum has also 

been studied (residual cladding thickness=50 nm, Au 

film thickness=50 nm, and 1.0an  ), and the 

relevant graphs obtained are shown in Fig. 4, where 
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it can be seen that the resonance peak shifts toward 

longer wavelength when the microring thickness 

increases from 20 nm to 60 nm. The air ring 

thickness of 50 nm is selected for the RI sensor 

simulation. 
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Fig. 3 SPR spectra with different thicknesses of gold film 

(residual cladding thickness=50 nm, air ring thickness =50 nm, 
and na=1.0). 
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Fig. 4 SPR spectra with different thicknesses of air ring 

(residual cladding=50 nm, Au film=50 nm, and na=1.0). 

In addition, the influence of the thickness of the 

remaining cladding near the fiber core (Au film 

thickness=50 nm, air ring thickness=50 nm, and 

1.0an  ) on the SPR resonance wavelength is 

demonstrated in Fig. 5. It can be seen from Fig. 5 

that the thickness of the remaining cladding near the 

fiber core has little effect on the SPR spectrum. 
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Fig. 5 SPR spectra with different thicknesses of the 

remaining cladding near the fiber core (Au film thickness =50 

nm, air ring thickness =50 nm, and na=1.0). 

The results of the resonant wavelength shift 
obtained by varying the analyte RI from 1.0 to 1.43 
are revealed in Fig. 6, where the thicknesses of the 
residual cladding, gold film, and the microring are 
all equal to 50 nm. It can be observed from Fig. 6 
that there is a turning point in the change of 
resonance wavelength with the RI at the RI value of 
1.33. In Fig. 6(a), the resonance spectrum shifts 
toward the shorter wavelength gradually when the 
analyte RI increases from 1.0 to 1.33. The 
relationship between the resonant wavelength and 
the analyte RI in the range of 1.0–1.3 is shown in 
Fig. 6(b). The corresponding regression equation is 

3 2 3 33.179 10 8.486 10 6.117 10y x x       

where y  is the resonant wavelength in nm, and x is 
the analyte RI (na). The resonant wavelength shifts 

from 815 nm to 700 nm when the na varies from 1.0 
to 1.05. The positive RI sensitivity (S) obtained is 
2.30×103

 nm/RIU, determined by the following 

equation 

R

a

d
S

dn


                (3) 

where Rd  is the resonant peak shift, and adn  is 

the analyte RI variation. The proposed sensor shows 
the sensitivity of 2300 nm/RIU, 1600 nm/RIU,  
1200 nm/RIU, and 600 nm/RIU for analyte RI 

variation ranges of 1.0 to 1.05, 1.05 to 1.1, 1.1 to 1.2, 
and 1.2 to 1.33, respectively. 



Chunliu ZHAO et al.: Numerical Investigation Into a Surface Plasmon Resonance Sensor Based on optical Fiber Microring 

 

109

 

400 600 800 1 000 1 200 1 400
80 

70 

60 

50 

40 

30 

20 

Wavelength (nm) 

In
te

ns
ity

 (d
B

m
) 

n=1 .0 0

n =1.05
n=1 .1 0

n=1 .2 0
n =1.33

1.33 1.0

   

0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

450

500

550

600

650

700

750

800

850

Wavelength

Polyn omial fit of wavelength 

W
av

el
en

gt
h 

(n
m

) 

Refractive index 

Model Polynomial 
Adj. R-square 0.99991 

Value Standard error
Wavelength Intercept 6064.65495 75.16917
Wavelength B1 8369.33431 129.85891
Wavelength B2 3124.25922 55.56129

 
                           (a)                                                    (b) 

 

400 420 440 460 480 500 520 540

60 

55 

50 

45 

40 

35 

30 

Wavelength (nm) 

In
te

ns
it

y 
(d

B
m

) 

n=1.33
n=1.35
n=1.37
n=1.39
n=1.41
n=1.43

3 
4 

5 
6 

1.43 1.33 

     
1.32 1.34 1.36 1.38 1.40 1.42 1.44

460

462

464

466

468

470

472

474

476

478

480

Wavelength 

Linear fit o f wavelength 

W
av

el
en

gt
h 

(n
m

) 

Refractive index 

Equation y =  a + b*x 
Adj. R-square 0.98305 

Value Standard error
Wavelength Intercept 234.63095 13.81596
Wavelength Slope 170.71429 10.0085

 
                           (c)                                                     (d) 

Fig. 6 SPR spectra with analyte RI variation: (a) from 1.0 to 1.33, (c) from 1.33 to 1.43, and (b) and (d) the 
relationship between resonant wavelength and analyte RI. 
 

It can be seen from Fig. 6(c) that the resonance 

spectrum shifts toward the longer wavelength 

gradually when the analyte RI increases from 1.33 to 

1.43. Figure  6(d) shows the linear line fitting of the 

resonant wavelength with respect to the analyte RI, 

and the regression equation is 

y=170.71x+234.63, 1.33 ≤ x ≤ 1.43 

where y is the resonant wavelength of the analyte in 

nm, and x is the analyte RI. The average sensitivity 

is 170 nm/RIU, and R2 is 0.9830, indicating a good 

fitting of the sensor response. 

Theoretical investigation and numerical analysis 

have been carried out to explain the existence of the 

turning point in the resonance wavelength variation 

with the RI change. According to the basic theory, 

the SPR effect in the interface occurs as the light 

wave vector matches the SPW vector at the plane of 

z=0. The relationship between the real part of 

effective RI ( effn ) of the core-guided mode and 

wavelength with the RI in the range of 1.31 to 1.35 

is shown in Fig. 7, where it can be seen that the 

effective RI decreases with an increase in 

wavelength. The effective RI increases with an 

increase in analyte RI from 1.31 to 1.33 and 

decreases with an increase in analyte RI from 1.33 

to 1.35 when the wavelength is in the range of   
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450 nm to 480 nm. Due to the small change in 

analyte RI, the real part of the effective RI of 

core-guided mode changes, which causes the change 

in the phase matching wavelength between the core 

guided mode and the SPW mode. An increase in the 

effective RI of the core indicates that less light is 

coupled to the air layer and the metal interface, 

which makes the resonant wavelength shift to the 

shorter wavelength. The reduction of the effective 

RI of the core-guided mode indicates that more light 

is coupled to the air layer and the metal interface, 

which makes the resonant wavelength shift to the 

longer wavelength. Thus, an abrupt change appears 

in the effective RI and results in a turning point in 

the resonant wavelength variation with analyte RI. 

The electric field intensity distributions with the RI 

values of 1.31, 1.33, and 1.35 are shown in Fig. 8, 

the red checkmark represents the wavelength in 

which the electric field intensity of the core reaches 

the minimum value, and the strongest resonance 

effect is achieved. It can be seen from Fig. 8 that the 

resonance wavelengths at the RI values of 1.31, 1.33, 

and 1.35 are 470 nm, 460 nm, and 465 nm, 

respectively, and there is a turning point of the 

resonance wavelength at the RI value of 1.33. 
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Fig. 7 Effective RI with analyte RI variation from 1.31 to 

1.35. 
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Fig. 8 Electric field intensity distributions with the refractive index are 1.31, 1.33, and 1.35. 

4. Conclusions 

In this paper, we propose a reflective type SPR 

RI sensor based on optical fiber microring. The 

sensing performance and the effects of the 

geometrical parameters on the resonant spectrum are 

investigated by use of the FEM method. Simulation 

results show that the monitoring range of analyte RI 

is from 1.0 to 1.43. The resonance spectrum shifts 

toward the shorter wavelength gradually with an 

increase in analyte RI from 1.0 to 1.33 and shifts 

toward the longer wavelength gradually with an 

increase in analyte RI from 1.33 to 1.43, and a 

turning point in the resonance wavelength at the RI 

value of 1.33 is observed. The highest sensitivity 

can be up to 2.30103
 nm/RIU near the RI value of 

1.0. The sensor has a large measurement range, 

compact size, and durable structure, and it can be 

used in gaseous material detections. 
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