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Numerical Analysis and Comparison )
of Mxene Based Plasmonic Sensor L

J. B. Maurya® and Alka Verma

Abstract In this paper, two dimensional layered Mxene (Ti3C,Tx) based plasmonic
sensor is numerically analyzed and compared with conventional and other plasmonic
sensors based on Graphene, MoS,, and black phosphorene. The angular interrogation
method is used to obtain the reflectance curves for all types of plasmonic sensors.
Thereafter, the performance of all the plasmonic sensors is obtained in terms of
shift in resonance angle, minimum reflection intensity, and beam width at different
refractive index of sensing medium. The percent increment in the sensitivity of MoS,,
Mzxene, BlackP, and graphene with respect to conventional are; 19.34%, 12.24%,
10.20%, and 4.86%, respectively. Although addition of these nanomaterials increases
sensitivity, they degrade the resolution of the sensor. The percent decrement in the
resolution of MoS,, Mxene, BlackP, and graphene with respect to conventional are;
43.45%,41.23%, 8.15%, and 17.89%, respectively. Although numerical performance
of MoS, is slightly higher than the Mxene, easier synthesis and higher affinity of
Mzxene towards biomolecules (single stranded Deoxyribonucleic acid) can replace
MoS; and other nanomaterials in the biosensing application.

Keywords Sensor - Surface plasmon resonance * Grpahene + MoS, + Mxene -
Phosphorene - Sensitivity

1 Introduction

The 2D nanomaterials, viz. graphene, MoS,;, black phosphorene (BlackP), Mxenes,
etc. have found potential application in different fields due to their extraordinary
properties in comparison to bulk materials. These 2D nanomaterials are playing
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vital role in the field of biosensing since last decade. The well-developed conven-
tional non-optical biosensors are polymerase chain reaction (PCR), reverse tran-
scription polymerase chain reaction (RTPCR), enzyme immunoassay (EIA), lateral
flow immunoassay (LFIA), serum virus neutralization assay (SVNA), isothermal
nucleic acid amplification (INAA), and clustered regularly interspaced short palin-
dromic repeats (CRISPR) [1]. The emerging non-optical biosensors are next genera-
tion sequencing (NGS), reverse transcriptase loop-mediated isothermal amplification
(RT-LAMP), and recombinase polymerase amplification (RPA) [1]. Among these
non-optical biosensors, the PCR and RTPCR are the gold standard and give most
accurate results within 2-3 days [1]. Although, PCR and RTPCR are commercially
being used but they are limited in terms of sensitivity, selectivity, fast response, etc.
as it is seen in the current pandemic due to COVID-19 [1]. Therefore a biosensor is
required which can detect the biomolecules with higher accuracy by improving the
selectivity, high sensitivity, and fast detection response. These requirements can be
fulfilled by optical biosensors viz. colorimetric and refractive index based sensors.
The colorimetric sensors are limited in terms of quantification and labelling [2]. In
contrast, refractive index based sensors are label free and capable of exact quantifica-
tion after calibration [3, 4]. The surface plasmon resonance (SPR) sensor is the most
explored refractive index based optical sensor. The SPR biosensor has several advan-
tages over non-optical biosensors, viz. higher accuracy, higher sensitivity, real time
monitoring, label free, faster, reliable, repeatable, reusable, and requirement of small
amount of sample, etc. [5]. Because of these extraordinary properties, SPR sensors
can be used in gas sensing, chemical sensing, biosensing, study of biomolecular
interactions, etc. [5].

The conventional SPR sensor was first invented in 1968 by two contemporary
physicist; E. Kretschmann and A. Otto. The SPR sensor structures developed by them
are known as Kretschmann configuration [6] and Otto configuration [7], respectively.
The thin film (~50 nm) of plasmonic metals viz. silver, gold, copper, aluminium,
etc. are directly deposited on the glass substrate in the Kretschmann configuration,
whereas thin air gap has to maintain between substrate and metal in the Otto’s config-
uration. The Otto‘s configuration suffers from maintaining a thin air gap and loading
of sample. Although gold is highest stable among the plasmonic metals, it has poor
affinity towards biomolecules and nanomaterials on its surface [8]. In contrast, silver
has highest resolution and comparable sensitivity [9].

The conventional SPR sensors have poor affinity towards biomolecules and also
suffer from oxidation and corrosion. Therefore, they should be coated by a material
which has higher affinity towards the metal as well as towards biomolecules. The 2D
nanomaterials have ability to fulfil both of these requirements. Graphene attaches the
ssDNA and other biomolecules with the help of m-stacking bonding [10, 11]. MoS,
binds the ssDNA probe with the help van der Waals force between nucleobases and
the basal plane of MoS, [12, 13]. The BlackP can be functionalized with cationic
polymer poly-L-lysine (PLL) to bind ssDNA on its surface [14—16]. It can also detect
NO; gas due to its specific absorption in the presence of CO, H,S, and H, [17-
19]. The Mxene (Ti3C,Tx) binds ssDNA after getting functionalized with thereinto,
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tris(2,2_-bipyridyl)ruthenium(II) (Ru(bpy)3?* [20-22]. Although these nanomate-
rials increase the sensitivity by increasing the binding of particular biomolecules on
their surface, they may degrade other performance parameters of the sensor. As per
the best of our knowledge the comparative numerical analysis of these nanomaterials
has not accomplished yet. Therefore, we have analysed the role of graphene, MoS,,
BlackP, and Mxene in the SPR sensor based on Kretschmann configuration using
silver as a plasmonic metal.

2 Sensor Structure, Principle of Operation,
and Mathematical Formulation

The schematic of Kretschmann configured SPR sensor structure is shown in Fig. 1.
In this structure, silver thin film is deposited on the base of a triangular prism of BK7
glass. In conventional structure, sensing medium (sample) is in direct contact with
this silver thin film. The silver thin film is coated with either of the 2D nanomate-
rials graphene, MoS,, BlackP, and Mxene. The refractive indices of prism, silver,
graphene, MoS,, BlackP, Mxene, and sample are 1.5151, 0.0803 4 4.2347i [23],3 +
1.1491i [24], 5.08 + 1.1723i [25], 3.5 4 0.01i [26], 2.38 4 1.33i [27], 1.33-1.335,
respectively, and thicknesses are semi-infinite, 50 nm, 0.34 nm, 0.65 nm, 0.56 nm,
0.993 nm, and semi-infinite, respectively.

The prism loaded sensor structure is energised by impinging a p-polarized light
wave of 633 nm wavelength. This light falls on the prism-metal interface with an
incident angle of 0;. This light generates an evanescent field in the metal which
generates surface plasmons wave (SPW) at the metal-sample interface after the inci-
dent angle being greater than the critical angle between prism and sample, i.e., 6;

e
oL

Sensing medium

*"" —

OR raphene

MOSz

Phosphorene

Fig. 1 Schematic of 2D layered nanomaterial based surface plasmon resonance sensor
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<6, =sin"! (Msample/Mprism) [4]. This SPW is generated due to the absorption of
incident light in the metal. If 6; < 6., light will not be absorbed in the metal and
hence cannot generate SPW at metal-sample interface. The generated SPW propa-
gates along the metal-sample interface and has evanescent field in the sample and
metal in the normal direction to the interface. This evanescent field decays rapidly in
the metal layer because of its absorptive nature and penetrates longer in the sensing
medium. This evanescent field is highly sensitive to any change in the refractive
index of sensing medium if all the other parameters kept constant.

The attenuated total reflected (ATR) light is measured for different incident angle
at the opposite face with respect to incident light of the prism. The intensity of this
ATR light is plotted with respect to incident angle which is termed as SPR curve or
reflectance curve. This reflected curve has a dip at certain value of incident angle.
This angle is termed as resonance angle (6, ). The reflection intensity is minimum at
this resonance angle which resembles the maximum absorption of incident light in
the metal which ensures the maximum generation of SPW at metal-sample interface.
Now, if the refractive index of sample is changed by én then corresponding change
in resonance angle 86, is observed. After proper calibration, the quantification of the
desired biomolecules is possible by measuring the 66, corresponding to §n provided
that only desired biomolecules is responsible for the 5n.

The reflection intensity of the ATR light can by formulated by Fresnel‘s coeffi-
cients using transfer matrix method for N-layer model [28]. This method is efficient
and does not consider any approximation. The thicknesses of the k™ layer, dy, is
considered along the normal to the interface (z-axis). The dielectric constant and
refractive index of the k" layer is considered as ; and ny, respectively. By applying
the boundary condition, the tangential fields at Z = Z; = 0 are presented in terms of
the tangential field at Z = Zy_; as follows;

U Uy—
vl =] ®

Vi V-1
where U; and V; represents the tangential components of electric and magnetic
fields, respectively, at the boundary of the first layer and Uy_; and Vy_; are the
corresponding fields for the boundary at N layer. The M ;j presents the characteristics

matrix of the combined structure of the sensor, and for p- polarized light it can be
given as;

o N-1 | My My,
M;; = (Hk:Z Mk)l.j - |:M21 Mzz] @
with,
Moo= | cosPe  (=isinB)/qx 3)
k —iqisinfy cos By

where,
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12 ex — n3sin*0 1/2
= (ﬁ> cost = (& M0) @)
Er Ex
and
2 2 dy . 1/2
B = —-nkcosbi(z — 2k-1) = (ex — nsin’6y)" (5)

After simplification, one can obtain the reflection coefficient for p-polarized light
which is given below:

_ My + Mign)gr — (My + Mygn)

rp = (6)
(M1 + Miagn)gr + (May + Mangn)
The reflectivity R, of the defined multilayer structure is given as;
2
Ry =|ry| 0

3 Results and Discussion

The comparative analysis of different 2D nanomaterials; graphene, MoS,, BlackP,
and Mxene are done on the basis of reflectance curve at 1.33 and 1.335 refractive index
of sensing medium, and variation of performance defining viz. shift in resonance
angle (86,), minimum reflection intensity (Rmin), and beam width (BW) [29] at
different values of refractive index of sensing medium. These performance defining
parameters can be used to define main performance parameters viz. sensitivity (S
= §6,/ én), resolution (I/BW), and quality factor (Q = S/BW). For a good SPR
sensor, the sensitivity, resolution, and quality factor should be as high as possible.
Therefore, shift in resonance angle should be as high as possible for a constant
change in refractive index of sensing medium. Further, the beam width should be as
low as possible. In addition, the Rmin should be as low as possible which ensures the
enhancement in the generation of SPW. Generally, normalized Rmin should be less
than 0.2. Other performance parameters which are also important viz. selectivity or
specificity but they cannot be determined through numerical analysis.

In Fig. 2, the reflectance curve is plotted for conventional sensor and the sensor
with different nanomaterials at 1.33 and 1.335 refractive index of sensing medium.
It is observed that the obtained reflectance curves have proper dip type shape. It can
be observed that the reflectance dip is obtained at incident angle greater than critical
angle between prism and sample, i.e., 8, = sin~(1.33/1.5151) = 61.3817°. It is also
observed that the Rmin is less than 0.2 for all the reflectance curves which confirms
the good generation of SPW. Further, the Rmin for all the reflectance curves are very
close to zero except for MoS, and Mxene at 1.33 and 1.335 refractive index of sensing
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Fig. 2 Variation of normalized reflection intensity with respect to incident angle for different
nanomaterials at sensing medium refractive index 1.33 and 1.335

medium. This can be just because of the large thickness and high extinction coefficient
of MoS, and Mxene [30]. It should be noted that the extinction coefficient of the
layer above plasmonic metal is responsible for the damping of surface plasmon [31].
This damping of surface plasmon shallows and broadens the reflectance curve [31].
The damping of surface plasmons increases by increasing the extinction coefficient
and thickness of the layer above plasmonic metal. The shallowing and broadening
of reflectance curve are responsible for increasing the Rmin and BW, respectively.
Therefore, Rmin and BW of reflectance curve of MoS, and Mxene are comparatively
higher.

Further, in this article, the shift in resonance angle, Rmin, and BW are analysed
by varying the refractive index of sensing medium in Fig. 3(a—c), respectively. It can
be observed from Fig. 3(a) that the shift in resonance angle increases monotonically
with the sensing medium refractive index. Further, the shift in resonance angle is
lowest for conventional sensor and highest for MoS;. The order of shift in resonance
angle is; {MoS; (12.28) > Mxene (11.55) > BlackP (11.34) > Graphene (10.79) >
conventional (10.29)}. Therefore, the percent increment in the sensitivity of MoS,,
Mzxene, BlackP, and graphene with respect to conventional are; 19.34%, 12.24%,
10.20%, and 4.86%, respectively. It is very tough to say that shift in resonacne angle
follow the order of thickness or refractive index rather it depends on the effective
combination of thickness and refractive index of nanomaterials. It can be observed
from Fig. 3(b) that Rmin increases monotonicaly with the sesning medium refractive
index for all the sesnors except conventional and BlackP. The Rmin for conventional
and BlackP is almost constant upto 1.35 beyond which it decreases slightly just
because of absence of any layer above metal in the case of conventional and very low
extinction coefficient in the case of BlackP. Further, it can be observed that Rmin
is lowest for BlackP which is almost equal to conventional and highest for Mxene.
The order of Rmin is; {Mxene (0.0928) > MoS, (0.0662) > > Graphene (0.0060) >
BlackP (0.0056) ~ conventional (0.0059)}. Further, Rmin for Mxene and MoS, are
very high with respect to others because of the high thickness and high extinction
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coefficient. It should be noted that the Rmin is less than 0.2 for considered entire
wide range of sensing medium refractive index. It can be observed from Fig. 3(c) that
the beam width increases monotonicaly with the sesning medium refractive index
for all the sesnors. Further, the beam width is lowest for conventional sensor and
highest for MoS,. The order of beam width is; {MoS, (2.17) > Mxene (2.11) > >
Graphene (1.51) > BlackP (1.35) > conventional (1.24)}. Although addition of these
nanomaterials increases sensitivity, they degrades the resolution of the sensor. The
percent decrement in the resolution of MoS,, Mxene, BlackP, and graphene with
respect to conventional are; 43.45%, 41.23%, 8.15%, and 17.89%, respectively.

4 Conclusion

SPR sensor using 2D nanomaterils is studied, anlaysed and compared with conven-
tional SPR sensor. It is found that coating of plasmonic metal with 2D nanomaterials
improves the shift in resonace angle which enhances the sensitivity of the sensor



J. B. Maurya and A. Verma

but increases the beam width which degrades the resolution and quality factor. The
percent increment in the sensitivity of MoS,, Mxene, BlackP, and graphene with
respect to conventional are; 19.34%, 12.24%, 10.20%, and 4.86%, respectively. The
percent decrement in the resolution of MoS,, Mxene, BlackP, and graphene with
respect to conventional are; 43.45%, 41.23%, 8.15%, and 17.89%, respectively. Also,
nanomaterials increases the Rmin which signifies the loss of surface plasmons inside
it due to damping. Further, it is found that Mxene has moderate sensitivty almost
equal to BlackP and resolution almost equal to MoS,. Mxene has highest Rmin which
signifies the highest surface plasmon damping inside it due electron energy loss.
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Abstract We have investigated a comparative performance analysis of surface
plasmon resonance (SPR) biosensor on using metamaterial and different metal
oxides. Use of 10 nm SiO, in the sensor configuration provided the maximum
sensitivity of 478.9°/RIU, which is highest among all other metal oxides like ZnO,
Si0,, TiO,, Al,03, MoO3 and MgO. Sensor performance is evaluated by calculating
SPR sensor performance factors for smaller refractive index variation of sensing
medium (1.33-1.34). Sensor performance factors are compared for conventional
SPR and proposed sensor with and without using metal oxides. We have used transfer
matrix method for this 5-layer Kretschmann configuration based sensor configura-
tion to perform analytical simulations using MATLAB software. Citing exemplary
references from literature on metamaterial based SPR sensor for comparison, this
work presents very high values of performance factors (Sensitivity = 478.9 °/RIU,
detection accuracy = 2.12/°, and quality factor = 141.2 RIU™!) for proposed SPR
biosensor on using 10 nm SiO;, metal oxide.
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1 Introduction

Surface plasmon resonance (SPR) sensors have employed stupendous attention and
popularity among other optical sensors due to its competitive advantage of accu-
rate, low cost, label free, and real time sensing procedures [1, 2]. SPR sensors are
tremendously favorable and well suited for sensing of analytes, biomolecules, various
chemicals and gases [1]. It rely on phenomenon of refractive index, RI sensing of
sensing medium, which get modulated on exposure of biorecognition (BRE) layer
to target analyte/biomolecules. The interaction of BRE layer with target analytes
alters the sensing medium RI, which can be measured as optical SPR signal in a
particular angular range. It is impossible to generate surface plasmons (SPs) on
metal surface through direct illumination. So, frequently employed light coupling
methods like prism, grating and optical fiber are used for efficient generation of SPs
that may help in achieving resonance condition. To achieve SPR condition, wave
vector of incident light should be equal to of SPs supported by metal dielectric inter-
face[1]. Photodetector is used to measure reflected intensity after achieving SPR
condition. The reflected intensity of p-polarized incident light may be measured at
different angle keeping fixed wavelength (angular interrogation) or at different wave-
length keeping fixed angle (wavelength interrogation) mode. Angular interrogation
for prism coupled SPR sensors employing Kretschmann configuration has already
proven its applicability for its simple and realizable geometry [3]. SPR sensors have
shown their exceptional potential in context of biosensing e.g. in drug diagnostic,
medical, food and environment safety than other optical sensor [4—7]. For biosensing
application use of BRE layer in close vicinity to metal binds target analyte kept in
aqueous solution. The binding of analyte on BRE layer creates local rise in sensing
layer RI, which further modifies propagation constant of SPs and resulting in shifting
of dip position of SPR curve [8]. Most popular metals used for SPs generation are
mainly gold and silver. Gold shows better stability, biocompatibility for adsorp-
tion of analytes with high sensitivity [1]. But, their use in SPR sensor results in wide
angular width of SPR curve leading to poor accuracy for detection of analytes. Accu-
rate detection of analyte is very important parameter to evaluate performance of SPR
biosensor. Use of silver affords narrower angular width but shows poor chemical
stability and also smaller sensitivity [9]. So, using another high RI metal oxide layer
over silver can prevent oxidation and improves sensitivity too.

Burgeoning developments in large scale synthesis of 2D nanomaterials and meta-
materials have further intensified their implementations in SPR sensor for sensitivity
enhancement. Since the discovery of graphene, various 2D layered nanomaterials
(transition metal dichalcogenides, antimonene, MXene, and black phosphorus etc.)
have been investigated for improvement in performance factors of SPR sensors [8—
12]. Metamaterials are also investigated for providing enhanced electromagnetic field
at sensing layer interface to get high sensitivity. Moreover, the use of metamaterial
in SPR sensor provides better confinement of electromagnetic field by providing
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stronger localization of field at sensing layer interface. This leads to higher adsorp-
tion of biomolecules on BRE layer [9]. Researchers are able to fabricate metama-
terials and sensors based on metamaterial too with available advanced fabricating
techniques [8, 9, 13]. Firstly, Ishimaru et al. proposed the idea of using metamate-
rial based SPR sensor for improved performance [14]. Not only 2D nanomaterials,
metamaterials high RI metal oxides were also investigated for enhancing SPR sensor
performance [15-17]. Metal oxides are known for their wide bandgap, high electron
transfer rate, high ionic conductivity and stability in chemical and biosensing appli-
cations. Semiconducting metal oxides are engineered nanomaterial that raises the
sensitivity of SPR biosensor [15—17]. Recently, our group proposed a SPR biosensor
which uses metamaterial and zinc oxide for sensitivity enhancement [18]. Highest
sensitivity of 401°/RIU has been achieved on using 5 nm ZnO for the proposed work.
But, we have not investigated the comparison of the proposed SPR sensor on using
other metal oxides in place of ZnO. So, in this paper we presented a comparative
performance of SPR biosensor based on metamaterial on using other metal oxides
like Al,O3, SiO,, TiO,, MoO3 and MgO. The motivation behind this work is to
improve the sensitivity and quality factor of SPR sensor by utilizing the stronger
light matter interaction provided with the use of metamaterial for biosensing and to
compare the performance of proposed sensor for different metal oxides.

2 Numerical Modeling

2.1 Performance Parameters and Transfer Matrix Method

Following three factors namely S-sensitivity; DA-detection accuracy; and QF-quality
factor indicates performance factor of SPR biosensors [9].

S = Afspr/Ang (D

DA = Afspr/FWHM 2)

where Afspr, Ang, and FWHM represents SPR angle shift, sensing medium RI shift
and angular width of the SPR curve respectively. The FWHM is difference of incident
angle measured at 50% reflected intensity, which is evaluated from SPR curve [9]

QF = S/FWHM (RIU™") 3)

SPR curve is plotted between reflection intensity vs. angle, where reflection inten-
sity is calculated using transfer matrix method for 5-layer model. Transfer matrix
method, an accurate method without any approximation is extensively used here
for proposed 5 layer model [9]. Each k™ layer is considered to be a homogenous,
nonmagnetic and isotropic media. Thus, reflectivity can be represented as:
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and Fresnel’s reflection coefficient r,, may be represented as:
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2.2 Schematic Structure of the Proposed SPR Biosensor

Figure 1 illustrates the schematic structure of proposed SPR biosensor which works
at 1000 nm characteristic wavelength. Different layers of the schematic structures
are arranged as: BK-7 prism-Silver-Metal oxide-Metamaterial- and Sensing region.

The RI of BK-7 prism considered to be 1.5075 at 1000 nm [9, 18]. The wavelength
dependent RI of silver is calculated using Drude model given as

1/2

A2he

e (10)
32 (he +i2)

NAg ()\) = |:]

The A,=1.7614 x 10 m and Ap=1.4541 x 107 m are considered for silver,
where A, A, are measured in m and X in nm [18]. Then, high RI metal oxide layer
having 10 nm thickness is laid over silver to protect it from oxidation and also for

sensitivity improvement. The RIs of metal oxide layers Al,O3, SiO,, TiO,, MoOj3
and MgO are 1.7557, 1.4504, 2.4856, 2.0838 + i0.0028793 and 1.7228 respectively
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[19]. The electric permittivity, emet, and magnetic permeability, e considered for
metamaterial are [-4 4 i0.001] and [-2.4 4 i0.001] respectively [9, 18]. RI of meta-
material (npyer,) can be calculated from following relation, Nyjera = +/EMeta X W Meta-
Thereafter, 50 nm binding layer and RI = 1.462 is laid over metamaterial for binding
of analyte present in aqueous solution [18]. Sensing region containing aqueous solu-
tion having 1.33 RI is considered 5" layer of the schematic diagram. Local increase
in sensing medium RI, 1.33 + Ang is obtained after adsorption of target analyte,
where Ang tells change in sensing medium RI.

3 Results and Analysis

This section is categorized into three sub-sections further. Section 1 illustrates
about thickness optimization of silver layer and metamaterial layer for the proposed
SPR sensor configuration. Section 2 discusses the SPR curve analysis plotted for
conventional SPR, proposed SPR with and without using metal oxide layer. Finally,
Sect. 3 illustrates the sensor performance factor variation with sensing medium RI
(1.33-1.34).
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3.1 Thickness Optimization of Metal and Metamaterial Layer

Minimum reflectance, Ry, is very important parameter for optimization of metal
layer thickness, as its minimum value reflects the narrower angular width of the SPR
curve. We adopted two thicknesses of metal oxide layers 5 nm and 10 nm and 350 nm
metamaterial thickness to optimize silver layer thickness in terms of minimum value
of minimum reflectance, Ry, . for proposed SPR biosensor configuration. Figure 2(a)
and (b) illustrates the optimization of silver layer thickness, when different metal
oxides are used in proposed design. A clear observation from Fig. 2a about the
minimum value of obtained R, are at 42 nm, 42 nm, 42 nm, 42 nm, 43 nm, and
42 nm respectively of silver for ZnO, Al,O3, SiO,, TiO;, M0oO3; and MgO at 5 nm
thickness.

Similarly, Fig. 2b shows minimum value of Ry,. for 10 nm metal oxide layers
Al O3, SiO,, TiO3, M0oO3; and MgO at 42 nm, 42 nm, 41 nm 43 nm and 42 nm of
optimized silver thickness respectively. Metamaterial thickness is optimized in terms
of maximum sensitivity attained for proposed SPR using 5 nm and 10 nm different
metal oxides at optimized silver layer thickness. Figure 3(a) and (b) shows opti-
mization of metamaterial thickness at 5 nm and 10 nm metal oxide layer thicknesses
respectively. Figure 3a gives maximum sensitivity of proposed SPR at metamaterial
thicknesses 351 nm, 347 nm, 348 nm, 346 nm, 349 nm 347 nm respectively for
5 nm ZnO, Al,O3, SiO,, TiO,, MoO3; and MgO. Similarly, Fig. 3b tells optimized
metamaterial thicknesses of 346 nm, 348 nm, 345 nm, 350 nm, 346 nm respectively
for 10 nm Al,O3, SiO,, TiO,, M0oO3; and MgO at which maximum sensitivities are
obtained. The optimized metamaterial and silver layer thickness will lead to obtain
maximum sensitivity and better detection accuracy at 5 nm and 10 nm metal oxide
layer thicknesses.

3.2 SPR Curve Analysis

Performance factors of proposed SPR biosensor with and without (w/0) metal oxides
and conventional SPR biosensor are discussed in this sub-section. SPR curve sketched
in Fig. 4 tells higher resonance angle shifts (ABgspr) achieved for proposed SPR w/o
metal oxides than conventional SPR sensor. Higher A6spgr achieved for proposed
SPR biosensor w/o metal oxides is due to use of metamaterial which enhances the
electromagnetic field at sensing layer interface. All performance factors mentioned
in modeling section are calculated from Fig. 4 for proposed SPR w/o metal oxides
and conventional SPR. Angular width of the proposed SPR w/o using metal oxides
increases with the use of metamaterial due to its higher imaginary value of RI [20].
Figures 5 and 6 indicates SPR curve for proposed work using different metal oxides
with 5 nm, and 10 nm thicknesses respectively at ng = 1.33 and1.345. Figures 4, 5
and 6 demonstrates the shifting of SPR angle to higher value due to local change
in sensing layer RI (1.345) with binding of analyte on BRE layer. ZnO with 10 nm
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thickness for proposed SPR is not plotted in Fig. 6 because Ry, attains very high
value at this ZnO thickness.
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3.3 Sensor Performance Factor Analysis

SPR angle shift (ABspr), Rmin., FWHM, DA and QF are calculated for different metal
oxides having thickness 5 nm, 10 nm from Figs. 5 and 6, respectively and mentioned
in Table 1.

It can be clearly concluded from Table 1 that best performance (S = 478.9°/RIU,
DA =2.12/°, QF = 141.2 RIU™!) is obtained for 10 nm SiO, metal oxide layer. This
sub-section further evaluates the variation of S, DA and QF vs. sensing layer RI lying
in range (1.33-1.34) for proposed SPR biosensor using different metal oxide layers
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at 10 nm thickness. Figure 7a suggests sensitivity increases from [311-369.6 °/RIU,
343-418 °/RIU, 346.9-418.3 °/RIU, 401.3-49 °/RIU, 404.3-507.1°/RIU] for Al, O3,
Si0;, TiO,, M0oO; and MgO respectively. It can be interpreted from Fig. 7a that for
smaller RI variation of sensing layer (1.33—1.34), maximum sensitivity variations
are obtained for MgO and MoOs layer. It is indicated from Fig. 7b that DA decreases
from [0.82-0.02 /°, 1.05-0.03 /°, 1.07-0.03 /°, 0.88-0.03 /°, 1.03-0.03 /°] for AL, O3,
Si0,, TiO,, M0oO; and MgO respectively. Maximum DA is obtained for TiO, and then
for SiO; layer. Similarly, Fig. 7c suggests quality factor decreases from [79.1-57.3
RIU"!, 101.2-76.7 RIU~!, 102.6-78.2 RIU~!, 85-68.8 RIU~!, 99.6-77.1RIU!]
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Fig. 6 SPR curve: proposed SPR biosensor for different metal oxide layer with thickness 10 nm

Table 1 Performance factors: SPR angle shift (ABspr), FWHM, S, DA and QF for Conventional
SPR, Proposed SPR biosensor with and w/o using metal oxides

Sensor configuration Abgpr (°) | FWHM (1/°) | S (°/RIU) | DA QF (RIU~Y)
Conventional SPR 1.429 0.42 95.27 340 |226.8
Proposed SPR w/o metal oxide |3.347 1.96 223.1 1.708 | 113.8
Proposed SPR |ZnO |5nm |6.021 5.8 401.4 1.038 | 69.21
biosensor ALO3 |5nm | 6.17 3.74 4113 1.65 |110.0
10 nm | 6.07 3.93 404.7 1.54 |102.8
SiO; |5nm |6.52 3.56 434.8 1.83 | 122.1
10nm | 7.18 3.39 478.9 2,12 | 141.2
TiO, |5nm |5.81 3.84 387.2 1.51 |100.8
10 nm |5.77 3.38 384.8 1.70 | 113.8
MoO3 [5Snm |5091 4.03 394.3 147 |97.84
10 nm | 5.28 4.72 351.9 1.12 | 74.6
MgO |5nm |6.20 3.74 413.3 1.66 |110.5
10 nm |5.91 4.06 393.8 1.46 1970

All above simulation leads to conclusion that best performance of proposed SPR
biosensor is obtained on using 10 nm SiO; layer than on using other metal oxide layers
like Al,O3, TiO;, MoO3 and MgO. Furthermore, we have compared the sensitivity
of some more SPR biosensor using metamaterial with our proposed work in Table
2. It is clearly stated from Table 2 that best values of S, DA and QF are obtained for

this proposed work.
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Table 2 Comparative table indicating performance factors of metamaterial based SPR biosensor

Ref. No Year N(nm) S DA QF
[21] 2016 1000 3337 - -
[22] 2016 1000 49.10 17.67 129.9
[23] 2017 738 - 0.373 42
[9] 2018 1000 337.4 0.44 43.03
[24] 2018 632.8 85.5 - -
[18] 2020 1000 4014 1.038 69.21
This work - 1000 478.9 2.12 141.2

4 Conclusion

This work highlights and compares the sensitivity achieved for proposed SPR
biosensor on using metamaterial and different metal oxides at 1000 nm characteristic
wavelength. A comprehensive performance analysis of proposed work is performed
and performance factors are compared to conventional SPR biosensor and proposed
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work without using metal oxides. Conclusively, considering the numerous advan-
tages of metamaterial and metal oxides utilized in this work for detection of target
analytes, the proposed work show full research potential in the field of biosensing.
Further in near future, metasurfaces may be used in place of metamaterials to design
and develop cost effective and high performance SPR chip for medical diagnostic,
drug diagnostics and biosensing purpose.

References

10.

16.

17.

. Homola, J., Sinclair, S.Y., Gauglitz, G.: Surface plasmon resonance sensors: review. Sens. Actu.

B: Chem. 54, 3—15 (1999)
Gupta, B.D., Pal, B.P.: Fiber optical sensors and instruments for bio-science. IETE Tech. Rev.
8, 19-332 (2015)

. Singh, A.K., Sharma, S.C.: A fixed detector Kretschmann configuration optical system to study

surface plasmon excitations. Opt. Laser Technol. 56, 56-262 (2014)
Firdous, S., Anwar, S., Rafya, R.: Development of surface plasmon resonance (SPR) biosensors
for use in the diagnostics of malignant and infectious diseases. Laser Phys. Lett. 15 (2018)

. Ladd, J., Taylor, A., Jiang, S.: SPR biosensors for food safety. In: Homola, J. (eds) Surface

plasmon resonance based sensors, Springer Series on Chemical Sensors and Biosensors, vol.
4, Springer, Berlin (2006)

Weiss, M.N., Srivastava, R., Groger, H., Lo, P, Luo, S.F.: A theoretical investigation of envi-
ronmental monitoring using surface plasmon resonance waveguide sensors. Sens. Actuators,
A 51, 211-217 (1995)

Anupam, R.S.: Potentialities and applications of biosensors for on-line environmental moni-
toring. IETE Tech. Rev. 9, 146-150 (2015)

Pal, S., Pal, N., Prajapati, Y.K., Saini, J.P.: Performance evaluation of SPR biosensor using
metamaterial over conventional SPR and graphene based SPR biosensor. In: IEEE Proceedings,
SPIN-2018, Amity University, Noida, 22-23 February

Prajapati, Y.K., Pal, S., Saini, J.P.: Effect of metamaterial and silicon layers on performance of
surface plasmon resonance biosensor in infrared range. SILICON 10, 1451-1460 (2017)

Pal, S., Verma, A., Saini, J.P,, Prajapati, Y.K.: Sensitivity enhancement using silicon-black
phosphorus-TDMC coated surface plasmon resonance biosensor. IET Opto. 13, 196-201 (2019)

. Kumar, M, Pal, S., Verma, A., Prajapati, Y.K., Saini, J.P.: Sensitivity improvement of surface

plasmon resonance sensor on using BlueP/MoS; heterostructure and antimonene. IEEE Sensor
Lett. 4(7), 1-4 (2020). https://doi.org/10.1109/LSENS.2020.3005942.

. Kumar, R., Pal, S., Verma, A., Prajapati, Y.K., Saini, J.P.: Effect of silicon on sensitivity of

SPR biosensor using hybrid nanostructure of black phosphorus and MXene. Superlattices
Microstruct. 145, 106591 (2020)

. Chen, T, Li, S., Sun, H.: Metamaterials applications in sensing sensors. Sensors 12, 2742-2765

(2012)
Ishimaru, A., Jaruwatanadilok, S., Kuga, Y.: Generalized surface plasmon resonance sensors
using metamaterials and negative index materials. Prog. Electromagn. Res. 51, 139-152 (2005)

. Ahmadi, L., Hiltunen, M., Hiltunen, J., Aikio, S., Saarinen, J., Honkanen, S., Roussey, M.:

Influence of an Al,O3 surface coating on the response of polymeric waveguide sensors. Opt.
Express 25, 25102-25112 (2017)

Li, W.,, Zhang, A., Cheng, Q., Sun, C., Li, Y.: Theoretical analysis on SPR based optical fiber
refractive index sensor with resonance wavelength covering communication C+L band. Optik
123, 164696 (2020)

Dorozinsky, H., Lyapin, O., Dorozinsky, G., Maslov, V.: Current trends in technology and
materials of sensors based on surface plasmon resonance. J. Appl. Mat. Sci. Eng. Res. 2 (2018)


https://doi.org/10.1109/LSENS.2020.3005942

A Comparative Performance Analysis of SPR Biosensor ... 23

18.

19.

20.

21.

22.

23.

24.

Pal, S., Pal, N., Teotia, A., Kumar, D.: Improved sensitivity of metamaterial based SPR
biosensor using Zinc Oxide. In: 7th International Conference on Signal Processing and
Integrated Networks (SPIN), Noida, India, pp. 170-175 (2020)
https://refractiveindex.info.com

Pockrand, I.: Surface plasma oscillations at silver surfaces with thin transparent and absorbing
coatings. Surf. Sci. 72(3), 577-588 (1978)

Pal, S., Prajapati, Y.K., Saini, J.P., Singh, V.: Sensitivity enhancement of metamaterial based
surface plasmon resonance biosensor for near infrared. Opt. Appl. 46, 131-134 (2016)
Verma, A., Prakash, A., Tripathi, R.: Comparative study of a surface plasmon resonance
biosensor based on metamaterial and graphene. SILICON 9, 309-320 (2017)

Cherifi, A., Bouhafs, B.: Sensitivity enhancement of a surface plasmon resonance sensor using
porous metamaterial layers. Mater. Res. Express 4, 125009 (2017)

Tewatia, A., Pal, S., Pal, N.: Performance evaluation of surface plasmon resonance biosensor
using metamaterial. Mater. Today Proc. 5, 28384-28391 (2018)


https://refractiveindex.info.com

Metal-Insulator-Metal Metamaterial )
Helical Absorber e

Sajal Agarwal ©® and Yogendra Kumar Prajapati

Abstract Metamaterial is a very popular advanced material used for the designing
of absorbers. Absorbers are very important component of various communication
devices as well as energy harvesting devices also. This study is concentrated to
design a metal-insulator-metal type metamaterial. Here the properties of bismuth are
utilized to get the high absorbance as well as wide absorbance region. To complete
the study, structural parameters of helix are also varied. Through the simulations it is
observed that geometrical parameters affect the absorber performance severely and
optimization is very important. Proposed absorber has two absorption peaks; one at
490 and other at 1800 nm. Peak absorption for both absorption peaks is approximately
0.8 a.u.

Keywords Absorber - Bismuth + Helix - Metamaterial + Tapering

1 Introduction

Nanotechnology is the most fascinating field of research which is not even lim-
ited to only one research area. It extends from simple material physics to com-
puter engineering [1], optical engineering [2], agricultural field [3] etc. These fields
are not only bounded to single area however, interdisciplinary applications like
microscopy [4], sensing [5], energy harvesting [6] etc. Energy harvesting and com-
munication research areas are very much related to the nano-optics for some com-
ponents such as antenna [7], signal processing [8], absorber [9] etc. The primary
concern of researchers working in this areas is to satisfy current demand while keep-
ing device/component size small, light weight, efficient.
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From all the above discussed devices/components, absorber draws wide attention,
because of their multidisciplinary application in communication devices [7], solar
cells [10], RADARSs [11] etc. Absorbers are the optical devices which can absorb
all/partial radiation incident upon it. These devices are widely useful in thermo-
photovoltaic cells (TPV) to capture solar spectrum and convert it into heat to improve
the efficiency [12]. As much as wide spectrum will be absorbed by absorber better the
performance for TPV cells. Thus, it is highly vital to design electromagnetic (EM)
absorber, absorbs wide range of frequencies [12]. There are a lot of ways through
which the desired performance of the absorber would get, however, use of meta-
material is the most used and suitable method. Metamaterial is the artificially engi-
neered material and has tunable properties by changing its geometrical and structural
parameters.

First, perfect metamaterial absorber was proposed by N. I. Landy et al. in
2008 [13], which is a split ring structure working in giga hertz range. There are
a lot of aspects of metamaterial structure which can be analyzed for the better per-
formance of the overall absorber. Three dimensional structure of metamaterial is
one of the most used method for improved absorption because of the better inter-
action of radiation with the absorber. In 2015 S. Agarwal et al. [12] proposed a
helix based absorber for the absorbing application having aluminum (Al) as the con-
stituent metal and displayed that helix metamaterial has wide operating range for
very complex geometry. However, Al can get oxidized easily thus, stability issues
are there. Recently, A. Ghobadi et al. [14] proposed a metal-insulator-metal metama-
terial absorber for two different applications, absorber and filter, using bismuth (Bi).
It is observed that metal-insulator-metal structure provide much better absorbance
and control over parameters with simple geometry. However, the proposed work has
limited range which can further be improved by optimization of the unit cell struc-
ture. A lot of studies are published till now using Bi for absorber modeling [15, 16].
Thus, in this study helix based metamaterial is modeled utilizing the properties of
Bi in metal-insulator-metal design.

2 Design and Simulation

This study explores the properties of helices for metamaterial designing. Al is used
as the substrate having the thickness of 30 nm. Over the metal substrate dielectric
material is used as the insulator, i.e. titanium dioxide (TiO,). Over the dielectric
material metal helices are place made of Bi. In each unit cell four helices are used
having opposite handed polarity. Finite difference time domain (FDTD) method is
used for the modeling of the proposed structure, Lumerical FDTD software is used
for the task. Figure 1 has the modeled metamaterial structure.

Modeling of the metals is done using Lorentz-Drude model, which is the most
accurate metal modeling method. Opposite handed helix placement ensures the polar-
ization insensitive nature of the proposed structure. For the proposed study, tapered
helices are used having large lower diameter and small upper diameter. Tapering of
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(a) (b)

Fig. 1 Modeled helical metamaterial absorber a three dimensional view b top view

Table 1 Peak absorbance and wavelength for individual metals

Metal Peak absorbance (a.u.) Wavelength (nm)
Gold (Au) 0.92 420
Tungsten (W) 0.98 380
Bi 0.98 450
Al 0.90 378
Tin (Sn) 0.91 514

the helices ensures that better absorption of the radiation. For the systematic study
geometrical parameters are varied to find the optimized structure of absorber. For
the analysis, wide wavelength region has been decided. Since, the intended applica-
tion of the proposed absorber is thermo-photovoltaic cells thus covering whole solar
spectrum varies from visible to far-infrared region is important.

3 Results and Discussion

For the detailed study, three most important parameters are picked, fiber diameter
(though the wire helix made), upper and lower radius of the helices, and pitch of the
helices. To decide the metal used for helices, individual absorption of various metals
are analyzed. Peak absorbance for these individual metals and the corresponding
wavelength is given in Table 1. From the Table, it is observed that absorbance of
the metals varies and W and Bi provides highest peak absorbance near unity. Thus,
Bi is choose to be used as the constituent metal for the helices in the proposed
metamaterial. Thickness of the substrate metal and dielectric is fixed, i.e. 30 and
100nm. For the starter, pitch of the helix is varied from 150 to 200nm, and the
absorption spectrum are plotted in Fig. 2.



28 S. Agarwal and Y. K. Prajapati
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It is observed that pitch of 150nm gives high absorbance, but pitch of 200nm
provides better absorbance for all over the wavelength region. Thus for the further
simulations, 200 nm long pitch is considered. Next, top and bottom radius of the
helices are varied in combinations with fixed fiber radius of 15 nm and the absorption
spectrum are given in Fig. 3.

It is observed that from the radius analysis that higher radius’s on both ends pro-
vides better absorption however peak absorption is not changed much but it broaden
the first peak width. In the end fiber radius is varied to see the effect on absorbance.
Absorption spectrum is given in Fig.4.

Since, it is observed from the above analysis that the absorption depends on the
geometrical parameter as well as the constituent material, it is highly appreciated to
chose the parameters wisely after thorough analysis. It is observed that two very neat
peaks are achieved around 490 and 1800 nm having 0.8 a.u. absorption. However,
proposed absorber is not wide band but it can be used for various communica-
tion applications according to the interested wavelength band. This is a very initial
study but different combinations of materials can be analyzed to further improve
the absorbance. Fabrication of the proposed tapered helix metamaterial surface is
possible by using direct laser writing technique precisely.
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Fig. 4 Absorption spectrum
for varied fiber radius 0.8
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4 Conclusion

This study proposed a very promising absorber metamaterial structure for commu-
nication applications. To improve the proposed absorber for wide band wavelength
region intertwining of the helices can be done. However, on choosing the helix param-
eters carefully, absorption bands are widened. The peak absorption found for both
peaks is 0.81 and 0.78 a.u. at 490 and 1800nm wavelength respectively. It is also
observed that the constitutional metal of helix would affect the absorption severely.
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Compact Circularly Polarized Microstrip | M)
Fed Wide Slot Antenna for C-Band oo
Applications

Sunidhi Dubey, Sudhanshu Verma, and Saurabh Singh

Abstract The paper presents a compact circularly-polarized micro-strip fed wide
slot antenna (WSA) of size 25 x 25 mm? for C-band applications. The anticipated
design consists of a horizontal slotted patch, a wide C-shape slot and a stub fed by
50 2 micro-strip feed-line. The corners of the wide slot are chamfered symmetri-
cally and a small stub is introduced in the ground. The micro-strip feed is placed
under the extended horizontal stub protruding from ground to generate the two
orthogonal modes. The slotted patch and a chamfering in the ground are respon-
sible for enhancing the impedance bandwidth (IBW) and attaining wide axial ratio
bandwidth (ARBW). The proposed WSA achieved 10-dB return loss of 96.64%
(3.23-9.27 GHz) and ARBW of 63.45% (3.69-7.12 GHz).

Keywords Circularly polarized - Slot antenna - Axial ratio + C band

1 Introduction

In recent time, printed slot micro-strip antennas are in great demands for wireless
communication systems as it exhibits the properties of less bulky, cost effective,
low profile, wide bandwidth and easy fabrication process. The circularly polarized
antenna is popular in wireless communication systems because CP signals are good at
penetration and bending around obstacles and are more repellent to signal distortion
due to cold weather conditions for reflection, absorption, multi path, LOS and also
it is much effective to establish and maintain communication links. The principle of
operation for CP antenna is to stimulate two orthogonal modes of equivalent ampli-
tude and phase quadrature. The fraction of the electromagnetic spectrum assigned
for satellite transmissions in the 4-8 GHz frequency range is referred to as C-band.
Many satellite communications broadcasts, Wi-Fi networks, cordless telephones, and
some surveillance and weather radar systems all operate in the C band [1].
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The CP can be achieved by various techniques that are mentioned in literature [2—
8]. In[2], for CP, the antenna’s excitation is done by L-shaped strip with a narrow end,
in series connection to a microstrip-feedline situated diagonally of the square slot. The
achieved S;; <-10-dB is 48.41% (1686-2763 MHz) and ARBW is 42.22% (1700-
2610 MHz). In [3], a micro-strip fed two coinciding ellipse shaped slots and inserting
two orthogonal stubs in the feed are new methodologies to stimulate two orthogonal
vectors. The attained impedance BW is 60.16% (4.3—8 GHz) and axial-ratio < 3-dB
bandwidth of 40.74% (4.3—6.5 GHz). In [4], a micro-strip fed two overlapped annular
slots are aimed to produce a wide circularly polarized bandwidth. The achieved 10-dB
18 61.53% ranging from (2.25—4.25 GHz) and 3-dB ARBW of 56.60% (1.9-3.4 GHz).
In [5], implanting dual L-ground strips on reverse corners of a square slot antenna for
CPradiation. The attained impedance bandwidth is 62.51% ranges (1600-3055 MHz)
and axial ratio bandwidth of 27.39% (2300-3030 MHz). In [6], a circularly polarized
slot antenna is intended with a slot comprising of multiple circular sectors (MCS).
The achieved impedance bandwidth is of 64.7% (2.06—4.03 GHz) and 3-dB axial
ratio bandwidth of 61.5% (2.14-4.04 GHz). In [7], the circular polarization can be
accomplished by introduction of asymmetric agitation on the lower left of an open
slot which is fed by a tuning stub. The 10-dB return loss achieved is 111.15% (2.13—
7.46 GHz) and the 3-dB AR bandwidth can attain 27.02% (3.2-4.2 GHz). In [8], for
broadband CP generation, the micro-strip feed is placed under the extended horizontal
stub protruding from ground. The obtained impedance matching bandwidth is of
90.2% ranging (3.5-9.25 GHz), and AR bandwidth of 40% ranging (4.6-6.9 GHz).

This paper presented a microstrip-fed compact wide-band circular polarised wide
slot antenna, which consist a horizontal multiple slot radiating patch with wide C-
shape slot having symmetric chamfered at the opposite corners and a stub excited by a
feed of 50 Q2 microstrip line. The corners of the wide slot are chamfered symmetrically
and a stub is introduced in the ground plane. The micro-strip feed is placed under
the extended horizontal stub protruding from ground to generate the two orthogonal
modes. The multiple slots patch and a chamfering in the ground are responsible for
enhancing the impedance bandwidth and attaining wide axial-ratio bandwidth. The
designing and simulation of anticipated wide slot antenna is performed on Ansys
electronic desktop tool (version 16.2).

2 Antenna Design

The designed geometry of wide slot antenna is showed in Fig. 1. FR4 is used as
substrate of dielectric constant 4.4, loss tangent of 0.02 and 1.6 mm thickness to print
the antenna. This antenna is composed of horizontal slotted radiation patch fed by
50 © micro-strip feed-line, a wide square slot antenna having symmetric chamfering
to realize the circularly polarized radiation. The right edge of the ground has a stub
that projects into the slot’s center. To minimize linkage between the ground and the
feed-line, a gap on the ground plane is provided above the feedline. The compact
size of antenna is 25 x 25 x 1.6 mm?>. The microstrip feedline is etched on the top



Compact Circularly Polarized Microstrip Fed Wide Slot Antenna ... 33

of FR4 substrate having width of 3 mm. The x-axis of slotted patch is of 5 mm and
y-axis is 12.75 mm. The width of the slot in the patch is of 0.5 mm and strip size is
1 mm. To realize broad band CP operation, the micro-strip line-fed is placed on the
right edge of the antenna under the protruded stub.

The development of the proposed WSA is represented in Fig. 2. To elucidate the
CP performance of the WSA, three antennas evolution is discussed. In first step, Ant.1
consists of a simple slot and a short stub on the top of microstrip feedline towards
—y axis direction as discussed in [8]. In second step of evolution, Ant.2 comprises of
a horizontal slotted patch. In third step, Ant.3 consists of chamfered corners of the
square slot.

The resultant graph of impedance bandwidths and AR bandwidths of the three
antennas are shown in Fig. 3. In first step, the ant.1 has wide IBW and ARBW which
radiate in frequency band of 87.5% (3.6-9.2 GHz) and 37.93% (4.7-6.9 GHz) as
showed in Fig. 3. In second step, by slotting of radiation patch IBW and ARBW
is shifted towards left side in frequency range of 92.52% (3.20-8.71 GHz) and

Substrate

25

(a) Front view

(b) Back view

Fig. 1 Antenna geometry of proposed WSA

EE

Ant.1 Ant.2 Ant.3

Fig. 2 Steps to realize the proposed WSA (1-3)
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Fig. 3 Simulated results of evolution steps: a Reflection Coefficient IS11| dB. b Axial Ratio of three
antennas

57.22% (3.68-6.63 GHz) as shown in Fig. 3. Further, ant.3 enhances the impedance
bandwidth up-to 96.64% (3.23-9.27 GHz) and achieves a 63.45% wide axial ratio
bandwidth ranging (3.69-7.12 GHz) as shown in Fig. 3.

3 Results and Discussion

The simulated results of WSA are analyzed on Ansys electronic desktop tool (version
16.2) with a solution frequency of 3.5 GHz. The simulation result of reflection coef-
ficient of proposed WSA is depicted in Fig. 4 which shows that the proposed WSA
is radiating in (3.23-9.27 GHz) with fractional bandwidth of 96.64%. The obtained
resonance peak is at 3.59 GHz. The simulated axial ratio of proposed WSA is shown
in Fig. 5 which depicts that the proposed WSA is radiating in frequency band (3.69—
7.12 GHz) having fractional bandwidth of 63.45%. Thus, the proposed WSA is a
wide band antenna for C-band applications.

Figure 6 shows the flow of current distribution at 4.7 GHz of the proposed WSA
which depicts that the concentration of current is maximum in the patch. The distri-
bution of current shows a centered frequency which is also used for radiation pattern.
The current flows at different phase angle such as 0°, 90°, 180° and 270°. It depicts
that at 0° the flow of current is towards downward, at 90° flow of current is in —x-
direction, at 180° the current streams is in upward direction and at 270° the direction
of current is +x direction which shows the phenomena of CP radiation which is left
hand circular polarized (LHCP) at positive z direction.

Figure 7 illustrates the simulated gain of the proposed WSA which shows that the
peak gain of proposed WSA is 4.78 dBi at 4 GHz. The simulated result of the radiation
pattern of the anticipated C-shaped slot antenna at resonance peak is exemplified in
Fig. 8. The radiation pattern is obtained in both xz and yz planes and LHCP is
emitted in a positive z-direction, while RHCP is emitted in a negative z-direction.
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Fig. 5 Simulated axial ratio of proposed WSA

From the radiation pattern it is stated that the proposed C-shape slot antenna radiates
bi-directional. There is a minor tilt in the path of the concentrated radiation. This is
mainly due to the irregular construction of the proposed C-shaped wide slot antenna
which causes the path of concentrated radiation to slightly shift towards the +x and
+y directions in the xz plane and yz plane, respectively. It can be stated that the
antenna is radiating bi-directionally with opposed circular polarization. The RHCP
is attained for z < 0 while LHCP is attained for z > 0.
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Table 1 Comparative study of proposed WSA and the alike ones

Ref. IBW (GHz) ARBW (GHz)

[9] 17.4% (3.05-3.63) 5.4% (3.25-3.43)
[10] 40% (4.8-7.2) 31.84% (5.15-7.1)
[11] 62% (3.6-6.85) 49% (3.6-5.93)
[12] 84% (3.25-8) 41.3% (4.41-6.67)
Proposed work 96.64% (3.23-9.27) 63.45% (3.69-7.12)

Table 1 represents the BWs of the designed WSA antenna and preceding designs.
In contrast, the overall results depicts that the proposed wide slot antenna is having
wide impedance BW and ARBW.

4 Conclusion

A compact antenna with simple structure of size 25 x 25 x 1.6 mm? is anticipated in
this paper. The proposed WSA design comprises of a slotted patch with chamfered
wide square slot and a 50 €2 excitation by micro-strip line feed. The micro-strip feed
is placed under the extended horizontal stub protruding from ground to generate
the two orthogonal modes. The multi-slot patch and a chamfering in the ground are
responsible for the improvement of impedance bandwidth and attaining wide axial
ratio bandwidth. The proposed WSA achieved 10-dB return loss of 96.64% (3.23—
9.27 GHz) and ARBW of 63.45% (3.69—7.12 GHz) and obtained a gain of 4.78 dBi at
4 GHz with bi-directional radiation pattern. The proposed WSA radiate at resonance
peak and is well-suited for C-band applications.
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Cross Age Face Generator: A Generative | M)
Adversarial Networks (GANs) Based oosk ko
Approach

Prathamesh V. Barve and Amit D. Joshi

Abstract The interpretation of various features in the world can be carried out
with the help of computer vision. Cross age face generation is one of the emerging
field in computer vision with great significance to solve different identity related
problems. Different deep learning approaches aids computers to yield effective results
in the area of computer vision. This work focuses on generation of person’s face at
different age in individual’s lifespan. Cross age face generation helps in solving
various problems related to identity of an individual, such as the recognition of
a missing person, identification of criminals, etc. Preservation of the identity of a
person is very important and challenging task while creating images at different ages.
This work proposes a system using Conditional Generative Adversarial Networks
and Convolutional AutoEncoder model. The Convolutional AutoEncoder model is
used for identity preservation. Conditional Generative Adversarial Networks are
used for generating images of a person in different ages. The system is evaluated on
the IMDB-Wikicleaned dataset with 120 K images and Cross-Age Celebrity Dataset
with 163 K images. Various tests are performed to quantify the results. The proposed
solution gives better results in terms of identity preservation, age estimation error
and frechet inception distance parameters. Identity preservation with the proposed
system. is 96.82% with 2.75 as age estimation error.

Keywords Conditional generative adversarial networks + Deep convolutional
generative adversarial networks - Convolutional auto encoder * Deep learning
1 Introduction

Cross age face generation is the way towards delivering a picture with the same
characteristics applying age alterations or transformations [1]. It is also termed as
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age progression, face age synthesis, face aging [2]. Cross age face generation deals
with the problem of change in the appearance of an individual person by keeping the
identity intact. Cross age face generation techniques have pulled in tons of researchers
to incorporate a face having significant age changes and identity preservation in
different domains. For an instance, it is useful to identify a long time missing person
who can have age effects on face or a victim by generating the person’s face in the
target age [3].

Many methods have been proposed to add age progression to face. Some of them
includes conventional methods, rule based methods and methods with deep learning
models. Conventional face ageing models can be generally separated into physical
model methodologies and prototype methodologies. Physical model processes shape
and texture of every age group [2]. The prototype approach targets building a face
prototype for different age groups and reduces the texture differences in the proto-
types and the given image. However, these types of models are completely dependent
upon manual rules that ignores the personalized data [4]. However, once the differ-
ence between input and desired ages is large like 3540 years, the changes in the
shape of the face or texture of the skin becomes very pronounced and face generation
becomes very challenging [5]. Also, factors like living styles, generic plastic surgery
and lack of sizable labelled information, etc. play an important role in making the
cross age face generation a challenging task. Such kind of problems can be solved
with the help of Generative Adversarial Networks (GANSs).

1.1 GANs

GANSs based model is an unsupervised or semi-supervised deep learning model that
has two neural networks. GANs generates synthetic data in the same domain as
that of training data. These two different parts of GANs are known as generator and
discriminator [6]. The latent vector of random noise values (z) is given as input to the
generator that generates new fake data G(z). This generated data is indistinguishable
from the real data. The discriminator works as a classifier that classifies the generated
data as machine generated or real in terms of D(G(z)) = x. Both the networks are
trained in adversarial way. The loss function for the model is given as follows [6].

[minmax V(D, G) = Ex[log(D(x))] + E:[log(1 — D(G())]] ey

There is a competition between the generator and the discriminator. The discriminator
is trained better than the generator, followed by classification of the data generated by
generator correctly as machine-generated data. It penalizes generator with increasing
loss due to which generator train itself to generate better fake samples and vice versa.
The ultimate goal of training of networks is to minimize the loss for the generator,
so that it can generate more realistic images.
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As time is a continuous variable, face transformation should be demonstrated as a
continuous process. It can be very difficult to do so without having ground truth
character-specific data like different images of a person over his lifespan. It is very
challenging to collect such type of training data [7]. An unsupervised learning nature
of GANs model solves the problem of data. The image of a person in any age is
sufficient to train the GANs based model. GANs process the input image and target
age. It generates the image of same person in the target age.

As discussed earlier, generator takes a latent vector of random noise (z) as
an input and generates the image in the domain of training samples. The char-
acteristics of the image generated by the generator can’t be controlled in simple
vanilla GANs. In the given problem, the generator must generate the image of
the given target age. There are different types of GANs. The normal classification
include Deep colvolutional GANs (DCGANSs), non-saturating GANs (NSGANSs),
Least squares GANs (LSGANSs), Wasserstein GANs (WGANSs), Wasserstein GANs-
gradient penalty (WGANSs-GP), deep regret analytic GANs (DRAGANS), boundary
equilibrium GANs (BGANSs) [8]. This work attempts to solve the discussed problem
using CGANS.

1.2 Conditional Generative Adversarial Networks (CGANs)

In CGAN:S, the features of synthesized image can be controlled by giving target mode
or category as an input to the generator and the discriminator. The latent vector of
random noise (z) and target label vector (y) is given as an input to the generator. The
generator processes the input image and generates the image in the given target mode.
The generated image, real data, and target label vector are given to the discriminator.
Discriminator classifies the image as a machine generated or real image as well as
it classifies whether the generated image belongs to the target category or not. The
CGANSs model is trained using the following loss function [9].

[minmax V(D, G) = Ex[log(D(x|y)] + E:[log(1 — DGy (2)

Along with the latent vector, a one-hot encoded vector of target age is given to the
CGANSs model. Hence, the CGANs model generates the image in the target age.
In the proposed system, the input image is given by the user along with the target
age. The target age can be accommodated in the system using CGANSs. As discussed
earlier, CGANs generates an image from a latent vector of random noise (z). The
input image can’t be given as an input to the CGANSs. This problem is solved using
Convolutiona