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ABSTRACT

This paper presents a novel rectangular aperture nano-antenna (RANA) design based on a hybrid plasmonic waveguide (HPW)
configuration. The performance of the HPW is evaluated through theoretical analysis and compared with results from the
Finite Integration Technique (FIT). The overall performance of the RANA is investigated at an operational frequency of 450
THz using both FIT and the Finite Element Method (FEM). The nano-antenna exhibits a directional radiation pattern, which
is leveraged for refractive index biosensing. The biosensor’s performance is characterized using a dry protein model with a
refractive index ranging from 1.7 to 1.9. The sensing mechanism relies on monitoring shifts in the beam direction and variations
in the power flow peak in response to changes in the refractive index of the dry protein as a material under test (MUT). The
proposed biosensor achieves a sensitivity of 34.5 degrees per refractive index unit (RIU). The biosensor maintains strong
performance over a 2 percent bandwidth centered at operational frequency, enhancing its detection robustness.

Introduction
Biosensors have played a significant role in detecting material properties with distinct features in recent years. Characteristics
such as minimal sample volume requirements, real-time and low-time responses, quantifiable data presentation, high precision
output, nano-scale physical dimensions, and error-free data processing have steered research attention toward this domain1–3.
A major category of modern biosensors operates on the principle of surface plasmonic waves propagation. Among these,
surface plasmon resonance (SPR) biosensors represent a prominent category and have found widespread application in various
sensing platforms, including ring resonator biosensors, photonic crystal biosensors, and bragg-grating-embedded ring resonator
structures4–7. SPR biosensors have demonstrated broad applicability in biomedical diagnostics, including the detection of
cancer biomarkers8, 9, tuberculosis10, malaria11, and viral infections such as coronavirus12, 13. In addition, SPR biosensors
are particularly attractive due to their compact structure and their suitability for on-chip integration.14, 15. These biosensors
operate by monitoring variations in electric field intensity and local field enhancement within confined regions near metal-
dielectric interfaces16. In addition to these structures, nano-antennas offer significant potential for innovative biosensor designs.
Nano-antenna structures are analyzed through the framework of surface plasmon polaritons (SPP)17–19. Nano-antennas, which
operate based on plasmonic waves, provide an alternative approach for designing circuit-compatible devices that rely on electric
field enhancement20. In this context, biosensors based on nano-antennas play a crucial role in monitoring variations in the
characteristics of the material under test (MUT), where interactions with the MUT are often manifested as changes in its
refractive index. However, detecting these variations with nano-antennas poses several challenges, including issues related to
detection probability, sensitivity, physical dimensions, linearity, operating frequencies, and bandwidth limitations. The ability
to distinguish such variations is critical in fields such as biotechnology, medicine, and food safety21–23.

The demand for higher sensitivity, simplified fabrication, broadband operation, and compact device size has motivated
extensive research on biosensor applications, employing SPP fields to detect changes in material properties. Several studies
have investigated biosensor applications based on SPP fields for detecting variations in material properties. For example,
Awasthi et al. proposed a one-dimensional annular photonic crystal structure for protein concentration detection in the visible
spectral region24. Similarly, Kumar et al. reported an In0.53Ga0.47As-SOI-FinFET biosensor for label-free protein detection,
demonstrating high surface sensitivity, strong electrostatic control, and low-noise performance25. In the field of nano-antenna,
a circular hybrid waveguide-based nano-antenna is described in26, also targeting the 1550 nm wavelength, with a directive
radiation pattern. In a related study27, a nano-antenna based on a symmetric hybrid plasmonic waveguide is proposed, featuring
both directional and bidirectional radiation patterns. Additionally, a graphene-based terahertz metamaterial absorber has been
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reported for tunable sensing applications on an ultra-thin SiO2 substrate, demonstrating near-perfect multi-band absorption
in the 5–10 THz range and high refractive index sensing performance enabled by tuning the graphene Fermi energy28. An
array of bowtie nano-antenna has been specifically designed for biosensor applications29, enhancing local plasmonic waves.
Furthermore, Safaeian et al.30 propose a plasmonic biosensor strategy that employs optical beam steering at a wavelength
of 633 nm. In this work, by varying properties of the MUT, the direction of the emitted optical beam changes. A polished
SPR-based photonic crystal fiber sensor coated with aluminum-doped zinc oxide has been proposed in31, achieving ultra-wide
refractive index detection (1.18–1.45) for chemical and biomedical sensing applications.

This paper proposes a radiation-pattern-based biosensor employing a rectangular aperture nano-antenna for detecting
refractive index variations of dry protein as the material under test (MUT). The dry protein is modeled with a refractive index
range of 1.7–1.9 at 450 THz, which is considered the sensing target. The proposed structure is developed by integrating a
rectangular hybrid plasmonic waveguide (HPW) with a rectangular aperture radiating element, enabling directional far-field
emission. To provide physical insight and enable systematic design, a theoretical formulation is derived to obtain the dispersion
equation and the supported propagation modes of the HPW. A genetic algorithm (GA) is subsequently applied to solve the
dispersion relation and identify the dominant mode with the maximum propagation length, which is then utilized to excite the
nano-antenna. Based on this optimized waveguide excitation, the sensing mechanism is realized through measurable angular
shifts in the far-field radiation pattern caused by refractive index perturbations in the MUT.

Compared with existing nanoantenna-based biosensors that primarily rely on resonance wavelength shifts or single-
frequency angular responses, the proposed sensor demonstrates stable sensing performance over a finite operational bandwidth.
In addition, the developed analytical model enables identification of all supported modes in the HPW, allowing optimal
mode selection based on propagation characteristics, which is not typically addressed in related beam-steering sensing
studies. The close agreement between theoretical predictions and full-wave simulations further validates the proposed design
methodology. Moreover, the proposed biosensor achieves enhanced angular sensitivity compared with recent radiation-pattern-
based biosensing approaches30.

The remainder of this paper is organized as follows. Section 2 presents the theoretical formulation and the design procedure
of the hybrid plasmonic waveguide and nano-antenna. Section 3 discusses the biosensing application and performance
evaluation of the proposed nano-antenna. The key characteristics and comparative analysis of the biosensor are provided in
Section 4. Finally, Section 5 concludes the paper.

Nano-Antenna Design Procedure
Hybrid Plasmonic Waveguide
The design of the proposed nano-antenna–based biosensor follows a structured and optimized procedure to achieve optimal
performance. It begins with the development of a novel hybrid plasmonic waveguide. Hybrid Plasmonic Waveguides (HPWs)
are a specialized class of optical waveguides that combine features of dielectric and plasmonic waveguides, enabling the
efficient propagation of light waves32–35. These waveguides excel in enhancing light intensity, outperforming other conventional
optical waveguides. Plasmonic waveguides use surface plasmon polaritons to confine light through the interaction between
dielectric and metal surfaces, while dielectric waveguides utilize total internal reflection to propagate electromagnetic waves.
Through the integration of these two distinctive waveguide types, HPWs have emerged as a novel waveguide category with
the same characteristics. However, it’s important to acknowledge that HPWs exhibit relatively high propagation losses, albeit
demonstrating improvement compared to traditional waveguides.

We have designed a novel HPW featuring a rectangular cross-sectional geometry, purposed at introducing distinct HPW for
nano-antenna application. Illustrated in Fig.1, our HPW structure comprises three distinct layers: a central layer composed
of aluminum, flanked by adjacent layers of silicon dioxide and outermost silicon. Since the aluminum layer has a dielectric
constant with a negative real part, it is expected that SPPs propagate along the aluminum-silicon dioxide interface. Additionally,
it is anticipated that the higher dielectric constant of silicon compared to silicon dioxide confines the electric field within
the silicon dioxide layer, which is a result of the principles of total internal reflection observed in dielectric waveguides.
Additionally, SPPs propagate along the aluminum surface, further contributing to the presence of the electric field within the
silicon dioxide layer. Utilizing the Rakic model36, the dielectric constant of aluminum at the frequency of interest (450 THz) is
εrAl =−60+ j27. Furthermore, based on the models established by Malitson37 and Green38, the respective dielectric constants
for silicon dioxide and silicon are εrSiO2

= 2.1 and εrSi = 14.5+ j0.1.

Theoretical Analysis of a Proposed Waveguide
The critical aspect of this design lies in ensuring that the proposed waveguide precisely generates the expected optical response.
To validate the predicted behavior, a theoretical analysis is performed to confirm the performance of the proposed HPW. As
plasmonic waves propagate within HPWs, the supported propagation mode is transverse magnetic (TM), indicating that the
magnetic field component along the propagation direction is zero. Based on this assumption, the electric and magnetic field
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Figure 1. The schematic of the designed HPW. (a) 3D view. (b) 2D view. The width of Aluminum, silicon dioxide and silicon
are 2a1 = 130 nm, 2a2 = 180 nm, and 2a3 = 210 nm, respectively. Also, the height of aluminum is 2b1 = 90 nm, and for
silicon dioxide and silicon are 2b2 = 140 nm and 2b3 = 170 nm, respectively.

components are derived from Maxwell’s equations. To determine the remaining field components in each layer, an appropriate
closed-form expression for Ez is required. The longitudinal electric field Ez in each layer can be expressed in the conventional
form as:

E1z = ∑
n

∑
m

AnA
′
m cosh(k1nxx)cosh(k1myy) (1a)

E2z = ∑
n

∑
m

BnB
′
m cosh(k2nxx)cosh(k2myy) (1b)

E3z = ∑
n

∑
m

CnC
′
m cosh(k3nxx)cosh(k3myy) (1c)

E4z = De−k4x|x|e−k4y|y| (1d)

Here, the indices 1,2,3, and 4 correspond to aluminum, silicon dioxide, silicon, and free space, respectively. A,B,C, and
D denote the field coefficients, while kix and kiy represent the propagation constants in the x and y directions for each layer,
respectively. The electric field in each layer is expressed as a summation of hyperbolic cosine (cosh) functions, which serve as
the chosen basis functions for satisfying the field distribution across the multilayer structure. The cosh function is selected as the
basis due to the even symmetry of the HPW. Each component of the electric and magnetic fields in every layer can be derived
from equation (1). The relationships between the field coefficients of adjacent layers are obtained by applying the appropriate
boundary conditions at each interface. However, considering all terms in the double summation introduces significant algebraic
complexity. To simplify the formulation, only the first term of the summation in each layer is retained. Owing to the even
symmetry of the waveguide, the boundary conditions are enforced at x = a1,a2,a3 and y = b1,b2,b3. Consequently, the five
field components-Ex,Ey,Ez,Hx, and Hy-along with the six specified boundaries, yield a set of equations that can be categorized
as follows:

[M]4×4[T ]4×1 = 0, (2)

where [T ] represents the coefficient vector consisting of A,B,C, and D, and [M] is a 4×4 matrix whose elements depend on the
propagation constants in each layer. The matrix form can be expressed as:


m11 m12 0 0

0 m22 m23 0
0 0 m33 m34
0 m42 m43 0




A
B
C
D

= 0 (3)
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As a result of applying the boundary conditions, all components of the matrix [M] are obtained as follows:

m11 = cosh(k1xa1)

(
sinh(2k1yb1)

2k1y
+b1

)
(4a)

m12 =−cosh(k2xa1)×
(

sinh((k2y + k1y)b1)

k2y + k1y
+

sinh((k2y − k1y)b1)

k2y − k1y

)
(4b)

m22 = cosh(k2xa2)

(
sinh(2k2yb2)

2k2y
+b2

)
(4c)

m23 =−cosh(k3xa2)×
(

sinh((k3y + k2y)b2)

k3y + k2y
+

sinh((k3y − k2y)b2)

k3y − k2y

)
(4d)

m33 = cosh(k3xa3)

(
sinh(2k3yb3)

2k3y
+b3

)
(4e)

m34 =−e−k4xa3 ×

(
2k4y

k2
4y − k2

3y
− e−(k4y+k3y)b3

k4y + k3y
− e−(k4y−k3y)b3

k4y − k3y

)
(4f)

m42 = cosh(k2yb2)

(
sinh(2k2xa2)

2k2x
+a2

)
(4g)

m43 =−cosh(k3yb2)×
(

sinh((k3x + k2x)a2)

k3x + k2x
+

sinh((k3x − k2x)a2)

k3x − k2x

)
(4h)

Equation (2) has a valid solution only when the determinant of the matrix [M] equals zero. Accordingly, by setting
det([M]) = 0, the dispersion relation of the HPW can be expressed as:

−e−k4xa3 cosh(k1xa1)

(
sinh(2k1yb1)

2k1y
+b1

)(
2k4y

k2
4y + k2

3y
− e−(k4y+k3y)b3

k4y + k3y
− e−(k4y−k3y)b3

k4y − k3y

)
×
[
− cosh(k3ya2)cosh(k2yb2)

(
sinh((k3y + k2y)b2)

k3y + k2y
+

sinh((k3y − k2y)b2)

k3y − k2y

)
×
(

sinh(2k2xa2)

2k2x
+a2

)
+ cosh(k3yb2)cosh(k2xa2)

(
sinh((k3x + k2x)a2)

k3x + k2x

+
sinh((k3x − k2x)a2)

k3x + k2x

)(
sinh(2k2yb2)

2k2y
+b2

)]
= 0,

(5)

here, kix and kiy (i=1,2,3,4) are complex quantities. Since the dispersion equation admits multiple solutions for the propagation
constant, an appropriate optimization method is required to identify the dominant solution. Accordingly, Genetic Algorithm (GA)
is employed to solve the dispersion equation and determine the propagation constants for each layer. Based on the characteristics
of the HPW and dielectric waveguides, only solutions with propagation constants within the range of k0nSi < Im(ki j)< k0nAl
(i=1,2,3,4, and j=x,y,z) are considered. Under these conditions, the contribution of higher-order terms decays rapidly, and
the first term becomes dominant in describing the field distribution of the fundamental mode. The GA implementation was
configured with a population size of 100, using the stochastic uniform selection method, and the stopping criterion was set to a
function tolerance of 1×10−6. The mutation rate was set to 0.01, and the maximum number of generations was set to 2400.
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Also, to evaluate the field distribution in each layer, the corresponding field coefficients must be calculated. By normalizing the
coefficient of the aluminum layer to unity (A=1), the coefficients of the remaining layers can be obtained as follows:

B =−m11

m12
(6a)

C =
m22m11

m23m12
(6b)

D =−m42m22m11

m43m23m12
(6c)

A full-wave electromagnetic simulation is employed to validate the results obtained from the theoretical analysis. Utilizing
the comprehensive numerical analysis method within CST Studio Suite software, we investigated the properties of our proposed
HPW using the obtained coefficients and full-wave software. Using the Finite Integration Technique (FIT), this software
performed a thorough analysis of the HPWs’ attributes. The normalized electric field distribution along the x-axis (Ex) at
y = 0 is presented in Fig.2a for both the theoretical analysis and the FIT simulation. Likewise, Fig.2b depicts the normalized
electric field distribution along the y-axis (Ey) at x = 0 for both approaches. The slight discrepancy between the theoretical and
FIT results originates from the simplification adopted in the analytical model, where only the first term of the closed-form
expression for equation 1 is considered. In contrast, the FIT method accounts for all effective factors influencing the field
distribution. Despite this approximation, the theoretical analysis demonstrates strong agreement with the full-wave simulation,
confirming the validity of the proposed model.
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Figure 2. Comparison between the theoretical analysis and FIT: (a) Normalized Ex distribution along the x-axis at y = 0. (b)
Normalized Ey distribution along the y-axis at x = 0.

In plasmonic waveguides, two fundamental parameters are the propagation length and the refractive index. The propagation
length specifies the maximum distance over which the plasmonic wave can propagate efficiently within the waveguide.
Meanwhile, the refractive index quantifies the ratio of the propagation constant in the HPW to that in free space. These
parameters are depicted in Fig.3, which shows both the real part of the refractive index and the propagation length.

Rectangular Aperture Nano-Antenna
Leveraging the distinctive characteristics of the designed HPW, we developed a novel nano-antenna based on plasmonic waves.
To design nano-antenna, the HPW served as the input port of the nano-antenna, while the output port was formed by expanding
each layer of the HPW. Within this framework, plasmonic waves propagating through the HPW dispersed at the output port and
radiated into the surrounding space. The resulting design is illustrated in Fig.4.

To comprehensively investigate the attributes of the devised rectangular aperture nano-antenna (RANA), we employed
two distinct numerical simulation methods: the FIT and the Finite Element Method (FEM). These widely adopted simulation
methods are facilitated by CST Microwave Studio and COMSOL Multiphysics, respectively. In the FIT simulations, waveguide
port excitation was applied along with open (add space) boundary conditions, and the mesh refinement accuracy was set to
1× 10−3. In the FEM simulations, numeric port excitation was employed with perfectly matched layer (PML) boundary
conditions. We meticulously assessed several key characteristics of the novel nano-antenna design through this dual method.
First, we studied the reflection coefficient between the designed HPW and the radiating part of the RANA, employing both
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Figure 3. The real part of the effective refractive index and the propagation length of the proposed HPW

Aluminium

Silicon dioxide

Silicon

1Z
2Z

y
z

x

4
W

4h

5h
6h

(a)

z x

y

1
W

2
W

3
W

1h
2h3h

(b)

Figure 4. The scheme of the designed nano-antenna. (a) the 3D back view. (b) the 3D front view. The width of aluminum is
W1 = 468 nm at output port. Also, the width of the silicon dioxide and silicon layers is W2 = 518 nm and W3 = 548 nm,
respectively. In addition, the height of the aluminum layer is h1 = 360 nm, and the silicon dioxide and silicon layers are
h2 = 410 nm and h3 = 440 nm, respectively. The length of the HPW is Z1 = 150 nm. Also, the distance between the end of the
HPW and the output port is Z2 = 399 nm. Other relevant parameters include W4 = 75 nm, h4 = 50 nm, h5 = 20 nm, and
h6 = 60 nm.

FIT and FEM techniques. As depicted in Fig.5, the reflection coefficient of the proposed RANA is obtained for both methods.
Secondly, we conducted a detailed evaluation of the power flow radiation pattern, a key parameter critical to the nano-antenna’s
performance. Power flow represents the distribution of radiated power concentrated in a specific direction. Our comprehensive
analysis utilized both simulation methods to thoroughly examine these characteristics. The quantification of power flow is
expressed as:

S = E×H∗, (7)

P =
∫

S.dA, (8)

where S, E, H, and P represent the Poynting vector, electric field, magnetic field, and power flow, respectively39.
Fig.6 illustrates the power flow radiation pattern of the nano-antenna at 450 THz, analyzed using both the FIT and FEM

methods, situated at the frequency band’s center. The RANA exhibits a distinctive directional radiation pattern. The main lobe
is oriented at 35 degrees from the z-axis, which corresponds to the front of the RANA. The directional pattern results from the
distribution characteristics of surface plasmonic waves. This pattern forms the foundational basis for employing the RANA as a
biosensor within the specified frequency band.
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Figure 5. The obtained characteristic of the reflection coefficient by FIT and FEM methods, for designed RANA.
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Figure 6. Power flow distribution in the far-field region of the proposed nano-antenna. (a) FIT. (b) FEM.

Biosensor Based on Designed RANA
Protein as a Bio-material
The first step in the proposed biosensor design is the selection of an appropriate biomaterial. Proteins are chosen as the
target biomaterial due to their extensive use in modern technologies, particularly in surface plasmon-based optical sensors.
Proteins commonly serve as recognition or target elements for the selective detection of biological molecules, and their unique
properties play a crucial role in cellular regeneration and repair. Consequently, monitoring protein characteristics is of significant
importance. At optical frequencies in the visible and near-infrared regions, the dielectric constant of dry proteins typically lies
within the range of 2 to 4. Semi-empirical methods based on molecular polarizability have been employed to estimate the static
permittivity of dry proteins. These theoretical results are in good agreement with experimental measurements, indicating that
the relative permittivity of dry proteins falls within the range of 2.5 to 3.540.

Biosensor Design
The inherent properties of the designed nano-antenna enable its potential use as a refractive index biosensor. The characteristics
of the RANA inspired the decision to repurpose the rectangular aperture nano-antenna for biosensing applications. In this
context, the radiation pattern emerges as a critical parameter, fundamental to the functionality of the biosensor. Illustrated
in Fig.6, the proposed nano-antenna exhibits a directional radiation pattern. The primary objective of this study is to detect
changes in the refractive index of bio-materials. Achieving this requires introducing the bio-material into the structure and
evaluating its impact. Since plasmonic waves propagate within the silicon dioxide layer, this layer is selected for the insertion
of the bio-material for analysis. To facilitate this, the HPW structure and its front part were divided into two distinct sections.
One section was left unchanged, and the other was designed as the placement area for the material under test. The influence
of the bio-material on the RANA’s power flow radiation pattern is demonstrated by altering the surface plasmon polariton’s
propagation properties. Adjustments to the bio-layer’s refractive index result in corresponding changes in the radiation pattern.
The schematic representation of this RANA biosensor concept is depicted in Fig.7.

The difference in the refractive index of the protein alters the direction of the RANA’s power flow radiation pattern.
Specifically, we varied the refractive index of the dry protein within the range of 1.7 to 1.9. To evaluate the radiation
pattern’s sensitivity to these changes and establish it as a key output parameter for detecting the protein’s refractive index, we
systematically adjusted the protein’s refractive index in increments of 0.029. For each increment, simulations of the structure
were conducted to analyze its response following the insertion of the protein. Before examining the radiation pattern, it is
crucial to evaluate the biosensor’s return loss after the bio-layer is introduced. Fig.8a shows the return loss, which remains
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Figure 7. The scheme of the proposed RANA biosensor. (a) the back view of the biosensor. (b) the 3D view.

below 10 dB across the entire frequency band, confirming the biosensor’s suitability for this application.

440 445 450 455 460

Frequency (THz)

-24

-22

-20

-18

-16

-14

S
1
1
 (

d
B

)

n = 1.711724

n = 1.740689

n = 1.769180

n = 1.797200

n = 1.824828

(a)

0 10 20 30 40 50 60 70 80

Theta (Degree)

0

10

20

30

40

50

60
P

o
w

er
 f

lo
w

 (
m

W
)

n = 1.711724 n = 1.740689 n = 1.769180 n = 1.797200 n = 1.824828

@ 42
°
 : 49.2 (mW)

@43
°
: 46.2 (mW)

@41
°
: 52.8 (mW)

@40
°
: 56 (mW)

@39
°
: 59.6 (mW)

(b)

Figure 8. (a) Return loss of the designed RANA biosensor. (b) Detecting the variation of bio-material’s refractive index from
directivity peak and beam direction at yz-plane.

As mentioned earlier, the radiation pattern of the RANA serves as the primary parameter in the biosensor’s sensing process.
To gain deeper insights into its operation, an analysis of the 2D radiation pattern in the yz-plane is particularly valuable. This
plane corresponds to the peak of power flow and is defined at φ of 90 degrees, with θ representing the angle relative to the
z-axis. Positive y-values correspond to positive θ angles, while negative y-values correspond to negative θ angles. Fig.8b
illustrates the power flow of the RANA biosensor as a function of θ . The figure shows that as the refractive index of the
bio-layer increases, the direction of the power flow’s maximum peak shifts toward higher angles. For instance, when the
protein’s refractive index is 1.7117, the power flow reaches a maximum of 59.6 mW at 39 degrees. Increasing the refractive
index (n) results in a reduction in the biosensor’s power flow and a corresponding shift in beam direction to higher angles. At
n = 1.8248, the power flow decreases to 46.2 mW, with the peak occurring at 43 degrees. Notably, in each step, a one-degree
shift in the main beam direction can be experimentally detected using conventional far-field measurement techniques such as
Fourier-plane (back focal plane) imaging, which can provide angular resolutions better than 1 degree41. This interplay between
power flow and beam direction enhances the biosensor’s ability to detect variations in the refractive index of the bio-material,
thereby improving its diagnostic precision.

Properties of the Proposed Biosensor
This section presents properties of the proposed biosensor, emphasizing its operational principles and the interaction between
plasmonic waves and the bio-material. The analysis focuses on key performance parameters, including refractive index
sensitivity, operational bandwidth, and the definition of a figure of merit (FoM). These factors collectively determine the
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biosensor’s effectiveness in detecting variations in the refractive index of the MUT.

Sensitivity
For a deeper investigation of the RANA biosensor’s characteristics, an exploration of its sensitivity can be conducted using the
power flow radiation pattern depicted in Fig.8b. The sensitivity of the biosensor can be defined as follows:

S =
dθ

dn
. (9)

This equation considers the peak power direction (θ ) along with the bio-material’s refractive index (n). As evident from the
pattern, a 0.029 change in the bio-material’s refractive index leads to a one-degree shift in the peak power direction. So, the
sensitivity, which is the ratio of 1 and 0.029, reaches a value of 34.5◦ per refractive index unit (◦/RIU). The total variation of
0.1131 in refractive index corresponds to a 4-degree shift in peak power direction and a 13.4 mW decrease in power. This
underlines the biosensor’s capacity for effectively detecting changes in refractive index of bio-material.

Bandwidth
To enhance the probability of detecting changes in the refractive index, we explored the biosensor’s performance across different
frequencies. By comparing data from various frequencies to the previously gathered information, we can refine the accuracy of
refractive index detection. Thus, we examined the biosensor within a 2 percent bandwidth centered around 450 THz, spanning
from 445.5 THz to 454.5 THz. The biosensor’s behavior at these frequencies is illustrated in Fig.9a and Fig.9b. Notably, the
biosensor’s radiation pattern follows the same trend observed at the central frequency. Specifically, for a 0.1131 change in the
refractive index, the peak power direction undergoes an approximate 4-degree shift, as depicted in Fig.9a. Moreover, at 454.5
THz, the RANA biosensor remains adept at detecting variations in the refractive index of bio-material. As demonstrated in 9b,
peak beam direction and power flow fluctuate within the ranges of 37 to 41 degrees and 59.1 to 47.4 mW, respectively.
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Figure 9. Operation of the designed RANA biosensor in the 2% bandwidth of the 450 THz. (a) 445.5 THz. (b) 454.5 THz.

Figure of Merit
Defining a comprehensive figure of merit (FOM) enables a more reliable comparison among different biosensors. In nano-
antenna-based biosensors, key performance parameters include sensitivity, device size, operating bandwidth, and half-power
beamwidth (HPBW). While sensitivity and HPBW are commonly used in conventional evaluations, biosensor size is crucial
for on-chip integration, and broadband operation improves detection reliability by enabling sensing over multiple frequencies.
Therefore, size and bandwidth are incorporated into the proposed FOM to provide a more complete performance assessment.
During the design process, it is crucial to aim for a lower HPBW and size while striving for higher values of sensitivity and
bandwidth. Therefore, we define the FOM using the following equation:

FOM =
S

HPBW
× ∆λBW

L
, (10)

where S [◦/RIU ], ∆λBW [µm], and L [µm]represent the sensitivity, frequency bandwidth, and maximum size of the biosensor,
respectively. The unit of measurement for the FOM is RIU−1 (Refractive Index Unit). We investigated the figure of merit

/

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



(FOM) parameters for the proposed biosensor, which are derived from the radiation pattern of the nanoantenna. Previous
studies have not focused on this radiation-pattern-based approach but have instead examined other parameters, such as
reflection characteristics. Table ?? provides a comparison of recent works, highlighting the parameters and performance metrics
introduced in each study.

Table 1. Comparison between the proposed biosensor and recent studies

References Sensitivity ( ◦
RIU ) HPBW (◦) ∆λ (µm) Lmax(µm) FOM

14 − 4.6 1.08 10.08 −
30 33 13.5 0 5.175 0

Our Work 34.5 37 0.013 0.792 0.0153

Fabrication Feasibility and Tolerance Analysis
Fabrication of the proposed nano-antenna can be achieved using high-resolution nanofabrication techniques such as electron-
beam lithography (EBL), focused ion beam (FIB) milling, and standard thin-film deposition processes for silicon dioxide and
silicon layers, which are widely employed for plasmonic nanostructure fabrication43, 44. The fabrication feasibility steps of
the proposed rectangular aperture nano-antenna (RANA) are illustrated in Fig.10. In the first step, the central aluminum layer
is formed by patterning an aluminum film using lithography. In the subsequent steps, the silicon dioxide and silicon layers
are sequentially deposited around the aluminum layer to complete the proposed multilayer structure. To evaluate fabrication
feasibility, a dimensional tolerance of 5% was considered. Such variations may slightly affect the radiation characteristics,
leading to small changes in the main beam direction, maximum power flow, and half-power beamwidth. Since the silicon
dioxide and aluminum layers play a dominant role in hybrid plasmonic wave propagation, the key structural parameters shown
in Figs.1 and 4 were examined under a 5% dimensional variation. The tolerance analysis results are summarized in Table 2,
indicating that the corresponding deviation in the sensor output parameters remains below 8%.

Step 1

Aluminum nanocube

Step 2

Aluminum shaping

(Lithography) 

Step 3

Deposit silicon 

dioxide layer 

Step 4

Deposit silicon layer 

Step 5

Deposit bottom silicon 

dioxide layer 

Step 6

Deposit bottom 

Aluminum layer 

Figure 10. Fabrication feasibility steps of the proposed RANA structure.

Conclusion
In this paper, a novel plasmonic biosensor based on a hybrid plasmonic waveguide-fed rectangular aperture nano-antenna
was proposed and analyzed for detecting refractive index variations in dry protein. The nano-antenna structure, composed
of aluminum, silicon dioxide, and silicon layers, was designed to operate at 450 THz and exhibits a highly directional
radiation pattern, which forms the basis of the sensing mechanism. A rigorous theoretical analysis was performed to derive
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Table 2. Geometrical fabrication tolerances of the proposed nano-antenna structural parameters.

Parameter Value (nm) Main Beam Direction (◦) HPBW (◦) Power (mW) Deviation (%)
W1 468(-23.4/+23.4) 36/35 37.3/37.3 87.2/88 0.8-2.8
h1 360(-18/+18) 38/32 38/36.4 81.5/81.4 2.7-8
Z2 399(-19.95/+19.95) 38/32 37.5/36.5 81.1/81.3 1.3-8
2a1 130(-6.5/+6.5) 36/35 37.3/37.4 86.7/88.5 0.8-2.8
2b1 90 (-4.5/+4.5) 35/36 37.3/37.3 88.6/88.5 0.8-2.8

W2 −W1
1 25(-1.25/+1.25) 35/35 37.3/37.3 88.3/88.8 0-0.8

h2 −h1
1 25(-1.25/+1.25) 35/35 37.2/37.5 87.8/88.7 0-1.3

1 Silicon dioxide layer size.

the dispersion relation of the hybrid plasmonic waveguide and to identify the dominant propagating mode using a genetic
algorithm. The theoretical predictions were validated through full-wave numerical simulations, demonstrating excellent
agreement. By exploiting radiation pattern characteristics such as beam direction and power flow, the proposed biosensor was
shown to detect small refractive index variations of up to 0.029 in the dry protein. The results confirm that the proposed design
achieves high sensitivity and accuracy compared with existing radiation-pattern-based biosensing approaches. Furthermore, the
proposed biosensor maintains effective performance over a 2% bandwidth around the central frequency, enhancing its practical
applicability. The combination of a comprehensive theoretical framework, directional nano-antenna design, and broadband
operation makes the proposed biosensor a promising candidate for advanced biosensing applications.
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