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ABSTRACT

This paper introduces an advanced V-shaped photonic crystal fiber (PCF)-based surface plasmon resonance (SPR) 

biosensor. Numerical analysis of the sensor is carried out using the finite element method (FEM) in COMSOL 

Multiphysics 6.2. This incorporation of a V-shaped geometry improves the coupling between the core-guided mode 

and the surface plasmon mode, leading to optimized wavelength sensitivity and minimized confinement loss. The 

proposed sensor design is capable of detecting the analytes within a refractive index range of 1.38 to 1.42, making it 

suitable for applications in biochemical and biological detection, including drug analysis, antigen-antibody 

interactions, and gas sensing.
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INTRODUCTION

Surface Plasmon Resonance (SPR) is a well-known 

phenomenon in numerous photonic sensors, including 

prism-based SPR sensors, PCF-based sensors, and 

traditional optical waveguide-based sensors. This optical 

resonance effect occurs when free electrons vibrate at 

the interfacing boundary of metal and dielectric in 

sensors. Surface plasmon polaritons (SPP), or plasmonic 

waves on the sensor surface, are produced by the 

vibration of these free electrons, which travel all along the 

metallic material's boundary (Zhan et al., 2018). The SPR 

phenomenon is well known for its ease of use and 

sensitivity in determining the refractive index (RI) of a 

variety of materials in their liquid, solid, and gaseous 

phases (Gupta & Sharma, 2005; Otto, 1968; Peng et al., 

2015; Piliarik et al., 2003; Verma et al., 2011). Recently, 

surface plasmon resonance (SPR) sensors have attracted 

researcher's attention for their real-time, label-free 

detection capabilities, especially in biochemical and 

environmental applications. The SPR phenomenon arises 

due to resonant oscillation of conduction electrons at the 

interface between a metal and dielectric, which is highly 

sensitive to changes in the refractive index (RI) of the 

surrounding medium (Homola, 2008). This makes SPR an 

ideal mechanism for detecting minute RI variations, 

relevant in biosensing and chemical sensing (Willets & Van 

Duyne, 2007).

In earlier developments, prism-coupled configurations 

like the Kretschmann and Raether (1968) setups were 

extensively used for excitation of surface plasmons in 

planar structures. While these systems offered valuable 

insights and sensitivity, they lacked compactness and 

integration potential. To overcome these limitations, 

traditional prism-based SPR setups evolved into more 
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The performance of an SPR sensor is judged based on key 

metrics such as confinement loss, wavelength sensitivity, 

resolution, and figure of merit (FOM). Wavelength 

sensitivity in biosensors refers to the shift in the resonant 

wavelength due to a change in the surrounding refractive 

index. A highly sensitive biosensor shows a larger 

wavelength shift for a small variation in the analyte's 

refractive index, allowing better detection of minor 

surrounding changes (Sharma et al., 2007). Similarly, the 

term 'figure of merit' evaluates the efficiency of a sensor 

by considering both its sensitivity and the sharpness of the 

resonance curve. FOM combines sensitivity and 

sharpness of the resonance dip to give a single value 

representing overall sensor performance. A higher figure 

of merit implies that the sensor not only responds strongly 

to refractive index changes but also maintains a narrow 

and distinct resonance (Gupta & Sharma, 2005). A 

biosensor with high resolution is capable of identifying 

very minor variations, which is essential for precise and 

early-stage detection applications. This parameter of the 

sensor, i.e., resolution, defines the smallest change in the 

analyte's refractive index that the sensor can accurately 

detect (Homola, 2008). The last parameter of the SPR 

sensor is confinement loss, which indicates how much 

optical energy leaks out of the guiding structure into the 

surrounding medium. In SPR biosensors, a higher 

confinement loss at the resonance point reflects stronger 

interaction between the optical field and the plasmonic 

surface, resulting in a noticeable dip in the output 

spectrum (Abdelghaffar et al., 2023). Optimizing these 

parameters requires careful control over the fiber 

structure, metal layer thickness, and analyte region 

configuration (Sardar & Faisal, 2024).

In this paper, an advanced V-shaped PCF-based SPR 

sensor is modeled and simulated using COMSOL 

Multiphysics 6.2, which provides a finite element method 

(FEM)-based approach for analyzing optical mode 

propagation and loss characteristics (COMSOL, 2023). 

The simulation involves eigenmode analysis to determine 

the effective index, confinement loss, and sensitivity 

across various design configurations (Mim et al., 2025). 

Parametric sweeps and performance analysis were 

compact and integrated platforms using optical fibers. 

Among these, photonic crystal fibers (PCFs) offer a 

versatile and powerful platform due to their micro-

structured cladding that allows unique control over 

modal properties and light confinement (Russell, 2003). 

PCFs have been integrated with SPR mechanisms to 

enhance sensor miniaturization and improve sensitivity 

(Hassani & Skorobogatiy, 2006). Fiber-optic SPR 

biosensors, such as D-shaped, U-shaped, and tapered 

fiber sensors, offered miniaturization, flexibility, and 

remote sensing advantages (Gupta & Verma, 2009; 

Zhang et al., 2017). The evolution continued with the 

introduction of more sophisticated geometries like H-

shaped and V-shaped PCFs. V-shaped designs gained 

interest because of their superior confinement of light 

near the metal interface, which improves the overlap 

between the core mode and plasmonic mode, 

enhancing the sensor's responsiveness (Abdelghaffar et 

al., 2023).

The V-groove structure ensures efficient coupling of light 

to the plasmonic surface, increasing the sensor's overall 

sensitivity and reducing propagation loss (Huraiya et al., 

2024). Gold and silver remain the most commonly used 

plasmonic materials. Silver is often used in SPR sensors due 

to its sharp resonance and low damping, which result in a 

highly sensitive and clear signal. Damping refers to the 

loss of energy as the surface plasmons oscillate, and low 

damping means these oscillations persist for longer 

without significant energy loss. This leads to a sharper 

resonance peak, enhancing the sensor's sensitivity. 

However, silver is prone to oxidation when exposed to air 

and moisture, forming a layer of silver oxide that 

negatively impacts its performance. To prevent this, 

titanium dioxide (TiO₂ ) is commonly used as a protective 

layer. TiO₂ provides excellent chemical stability and forms 

a barrier between silver and the surrounding environment, 

protecting the silver from oxidation without interfering with 

its plasmonic properties; however, such damage results in 

a complex fabrication procedure. Thus, to make 

fabrication a simple process, gold has been favored as a 

plasmonic material due to its excellent biocompatibility 

and chemical stability (Sharma et al., 2007).
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shaped PCF structure, followed by assigning material with 

the boundary conditions and designing the meshing 

structure of the core, thereafter simulation methodology, 

and finally, analyzing the confinement loss by optimizing 

the parameters has been shown in the flow diagram.

1.1 Geometrical Modeling

To maintain structural simplicity, the designed geometry 

incorporates only two distinct types of air holes extending 

along the fiber length, with diameters defined as d1 = 0.3 

p (smaller holes) and d2 = 0.65 p, where p = 0.8 μm 

represents the pitch, i.e., the center-to-center spacing 

between adjacent air holes can be observed in Figure 2. 

A smaller pitch typically enhances coupling between the 

core and the plasmonic layer, which is crucial for strong 

SPR excitation; thus, the pitch was optimized accordingly 

(Abdelghaffar et al., 2023; Zhang et al., 2017).

In proximity to the plasmonic metal layer, both air holes 

were scaled down to diameter d1 to enhance optical 

coupling between the guided mode and the metal 

interface. Abdelghaffar et al. (2023) emphasized that 

optimizing air-hole diameter helps achieve high sensitivity 

while maintaining single-mode operation. The plasmonic 

metal layer was positioned in a semicircular configuration 

of diameter d1, centered at a height h = 1.2p, with a 

thickness of tg = 40 μm, oriented downward toward the 

fiber core; a gold layer thickness around 40–50 nm often 

yields strong resonance with acceptable loss, while 

thicknesses beyond this can dampen the evanescent 

field, reducing sensitivity (Johnson & Christy, 1972).

1.2 Material Assignment

The assigning of the material to the proposed model is 

depicted in Figure 3. In the process of material 

carried out to examine how variations in core geometry, 

thickness of the plasmonic metal coating, and changes 

in the analyte's refractive index influence the sensor's 

optical response. The objective is to analyze and 

minimize confinement loss across different design 

configurations, which helps in improving the overall 

optical performance and reliability of the sensor.

The proposed sensor is capable of detecting different 

analytes ranging from RI 1.38 to 1.42, as shown in Table 1. 

An analyte is a specific substance or chemical 

component in a sample which is being identified, 

measured, or detected by a sensor or any analytical 

device. In the context of SPR biosensors, the analyte 

typically refers to the bio-chemical targets such as 

proteins, cells, or small molecules that interact with the 

sensor surface, causing a measurable change in the 

optical response.

1. Design Methodology and Simulation

In COMSOL Multiphysics 6.2, a two-dimensional (2D) 

geometry was employed to model the cross-sectional 

profile of the photonic crystal fiber, and the 

'Electromagnetic Waves, Frequency Domain (emw)' 

physics interface, available under the Wave Optics 

module, was utilized to perform mode analysis. The 

flowchart, as shown in Figure 1, illustrates the main steps 

followed in this research. It gives a clear overview of the 

process, including the design, simulation, and analysis 

stages, thus providing a structured overview of the entire 

design and simulation process carried out in this work. 

Each block in the flowchart corresponds to a specific 

stage that is explained in detail in the subsequent 

sections. Starting from the geometrical modeling of the V-

Category Examples of Analytes

Biological Fluids

Proteins/Biomolecules

Cells and Bacteria

Chemical Solutions

Cancer Cells (Majeed 

& Ahmad, 2024)

Blood plasma, Serum, Cerebrospinal fluid, Tear fluid, Urine 

(concentrated)

Albumin, Immunoglobulin G (IgG), Antibodies, High-

concentration glucose solutions

Red blood cells, Bacterial membranes (e.g. E. coli)

Glycerol–water mixtures, Sucrose–water mixtures

Malignant cell structures (e.g. MCF-7 and A549), 

basal cells

Approximate Refractive 
Index (RI) Range

Application Area

1.38 – 1.40

1.39 – 1.41

1.40 – 1.41

1.38 – 1.41

1.39 – 1.42

Medical diagnostics, fluid analysis

Infection monitoring, cell analysis

Chemical sensing, industrial monitoring

Cancer detection (early-stage diagnosis)

Table 1. Potential Category of Different Bio-chemical Analytes in RI range of 1.38 to1.42
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process of assignment, the perfectly matched layer is 

assigned as the outermost layer, which is shown in dark 

blue color in Figure 3. This layer is added to absorb 

outgoing waves and avoid reflection during simulation. All 

the materials were assumed to be non-magnetic and 

lossless, except for the metal, whose complex permittivity 

accounts for absorption losses.

Fused silica was selected as the background material. 

assignment, air holes were assigned at first in grey color, 

which helps in confinement of the light. After this, the 

background material of the core was set as fused silica, 

shown in light blue color, which formed the main body of 

the fiber. The green color depicts the V-shaped analyte 

region near the core that interacts with guided light used 

for sensing. A thin gold layer displayed in yellow color was 

applied to enable surface plasmon resonance. In the last 

START

•Start COMSOL Software.

•Select Working Dimension and Physics

- Choose 2D / 2D axisymmetric / 3D

- Select Electromagnetic Waves, Frequency Domain (ewfd).

GEOMETRY

•Set Parameters.

•Define pitch, air hole diameter, gold layer thickness, analyte RI, etc.

•Put equations like Sellmeier and drude model.

•Design Geometry.

MATERIAL 
ASSIGNMENT

•Material Assignment : Silica (SiO ), gold (Au), analyte,air holes and define their properties.2

•Set Boundary Condition As Perfectly Matched Layer (PML).

MESH 

GENERATION

•Apply fine mesh at the core and metal layer.

STUDY 

SETTINGS

•Set wavelength sweep.

•Analyse different number of modes. 

GLOBAL 

EVALUATION

•Set up evaluation for real and imaginary parts of neff (n_real, n_imag).

RUN 

SIMULATION

•Look For X -Polarised mode and SPP mode.

•Evaluate real and imaginary parts of neff (n_real, n_imag).

•Form Table. 

EXCEL

•Copy Table in Excel.

•Calculate Confinement Loss (CL) and plot the curve.

•Compare results with reference paper. 

OPTIMIZATION

•Optimize the design parameters for improved CL curve.

END

• Finalize simulation results and validate the performance of the SPR sensor based on the confinement loss.

Figure 1. Process Flow-Diagram for Design Analysis of V Shaped SPR Sensor
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Here in equation (2), = 1.09 is the weighting factor,  = 

5.9673 is the permittivity at high frequency,  is the 
2 angular frequency, / 2π = 2113.6 THz is the plasma 

frequency, the damping frequency / 2π is 15.92 THz and D 

the frequency of the Lorentz oscillator / 2π is 650.07 THz L 

and the spectral width ℾ / 2π is 104.86 THz (Johnson & L 

Christy, 1972). To avoid unwanted reflections from the 

edges of the simulation area and to mimic an open 

space, Perfectly Matched Layers (PMLs) were added 

around the outer boundaries of the model (Berenger, 

1994).

1.3 Meshing

Meshing discretizes the computational domain into a 

finite number of smaller sub-regions (called elements), 

which allows the numerical solution of partial differential 

equations using the finite element method (FEM). The 

quality and density of the mesh significantly influence the 

accuracy and convergence of the simulation results. 

Figure 4 shows a meshed model of the proposed sensor. 

To ensure high simulation accuracy and precise 

evaluation of confinement loss, the "Finer" mesh setting 

was selected.

1.4 Simulation and Study

In this section, various optical modes were analyzed, and 

the proposed sensor model was simulated to evaluate its 

e lect romagnet ic response and conf inement 

characteristics. This simulation considers only x-polarized 

light, which refers to light whose electric field oscillates 

along the x-axis. Also, this polarization in this direction 

ÑÎ e¥

w

w

g
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Its wavelength-dependent refractive index was 

modeled using the Sellmeier equation, given by 

Equation 1.

(1)

Where B , B , B , C , C  and C  are Sellmeier coefficients 1 2 3 1 2 3

whose values are considered as B = 0.69616300, B = 1 2

0.407972600, B = 0.897479400 and the values for C , 3 1

-3 2C  and C  are defined as C = 4.67914826 x 10  µm , 2 3 1

-3 2 2C = 1.3512063 x 10  µm  and C = 97.9340025 µm . 2 3

Similarly, in Equation 1,  represents the wavelength 

expressed in μm and n represents the wavelength-

dependent refractive index of the fused silica core 

(Lide, 2003). The complex permittivity of gold was 

defined using the Drude model to account for its 

frequency-dependent plasmonic behavior, which is 

shown in Equation 2.

(2)

l

Figure 2. Geometrical Model Showing Various 
Structural Dimensions Along the Fiber Length

Figure 3. Assigning of Materials in Proposed Model

Figure 4. Proposed Meshed Model using 
the Finite Element Method (FEM)
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loss (Rifat et al., 2015). The gold layer thickness is crucial for 

SPR sensor performance; an optimal thickness enhances 

plasmonic coupling, while too thick or too thin layers can 

reduce sensitivity and increase losses (Das & Sen, 2024).

3. Results and Discussion

Figure 6 illustrates the confinement loss (CL) spectrum, 

which is calculated using Equation 3 as described below:

(3)

In this equation, k  = 2π/ , which is a free-space wave O

number,  is the operating wavelength in m, and Im(n )is eff

the imaginary part of the core effective RI (Szpulak et al., 

2006). The Confinement Loss (CL) spectrum was analyzed 

to identify resonant wavelengths. The resonant 

wavelength is defined as the wavelength at which the 

peak of the confinement loss occurs, indicating 

maximum energy coupling between the guided and 

plasmonic modes. A clear shift in the resonance 

wavelength is evident as the RI increases, confirming the 

sensor's ability to detect subtle changes in the surrounding 

medium. Table 2 summarizes the resonant wavelengths 

and peak confinement loss observed for varying 

refractive index (RI) values ranging from 1.38 to 1.42.

3.1 Comparative Analysis

To evaluate the performance of the proposed SPR sensor, 

a comparison is conducted against other relevant studies 

in terms of refractive index (RI) range, peak confinement 

l

l m

facilitates the maximum energy transfer from the core 

mode to the surface plasmon polariton (SPP) mode 

(Maier, 2007). The surface wave in SPP mode travels along 

the metal–dielectric interface due to the interaction 

between light and free electrons. At a specific resonance 

wavelength, the x-polarized guided mode strongly 

couples with the SPP mode, resulting in near-complete 

energy transfer from the core to the metal surface. This 

leads to a sharp confinement loss peak, which is the key 

for detecting changes in the surrounding refractive index. 

Figures 5(a, b) show the x-polarized mode and SPP mode 

having a refractive index (RI) of 1.42 at 1180 nm. The 

optical response of the proposed sensor was studied over 

a wavelength range of 600 nm to 1200 nm.

Changing the air hole diameter affects the light 

confinement and coupling efficiency in the PCF. Larger 

diameters improve confinement but may reduce 

plasmonic interaction, while smaller diameters increase 

loss. Thus, air hole diameters were optimized accordingly, 

as it was crucial for balancing sensitivity and confinement 

(a)

(b)

Figure 5. (a) X-polarsied Mode at 1180 nm, 
(b) SPP mode at 1180 nm with 1.42 RI Figure 6. Confinement Loss Spectra for RI 1.38 to 1.42
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refining the geometrical design, an improved 

confinement loss curve is successfully achieved, as 

shown in Figure 3, indicating stronger plasmonic coupling 

and sharper resonance peaks. This enhancement directly 

translates to higher sensitivity in detecting variations in 

analyte refractive indices. The distinct and measurable 

shifts in resonance wavelengths corresponding to 

different analytes confirm the sensor's capability for 

accurate detection and differentiation.

Future Scope

Due to computational and scope constraints, the current 

analysis focused on X-polarized light, which is typically 

more sensitive in SPR sensing. Y-polarized light and multi-

polarization conditions can be potential extensions of this 

work to explore its anisotropic behavior. This may reveal 

additional insights into polarization-dependent sensitivity 

and broaden the scope of practical applications. 

Furthermore, while gold (Au) has been utilized for its 

stability and plasmonic efficiency, alternative materials 

such as silver (Ag), aluminum (Al), and advanced 

multilayer coatings such as TiO₂ -Au or graphene-based 

composites can be considered as future work of this 

present research. These alternatives may offer improved 

plasmonic performance, greater sensitivity, and 

enhanced stability, thus opening new possibilities for 

optimization and application-specific tuning of the sensor 

design.
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