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Preface 

Optical and wireless technologies are advancing at an accelerating rate recently. The 
traditional approaches to providing high data rates to the masses are transforming 
and expanding in a way that is beyond our imagination. The challenges in providing 
uninterrupted data and broadband communications have not changed. Our mission 
as a technical community is to understand these challenges and find ways to mitigate 
them. This includes the development and management of appropriate channels, novel 
devices, new protocols, efficient networks, and their integration. Keeping in view the 
amalgamation of these issues, the proceedings of 5th International Conference on 
Optical and Wireless Technologies (OWT 2021) is being presented herewith. 

Due to outbreak of COVID-19 pandemic, the conference (OWT 2021) was orga-
nized online during October 09–10, 2021, as per guidelines of GOI. A total of 160 
participants including the invited speakers, contributing authors, and attendees partic-
ipated in the conference. The participants were explored to broad range of topics 
critical to our society and industry in the related areas. The conference provided an 
opportunity to exchange ideas among global leaders and experts from academia and 
industry in topics like optical materials, optical signal processing and networking, 
photonic communications systems and networks, all-optical systems, microwave 
photonics, optical devices for optical communications, nonlinear optics, nanopho-
tonics, software-defined and cognitive radio, signal processing for wireless commu-
nications, antenna systems, spectrum management and regulatory issues, vehicular 
communications, wireless sensor networks, machine-to-machine communications, 
cellular-WiFi integration, etc. 

Apart from high-quality contributed paper presented by delegates from all over 
the country and abroad, the conference participants also witnessed the informative 
demonstrations and technical sessions form the industry as well as invited talks 
from renowned experts aimed at advances in these areas. Overall response to the 
conference was quite encouraging. A large number of papers were received. After a 
rigorous editorial and review process, 52 papers were invited for presentation during 
the conference. Among the presented papers, 51 papers were selected for inclusion 
in the conference proceedings. We are confident that the papers presented in this
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vi Preface

proceeding shall provide platform for young as well as experienced professionals to 
generate new ideas and networking opportunities. 

The editorial team members would like extend gratitude and sincere thanks to 
all contributed authors, reviewers, panelist, local organizing committee members, 
and the session chair for paying attention to the quality of the publication. We are 
thankful to our sponsors for generously supporting this event. In the last, we pay 
the highest regard to the Irisworld Science & Technology Education and Research 
(IRISWORLD), a “Not for Profit” society from Jaipur for extending support for 
financial management of the OWT 2021. 

Best Wishes from: 

Manish Tiwari 
Yaseera Ismail 
Karan Verma 

Amit Kumar Garg
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Design and Analysis of All-Optical 
Universal Logic Gates Using 2D Silicon 
Photonic Crystal Structures 

Anushka Lucas, R. Narayanan, and Nikhil Deep Gupta 

Abstract With the continuous increase in the demand for higher computational 
speeds, photonics-based Integrated Circuits (ICs) are becoming more vital for future 
computational technologies. For designing Photonic ICs there is a requirement to 
have logic gates that can work in all-optical domain. The proposed work presents the 
design and numerical analysis of All-Optical universal logic gates including NAND, 
NOR, and NOT gates that are realized using 2-D Silicon periodic nanophotonic struc-
tures through light beam interference-effect. 2D Photonic crystals through photonic 
bandgap optimization, make it possible to reduce the losses incorporated during the 
propagation of light. The structures are designed to operate at 1.55 µm. The present 
work demonstrates an unpretentious but effective approach for designing the all-
optical universal logic gates. The design has shown good transmission efficiency for 
all the input combinations of the logic gates and thus can be used to design other 
forms of logic gates and circuits, further. 

Keywords Photonic crystals · Optical logic gates · Silicon photonics · Universal 
logic gates 

1 Introduction 

Conventionally, from past several decades, electrons are the preferred choice to make 
information flow from one place to another through semiconductor transistor-based 
devices, but as they are reaching the pinnacle of their performances in terms of 
limitations such as power dissipation, input power requirement, and delay, one has 
to look for the alternatives. To overcome the mentioned limitations, photonics-based 
designs can come to the rescue. There are a lot of concentrated efforts going on
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all around the globe to design all-optical Photonic Integrated Devices and circuits 
[1]. In that regard, all-optical logic gates (AOLGs) have to compulsorily evolve and 
required to make its mark for the development of futuristic technologies like optical 
computers, optical networks etc. 

On the other hand, Photonic crystal (PhC), a periodic dielectric nanophotonic sub-
wavelength structure, in the past decade or so has shown its immense potential to 
manipulate light beyond fundamental principles [2]. PhC structures are also known 
as semiconductors of light as they can control the propagation of light. 3D PhCs can 
allow full control over the photons transmission in all directions. PhC structure has 
a periodic arrangement of two different materials of a particular refractive index. 
Due to the periodic arrangement, they lead to the generation of photonic band gaps 
that implies that the device does not allow a certain range of wavelengths to travel 
through it [3]. Many insects such as butterflies and peacock’s feathers have naturally 
occurring PhC structures due to which we can see beautiful colours in their wings 
and feathers. 

The PhC-based AOLGs have numerous advantages [4–9]. Because of their 
remarkable ability to manipulate the density of states for photons at particular wave-
lengths, these structures give the freedom to open photonic bandgaps as per the 
requirement of application and can be a perfect ingredient for the realization of inte-
grated all-optical devices. AOLGs based on these periodic sub-wavelength structures 
are thus realistically promising for practical on-chip applications. 

In the present paper, we are presenting the design and analysis of a 2-D Silicon 
PhC based Universal AOLGs i.e. NAND, NOR and NOT gate based on light beam 
interference-effect. The devices are designed on the Si platform to make it compatible 
with Si photonic integrated circuits. The design has been realized with Si based PhC 
waveguide having optimized defects created in it that make these AOLGs simple and 
at the same time easy to design practically. The results have demonstrated the good 
transmission efficiency for all the input combinations and thus it is predicted that it 
can be a good option to fit in with the Si-based photonic integrated circuits. It has 
also been observed that for the operation of these AOLGs, high power excitation is 
not required. 

2 Structure Design and Numerical Analysis 

In the projected design, All-optical Universal Logic Gates i.e. NAND, NOR and NOT 
gates are realised based on waveguide defects created by light beam interference 
effect [7]. The 2D PhC are preferred over 3D designs because of the owning to the 
bigger chances of their replication for mass productions. The schematic structure of 
the proposed 2-D PhC is shown in Fig. 1(a). The structure is composed of hexagonal 
lattice arrays of cylindrical Si rods considered to be placed in the air as a background 
medium. The structure is optimized on the premise of the band diagram as given in 
Fig. 1(b).
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(a) (b) 

Fig. 1 a Schematic diagram of 2-D PhC taken as a base for the proposed AOLGs designs; b 
Photonic band diagram for the structure shown in 1(a) 

The optimized lattice constant for the structure is then taken as 0.875 um and the 
Si rods radius is considered as 0.2475 um as it suits the design requirement to work 
at 1550 nm. The area of PhC calculated is 1.4051 µm2. As the design is set to work 
at 1550 nm, the Si relative permittivity is set at 11.56 [7]. A continuous-wave (CW) 
light source at a wavelength of 1550 nm is used as an input. The parameters of the 
optimized structure are listed in Table 1. 

There are various numerical modelling techniques that has been used over the 
years for the modelling of photonic devices such as Finite-Difference Time-Domain 
(FDTD) Method, Plane Wave Expansion (PWE) Method, Beam Propagation Method, 
Finite-Element Method, etc. [10]. Although, all the different techniques are having 
their own advantages, out of them few techniques have shown more adaptability 
on account of their applicability for numbers of applications and those techniques 
involved FDTD and PWE method [9]. In the present work, FDTD and PWE methods 
are getting used for the optimization of the design and its analysis. During this 
research work, commercially available Synopsys Rsoft CAD tools has been used, 
which are supported by the concepts of FDTD and PWE algorithms [11]. 

The PWE technique is commonly used to obtain dispersion relation and mode 
profiles for PhC structures. PWE is traceable to analytical formulations and is useful 
in calculating Maxwell’s modal alternatives over an inhomogeneous or regular geom-
etry, it is a technique of the frequency domain in which Bloch principle is employed

Table 1 Parameters used for 
the design of proposed basic 
2-D Si PhC platform for the 
design of AOLGs 

S. no Parameters Value 

1 Background medium index 1 (Air) 

2 Rod index at 1550 nm 11.56 (Si) 

3 Lattice constant or period 875 nm 

4 Radius of rods 247.5 nm
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to deal with the issues of its own value and answers are acquired as a plane wave 
superposition. The FDTD method, which is one of the most reliable and rigorous 
method to provides a solution to Maxwell’s equations, has been used in the present 
case as it does not have any approximations or theoretical restrictions and is reliable 
being used throughout the optics and photonics research community.

3 Design Procedure and Optimization 

The section discusses about the design aspects specific for the particular logic gate. 
The universal optical gates that we are going to discuss, are NOT, NAND and NOR 
gates. The input source is taken as continuous wave (CW) source at 1550 nm with 
input launch power of 1 W for all the cases. Defects are created in the structure 
shown in Fig. 1(a) to create a Y-shape junction, which is in the proposed logic gate 
designs taken as a basic building block and modified to get different operations. The 
Y-shaped structure is shown in Fig. 2. 

3.1 NOT Gate 

The study and analysis of an optical NOT logic gate is realized by modifying the 
Y-shape junction such that the reference light (RC) waveguide would become longer 
than the input waveguide (AC) as shown in Fig. 3. A CW reference light of 1550-nm 
wavelength is given at into the port R to travel through waveguide RC, whereas the 
input is applied at port A. 

At first, when there is no input signal at port A, this allows the reference beam 
introduced through port R to propagate through RC and the output, then, produced

Fig. 2 Schematic diagram of basic Y-shaped junction waveguide used to design AOLGs
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Fig. 3 Schematic diagram of proposed NOT gate 

(a) (b) 

Fig. 4 Observed field distributions for the proposed NOT AOLG at steady state, a when no signal 
applied at port A, b when the input beam injected into port A

at port C, as shown in Fig. 4(a), corresponds to the logical operation of “0 NOT = 
1”. The transmission percentage observed at port C is around 85%. The transmission 
percentage has been calculated as the percentage of input received as compared to 
the input launch. Next, when an input signal is fed to port A, leads to destructive 
interference between the signals given at port A and port R that occurs due to the as 
such designing of the structure, as they travel toward the output port across defect 
waveguide. There is, then, no signal received at the output port that can be seen 
from Fig. 4(b) and corresponds to the logical operation “1 NOT = 0”. From the 
two operations mentioned above, it can be said that the proposed design can work 
reasonably well as NOT AOLG. The transmission percentage calculated at output 
port for low logic is only 0.11%. The truth table with transmission ratio for the 
proposed NOT AOLG is given in Table 2.
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Table 2 Truth table for 
realized NOT AOLG with 
transmission percentage 

Input (A) Output (C) Transmission % 

0 1 85 

1 0 0.11 

3.2 NAND Gate 

To design and study the 2 input NAND AOLG function, the path length for the input 
optical signal in waveguide AC is made larger than that in RC, whereas the signal in 
waveguide BC is made to travel less than that in RC by one lattice constant (period of 
PhC structure). The design is used to make sure that there are sufficient constructive 
and destructive interferences to take place to achieve required logic operations. In 
this case too, A CW at 1550-nm wavelength is fed into the reference port R to travel 
through RC. The reference beam fed to port R has double the power as that of the 
input signals fed at port A and B, separately. The proposed schematic of the NAND 
AOLG is shown in Fig. 5. 

When there is no input given at ports A and B, then the reference signal fed at 
port R can propagate across RC and the output signals are observed at port C, as 
shown in the Fig. 6(a) that resembles the logical operation “0 NAND 0 = 1”. Very 
small back reflections are observed at port A and B. The transmission percentage 
calculated for the corresponding logic operation at output is 85%. Now, when the 
optical signal is fed at input port A with no signal at port B (A = 1 and B = 0), 
then input signal while propagating through the waveguide lead to the destructive 
interference when interacts with reference beam. However, as the reference signal 
given at port R has double the power as that of signal, the output signal with sufficient 
transmission percentage is observed at port C, as shown in Fig. 6(b). This process is 
equivalent to the logical operation “1 NAND 0 = 1”. The transmission percentage 
calculated for the corresponding logical operations is 86%.

Fig. 5 Schematic diagram of proposed NAND Gate
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(a) (b) 

(c) (d) 

Fig. 6 Observed field distributions for the proposed NAND AOLG at steady state, a when both A 
= B = 0; b when A = 1 and B  = 0; c When, A = 0 and B  = 1; d When, A = 1 and B  = 1 

Now, for the case, when B = 1 and there is no signal at port A. In that case, 
destructive interference takes place between the signal fed at port B and reference 
fed at port R as they interact with each other during forward propagation, as discussed 
above.

However, as the feed at port R has double the power that of the input at port B, 
the high output is observed at port C, as observed in Fig. 6(c), which is equivalent 
to the logical operation “0 NAND 1 = 1”. The transmission percentage calculated is 
86%. Lastly, for the case when signal is applied at both port A and B, then the three 
signals (two input and one reference) when interact with each other during forward 
propagation undergo destructive interference due to the as such design of the device. 
However, in this case, as the reference beam power is equal to the summation of 
the power of two input signals, there’s no output observed at port C, as observed in 
Fig. 6(d). The entire process resembles to the logical operation of “1 NAND 1 = 0”. 
The truth table for the proposed NAND AOLG with transmission values are given 
in Table 3.
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Table 3 Truth table for 
realized NAND AOLG with 
transmission percentage 

Input A Input B Output C Transmission % 

0 0 1 85 

1 0 1 86 

0 1 1 86 

1 1 0 0.1 

Fig. 7 The proposed schematic diagram of the NOR AOLG 

3.3 NOR Gate 

A 2 input NOR AOLG is realized by modifying the Y-shape junction (Fig. 2) such 
that the reference light waveguide (RC) is longer than the input waveguides (AC, 
BC). Here also, 1550-nm CW is used as the reference signal that is fed at port R. 
The reference signal fed at port C is fed with double the power than the signal fed at 
port A and B, separately. The proposed NOT AOLG schematic is shown in Fig. 7. 

When there is no input signal at port A and B (A = 0 and B = 0), the reference 
fed at port R can propagate through waveguide RC and output is observed at port 
C, as shown in the Fig. 8(a), which resembles the logical operation “0 NOR 0 = 1”. 
Now, when the light is fed at port A only (A = 1 and B = 0), without any signal at 
port R, the output signal received is approximately negligible, as shown in Fig. 8(b). 
The process is equivalent to the logical operation “1 NOR 0 = 0”. The transmission 
percentage calculated for the corresponding logic operations is 0.11% only. Next, 
when there is signal applied at input port B without any input at port A and R. Again, 
the output signal observed is negligible, as observed in Fig. 8(c), and matches with 
the logical operation “0 NOR 1 = 0”. The transmission percentage in this case is 
also only around 0.11%. Finally, when signals are fed at both the input ports together 
with signal at port R, destructive interference is observed among the signals in the 
output waveguide and as a result there is no significant signal output observed at port 
C, as can be seen from Fig. 8(d) that matched with the logical operation “1 NOR
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(a) (b) 

(c) (d) 

Fig. 8 Observed field distributions for the proposed NOR AOLG at steady state. a When both A 
= B = 0; b When A = 1 and B  = 0; c When, A = 0 and B  = 1; d When, A = 1 and B  = 1 

Table 4 Truth Table for 
realized NOR AOLG with 
transmission percentage 

Input A Input B Output C Transmission % 

0 0 1 80 

1 0 0 0.1 

0 1 0 0.1 

1 1 0 0.1 

1 = 0”. The proposed design can perform all the required operations for the NOR 
gate using light, thus can be termed as NOR AOLG. The transmission percentage 
calculated for the corresponding logic operations in this case is also less than 0.2%. 
The truth table for the proposed 2-input NOR AOGL operation is given in Table 4. 

4 Conclusion 

The presented work has demonstrated a simple but effective design for a universal 
all-optical gate including NAND, NOR, and NOT gates. The transmission losses are 
controlled through the incorporation of the subwavelength structures designed with 
2D PhC structures. The numerical simulation studies are done for the different input
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signals and the transmission percentage is calculated. For all the three logic gates 
operations, the observed transmission percentages have shown good contrasts for 
the logic high and low output. For ‘OFF’ or ‘0’, the output transmission percentage 
observed is less than even 1% and for ‘ON’ or ‘1’ it is in all the cased is more than 
80%. The used 2D PhC structures in the proposed designs are supposed to be done 
over the Si platform and therefore, has a realistic potential for Si photonics-based 
on-chip applications, that can be designed with current microfabrication techniques, 
including electron-beam lithography processes etc. 
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Effect of Super Gaussian Parameter 
on Soliton Interaction Length in Highly 
Nonlocal Media 

Mohit Sharma, Sandeep Kumar Kajala, Brajraj Singh, and Manoj Mishra 

Abstract This article investigates the collision dynamics of two super-Gaussian 
(SG) beams in a highly nonlocal nonlinear media by numerically simulating the 
governing nonlocal nonlinear Schrödinger equation (NNLSE). The NNLSE will be 
simulated by the use of the split-step-Fourier method to find the collision distance 
between two co-propagating beams. The effect of the SG parameter will be high-
lighted in the conclusion. 

Keywords Highly non-local media · NNLSE · Split-step-Fourier method ·
Accessible soliton 

1 Introduction 

The self-trapped optical beam in nonlocal nonlinear media has attracted great atten-
tion by the theoretician and the experimentalist owing to potential technological 
advancement in the area of Nematic liquid crystals, Bose-Einstein condensate, 
etc. [1–12]. The order of nonlocality is defined on the basis of the width of response 
function in comparison with beam width, and they are named as local, weakly non-
local, generally nonlocal, and highly nonlocal [3–10]. In a highly nonlocal case, 
the response function width is much greater than the beam width, whereas in the 
case of local it is opposite. The weakly nonlocal, generally nonlocal cases are lying 
between the local and highly nonlocal. The response of the nonlocal media can be 
modeled by many types of response functions, but theoreticians have opted mainly 
the Gaussian-type response function [5] and the exponential-decay response func-
tion [6]. An extensive investigation on weakly nonlocal spatial solitons [7], generally 
nonlocal spatial solitons [8], and strongly nonlocal spatial solitons [9, 10] were per-
formed. 
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In 1997, Snyder et al. [11] converted NNLSE into a simplified model for the 
highly nonlocal media, which is called an accessible soliton (AS). The investigation 
on AS has revealed a bunch of new phenomena like large phase shift [9], an attraction 
between out-of-phase solitons [6, 11–13], an attraction between dark solitons [14], 
and long-range interaction between solitons [15], etc., which are not found in local 
solitons. 

The AS has a stationary Gaussian shape exact solution. There are several other 
shapes have been investigated, namely Hermite-Gaussian (HG) form [16], cosh-
Gaussian form [17], Gaussian forms [9, 11], Laguerre-Gaussian and Hermite-
Gaussian forms [16, 18], Ince-Gaussian form [19], complex-variable-function Gaus-
sian form [20], super-Gaussian (SG) [21–23], in the highly nonlocal media. 

The beam governing equations of a Gaussian beam propagating in highly non-
local media has been discussed [21]. The two-beam dynamics of an SG beam have 
been investigated in a highly non-local media analytically and numerically [22]. Fur-
ther, the multiple beam collision dynamics of the SG beam have been elaborated [23]. 
The SG beams are known for the narrow tail and flat-top peak, hence they are easy 
to detect. Also, the SG beams contain lesser energy than the Gaussian beam of the 
same beam width [24]. The order of the SG beam has been decided by the parameter 
n (Eq. 4) and as the value of n increases, the SG beam becomes flattered (Fig. 1). 
To the best of our knowledge, no one has studied the effect of the SG parameters 
on the collision dynamics yet, hence, this article presents the numerical study of the 
effect of SG beam parameter n on the collision dynamics in highly nonlocal media. 
The article is structured as: Mathematical model is presented in Sect. 2, a numerical 
investigation is discussed in Sect. 3 and the result is summarized in Sect. 4. 

2 The Mathematical Model 

The modeling of optical beam propagation through the nonlocal nonlinear medium 
is done by the NNLSE of the form 

i 
∂u 

∂ z 
+ μ 

∂2u 

∂x2 
+ ρu

∫ ∞ 

−∞ 
R(x − x ') I (x ', z) dx ' = 0 (1) 

where u(x, z) is a beam envelop, μ = 1/2k, ρ = kη, and k is the wavenumber. 
The investigation has assumed a quasi-monochromatic partially incoherent beam 
propagating through nonlocal media produces a Gaussian response function as,
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R(x) = 1√
πσ  

exp 

( 
− 
x2 

σ 2 

) 
, (2) 

where σ is the response function length. For the case of highly nonlocal media the 
Eq. (1) reduced to [9, 11], 

i 
∂u 

∂z 
+ μ 

∂2u 

∂x2 
+ ρu 

P0√
πσ  

( 
1 − 

x2 

σ 2 

) 
= 0. (3) 

The intensity profile of the SG beam has been shown in Fig. 1, for the different 
values of SG parameters i.e. n = 1, 2, 3, 5 and 8. Obviously, for n = 1, it is aGaussian  
beam. It can be clearly seen that as the value of n increases the beam’s edge becomes 
steeper and its top becomes flatter. Such beam profile can be obtained from directly 
modulated lasers [24]. The Fig. 2 shows the profile of material response function 
for the various cases of nonlocality, namely, highly nonlocal (σ = 10.0), generally 
nonlocal (σ = 4.0), weakly nonlocal (σ = 1.0) and local (σ = 0.1) with blue color, 
whereas the profile of Gaussian beam is shown with black color. 

Fig. 1 The profile of the SG beam for n = 1, 2, 3, 5 and 8. 

Fig. 2 Profile of response function for σ = 0.1, 1.0, 4.0 and 10.0 (in blue color) and the profile 
of the Gaussian beam (in black color).
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Fig. 3 The collision of two solitons beams for SG parameters n = 1, 2, 3, 5, 8 and 12 

3 Soliton Interaction 

The interaction of optical beam in highly local Media is well documented [6, 11– 
13]. Hence it becomes important to study the interaction of the SG beams in highly 
nonlocal media for the change in the SG parameter. The numerical simulation is 
carried out by split-step-Fourier method [24] by taking two SG beams with an initial 
peak to peak separation of 2d = 8, for which the typical parameters are fixed as 
σ = 10, w0 = 1, μ = 1/2, and ρ = 1/6. The launching beam profile is, 

u(x, z) = 

/ 
n P0 
w0 

Γ 
( 

1 

2n 

) ⌈ 

exp 

( 

− 
1 

2 

( 
x − d 
w0 

)2n
) 

+ exp 

( 

− 
1 

2 

( 
x + d 
w0) 

)2n
)⌉ 

(4) 

where w0(z) is beam width, c(z) is the phase front curvature of beam, 2d is the 
separation of peaks of two beams, and P0 is the beam energy. Here n is the SG 
parameter that controls the degree of edge sharpness. The collision of two Gaussian 
or SG beams in the nonlocal media are depicted in Fig. 3. It is clear from Fig. 3 that, as 
the value of the SG parameter increases the beam collision distance decreases. This is 
due to the increase in oscillatory behavior of beam on the increase of n. Interestingly, 
the SG beam recovers its original shapes during the propagation distance periodically. 
The Fig. 4 show the variation of collision distance with the parameter n. Hence it can 
be concluded that the higher-order SG beams are detrimental for beam propagation.
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Fig. 4 The variation of collision distance with the parameter n 

4 Conclusion 

The article investigated the collision dynamics of two SG beams in a highly non-
local nonlinear media by numerically simulating the governing nonlocal nonlinear 
Schrödinger equation (NNLSE). It is revealed that the propagation of the Gaussian 
beam is stable, whereas it is oscillatory for the SG beam. Further, on the increase 
in SG parameter ‘n’ the collision distance between two beams decreases. Also, it is 
seen that the shape of the SG beam converts into a Gaussian beam in propagation 
and it recovers to an SG shape periodically. It is concluded that the shape of the laser 
beam in highly nonlocal media should be close to Gaussian for the longer interaction 
length. 

Acknowledgement The author MM is thankful to DST-SERB for the fast track project grant 
(FTP/PS-211/2012). 
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Simulation of Optical FBG Based Sensor 
for Measurement of Temperature, Strain 
and Salinity 

Mohd. Ashraf and Mainuddin 

Abstract This paper presents simulation results of optical fiber sensors based on 
Fiber Bragg Grating (FBG). The selection of proper grating is done on the basis of 
comparative analysis between different grating shapes and apodization. The simu-
lation results show the variation of Bragg wavelength with respect to change in 
strain, temperature and salinity. The sensitivities of Strain, temperature and salinity 
sensor are found to be 1.2 pm/microstrain, 13.8 pm/°C and 0.6 pm/ (% change in 
concentration) respectively. 

Keywords Fiber Bragg Grating · Strain sensor · Temperature sensor · Salinity 
sensor 

1 Introduction 

Measurement and control [1, 2] of various parameters such as chemical [3, 4, 5], phys-
ical [6] and biological [7] are of critical significance for the protection and monitoring 
of ecosystems. The most essential parameters in these applications, particularly in 
physical oceanography, are salinity and temperature. Optical methods [8, 9, 10] 
of parameters detection have proved their superiority over conventional methods. 
Sensors based on Fiber Bragg Gratings (FBG) have received a lot of attention in 
this field, owing to the fact that the measurand-induced modulation is over an abso-
lute parameter wavelength. Furthermore, FBG sensors have an inherent nature and 
provide varied benefits in contrast to conventional electrical sensors viz. compact-
ness, immunity to electromagnetic interference and capability to function in extreme 
conditions [11, 12]. FBG sensor can be used for measuring temperature and/or strain. 
Wang. J et al. [13] conducted experiments on a pipeline leakage test platform for
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system performance verification by employing an FBG-based approach. Final results 
depict that pressure change trends can be accurately determined using this approach 
which helps to calculate the negative pressure width (NPW) velocity. T. J. Ashik 
et al. [14] presented the analysis of different combinations of FBG. H.B Liu et al. 
[15] demonstrated a sensor scheme comprised of a polymer fibre Bragg grating and 
a silica fibre Bragg grating that worked well and provided an excellent temperature 
and strain sensor. 

Earlier degree of water salinity was determined by the presence of chlorine ions 
in the water solution which depicted its electrical conductivity [16]. However, for 
measuring the salinity, the standard optical technique is to measure the optical refrac-
tive index with the help of a refractometer [17]. To improve the accuracy and lower 
its temperature sensitivity, the refractometers have undergone various changes for 
numerous applications unbounded by the salinity measurement [18]. D. Luo et al. 
measured salinity concentrations and its refractive index (RI) by a prism coupler 
at 1550 nm and 20 °C for NaCl liquid [19]. Chiang et al. presented an excellent 
method for measuring the salinity sensor transducer for monitoring the salinity of 
the ocean environment and aquaculture [20]. Ajay Yadav et al. measured sugar and 
salt concentration using a polyimide (PI-2525)-coated fiber Bragg grating and a 
hydrogel (agarose)-coated long period grating [21]. 

However, to the best of our knowledge, no paper has reported the measurement 
of salinity, temperature and strain using the same FBG sensor. This paper reports the 
simulation results for FBG based optical sensor for strain, temperature and salinity 
of the water. The Paper is divided into four sections. In Sect. 2, system design 
and mathematical modelling have been presented. The simulation results have been 
discussed in Sect. 3. Section 4 concludes the work along with the future scope. 

2 Design and Mathematical Modelling 

Single-mode fiber consists of a periodic modulation of refractive index to form fiber 
Bragg grating. For single-mode profiles, important parameters are core diameter, 
core refractive index (RI), clad diameter, clad RI, photosensitivity profile and central 
wavelength. Single-mode fiber (SMF) has a small diameter of the core due to which 
only one mode of light propagates through the core. The number of reflections, in this 
case, decreases which results in low attenuation of light signal and hence it travels 
long distance along with the fiber.The reflected spectrum is of major interest while 
analyzing spectral information for FBG. In the reflected spectrum, Bragg wavelength 
(λb) is the wavelength at the point of maximum reflectivity, which is dependent on 
the grating period and the core effective refractive index. The operation of the FBG 
sensor is based on the principle of the wavelength shift of the reflected Bragg signal 
with changes in the environment such as temperature, strain and can be expressed 
mathematically as [22] 

λb = 2nef  f  Λ (1)
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where, λb is the Bragg wavelength, Λ is grating period and nef  f  is the effective 
refractive index. Therefore, the sensitivity of FBG sensor with respect to temperature 
is obtained by the partial derivative of Eq. (1) 

Δλb 

ΔT 
= 2nef  f  dΛ 

dT  
+ 2Λ 

dnef  f  
dT  

(2) 

where, ΔT is the change in temperature. On substituting Eq. (1) in Eq.  (2), we get 

Δλb 

ΔT 
= 1 

Λ 
dΛ 
dT  

λb + 1 

nef  f  

dne f  f  
dT  

λb (3) 

Equation (3) can be re-written as 

Δλb 

λb 
= 1 

Λ 
dΛ 
dT  

ΔT + 1 

nef  f  

dne f  f  
dT  

ΔT (4) 

Since, FBG system design parameters can be divided into four major parts 
namely strain optic parameters, thermo-optic parameters, micro strain and tempera-
ture. Therefore, Δλb 

λb 
can be written in terms of thermo-optic coefficient and thermal 

expansion coefficient as 

Δλb 

λb 
= (α + η)ΔT (5) 

where, α is a thermal expansion coefficient of silica and η is thermo-optic coefficient. 
Also, the sensitivity of FBG sensor corresponding to strain can be calculated by the 
partial derivative of Eq. (1) w.r.t displacement as 

Δλb 

ΔL 
= 2nef  f  dΛ 

dL  
+ 2Λ 

dnef  f  
d L  

(6) 

On substituting Eq. (1) in Eq.  (6), we get 

Δλb 

λb 
= 1 

Λ 
dΛ 
dL  

ΔL + 1 

nef  f  

dne f  f  
d L  

ΔL (7) 

Equation (7) may be simplified in terms of ρe is a photoelastic Coefficient of fiber 
and ε is an applied strain. [23] as follows: 

Δλb 

λb 
= (1 − ρe)ε (8)
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3 Simulation Results 

Two application software Opti-grating and Opti-systems have been used to model this 
sensor setup. The Opti-grating has been used to develop various forms of gratings. 
These files are then exported to Opti-system 15.2 to simulate the spectrum and 
monitor the parameters of the designed FBG sensor. A comparative analysis of the 
various grating types and Grating shapes has been done. The comparison has been 
made based on reflectivity, sidelobes power, delay and bandwidth parameters that 
have been listed in Table 1. The Uniform Grating Structure with positive only index 
change and Gaussian apodization have been used in this design (Fig. 1). 

The rectangular shape Gaussian apodized grating has been selected for sensors 
application as it provides the least delay, thereby providing fast response time. The 
side lobes power is also very less. The reflective power of the FBG sensor can be 
improved by increasing index modulation or taper’s parameter [24]. 

Table 1 Comparative results of different gratings 

Parameters Reflected 
power (dB) 

Left side lobe 
power (dB) 

Right side lobe 
power (dB) 

Delay (ps) Bandwidth 
(nm) 

Rectangular 
shape gaussian 
apodized 

−10.0551 −0.00103915 −0.00103949 25.7123 0.205 

Rectangular 
shape uniform 
apodized 

−24.3302 −1.97562 −1.97314 91.02556 0.2225 

Sine shape 
gaussian 
apodized 

−6.91069 −0.00071 −0.00070 28.5317 0.1825 

Sine shape 
uniform 
apodized 

−17.8463 −1.31927 −1.31989 72.0808 0.185 

(a) (b) 

Fig. 1 Grating structure a Uniform with positive only index change b Gaussian apodized
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3.1 Strain Sensor 

On applying uniform strain on FBG, the change in the grating period occurs which 
leads to a shift in Bragg wavelength. The FBG sensor has been characterized on the 
basis of its sensitivity and linear response to the applied physical measurand. Table 2 
shows the observed reflected wavelengths and intensity for different applied strain 
values. 

The variation of Bragg wavelength with respect to applied strain has been shown 
in Fig. 2 for a central wavelength 1550 nm at reference temperature 25 °C. From the 
simulation results, it is evident that a 0.12 nm shift in wavelength has been observed 
on every 100 micro-strains. The designed FBG sensor has been found to be linear 
from 20 to 430 με applied strain with an R square value of 0.9999. The output of 
FBG sensors is dependent on variation in the strain as well as on temperature. These 
changes will lead to sensitivity drift and zero drift of the sensor. Figure 3 shows the 
sensitivity drift and zero drift due to ambient temperature variation. 

It is clearly evident from Fig. 3 that both the strain measurements and temperature 
can be done simultaneously using the FBG sensor. Good linearity between the strain 
and wavelength shift has been obtained at different temperature values. During the 
entire measurement, constant sensitivity has been observed. The strain sensitivities 
for the proposed FBG sensor have been found to be 1.2 pm/microstrain. The FBG 
sensor parameters have been shown in Table 3. 

Table 2 Reflected wavelength and intensity at different applied strain 

Strain applied (με) Reflected wavelength (nm) Reflection intensity (dB) 

20 1556.2942 −10.0549 

40 1556.3176 −10.0547 

60 1556.3428 −10.0545 

80 1556.368 −10.054 

100 1556.3914 −10.0539 

120 1556.4166 −10.0538 

Fig. 2 Reflection spectrum at different applied strain values
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Fig. 3 Effects of disturbance; zero drift plus sensitivity drift 

Table 3 FBG sensor parameters 

Parameters Value 

Sensitivity 1.2 pm/με 
Linearity (R-square method) 0.9999 

Resolution 4 micro-strain (με) 

Offsets 0.013 nm/°C 

Uncertainty 9.26617 ×10−7 

Range 20–430 με 
Delay 25.714 pico-sec 

Table 4 Reflected wavelength and intensity of FBG sensor at different temperatures 

Temperature (°C) Reflected wavelength (nm) Reflection intensity (dB) 

10 1556.0625 −10.0573 

20 1556.2 −10.0558 

30 1556.3375 −10.0539 

40 1556.4775 −10.0525 

50 1556.615 −10.0517 

60 1556.7525 −10.0505 

70 1556.89 −10.0491 

3.2 Temperature Sensor 

On applying uniform temperature on FBG, the grating period changes which in turn 
leads to a shift in Bragg wavelength. The sensor has been characterized on the basis of 
its sensitivity and linear response to the applied physical measurand i.e., temperature. 
The variation of wavelength and intensity of simulated FBG sensor with respect to 
temperature has been illustrated in Table 4. It is evident from the simulated results
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that the observed sensitivity has been found to be 13.8 pm/°C. The central wavelength 
of 1550 nm has been selected and it has also been found that sensors exhibit linear 
characteristics from −10 to 150 °C with an R square value of 1. 

The variation of Bragg wavelength for different values of temperature has been 
shown in Fig. 4. The increase in Bragg wavelength has been observed to increase 
with an increase in temperature and the amount of reflected power also varies with 
a very slight difference. 

3.3 Salinity Sensor 

The measurement of the salinity of the water is important for the characterization of 
seawater for different applications. The salinity environment has been simulated by 
creating a relative refractive index to the surrounding medium. The salinity sensor 
design is based on providing an extra region to the outer covering of the sensor which 
includes the different RI values ranging from 1.3159 to 1.3591 which corresponds 
to the RI of pure water to the RI of a saline solution (NaCl solution). The change in 
Bragg wavelength has been observed at different concentrations of salinity in water 
as shown in Table 5. Figure 5 shows the variation of reflected signal and wavelength

Fig. 4 Reflection spectrum of temperature sensor 

Table 5 Reflective wavelength at different salinity concentration 

Salinity concentration 
(%) 

Refractive index Reflective Wavelength 
(nm) 

Reflective intensity (dB) 

0 1.3159 1556.1674 −10.0861 

2 1.3303 1556.168 −10.0855 

4 1.3447 1556.1692 −10.0848 

6 1.3591 1556.1698 −10.084
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Fig. 5 Reflection spectrum at RI 1.3591 

for a salinity solution of 6% concentration (RI = 1.3591). The observed sensitivity 
of simulated salinity sensor results is 0.6 pm/ (% change in concentration).

4 Conclusion 

A Fiber Bragg grating-based sensor has been simulated. The simulation results 
demonstrate the feasibility of the FBG sensor for strain, temperature and salinity 
measurements. The observed sensitivity of Strain, temperature and salinity sensor is 
found to be 1.2 pm/microstrain, 13.8 pm/°C and 0.6 pm/ (% change in concentra-
tion) respectively. The sensitivity of the sensor can also be increased to some extent 
if different sensing materials on sensing parts such as polyaniline or microgel based 
structure with different compositions are used. 
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Study of Underwater Wireless Optical 
Communication Link Performance 
for Different Water Channels 

Sanjay Kumar and Shanthi Prince 

Abstract A study on the performance of underwater wireless optical communi-
cation (UWOC) system has been carried out for different water channels. Here, a 
mathematical expression for received optical power as a function of channel atten-
uation coefficient and beam propagation distance between transmitter and receiver 
has been proposed. The proposed expression is then incorporated for estimating the 
performance of the proposed system with reference to acceptable quality factor (Q 
factor) (≥6) and bit error rate (BER) (≤10–9) for varying link length and data rate 
through Optisystem. The performance of the proposed system is also evaluated from 
the eye diagram of the received signal. 

Keywords Underwater wireless optical communication (UWOC) · Absorption 
coefficient · Scattering coefficient · Turbulence · Quality factor (Q factor) ·
Bit-error rate (BER) 

1 Introduction 

High data rate underwater wireless link is inherently needed due to recent naval appli-
cations arising from the continuous rise in the marine economy. Traditional UWOC 
technique mainly uses acoustic signal, radio frequency signal and optical signal for 
underwater wireless information transfer [1]. Acoustic signal based underwater wire-
less data transfer technique provides long range communication (in order of several 
kilometers). But data rate and propagation speed is very low in case of acoustic 
based communication technique. Moreover, transceiver used in this technique is 
bulky, expensive and energy intensive. Whereas RF based communication technique 
provides high data rate and high propagation speed as compared to acoustic based 
technique. But, RF signal is highly attenuated in marine water and hence limited to 
very low range communication [1, 2].
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Underwater wireless optical communication (UWOC) is a propitious technology 
which provides energy—efficient high data rate with low negative effects on the 
environment as compared to conventional underwater wireless communication tech-
niques [3–6], whereas the reliability of UWOC system is highly affected by absorp-
tion and scattering as well as turbulence [7–10]. Attenuation due to absorption and 
scattering is estimated with respect to the absorption coefficient (a(λ)) as well as 
scattering coefficient (b(λ)) that depends on the wavelength of optical signal used. 
Overall attenuation due to absorption and scattering is the linear combination of a(λ) 
and b(λ), given as [1, 4] 

C(λ) = a(λ) + b(λ). (1) 

Laser beam with blue and green wavelengths (450 and 550 nm) are the attenuation 
window for marine water [11]. Turbulence is caused due to change in salinity levels, 
alterations in temperature, air bubbles inside the underwater channel [12, 13]. To 
achieve robust, reliable and long range underwater wireless communication, a lot of 
analysis has been carried out but most of the analysis is theoretical. To characterize 
the underwater turbulent channel, an equation based on stochastic model has been 
presented in [14]. To study the propagation properties of optical signal in underwater 
environment, a weighted Gamma function based channel modeling is presented in 
[15]. Channel modeling based on lognormal function is used to investigate the perfor-
mance of turbulent underwater channel in [9, 10]. Fluctuation in salinity is a major 
cause of turbulence inside water channel. Performance of UWOC at different salinity 
has been analyzed in [16]. In this paper performance analysis of UWOC is carried 
out experimentally as well as simulating the UWOC system for different channel 
conditions. 

2 System Model of UWOC Link 

A UWOC test-bed link is set in the laboratory environment for the analysis of the 
link performance in various channel conditions. Figure 1 shows the system model 
of UWOC link and Fig. 2 depicts experimental setup established. A monochromatic 
optical beam of 450 nm and transmission power of 3 mW is deployed in water present 
in a glass chamber of dimension: 180 cm (length), 45 cm (breadth), and 60 cm 
(height). A message signal, obtained from a waveform generator at transmitter (Tx), 
is used to modulate the laser beam using intensity modulation technique with the help 
of modulator and driving circuit. Semiconductor photodetector at the receiver (Rx) 
is connected with an optical power meter is used to receive the transmitted signal. 
Specification of components used in the experimental setup is listed in Table 1.
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Fig. 1 System model of the proposed UWOC system 

Fig. 2 Experimental setup of the proposed UWOC system 

Table 1 Specifications of components used in experimental setup 

Components Parameters Values 

Laser source Wavelength 450 nm 

Transmitted power 3 mW  

Photodetector Detection range 420 to 1080 nm 

Measurable power 6 nW to 300 mW 

Powermeter Power range 4 pW to 30 kW  

UWOC channel Glass chamber dimension 180 × 45 × 60 cm 

3 Mathematical Channel Modeling 

Power is received at different link length for different channels; tap water channel 
(TWC) as well as saline water channel (SWC) with salt concentration of 35 gm/L. 
The variations in received optical power with link length are illustrated in Fig. 3. 
Figure 3 illustrates that received power is decreased with link length for both channel
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Fig. 3 Experimental and analytical fitting of optical power at receiver with link length for different 
channel conditions 

conditions. The received power is considerably reduced in saline water based UWOC 
link. Optical absorption and scattering are the major reasons of decrement in received 
optical power. The fitting of the resultant data from the experiment with standard 
mathematical expression governing Beer–Lambert law [17–19], as provided in (2), 
is then performed. 

Pr = P0 ∗ exp (−α ∗ x), (2) 

where Pr represents the optical power obtained at Rx for a link length of x, P0 is the 
emitted laser power from the waterproof encasing and α is the overall attenuation 
coefficient, as provided in (1). 

After fitting the Beer-Lambert’s law, given by (2), the attenuation coefficient ‘α’ 
has been obtained. Figure 3 clearly illustrates similar values for experimental and 
analytical values with reference to TWC and SWC. The resultant value of α for 
TWC is 0.1561 m−1 with root mean square error (RMSE) of 0.0109. Similarly, the 
resultant value of α for SWC is 8.037 m−1 with RMSE of 0.0471. As such, (1) is the  
best fit, which approximately models the distribution of the data obtained through 
experiment with higher goodness of fit. 

Apart from the optical fading due to absorption and scattering effects in the UWOC 
channel, the beam divergence also results to degradation in link performance. The 
amount of beam divergence depends on the type of UWOC link length. For smaller 
link lengths, it is not significant. Equation (2) is consistent for small UWOC link 
length, while, the negative effects of the beam divergence on link performance are 
higher for longer UWOC link length. Thus, (2) needs to be modified for longer 
UWOC link length. The amount of the optical power obtained at the Rx due to 
divergent beam for a link length of x is given as [17] 

Pr = P0
(

dr 
dt + θs x

)2 

, (3)
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where P0 is the emitted beam power, dt and dr are the diameters of Tx and Rx aperture, 
θs represent beam divergence angle. By considering Eqs. (2) and (3), the analytical 
expression for long range UWOC communication is expressed as, 

Pr = P0
(

dr 
dt + θs x

)2 

exp(−α ∗ x). (4) 

4 Simulation of UWOC System 

For estimating the performance of underwater wireless optical communication link 
with various link length, data rate and transmitted power with respect to acceptable Q 
factor and bit error rate, an UWOC link is simulated in optisystem. Figure 4 presents 
the block diagram of the simulated UWOC system. 

UWOC system consists of a continuous wave laser as an optical source. The 
wavelength of laser source is 450 nm. According to centre for Devices and Radi-
ological Health regulation 21 CFR and ANSI Z136.1, lasers used for underwater 
applications should be Class IIIa or IIIb. The range of power output of Class IIIa 
and IIIb are 1 mW to 5 mW and 5 mW to 500 mW respectively. At higher power 
levels, IIIb laser is considered as definite eye hazard. Therefore, considering safety 
of marine life, maximum transmitted laser power is kept at 200 mW [20]. Elec-
trical signal is generated by electrical signal generator in accordance with pseudo 
random bit sequence generated by PRBS generator. Electrical signal is modulated 
by continuous wave laser source using amplitude modulator. A matlab component 
representing water channel is designed using Eq. (4). Modulated signal is fed to water 
channel. Transmitted signal is then received with the help of photodetector and the 
signal is analyzed by eye diagram analyzer. Parameters which are used in simulation 
are listed in Table 2. 

Fig. 4 Block diagram of simulated UWOC system
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Table 2 Simulation parameters 

Parameters Values 

Laser wavelength 450 nm 

Transmitted laser power 30, 200 mW 

Transmitted data rate 10, 100 Mbps, 1 Gbps 

Photodetector responsivity 0.45 A/W 

5 Results and Discussion 

The modulation index of amplitude modulator of the proposed UWOC system is 
considered as unity. Similarly, the responsivity of the photo-detector is considered 
as 0.45 A/W. Maximum achievable link length for acceptable bit error rate (≤10–9) 
and Q factor (≥6) at different data rate for 30 and 200 mW of input laser power for 
TWC and SWC are tabulated in Table 3 and Table 4, respectively. 

Table 3 shows that the highest link length in TWC achieved for acceptable Q-
Factor and bit error rate at 10 Mbps for 30 mW and 200 mW are 18 m and 21.6 m, 
respectively. However, the maximum achievable link lengths at 1 Gbps are reduced 
to 13.6 m and 17.1 m for 30 and 200 mW, respectively. 

Table 4 depicts that, for SWC, maximum link length achieved for acceptable Q-
Factor and bit error rate with data rate of 10 Mbps for 30 mW and 200 mW are 80 cm

Table 3 Maximum link length achieved at different data rates with various laser transition powers 
in TWC 

Data rate Input power (mW) Link length (m) Q-Factor BER 

10 Mbps 30 18 6.03 1.55 e−9 

200 21.6 6.25 1.99 e−10 

100 Mbps 30 15.8 6.07 6.19 e−10 

200 19.4 6.01 9.00 e−10 

1 Gbps 30 13.6 6.45 5.30 e−11 

200 17.1 6.01 9.32 e−10 

Table 4 Maximum link length achieved at various data rates for different input powers in SWC 

Data rate Input power (mW) Link length (cm) Q-Factor BER 

10 Mbps 30 80 6.05 7.83 e−9 

200 91 6.43 6.27 e−11 

100 Mbps 30 72 6.47 4.75e−11 

200 84 6.27 1.78e−10 

1 Gbps 30 66 6.03 4.76e−9 

200 77 6.09 5.38e−10
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Fig. 5 Maximum achievable link lengths at different data rates for various laser transmission 
powers in tap-water channel 

and 91 cm, respectively. However, the maximum achievable link lengths at 1 Gbps 
are reduced to 66 cm and 77 cm for 30 mW and 200 mW, respectively.

The variations in highest achievable link length at different data rates with input 
laser powers of 30 mW and 200 mW for the considered UWOC channels, i.e. TWC 
and SWC, are shown in Fig. 5 and Fig. 6, respectively. 

It can be observed from Figs. 5 and 6 that as the input power increases, maximum 
achievable link length of UWOC system also increases at a fixed data rate for both 
TWC and SWC. However, the increments in link length are not significant when it 
is compared to the value by which input laser power has been increased. Also, the 
maximum achievable link length decreases with increased data rate at a constant laser 
transmission power for both water channels but again the decrement in link length is 
not significant. It can also be observed from Figs. 5 and 6 that maximum achievable 
link length of UWOC system is considerably decreased for SWC as compared to 
TWC. The main reason for decrement in maximum achievable link length is high 
attenuation of optical power in SWC as compared to TWC which reflects from the 
obtained very high attenuation coefficient value (8.037 m−1) for SWC as compared 
to TWC (0.1561 m−1). 

Eye diagram of signal at Rx of UWOC link at 200 mW of input power for data 
rate of 10 Mbps at 21.6 m link length and 1 Gbps at 17.1 m link length for tap water 
channel are presented in Fig. 7(a) and Fig. 7(b), respectively. Figure 8(a) and (b) 
illustrates signal eye diagram at same laser transmission power for 10 Mbps at 91 cm 
link length and 1 Gbps at 77 cm link length for saline water channel, respectively.
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Fig. 6 Maximum achievable link lengths at various data rates for different transmission powers in 
saline water channel 

Fig. 7 Eye diagram of received signal at 200 mW input power for data rate of a 10 Mbps at 21.6 m 
link length and b 1 Gbps at 17.1 m link length for TWC

Quick visualization of the quality of signal is achieved by considering signal Eye 
diagram [21]. A clear open eye indicates minimal distortion and good signal—to— 
noise ratio. It is clear from Figs. 6 and 7 that eye opening is clear and hence quality 
of received signal is good. 
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Fig. 8 Eye diagram of received signal at 200 mW input power for data rate of a 10 Mbps at 91 cm 
link length and b 1 Gbps at 77 cm link length for SWC 

6 Conclusion 

The experimental and simulation study is conducted for performance analysis of 
UWOC link for different channel conditions in terms of link length and data rate. 
On the basis of experimental outcomes, the attenuation coefficient of the UWOC 
channel under study is evaluated by curve fitting. The fitting is then implemented 
to model the water channel for further simulation. The performance of UWOC has 
been analyzed in terms of acceptable quality factor and bit error rate for varying link 
length and data rate. Maximum achievable link length of UWOC system increases 
with increase in input laser power at a constant data rate for both TWC and SWC 
but the increments in link length is not significant when it is compared to the value 
by which input laser power has been increased. Also, the maximum achievable link 
length decreases with increased data rate at a constant input laser power for both 
UWOC channels but again the decrement in link length is not significant. It is also 
observed that maximum achievable link length of UWOC system is considerably 
decreased for SWC as compared to TWC. Eye diagrams are used to analyze the 
quality of received signal. 
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Simulation of Power Transfer 
in Plasmonic Waveguide Coupler 

Vishakha Takhar, Mohit Sharma, Brajraj Singh, and Manoj Mishra 

Abstract This article investigates the power transfer dynamics in a Plasmonic 
waveguide coupler. The coupler is designed by cutting two parallel air grooves in 
a silver metallic sheet. The structure of the designed coupler is simulated using the 
finite difference-time-domain method, to find the impact of the wavelength of the 
radiation and types of the metals on power transfer characteristics in the coupler. 

Keywords Plasmonics waveguide · Plasmonics coupler · FDTD method 

1 Introduction 

Presently, plasmonics broke the barrier of diffraction limit and provided nano-scale 
miniaturization of the active and passive optical devices. The plasmonics use surface 
plasmon polaritons [1, 2], which are the evanescent waves trapped at the interface of 
a medium with a positive dielectric constant (air or glass) and a negative dielectric 
constant (metals). The Plasmons are the quantized quasiparticle of the plasma oscil-
lations of the free electron gas density of the metal, when the Plasmon is coupled 
with the photon, it creates another quasiparticle called a Plasmon Polariton. The  
Plasmon Polaritons of the interface of the metal and the dielectric are called Sur-
face Plasmons Polaritons (SPPs). The SPPs propagate along the surface of the metal 
until it is absorbed in the metal or radiated out in the free-space [3]. The plasmonics 
offers a wide range of prospective applications in active and passive devices, for 
example, biological nano-sensors [4], sub-wavelength imaging [5], and merging of 
electronic circuits into photonic devices [6]. The multilayer metallic waveguide is an 
important optical structure as it fabricates couplers, modulators, and beam splitters 
in integrated optics [7]. The coupler is a crucial component for low-loss active and 
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passive plasmonic devices [8–14], because it produces various switching circuits and 
logic gates. This article presents a numerical investigation on Plasmonic coupler on 
power transfer dynamics between the waveguides in metal-insulator-metal (MIM) 
configuration. 

2 Modeling and Simulation 

The structure of the Plasmonics coupler has been shown in Fig. 1, which has been 
simulated using the finite difference time domain (FDTD) method under PML (per-
fectly matched layer) boundary conditions [15]. The coupler structure is made up 
of noble metals (‘Ag’, ‘Au’, ‘Cu’ or ‘Al’) sheets by cutting air waveguides on them. 
The value of refractive indices of various metals has been taken from Ref. [16]. 
The two waveguides of length L = 600 nm and width w = 50 nm are set 9 nm apart 
from each other so that only a single TM mode radiation can be excited. For the 
waveguide separation d = 9 nm, the transfer of power between the waveguides is 
maximum [13]. A fundamental TM mode is launched by a dipole source [17] on  
the first waveguide and the power is recorded in both waveguides along with length 
‘L’ to study the power transfer from the first waveguide to the second waveguide 
along the propagation length for the white light radiation of wavelength range 600 
to 1600 nm in various metal-air interfaces. 

When a unit power is launched in the first waveguide of the coupler then the power 
keeps on transferring completely from the first waveguide to the second waveguide 
and vice versa, until the power of the radiation does not fade away due to the attenu-
ation. The distance between two consecutive points where the power in both waveg-
uides becomes the same is called coupling length ‘Lc’. The effect of wavelength 
of radiation on the coupling length Lc can be clearly seen in Fig. 2 for the ‘Ag’-air 
interface. It has been found that the coupling length is more for the higher wavelength 

Fig. 1 Schematic diagram of the proposed plasmonic coupler.
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Fig. 2 Power switching dynamics in the coupler for ‘Ag’-air interface along length L for λ = 600, 
800, 1200 and 1500 nm. 

radiation than lower wavelength radiation. Hence to get fast switching of radiation 
of lower wavelength is more useful. 

Further, the numerical experiments have been repeated for the various metal-air 
interfaces by changing the metals (‘Ag’, ‘Au’, ‘Cu’, or ‘Al’) at the interface to see 
the effect of metals on the power switching dynamics. It is observed in Fig. 3(a)–(d) 
that the coupling length is moreover the same for the ‘Ag’, ‘Au’, and ‘Cu’ but is 
longer for the ‘Al’. Further, for the lower wavelength side, the coupling is weak for 
‘Cu’. Hence, it can be concluded that only ‘Ag’ and ‘Au’ are appropriate metals for 
these types of applications. The performance of ‘Al’ and ‘Cu’ could not provide the 
desired result.
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Fig. 3 Power switching dynamics in the coupler for various metal-air interfaces along length L; a 
λ = 1500 nm, b λ = 1200 nm, c λ = 800 nm, and d λ = 600 nm. 

3 Conclusion 

This article simulated a plasmonic coupler using the finite-difference-time-domain 
(FDTD) algorithm to reveal power switching properties between the rectangular 
waveguides. It is found in the proposed structure that the coupling length is a function 
of input radiation’s wavelength and the coupling length increases on an increase in 
wavelength. Further, it has been noted in the present structure that ‘Ag’ and ‘Au’ are 
more suitable metals than ‘Al’ and ‘Cu’ for making nano-scale couplers. Such types 
of couplers can be utilized in various switching circuits and logic gates. 
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Analysis for Cost Optimized EO Design 
of a Reversible Boolean Function Using 
MZIs 

Shashank Awasthi , Barnali Chowdhury , Muhammad Arif Jalil , 
Jalil Ali , Preecha Yupapin , Sanjeev Kumar Metya , 
and Alak Majumder 

Abstract The concept of making any logical (Boolean) function reversible is gain-
ing much attention in the recent past for its applications in nanotechnology, quantum 
dot cellular automata and quantum computing etc. The use of reversible Boolean 
function not only simplifies back tracing, but it also allows efficient computation 
because of the non erasure of stored data, which lowers heat dissipation. This paper 
selects a reversible Boolean expression and explores its realization using electro-
optic Mach-Zehnder Interferometer. Various design combinations are explored to 
implement the cost optimized reversible configurations. The designs are carried out 
in OptiBPM platform and the truth table is verified using power equations simulated 
in MATLAB. 

Keywords Reversible gates · Reversible Boolean function · Mach-Zehnder 
interferometer 

1 Introduction 

When a thermodynamical system is capable to return to its initial state it is called 
reversible system and during the process energy is conserved [1]. The conventional 
electronic system is not reversible and dissipates kT  ln2 amount of heat energy 
(HE) [2] for each bit of Boolean, logical or arithmetical operation where k is Boltz-
mann constant and T is absolute temperature. The concept of reversibility was coined 
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Table 1 Truth table for conventional and reversible XOR 

Input Output 

Conventional Reversible 

XOR XOR 

X1 Y1 Z1 Z2(=X1) Z3 

0 0 0 0 0 

0 1 1 0 1 

1 0 1 1 1 

1 1 0 1 0 

in [3] considering the idea of thermodynamics to reduce the HE. Additionally, the 
significance of a reversible system can be understood from the truth table mentioned 
in Table 1, where it compares a conventional and reversible XOR (RXOR) (also 
called as Feynman gate [4]) operation. Unlike non-reversible XOR, the RXOR has 
distinct input output combination that makes the back tracing of input easier. Photons 
being superior than electrons both in terms of speed and heat dissipation factor, a few 
very prominent reversible gates are realized in [4–6]. Using various optical switches 
(OS) that are discussed in [7] are used to implement reversible logic/Boolean func-
tions. One of the key OS namely electro-optic (EO) Mach-Zehnder Interferometer 
(MZI) is discussed in [5]. 

MZI switch uses an optical input (laser source); however the electrode voltage 
(EV) decides the appearance of light at the output port. Out of many materials (e.g., 
barium titanate, lithium tantalate, gallium arsenide) that are used in the designing 
the MZI switch, Titanium diffused Lithium Niobate (Ti-LN) is mostly used due to 
its better EO tensor coefficient that significantly reduces the magnitude of EV [8]. 
Authors in [8] have proposed a reversible 3:8 decoder using a cascaded configuration 
of Feynman, Optimized Fredkin & Fredkin gate and can be extendable to N : 2N . 
This work presents a case study of a cost-optimized EO-MZI design of a random 
Boolean function based on Modified Fredkin gate (MFG) and the above mentioned 
RGs in cascaded arrangement. 

Thus the paper is organized as follows; Sect. 2 reviews the electro-optic MZI 
based reversible gates, Sect. 3 deals with the selection of random Boolean function 
and its implementation using reversible gates, Sect. 4 validates the truth table of the 
Boolean function using MZI power modelling simulated in MATLAB and lastly 
Sect. 5 concludes the paper.
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2 Literature of Electro-optic MZI Based Reversible Gates 

The EO-MZI is a 2× 2 optical switch as discussed in [5]. It comprises of two 3-dB 
couplers interconnected with interferometric arms lying under the three electrodes 
as shown in Fig. 1. 

The input to MZI is a light source in laser form of wavelength 1300 nm [6] which 
is given to port A as shown in Fig. 1 (also called as upper input port and the bottom 
port is called lower input port). The 3-dB couplers first split and then combine the 
light to make it available at the respective output port depending on the EV applied 
at electrode 2 (E2). It is to be noted that the other two electrodes E1 and E3 are 
always kept grounded. Thus, MZI behaves either as a bar switch or cross switch 
depending on the EV applied. Usually as discussed in [8] 6.8 V is considered as 
logic ‘1’ for bar state and 0 V is considered as logic ‘0’ for cross state. Based on MZI 
switching behaviour various reversible gates have been discussed in literature and 
are summarized below in Table 2. 

The term optical cost mentioned in Table 2 determines the number of MZIs used 
in the RGs; whereas optical delay defines the number of MZIs working in parallel 
to complete the mathematical computation. All these RGs are multiple input-output 
gates and it is possible to make them to behave like a conventional electronic gate by 

Fig. 1 EO-MZI design architecture from OptiBPM tool. 

Table 2 Reversible gates; mathematical expressions, optical cost and delay 

Gate Mathematical 
expression 

Optical cost Optical delay 

Feynman gate (FeG) [4] P=A  
Q=A  ⊕ B 

2 2 

Fredkin gate (FG) [4] P=A  
Q=  AB ⊕ AC 
R=  AC ⊕ AB 

5 2 

Optimized Fredkin gate (OFG) [8] P=A  
Q=  AB ⊕ AC 
R=AB  ⊕ A B 

5 2 

Modified Fredkin gate (MFG) [5] P=A  
Q=B  
R=C(A⊕B) + D(A⍟B) 
S=C(A⍟B) + D(A⊕B) 

8 3
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Table 3 Various Ancilla combination representing conventional gates from RGs 

RG RG input(s) RG output(s) Conventional 
gateA B C D P Q R S 

FeG A 1 – – A A – – NOT 

1 B – – 1 B – – NOT 

FG A B 0 – A AB AB – AND 

A 0 C – A AC AC – AND 

A 0 1 – A A A – NOT 

A 1 C – A A +AC  A+C – OR 

OFG A B 0 – A AB AB – AND 

MFG A 1 0 1 A 1 A A NOT 

A B 0 D A B A⍟ B A⊕ B XNOR, XOR 

0 B 0 1 0 B BD BD AND 

0 B C 1 0 B C+  B B+C OR 

1 B1 + B2 0 1 1 B1 + B2 B1 + B2 B1.B2 NOR 

keeping some of the inputs to a fixed value. These fixed value inputs are also termed 
as ‘ancilla input’. For example, in Feynman gate (FeG), when the second input is 
kept at logic ‘1’ (i.e., B = 1) the output expression will become Q = A and that shows 
FeG acts like a conventional NOT gate. Accordingly, considering various ancillas 
for different RGs it is likely to obtain some of the electronic gates as summarized in 
Table 3. 

3 Selection of Boolean Function and Its EO MZI 
Realization Using Reversible Gates 

It has been noted that not all Boolean functions are reversible, thus a specific con-
dition is required to make the function reversible. Also, note that subset of multiple 
output functions can be reversible and can be defined as: a function with n inputs 
and m outputs such that f : Zn → Zm is called a reversible function only if it satis-
fies the bijection property. This implies that a function must have equal number of 
inputs and output. Mathematically it can be expressed as f ∈ Bn,n . It is mentioned 
in [9] that log2(ζ ( f )) are the number of additional outputs required where ζ defines 
the maximum times the output pattern (repetition of same output multiple times for 
different input combinations) can be generated by f . Further, to maintain the input 
output combination, number of inputs might need to be increased accordingly. Thus, 
reversible functions can be given as f " : Zm+log2(ζ ) → Zm+log2(ζ ), here f 

'' 
defines the 

complete reversible function. Lets consider an example; f 
' 
(x, y) = x .y (i.e., x ∧ y). 

Since, f 
' 
is a non-reversible function and it defines the ‘AND’ operation, thus logic 

‘0’ repeats itself three times for input combinations of 00, 01 and 10 i.e., ζ = 3.
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Table 4 Truth table for f
'' 
(x, y, z)  

Input Output 

x y z p q r 

0 0 0 0 0 0 

0 0 1 0 0 1 

0 1 0 0 1 0 

0 1 1 0 1 1 

1 0 0 1 0 0 

1 0 1 1 0 1 

1 1 0 1 1 1 

1 1 1 1 1 0 

Thus, to make this expression reversible an additional log2(ζ ( f )) = log2(3) = 2 
outputs need to be introduced at the output section without disturbing the main 
functionality. Moreover, to check if an extra input is required the function is 
given by 1 + [log2(ζ ( f ))] −  2 = 1 [9]. Hence the resulting expression is given as 
f 

'' 
(x, y.z) = x .y ⊕ z. The truth table for the given reversible Boolean function is 

shown in Table  4. From Table 4 it is evident that, no output combinations are repeat-
ing for any input combinations and that satisfies the condition of reversibility. The 
following combinations are explored to implement this reversible Boolean function 
(RBF) in the presented case, where we are considering only four RGs such as FeG, 
FG, MFG and OFG. 

3.1 Optimized Fredkin Gate and Feynman Gate 

Figure 2a shows the block structure proposed to implement the RBF and Fig. 2b 
shows the MZI architecture for the same. Here one OFG and FeG are cascaded to 
obtain the desired expression. Since, final expression is a 3× 3 logic, it is required to 
assume one ancilla input at the OFG to get the ‘AN D’ operation of first two inputs at 
the last output port of OFG. Thus, the third input is taken as logic ‘0’ i.e., a constant 
0V is supplied to MZI2 and MZI4 as shown in Fig. 2b. Since, FeG describes the 
reversible XOR operation (refer Table 2), the third input of the expression i.e., input 
z is given to first input of FeG or at MZI6 as shown in Fig. 2b. Thus, to get the ‘XOR’ 
operation of output ‘xy’, it is fed to MZI7 as an electrode voltage resulting in the 
desired output. Since, OFG uses 5 MZIs and FeG comprises of 2 MZIs, the total 
optical cost incurred is 7 and optical delay is 4. The calculated garbage outputs are 
three with one ancilla input at OFG’s third input port.
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(a) 

(b) 

Fig. 2 Implementation of RBF using OFG and FeG a Block architecture b MZI schematic. 

3.2 Modified Fredkin Gate and Feynman Gate 

Figure 3a shows the block diagram in another attempt to obtain the desired result of 
RBF. MFG is a 4× 4 gate and thus it is required to have two ancillas as logic ‘0’ and 
two variable inputs viz. ‘x’ and ‘y’. Figure 3b shows the MZI schematic architecture 
of the same where the circuit before PPD is MFG and later half is FeG. Thus, the 
logic ‘0’ ancilla is given to MZI1, MZI3 and MZI6 as they are responsible to receive 
the first and third input. However, MZI2, MZI7 and MZI8 are fed with input ‘x’ and 
the remaining MZIs i.e., MZI4 and MZI5 are given with input ‘y’. Referring to Table 
3 (MFG column) the last port of the MFG yields the AND operation which is then 
similarly transferred to FeG as mentioned in earlier case. This yields the final result 
as xy⊕ z. In this architecture, the total garbage output produced is 4. Considering 
the optical cost since MFG uses 8 MZIs & FeG has 2 MZIs, the total optical cost is 
10 with optical delay is 5.
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(a) 

(b) 

Fig. 3 Implementation of RBF using MFG and FeG a Block architecture b MZI schematic. 

3.3 Fredkin Gate and Modified Fredkin Gate 

The cascade combination of Fredkin gate (FG) and MFG as shown in Fig. 4 is also 
capable of yielding the desired RBF. To obtain the result in the following combination 
three ancillas are to be considered; one at FG (since it is a 3× 3 gate) as logic ‘1’ 
at the third input and other two are at MFG as logic ‘0’ and ‘1’ at the third and 
fourth input respectively. It is evident from Fig. 4 that there is one major benefit of 
this architecture i.e., in getting the desired expression the third output produces the 
compliment of fourth output (or desired expression). Figure 4b shows the input given 
to respective MZIs. The total optical cost of the design is 13 with an optical delay 
of 5.
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(a) 

(b) 

Fig. 4 Implementation of RBF using FG and MFG a Block architecture b MZI schematic. 

3.4 Fredkin and Feynman Gate 

The cascade combination of Fredkin and Feynman gate results in getting the desired 
RBF as shown in Fig. 5. The design structure is similar to the combination of OFG 

(a) 

(b) 

Fig. 5 Implementation of RBF using FG and MFG a Block architecture b MZI schematic.
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and FG with unchanged optical cost and delay i.e., 7 and 4. Hence, considering all 
the combinations it has been found that first and last combination i.e. OFG+FeG and 
FG+FeG yields the optimized EO RBF design using the given four RGs with optical 
cost of 7 and optical delay of 5. 

4 Power Modelling and Truth Table Validation 

For every MZI the availability of light at the output port is defined by the power it 
has at the final port of respective MZIs after traversing through the waveguides and 
it is given by the following expression [5]; 

PB = sin2 
( 

Δφ1 

2 

) 
&PC = cos2 

( 
Δφ1 

2 

) 
(1) 

Equation 1 defines the power at the output port of each MZI when the laser source 
is applied to upper input port of MZI, however if the laser source is given to lower 
input port, then the equation becomes; 

PB = cos2 
( 

Δφ1 

2 

) 
&PC = sin2 

( 
Δφ1 

2 

) 
(2) 

Thus, using Eqs. 1 and 2 the power equation can be written for every combination 
however, the following power modelling is done for the very first combination due 
to its minimum optical cost and delay. Hence Eq. 3 shows the power equation of 
OFG+FeG combination, where Δφn represents the change in phase of the respective 
MZIs upon the application of EV and n portrays the MZI number. For example Δφ6 

is for MZI6, Δφ7 is for MZI7. 

P(OFG+FeG) = sin2 
( 

Δφ6 

2 

) 
cos2 

( 
Δφ7 

2 

) 
+ cos2 

( 
Δφ6 

2 

) 
sin2 

( 
Δφ7 

2 

) 
(3) 

The above Eq. 3 is then simulated in MATLAB to validate the truth table shown in 
Table 1. Figure 6 shows the MATLAB simulation for Fig. 2, where the first row shows 
the output for input combination 000 to 011 and second row represents the output for 
inputs 100 to 111. From Fig. 6 results, it has to be noted that the curves where they 
rise from 0 to 1 V represents logic ‘1’, where as the flat line or no line shows logic 
‘0’. There is an exception for last input combination ‘111’ where the curve raises to 
0.5 V and again drops to 0V and this also defines logic ‘0’. The following MATLAB 
simulation validates the truth table as mentioned in Table 4.
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Fig. 6 MATLAB simulation results for OFG+FeG to validate Table 4. 

5 Conclusion 

Defining any Boolean function in reversible form needs a mathematics and, in the 
process, the complete equation gains some extra (garbage) outputs & extra (may 
or may not be ancilla) inputs. Thus, this paper aims to design a reversible Boolean 
function (RBF) based on electro-optic (EO) Mach-Zehnder interferometer reversible 
gates. Various combinations have been explored to implement the RBF and the cost 
optimized design is validated with the power equations simulated in MATLAB. The 
optical cost and delay are also calculated in each case viz. OFG+FeG, MFG+FeG, 
FG+MFG and FG+FeG and the least optical cost and delay are found for first and 
last case as 7 and 4 respectively. 
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TIR-ORQPM Technique for Generating 
Highly Efficient Second Harmonic 

Moumita Saha and Sumita Deb 

Abstract The generation of highly efficient second harmonic wavelength has been 
analyzed in this work by introducing the concept of optical rotation quasi-phase-
matching technique by total-internal-reflection in yttrium oxide coated rectangular 
slab of magnesium oxide-doped lithium niobate crystal. At specific bounce sites 
inside the slab, the combined impact of optical rotation quasi-phase-matching 
and fractional quasi-phase-matching methods based on total-internal-reflection has 
resulted in highly improved conversion efficiency. The thin-film is introduced to regu-
late the phase-shifts caused by the propagation of p—and s-polarized light during 
total internal reflection at the slab-film interface. A graphical representation has been 
carried out using computer-aided simulation for a second harmonic wavelength of 
514.5 nm while considering the effects of surface roughness, absorption and nonlinear 
law of reflection. Results show a peak conversion efficiency as high as 30.5%. 

Keywords ORQPM · TIR · Electro-optic chiral · Second harmonic · Thin-film ·
Wave mixing · Underwater communication 

1 Introduction 

Over the last few years, quasi-phase-matching (QPM) technique has become a vital 
area of study. Many studies have indicated some popular methods for fabricating 
QPM waveguides, such as nonlinear material’s periodic poling [1]. Fabrication error 
is the main weakness of this periodic poling approach [2], and it causes phase error 
between the interacting fields. This error results in a gradual decrease in the harmonic 
production [1, 2]. The revolution had taken place in 1962 when Armstrong et al. [3] 
presented the total-internal-reflection (TIR) based QPM technique which was carried 
forward by Boyd and Patel [4] as well as by Komine et al. [5] for second harmonic 
generation (SHG). The concept of fractional QPM was then introduced by Haïdar in
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2005 [6]. Then, a surprising difference between the obtained results due to theoret-
ical and experimental TIR-QPM technique has been addressed by Raybaut et al. in 
2008 [7]. This difference is basically due to the destructive interference effect and 
had been explained by Bloembergen and Pershan’s nonlinear law of reflection [8]. 
This destructive interference can be avoided by rotating the plane of polarization, 
according to Lewis Z. Liu et al. in 2012 and the concept is termed as optical rotation 
quasi-phase-matching (ORQPM) [9]. As per ref. [9], the efficiency of the circularly 
polarized harmonic generated by this ORQPM technique is approximately five times 
more efficient than the linearly polarized harmonics generated due to conventional 
QPM technique. Moreover, in 2012, L. Shi had demonstrated that, the polarization of 
an electro-optic (EO) chiral material can be controlled by the application of external 
electric field [10]. The conceptual accomplishment of this ORQPM approach has 
been compiled with the TIR phenomenon in our prior SHG study [11], third—and 
fourth-harmonic generation study [12], allowing polarization rotation controlled by 
an external electric field. In ref. [11], the ideal ORQPM condition cannot be achieved 
during SHG owing to the threshold limits of the crystalline slab under study. As a 
consequence, in this analysis, we attempted to minimize the deviation from the 
optimal ORQPM method as much as possible. The proposed frequency converter 
model requires a high level of flexibility in order to satisfy the QPM criterion while 
also triggering constructive interference of the produced light through polarization 
rotation without exceeding the allowable limits. Therefore, the concept of thin film 
used in ref. [11, 12] and [13] has also been incorporated here. The basic idea of this 
thin film inclusion had been described by Azzam in 1985 [14] and implemented in 
2009 [15] for making the reflected light independent of polarization. The modified 
phase-shift equations during TIR for p-polarized (δT P ) and s-polarized (δT S) light in 
presence of thin film have been considered for this numeric analytical work [11–13] 

δT P  = 
4π 
λ 
d1 

( 
N 2 1 − N 2 0 sin

2 ϕ0 
)1/2 − 2 tan−1 

N 4 1 N0 cos ϕ0 

/
N 2 0 sin

2 ϕ0 − N 2 2 
N 2 0 N 

2 
2 

( 
N 2 1 − N 2 0 sin2 ϕ0 

) (1) 

δT S  = 
4π 
λ 
d1 

( 
N 2 1 − N 2 0 sin2 ϕ0 

)1/2 − 2 tan−1 
N0 cos ϕ0 

/
N 2 0 sin

2 ϕ0 − N 2 2 
( 
N 2 1 − N 2 0 sin2 ϕ0 

) (2) 

where, N1 is the refractive index of thin film. 
d1 is the thin film thickness. 
λ is the wavelength of the monochromatic incident light. 
The incident angle ϕ0 should be smaller than the light reflection critical angle of 

medium 0—medium 1 interface but greater than the light reflection critical angle of 
medium 0—medium 2 interface [15]. 

The light reflection critical angle at the medium 0—medium 1 interface is 

ϕC01 = sin−1

(
N1 

N0

)
(3)
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The light reflection critical angle at the medium 0—medium 2 interface is 

ϕC02 = sin−1

(
N2 

N0

)
(4) 

Therefore, the requisite for TIR at the medium 0—medium 2 interface, in the 
presence of medium 1(thin layer) is 

ϕC02 < ϕ0 < ϕC01 (5) 

And the provision for excluding TIR from the interface of the medium 0—medium 
1, is [14] 

N0 sin ϕ0 < N1 (6) 

As a result, the objective of this article is to give a better analysis of the ORQPM 
technique based on TIR by regulating the rotation period considerably closer to 
the ideal ORQPM scenario. The effect of surface roughness, absorption loss, and the 
interference effect of nonlinear law has been comprehended for SHG in this analysis. 

2 Operational and Structural Analysis of Proposed Work 

2.1 Geometrical Topology 

Figure 1 portrays the geometrical topology of the proposed rectangular thin film 
coated semiconductor slab [11, 12]. 

Here, the crystal length is defined by L, crystal thickness by t, thin film thickness 
by d1, bounce length by L1 and the entry point of the driving radiation by X. The  
monocromatic light propagates through TIR and the optic axis is parallel to the 
horizontal plane. 

Fig. 1 Topology of semiconductor slab for the frequency conversion by ORQPM technique
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2.2 Numeric-Analytical Study of the TIR-ORQPM Approach 
for SHG 

The purpose of the proposed frequency converter is to generate highly efficient SH 
by the TIR-ORQPM technique in an EO chiral material under the influence of an 
external electric field. The ideal condition for ORQPM is 2Lc = 2Lr , i.e., the rotation 
period (2Lr ) should be equal to double the coherence length. However, in our previous 
work of SHG [11], we were unable to fulfil this condition and settle down with a 
compromising state of 2 Lc = 12Lr at a cost of efficiency drop. Therefore, the goal 
of this study is to achieve a near-optimal ORQPM condition while keeping the other 
variables within their allowable ranges. Here, the optical path length (L B) and the 
external electric field (E) control the polarization rotation [10–12] as:  

β = 
2 

Λ 
γ51 E 

(1/ne)
2 − (1/no)2 

L B (7) 

where, Λ is the domain thickness, γ51 is EO coefficient for an applied external elec-
tric field along the y axis of MgO:LN crystal, ne and no are the refractive indices of 
the extraordinary and ordinary wave respectively. Moreover, the bounce length (L1) 
is regarded as domain thickness, Λ [11, 12]. The Eq. (7) is bounded with several 
conditions, such as the optical path length should be matched with the rotation period 
i.e., L B = 2Lr and within this length, the condition of 2π polarization rotation has to 
be fulfilled as well. Therefore, to fulfill all the conditions while maintaining a proper 
slab thickness, the considered rotation period has to be eight times the coherence 
length i.e., 2Lr = 8Lc. Furthermore, the threshold limit of the applied electric field 
is maintained by considering the per bounce length as 8 

101 Lc i.e., 101 bounces are 
required to rotate the polarization plane of the generated SH by 2π . Therefore, the 
SH field for ORQPM will be produced after every 101 bounces and that for frac-
tional QPM at every bounce, as L1 = 8 

101 Lc. Consequently, the combined effect 
of ORQPM and fractional QPM is available after 101, 202, 303, 404, … bounces 
and so on. Here, the considered polarization configuration is p–p–s (type-I phase-
matching) as it shows the lowest wave vector mismatch and thereby the generated 
harmonic field is s-polarized. This generated harmonic field is not aligned parallel 
to optic axis and hence the component wave (p and s) propagation has been consid-
ered for our mathematical analysis. This type of propagation generates an additional 
TIR phase-shift which affects the global phase-shift. Therefore, considering all the 
consequences, the generated harmonic field amplitude is written as [11]: 

For ORQPM : A2ω_y(OR  Q  P  M)(L1) = 4π
(

2ω 
n2ωc

)
dpps A

2 
ω 

⎡ 
2i ΔkL1 − e−i2ΔkL1 + 1 

4Δk 

⎤ 

(8)



TIR-ORQPM Technique … 61

For fractional QPM : A2ω_y(Fractional  Q  P  M)(L1) = 4π
(

2ω 
n2ωc

)
dpps A

2 
ω 

⎡ 
1 − e−i2ΔkL1 

Δk 

⎤ 

(9) 

where Δk = k2ω − 2kω, n2ω is the optical index of the material for generated SH, Aω 
represents the input beam field amplitude, A2ω represents the generated beam field 
amplitude and the propagation direction is along the z-axis. For any intermediate 
length L j , s-wave can be rewritten as [11] 

For ORQPM: A2ω_y_s(OR  Q  P  M) 
( 
L j 

) 

=
{
e−i (Δϕ1+δT S1 ) cos θ + e−i (Δϕ2+2δT S2 ) cos2 θ + . . .  + e−i ( j−1)(Δϕ( j−1)+δT S( j−1) ) cos( j−1) θ

}
A2ω_y(OR  Q  P  M)(L1) (10) 

For fractional QPM: A2ω_y_s(Fractional  Q  P  M) 
( 
L j 

) 

=
{
e−i (Δϕ1+δT S1 ) cos θ + e−i (Δϕ2+2δT S2 ) cos2 θ + . . .  + e−i ( j−1)(Δϕ( j−1)+δT S( j−1) ) cos( j−1) θ

}
A2ω_y(Fractional  Q  P  M)(L1) 

(11) 

For any intermediate length L j , p-wave can be rewritten as [11] 
For ORQPM: A2ω_y_p(OR  Q  P  M) 

( 
L j−1 

) 

=
{
e−i (Δϕ1+δT S1 ) sin θ + e−i (Δϕ2+2δT S2 ) sin2 θ + . . .  + e−i ( j−1)(Δϕ( j−1)+δT S( j−1) ) sin( j−1) θ

}
A2ω_y(OR  Q  P  M)(L1) (12) 

For fractional QPM: A2ω_y_p(Fractional  Q  P  M) 
( 
L j−1 

) 

=
{
e−i (Δϕ1+δT S1) sin θ + e−i (Δϕ2+2δT S2) sin2 θ + . . .  

+e−i ( j−1)(Δϕ( j−1)+δT S( j−1)) sin( j−1) θ

}
A2ω_y(Fractinal  Q  P  M)(L1) (13) 

As a result, the net SH electric field amplitude for n number of bounces as [11]: 
A2ω_y(L1 + L2 + L3 + . . .  + Ln) 

=
∑n 

j=1

{
A2ωys(OR  Q  P  M) 

( 
L j 

) + A2ωys(Fractional  Q P  M) 

( 
L j 

) 

+A2ω_y_ p(OR  Q  P  M) 
( 
L j−1 

) + A2ω_y_p(Fractional  Q  P  M) 
( 
L j−1 

)

}

(14) 

where n = 101, 202, 303, … 
The net SH electric field A2ω_y is used to calculate the time-average SH intensity 

as: 

I2ω_y = 
n2ωc 

2π 
||A2ω_y 

||2 (15) 

Finally, the SH peak conversion efficiency is determined by the combined field 
effect of ORQPM and the fractional QPM approach, as: 

ηSH  G_T I  R−OR  Q  P  M_ f ractional  Q  P  M  = 
I2ω_y(z) 

Ip 
× 100% (16)
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Fig. 2 Snell-Descartes law 

Ip is the fundamental beam intensity assumed to be undepleted. 

2.3 Losses and the Interference Effect of the Nonlinear Law 
of Reflection 

A significant amount of efficiency drop is observed due to the absorption and rough-
ness. The linear absorption coefficient αω is much less than 1 but its effect cannot 
be neglected. At each point of reflection, there is a reflection loss due to the surface 
roughness and is determined in terms of reflection coefficient R [16] (Fig. 2). 

R ≈ 1 −
(
4π n j σ cos ϕ0 

λ j

)2 

(17) 

where j = ω for the fundamental wave and j = 2ω for the generated SH, and σ is the 
standard deviation of surface roughness (σ = p − v value/12) [16]. The p–v value 
is peak to valley value of the semiconductor’s surface. However, the interference 
effect of the nonlinear law of reflection may cause destructive or even constructive 
outcome of interacting waves due to the non-collinearity effect of the generated 
homogeneous SH. According to reflection law of Bloembergen and Pershan [8], a 
nonlinear medium generates a collinear and a homogeneous SH field, which satisfies 
the Snell–Descartes law for a SHG situation: 

Nω sin ϕω = N2ω sinϕ2ω (18) 

The variation of angle between the generated homogeneous and generated 
collinear SH is: 

δϕ ≈ −  
δ N 
N 

tan ϕω (19) 

where δ N = N2ω − Nω is the optical dispersion and N ≈ Nω ≈ N2ω [7].
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3 Simulation Outcomes 

3.1 Parameter Specification 

The proposed scheme could be realized more precisely by the graphical represen-
tation of the simulation outcomes. The computer-aided simulation has been carried 
out by considering a crystal slab of 22 mm long (L), 125 μm (t) thick with a thin 
layer coating of 2.0 μm (d1) for an incident angle of ϕ0 = 40◦, while the collimated 
optical beam entry point to the semiconductor slab is X = 0.85 mm (Fig. 1). The 
corresponding refractive indices of the chosen materials (MgO:LN and Y2O3) [11] 
have been estimated by the temperature dependent dispersion formula for the driving 
and generated radiations. The operating temperature (T ) and the non-critical phase 
matching temperature (Tncpm) are 300 K and 115 °C respectively. The period of rota-
tion requires 64.79 kV/mm external electric which is less than the threshold limit of 
65 kV/mm [17] for the chosen material. The input Gaussian beam having 100 μm 
waist, 100 mW power and p–p–s polarization is considered for the computer-aided 
simulation. The corresponding d-coefficient for the chosen polarization configuration 
can be expressed as [18]: 

dpps = d31 sin θ − d22 cos θ sin 3ϕ (20) 

where θ is the angle between the wave vector and the optic axis, ϕ is the azimuthal 
angle and considered to be 90

◦ 
for getting maximum effective d-coefficient value. The 

value of d31 and d22 for MgO:LN are considered to be 4.4 pm/V [18] and 6.6 pm/V 
[19] respectively. The absorption coefficient (αω ≈ α2ω), EO coefficient and the p–v 
value for MgO:LN are chosen to be 0.02 cm−1 [20], 0.96 × 10−5 cm/KV [19] and 
6 nm [21]. 

3.2 Results Obtained for SHG on Y2O3 Coated MgO:LN 
Rectangular Slab 

The equation for the conversion efficiency, considering the added field impact of 
TIR-ORQPM and fractional QPM technique, in Sect. 2.2, is for a loss less system 
without considering the nonlinear law of reflection. The recombinational effect of 
the nonlinear law of reflection shows significant impact on the conversion efficiency 
curve, which is also shown in Fig. 3. The recombinational effect is a combination of 
destructive and constructive interferences since the generated collinear SH field faces 
a 2  π phase-shift and the generated homogeneous SH field goes through different 
phase-shifts during TIR. The phase difference between the two mentioned SH field 
(collinear SH field and the homogeneous SH field) is nearly π after 35, 98, 162 
bounces and the resultant field is fully destructive after these bounces. This destruc-
tive interference causes zero peak conversion efficiency at those particular bounce
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Fig. 3 Graphical representation of peak conversion efficiency vs number of bounce for SHG by 
TIR-ORQPM and fractional QPM technique a in the light of nonlinear law of reflection considering 
absorption and roughness b loss-less system without considering the nonlinear law of reflection 

points, as shown in Fig. 3. After every destructive interference, there is a consistent 
decrement in the phase difference between the generated collinear and homogeneous 
SH field and a gradual increase in the peak conversion efficiency. Therefore, after 
the gradual decrease, the resultant SH field becomes constructive while the phase 
difference is zero i.e., after 71, 133, 196 bounces, as shown in Fig. 3. However, the 
fractional QPM is occurred in every bounce and the ORQPM is taking place only at 
101th and 202th bounces due to the polarization rotation of 2 π as discussed in the 
2.2 section. Hence, the combined field effect of the fractional QPM and ORQPM 
technique is appeared in 101th and 202th bounce and shows sudden peaks in the 
efficiency graph (Fig. 3). Moreover, a huge deviation has been observed between the 
most constructive point and the most efficient point as the interacting length plays an 
important role in this scenario. Now, considering all the circumstances (interacting 
length, added field effect and high constructive point), the simulation outcome shows 
the highest peak conversion efficiency point in Fig. 3. 

3.3 Influence of Incident Angle 

The angle of incidence is one of the most impactful controlling factors for global 
phase-shift, and its fluctuation causes a significant reduction in the efficiency, while 
the other operating and geometrical parameters are assumed to be unchanged. This 
decrease in efficiency is basically due to phase mismatch. Figure 4 shows the fluc-
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Fig. 4 Variation of peak conversion efficiency under the influence of incident angle 

Fig. 5 Variation of peak conversion efficiency under the influence of thin film thickness 

tuation of peak conversion efficiency w.r.t the incident angles and enunciate 40° as 
the most suitable one. 

3.4 Affect of Thin Film Thickness 

The thin film thickness plays an important role in the controlling of global phase-
shift, and a slight variation causes a significant reduction in the peak conversion 
efficiency, while the other operating and geometrical parameters are constant. The 
reason behind this decrease is basically due to phase mismatch. Figure 5 shows the 
change of peak conversion efficiency w.r.t the thin film thickness and states 2.0 μm 
as the most suitable one.
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Fig. 6 Variation of peak conversion efficiency under the influence of external electric field 

3.5 Influence of External Electric Field 

The applied external electric field particularly controls the polarization rotation. 
As a result, if we alter the amplitude of the electric field, the rotation period will 
change accordingly, resulting in a variation in the peak conversion efficiency (Fig. 6). 
The period of rotation is 101, 102, 103, 104, 105, 106, 107, 108, 109, 110 for an 
external electric field of 64.79 kV/mm, 64.15 kV/mm  ̧ 63.53 kV/mm, 62.92 kV/mm, 
62.32 kV/mm  ̧ 61.73 kV/mm, 61.16 kV/mm, 60.59 kV/mm  ̧ 60.03 kV/mm, 
59.49 kV/mm respectively. However, Rayleigh range is maintained upto 210 bounces 
only. Hence, the rotation period at bounce no 106, 107, 108, 109 and 110 cannot be 
considered, as they violate the Rayleigh range during their second point of satisfying 
ORQPM condition and hence reflects low efficiency. 

3.6 Influence of Input Power 

A linear rise has been observed in the efficiency curve while increasing the input 
power as shown in Fig. 7. 

3.7 Comparison Chart 

Now, the reported SHG results can be compared with the proposed approach of 
achieving SHG. This comparison will help us to know that this process of SHG by 
TIR-based fractional QPM and ORQPM process has better performance in terms of 
peak conversion efficiency and fabrication complications (Table 1).
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Fig. 7 Variation of peak conversion efficiency under the influence of input power 

Table 1 Comparison of the proposed technique with the reported processes 

Sl no References Efficiency Phase-matching 
technique 

Material used & its 
fabrication 

Wavelength 

1 [22] 0.2% QPM Periodically poled 
potassium niobate 

926 nm (Fund) 

2 [23] 16.5% QPM Periodically poled 
potassium niobate 

488 nm (SH) 

3 [24] 8% QPM Periodically poled 
lithium niobate 
thin-film 
wafer-bonded on 
silicon substrate and 
rib-loaded with 
silicon nitride 
channel 

1580 nm (Fund) 

4 [11] 32% (400 mW 
input power) 

TIR based 
fractional & 
ORQPM 

Rectangular slab of 
MgO doped LN 
crystal coated with a 
thin layer of Y2O3 

532 nm (SH) 

5 Proposed 30.50% (100 mW 
input power) 

TIR based 
fractional & 
ORQPM 

Rectangular slab of 
MgO doped LN 
crystal coated with a 
thin layer of Y2O3 

514.50 nm (SH) 

4 Discussions 

The reported findings are specific to a given combination of structure, external elec-
tric field, operating temperature and wavelength. The proposed scheme outperforms 
conventional geometrical structures such as periodically polled or parallel (without 
thin film) slabs. The structural reconstruction of a parallel semiconductor slab gener-
ally used for the frequency conversion process has been accomplished by inserting
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a thin coating on the surface, which has made it a favorable module for the TIR-
ORQPM technique. This TIR-based ORQPM technique has already been realized 
in our previous work [11] for 532 nm SHG presenting 32% efficiency for 400 mW 
input power without fulfilling the ideal ORQPM condition and had to settle down 
with a conceding of efficiency drop for 2Lc = 12Lr . Here, in this analysis we have 
tried to minimize this deviation from the ideal ORQPM condition and ended up with 
2Lc = 8Lr . There is a high chance of further improvement for more optimization of 
this rotation period. Furthermore, the frequency conversion process is dependent not 
only on the polarization rotation period but also on the phase-matching condition. 
This phase-matching condition is realized through the global phase-shift, which is 
controlled by the thin-film thickness. However, the polarization rotation is controlled 
by an external electric field. Variation of the material and thickness of the thin-film 
can build an immense effect on the global phase-shift of the interacting beams when 
travelling through TIR phenomenon and gives us an adequate facility to select suit-
able incident angle for further progression of our proposed scheme. The incident 
angle selection is the most crucial part of the proposed technique as it has to look 
after the electric field and operating temperature threshold limits. Moreover, the 
prime focus of this analytical approach is to improve the peak conversion efficiency 
without hampering the other parameters. A comparative conversion efficiency curve 
has been shown in Fig. 4 for a loss less system without considering the nonlinear 
law of reflection and a system in the light of nonlinear law of reflection considering 
absorption and reflection losses. The graphical representation of the outcome for 
514.5 nm wavelength considering the limiting factors can signify the mathematical 
derivation of this paper demanding high efficiency. Thus, assuring high efficiency, 
this device is believed to be beneficial for underwater communications [25] and for 
medical applications as well [26]. Besides these applications, it can be used in laser 
lighting displays because of its flexibility in visible transmission window. The peak 
conversion efficiency obtained is 30.50% for 100 mW input power and shows much 
higher conversion efficiency than any other conventional QPM technique. 

5 Conclusion 

In conclusion, we may characterize the suggested scheme’s topology as a thin-film 
coated (Y2O3) rectangular slab of MgO doped LN crystal and highlight its excellent 
peak conversion efficiency for the rotational phenomena of the polarization plane. 
This rotational phenomenon has been controlled by an external electric field. During 
the polarization rotation it is very difficult to satisfy the global phase-shift condi-
tion only by varying the incident angle and hence the thin-film concept has been 
incorporated. The proposed converter provides higher peak conversion efficiency in 
the visible spectrum range than the other conventional frequency converters. The 
nobility of this proposed scheme is the SHG by rotating the plane of polarization of 
the input radiation under the influence of a convenient external electric field across the 
semiconductor material. The chosen semiconductor material should flaunt circular
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birefringence by the provocation of external electric field so that we can control the 
rotation of the polarization plane. This polarization rotation of the interacting beams 
along with the propagation distance is constant and the period of rotation should 
be equal to 2Lc for an ideal ORQPM situation. In the meantime, we have to look 
after the threshold limit of the other operating and the structural parameters. There-
fore, we may need to compromise with the ideal ORQPM condition and settle for 
the 8Lc rotation period. This 8Lc period of rotation can be achieved after every 101 
bounces by an external electric field of 64.79 kV/mm. It is clear from the graphical 
evaluation that a slight fluctuation in incident angle, thin-film thickness, and electric 
field can make a huge impact on peak conversion efficiency. The conversion yield-
limiting elements are included in the computer-aided simulation and provide a peak 
conversion efficiency of 30.50% for an input power of 100 mW while generating 
514.5 nm SH wavelength. Thus, by regulating the polarization rotation in a bulk EO 
chiral material, this extremely efficient frequency converter can effectively contribute 
to the phenomenon of TIR-based phase-matching phenomenon. 
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Multi Band Cactus Shaped Monopole 
MIMO Antenna for Wireless LAN and X 
Band Satellite Communication 
Applications 

Jayshri Kulkarni, Shailesh Kulkarni, and Chow-Yen-Desmond Sim 

Abstract In this research work, T-Shaped Monopole (TSM) Multiple input multiple 
output (MIMO) antenna with connected ground is designed and analyzed for wire-
less local area network (WLAN) and X-band satellite communication applications 
concurrently. Each TSM applied for MIMO configuration, consists of T-shaped as 
a main radiator which further is branched into two asymmetrical inverted-F shaped 
radiators on each side forming a cactus shaped structure and a partial ground plane 
to achieve impedance matching characteristics. The cactus shaped MIMO antenna is 
excited by 50  Ω microstrip feed line to induce two resonances at 5.20 GHz in lower 
frequency (FL) band and 9.70 GHz in upper frequency (FU) band. Further analysis 
confirms that fractional impedance bandwidth (FIB) of 10.60% (4.90–5.45 GHz) 
and 27.80% (8.72–11.55 GHz) are achieved in FL and FU band, respectively with 
minimum mutual coupling of −20 dB, gain 3 dBi and efficiency of 65% in both the 
desired operating bands. Moreover, the MIMO diversity parameters are also analysed 
for the validation of MIMO applicability. 

Keywords Monopole antenna · WLAN · X-band · MIMO · And microstrip feed 
line 

1 Introduction 

In the presence of global pandemic COVID 19, MIMO technologies incorporating 
multiband antennas plays a very significant role to implement the concept of “Learn
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from home” and “work from home”. Therefore, with the support of MIMO tech-
nology, this paper presents the design and analysis of two port cactus shaped 
MIMO antenna for wireless and satellite communication applications. Recently, 
a lot outstanding research efforts have been bestowed on the development of 
single/multiband/MIMO antenna [1–10]. 

A MIMO antenna incorporating two antenna array elements operating in X-band 
is revealed in [1]. An electronic band gap (EBG) structure is utilized to realize high 
isolation upto −22 dB in the working band of (8.00–12.00 GHz). However, the MIMO 
antenna possess the size of 55 × 49 mm2 and is printed on FR-4 substrate having 
thickness of 1.6 mm. However, the EBG structure always require a size greater than 
0.1λ, which makes the structure complicated in practical implementation. This in 
turn affects the radiation features of the complete wireless devices. In order to reduce 
the size of antenna array as well as complexity and also to operate the antenna array 
in X band similar to [1], a microstrip fed patch antenna with the size of 43 × 43 
mm2 is described in [2]. The described antenna is printed on expensive Rogers RT 
duroid 5880 substrate having thickness of 1.27 mm. However, while forming MIMO 
configuration, the antenna elements need to be closely packed with the conductive 
elements which leads in deteriorating the performance of MIMO antenna. Apart from 
the above, the antennas reported in [1–2] operate in single band only. An orthogonally 
placed, two port microstrip fed MIMO antenna operating in WLAN/INSAT/Super 
extended-C band is revealed in [3]. Here, in this antenna a parasitic rectangular strip 
and slots are inserted in the ground which helps to improve isolation upto 16 dB. 
Further, an orthogonal arrangement of antenna elements radiates orthogonally with 
each other which results in reduction of mutual coupling of antenna elements. A 
two element MIMO antenna working in (6.30–12.50 GHz) covering entire X-band 
application is reported in [4]. In this antenna an air gap in the radiator of antenna 
element is introduced which offer minimum isolation of −35 dB in the functioning 
band. However, MIMO antenna has footprint of 66 × 23 mm2 and is engraved on 
expensive 3.2 mm thick RT duroid substrate. To minimize the fabrication cost of 
the antenna, a four port MIMO antenna with minimum isolation of −20 dB for 
simultaneous functioning in entire sub 6 GHz and WLAN band is reported in [5]. 
The size of reported antenna is 30 × 40 mm2 and designed on cost effective FR-4 
substrate of 1.6 mm. 

To accommodate the advantages of coplanar waveguide (CPW) fed tech-
nique, a two port MIMO antenna covering the bandwidth of sub-6 GHz/Wi-Fi-
5/V2X/DSRC/Wi-Fi-6/INSAT-C is reported in [6]. The reported MIMO antenna 
uses FR-4 substrate and has designed volume of 32 × 22 × 0.8 mm3. A triple band 
microstrip fed arc shaped antenna with inverted L-shaped stubs is communicated 
in [7]. The reported antenna operates in WLAN (2.48–2.4835, 5.15–5.875 GHz) 
and X-band (7.25–7.75 GHz) for wireless and satellite communication applications. 
However, the reported antenna is effective to partial bandwidth requirement of X-
band. In order to cover the entire bandwidth of X-band, a coaxial fed S-shaped 
patch antenna is reported in [8]. The size of antenna is 20 × 17.2 mm2 and is built 
on economical 1.6 mm FR-4 substrate. However, the prob feeding technique may
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result in fabrication difficulty and spurious radiation. A multiband and compact flex-
ible ultra-wide band (UWB) antenna and CPW fed antennas are reported in [9–10]. 
However, the antenna [9–10] are single antenna element and does not provide high 
data rates and low latency. 

In this manuscript, a dual band cactus shaped monopole MIMO antenna with 
connected ground and high isolation for wireless and satellite communication appli-
cations is proposed. This cactus shaped MIMO antenna consists of two antenna 
elements with a minimum footprint of 30 × 30 mm2 for each element. To reduce 
a mutual coupling between the cactus shaped antennas, two symmetrical inverted 
U-shaped structure are introduced from ground planes. The proposed cactus shaped 
MIMO antenna is designed, analyzed and simulated using CST software to operate in 
FL (4.90–5.45 GHz) and FU (8.72–11.55 GHz) with minimum isolation of −20 dB. 

The manuscript is arranged as follows: Sect. 2 illustrates the layout and evolution 
mechanism of single cactus shaped antenna, Sect. 3 explains the MIMO geometry 
with decoupling structure, Sect. 4 gives insights on results and discussion. To prove 
the novelty and contribution, a performance comparison is presented in Sect. 5 and 
finally, paper is concluded in Sect. 6. 

2 Layout and Evolution Mechanism of Cactus Shaped 
Antenna 

The simplified design layout of single monopole antenna is depicted in Fig. 1 for 
wireless and satellite communication operation. The proposed antenna consists of

(a) (b) 

Fig. 1 Geometry and layout of proposed cactus shaped antenna (all dimensions in mm) a Front 
view b Back view
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T-shaped main radiator which is further branched into two asymmetrical inverted-
F shaped radiators on each side, forming a cactus shaped structure and a partial 
ground plane to achieve impedance matching characteristics. The proposed single 
cactus shaped antenna is designed on FR-4 substrate having a size of 30 × 30 mm2 

(thickness 0.8 mm, loss tangent 0.025 and dielectric permittivity of 4.3.

2.1 Evolution Mechanism of Proposed Cactus Shaped 
Antenna 

The evolution mechanism of proposed cactus shaped antenna is illustrated in Fig. 2. 
For analyzing the operating mechanism of proposed cactus shaped antenna, the reflec-
tion coefficient curve (S11) dB of each step is depicted in Fig. 2. Initially, to achieve 
bandwidth of X-band (FU) band, a feed line with an inverted F-shape structure on 
right side as shown in Fig. 2 is excited by 50 Ω microstrip feeding line. Due to proper 
impedance matching and accurate feeding arrangement, the step-1 is able to induce 
a resonance at (10.70–11.30 GHz) which can be easily noted from Fig. 2. However, 
the induced bandwidth is very less. Therefore, in order to enhance the impedance 
bandwidth of setp-1, a step-2 is developed where, another inverted-F shaped struc-
ture to left of step-1 is branched out without disturbing the feeding position as shown 
in Fig. 2b. The corresponding S11 curve of step-2 is shown in Fig. 2. It is noted that 
the step-2 is able to enhance bandwidth in the frequency range of (8.72–11.55 GHz)
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Fig. 2 Step wise design of proposed antenna
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because the elongation of current path flowing through all radiator for longer time. 
The step-2 antenna could operate in FU band with frequency range of (8.72–11.55 
GHz), conforming the bandwidth need of X-band.

Further, to have another resonance at 5.2 GHz, a horizontal strip is added on top 
of the vertical strip extended from feedline forming a T-shape structure. The length 
of T-shaped radiator to resonate at required frequency is calculated by using below 
Eq. (1) 

λ = C √
εe f  f  f 

(1) 

where in Eq. (1), εe f  f  = εr+1 
2 , εr is dielectric permittivity of FR-4 substrate and C 

is speed of light in 3 × 108 m/s. 
This structure termed as step-3 helps in inducing a resonance at 5.20 GHz covering 

a frequency range of (4.90–5.45 GHz) as shown in Fig. 2. Thus, the proposed cactus 
shaped antenna induces two resonances at 5.20 and 9.70 GHz operating in frequency 
band of FL (4.90–5.45 GHz) and FU (8.72–11.55 GHz), respectively as visualized in 
Fig. 2. 

Further, to perceive more about working principal of proposed cactus shape 
antenna, a surface current distribution (A/m) is analyzed in Fig. 3. From Fig.  3a, 
it is noted that a more amount of current is flowing through T-radiator, confirming 
that this structure contributes to induce a resonance at 5.20 GHz with impedance 
bandwidth of 10.62% (4.80–5.45 GHz). Further, at resonance 9.70 GHz, analyzed 
from Fig. 3b, more amount of current is flowing through two asymmetrical F-shaped 
radiators thus inducing an impedance bandwidth of 27.8% (8.72–11.55 GHz). 

(a) (b) 

Fig. 3 Surface current distribution of proposed antenna a 5.2 GHz b 9.7 GHz
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(a) (b) 

Fig. 4 Geometry and layout of proposed TSM MIMO antenna (all dimensions in mm) a Front 
view b Back view 

3 Proposed Cactus Shaped MIMO Antenna Geometry 

The proposed cactus shaped MIMO antenna has designed footprint of 65 × 
30 mm2(1.12λ × 0.52λ) and comprises of two antenna elements located at an edge-
to-edge distance of 0.12λ (where λ is free space wavelength measured at 5.20 GHz) 
on top layer of FR-4 substrate as depicted in Fig. 4a. Figure 4b depicts that the 
bottom layer of FR-4 substrate which basically consists of two partial ground plane, 
two symmetrical inverted U-shaped structure branched out from the partial ground 
planes. Further, these two inverted-U shaped structures are connected using 4 hori-
zontal strips of 1 × 3mm2 each forming a ladder structure at the centre. This structure 
serves as a decoupling structure to reduce the mutual coupling of antenna elements 
and also enhances the diversity performance of proposed MIMO antenna. 

4 Results and Discussion 

The proposed cactus shaped MIMO antenna design is validated by comparing the 
scattering parameters including reflection coefficient curve and transmission coeffi-
cient curve. However, due to analogy of S11–S22 and S12–S21, only S11 and S12 curves 
are illustrated in Fig. 5. From the Fig. 5, it is visualized that antenna element operates 
in FL and FU bands with the same bandwidth as it is achieved in Fig. 2, while the 
S12 curve shows that the minimum mutual coupling between antenna elements is − 
20 dB in both the operating bands of FL and FU. 

Moreover, to realize the operating mechanism of decoupling structure, an electric 
filed intensity distribution (V/m) is analyzed in Fig. 6. This analysis is performed 
under the condition that when one antenna element (port 1) is active, other antenna 
element (port 2) is matched with 50 Ω load impedance. From Fig. 6, it is visualized 
that both the antenna elements remain protected from electric field of each other as 
amount of current flows through the decoupling structure. 

The three-dimensional (3D) and two-dimensional (2D) radiation patterns of the 
proposed cactus shaped MIMO antenna at 5.20 and 9.70 GHz are depicted in Figs. 7
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Fig. 5 S-Parameters of proposed MIMO antenna 

(a) (b) 

Fig. 6 Electric filed intensity distribution (V/m) a When port-1 is excited b when port 2 is excited 

(a) (b) 

Fig. 7 3D radiation pattern of proposed MIMO antenna a Antenna-1 b Antenna-2



78 J. Kulkarni et al.

E-plane H-plane 
A

nt
en

na
-1

 

5.2 GHz 9.7 GHz 5.2 GHz 9.7 GHz 

A
nt

en
na

-2
 

5.2 GHz 9.7 GHz 5.2 GHz 9.7 GHz

-45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o
-45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o -45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o -45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o

-45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o
-45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o -45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o -45
-35
-25
-15
-5 
5

-45
-35
-25
-15
-5 
5  Crosspolar (Simulated)

 Copolar (Simulated) 

0o 

270o 

180o 

90o 

Fig. 8 2D radiation pattern of proposed MIMO antenna 

and 8, respectively. Both the radiation patterns are matched with each other with 
negligible nulls and obtained by keeping only one antenna element active, while the 
other one is terminated with 50 Ω load impedance. At both the resonances, the radia-
tion patterns are just like a monopole, whose co-polar radiation is an omnidirectional 
radiation with higher magnitude than cross polar radiation in the plane at the both 
the resonant frequencies.

The gain and efficiency of the proposed cactus shaped MIMO antenna is shown 
in Fig. 9(a). The minimum gain is 3.5 dBi at 5.2 GHz and 3 dBi at 9.7 GHz, whereas 
radiation efficiency is 65% at 5.20 GHz and 70% at 9.70 GHz. The correlation 
coefficient is an important metric to calculate the diversity performance of proposed 
cactus shaped MIMO antenna and plotted in Fig. 9(b). From this figure, it is visualized 
that the ECC of the proposed cactus shaped MIMO antenna is well below 0.05 
whereas the DG is well above 9.95 throughout the operating band. 

(a) (b) 

Fig. 9 a Gain and efficiency b ECC and DG
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Table 1 Performance comparison of proposed cactus shaped MIMO antenna 

Ref. Antenna 
element 

Band (GHz) Dimension 
(mm2) 

Thickness 
(mm) 

Substrate Gain (dBi) 

[1] Single 8.00–12.00 55 × 49 1.6 FR-4 2.2 

[2] Single 8.00–12.00 43 × 43 1.27 RT-Duroid 7.4 

[3] Two 4.64–9.00 25 × 34.80 1.6 FR-4 4.21 

[4] Two 8.00–12.00 66 × 33 3.2 RT Duroid 6.0 

[7] One 2.28–2.57/ 
5.00–6.27/ 
7.11–7.96 

18 × 34.5 0.8 FR-4 1.0 

[8] Single 8.69–9.14/ 
10.47–11.48/ 
11.53–11.98 

20 × 17.2 1.6 FR-4 2.5 

[9] One 1.33–11.11 35 × 35 0.2 FR-4 3.3 

[Proposed] Two 4.90–5.45/ 
8.72–11.55 

65 × 30 0.8 FR-4 3.0 

5 Performance Comparison of Proposed Cactus Shaped 
MIMO Antenna 

For validating the performance of the proposed cactus shaped MIMO antenna, a 
comparative study is tabulated in Table 1. The parameters considered for performance 
are no. of antenna elements, operating bands, dimension, thickness, type of substrate 
used and gain. 

The advantages of proposed cactus shaped MIMO antenna are as follows: 

1. The proposed MIMO antenna has less dimensions than [4] and cost effective 
than [2, 4]. 

2. The proposed MIMO antenna has two antenna elements as compared with all 
except [3, 4]. 

3. The proposed MIMO antenna operates in dual band unlike [1, 2, 3] with 
relatively thin thickness unlike [4]. 

4. The proposed MIMO antenna exhibit high gain as compared to [1] and [7] 

6 Conclusion 

A cactus shaped monopole MIMO antenna with inverted-U shaped (connected with 
ladder) as a decoupling structure is presented for WLAN and X-band application. 
The proposed cactus shaped MIMO antenna with interconnected ground operates 
at (4.90–5.45 GHz) WLAN and (8.72–11.55 GHz) X-band with minimum isolation 
of −20 dB. The MIMO antenna also exhibit gain of above 3 dBi, efficiency above 
65%, ECC below 0.05 and DG above 9.95 throughout the operating frequency band.
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Finally, a comparison between the current state of art and the proposed cactus shaped 
MIMO antenna is presented. From the comparative study it can be concluded that 
the proposed cactus shaped MIMO antenna a good contender for WLAN and X band 
applications. 
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Experimental Analysis of ACO 
with Modified Firefly and Modified 
Genetic Algorithm for Routing 
in FANETs 

Amrita Yadav, Anshuman Shastri, and Seema Verma 

Abstract The paper presents the performance evaluation of Nature-Inspired algo-
rithms (NIA) namely Ant Colony Optimization (ACO) with newly implemented 
modified Firefly algorithm (MFA) and modified Genetic algorithm (MGA) for 
routing in Flying ad-hoc network (FANET). The use of NIA in FANET is required 
because FANET has quite different characteristics than that of other ad-hoc networks. 
The major area of concern in FANET is routing and no efficient routing algorithm 
has been developed for this issue. NIA is an optimization algorithm which process 
on the basis of nature of animals. NIA is divided into swarm based and evolutionary 
algorithm. This paper performs the evaluation and comparison of swarm-based algo-
rithms and evolutionary algorithm on the performance parameters like successful 
packet delivery, end-to-end delay, overhead and throughput. As per the simulation 
results, MFA outperforms ACO and is the most efficient algorithm with MGA being 
the least efficient one. 

Keywords Routing · Network · FANET · ACO · Firefly · Genetic algorithm ·
Performance · Algorithm 

1 Introduction 

Flying ad-hoc network (FANET) is a network which consist of group of many 
Unmanned aerial vehicles (UAV). The UAVs are connected to ground stations for
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proper communication between them. FANETs are dynamic in nature because of 
their continuous moving nodes or UAVs. 

There is also frequent change in topology because of their consistent node 
mobility. These special factors make FANET different from other ad-hoc networks. 
There are many major concerns in proper data transmission in FANETs. Routing is 
one of the major issues in FANETs. After the unsatisfactory results of many conven-
tional routing algorithms in FANET, Nature Inspired Algorithm (NIA), because of 
their efficient results according to previous research done, can be claimed as the 
major rescue for the routing solution in FANETs. 

Ant Colony Optimization (ACO), Firefly algorithm (FA), and Genetic algorithm 
(GA) are the three NIA on which the performance evaluation is performed in this 
paper. 

ACO is selected because of its ability to adapt to changes dynamically which is 
required in UAVs. FA is another optimization algorithm which is used for network 
analysis and is dynamic in nature. These algorithms provide great results in the 
field of ad-hoc networks. Till now they have not been majorly used in flying ad-hoc 
networks. 

In this paper, an experimental implementation of three NIAs i.e. ACO, FA, and 
GA and modified version of FA and GA has been given and further the results of these 
algorithms are compared to find which is the most suitable algorithm for routing in 
FANET. 

NIA has a wide scope from the beginning. These algorithms provide sufficiently 
good results in all sorts of ad-hoc networks. Following is the work done till now on 
few of the majorly used swarm intelligence algorithms including ACO and FA: 

The comparison of AntHocNet and BeeAdhoc is done with DSR, DSDV, AODV 
for routing in FANETs [1]. The simulation results of the modeling shows that the bio-
inspired algorithms AntHocNet and BeeAdHoc outperforms the traditional routing 
algorithms AODV, DSDV and DSR. Another computing technique based on Bio-
inspired algorithms is analyzed [2]. In this technique, the analysis is done on the 
basis of behavior of animals. A scheme based on clusters is proposed further [3]. 
This scheme is known as Bio-Inspired Clustering Scheme. It uses hybrid mechanism 
based on glow-worm swarm optimization and krill herd. Another protocol is proposed 
based on bio-inspired method [4]. The performance of the proposed protocol is 
showed with various other algorithms on different parameters. [5] This paper shows 
uses Bee colony algorithm for routing in FANETs. 

There is also a wide use of Genetic algorithms in ad-hoc networks. Although 
major work is not been done in GA for FANETs, but it has been used broadly in 
various other wireless networks. Following is the literature work cited by scholars: 

A GA based on multipath distance vector protocol is proposed [6]. The simu-
lations results show that optimized goals are achieved by the proposed algorithm. 
MEGA (Maximum enhanced genetic algorithm), an improved GA which uses local 
search technique was introduced [7]. Another optimization method to find the shortest 
path in an ad-hoc network using genetic algorithm is given [8]. An energy efficient 
routing protocol is proposed by researchers [9]. According to the simulation results, 
delivery rate of this protocol is increased by 40% when compared to other protocols.
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Fig. 1 Multiple UAVs connected to ground station 

Another clustering-based algorithm is developed later [10]. The algorithm improves 
the parameters of previously developed algorithms namely Bio-inspired clustering 
scheme and energy aware link-based clustering. 

2 Existing Algorithms 

Nature-inspired algorithms are the algorithms which observes and analyzes the 
biological phenomena of living organisms [11]. These algorithms are used for 
complex optimization problems. NIA has shown tremendous results in past in the 
field of routing. Nature-inspired algorithms are classified into two categories. One is 
Genetic algorithms (GA) and the other is Swarm intelligence (SI) algorithms. Both 
of these algorithms are inspired by the behaviour of animals. 

Genetic algorithms are a part of evolutionary computing [12]. Genetic algorithm 
is used to find or select optimal path. It represents chromosomes which are the set of 
solutions. 

The other type of algorithm is Swarm Intelligence. Swarm intelligence are also 
used for path selection in wireless ad-hoc networks. It is a subfield of Artificial Intel-
ligence which is related to intelligent behaviour of swarms [13]. There are many 
algorithms which come under the category of swarm intelligence algorithms. The 
algorithms like Fish swarm algorithm, Cat swarm algorithm, Chicken swarm opti-
mization algorithm, flock based are all swarm-intelligence algorithms which are 
based on the behaviour of animals. 

2.1 Ant Colony Optimization (ACO) 

Ant Colony Optimization (ACO) is a Swarm based Intelligence algorithm. The algo-
rithm was proposed by Dorigo [14]. It is among one of the popular algorithms used 
for routing. ACO is an optimization method that imitates the nature of ants when 
they move for the search of food. It uses ants and analyze the pattern of moving
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ants. These ants travel from one point to another in search of food. ACO is used to 
find the shortest path during the travel of ants when they start from their source to 
destination. 

2.2 Firefly Algorithm 

Another swarm-intelligence algorithm introduced by Yang in 2008 is Firefly Algo-
rithm [15]. It is based on the behavior of fireflies. In this algorithm, the shortest and 
optimal path can be computed by analyzing the behaviour of firefly. The algorithm 
uses the flash lights of fireflies for the analysis. Whenever a firefly is moving the 
other firefly gets attracted to it its flash light. Therefore, the attractiveness of firefly 
is directly proportional to the brightness of a firefly depending upon the objective 
function. The brightness of firefly reduces when the distance between them increases 
which means distance and brightness are inversely proportional to each other [16]. 

The fireflies update depends on the real time performance of fireflies and according 
to that the location will get updates. The parameters in this algorithm are fixed which 
means the search behaviour will be same in all iterations for any state. 

Modified Firefly Algorithm (MFA) 
A new modified algorithm is proposed in this paper which can make routing in 
FANETs more efficient. This new approach is based on clustering mechanism. In 
this approach, the nodes are divided into many clusters. All the clusters have cluster 
head. The cluster head is selected based on the residual energy. Node with the highest 
residual energy is selected as cluster head. 

2.3 Genetic Algorithm 

Genetic Algorithms (GA) are search based meta-heuristic algorithm belonging to the 
class of Evolutionary algorithms (EA). These algorithms are based on the mechanism 
of natural selection and genetics. 

Modified Genetic Algorithm (MGA) 
The proposed method is location-based routing for FANETs using mobile coverage 
concept. It allows the neighbor node to communicate in assigned coverage network 
area to find the nearby neighbor nodes and detect the malicious nodes in the coverage 
area. This ensures less packet loss during transmission.
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Table 1 Simulation parameters 

Parameter Value 

Simulation area 1000 * 1000 m 

Simulator Ns-3.26 

Mobility model Random waypoint mobility model 

Channel type Wireless channel 

Protocols used ACO, modified firefly, modified GA 

Nodes 50 

Packet size 1024 bytes 

Simulation time 20 s 

3 Parameters and Methods 

Network simulator, ns-3.26 is used for simulation. The data considered for simulation 
of the following algorithms: ACO, Firefly algorithm and Genetic algorithm is shown 
in Table 1. 

The parameters used to analyze the performance of routing algorithms ACO, 
MFA, and MGA are Packet Delivery Ratio, End-to-End delay, Throughput, Routing 
overhead. 

4 Results and Discussion 

For simulation, the test analysis of routing algorithms ACO, Modified Firefly algo-
rithm and Modified Genetic algorithm is given. The results show that all three 
algorithms have fine possibility to be used as an effective solution for routing in 
FANET. 

Table 2 shows the values at 50th node for all the algorithms considered for simula-
tion. The packet delivery ratio is highest in modified firefly algorithm. ACO is having 
the second-best packet delivery ratio whereas modified genetic algorithm has lowest 
ratio. This is because the modified firefly algorithm (MFA) is the most accurate of 
all the algorithms in respect to successful packet delivery. The end-to-end delay

Table 2 Comparison of algorithms 

Parameters ACO MFA MGA 

PDR 92 98 90 

E2E delay (ms) 12.4 13 15 

Overhead 10.5 9 10.5 

Throughput 627 640 606
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is an important parameter while packet transmission. This depends upon the node 
availability and link stability. ACO has the lowest delay following MFA. These two 
algorithms are efficient in both the factors. Overhead is the next parameter consid-
ered. MFA shows the lowest overhead generated. ACO and MGA shows the same 
overhead. Fourth and most important parameter is throughput. MFA again has the 
highest throughput of all the algorithms which makes it the most optimal algorithm in 
terms of successful packet transmission. ACO comes second in terms of throughput 
with a difference of around 2% whereas MGA shows the least throughput with a 
difference of 7%.

5 Conclusion and Future Scope 

The idea of using of swarm intelligence algorithms has created new dimensions 
for routing in Flying ad-hoc networks. Since routing in FANETs is not an easy task, 
NIA has brought it altogether as an emerging solution for routing. Many conventional 
algorithms have already been used and still used to find an effective solution to this 
problem. The paper presents performance comparison of the most extensively used 
ACO algorithm with the modified version of firefly and genetic algorithm. As per 
the analysis, modified firefly algorithm outperforms all other swarm-intelligence 
algorithms on all the parameters. ACO performs second best after MFA. Therefore, 
from the analysis it can be said that ACO and FA are the two algorithms which have 
potential to act as an optimal routing solution. 

Thus, enhancing ACO and other swarm-based algorithms on more parameters can 
be considered as a future work to solve the routing issue. Another novel swarm-based 
algorithm can also be proposed to improve routing in FANETs. 
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Theory of Characteristics Mode Based 
Design of a Planar Monopole Antenna 
with Polarization Diversity for FSS 
and SAR Application 

Reshmi Dhara 

Abstract Here, using Theory of characteristics Mode (TCM) a single feed planar 
monopole antenna is demonstrated. After TCM analysis dominant modes of the radi-
ator are identified. Using appropriate feeding method and modified ground plane the 
dominants modes are excited to achieve quad impedance band (IB) with polarization 
diversity characteristics. The design antenna which is proposed here involves two 
L-shaped radiators with two asymmetric cross slots within it creates mutual coupling 
to attain dual circularly polarized (CP) bands. To generate quad impedance band-
width (IBW) defective ground plane is utilized on the reverse side of the substrate. 
The proposed antenna covered the quad simulated IBs are from 3.631–4.167, 6.542– 
8.494 GHz, 8.859–10.253 GHz and 10.8494- beyond 15 GHz respectively. The simu-
lated dual ARBWs span over 3.865–4.069 GHz within 1st IB and 8.888–9.785 GHz 
within 3rd IB. This antenna can be used for S- and X-band, particularly Fixed Satellite 
Service (FSS) and Synthetic Aperture Radar (SAR) applications. 

Keywords TCM · Quad band · Polarization diversity · Axial ratio bandwidth ·
Impedance bandwidth · FSS · SAR 

1 Introduction 

Recently, multi band antennas with polarization diversity have satisfied multiple 
necessities of many devices in wireless communication systems. In personal mobile 
and global position system (GPS) devices, antennas through omni-directional radia-
tion are particularly suitable. On the other hand, several communication devices for 
example global navigation satellite systems, point-to-point communication systems, 
and other satellite communication systems, antennas with unidirectional radia-
tion patterns are growing by means of an integral technology. To generate verti-
cally/horizontally omni-directional dual-polarized radiation it’s needed to superim-
posed two radiations from a vertically polarized monopole antenna and a horizontal
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polarized loop antenna. Now in communication system where the astronomical 
research is the main attention, several uses communication devices are essential as a 
substitute to single communication typical device. As a consequence of the striking 
characteristics like lower footprint, simpler geometry, and lighter in weight, planar 
monopole antennas help as an utmost suitable practise. This is known to all that a 
conventional monopole antenna in longitudinal direction creates linearly polarized 
(LP) wave. But the foremost drawbacks of LP wave expected at dual-band process 
are lower sensitivity, multipath fading to the positioning between the transmitting and 
receiving antennas, lower mobility, and like that [1–3]. This could be overwhelmed 
to a great scope consuming the circularly polarized antennas. Henceforth, dual band 
antennas by means of two different frequency bands instantaneously functioning 
dual circular polarization (left hand circular polarization (LHCP) and right-hand 
circular polarization (RHCP)), are significantly widespread over dual band antennas 
with two orthogonal (vertically/horizontally) linear polarizations. The requirement 
of multiple antennas decreases due to using a multiband antenna with dual polar-
ization characteristics. The CP antenna is very attractive for many wireless systems 
as no strict orientation between transmitting and receiving antenna is required and 
encountering interference. To fulfilments these necessities of multi band antenna 
presentation together linear and circular polarization, various methodologies have 
been used by many researchers [4–8]. 

TCM analysis is a great tool which give the analyzation of existing dominant 
modes within the radiator at the desired resonant frequency. However, the TCM anal-
ysis is lacking in previously reported literature for the multiband antennas. Here, the 
proposed CP antenna also utilizes the analysis of TCM tools for the multi impedance 
bands and polarization diversity characteristics. 

Inspired by the aforementioned the whole thing, a simple quad band monopole 
antenna with LHCP in 1st band, LP in 2nd, LHCP in 3rd and LP in 4th bands 
are proposed in this paper. The proposed design can support 3.631–4.167 GHz 
(535.6 MHz, frc1 = 3.9 GHz, 13.73%), 6.542–8.494 GHz (1951.8 MHz, frc2 = 
7.52 GHz, 25.96%), 8.859–10.253 GHz (1134.3 MHz, frc3 = 9.56 GHz, 14.59%) and 
10.8494- beyond 15 GHz (4150.6 MHz, frc4 = 12.92 GHz, 32.19%). The simulated 
dual ARBWs span over 3.865–4.069 GHz (203.7 MHz, fcp1 = 3.97 GHz, 5.14%) 
within 1st IB and 8.888–9.785 GHz (897.3 MHz, fcp2 = 9.34 GHz, 9.6%) within 3rd 

IB. To design a quad antenna, it has been appropriately improved in a method so that 
it can sustenance together linear and circular polarizations. 

An actual good reflection coefficient, widespread ARBW and dependable radi-
ation features are gained for the implemented antenna. It became apparent that the 
implemented antenna is simple and make available for wider LP, CP frequency bands. 

This paper is presented like: Sect. 2: Design Procedure of Antenna; Sect. 3: 
Simulation Justifications and Discussions; and lastly Sect. 4: Conclusion.
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2 Design Procedure of Antenna 

Design of the Radiator 
The progress steps of the radiator are represented in Fig. 1. The reflection coeffi-
cient and axial ratio bandwidth progress plots of the designed radiator are shown in 
Figs. 2(a) and (b). First in Antenna.1 is designed at a resonating frequency 3.6 GHz 
using a rectangular radiator and a ground plane rectangular in size on the reverse side 
of the substrate for FSS application. Here a centre feed microstrip line is utilized to fed 
the antenna. But the IBW is very poor at this frequency and also got a CP in the higher 
frequency region (12.8 GHz). To improve the IBW and to satisfy the multiband char-
acteristics by using the same dimension of the antenna its need to create additional 
current paths. For that reason, two L-shaped radiators are used by modifying the rect-
angular shaped radiator. The gap between two radiators create a coupling effect [9], 
due to generation of capacitance between them. This gap creates additional current 
path that increase IBW in addition to improve ARBW performance compared to 
earlier stage. To improve ARBW performance more also an asymmetric feed [8] is  
used in this step. Better impedance matching network can be performed by using 
this feeding structure. But this Antenna.2 generate only a small CP (9.89 GHz) band. 
In next stage for improving the ARBW performance more, two slots asymmetric in 
size [10–12] are edged from two L-shaped radiator gives Antenna.3. These two slots 
generate two very small CP bands resonating at frequency 3.78 GHz and 9.4 GHz 
respectively. These asymmetric slots [10, 11, 13] create two orthogonal electric field

Antenna.1                    Antenna.2                     Antenna.3 

Fig. 1 Improvement of implemented antenna

   
(a)                                                                                  (b) 

Fig. 2 Evaluation of a Reflection coefficient and b Axial ratio bandwidth for Antenna. 1–3
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with equal amplitude at these two-resonating frequencies. But this Antenna.3 gives 
reflection coefficient is not so good in lower frequency region but moderate in higher 
frequency region. So, to identify the existing modes within the same radiator it is 
need to study TCM analysis of this radiator.

TCM Analysis and Design of Proposed Antenna 
The TMA analysis is done by using the radiator without feeding structure [12, 14]. 
Here radiator is considered to be zero thickness with PEC and the ground plane, 
substrate is considered to be infinite and results are analysed in Figs. 3. Figure 3(a) 
described the plot of eigenvalues versus frequency plot of the fourteen fundamental 
characteristic modes. The eigenvalues (λn = 0) for modes 2, 3, 5, 6, 7, 8, 9, 11, 12, 
14, 15, 17 18, 22 are dominant modes, whereas no mode are inductive mode as it 
has very high eigenvalues (λn > 0) and 1, 4, 10, 13, 16, 19, 20 and 21 modes are 
capacitive mode as it has low high eigenvalues (λn < 0).  

From Fig. 1(b) the plot of characteristics angle versus frequency plot of the four-
teen fundamental characteristic modes. Here mode 2, 3, 5, 6, 7, 8, 9, 11, 12, 14, 15, 
17 18, 22 are crosses 180˚ axis line at their resonant frequencies which are dominant 
modes. Whereas 1, 4, 10, 13, 16, 19, 20 and 21 modes are non-resonant modes as 
they doesn’t cross 180˚ axis line. 

Similarly Fig. 1(c) described large model significance value around 1 are dominant 
at their resonant frequencies for mode 2, 3, 5, 6, 7, 8, 9, 11, 12, 14, 15, 17 18, 22 
and model significance (<0.2) for 1, 4, 10, 13, 16, 19, 20 and 21 modes which are 
non-resonant modes.

(a)                                                                                                          (b)

  

Mode-17 Mode 18 Mode 22 

i. Modal Far Field Radiation Pattern at fc1= 3.97 GHz 

Mode 8 Mode 9 Mode 12 
ii. Modal Far Field Radiation Pattern at fc2= 9.34 GHz

                                                  (c)                                                                                                             (d) 

Fig. 3 TCMs analysis for different modes a Eigen values, b Characteristics angle, c Modal 
significance and d Radiation pattern
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From Fig. 3 after TCM analysis it has been revealed that there are 14 existing 
dominant modes within the radiator from 3–15 GHz resonating frequency region. The 
dominant modes of the radiator are resonating at 3.54 GHz (Modes 22), 5.09 GHz 
(Modes 18), 5.48 GHz (Modes 17), 6.63 GHz (Modes 15), 7.13 GHz (Modes 14), 
7.36 GHz (Modes 11), 8.17 GHz (Modes 12), 9.44 GHz (Modes 9), 10.92 GHz 
(Modes 8), 11.85 GHz (Modes 7), 12.48 GHz (Modes 6), 12.78 GHz (Modes 5), 
13.84 GHz (Modes 3), 14.58 GHz (Modes 2). So, from this TCM analysis it can be 
conclude that if one researcher design the feed and ground plane properly there may 
be the possibility to get good IBW within 3–15 GHz band region. After parametric 
analysis it is identified that asymmetric microstrip line feed and a defective ground 
plane [9] can be able to excite above dominant modes.

Two degenerated modes generate a CP mode when the phase among them is 90  ̊
and amplitude is equal. 

Here Fig. 3d(i)–(ii) shows radiation pattern for modal far field of the radiator for 
different modes at two CP resonating Frequencies. Figure 4d(i) depicts that mode 
18 and 22 radiate in +z direction at fc1 = 3.97 GHz ad they are fundamental modes 
along y and x direction correspondingly. As the phase difference between them is 90  ̊
so these two orthogonal modes are able to generate a CP at fc1 = 3.97 GHz resonating 
frequency. Figure 3d(ii) depicts that mode 9 and 12 radiate in +z direction at fc1 = 
9.34 GHz and they are fundamental modes along y and x direction correspondingly. 
As the phase difference between them is 90  ̊ so these two orthogonal modes are able 
to generate another CP at fc1 = 3.97 GHz resonating frequency. The other Modes 
lead to cancelation of electric field in the far field zone at +z direction so they are 
undesired to generate CP mode. 

The designed antenna simulated structures is shown in Fig. 3(a) and (b) and it 
helps to achieve quad impedance bands which are resonating at the centre frequencies 
of 3.9 GHz, 7.52 GHz, 9.56 GHz and >12.92 GHz respectively and it’s also give dual 
CP bands, resonating at 3.97 and 9.34 GHz, results shown in Fig. 4(a) and (b). 
Since it satisfied our purpose, it definite to select finalized this design and analysed 
its performance. The size of the microstrip antenna is 70 × 60 mm2. Commonly 
available, low cost workable FR4-epoxy substrate thickness of 1.6 mm, having εr =

Top View Bottom View 

Fig. 4 Dimension of proposed antenna
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Table 1 Proposed antenna optimal dimension 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) 

L1 70 L2 30.9 L3 8.2 

W1 60 W2 14.3 W3 31.4 

Lt 5 Wt 3 g1 1.4 

X1 33.5 X2 11.7 X3 4.8 

X4 4.8 X5 1.7 X6 2.0 

X7 7.8 X8 7.0 X9 2.1 

Y1 1.7 Y2 23 Y3 13.2 

Y4 10.8 Y5 = Y6 15 Y7 2.0 

Y8 = Y9 4 P 25.8 h 1.6 

4.4 and loss tangent tanδ = 0.02 is utilized to simulated the implemented antenna. 
Comprehensive optimal dimensions have been recorded in Table 1.

3 Simulation Justifications and Discussions 

To design the antenna, use simulation software, Ansys Electronics Desktop 2020 
R1. The designed antenna enclosed the quad simulated IBW ranged from 3.631– 
4.167 GHz (535.6 MHz, frc1 = 3.9 GHz, 13.73%), 6.542–8.494 GHz (1951.8 MHz, 
frc2 = 7.52 GHz, 25.96%), 8.859–10.253 GHz (1134.3 MHz, frc3 = 9.56 GHz, 
14.59%) and 10.8494- beyond 15 GHz (4150.6 MHz, frc4 = 12.92 GHz, 32.19%) 
depicts in Fig. 5(a). 

Figure 5(b) also depicts the simulated ARBW of the implemented antenna. The 
simulateddual ARBW span over 3.865–4.069 GHz (203.7 MHz, fcp1 = 3.97 GHz, 
5.14%) within 1st IB and 8.888–9.785 GHz (897.3 MHz, fcp2 = 9.34 GHz, 9.6%) 
within 3rd IB. 

Figure 5(b) simulated input impedance is depicting at 50 Ω microstrip feed line 
for the real (Resistance) and imaginary (Reactance) parts. Within the IBs impedance 
match is good because the real part (resistance) of the impedance closer to 50 Ω and 
the imaginary part (reactance) is closer to 0 Ω. 

From Fig. 5(c) using smith chart one can see that on resonance frequency 3.7, 
3.9, 7.5, 9.6, 12.92, and 15.0 GHz the normalized impedance ( Z11) values are close 
to 1 whereas the complex reflection coefficient magnitude (G) values are also very 
small. So above values depict that best matching can occur on resonance frequencies 
because real part of Z11 approaches to 50Ω and imaginary part tends to 0Ω. Also,  
VSWR value on those frequencies is also <2. The Q-value on those lower resonating 
frequencies in addition to higher resonating frequencies is also very small. That 
signify widest IBW can occur due to small Q-factor. At centre resonating frequencies 
also depicts that impedance matching can occur on those frequencies as VSWR value
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(a) 

(c)(b) 

Fig. 5 (a) Simulated reflection coefficient and ARBW curves comparisons, (b) Simulated 
impedance (Real and Imaginary) vs. Frequency curves, (c) Results of the effect of complex reflec-
tion coefficient (G), normalized input impedance (Z11), Q-factor and VSWR using Smith Chart for 
the Implemented Antenna 

<2. From this Smith chart it’s also clear that the graph rotates four times nearly equal 
to kick point (SWR = 1) which prove quad impedance bands are generate by using 
the same structure. 

Figure 6(a) depicts the radiation efficiency (simulated) for the designed antenna 
respecting frequencies. The ranges of radiation efficiencies in between 74–99% for 
the quad IBs. The maximum efficiency is 99.17% at 7.1 GHz. Figure 6(a) also depicts 
the at peak gains respecting frequency. The gain is within 2.20–6.01 dBi for quad 
the impedance bands and the peak gain is maximum 6.01 dBi at 7.1 GHz.

(a) (b) 

Fig. 6 Implemented Antenna a Gain and radiation efficiency, b EX/EY magnitude and phase plot 
vs. Frequency
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Figure 6(b) depicts the Ex/Ey magnitude is closely equal to 1 or 0 dB within the 
dual CP bands and phase difference among them is also nearly 90°. This demonstrates 
that the dual bands gratify CP conditions [13].

Well defined, LHCP and RHCP are detected in Fig 7(a), (c) and (b), (d) which are 
illustrating the radiation patterns at ϕ = 0° (XZ plane) and ϕ = 90° (YZ plane) at 
fcp1 = 3.97 GHz and fcp2 = 9.34 GHz. At broadside direction on two CP resonating 
frequencies the radiations observed are LHCP whereas the polarization (co and cross) 
difference are 32.47 dBi, and 22.57 dBi, correspondingly. Because of the asymmetric 
inset feeding radiator, the distribution of current is productive, due to that reason 
radiation is somewhat slanting from its broadside direction. 

To understanding the generation of the dual CP modes at 3.97 and 9.34 GHz, a 
qualitative study is depicted in Fig. 8. The normalized currents distribution from the 
below figures it is observed that for four separate time moments (t = 0, t = T/4, t =

 Frequency= 3.97 GHz   Frequency= 9.34 GHz 
(a) XZ plane (b) YZ plane (c) XZ plane (d) YZ plane 

Fig. 7 Radiation patterns for (LHCP and RHCP) in the a, c XZ (ϕ = 0°) and b, d YZ (ϕ = 90°) 
planes 

t=0 t=T/4                         t=3T/4   t=T fcp1=3.97 GHz 

t=0 t=T/4                      t=3T/4 t=T fcp2=9.34 GHz 

Fig. 8 Simulated current distribution at fcp1 = 3.97 GHz and at fcp2 = 9.34 GHz
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(a)            (b) 

Fig. 9 Axial ratio beam width vs. θ° at XZ plane  (ϕ = 0°) and YZ plane (ϕ = 90°) c fcp1 = 
3.97 GHz, b fcp2 = 9.34 GHz for the proposed antenna 

3 T/4, t  = T where for one cycle T is the total time period), dual CP modes could be 
accomplished at fcp1 = 3.97 GHz, fcp2 = 9.34 GHz which are LHCP.

The simulated axial ratio beam width fcp1 = 3.97 GHz and fcp2 = 9.34 GHz are 
plotted vs. θ° in Fig.  9(a) and (b). As obtained the results through simulation, at fcp1 
the implemented antenna has a 3 dB AR beam width over vertical θ angle of about 
17° at XZ (ϕ = 0°) plane and 89° at YZ (ϕ = 90°) plane. So, at broadside direction 
the difference between co- and cross plane simulated 3 dB AR beam width is 72° at 
fcp1 = 3.97 GHz. Similarly, at fcp2 the implemented antenna has a 3 dB AR beam 
width over vertical θ angle of about 5° at XZ (ϕ = 0°) plane and 35° at YZ (ϕ = 
90°) plane. So, at broadside direction the difference between co- and cross plane 
simulated 3 dB AR beam width is 30° at fcp2 = 9.34 GHz. 

4 Conclusion 

In this paper TCM analysis helps to create a great extent simpler method to design 
a quad IB with polarization diversified monopole antenna assessment compare to 
former design techniques. The implemented antenna showing LHCP in 1st IB, LP in 
2nd IB, LHCP in 3rd IB and LP in 4th IB are comprehended by employing changes 
in ground plane and asymmetric feeding network of two L-shaped planar monopole 
antenna with two asymmetric cross shaped slots. The proposed antenna (size 70 × 70 
mm2 i.e. 1.378 × 1.181 λg 

2, λg = guided wavelength at 3.6 GHz) gives quad IBW, 
are 13.97, 25.96, 14.59 and 32.19% resonating at 3.9, 7.52, 9.56, and 12.92 GHz 
respectively. The dual CP bands of this antenna (5.14% at fcp1 = 3.97 GHz and 9.6% 
at fcp2 = 9.34 GHz) can support S- and X band specially FSS and SAR applications 
in a single device.
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A Survey Paper on Evolution of Vanet 
Towards IOV 

R. Bindu, M. Preethi Sejal, and H. Chetan 

Abstract Internet of Vehicles (IOV) is what came through after a significant meta-
morphosis of the conventional VANET technology, wherein it interacts with different 
entities such as vehicles, roads, pedestrians, parking lots, and city infrastructure 
and provides real-time communication between them. Vehicular Ad Hoc Networks 
(VANETs) is a kind of Mobile ad hoc network (MANETs)-where the topography of 
the wireless network is constantly changing due to the high mobility of vehicles. The 
numerous applications of machine learning algorithms and 5G technologies have 
played a key role in the versatile applications for the Internet of vehicles. In this 
paper, we briefly look at the various routing protocols, mobility models, problems, 
and possible solutions in the security features and the implementation methods of 
a smarter VANET. Also, we take a look at the progression between VANET from 
MANET to 5G-LTE. And we come to conclude, that VANET using IEEE 802.11n 
is the most efficient one. 

Keywords VANET ·MANET · 5G-LTE · Routing · Protocol · IOV ·ML · Safety 
and Security · IEEE 802.11n 

1 Introduction 

Information and communication technology together is a driving force behind much 
automotive industry and our society’s upcoming innovations. Mobile communica-
tions have changed our lives tremendously over a couple of decades, allowing us 
to exchange information in any circumstance. A key component of an Intelligent 
Transportation System (ITS) is the Vehicular Communication Network (VANET), 
which permits communication between vehicles. The techniques used in MANET 
(Mobile Ad-Hoc network) are modified to achieve this and the same was proposed
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by professors Z. D. Chen, H. Kung, and D. Vlah in their article [1] published in 
the year 2001. This new paradigm of vehicle and infrastructure information sharing 
enables a variety of applications for safety, traffic performance, driver assistance, 
infotainment, and urban sensing integrated into modern vehicle designs [2]. 

In the year 2013, the US Department of Transportation along with 8 major automo-
tive manufacturers initiated a vehicle-to-vehicle communication for a short collabo-
rative project with an objective to determine how drivers can make use of this system 
in safety application and to record their response [3]. A current trend is to form 
a global heterogeneous network and to integrate every other technology to form a 
smart city [4]. 

Before the 5th Generation was involved in the vehicle network, interaction types 
were restricted to vehicles and RSU (Roadside units) and communication has now 
improved where vehicles can communicate with their human drivers, pedestrians, 
other vehicles, roadside infrastructure units in real-time. The IOV supports network 
communications like Intra-Vehicle, Vehicle to Vehicle (V2V), Vehicle to Infrastruc-
ture (V2I), Vehicle to Cloud (V2C), and Vehicle to Pedestrian (V2P). In the context 
of 5G, these networks are referred to as Vehicle to everything (V2X) communication 
[2] (Fig. 1). 

Fig. 1 V2X communication network



A Survey Paper on Evolution of Vanet Towards IOV 101

2 Literature Survey 

2.1 VANET Routing Protocols: Proposed Challenges 
and Solutions 

1) THE HIERARCHY 
VANET routing protocols are classified taking into account the method of route 
updating and position accusation Surmuk Singh et al. in [5] demonstrated the hier-
archy of the protocols categorizing based on the type of communication established 
in network and node positions details. 

2) CASE STUDY OF VARIOUS ROUTING PROTOCOLS 
Routing protocols in Ad-hoc networks are used to get information about the routing 
path and the data transmission among nodes. 

Table 3 describes the various protocols used in VANET’s and gives a comparative 
study. 

2.2 Security in VANET 

Security in VANET deals with several aspects such as threats posed to availability, 
authentication and identification, privacy and integrity, and data trust [2]. Table 2 
summarizes the possible attacks under these aspects and poses solutions 

2.3 Mobility Models 

Mobility models are created to illustrate mobile users’ patterns of movement and 
display the variation in location, speed, and distance. Mobility models can be broadly 
classified into two types: 

Macroscopic Mobility Model: This mobility model takes into account movement 
restrictions posed by bridges, roads, crossroads, and traffic lights during vehicle 
movement trace generation. It describes the generation of vehicle traffic, such as 
traffic speed, traffic density, and initial car distribution. 

Random Mobility Model: In such a model, with no restriction, mobile nodes move 
randomly and freely. Destination, speed, and direction are randomly selected and are 
independent of other nodes. 

Gauss Morkev Mobility Model: The random way-point model will autonomously 
produce node velocity and direction on past history. It decides directly from its pre-
set range, so an abrupt stop and sharp turn problem can be triggered. Gauss Morkev
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model first calculates the speed and direction of motion for each node. After which, 
nodes move with the computed velocity and direction for a time. 

Mobility Model Generation Tool: These tools produce traces of motion to interpret 
the vehicle’s behavior on the road. Microscopic mobility model: Street Random Way 
Point or STRAW is a method that in which using urban topologies, mobility patterns 
from the tiger database are generated. STRAW incorporates complex intersection 
control by means of traffic lights and signs. With such a feature the vehicle shows a 
more dynamic response when it reaches the intersection. STRAW model’s limitation 
is that it doesn’t provide specifics of traffic flows. This also does not indicate a change 
of lane. 

2.4 Implementation of VANET 

The main objective of VANET is to establish the communication within the vehicles 
referred to as moving nodes. VANET supports various types’ network communi-
cation such as V2V, V2I, Intra-vehicle communication, V2B. The evolution of 5G 
techniques led to the more versatile Interaction among Vehicular nodes such as 
V2C and V2P. The Various Methods used to implement VANET Communication is 
described in Table 4. 

3 Disscussion 

3.1 Features of VANET 

A VANET has certain specific characteristics including some similar characteristics 
as MANET like Omni directional broadcasting [13]: 

3.1.1 Highly Dynamic Topology 

Vehicle speed and radio propagation a vehicle network is highly dynamic. Cars drive 
faster in urban environments at the range of 60 km/h to over 120 km/h. We too can 
travel in various directions. And vehicles may enter or exit the network easily in a 
very less time, which contributes to regular and fast changes in topology.
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3.1.2 Frequently Disconnected 

Highly dynamic topology leads to regular timing shifts that insure that communica-
tion between two vehicles disappears rapidly as information is transmitted. 

3.1.3 Geological Communication 

Automobiles usually rely on their spatial position to reach this differs from other 
networks where an Identity or User ID marks the primary vehicle or target population. 

3.1.4 Limited Mobility and Prediction 

VANETs have a highly dynamic topology, but typically cars have a certain pattern of 
mobility limited by bridges, roads and highways, lights, speed limits, traffic condi-
tions and driving behavior. This differs from other networks in which the primary 
vehicle or target population is identified by an Identity or User ID. 

3.1.5 Reduced Versatility and Prediction 

VANETs have a highly dynamic topology, but Vehicles movement can be predicted on 
bridges, roads and highways, signals with speed limits and constant traffic conditions. 

3.1.6 System of Propagation 

Traditionally the VANETs run in three environments: Urban, Rural and Highways 
the propagation concept is assumed to be free space on a highway but the signal 
may be disrupted by projecting the wall panels around the roads in Urban and Rural 
environment. The propagation paradigm in a VANET, like any other network, has to 
consider the effects of the disruption in wireless communication from other vehicular 
nodes and the existence of rapidly scattered access points. All of these problems 
motivate the researchers to the form new communication protocols. 

3.2 The IEEE 802.11p/WAVE System

• IEEE 802.11p/WAVE (Wireless Exposure for Vehicle Environment) is the widely 
used system for allowing wireless communication in vehicle setups. 

• IEEE 802.11p releases specifications for the physical (PHY) and MAC layers to 
enable 5.9 GHz frequency communication in VANET. In the WAVE stack protocol 
series, IEEE 1609 interacts with the 11p working group to create additional layer
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Fig. 2 Routing protocol hierarchy 

parameters as shown in Fig. 2. WAVE also includes, in addition to standard Internet 
Protocol (IP) transfers, the exchange of proprietary short messages (WAVE short 
message, WSM) to enable high-priority and time-sensitive communication.

• 1609.4 is an upgrade in the IEEE 1609 protocol family of the MAC layer802.11p 
for multichannel service. According to the IEEE 1609.4 coordination scheme; 
both vehicles track the control channel during the CCH phase and (optionally) 
turn to one service channel during the SCH span [14]. 

4 Applications 

Depending on the communication types that are available at VANET i.e. Vehicle-
vehicle, vehicle-infrastructure, and application classes. Application classes are as 
follows [15]: 

• Safety Applications – These are used to ensure road safety, avoid road accidents, 
and track the environment of the vehicles. Classifications can follow the intersec-
tion of collision avoidance, public safety, sign extension, vehicle inspection and 
repair, other vehicle details [16], real-time traffic information, the transmission of 
cooperative messages, post-crash warning [17]. 

• Comfort Applications: The aim of such applications is to provide 
drivers/passengers with weather information, road conditions, estimations, avail-
ability of parking, the nearest restaurant, any distance, automatic toll plaza, and 
multimedia file sharing [17]. 

• Productive Applications: Such applications target environmental benefits, time 
usage, and fuel Savings [17]. 

• With the advent of machine learning, VANET’s can further be improvised 
with better accuracy, precision and predictability in all of the above-mentioned 
applications [4] (Fig. 3 and Table 1).
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Fig. 3 WAVE stacks 

Table 1 ML technologies to detect security attack [4] 

Machine learning 
structure 

Function/Task Type of attack Detection type 

NN Misuse detection N/A Misuse detection 

Bayes learning; RF; 
ADA boost 

Malicious attacks 
detection 

N/A Anomaly detection 

Bayes learning Mobility prediction and 
anomaly detection 

N/A Anomaly detection 

SVM Collaborative intrusion 
detection 

Sybil; wormhole; 
black hole 

Hybrid detection 

Q-learning Secure strategy selection Eavesdropping; 
Jamming 

N/A 

SVM, K-means Intrusion detection Attack free Hybrid detection 

DNN Misuse detection Sink-hole; Packet 
dropper; DOS 

Misuse detection 

VSM Malicious attacks 
detection 

N/A Anomaly detection 

Bayes learning Detecting complex and 
coordinated attacks 

Anomaly detection Anomaly detection 

K-means Intrusion detection N/A Anomaly detection 

RF Intrusion detection Attack free Hybrid detection 

RF Intrusion detection Attack free Hybrid detection 

DNN Misuse detection N/A Misuse detection 

NN Fault detection Fault data injection Anomaly detection
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Table 2 Comparisions study of security attacks [1, 8–10] 

Types of attacks Possess a threat to Solutions

DOS Availability 
Authentication and 
Identification 

Signature-based authentication 
mechanisms 
Deployment of trusted hardware 

Brute force Authentication and 
Identification 
Confidentiality 

Augmented digital signatures and 
GPS data 
Encrypt data with great 
importance 

Greedy behavior Availability Switch between channels. If the 
issue persists, VANET should be 
switched off 

Tunneling Authentication and 
Identification 

Secure communication 
architecture 

Malware spamming Availability Frequency hopping technique 
FHSS consists of a cryptographic 
algorithm 

Message saturation Authentication and 
Identification 
Integrity and data trust 

Timed efficient stream loss-
tolerant authentication 
Two directions reporting 

Message fabrication Availability Time stamping mechanism 

Grey hole Authentication and 
Identification 

Electronic license plate (ELP) 

Sybil attack Availability Message linkable group 
signatures (MLGS) scheme 

Key and/or certificate 
replication 

Authentication and 
Identification 
Confidentiality 
Integrity and data trust 

Validation check with CRL 
Controlling manufacturer 
employees to prevent tampering 
Digital certificates 

Wormhole Availability 
Authentication and 
Identification 
Integrity and data trust 

Packet leashes mechanism 
Timed efficient stream loss-
tolerant authentication 
Plausibility check 

Replay Authentication and 
Identification 
Integrity and data trust 

Plausibility validation network 
VPKI 

Timing attack Availability Cryptographic solution using 
timestamps 

Eavesdropping Privacy 
Confidentiality 

Augmented digital signatures and 
digital GPS 
SAT (Situation—aware trust)

(continued)



A Survey Paper on Evolution of Vanet Towards IOV 107

Table 2 (continued)

Types of attacks Possess a threat to Solutions

Tracking Privacy Anonymity techniques such as 
key changing algorithms 

GPS spoofing and position 
faking 

Privacy Location clocking techniques 
AMOEBA 

MITM Privacy 
Integrity and data trust 

Encrypt data with great 
importance, application of VIPER 
algorithm 
Authorized access to hardware 
and software 

Masquerading Integrity and data trust Deployment of trusted hardware 

Node impersonation Integrity and data trust MLGS (message linkable group 
signature) 

Broadcast tampering Integrity and data trust Threshold-based trust 

Blackhole Integrity and data trust Group communication in which 
group key management system 
(GKM) is responsible for keys 

5 Conclusion 

In this paper, we have briefly done a comparative study on various routing protocols 
and implementation methods looking into numerous research papers. Also, we briefly 
discuss several mobility models in VANET. Although, in the security domain we still 
have a lot of areas to improve, with the advent of machine learning tools integrated 
with VANET there has been a significant development. This paper suggests that IEEE 
802.11n is an efficient method for delay-sensitive and bandwidth-hungry devices. It 
operates relatively well in urban environments. IEEE 802.11n seems to be very 
significant in terms of delay and allows for improvement of the speech. 5G LTE-V 
integrated with machine learning tools is the future of VANET. Hence, today VANET 
has a wider range of applications with increased efficiency as it aids to Smarter City.
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Table 4 Comparisons of various routing 

Paper Method used Description Challenges faced Proposed solution

z Dedicated short 
range 
communication 
(DSRC) (V2V 
Implementation) 

The combination of 
DSRC and GPS is 
used as a WIFI-like 
low cost wireless 
protocol with 360 ° 
view of similarly 
equipped vehicles 
within a given range 
MAC and PHY layers 
are used to strengthen 
network security 

Channel estimation 
and lack of time 
diversity in PHY 
layer. Package 
collision 
And Congestion in 
MAC layer

- DSRC upper layer 
decoupling to 
802.11p PHY / MAC 
supporting multiple 
technologies
- Upgrading to more 
advanced PHY 
technologies such as 
MIMO 
(802.11n) support 
and multiple stream 
support (802.11ac) 

[11] Cognitive 
Network Strategy

- Cognitive radio is a 
completely 
programmable and 
configurable 
intelligent device
- Its Transmitter 
design ensures 
efficient use of the 
spectrum of channels. 
The transmission of 
data at the end is 
done using TCP 
protocols 

The direct 
communication 
between vehicles by 
means of single hope 
may fail due to the 
high dynamic 
channel condition 
and continuous 
varying speed of 
vehicles. Spectrum 
sensing

- The cross-layer 
design approach is 
used to tackle 
spectrum sensing 
together with access 
decision, physical 
layer modulation and 
coding scheme
- The wireless 
channel and primary 
use of the network 
are modeled as a 
Markov finite state 
process 

[12] Cooperative 
Relay and MIMO 
techniques

- Cooperative Relay 
is a multi-antenna 
cooperative, i.e. 
Multiple input and 
output, strategy to 
boost network 
channel capacities for 
any given set of 
bandwidths that 
exploit user diversity 
by interpreting the 
transmitted signal in 
combination with the 
direct signal in 
wireless multi-hop 
networks

- The highly dynamic 
changes in network 
caused multipath 
fading which are 
commonly seen in 
wireless 
communication
- Conflicting trade 
off among various 
parameter and run 
time optimal 
cooperative node 
selection

- IEEE 802.11 carrier 
sense multiple access 
(CSMA)-based 
MAC techniques are 
used to overcome 
multipath fading

(continued)
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Table 4 (continued)

Paper Method used Description Challenges faced Proposed solution

[3] Orthogonal 
frequency 
division 
multiplexing 
under IEEE 
802.11p

- IEEE 802.11 is a 
collection of physical 
layer 
(PHY) specification 
and use 
Media Access control 
(MAC) for 
implementing 
WLAN in certain 
Frequency Band .It 
helps to establish 
communication 
among the high speed 
vehicles, stationary 
vehicles and 
infrastructure

- The unstable 
oscillations of 
OFDM system are 
very prone to the 
Doppler shift and the 
frequency offset. It’s 
performance can be 
degraded if 
orthogonality is 
ruined due to inter 
channel interference 
(ICI) and 
inter-symbol 
interference (ISI) 

The IEEE 802.11 p 
along with Long 
term evaluation 
(LTE) standards is 
used in order to 
overcome the 
challenges described 

[13] 5G LTE-V with 
Ml

- Machine learning 
algorithms are 
implemented in 
distributive manner 
by involving each 
connected vehicle in 
learning with the 
local parameters and 
making a decision for 
the specific situation 
of each vehicle
- The directionality 
of mmWave V2X 
communications is 
enhanced by 
analyzing the 
situation properly 
leading towards a 
reasonable example 
of learning the 
particular 
Environment of each 
connected vehicle

- Fundamental trade 
in SIMO high 
mobility 
communication 
systems between 
Doppler diversity 
and channel 
estimation errors
- Reduced coding 
gain because of 
channel estimation 
errors

- Optimum energy 
allocation between 
pilot and data 
symbols that 
simultaneously 
maximizes the order 
of diversity and 
minimizes the loss of 
coding gain for high 
mobility system and 
uses imperfect state 
information on the 
channel 
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Beam Forming Impact on the Next 
Generation Wi-Fi IEEE802.11ay in mm 
Wave Frequency Band 

Prem Chand Jain, Nallapalem Neeraj Srinivas, and Yasaswini Vellisetty 

Abstract The next generation Wireless Local area network IEEE802.11ay (Wi-Fi) 
is an enhancement of 802.11ad in unlicensed 60 GHz mm Wave frequency band. 
The millimeter (mm) Wave frequency band 6–100 GHz range provides more BW to 
achieve higher data rate but it supports only 50 to 200 m short range. The 802.11ay 
leverages the latest development in MIMO (Multi-input multi-output antennas), 
channel bonding, and enhanced beam formation to minimize spectral efficiency and 
provide better quality of service for large number of user stations. This upgrade 
offers significant speed and range improvements. Beam forming technology has 
been introduced in 60 GHz mm wave frequency band to compensate high path losses, 
and oxygen absorbing some mm wave frequencies signal. Beam formation can be 
effectively utilized in mm wave frequency band. It aims to generate different beams 
for different user stations using an array of antennas elements at the Access Point 
(AP) to communicate between different user stations. The effective beams undergo 
minimum power loss and co-channel interferences, and are aimed to direct towards 
the user station. In this paper we have simulated different types of arrays and analyzed 
different beam contours that are generated from the arrays of antennas to transmit to 
the user station. 
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1 Introduction 

The IEEE802.11ad wireless local area network (WLAN) introduced in 2012 for 
high data rates of 6.75 Gbps in the unlicensed 60 GHz frequency band for short 
transmission range. It could not provide required very high data rates and transmis-
sion range for current applications like 4k/8k resolution display, Augmented Reality 
(AR)/Virtual reality (VR) used in 5G mobile communication. The next generation 
802.11ay also operating at 60 GHz frequency band introduced to achieve very high 
data rates of the order of 100 Gbps and transmission range of 300–500 m through 
multiple data streams and high channel BW. In place of 2.16 GHz BW used in 
802.11ad it has been enhanced to 8.64 GHz BW in 802.11ay which is obtained 
through four channel bonding each having 2.16 GHz BW. The 802.11ay is intended 
to replace Ethernet (Wired Local area network IEEE802.3), integrate AR/VR head-
sets and glasses, Vehicle to others (V2X) communication, and to transmit large data 
between cloud and mobile devices very quickly. It can also connect to base station 
(BS) to core network in cellular communication. In 5G, cost effective small cells are 
connected with Macro cell (Hetnet) to extend coverage in crowded environments. 
Densification of small cells produces massive backhaul traffic in the core network. 
Employing fiber cable in dense small cell for backhaul results in a drastically increase 
in cost and difficulties in implementing. Wireless backhaul using 802.11ay can offer 
a scalable and cost effective solution. The mm wave frequency band 28, 60 GHz 
(unlicensed) can provide multi-Gigbit transmission and can solve problem of the 
backhaul in 5G. 

In a few years, Beam formation is moved out from research environment into 
commercial deployment, first in 4G-LTE and 5G networks, and now in IEEE802.11ay 
deployments. The 802.11ay vision relies on a successful roll out of mm Wave 
frequency technology. The 60 GHz mm wave frequency band suffers heavy path 
loss, do not propagate well through obstacles such as walls, and oxygen absorption 
(15 dB per km at 60 GHz). To compensate the path loss high gain antenna elements are 
required. These antenna elements with input RF signal create narrow beam signal 
focused in a very specialized direction. This approach strengthens the signal and 
reduces co-channel interference from other user’s signal. The increased SNR due to 
the beam formation increases range for both outdoor and indoor coverage. A large 
number of radiating antenna elements are required to generate very narrow beam to 
transmit all available power in certain direction instead of wasting power in many 
directions. Each antenna element is fed with same RF signal but phase and magni-
tude of signal fed to each antenna element is precisely adjusted. It needs full control 
of magnitude and phase of signal received by each antenna element. The phase and 
magnitude of antenna element’s signal is controlled digitally in nsec. time period to 
achieve faster beam steering of the required beam. A large number of active antenna 
elements in two-dimension (2-D) grid at Access Point (AP) can support 3D-beam 
forming algorithm which exploits the elevation and azimuth dimensions. It creates 
highly directional beams that can be redirected to specific location or device.
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2 Related Work 

Reference [1] describes design of IEEE802.11ay using MIMO, channel bonding, and 
enhanced beam formation. Impact of mm wave radio propagation in 802.11ay design 
has also been discussed. Ref. [2] discussed mm wave cost effective 5G backhauling 
considering hybrid beam forming, full duplexing, routing, special reuse scheduling. 
Ref. [3] focuses 5G era in which shift towards network efficiency with 5G systems is 
based on dense HetNet architecture. However, HetNet incorporate set of frequency 
bands including macro cells in licensed band (LTE) and small cells in unlicensed 
bands (Wi-Fi). New higher frequency band (mm wave) may be deployed in small cell 
to enable ultrahigh data rate services. Ref. [4] discussed key elements incorporated in 
IEEE802.11ay including scheduling, beam formation, link maintenance that supports 
fixed wireless access networks. Ref. [5] stated that IEEE802.11ay can achieve 176 
Gbps data rate by using 8.64 GHz total BW. YouTube videos [6] and [7] is helpful 
to understand basics of antennas and beam forming, and Ref. [8] in understanding 
and implementing the beam management. 

3 Methodology 

High gain antennas are required to compensate the path loss in mm wave frequency 
band. The most efficient way to achieve larger gains is by using an array of antenna 
elements. An array of antenna elements with half wavelength spacing provides 
maximum directivity. Antenna gain is directly related with directivity. This can be 
expressed as an antenna gain (dB) equal to 10log10 N, where N is number of antenna 
elements. Doubling N doubles the gain to 3 dB with half power beam-width to 
32°, quadruple the N, the gain increased to 6 dB with 15° half power beam-width 
[9]. Antenna arrays consists of two or more antennas where the gain of all these 
antennas are combined for an increased and better performance. In-phase signals 
strength adds constructively, while out of phase signal strengths decreases destruc-
tively. The antenna arrays also help in generating different kinds of beams, which is 
being analyzed for the uniform linear arrays (ULA) and uniform rectangular arrays 
(URA) in this paper. By controlling the phase and amplitude of RF signal fed to each 
antenna element, it is possible to dynamically shape the beam. It can alter the beam 
shape and direction as well. The aim is to increase the directivity and hence to reduce 
the path losses. Beams formed by the antenna arrays can be directed towards the user 
station.
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3.1 Uniform Linear Array 

In a uniform linear array (ULA), the array elements are uniformly spaced along a 
straight line. There should be minimum two elements to form an array. The uniform 
array is formed by using identical antenna elements with equal RF signal magnitudes 
and with a progressive phase. The elements of the antenna are arranged in linear 
pattern like a matrix of N × 1 (horizontal direction) or 1 × N (vertical direction) and 
they are uniformly spaced from each other. The minimum number of such antenna 
elements could be 2 × 1 or 1  × 2. The different shapes of the beams can be obtained 
from these arrays by varying the factors like the spacing of the elements, distance 
between the elements of antenna, the number of antenna elements, the geometry of 
the elements of the array, and the phase of the signal in each antenna element. In a 
uniform linear array, the antenna elements are fed with a RF signal of equal amplitude 
and equal phase shift between the elements. The RF signal of any antenna array can 
be concentrated in any arbitrary direction by changing the phase of each antenna 
element. This type of antenna array is called Phased array antenna. This kind of 
increased directivity helps in increasing the range and reducing the interference. By 
using the phased array techniques in this paper we observed that the power density 
of the beam is not uniformly distributed. The shift in beam pattern is observed by 
applying individual antenna phase shifts from –90 to 90°. The shape of the beam 
formed resulted into main lobe which helps to transmit most of the RF signal, and 
the side lobes which disperse the radiated power away from the main lobe. 

3.2 Uniform Rectangular Array 

The array elements are distributed in a y-z plane with the beam direction along the 
positive x-axis. The spacing between the elements are uniform for uniform rectan-
gular array (URA). The elements of the antenna are arranged in a matrix of M × N and 
they are uniformly spaced from each other. We have observed different shapes of the 
beam of URA arrays by varying the factors like the spacing of the elements, distance 
between the elements of antenna, the number of antenna elements, the geometric 
arrangement of the elements of the array, values of M and N, and the phase of each 
antenna element. The number of rows (M) and columns (N) may be equal in order to 
form a perfect main lobe. If the M and N are not equal then depending on the value of 
M and N, one can observe flat beams in the x- and y-direction. All the antenna array 
responses are simulated and plotted using MATLAB. We have compared directivity 
and power level of various beams formed. Directivity is the measure of the concentra-
tion of an antenna’s radiation pattern in a particular direction. Directivity is a function 
of the radiation pattern of the antenna where it is assumed that all the power applied 
to the antenna array is radiated in a particular direction. As the concentration of the 
signal increases, the directivity of the beam radiated is also increases. Antenna gain 
is the product of antenna efficiency and directivity. It is expressed in decibels (dB).
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Uniform Rectangular Array is better for transmitting the beam to the user station and 
these arrays are used widely in the 802.11ay, which operates in mm Wave frequency 
band around 60 GHz. In this frequency range the signals are blocked by different 
obstacles which results in poor coverage and reduced data speeds for both uplink 
and downlink. 

4 Results 

The simulation of uniform linear array (ULA) with 2D-Polar and Magnitude plots, 
and uniform rectangular array (URA) with 3D-Power and magnitude plots have been 
carried out using MATLAB. 

4.1 2D-Simulation of ULA 

The 2D-polar plots and the 2D-magnitude plots for different array elements with 
different sizes of antennas are observed. The main lobe of the two-dimensional polar 
plot is shown in Fig. 1. It shows 2D-Polar plot for 4 linear antennas and 8 linear 
antennas with different steering angles [–90 to 90] degree. Beam-width is wider 
with 4 antenna elements and getting narrow down with 8 elements which effectively 
increases the range as we increase the number of antennas elements. Beam-width is 
getting wider at different steering angles (0 to 90 and –90°). 

From the 2D-magnitude plot in Fig 2, one can observe the transmission beams 
with different steering angles. Here also it is observed that as the antenna elements 
are increasing, the beam width is decreasing and hence the range of the beam is 
increasing. Beam-width is getting wider here as well with different steering angles. 

Fig. 1 2D-Polar plot for the 4 and 8 antennas when the patches are phased to direct the main beam 
toward (0, 30, 60, 90, –30, –60, –90°)
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Fig. 2 2D-Magnitude plot for the 4 and 8 antennas when the patches are phased to direct the main 
beam toward (0, 30, 60, 90, –30, –60, –90°) 

Fig. 3 3D-Power plot for the 8 antennas when the patches are phased to direct the main beam 
toward (0, 30°) 

Fig. 4 3D-Power plot for the 8 antennas when the patches are phased to direct the main beam 
toward (60, 90°) 

4.2 3D–Simulation of ULA 

From Figs. 3, 4 and 5 it can be seen that the maximum amount of normalized power 
is represented by yellow color of the 3D-plot, and blue color represents the minimum
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Fig. 5 3D-Power plot for the 8 antennas when the patches are phased to direct the main beam 
toward (30, –60°) 

Fig. 6 3D-Magnitude plot for the 4 × 4 array and 8  × 8 array when the patches are phased to direct 
the main beam toward (0°) 

normalized power. The shapes of the transmitted beams in 3D-plot are inappropriate 
for the user device. If we direct this beam to user device, it leads to a total wastage of 
Power in mm Wave frequency band because the beam formation is not directional as 
shown in Figs. 3, 4 and 5. Figures 3, 4 and 5 also show the plots for different steering 
angles. 

4.3 3D-Simulation of URA 

Beam formation using uniform rectangular array has been implemented to obtain 
3D-plots considering directivity of the beam and the power of the beam. Depending 
on the value of M and N in the matrix M × N, one can observe different beam shapes. 
If the M and N are equal, one can observe a minimum number of side-lobes with a 
desired main lobe directed to the user station. Directivity and Power patterns shown 
in Figs. 6 and 7 are the normalized 3D-Plots. The range is normalized with absolute
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Fig. 7 3D-Power plot for the 4 × 4 array and 8 × 8 array when the patches are phased to direct 
the main beam toward (0°) 

Fig. 8 3D-Magnitude plot for the 4 × 2 array and 8  × 2 array when the patches are phased to direct 
the main beam toward (0°) 

distances. The range and the power of the different antenna arrays are simulated and 
represented by different colors for good visualization. Figures 6 and 7 show the 3D-
Magnitude and Power plots for 4 × 4 and 8 × 8 rectangular antenna arrays. As the 
number of antennas elements increases, one can observe more directivity and hence 
more range. The Pattern function from MATLAB is used for simulation. It generates 
a normalized graph by giving the transmitted beam range, power, and directivity. 

If the value of M and N in the M × N rectangular array are different, then we 
observe that the main lobe has flattened with respect to a smaller number of antennas. 
If we increase the number of antenna elements in M by fixing the N, we observe 
further flatness in the beam. Using this type of array, we can reduce the transmitted 
power of beam and range by changing the M and N antenna elements according to the 
requirement of the user station. Simulation for normalized 3D-Magnitude plots were 
carried out and represented by different colors (yellow with maximum magnitude 
and blue with minimum magnitude). Figure 8 shows the flatness of the beam for 4 
× 2 and 8 × 2 rectangular array. One can see that the flatness is more with 8 × 2 
array compared to 4 × 2 array.
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5 Conclusions 

In this paper important features of IEEE802.11ay are discussed, and studied how 
the beam formation at mm wave frequency band can reduce the path loss and co-
channel interferences? Different phased arrays in space to implement, and different 
beam shapes using different kinds of antenna arrays studied, and then analyzed, and 
molded according to the requirements of the desired user station. The uniform linear 
and rectangular arrays have been simulated, and analyzed different contours of beams 
generated by the different array of antennas to be transmitted to the user station, and 
found that the effective beams undergo minimum path loss and co-channel interfer-
ences. In future the mm Wave beam forming can be extended to connect integrated 
access and backhaul (IAB) for large number of small cells deployment in 5G without 
using optical fiber cables. 
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Superstrate Microstrip Antenna for 5G 
Wireless Communication Applications 

Amit Patel, Hiren Mewada, Alpesh Vala, Sagar Patel, 
Dharmendra Chauhan, and Palak Patel 

Abstract In today’s era, the coexistence of human-centric and machine-type appli-
cations will lead to a large diversity of communication characteristics. Some of these 
applications can be supported by today’s mobile broadband networks and their future 
evolution. However, some other applications will impose additional and very diverse 
requirements on mobile and wireless communication systems that the fifth gener-
ation (5G) will have to support various requirements for different stakeholder like 
5G new radio technology. This paper contributes the design of planar superstrate 
antenna for 5G NR frequency bands (b41/n41) for USA, China and South Korea 
as well as sub-millimeter wave application. The proposed antenna is resonated at 
three resonant frequencies 2.5, 5.2, and 7.08 GHz respectively and provides more 
than 500 MHz bandwidth. Moreover, the antenna is designed on Fr4 substrate mate-
rial having a dielectric constant 4.4 and loss tangent, which is very cost effective. 
The achieved gain and radiation efficiency for the proposed antenna are more than 
2 dB and 85% respectively. The total volume occupied by the antenna is 28 × 26 × 
1.6 mm. The simulation has been carried out using Computer simulation Technology 
(CST) software. 

1 Introduction 

The wireless sector has grown at a breakneck pace over the last few years, both 
in terms of mobile technology and customer base. Mobile wireless technologies 
have gone through four or five generations of technological revolution and evolu-
tion, starting with the 0G network and progressing to the 4G network. Furthermore 
Communication over wireless channel is challenging [1, 2] because of several factors,
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channel fading, limitation of power resources especially on the mobile terminals, 
spectrum availability etc. One of the available technologies to overcome the chal-
lenges and fulfil the demands is multiple input multiple output (MIMO) system 
i.e. the use of multiple antennas at both the transmitter and the receiver. Now a day 
multiuser concepts are used in MIMO systems [3] called Massive MIMO to increases 
the radio coverage of the system. Massive MIMO antenna system is also one of the 
fundamental technologies in the next 5G (fifth generation) networks [4]. 

Now a day’s, 5G NR will play an important role in the modern era of commu-
nications, which promises ubiquitous connectivity as well as ultra-reliable and 
low-latency transmissions. Furthermore reliable communications are fundamental 
requirements for today’s wireless applications like 5G NR. Different countries have 
already proposed their 5G NR bands like USA and China b41/n41 (2.5/2.6 GHz) and 
for South Korea 2.3–2.39 GHz. 

Many planar antennas have been proposed for 5G wireless communication appli-
cations [6–10]. However, to achieve better performance in terms of either gain or 
bandwidth, they have to compromise with other parameter. Here, we have taken up 
the challenge to design a multilayer planar antenna, which gives a better gain and 
bandwidth without increasing the volume of the structure. 

In the proposed design, it contains two layers of Fr4 substrate in which the first 
layer is consists of monopole antenna at top layer and defected ground structure. The 
second layer consists of circular patch antenna. The overall structure of the proposed 
antenna is compact and support three resonant frequencies 2.5, 5.2 and 7.08 GHz, 
respectively. 

2 Design 

Multilayer antenna concept for the wireless applications is designed and fabricated 
here. The top view of the structure is shown in Fig. 1a. The proposed antenna has 
a square geometry of 30 mm, and a 0.035 mm copper layer. It is designed and 
printed on 1.6 mm thickness substrate of FR4 having a dielectric constant 4.4 and

(a) (b) (c) 

Fig. 1 a Top view of the proposed antenna, b Back view of the proposed antenna, c perspective 
view
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Fig. 2 Return loss of the proposed antenna contains monopole feed and coplanar ground 

loss tangent. The antenna is driving by a printed monopole proximity feed and two 
circular patches. One circular patch is printed on the bottom layer of FR4 and second 
on the top layer of another FR4 (the superstrate). Coplanar ground plane has been 
proposed as shown in Fig. 1b, whose height and width are 5 and 30 mm, respectively. 
3D perspective view (side) of the proposed antenna is shown in Fig. 1c.

The important aim of the proposed antenna is resonant at two different modes by 
inserting the circular patches. For the simulation of the proposed antenna, we have 
used Computer Simulation Technology (CST) software. Initially, a simulation has 
been carried out for coplanar ground plane and monopole feed and it is shown in 
Fig. 2. The structure has been resonates at two different frequencies: (i) 2.56 GHz 
and (ii) 6.89 GHz. Both frequencies having a –10 dB bandwidth are 550 MHz (2.32 
to 2.82 GHz) and 610 MHz (6.59 to 7.20 GHz), respectively. 

We have introduced the small circular patch having a diameter of 4 mm at the center 
of ground plane and superstrate (FR4 material) with a diameter of 10 mm circular 
patch. It creates the capacitive effects and reduces the second resonant frequency from 
6.89 to 6.2 GHz while reducing the –10 dB bandwidth. It is shown in Fig. 3. It is  
resonates at 2.52 and 6.2 GHz frequencies. However, shifting of resonant frequencies 
reduces the operating bandwidth. 

To improve the operating bandwidth without compromise of the first resonant 
frequency, the Chris-cross patch has been introduced on the ground plane as shown 
in Fig. 4. The Chris-cross patch has been optimized in such a manner that it resonates 
at 2.5 and 5.2 GHz as shown in Fig. 5. It has a –10 dB bandwidth of 300 MHz (2.38 
to 2.68 GHz) and 150 MHz (5.18 to 5.33 GHz), respectively. 

Another alternate to increase the –10 dB bandwidth is to use substrate having a 
wider thickness. The comparison of return loss with different thickness of substrate 
is shown in Fig. 6. It indicates that while increasing the thickness of substrate from 
0.8 to 1.6 mm return loss is improved from 15 to 25 dB and –10 dB bandwidth 
becomes wider (approximately 1000 MHz). The current density on the proposed 
antenna is shown in Fig. 7. The 3D gain plots of the proposed antenna at both the 
resonant frequencies (2.5 and 5.2 GHz) are shown in Figs. 8 and 9, respectively. It
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Fig. 3 Return loss of the proposed antenna contains circular path in the ground 

Fig. 4 The Chris-cross 
patch on the ground 

Fig. 5 Return loss with 
Chris-cross patch on the 
ground plane 

Fig. 6 Return loss with 
different dielectric thickness
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Fig. 7 The current 
distribution on the proposed 
antenna 

Fig. 8 Gain at 2.5 GHz 

Fig. 9 Gain at 5.2 GHz 

gives gain value 2.03 and 3.37 dB at 2.5 and 5.2 GHz, respectively. The gain value 
can be increased by increasing the physical area of the structure.

The voltage standing wave ratio (VSWR) of the proposed antenna is 1.13 and 
1.15 at 2.5 and 5.2 GHz, respectively. It is shown in Fig. 10. The total efficiency 
is more than 85% at both the resonant frequencies, which is shown in Fig. 11. We  
have created another modification in the proposed antenna is introduction of an oval 
slot in top patch which narrow down the second resonant frequency for frequency 
selective operation. It is shown in Fig. 12. Figure 13 gives the return loss of the 
proposed antenna with an oval slot on the top of the patch which reduces the –10 dB
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Fig. 10 VSWR of the proposed antenna 

Fig. 11 Total efficiency of the proposed antenna 

Fig. 12 Defect (oval 
shaped) on top patch

bandwidth at the second resonant frequency as well as resonated at 3rd resonant 
frequency at 7.06 GHz. Moreover, to prove the superiority of the proposed design, 
we have compared the design with other models interms of various parameters as 
shown in Table 1. 
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Fig. 13 Tri-band response by modifying oval slot in the proposed antenna 

Table 1 Proposed antenna vs. other models 

Reference Resonant 
frequency 
(GHz) 

– 10  dB  
Bandwidth 
(MHz) 

Gain (dB) Efficiency (%) Physical 
dimensions 
(mm3) 

[7] 2.42, 5.22, 
5.92 

<100 1.72, 7.86, 6.97 – 55.5 × 
42.75 × 1.5 

[10] 1.8, 5.2, 7 >300 1.83, 0.73, 3.6 97, 90, 77 30 × 20 × 
1.52 

[11] 1.5, 2.43, 
2.86 

>200 >1 – 78.6 × 8.4 
× 1.6 

[12] 2.38, 1.53 >200 0.78, 2.5 – 110 × 65 × 
1.6 

[13] 5.775 >100 2.54 – 24.7 × 20.8 
× 1.6 

This work 2.5, 5.2, 
7.08 

>500 2.03, 3.37, 3 91, 87, 88 28 × 26 × 
1.6 

3 Conclusion 

This paper proposed the superstrate patch antenna for wireless communication appli-
cations, which resonates at 2.5, 5.2 and 7.08 GHz frequencies. The proposed antenna 
is design of FR4 substrate having total volume of 28 × 26 × 1.6 mm. The perfor-
mances of the proposed antenna have been compared with the other already proposed 
antenna in terms of resonant frequencies, bandwidth, gain, efficiency and physical 
dimensions, which proves the superiority of the design.
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Evolution of TDM-PON to WDM-PON 
Using Downstream MSK 
and Remodulated Upstream ASK 

Debanjan Sarkar, Sanjeev Kumar Metya, Subramanyam Nagaraj, 
and P. K. Anand Prem 

Abstract Here, a migration scheme from legacy Time Division Multiplexed Pas-
sive Optical Network to the next generation Wavelength Division Multiplexed Passive 
Optical Network is studied and analyzed with Minimum shift keying (MSK) modula-
tion for WDM-PON downstream signal. Without changing the existing infrastructure 
of TDM-PON, WDM-PON is incorporated. The combined TDM and WDM down-
stream signals in central office (CO) are passed through a 30 km Single mode fiber 
(SMF) without dispersion compensation and detected at respective ONUs after sep-
arating wavelengths from each other. In WDM-PON, downstream signal is reused 
to modulate the upstream signal. Performance analysis of legacy TDM-PON and 
co-existing TDM-PON are compared on the basis of Bit Error Rate (BER) and eye 
diagrams. 

Keywords Bit error rate (BER) ·Minimum shift keying (MSK) · TDM-PON ·
WDM-PON 

1 Introduction 

Demands of additional services by users in the existing network infrastructure are 
increasing day by day. In this regard, passive optical network (PON) is the most 
favorable access network. The system has been widely deployed due to its high 
performance, low cost and fulfillment of user bandwidth on demand. Time division 
multiplexed Passive optical network (TDM-PON) is one of them. In TDM-PON the 
bandwidth and hardware located in the central office (CO) are shared by all the users. 
Thus, network cost is reduced by compromising the bandwidth [1]. So, to increase 
the bandwidth and bit rates Wavelength division multiplexing (WDM) technique 
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is used in PON [2–4]. In WDM-PON both downstream and upstream transmission 
rate increases due to the dedicated wavelength provided to each user. WDM-PON 
is actually termed as next-generation PON [5]. In many places where copper-based 
access networks are used, are replaced directly by WDM-PON to meet users need. 
This type of replacement is termed as green field deployment [6]. But, the places 
where TDM-PON already exists, the replacement of such network by WDM-PON 
network is difficult. In this case, brown field deployment i.e. migration solution for 
TDM-PON to WDM-PON is used. To keep the TDM-PON user unaffected and to 
protect the past investment on the network infrastructure, the co-existence of TDM-
PON and WDM-PON is desirable [7, 8]. 

Thus both the network should share the same infrastructure including Optical 
Distribution Network. The TDM-PON signal can be separated from WDM-PON 
using a suitable filter. Due to non-existence of such filter in TDM-PON crosstalk 
arises. To reduce crosstalk between new PON and legacy PON, many researchers 
provided solutions. Authors in [9, 10] used a particular high-frequency line coding 
to shape the upgraded signal’s spectrum. However, this scheme reduces bit rates. The 
upgrade signal can be shifted beyond the baseband of legacy ONU receivers using 
sub carrier multiplexing (SCM). This approach compromises the expense and com-
plicatedness of radio frequency (RF) components [11]. Colorless ONU’s schemes 
such as spectrum-sliced light sources [12], ASE-injected Fabry-Perot lasers [13] 
and upstream re-modulation [2] are used to reduce the cost and complexity of the 
WDM-PON system. Upstream re-modulation is widely used in WDM-PON because 
the upstream signal can be transmitted reusing the downstream signal. Upstream 
re-modulation technique is used here. 

In this paper, migration of TDM-PON to WDM-PON scheme has been analyzed 
and investigated. Here, Minimum shift keying modulation (MSK) technique is used to 
modulate the downstream data in WDM-PON and the same wavelength is reused for 
upstream signal transmission. Here, Legacy TDM-PON infrastructure is upgraded by 
including new wavelength channels for downstream and upstream without changing 
the original network infrastructure. Thus increasing the capability, scalability and 
converge of the whole network. 

2 TDM-PON and WDM-PON Co-existence Architecture 

Figure 1 depicts the architecture of the co-existence of TDM-PON and WDM-PON. 
The top block represents the TDM-PON. In TDM-PON the downstream signals 
are amplitude modulated. The lower block represents the WDM-PON. In WDM-
PON the downstream signals are MSK modulated. The wavelength generated by 
continuous wave (CW) lasers for TDM and WDM are different from each other. 
The combined MSK modulated WDM downstream signals and the combined ampli-
tude modulated TDM downstream signals are coupled and sent through a fiber. At 
the receiver side, the wavelength for TDM-PON is separated from the WDM-PON 
wavelengths. The TDM-PON wavelength is then split by a power splitter and sent to



Evolution of TDM-PON to WDM-PON Using Downstream MSK ... 135

Fig. 1 Co-existing architecture of TDM-PON and WDM-PON. LD: laser diode, MZM: mach 
zehnder modulator, TX = transmitter, RX = receiver 

individual ONU for data recovery. In WDM-PON, the wavelengths carrying MSK 
modulated downstream data are de-multiplexed and send to each ONU. In each ONU, 
the MSK modulated signal is split into two parts. One part is used for data recovery 
after passing through MSK de-modulator and the other part is used for upstream 
re-modulation. The upstream re-modulated signal is revert to the CO via the fiber 
already used and uncovered at each transmitter. 

3 Simulation Setup 

Figure 2 depicts the simulation setup of the migration scheme. In this simulation, a 
total of eight users have been considered. Four are existing users who got access to 
the TDM-PON network and the rest four are new users who got access to upgraded 
WDM-PON network. In TDM-PON block, in CO the CW laser having wavelength, 
λ = 1549.95 nm is fed to four amplitude modulator (AM) and each AM is driven 
by 2.5 Gbps PRBS with word length 210 − 1. Then each amplitude modulated wave 
is delayed by an interval of ( 1 

bit rate× channel no.) seconds and combined using a 
power combiner. In WDM-PON block the four CW laser having wavelengths, λ1 = 
1549.75 nm, λ2 = 1549.55 nm, λ3 = 1549.35 nm, and λ4 = 1549.15 nm are used 
in transmitter1 (Tx1), transmitter2 (Tx2), transmitter3 (Tx3) and transmitter4 (Tx4) 
respectively. In each transmitter, the carrier generated is fed to MSK modulator 
(designed as per [3]) which is driven by a 10 Gbps downstream PRBS with word 
length 210 − 1. As a result, four MSK modulated downstream signals are generated. 
Date rate of 2.5 Gbps for each user in case of TDM-PON and 10 Gbps for each user 
in case of WDM-PON has been considered i.e. for existing TDM-PON the total data 
rate is 10 Gbps and the after up-gradation to WDM-PON the data rate for WDM-
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Fig. 2 Simulation setup of co-existing TDM-PON and WDM-PON. LD: laser diode, MZM: mach 
zehnder modulator, OC: optical circulator, FBG: fiber Bragg grating, SMF: single mode fiber, PD: 
photo detector 

PON is 40 Gbps. Data rate higher than the above mentioned can be achieved either by 
decreasing the fiber length or increasing the BER and power penalty. According to 
recommendations of ITU-T G.989x, passive optical networks can support data rate of 
40 Gbps. As the aim of the system is to send the data at reasonable distance so the data 
rate mentioned above has been chosen. These signals are then multiplexed by a 4:1 
multiplexer. The combined TDM-PON’s amplitude modulated downstream signals 
and WDM-PON’s MSK modulated downstream signals are coupled using a 3 dB 
coupler. The spectrum of the combined signals is shown in Fig. 3 having resolution 
0.01 nm. The coupled signal is first fed to an optical circulator (OC) before being sent 
through a 30 Km single mode fiber (SMF) (Dispersion 16.75 ps/nm-km, Dispersion 
slope 0.075 ps/nm2-km, Affective area 80 µm2, Attenuation 0.2 dB/km, Nonlinearity 
index 2.6 × 10−20 m2/W). At the receiver, the received signal is then passed through 
another OC and a fiber bragg grating (FBG) having bandwidth 0.2 nm and reflectivity 
99%. FBG is used to separate λ from WDM wavelengths. Then the signal carried 
by λ is fed to a power splitter in legacy TDM-PON network. The signal is then split 
into four parts and send to four different ONUs of the TDM-PON. In each ONU, 
the received downstream modulated signal is first delayed by the same time interval 
as used in CO for transmission and then fed to an AM which is driven by a clock 
of 2.5 Gbps. Then the output of the AM is directly fed to a photo-detector (PD) for 
conversion to electrical domain. Finally, the downstream data is detected by the user 
after passing through a low pass filter (LPF).
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Fig. 3 Spectrum of the combined signals 

In WDM-PON, the combined signal at the output of the FBG is first de-
multiplexed using 1:4 WDM de-multiplexer. Then the individual signals are sent 
to the ONU. In each ONU, the MSK modulated signal is split into two portions. One 
section is used to recover the downstream data after passing through MSK demodu-
lator. Another part is used to re-modulate the upstream data. Without considering the 
synchronization issue, the upstream signal can be set into MSK modulated signal, as 
MSK modulated signal posses constant amplitude. Therefore, the downstream sig-
nal is used to produce the upstream signal. Hence, the downstream MSK modulated 
signal is externally modulated by an MZM with 2.5 Gbps PRBS upstream data with 
word length 210 − 1. The modulated upstream data is then transmitted back to the 
individual transmitter via the same 30 km fiber and successfully recovered. 

4 Result and Discussion 

To analyze the performance of the system BER v/s received optical power curves 
for all the signals are considered. Also, the BER of upgraded TDM-PON and legacy 
TDM-PON signals are compared. The purpose of the comparison is to find the effect 
on the performance of TDM-PON signals due to the addition of WDM-PON signals. 
In this system, all the signals are transmitted simultaneously through a 30 km SMF 
without dispersion compensation. The performances of the signals are analyzed based 
on the received optical power differences between back to back (B2B) and after 30 
km transmission.
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Figure 4(a), 4(b), 5(a) shows the BER curves of amplitude modulated downstream 
TDM signals, MSK modulated downstream WDM signals and upstream signals 
respectively after up gradation of the system. Eye diagrams of the respective sig-
nals are shown in the inset of the respective figures. In the figures, both B2B and 
after transmission curves are considered to study the power penalty of each signal. 
Similarly, Fig. 5(b) shows the BER curve for both B2B and after transmission of the 
legacy TDM signals. Eye diagrams for these signals are depicted in the inset of the 
Figure. Table 1 shows the power penalty of all the signals. 

From Fig. 4(a) and Table 1 we can see, that BER of 10−9 can be achieved for 
all the downstream TDM signals after up gradation at approximately same received 
optical power. The power penalty between B2B and after transmission are almost 
same for all the downstream TDM signals. Similarly, from Fig. 4(b) and Table 1, it is  

(a) (b) 

Fig. 4 BER Curve for a Downstream TDM signals after up gradation b downstream MSK mod-
ulated WDM signals after up gradation. Inset: eye diagrams a) signal 1 b) signal 2 c) signal 3 d) 
signal 4 

(a) (b) 

Fig. 5 BER Curve for a upstream signals after up gradation b Downstream legacy TDM signals. 
Inset: eye diagrams a) signal 1 b) signal 2 c) signal 3 d) signal 4
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Table 1 Power penalty of all the signals 

Downstream/upstream signal Received power 

B2B (dBm) 
(Approx.) 

After 
transmission 
(dBm) (Approx.) 

Penalty (dB) 

Downstream 
TDM signals 

TDM1 −27.65 −25.9 1.75 

TDM2 −27.6 −25.95 1.65 

TDM3 −27.45 −25.85 1.6 

TDM4 −27.55 −25.85 1.7 

Downstream 
MSK signals 

WDM1 −18.9 −16.1 2.8 

WDM2 −19.1 −16.2 2.9 

WDM3 −18.95 −16.15 2.8 

WDM4 −19.15 −16.2 2.95 

Upstream signals Uplink1 −23.85 −23.2 0.65 

Uplink2 −23.7 −23.1 0.6 

Uplink3 −23.5 −22.9 0.6 

Uplink4 −23.55 −22.9 0.65 

Legacy TDM 
downstream 
signals 

TDM1 −29.85 −28.95 0.9 

TDM2 −29.95 −29 0.95 

TDM3 −29.95 −28.95 1 

TDM4 −29.9 −28.9 1 

observed that the power penalty for all downstream MSK modulated WDM signals 
are same. Also, the power penalties between B2B and after transmission of all the 
upstream signals are almost same as seen from Fig. 5(a) and Table 1. 

Figure 5(b) shows the BER versus received optical power of the TDM signal 
before migration. From the Figure, it is clear that the power penalty between B2B 
and after transmission for downstream signal 1, signal 2, signal 3 and signal 4 are 
approximately 0.9, 0.95, 1, and 1 dB respectively. Thus power penalties of all are 
almost same. Eye diagrams can be seen in the inset of the figure. 

From the above figures it is seen that power penalties among similar kind of 
signals are almost same i.e. we can say that irrespective of the number of users in 
the network, the end users will get error-free signals with same strength on demand. 

Now if we compare the received optical power at 10−9 between TDM-PON after 
up gradation and legacy TDM-PON signals then crosstalk due to upgrade can be 
determined. From Fig. 4(a), 5(b) and Table 1, it can be observed that error-free 
transmission i.e. at BER of 10−9 after transmission is achieved for downstream 
TDM1, TDM2, TDM3, and TDM4 signals before up gradation is about −28.95, 
−29, −28.95, and −28.9 dBm respectively, whereas the same is achieved for TDM 
signals after up gradation is about −25.9, −25.95, −25.85, and −25.85 dBm respec-
tively. So, a power penalty of 3.05, 3.05, 3.1, and 3.05 dB are observed for TDM1, 
TDM2, TDM3, and TDM4 signals respectively after upgrade. From this, we can
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conclude that crosstalk on the existing system resulting from up gradation is nearly 
about 3 dB. A 3 dB power penalty signifies 50% of the optical power has been either 
lost or received. But above 3 dB power penalty means the system will lose more 
power i.e. the system will not be considered an ideal system. It can also be said from 
the above observation that in the designed system the performance of legacy TDM 
is not affected much after the migration of the existing TDM-PON to WDM-PON. 
Authors in [7, 14] showed the TDM-PON to WDM-PON migration schemes based 
on DPSK/ASK. WDM-PON systems have been implemented in [3, 15–18]. Also 
authors in [3, 17, 18] showed that in WDM-PON system MSK performs better than 
that of DPSK. Hence, if the same system with the same specifications is constructed 
using DPSK instead of MSK, the MSK-based system will perform better than the 
DPSK-based system, as observed from [3, 17, 18]. 

5 Conclusion 

A migration scheme from TDM-PON to WDM-PON with MSK modulation in 
WDM-PON without changing the existing infrastructure is successfully analyzed. 
All the downstream and upstream signals are successfully detected after 30 km trans-
mission via SMF without using dispersion compensation. Part of the downstream 
MSK signals is used to re-modulate the upstream signals and found that due to this 
approach upstream signal suffers from less power penalty and cross talk. The legacy 
TDM-PON signals are also compared with the upgraded TDM-PON signals and a 
power penalty around 3 dB for all the TDM signals are observed after upgrade. Thus 
it can be concluded that crosstalk due to upgraded signal is not much high. From 
the analysis we can infer that this migration scheme with using minimum additional 
cost in the existing fiber infrastructure, will provide new users high-speed data on 
demand. Also, it is found that the performance of the upstream signal is satisfactory 
with the reuse of optical wavelength. 
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Broadband Light Source for Optical 
Communication Applications Using 
Silicon Nanowire Embedded Pentagonal 
Photonic Crystal Fiber 

Lavanya Anbazhagan and Geetha Ganesan 

Abstract In this paper, a Silicon nanowire embedded pentagonal Photonic Crystal 
Fibre (PCF) based Broadband Light Source is proposed as a potential candidate for 
the Optical Communication systems. The dispersion and nonlinearity characteristics 
of the PCF are analyzed by the Finite Element Method. The propagation of the Secant 
Hyperbolic pulse through the proposed PCF is studied by numerically solving the 
Nonlinear Schrödinger Equation using Split-Step Fourier Method. A Soliton pulse 
of 25 W peak power and duration of 50 fs at 1550 nm is used for the generation of a 
broadband light signal. 

Keywords Silicon nanowire PCF · Broadband light source · Finite element 
method · Nonlinear Schrödinger Equation · Optical communication system 

1 Introduction 

The tremendous applications of Photonic Crystal Fibre (PCF) are attributable to 
its versatility in design parameters. The Supercontinuum Generation (SCG) using 
micro-structured fiber, pioneered by Ranka et al. [1], grabbed the attention of the 
research community. The supercontinuum finds application in Optical Coherence 
Tomography (OCT), Spectroscopy, and as a broadband light source. The wavelength 
Division Multiplexing (WDM) technology enhances the transmission capacity of the 
fiber. The multi-wavelength source requisite limits the viability of the WDM system. 
The available multi-wavelength sources are mode-locked lasers at MHz repetition 
rate and EDFA or SOA-based ring lasers, but each having its constraints [2]. The 
broad continuous spectrum obtained from PCF will be a promising alternative source. 
The SCG is the consequence of the synergy of multifaceted nonlinear processes
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such as self-phase modulation, cross-phase modulation, stimulated Raman scattering, 
and four-wave mixing [3]. The inadequate nonlinear coefficient of silica inhibits 
the wider broadening of the spectrum. Many research works concentrated on the 
implementation of hybrid structures, chalcogenide glasses, and liquid infiltration 
techniques to enhance the nonlinearity of the PCF. 

There are a considerable number of research works that strive to broaden the 
supercontinuum spectrum by altering the existing Silica PCF. The hexagonal PCF 
with the reduced air hole diameter in the innermost cladding ring is investigated 
[4]. The supercontinuum of 600 nm is obtained when the 50 fs pulse with 2 kW 
pump power at 800 nm propagated through the proposed PCF of 50 cm length. 
The defective core PCF of 1 m length reported an octave-spanning of the broadband 
continuum when the soliton pulse of 0.1 ps pulse width and 1 kW peak power pumped 
at the wavelength of 1550 nm [5]. A hybrid Silica PCF with a silicon core of length 
10 mm achieved 2000 nm spectral broadening when pumping 20 fs and 3 kW pulse 
at 1550 nm [6]. 

The Chalcogenide glasses exhibit an extended transparency window from visible 
to MIR, since they possess the advantages of large refractive index and high nonlinear 
coefficients [7–10]. A modified hexagonal tellurite PCF with a high nonlinear coef-
ficient of 378.1 W−1 km−1 and ultra-flattened dispersion over 0.7 μm is designed. 
The Secant hyperbolic pulse with 5 kW peak power and FWHM of 176 fs after 
propagated through the 5 cm length fiber resulted in the supercontinuum spectrum 
of 2900 nm toward MIR wavelength [11]. An As2Se3 -based chalcogenide PCF with 
concentric rings consisting of air-holes is modelled. With the fiber length of 4 mm, a 
100 fs Secant hyperbolic pulse with the peak power 10 kW at the pump wavelength 
of 4.357 μm attained the supercontinuum of 1034 nm [12]. The As2S3 core octagonal 
PCF with a very high nonlinearity of 14,387.43 W−1 km−1 is proposed. The injected 
pump pulse of width 20 fs having a 3 kW peak power at 1.55 μm in 10 mm long 
fiber attained an ultra-broad SC spectrum of 3.7 μm [13]. 

The photonic nanowire of subwavelength diameter can exhibit excellent optical 
properties such as light-matter interaction and strong light confinement when 
embedded into the core region of PCF. Silicon nanowires exhibit high nonlinearity 
due to the large surface-to-volume ratio. The core diameter of silicon nanowire is 
very less than single-mode fibre that results in less effective area thereby, high nonlin-
earity is obtained. Hence, Silicon nanowire is regarded as the potential candidate for 
nonlinear applications. The Si-nanowire embedded PCF with different core geome-
tries are investigated, and it is found that circular core outperforms others in terms 
of obtained output spectral width. The pulse of 20 fs FWHM and peak power of 
25 W propagated through PCF at 1.3 μm resulted in a 900 nm broad spectrum [14]. 
A comparative study on the optical characteristics is carried out between tellurite 
nanowire PCF and Ge-doped silica PCF. The tellurite nanowire core PCF outper-
forms the other in terms of its higher nonlinearity coefficient and higher numerical 
aperture [15]. Si-nanowire of 300 nm embedded in spiral lattice PCF exhibited flat-
tened dispersion with high nonlinearity of 3176 W−1 m−1 at 0.45 μm.  With a PCF  
length of 2 mm, a broad spectrum of 500 nm is obtained [16]. Si-nanowire embedded 
PCF possess a very high nonlinearity of 1358 W−1 m−1 at 0.8 μm. Investigation of
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SCG with low pulse energy of 2.5pJ at a different pump wavelength of 0.8, 1.3, and 
1.55 μm is carried out. A supercontinuum of 1250 nm is attained at 0.8 μm with 
2 mm length PCF and is found to be suitable for OCT applications [17]. 

In this work, Silicon nanowire embedded pentagonal lattice PCF is proposed for 
broadband signal generation in Optical Communication systems. The reported liter-
ature on Si-nanowire embedded PCF did not focus on SCG centered around the third 
communication wavelength of 1550 nm, which is suitable for Optical communi-
cation applications. This work considers spectral broadening around 1550 nm that 
is achieved by tailoring the radius of the Si-nanowire. A comparative study on the 
characteristics of the PCF, such as nonlinear coefficient and dispersion of silica 
PCF, hybrid PCF with As2S3 core, and our proposed PCF with Si-nanowire core, is 
carried out. The dynamics of the pulse propagation through the three PCF structures 
are investigated by solving the Nonlinear Schrödinger equation using the Split Step 
Fourier Method. A very high nonlinearity and zero-dispersion wavelength near the 
pump wavelength are obtained for the proposed PCF. A Secant hyperbolic pulse 
having 50 fs FWHM with a peak power of 25 W at 1550 nm injected as the pump 
input into the proposed PCF of length 1 cm resulted in 685 nm broadened spectrum 
in the wavelength range 1235–1920 nm. 

2 Material and Design 

This work contemplates three different PCF designs to substantiate the significance of 
the proposed design. The asymmetric pentagonal lattice results in high birefringence 
compared to the conventional hexagonal lattice, and so pentagonal lattice is taken 
into consideration for our design. Figure 1a depicts a simple PCF design that has 
silica as the background material and air holes in the cladding region. The schema 
in Fig. 1b is a hybrid PCF that incorporates As2S3 in the core region. The proposed 
design has silicon nanowire embedded in the core, which is illustrated in Fig. 1c. 
The nonlinear refractive index coefficient of As2S3(n2 = 4.8 × 10–18 m2 W−1) is

(a) (b) (c) 

Fig. 1 Design layout of a Silica PCF b As2S3 core PCF c Silicon nanowire core PCF



146 L. Anbazhagan and G. Ganesan

two orders of magnitude larger than that of the conventional Silica (n2 = 3 × 10–20 
m2 W−1). However, the nonlinear refractive index coefficient of Si-nanowire (n2 = 
9 × 10–18 m2 W−1) is higher compared to As2S3. The structural parameters that are 
considered for the PCF design are the diameter of the air hole (d), the spacing between 
the two air holes termed as pitch (∧), and the diameter of the material embedded 
core (d1).

A very high nonlinearity and ultra-flattened dispersion characteristics of fiber are 
desired to achieve effective spectral broadening, which can be obtained by appropriate 
tailoring of the structural parameters. In PCF, the value of air filling ratio d/∧ should 
be less than 0.43, for the single-mode behaviour to be sustained endlessly [18]. 
Hence the air filling ratio d/∧ is fixed at 0.42 with ∧ =  2 μm and d = 0.84 μm. 
The diameters of the As2S3 core and Si-nanowire core are optimized to achieve the 
desired characteristics. 

3 Numerical Method 

The wavelength dependent refractive index of Silica (nsi) [19], As2S3 (nAs) [20] and 
Silicon-nanowire [21] are formulated by the Sellmeier equation: 

nsi (λ) =
/
1 + 

0.6961663λ2 

λ2 − 0.06840432 
+ 0.4079426λ2 

λ2 − 0.11624142 
+ 

0.8974794λ2 

λ2 − 9.861612 
(1) 

n As (λ) = 

/
1 + 

1.8983678λ2 

λ2 − 0.0225 
+ 

1.9222979λ2 

λ2 − 0.0625 
+ 

0.8765134λ2 

λ2 − 0.1225 
+ 

0.1188704λ2 

λ2 − 0.2025 
+ 

0.9569903λ2 

λ2 − 750 
(2) 

nsinanowire(λ) = 

/
1 + 

10.6684293λ2 

λ2 − 0.3015164852 
+ 

0.003043478λ2 

λ2 − 1.134751152 
+ 

1.54133408λ2 

λ2 − 11042 
(3) 

Maxwell’s Master Wave Equation is solved to determine the effective refractive 
index and the field distribution in the designed PCF [22]: 

∇ ×  (∇ ×  E) − k2 0 ∈r E = 0 (4)  

where k2 0 is the eigen value and ∈r is the relative permittivity. 
From the solutions obtained through the Master Wave Equation, the characteristics 

of the PCF are analytically calculated using the following equations [23]: 

Effective Area Aef  f  = 
⌈˜ |E(x, y)|2 dxdy⌉2 
˜ |E(x, y)|4 dxdy  (5) 

Nonlinear coefficient γ = 
2π 
λ 

n2 
Aef  f  

W −1 m−1 (6)
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Dispersion coefficient D = −  
λ 
c 

d2 Re
⌈
nef  f  

⌉ 
dλ2 

(7) 

where Aeff is the effective area in μm2; E(x,y) is the electric field; λ is the operating 
wavelength; n2 is nonlinear refractive index coefficient; Re[neff] is the real part of 
effective refractive index, and c is the velocity of light in free space. 

The propagation of light through the PCF is studied by numerically solving the 
Nonlinear Schrödinger Equation (NLSE) using Split-Step Fourier Method (SSFM) 
[23]: 

∂ 
∂ z 

A(z, t) + 
α 
2 
A(z, t) −

∑
n≥2 

βn 
in+1 

n! 
∂n 

∂tn 
A(z, t) = iγ

(
1 + 

i 

ω0 

∂ 
∂t

)
A(z, t)

∫ ∞ 

−∞ 
R
(
t ')||A(

z, t − t ')||2 dt ' (8) 

where A(z, t) is the slowly varying envelope of the propagating pulse, βn is the nth 
order dispersion that accounts for the dispersion effects in the fiber by expanding the 
propagation constant β(ω) using Taylor series. The response function R(t) is given 
by 

R(t) = (1 − fR)δ(t) + fRhR(t) (9) 

where fR represents the fractional contribution of the delayed Raman response and 
its value is 0.18 and hR(t) is the Raman response function given by 

hR(t) = 
τ 2 1 + τ 2 2 

τ1τ 2 2 
exp(−t/τ2)sin(t/τ1) (10) 

where τ1 = 12.2 fs and τ2 = 32 fs are the parameters that provide a good fit to the 
actual Raman-gain spectrum. 

A Secant hyperbolic optical pulse with peak power P0 and FWHM of T0 is 
considered at the input and the pulse evolution through the PCF is given by 

A(z, T ) = √
P0sech 

T 

T0 
(11) 

The Dispersion length LD and Nonlinear length LNL are calculated using 

L D = 
T 2 0 

|β2| (12) 

L N L  = 
1 

γ P0 
(13) 

where β2 is the GVD parameter and, γ is the nonlinear coefficient of the fiber; T0 is 
the FWHM and P0 is the peak power of the pulse input.
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4 Results and Discussion 

The three different PCF structures that are considered for this study are analyzed 
using COMSOL Multiphysics 5.2a, a Finite Element Method (FEM) solver. The 
modal field distribution is obtained using the Wave Optics Module, which is used 
to solve the Master Wave Equation. The higher-order dispersion terms will become 
dominant if the PCF is pumped near its zero-dispersion wavelength. To generate 
broadband light around 1550 nm, the Zero-dispersion wavelength of the proposed 
PCF needs to be tailored around 1.55 μm. The commercially available Er-doped 
femtosecond fiber lasers, such as Femtolite Ultra Bx-60, CF1550-HP, and Buccaneer, 
can be used as pump source at 1.55 μm. 

4.1 Tailoring the Characteristics of the Proposed PCF 

The dispersion (D), effective area (Aeff), and nonlinear coefficient (γ ) characteristics 
of the As2S3 core and Si-nanowire core PCFs are tailored by varying the core radius. 

The dispersion characteristics for different As2S3 core radius and Si-nanowire 
core radius (r1) as a function of wavelength are exhibited in Fig. 2. 

As the radius of the core increases, the refractive index contrast between the core 
and cladding increases resulting in increased effective refractive index. Since the 
wavelength dependence of the dispersion characteristics is related to the refractive 
index, the increase in the radius of the core increases the effective refractive index, 
which in turn shifts the zero-dispersion wavelength towards the higher wavelength 
region, as observed in Fig. 2. The optimum value of core radius is chosen as 0.95 μm 
for As2S3 core and 0.48 μm for Si-nanowire core since for that value of the radius, 
the desired zero-dispersion wavelength around 1.55 μm is obtained. 

The effective area and nonlinear coefficient as a function of wavelength are analyt-
ically calculated for various core radius, and the results are depicted in Fig. 3a and b 
for As2S3 PCF and for Si-nanowire embedded PCF is in Fig. 3c and d, respectively.

(a) (b) 

Fig. 2 The Dispersion characteristics of the PCF for different radius of a As2S3 core b Silicon 
nanowire core
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(a) (b) 

(c) (d) 

Fig. 3 Effective area of a As2S3 core b Si-nanowire core and Nonlinear coefficient of c As2S3 
core d Si-nanowire core 

Figure 3a and b show that the effective area increases with an increase in the radius 
of the core region. The nonlinear coefficient tends to decrease with an increase in the 
radius of the core, since it is inversely related to the effective area, as evident from 
Fig. 3c and d.

The combination of high nonlinear refractive index coefficient (n2) and less effec-
tive area results in a high nonlinear coefficient (γ ) that enhances spectral broadening. 
A less effective area and a high nonlinear coefficient are obtained for the As2S3 radius 
of 0.8 μm and Si-nanowire radius of 0.3 μm. However, to achieve spectral broad-
ening around 1550 nm, zero-dispersion wavelength near 1.55 μm and also a moderate 
nonlinear coefficient at 1.55 μm are obtained for the As2S3 radius value of 0.95 μm 
and Si-nanowire radius of 0.48 μm. Hence these values are decided as the optimum 
radius. 

4.2 Characteristics Comparison of the Three PCF Design 

The effective refractive index, dispersion, effective area, and nonlinearity character-
istics of the three PCFs are exhibited in Fig. 4. 

From Fig. 4a it is observed that the Silica PCF has the least effective refractive 
index contrast. The value of the effective refractive index increases by incorporating 
different materials in the core region. The effective refractive index of Si-nanowire 
embedded PCF is higher compared to that of As2S3 core PCF. The comparison of 
the dispersion characteristics of three different PCFs is illustrated in Fig. 4b. Even 
though the zero-dispersion wavelength is tailored to be around 1550 nm (Sect. 4.1),
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(a) (b) 

(c) (d) 

Fig. 4 Comparison of the characteristics of three PCF structure a Effective refractive index b 
Dispersion c Effective area d Nonlinear coefficient 

the Si-nanowire embedded PCF has flattened dispersion compared to As2S3 PCF. 
It is evident from Fig. 4c and d that the Si-nanowire embedded PCF has the least 
effective area and higher nonlinearity coefficient. Hence the Si-nanowire embedded 
PCF outperforms the other two PCF structures in terms of ultra-flattened disper-
sion and high nonlinearity coefficient, which is the requirement for Supercontinuum 
generation. 

4.3 Pulse Propagation Analysis 

The NLSE of the proposed PCF is formed with the values of nonlinear coefficient 
(γ), GVD parameter (β2), and third-order dispersion parameter (β3), obtained from 
FEM analysis, and it is numerically solved using SSFM. The values of the fiber 
parameters for three different PCF structures are presented in Table 1.

Table 1 Parameter values for three different PCFs 

Parameters of the PCF Silica PCF As2S3 PCF Si-nanowire PCF 

γ (W−1 m−1) 0.021 9.2 64.5 

β2 (s2/m) – 3.358 × 10–26 – 11  × 10–27 – 5.1  × 10–27 

β3 (s3/m) 1 × 10–40 1.64 × 10–39 3.812 × 10–39 

LD (m) 0.027 0.82 0.014 

LNL (cm) 190 0.434 0.062
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(a) (b) 

(c) 

Fig. 5 Spectral and temporal evolution of the pulse through a Silica PCF b As2S3 core c Si-
nanowire core 

The achievement of spectral broadening is further justified by analysing the prop-
agation of a Secant hyperbolic pulse with the peak power of 25 W and 50 fs FWHM 
through the PCF. The spectral and temporal dynamics of pulse evolution for three 
different PCFs of the same length of 1 cm at the specified distance are numerically 
solved and represented by the pseudo colour plot as in Fig. 5.

For Silica PCF, LD >> L and LNL >> L, which implies that neither dispersive nor 
nonlinear effects come into the picture during the propagation of pulse. It functions 
as the bare medium for optical pulse transportation and finds application in optical 
communication systems. For both As2S3 core and Si- nanowire core PCF, LD >> L and 
LNL < L, the pulse evolution is governed by the nonlinear effect, namely, Self Phase 
Modulation (SPM) that results in the spectral broadening. The spectral broadening of 
240 nm has been attained by the As2S3 core PCF, whereas a broadening of 685 nm is 
achieved for Si- nanowire core PCF as observed from Fig. 5. The enhanced spectral 
broadening of the Si-nanowire core is attributed to its higher nonlinear coefficient 
compared to As2S3. The comparison of the proposed PCF with some of the similar 
recent research work is tabulated in Table 2. 

Our proposed PCF transcends the cited works in terms of low peak power of 25 W 
and the broadened spectrum of width 685 nm centered around the desired optical 
communication wavelength. The broadening of the spectrum with very low input 
power is attributed to the large nonlinear coefficient of 64,500 W−1 km−1.
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Table 2 Comparison of the proposed PCF with that of the related works found in the Literature 
listed in the references 

Ref Length of the 
PCF (cm) 

FWHM Peak power 
(kW) 

Nonlinear 
coefficient 
W−1 km−1 

Broadened 
spectral width 
(nm) 

[5] 100 0.1 ps 1 38.3 2200 

[6] 1 20 fs 3 14,609.84 2000 

[13] 1 20 fs 3 14,387.43 3700 

[4] 50 50 fs 2 116.76 600 

[12] 0.4 100 fs 10 375 1034 

[11] 5 176 fs 5 378.1 2900 

Our work 1 50 fs 25 64,500 685 

5 Conclusion 

In this paper, a Silicon nanowire embedded pentagonal PCF-based broadband source 
for optical communication applications is proposed. A comprehensive study is carried 
out by comparing the characteristics of three different PCF designs. The optimum 
values obtained by tailoring the structural parameters are the air filling fraction d/∧ 
= 0.42 with pitch ∧ =  2 μm, d = 0.84 μm, the radius of As2S3 core = 0.95 μm 
and radius of Si-nanowire core = 0.48 μm, to achieve the desired characteristics. 
The optimized PCF has a zero-dispersion wavelength around 1550 nm, and a very 
high nonlinear coefficient of 9.2 W−1 m−1 and 64.5 W−1 m−1 at 1550 nm is obtained 
for As2S3 and Si-nanowire core, respectively. A Soliton pulse of 25 W peak power 
and 50 fs FWHM centered at 1550 nm propagated through the proposed PCF of 
length 1 cm, gone through spectral broadening that resulted in the generation of 
broadband light of spectral width 685 nm. Thus our proposed PCF-based broadband 
light source will be a potential candidate for optical communication applications. 
Our future work is to realize a multiwavelength light source for WDM (Wavelength 
Division Multiplexing) systems that falls in the C band by spectrum slicing the 
broadened spectrum with 0.8 nm wavelength spacing, which complies with ITU-T 
G 694.1 DWDM standard. 
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Disaster Management System Using Free 
Space Optical Communication 

R. G. Sangeetha, C. Hemanth, V. Prasanth, and Sanjay Ram 

Abstract The preservation of lives and property during natural or man-made disas-
ters is referred to as disaster management. During times of disaster, all the existing 
infrastructure may be destroyed. In this paper, we propose a prototype of a free space 
optics-based disaster management system. Free space optics-based communication 
systems can be quickly established as compared to other communication systems. In 
this paper, we use three sensors to detect disasters such as earthquakes and floods. 
Using a free space optic communication system, we transmit the detected disaster 
using a voice-based communication system. 

Keywords Free space optics · Disaster management · Hardware implementation 

1 Introduction 

Because of changes in climatic conditions, India is experiencing a slew of natural 
calamities. Floods, droughts, cyclones, earthquakes, and landslides are all relatively 
frequent in Indian landscapes. Disaster management is a process that deals with 
the strategies and methods used to safeguard or preserve people and property in 
the event of a disaster. Setting up the infrastructure for communication would be 
easier and faster using wireless communication. In this paper, we propose and imple-
ment a prototype of a disaster management system using Free Space Optical (FSO) 
communication. 

FSO is a communication technique that wirelessly transmits data for networking 
by using light traveling in free space. This is in contrast to the use of optical fiber cable. 
FSO is a communication technique in which free space functions as a medium 
between transmitter and receiver, which must be in the line of sight (LOS) for optical 
signal transmission to be effective. The medium might be air, space, or a vacuum. 
This method may be utilized for communication during the day and at a lower cost.
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FSO has several advantages, including high bandwidth and the absence of a spec-
trum license. The presence of foreign entities such as rain, fog, and haze, physical 
blockage, scattering, and air turbulence are all variables that affect FSO transmis-
sion. The operation of FSO networks is identical to that of OFC (optical fiber cable) 
networks, with the only difference being that optical beams are delivered through 
free air rather than OFC cores, which are glass fiber. FSO is a LOS (line of sight) 
technology that allows for data, audio, and video communication at a maximum 
transmission rate of 10 Gbps. 

The primary goal of this paper is to alert the surrounding areas if there is a disaster 
in the area, to realize a transmission-reception system to transfer sound via Laser 
without any guiding medium, to use Intensity Modulation with negligible quality 
loss, and to detect the disaster using sensors such as an IR sensor, a fire sensor, and 
a water sensor. 

Because India is a growing country, it requires some creativity in the event 
of a calamity. This is possible because of contemporary technologies that aid in 
processing, communication, and device control. We can detect earthquake, land-
slide, and cyclone characteristics using a sensor interface in 8051 microcontrollers. 
Laser communication is ideal for this application. 

1.1 Literature Survey 

Mitigating the effects of atmospheric turbulence on signal fading is discussed in [1]. 
Turbulence-induced fading can be minimized when the receiver aperture is larger 
than the correlation length of intensity variations. By optimizing the beam width 
for a fixed coding rate, a link margin gain of 5 dB over a nominal beam width 
is achieved in severe turbulence channels [2]. A link margin gain of 5 dB above a 
nominal beam width is attained in severe turbulence channels by optimizing the beam 
width for a fixed coding rate [3]. The authors in [4] have discussed the management 
of disasters like tsunami and earthquakes using IoT. The Shelter Exchange System is 
discussed in [5], which facilitates message communication between shelters and the 
outside world. A shelter communication system is proposed in [6], where the Shelter 
Exchange System facilitates message communication between shelters and between 
shelters and the outside world. 

2 Proposed Work 

During disasters, the entire communication network fails, and it becomes tough to 
set up the entire infrastructure in a short period. The FSO communication system 
can be quickly established without much infrastructure in a time-efficient manner. 
The complete equipment may be put on the roof of the building, from which a link to 
a remote site without internet access can be created. In areas of disaster, an outdoor
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Fig. 1 Block diagram of the disaster detection system 

FSO system consisting of an FSO transmitter can be easily installed on roofs and 
can be used to connect to remote FSO reception units. 

In this paper, we propose to implement an FSO based disaster detection and 
management system in Hardware. The disaster detection system consists of a piezo-
electric sensor, and temperature sensor to detect earthquakes, and a raindrop detection 
sensor to detect heavy rainfalls and cyclones. Figure 1 depicts the disaster detection 
system consisting of the different sensors interfaced with the microcontroller. 

As a precursor for earthquakes, scientists have found that the stress stored in rocks 
in tectonically active locations might appear as temperature fluctuation via an energy 
transformation process [7]. A rise in land surface temperature was observed before an 
earthquake. To mimic this situation in our prototype, we have used an IR temperature 
sensor (MLX90614) and a piezoelectric sensor. We may transmit an infrared wave 
to the surface and analyze the wave that returns to the sensor to get temperature data 
using the IR temperature sensor. 

To detect heavy rainfalls and cyclones, we have used a raindrop detection sensor. It 
has a circuit that collects the raindrops. As raindrops gather on the circuit board, they 
form parallel resistance pathways monitored by the op-amp. The lower the voltage 
output, the lower the resistance (or, the more water). For example, a fully dry board 
will cause the module to produce 5 V. Using this sensor, we mimic the rainfalls and 
cyclones. 

These sensors are connected to the input ports of a microcontroller. Inside the 
microcontroller, a program is dumped, which compares the sensor readings with the 
threshold values. The microcontroller is then connected to the APR33A module, a 
high-quality audio recording and playback device. Prerecorded messages are stored 
inside this module corresponding to each of the events/calamities. Whenever the 
values from the sensor exceed the threshold, these prerecorded message is played 
as shown in Fig. 1. This audio output is then amplified and given to the laser driver 
module. The laser communication device uses a laser beam to convey sound or 
music signals. The laser beam’s intensity varies with the loudness of the sound input. 
The laser driver modulates the audio signal and feeds the Laser source, transmitted 
over the free space. Using a solar panel, the fluctuation in the strength of the laser
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Fig. 2 Block diagram of the disaster announcement system 

beam is translated into a variation in the voltage level. The voltage fluctuation on the 
solar panel is amplified and replayed by a speaker using a low-voltage audio power 
amplifier, as shown in Fig. 2. The maximum output of the audio amplifier LM386 is 
1 W. This indicates the residents of the area about the calamity. 

3 Methodology 

The following steps indicate the methodology followed in this paper for the 
implementation of the FSO based disaster management system. 

● Digitize sound waves; for this, we used an electric microphone. 
● Configure the APR33A voice module by recording the messages. 
● Interface the microcontroller with the voice module via relays. 
● Interface all three (IR temperature, piezoelectric, raindrop detection) sensors with 

the microcontroller. 
● Once the sensor voltage exceeds the threshold, the required voice message is 

played by the APR33A. 
● Message from the APR33A is transmitted. 
● The transmitter sends the audio data to the transmitting unit using an aux cable. 
● An amplifier is used to amplify the message. 
● The transmitting unit converts the electrical signal into light and transmits it to 

the receiving unit in free space. 
● The receiving unit converts this light signal and converts it back into an electrical 

signal. 
● Another amplifier is used to overcome the attenuation. 
● This signal is fed to the speaker.
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4 Results and Discussion 

In this section, we present the results and circuits implemented. Figure 3 depicts the 
circuit for voice recording and playback. This is accomplished through the usage of 
APR33A. Pins 21 and 22 are used to attach the microphone. To record the message, 
Pin 12 of the APR33A is grounded. Pins 13, 14, and 15 are only utilized here since 
only three output messages are required. The message must be recorded at a particular 
pin, which must be grounded. 

Figure 4 depicts the interface of the APR33A and sensors to the AT89S51 micro-
controller. Three sensors are utilized, and the output is played as audio. Relays are 
used to turn on and off the message to be played. Figure 5 depicts the transmitter 
circuit. Figure 6 depicts the receiver circuit, in which a solar panel receives the 
modulated light signal from the transmitter, amplifies it, and sends it to the speaker. 

Fig. 3 APR33A circuit
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Fig. 4 APR33A, the sensor interface part 

Fig. 5 Transmitter circuit
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Fig. 6 Receiver circuit 

5 Conclusion and Future Scope 

We created a prototype of an FSO-based disaster management system in this article. 
Three sensors were used to identify natural disasters like earthquakes and floods: 
An infrared temperature sensor, a piezoelectric sensor, and raindrop sensors. Using 
a LASER source, the detected information is transmitted as voice messages over 
free space. This transmitted data is processed and amplified by a solar panel before 
being sent to a speaker as part of a public announcement system. Furthermore, due to 
the vast capacity of a free space optical communication system, medical emergency 
reports may be transmitted to doctors and hospitals for immediate care. 
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Vision-Based Assistive Systems 
for Visually Impaired People: A Review 

Sandeep Mandia, Ashok Kumar, Karan Verma, 
and Jitendra Kumar Deegwal 

Abstract This research reviews the current state of vision-based assistive solutions 
for the visually impaired (VI). The paper focuses primarily on camera-based assistive 
system solutions. We focused the review on vision-based assistive solutions proposed 
for VI people. The sensors, image processing algorithms, and wireless communi-
cation protocols employed in the survey have been summarised. Acoustic output 
devices were used in addition to cameras, Radio Frequency Identification (RFID), 
and Global Positioning System (GPS). Vision-based assistive solutions have evolved 
from traditional image processing techniques to machine learning to deep learning 
for assistance for VI users. Wi-Fi and Bluetooth devices are the most common wire-
less technologies used by vision-based assistive systems. The literature does not 
adequately leverage the optimization of deep learning models for edge devices. 

Keywords Visually impaired people · Vision-based assistive systems ·Wireless 
technologies 

1 Introduction 

A significant population in the world is visually impaired. As per World Health 
Organization (WHO) world report on vision published in 2019, at least 2.2 billion 
people are visually impaired [1]. It becomes challenging for the person with a vision 
disability to do their chores. The vision-impaired condition makes the person’s life
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dependent on a caregiver. That is very expensive and difficult in this fast-moving 
world. 

According to a study, visually impaired people face falls, traffic-related injuries, 
and occupational injuries [2]. People with reduced visual acuity are 1.7 times more 
prone to fall and 1.9 times more prone to multiple falls than those with full sight. A hip 
fracture is between 1.3 to 1.9 times more likely for persons with visual impairment 
than an average person. As per another study [3], 15% of people with vision disability 
collide obstacles every month on average, and 40% of people with vision disability 
fall every year because they hit obstacles. In particular, aerial obstacles, such as 
awnings, tree branches, and similar objects typically have no projection on the ground 
or floor [4]. Visually impaired people are generally facing two types of dangers. One 
is a collision with aerial obstacles in the front and the second fall. Addressing these 
problems can prevent mishappening. 

Traditionally white stick and guide dogs are used to provide guidance when visu-
ally impaired people go out independently. The aerial obstacle cannot be localized 
using the white stick or guide dog. The solution to these problems is to have an 
assistance system that gives information regarding aerial or ground obstacle well 
in advance to the visually impaired person so that s/he can protect self from the 
obstacle. There is much scope in the improvement of the assistance system for visu-
ally impaired people. There have been various smart assistant systems proposed by 
researchers from different parts of the globe that address ground obstacle avoidance. 
There are solutions in which addresses both aerial and ground obstacle avoidances 
have. 

A general approach towards vision-based assistive systems includes processing 
of camera input using image processing-based algorithms. The processed output and 
other outputs from other sensors are used for decision-making; based on this, the VI 
user receives feedback. Figure 1 shows a generalized approach to the vision-based 
assistive system for VI users. The processing includes feature extraction from the 
frames capture by the camera. The decision making utilizes a basic thresholding 
technique to a sophisticated machine learning or deep learning-based approach. The 
VI user receives feedback based on the decision made through various means. 

As the camera mimics the task performed by the human eye, vision-based assis-
tive systems are most suitable for assistance to VI people. The advancement in the

Fig. 1 A general approach to the vision-based assistive system
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development of algorithms and extensive use of deep learning in computer vision 
further makes it a promising candidate for the solution.

The remainder of the paper is organized as follows: Sect. 2 discusses the literature 
review of the existing vision-based solutions for visually impaired people based on 
sensors, processing techniques, and wireless communication techniques. Section 3 
concludes this paper with future directions for the said problem. 

2 Investigation of AI-Based Vision Assistive System for VI 
People 

A mobile camera-based solution for visually impaired people is reported [5] for  
indoor Fig. 2(a). The pre-defined paths were marked with colour tapes, and the mobile 
camera was used to track the path. Extended Kalman Filter (EKF) and Weighted 
Moving Average Filter (WMA) are used to overcome optical flow errors. Arianna 
is a framework for determining a safe walking path in interior environments. The 
solution is based on a video camera incorporated inside a smartphone device at the 
hardware level. The user feedback is positive. Vibration patterns are used to transfer 
information. A series of interest locations, denoted by arrows, are used to design the 
walking path. QR codes can be scanned, or a path on the floor can be followed. 

It [6] introduced a new marker-based technique called mobile vision (MV). The 
technology is incorporated on a smartphone device in an indoor context and uses 
special colour markers Fig. 2(b). The user is directed via red, green, and blue colour 
markers to locate interesting sites, such as restrooms, elevators, or exits. Feedback 
messages are delivered via text-to-speech transcripts. 

The Smart Vision navigation framework is presented in [7], which combines 
GPS, Wi-Fi localization with GIS (Geographic Information System) [8], passive 
RFID tags, and computer vision algorithms for outdoor scenarios. The system is 
not intended to replace the white cane but rather to supplement it by alerting the 
visually impaired (VI) user to impending dangers. Here, a database with prospective 
objects of interest (e.g., elevator, welcome desk, plants, cash machine, and telephone 
booth) is being created Fig. 2(c). The reference images stored a priori are sought 
among video frames captured by the camera during the test. The approach, however, 
is extremely sensitive to camera movement and is strongly reliant on the amount 
of the training sample. Furthermore, it experiences adaptability issues, since for a 
bigger dataset with various objects of interest, the computational time increments 
fundamentally. 

A deterrent location and order strategy totally coordinated on a standard cell 
phone is presented in [9] that is more, reached out in [10] Fig.  2(e). The framework 
is intended to work with the VI client route in both indoor and open-air conditions. In 
[9], creators propose distinguishing the block’s area by extricating interest focuses 
that are followed between progressive casings utilizing the standard Lucas-Kanade
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Fig. 2 Vision-based assistive systems reported for VI users [5–21]

algorithm Fig. 2(d). The object’s movement is recognized from the camera devel-
opment with the assistance of many homographic changes grouped by applying 
the Random sample consensus (RANSAC) calculation [11]. The identified objects 
are additionally arranged by joining the Histogram of Oriented Gradients (HOG) 
descriptor into a Bag of Visual Words (BOW) portrayal. Even though the framework 
generally returns great outcomes, it can’t identify huge, level designs or effectively 
gauge the distance between the VI client and a check. In [10], the creators proposed 
addressing the previously mentioned constraints by coordinating ultrasonic sensors 
inside the framework. The methodology shows promising outcomes; however, it 
demonstrates to be delicate when various moving obstructions are available in the 
scene. 
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In [12], a computer vision-based way-finding technology is suggested that helps 
independent access to indoor but unfamiliar locations Fig. 2(f). The system consists 
of a camera, microphone, computer, and Bluetooth earpieces on the hardware level. 
The framework uses a geometric design mixed with a corner and edge recognition 
method to detect doors, elevators, and cabinets. The system may then discriminate 
between foreground and background objects using an optical character recognition 
approach. A Canny edge detector is utilized for the detection of doors and Optical 
Character Recognition for text classification. 

A system proposed in [13] includes a module for identifying textiles Fig. 2(g). 
Four clothing textures can be distinguished using a new Radon Signature descriptor: 
Plaid, striped, patternless, and irregular and eleven clothing colours. Although both 
modules were created with individuals with disabilities in mind, no studies or tests 
with actual VI users have been conducted too far. Furthermore, the framework is 
incapable of handling object occlusion or operating in real-time. 

Developments in the Crosswatch system for providing guidance to visually 
impaired travellers at traffic intersection is discussed, and also new functionalities are 
described [14] Fig.  2(h). The panoramic image processing was used for the analysis 
of the crossroad view. The VI user captured the panoramic image of the viewpoint 
by rotating the camera for 360°. Another traffic light recognizer is proposed to detect 
traffic light signals for VI users [15] Fig.  2(i). The Active Optical Unit (AOU) is 
extracted from the image captured, and based on the AOU, the distance between VI 
users and the traffic light is calculated. 

ShopMobile II has been proposed for supermarket grocery shopping for VI users 
[16]. The navigation is based on the barcode scanner on the products in the super-
market. The barcode localization and decoding are done by using computer vision 
algorithms. The localization of the barcode is based on the number of zero to one 
and one to zero transitions on two horizontal lines on the image. 

Molina et al. proposed the use of visual nouns for VI user navigation in both indoor 
and outdoor situations in [17]. The system generates mosaic images, which are then 
used to help the VI navigate around streets and corridors. Signage, visual text, and 
visual icons are considered visual nouns. However, a number of open conditions must 
be met for the system to be beneficial to VI people: (1) development of an appropriate 
human-machine interface; (2) integration into a wearable assistive device; and (3) 
development of an acoustic or haptic interface. 

Another system for VI people is proposed utilizing a smartphone camera to capture 
panoramic images and a Graphic Processing Unit (GPU) server to extract features 
from an image or a short video [18] Fig.  2(j). The modelling of images was done by 
converting the image into the HSI colour model and then taking the projection of H, S, 
I and gradients to calculate the Omni-projection. The Fast Fourier Transform (FFT) of 
the normalized projection curves was taken. In the query stage, the frame is processed 
the same and compared with all the modelled images. The closest matching frame is 
obtained using phase curves of the Omni-directional images. The use of multi-core 
CPUs or GPUs is proposed for enhancing computational speed.
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A robust banknote recognition system is proposed based on computer vision for 
blind people [19] Fig.  2(k). The banknote dataset was collected in various circum-
stances and labelled with note values. The Speeded Up Robust Features (SURF) have 
been utilized for matching for banknotes. The authors claim to have achieved 100% 
true recognition and 0% false recognition rate. Similarly, another smartphone-based 
USA currency note recognition system was proposed [20] Fig.  2(l). The system 
utilizes the Principal Component Analysis (PCA) based image recognition method, 
Eigenfaces, to recognize currency notes. The authors have achieved a 99.8% of accu-
racy rate and 7 frames per second processing speed. The processing was done on a 
Grayscale image that was converted from an RGB image [20]. Another mobile appli-
cation based Indian currency note recognition system is proposed [21] Fig.  2(m). A 
median filter and histogram equalization are utilized for noise removal and image 
enhancement. Morphological operations are performed for feature extraction, and 
these features are used for currency note matching and recognition. 

A vision-based system is proposed for VI users during walking, jogging, and 
running [22] Fig.  2(n). The system utilizes image processing for lines and lane 
detection on the road in the outside environment. The system uses a camera and 
haptic gloves for feedback. The haptic gloves were fitted with vibration motors, and 
the commands to the VI user were encoded in the form of sequences of vibration in the 
haptic gloves. The extraction is done by using probabilistic Hough Line Transform. 

The Charge Coupled Device (CCD) camera-based assistance gadgets have 
been more convenient and comfortable to manage than sensory systems. However, 
when estimating the real distance between the VI user and a detected obstacle, these 
solutions have low accuracy. Any monocular system has the drawback of being 
unable to determine the global object scale only on a frame. The concern is exac-
erbated when dealing with outdoor environments since scale drifts between map 
sections and their projected motion vectors are more common [23]. 

The E-vision system is proposed for VI users for three distinct daily activi-
ties: Supermarket visit, public administration Building visit, and outdoor walk [24] 
Fig. 2(o). The system exploits the classification and Optical Character Recogni-
tion (OCR) for supermarket visits, OCR and object detection & face and emotion 
recognition for administrative building visits, and face recognition & text-to-speech 
conversion techniques for outdoor environments. 

A Convolutional Neural Network (CNN) based wearable travel system for VI 
users for indoor and outdoor environments has been proposed [25]. The system is 
capable of providing environment perception and navigation for VI users. The system 
utilizes an Inertial Measurement Unit (IMU) for the acquisition of the altitude angle 
of the camera. A smartphone is utilized for position acquisition, navigation, object 
detection, and acoustic feedback to the VI user. A lightweight CNN based PeleeNet 
[26] object detection model trained on the MS COCO dataset has been used in the 
system. Another similar deep earning based wearable assistive system for VI users 
to enhance the environment perception has been proposed [27]. The CNN-based 
segmentation and obstacle avoidance system is proposed that utilizes CPU and GPU 
computation power for real-time performance. The smartphone is utilized for touch
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Table 1 Summary of vision-based assistive systems for VI users 

Ref. No. Sensors Image processing 
techniques 

Wireless 
communication 

Remarks

[5] Mobile camera Optical Flow with 
EKF and WMA 

– Pre-defined area for 
movement 

[6] Mobile Camera, 
Acoustic signal 

Distance-based 
one-class-classifier 

– Manual installation of 
markers 

[7] Camera, RFID, 
GPS 

SURF (Speeded Up 
Robust Features) 

Wi-Fi It covers both indoor 
and outdoor 

[9] Camera Lucas-Kanade Algo, 
Bag of Visual Words 
(BoVW) 

– It covers both indoor 
and outdoor 

[10] Camera, 
Ultrasonic 
sensors, 
Microphones 

Support Vector 
Machine with 
Aggregated 
Descriptors 

Bluetooth Use of two sensors 
for detection 

[12] Camera, 
Microphone 

Canny Edge 
Detector, OCR 

Bluetooth It covers only indoor 
environments with 
few detections 

[13] Camera, 
Microphone 

Wavelet sub-band, 
Random Signature 
Descriptor 

Bluetooth For clothing pattern 
detection, not for 
movement assistance 

[14] Camera, 
Microphone, 
GPS, GIS 

Panoramic image 
processing 

– Covers only outdoor 
environment 

[15] Camera, 
Accelerometer, 
Gyroscope 

AOU detection – Specific to traffic 
light application in 
the outdoor 
environment 

[16] Mobile camera Computer vision 
algorithm 

– Shopping assistance 

[17] Camera Computer vision 
algorithm 

– It covers both indoor 
and outdoor 

[18] Smartphone 
camera, 
omnidirectional 
lens (GoPano) 

HSI model, 
Omni-projection 
curves, FFT 

– Addresses only 
indoor environment 

[19] Camera SURF – Confined to banknote 
detection 

[20] Smartphone 
camera, Acoustic 
output 

PCA based 
eigenfaces algo 

– Confined to banknote 
detection

(continued)
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Table 1 (continued)

Ref. No. Sensors Image processing 
techniques 

Wireless 
communication 

Remarks

[21] Smartphone 
camera, Acoustic 
output 

Median Filter, 
Morphological 
operation, 
Histogram 
equalization 

– Confined to banknote 
detection 

[22] Camera, Haptic 
Glove 

Thresholding, 
Probabilistic Hough 
Line Transform 

Bluetooth Low 
Energy 

Addresses outdoor 
environment specific 
to a track 

[24] Camera, 
Acoustic output 

OCR, Object 
detection, Face & 
emotion recognition 

Wi-Fi Addresses only 
indoor environment 

[25] Camera, IMU, 
Smartphone 

PeleeNet, text to 
Speech, Speech 
Recogniser 

– Covers both indoor 
and outdoor with 
deep learning-based 
object detection 
model 

[27] Camera, 
Acoustic output, 
smartphone 

FuseNet Bluetooth Covers both indoor 
and outdoor with 
deep learning-based 
segmentation model 

interface to provide environmental information to the VI user. A CNN based FuseNet 
[28] has been utilized for the segmentation of captures image frames.

Table 1 summarises the literature based on sensors used, image processing tech-
niques used for decision making, and wireless communication techniques used for 
feedback to the VI user. 

3 Conclusion 

In this research, a literature review of computer vision-based solutions for visu-
ally challenged people is presented. Table 1 shows the survey summary, catego-
rizing the studies based on the sensors used, image processing algorithms used, and 
communication techniques used by the individual study. This study suggests that 
standard digital image processing techniques were used in the early days of computer 
vision-based assistive solutions for VI users, and machine learning and deep learning 
techniques recently. Wi-Fi and Bluetooth have been used in the majority of studies 
where wireless communication techniques have been used. Many assistive systems 
have used a simple camera, and others have used RFID, GPS, GSM, Ultrasonic 
sensor, sound output, and other technologies along with the camera. Researchers 
have begun to apply deep learning approaches for assistive solutions for VI users as 
machine learning, and deep learning techniques have grown with the arrival of good 
computation powers to machines. However, carrying computational power devices
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for vision-based assistive solutions is inconvenient for VI users. The deep learning 
models may be optimized for edge inference using current optimization techniques. 
Quantization and layer pruning are part of the deep learning model optimization 
process. With the optimization of deep learning models for inference on edge devices, 
vision-based assistive solutions can be upgraded. 
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Secure Visible Light Communication 
Using ZCC Codes for the Underwater 
Communication 

Ajay Yadav, Ashok Kumar, Rahul Mukherjee, Arjun Kumar, 
Jitendra Kumar Deegwal, and Ghanshyam Singh 

Abstract In this research work, performance of spectral amplitude coding-optical 
code division multiple access (SAC-OCDMA) system is evaluated in presence of 
strong turbulence and different water types. The performance of the SAC-OCDMA 
system is good in presence of pure sea and clean ocean. Error probability of 10–3 

is feasible with pure sea and clear ocean when the number of users is more than 
four with transmitted power of 30 dBm. For a four user SAC-OCDMA system, error 
probability of 10–3 is not feasible when the transmitted power is below 27 dBm 
(transmitted power eye safety limit is 27 dBm (500 mW)) in coastal water. 

Keywords UWOC · 2D · ZCC · Gamma-Gamma · SAC-OCDMA 

1 Introduction 

With the advent of 5G communication, researchers are targeting high data rate, 
and low latency multiple access network in the underwater environment. Due to 
low data rate (10–100 kbps) and low speed (≈1500 m/s), acoustic communication 
systems will not be able to meet the requirements of 5G and 6G communication. The 
lower speed of acoustic signals causes high latency in the underwater long-distance 
communication. As a result, synchronization and decoding of multiple access tech-
niques like optical code division multiple access (OCDMA) is affected. For 6G 
communication, wireless optical communication (WOC) is a promising solution in 
the underwater channel as compared to acoustic communication. The advantages of
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WOC over acoustic communication are high data rate, better security, and very low 
latency. Although WOC is superior to acoustic communication in few performance 
parameters, it suffers from attenuation and turbulence in the underwater channel. 
Attenuation and turbulence affect the performance in the underwater environment 
by limiting the distance of communication up to few meters [1]. 

For the multi-user communication system, OCDMA is very useful due to asyn-
chronous access, security, and good performance during heavy data traffic. Spectral 
amplitude coding-OCDMA (SAC-OCDMA) is considered for this evaluation for the 
underwater channel due to zero multiple access interference (MAI). Various codes 
like modified quadratic congruence (MQC) codes, double weight (DW) code family, 
Khazani-Syed (KS) code, random diagonal (RD) code, etc. have been reported in 
literature [2]. The performance of the code improves with increase in code-weight. 
Depending up on the code weight, the various codes can be used for multimedia 
services like voice, video, and data transmission. In this work, double weight multi-
diagonal (DW-MD) code is used in SAC-OCDMA system. The performance of the 
SAC-OCDMA system is evaluated in the moderate and strong turbulence regimes 
along with the attenuation due to different water types. Pure sea, clear ocean, and 
coastal water have attenuation coefficients of 0.056, 0.15 and 0.305 m−1, respec-
tively [3]. The research is organized into various Sections as: Sect. 2 describes the 
UWOC SAC-OCDMA system. The mathematical analysis of SAC-OCDMA system 
and effect of various parameters on error probability is studied in Sect. 3. The results 
are discussed in Sects. 4. 

2 SAC-OCDMA System 

The block diagram of SAC-OCDMA system is shown in Fig. 1. The incoherent source 
like LED or broadband laser emits broad spectrum which is fed to the encoder. In the 
encoder, chip sequence of the DW-MD code is assigned, and different wavelengths

1×N 
Splitter 

Incoherent 
Source or 
Broadband 
Laser 

Encoder 1 

Encoder N 

N×1 
Coupler 

Optical lens 
Optical lens 

Decoder 1 

Underwater Wireless 
Optical Channel 

Decoder N 

Photo- 
detector 1 

Photo-
detector N 

Threshold 
detector N 

Threshold 
detector 1 

Modulator 1 

Modulator N 

Fig. 1 Underwater wireless optical communication SAC-OCDMA system



Secure Visible Light Communication Using ZCC Codes … 175

are allocated to the chip sequence. External modulator like Mach-Zehnder modulator 
is used after the encoder to modulate the encoded signal [2]. Further, the modulated 
data bits are combined using N × 1 coupler and transmitted via optical lens. The 
optical lens collimates the optical signal to avoid beam divergence. The transmitted 
signal undergoes attenuation and fading in the underwater channel. At the receiver, the 
data bits are recovered using splitter, decoder, photodetector and threshold detector.

3 Channel Modeling 

When the optical signal is transmitted from the optical lens then the beam diverges. 
The spreading of the optical signal around the transmitter optical lens is called 
beam divergence. The optical signal absorption and scattering along with the beam 
divergence is well explained by Beer-Lambert’s law which is given by [4]. 

β = A 

π
(

ϕs L 
2

)2 e
−γ l (1) 

where A is the receiver aperture area, φs the beam divergence angle (in radian), l the 
link length (meters), and γ represents the attenuation factor (m−1), respectively. 

In the underwater channel, the impact of turbulence is also present along with the 
beam divergence, absorption and scattering. At few places, the effect of turbulence is 
very prominent. To study the effect of strong turbulence in the underwater channel, 
gamma-gamma probability density function (pdf) model is used in this research 
work. Gamma-gamma pdf is described as 

fX (x) = 
2(αβ) 

α+β 
2 

Γ(α)Γ(β) 
x 

α+β 
2 −1 Kα−β

(
2
√

αβx
)

(2) 

Here α and β are small- and large-scale eddies, respectively. Γ (.) is the gamma 
function, and Kn(.) is the modified Bessel function of second kind. For DW-MD 
code, when w is the code weight, and N is the number of users supported then code 
length (L) is  wN. The received power PR is given by [4]. 

PR = β 
PT w 
NL  

(3) 

where PT is the transmitted power. The number of photons absorbed per chip time 
is [5]. 

λs(x) = 
ηx PR 

h f  
(4)
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The various parameters in Eq. (4) are quantum efficiency η, Planck’s constant h 
and average optical frequency f . The output of APD for data bit “1” can be represented 
with Gaussian conditional pdf as given by 

fY 1(y|x, b = 1) = 1 /
2πσ  2 1 (x) 

exp

(
− 

(y − µ1(x))
2 

2σ 2 1 (x)

)
(5) 

The mean and variance for data bit “1” is defined as 

µ1(x) = GT

[
wλs(x) + L

(
λb + 

Ib 
e

)
+ (w N − w)λs(x)/Me

]
+ LT  Is/e (6) 

and 

σ 2 1 (x) = G2 FT

[
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(
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Similarly, the conditional output pdf for data bit “0” is illustrated as 

fY 0(y|x, b = 0) = 1 /
2πσ  2 0 (x) 

exp

(
− 

(y − µ0(x))
2 

2σ 2 0 (x)

)
(8) 

The mean and variance for data bit “0” is given by 

µ0 = GT

[
L

(
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Ib 
e
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+ LT  Is/e (9) 
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e
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The various parameters used in the Eqs. (6, 7, 9 and 10) are  APD gain  G, photons 
due to background noise λb, bulk leakage current Ib, surface leakage current Is, 
extinction ratio Me, excess noise factor Fe, and thermal noise per chip σ Th 2, respec-
tively. The intensity modulation and direct detection (IM/DD) error probability is 
given as 

Pe(x) = 
1 

2

[
Q
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µ1(x) − Th  

σ1(x)
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+ 
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2
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Q

(
Th  − µ0 
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The average probability of error PE is 

PE = Min  
T h

∫ ∞ 

0 
Pe(x) fX (x)dx (12) 

Gamma-Gamma pdf f x(x) and brute search algorithm is used to minimize the 
probability of error with respect to receiver threshold Th. 

4 Results and Discussion 

The performance of the SAC-OCDMA system is evaluated in the presence of strong 
turbulence and various water types. The receiver aperture diameter is 5 cm, link length 
is 20 m, and beam divergence angle is 12 mrad in the analysis. For mathematical 
simplicity, the average wavelength of 532 nm is used from the visible light spectrum. 
Also, the attenuation is less in the water at this wavelength. Figure 2 shows the 
variation of error probability with transmitted power in the underwater channel. The 
performance of four user SAC-OCDMA system is best in the pure sea and deteriorates 
in the clear ocean and coastal water. For PE = 10–3, the transmitted power PT is 19, 
27 and 40 dBm for pure sea, clear ocean, and coastal water, respectively. The increase 
in transmitted power decreases the error probability. 

For PT = 30 dBm, the error probability is varied with the number of users (N) 
as shown in Fig. 3. For  PE = 10–3, 5 and 11 users are required in clear ocean and 
coastal water when PT = 30 dBm. In presence of coastal water, it is not feasible 
to obtain PE = 10–3 irrespective of transmitted power for N ≥ 4. The increment in

Fig. 2 Error probability versus transmitted power of SAC-CDMA system in the underwater channel
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Fig. 3 Error probability versus number of users of SAC-CDMA system in the underwater channel 

the number of users increases PE . For  PE = 10–3, the number of users should be 
less than 5 and 11 at PT = 30 dBm. The transmitted power above 27 dBm is also 
not eye safe. To obtain error probability less than 10–6, performance enhancement 
techniques like aperture averaging, diversity techniques like multiple input multiple 
output (MIMO), forward error correction (FEC) can be used in the SAC-OCDMA 
system [6, 7]. Secure visible light communication can play very important role in 
5G and 6G communication. It can be used as a secure mode of communication in 
boats, ships, and aircraft carriers.

5 Conclusion 

In the underwater environment, SAC-OCDMA system is a secure communication 
with low latency, and large bandwidth. The performance of the SAC-OCDMA system 
in presence of strong turbulence and attenuation by different water types is studied. 
It has been analyzed that performance is good in presence of pure sea and clear 
ocean. With strong turbulence and coastal water, performance of the SAC-OCDMA 
system is very poor. Performance enhancement techniques like space diversity, time 
diversity and error correcting codes can improve the performance of SAC-OCDMA 
system. 
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Wireless Technology Contribution 
for Aviation Safety 

Monika, Seema Verma, and Pardeep Kumar 

Abstract Advanced wireless technologies are in more demand for the efficient and 
safe air travel. Increased air traffic congestion along with unpredicted weather con-
ditions, poses lot of challenges for the safe air travels. Today’s advanced wireless 
technologies could help us to achieve that required level of accuracy by provid-
ing better connectivity and communication among different airplanes and air-traffic 
control stations. In this paper, we have discussed various wireless technologies like 
5G, Augmented Reality (AR), Aeronautical Mobile Airport Communication System 
(AeroMACS), Wireless Avionics Intra-Communications (WAIC), Internet of Things 
(IoT), System Wide Information Management (SWIM). After this study, we analyzed 
that each technology has its own capability and is able to transmit the data among 
different on board systems in the plane and air traffic control systems on the ground. 
These technologies are going to play a key role to improve the communication among 
ground controllers and other aircraft. 

Keywords Wireless technologies · Aviation safety · 5G · IoT · Augmented 
reality · Aeronautical Mobile Airport Communication System ·Wireless Avionics 
Intra-Communications 

1 Introduction 

For safe and effective airline operations, new wireless communication techniques and 
technologies are required. Wireless technologies are becoming increasingly signifi-
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cant in aviation. For safe flights, the National Aeronautics and Space Administration 
(NASA) is trying to improve hyper spectral communications, air traffic control-
ling and networking schemes. On-board aviation control and communications data 
are critical for aircraft monitoring and safety. The airplanes should be connected 
to ground airport tracking and monitoring systems, where several measurements of 
these aircraft subsystems should be sent for analysis during flight to reduce flight 
accidents or the likelihood of any on-board subsystem failures [3]. Wireless commu-
nication is being investigated for use in the aerospace sector to replace various cable 
connections since it offers a number of benefits, including low weight, resilience, 
system maintenance, ability to expand, modularity and lesser cost [6, 7, 22]. Wire-
less on-board communications systems are gaining traction in the aerospace indus-
try, with the goal of improving flight safety, lowering aircraft costs, and reducing 
environmental impact. However, there are other concerns, including security, coex-
istence, navigation, surveillance, engine performance, air-to-ground communication 
and aircraft-to-aircraft communication as shown in Fig. 1. In complex missions and 
risky locations, this development in wireless technology is extremely valuable and 
mission-enhancing for army aircraft [14]. 

In aerospace, wireless applications range from in-flight entertainment (IFE), 
which requires a lot of multiuser, multimedia-grade bandwidth, to wireless sens-
ing, command, control, and Prognostics Health Monitoring (PHM) systems, which 
demand a lot of reliability but not a lot of capacity. In addition, non interference 
with aircraft electronics, anti-jamming property, high level of security and a dedi-
cated reserved frequency band are among critical requirements needed for emerging 
wireless applications in aerospace [23]. 

Fig. 1 Wireless technology in aviation
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This research aims to provide an overview of associated wireless technologies 
which can be implemented for aircraft-safety essential applications. 

Rest of the paper is organized as follows: Sect. 2 describes the wireless technolo-
gies suitable for aviation safety enhancement, Sect. 3 gives an overview of research 
challenges to be faced during implementation of these technologies and concluding 
remarks with future scope are given in Sect. 4. 

2 Wireless Technologies for Aviation Safety 

For its use, the wireless technological solutions should be cost-efficient and able to 
provide real time data transmission with more accuracy and security. There could 
be many challenges to the implementation of these solutions like design constraints, 
operational constraints and overall system cost. Those must be able to ensure safety 
of higher priority with the ability to detect the real time behavior of the aircraft of the 
aircraft and send the information to the control room ensuring minimum congestion 
in the wireless spectrum [16, 20]. 

2.1 5G 

5G is an intangible but increasingly important technology in our life. The radio fre-
quency spectrum underpins our dependency on wireless communications, and radio 
frequencies are critical for business, mobile phones, autonomous technologies, and 
aircraft. A prospective communication system based on 5G stratospheric platforms 
can provide efficient and increased communication performance, as well as be a 
cost-effective solution for constructing aviation communication networks [3, 9]. The 
Federal Aviation Administration (FAA) and NASA are carrying out some program 
like Integration Pilot Program to gain a better understanding of the safety argument 
for employing wireless networks for data exchange in low-altitude airspace [11]. 
COVID-19 is a watershed moment in aviation history, posing new challenges for air-
port stakeholders. Early adopters can use the rise of 4G private networks and 5G in 
aviation to limit pandemic risks and optimization hygiene practices at airports while 
lowering congestion and streamlining ground operations. 5G-enabled devices can 
help to promote preventative actions and best practices. Passenger tracking systems 
and flow management solutions (such as XOVIS), which are now used to measure 
queue times and handle capacity restrictions, can detect congested regions where 
social distancing has to be improved.
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2.2 Wireless Augmented Reality (AR) 

In the aviation industry, wireless augmented reality is seen as one of the necessary 
advances to ensure that processes are safe. In terms of safety, the aviation sector 
has come a long way. There is, however, still potential for development. The most 
critical areas that require improvement are pilot errors which accounts for 85% of all 
aircraft accidents [18]. These devices provide more advanced visualization, allowing 
the pilot to take the best decisions and ensure a safe and secure journey. By making 
use of AR, the pilots can have 360-degree view with virtual images to have clear 
visibility of the air traffic and other environmental changes. In terms of aircraft 
maintenance, AR offers real time information using 3D scanning and sensors. This 
proper maintenance of the aircrafts will result into setting the higher safety standards 
in aviation industry [2]. 

2.3 AeroMACS 

AeroMACS, or Aeronautical Mobile Airport Communication System, is a wire-
less broadband system designed to assist airport communication. AeroMACS is a 
wireless technology that offers security, flexibility, scalability, and compatibility. It’s 
utilized for ground-to-aircraft communications in Air Traffic Control (ATC) and Air 
Traffic Management (ATM) systems, as well as airline operations applications like 
Airline Operational Control (AOC) and other airport infrastructure applications. This 
technology is projected to improve safety and provide for the need for an effective 
broadband communication system to ensure secure and safe flight management, as 
well as give connectivity to A/C, operational support vehicles, and workers on the 
airport surface [5, 21]. 

2.4 Wireless Avionics Intra-Communications (WAIC) 

For decades, wired technology has been used in the aerospace industry as a means 
of intra-unit communication. WAIC is a type of radio communication that allows 
two or more points on a single aircraft to communicate with each other. It uses low 
transmission power. WAIC has the potential to reduce aircraft wiring by 30% by 
using wireless devices to communicate data between aircraft systems that function 
for safety and regularity of flight over radio frequencies rather than wires. By elimi-
nating electrical wire between aircraft systems, WAIC technology increases aircraft 
safety and efficiency. The implementation of WAIC system would result into reli-
able monitoring of the moving and rotating parts along with weight reduction and 
improving fuel efficiency due to reduction in complexity of the electrical wiring on 
the aircraft. The observation of behavior of moving parts includes keeping an eye



Wireless Technology Contribution for Aviation Safety 185

on brake conditions, tyre pressure, etc. The real time status of these functions is 
provided to the pilot for any required action in case of any failure. Other potential 
safety applications of the WAIC system include smoke detection, cabin pressure, 
emergency lighting, door sensors, engine sensors, humidity detection, flight control 
position feedback, etc. WAIC devices may be used to replace or supplement future 
applications that cannot be served by wires alone [10, 17]. 

2.5 IoT in Aviation Safety 

This technology has changed the aviation industry in many ways. Specifically, this 
technology can provide support for regular monitoring of the aircrafts. This would 
result into more reliable and efficient operation of the aircraft with higher predictive 
and preventive maintenance. For a long time, the Internet of Things (IoT) has held 
immense potential, but the convergence of 5G, mature AI programmes, and the ubiq-
uity of sensors embedded in lower-cost hardware is bringing this vision to reality. 
Today’s aircraft are designed with large numbers of IoT sensors. These sensors can 
monitor pressure, temperature, vibration and other environmental measurements. 
After this, the whole computations can be streamlined to different supporting facili-
ties on the ground for further analysis. This inspection would help in early detection 
of any deviation from the normal, unexpected variation and failure of any hardware. 
So, this predictive maintenance using IoT sensors can boost aviation safety stan-
dards. The Internet of Things (IoT) provides a network of data-producing devices 
and assets that communicate and boost airport efficiency. IoT could also be the con-
nection that connects developing technologies in the aviation industry, allowing the 
digital era of aviation to completely thrive. Dysfunctional parts might be recognized 
in mid-flight and a signal sent to the ground, where a repair part could be quickly 
made and delivered to the repair station via an autonomous vehicle or drone [15, 19]. 

2.6 System Wide Information Management (SWIM) 

In civil aviation, a new technology called System Wide Information Management 
(SWIM) allows for efficient and secure information sharing. This system is created 
to support NextGen Air Transportation System. This will revolutionize the data 
exchange to enable National Airspace System (NAS) innovations and operational 
excellence. SWIM was established by the FAA in 2007 to create an information-
sharing platform and to offer a single access point for aviation data. It allows for 
the efficient integration of current air traffic monitoring systems, resulting in global 
services that are seamless. The concept’s purpose is to create a platform for open data 
sharing among operators, airports, ANSPs, and meteorology services. The SWIM 
protocol provides a platform for any actor to design solutions based on a defined 
database of parameters that all subscribers can comprehend [13, 22].
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3 Challenges with Wireless Technology for Aviation 

Wireless technology has the ability to transform how our world connects and how 
quickly we interact online. The aerospace and defense sector is enthused about wire-
less potential to alter so many aspects of our life, but it must be implemented safely. 
Alarm bells have been sounding from reliable sources in recent years about how 
the deployment of wireless technology could significantly influence the safety of 
low-level aviation operations. 

3.1 Radar Altimeters 

This instrument is used to give an idea about height of the airplane above the ground to 
the pilot. The altimeter uses radio frequencies just above the 4 GHz band to measure 
the height of the aircraft and the ground. An altimeter is an essential instrument 
for takeoffs, landings, and low-altitude flying, as well as providing essential input 
to other systems like collision avoidance systems. There is a significant possibility 
that 5G communication systems operating in the 3.7–3.98 GHz range may interfere 
with radar altimeters on all types of aircraft planes and pilots were unaware of their 
distance from the ground due to a full altimeter malfunction [4]. 

3.2 Managing the RF Emissions of Consumer Electronics 

When it comes to RF emission rules for consumer devices, the FCC currently does 
not consult with the FAA. This kind of collaboration would be ideal. If the predicted 
rise of wireless technology results in sufficiently serious interference concerns, then 
severe control measures may be required. The FCC, for example, might mandate 
wireless device manufacturers to incorporate override capability so that they can 
be switched off by a centrally broadcast control signal during key fight phases like 
takeoff and final approach. 

3.3 Radio Interference 

The term “radio interference” refers to a variety of situations in which transmissions 
from sources, other than authorized users of an RTF frequency, interfere with radio 
reception. Commercial radio stations on the ground frequently cause radio interfer-
ence. Interference can make communication difficult, if not impossible, leading to 
communication breakdown. The workload on pilots and Air Traffic Control offices 
(ATCO) has also increased as a result of radio interference.
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3.4 Security 

Wireless networks are naturally vulnerable to security risks due to their broadcast 
nature. Data integrity and authentication are crucial parts of ensuring the aircraft’s 
safety-critical functions. In the context of wireless-enabled avionics, security attacks 
were investigated using an adversarial model. Jamming attack, Man-in-the-Middle 
assault, and False alarm are the most common attacks for WAIC [16]. 

3.5 Reliability and Latency 

To estimate and control the state of the aircraft, fight control systems rely on the 
network’s high reliability and restricted latency. Noise generated by the avionics, 
multi-path from the walls, and interference from other aircraft, on the other hand, 
have a significant impact on the signal strength of avionics environments. The criteria 
for wireless aviation are more demanding than those for typical monitoring and open-
loop control applications using industrial wireless networks in terms of reliability 
and timeliness [16]. 

3.6 Energy Efficiency 

Another major challenge for wireless technology implementation is energy con-
straint. For flawless operation of any wireless technology, all the nodes must be able 
to operate for longer duration. However, the wireless nodes or devices are generally 
battery operated. Hence, there is a need to properly choose the energy resources to 
improve the overall efficiency of the system installed on the airplane. Furthermore, 
there will be a need to replace used batteries by the aircraft operators. This might be 
resulting in an increased overall cost of maintaining wireless nodes in comparison 
to nodes which are able to communicate by only using wireless mediums [8]. 

3.7 Natural Disturbing Factors 

The aircraft might be operational in poor weather conditions and harsh environments. 
This could result in various temperature, humidity, air pressure conditions and solar 
activities. Wireless communications systems are generally highly vulnerable to nat-
ural disturbance factors in comparison to shielded wired communication systems. 
These natural disasters can be variations in atmospheric gases, various solar activi-
ties, lightning or thunderstorms and hydrometer activities. All these natural activities 
possibly deteriorate the transmitted signal quality [12].
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4 Conclusion and Future Scopes 

Safety is going to be the key factor behind the future success and growth of the 
aviation industry. In this paper, various existing wireless technologies for aviation 
safety have been discussed along with benefits and challenges. Advancements and 
developments in sensors and communication technologies are playing a big role in 
improving the overall implementation strategies of the aviation sector in the world. 
Now, it’s time to develop more advanced wireless technologies to take the existing 
infrastructures to the next level by keeping in focus the safety of the passengers and 
staff. Lots of promising wireless technologies are available today but still further 
research is required to develop a specific wireless technology which can promise to 
be successful in terms of security, safety predictions, ability to deal with different 
environmental condition and communication range. 
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Comparing the Performance of ANFIS, 
LOG10-ANFIS and LOG10-PSO-ANFIS 
for Universal Theoretical Wireless Signal 
Propagation Prediction Modelling 

Oteri Malack, Kibet Philip, and Kihato Peter 

Abstract In the process of undertaking wireless signal propagation modelling, 
different methods have been used including deterministic and empirical models. This 
study is aimed at comparing the performance of predicting wireless signal prop-
agation using Adaptive Neural Fuzzy Inference System (ANFIS), log10 distance 
(LOG10D)-ANFIS and LOG10D Particle Swarm Optimization (PSO) trained 
ANFIS for universal theoretical wireless signal prediction modelling. The last two 
being a modification of the original ANFIS. The predicted and target signal strength 
mean error (ME), root mean square error (RMSE) and standard deviation (SD) param-
eters were determined and compared. The study was undertaken using the one slope 
and two ray ground reflection models in the process of obtaining the data to be 
predicted. The obtained values were then used in the modeling process where it was 
found that the LOG10D-PSO-ANFIS model gave the closest prediction as compared 
to those of LOG10DANFIS and ANFIS models. 

Keywords QoS · LOG10D · LOG10D-ANFIS · PSO · Wireless 

1 Introduction 

Wireless networks are becoming widely used. The line of sight (LOS) communica-
tion between the transmitter and the receiver are usually affected by a number of 
obstacles in both indoor and outdoor environments. The microwave and radiowave
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spectra are the most commonly used based on electromagnetic spectrum. These two 
types of waves are affected by these obstacles since they don’t penetrate through. 
Different ranges of power levels have to be used to enable the signals to cover longer 
distances depending on the type of technology used. Also, to try and increase the 
quality of service (QOS), various methods have been applied in modelling signal 
propagation. These methods include the traditional empirical one slope, dual slope, 
multiwall, Hata-Okumura among others. The current methods that include Artifi-
cial Neural Networks (ANN) and ANFIS, the most current technique, that combines 
neural networks and fuzzy logic that is used in function approximation besides other 
very many applications like classification [3]. In the process of training the ANFIS 
structure, a number of methods are used that include genetic algorithm and PSO 
which was originally done by Doctor Kennedy and Eberhart in 1995, and other AI 
processes. The PSO concept deals with the imitation of the intelligence of swarms or 
flocks as they move to a target as they search for food [9]. In this study, the prediction 
of received signal strength indication (RSSI) of wireless networks was done using 
ANFIS, LOG10-ANFIS and LOG10-PSO-ANFIS where the last two are based on 
modified ANFIS. 

1.1 Statement of the Problem 

Currently, the use of wireless communication networks is becoming ubiquitous in 
our lives both at home, work or even on the move. Various researchers have continued 
to look at the different methods that can be used to improve the quality of service 
(QoS) to take care of the growing demand. After going through most of these research 
findings, we thought it important to add to the contributions by undertaking this 
study. We used PSO trained ANFIS because it is many advantages that include high 
accuracy in function approximation and good computational efficiency in terms of 
resources. The ANFIS was modified to make it even more accurate in relation to 
RSSI prediction. 

1.2 Research Objectives 

Main objective; 
To Compare the performance of PSO trained LOG10D-ANFIS, LOG10D-ANFIS 
and ANFIS in wireless signal prediction modelling. 

Specific objectives 

1. Obtain the RSSI with variation of distance using one slope and two-ray ground 
reflection models. 

2. Obtain RMSE and graphical comparisons for the performance of PSO trained 
LOG10D-ANFIS, LOG10D-ANFIS and ANFIS.



Comparing the Performance of ANFIS, LOG10-ANFIS and LOG10-PSO-ANFIS … 193

2 Literature Review 

2.1 Introduction 

Wireless networking is a concept that uses radio and microwaves to transmit data 
from the source to a given destination. The source and destination are fitted with 
different types of wireless technologies that include Wi-Fi, Bluetooth, ZigBee for 
wireless local area networks (WLANS), antennas for cellular and radars for satellite 
communication systems. The antennas are very important components in relation all 
wireless communication related technologies since they are responsible for picking 
up incoming signals or radiating outgoing wireless signals [4, 5]. Depending on the 
device type these antennas can be mounted externally or embedded inside the device’s 
hardware enclosure [2, 6]. In the process of designing for the optimum location of 
these communicating devices to ensure high QoS, the radio engineers need to use 
different models in predicting the wireless signal propagation. A number of methods 
have been used before and currently the artificial intelligence (AI) based methods 
seem quite promising. ANFIS is a very good example that blends the neural networks 
and fuzzy logic concepts into a powerful function approximation tool [3]. The training 
section is implemented using PSO which also very efficient and powerful in obtaining 
the optimal solution from the ANFIS. PSO, as indicated earlier, simulates the social 
behavior of swarms as they search for food like vultures moving to a carcass. This 
is achieved by using an algorithm that is based on common information of every 
particle (global) and the information owned by the particle itself (personal) [9]. This 
works in a way that all the particle positions are compared to pick the best according 
to the objective function. 

2.2 Methods used in Signal Prediction 

COST231 One-Slope Model 
Empirical models are characterized by the use of empirical parameters obtained 
through thorough measurements done in a number of environments with similar or 
different features. The COST231 One-Slope model (OSM) is considered to be the 
simplest since it is based on the distance between the transmitter and the receiver 
without any obstacles along LOS. The only influence with respect to this is the 
decay factor usually obtained from the inverse square law [5]. Depending on the 
environment type, there are different types of obstacles. These obstacles affect the 
signal propagation based on the factor n which increases with increase in obstacle 
density resulting to higher levels of losses L(d) as represented in Eq. (1). For free 
space the factor n is given by 2. 

L OSM  = (d0) + n10
(
d 

d0

)
(1)
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where: LOSM…………..Predicted signal loss (dB) 
L0(d0)…………Signal loss at distance d from transmitter (dB) 
n………………..Power decay factor (–) 
d………………..Distance between antennas (m) 
d0……………….Reference distance between antennas (usually 1 m) (m) 

Two-Ray Ground Reflection Model 
The two-ray ground reflection model (TRGRM) uses the 4th power law together with 
antenna and base station heights. Its expression is given by; 

L = Lo(d0) + 10 ∝ log 
d 

d0 
− 20loghm − 20loghb (2) 

where, 
Lo(d0) = Loss at a distance of 1 m 
α = 4 path loss exponent 
d = distance between Tx and Rx 
hm = mobile station antenna height 
hb = base station antenna height 

2.3 Artificial Neural Networks 

According to [2] indoor radio propagation has a number of obstacles that include 
furniture, walls, floors and appliances while for outdoor environments foliage, hills, 
precipitation and dust are the main obstacles. All these obstacles will affect the 
way signals propagate. In modeling propagation, a number of parameters must be 
considered which include construction materials and permittivity of the other obsta-
cles’ materials, types of interiors, locations within a building and the location of 
transmitter and receiver antennas. Apart from traditional methods, artificial neural 
networks can be used in the process of wireless signal prediction. The system trans-
forms the input in terms of various parameters that affect the signal level like distance, 
frequency and obstacles to a target output RSSI. The inputs will include the different 
obstacle parameters resulting one single output of received signal strength indication. 
These neural network-based models are evaluated using a number of parameters that 
include root mean square error (RMSE), mean error (ME) and standard deviation (σ) 
generated from the difference between the predicted and target values [12, 13]. 

2.4 Adaptive Neuro-Fuzzy Inference System (ANFIS) 

Adaptive Neuro-Fuzzy Inference System (ANFIS), being a blend of Artificial Neural 
Network (ANN) and Fuzzy Logic (FL), was proposed in [7]. This combination results
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to a very powerful system which takes advantage of the strengths of both and offsets 
their limitations. The ANN is made up of simple processing elements connected 
in series, parallel or combined form to manipulate data. The elements are used to 
mimic the biological nervous system of living organisms. The system functions are 
determined by elements’ connectivity. A straight-line equation is used to model one 
neuron where the its output is compared with the target output to obtain the difference. 
This difference often referred to as the error is then used to vary the gradient (weight) 
and the y-intercept (bias) to reduce the difference to as minimum as possible. This is 
the basis on which the ANN works which is referred as computing with number. The 
Fuzzy Logic (FL) on the other hand deals with the concept of computing with words 
that refer to different levels not necessarily 0 and 1 [8]. For instance, when dealing 
with temperature one can use low, medium and high. This relates to the concept of 
fuzzy sets where inputs are transformed into a degree to which they belong to the 
fuzzy sets referred to membership functions [4]. The level of belonging ranges from 
0 to 1. This also includes the use of a knowledge base where inferences are developed 
from based on the if then statements. Combining these two concepts brings with it the 
learning power of ANN and the knowledge base of fuzzy logic where observations 
are used to come up with inferences. 

Basic ANFIS Architecture 
Besides the other popular type 1 and 2, the ANFIS architecture described in this 
research is based on type 3 fuzzy inference system. This is characterized by the 
Takagi and Sugeno’s (TKS) if-then rules [3]. In this case a constant term is added 
to the linear combination of the input variable to obtain the output with the final 
output being computed by taking the weighted average of each rule’s output. The 
representation in Fig. 1 is a type 3 ANFIS architecture with two inputs x and y as 
well as one output, z. x can be distance and z is RSSI in the case of signal propagation 
modelling. 
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Fig. 1 Type 3 ANFIS architecture
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Ordinary ANFIS 
The ordinary ANFIS consists of the following rules. 

Rule 1: If x is A1 and y is B1, then z1 = p1x + q1y + r1 
Rule 2: If x is A2 and y is B2, then z2 = p2x + q2y + r2 
The ANFIS structure is equivalent to the a supervised, feed-forward neural 

network consisting of five layers where one layer is input, three layers are hidden 
and one layer is the output layer. The functions of each layer are described below. 

Layer 1 (Fuzzy Layer): In this layer all the nodes are adaptive whose function is 
to generate the membership grades of the input vectors. This process is referred to 
fuzzification. There are a number of membership functions that can be used but for 
this case the bell-shaped (Gaussian) function with maximum equal to 1 and minimum 
equal to 0 is used to implement the node function. Equation 3 describes the relation 
to transform the inputs generating the level of belonging between 0 and 1. 

O1 
i = f (x, a, b, c) = μAi (x) = 1 

1 + |(x − ci )/ai |2bi 
μAi (x) = exp 

⎧⎨ 

⎩−
[(

x − ci 
ai

)2
]bi 

⎫⎬ 

⎭ (3) 

where O1 
i is the output of the i

th  node in the first layer, μAi (x) is the level of belonging 
of input x in relation to variable Ai . The parameter set {ai , bi , ci } are responsible for 
determining the shapes of the membership functions. These parameters are called 
premise parameters. 

Layer 2 (Product Layer): The nodes, which are fixed in nature, in this layer deter-
mine the firing strength of a rule. This is usually obtained by multiplying the member-
ship functions associated with the rules. They receive their input from layer one in 
terms of a range from 0 to 1. Equation (4) gives the relation for obtaining the product 
that depends on the number of inputs. The output is basically the firing strength of a 
particular rule; 

wi = O2 
i = μAi (x).μBi (y), i = 1, 2 (4)  

In this layer, any other type of T-norm operator that performs fuzzy AND operation 
can be applied. 

Layer 3 (Normalized Layer): The nodes in this layer are used to determine the ratio 
of the ith rule’s firing strength to the total of all firing strengths. They are not adaptive 
and represented as in Eq. (5); 

w = O3 
i = wi 

w1 + w2 
, i = 1, 2, (5) 

The manipulations in this layer result to a normalized output and hence the name 
normalized layer.
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Layer 4 (Defuzzify Layer): As the name suggests, the output values resulting from 
the inference of rules are generated. This is done by determining the contribution of 
each rule to the overall output. This process in called defuzzification. The parameters 
{pi , qi , ri }, referred to as consequent parameters, in this layer are modifiable during 
the training process. This layer is adaptive with node function given in Eq. (6); 

wi zi = O4 
i = wi (pi x + qi y + ri ) (6) 

The manipulation is such that the output from layer 4 is used on the consequent 
parameters together with the inputs as represented in the equation. 

Layer 5 (Total Output Layer): This layer is responsible for computing the overall 
output. This is done by performing a summation of the individual rules’ contribution. 
As  shown inFig.  1, this layer consists of one fixed node to implement the computation. 
The summation process is as represented in Eq. (7). 

∑ 
i 
wi zi = O5 

i = 
wi zi∑
i wi 

(7) 

Section 2.5 discusses the PSO algorithm in relation to how it is applied to modify 
the two sets of modifiable parameters. 

2.5 Particle Swarm Optimization (PSO) 

This technique, developed by Eberhart and Kennedy in 1995, is a global optimization 
technique [10]. Global optimization is a concept used in mathematics and numerical 
analysis to obtain a maxima or minima of a function. Its algorithm is motivated by 
the social behavior of living organisms like flocks of birds and schools of fish. The 
behavior is such that the swarms of particles (the organisms) are guided towards the 
most promising section of the search space [11]. 

The approach of PSO is iterative and can be described by the following steps: 

Step 1: The first step involves the initialization of a number of parameters associ-
ated with the population that include the population size, positions and velocities 
of agents, and the number of weights and biases. 
Step 2: The second step is to set the current best fitness achieved by particle p as 
pbest representing the personal best. Comparing all the pbest values the one with 
best value is set as gbest and stored in the variable gbest representing the global 
best in relation to all the particles. 
Step 3: The next step is to evaluate the desired optimization fitness function f p 
for each particle based on the Mean Square Error (MSE) over a given data set. 
Step 4: Step four is to compare the evaluated fitness value f p as obtained in 
step three for each particle with its pbest value. In the case where f p is less than
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pbest, the  pbest variable contents are replaced by f p since it is better than the 
value already stored. Also, the bestxp variable contents are replaced by xp where 
xp represents the current coordinates of particle p, while bestxp represents the 
corresponding coordinates to particle p’s best fitness reached so far. 
Step 5: In step five, the objective function value is determined for new positions 
of each particle for all particles. The pbest value is replaced by the current value in 
the case where a better position is achieved by an agent. Based on the information 
in step 1, the pbest values help in generating the gbest value which is the best as 
compared with the others according to the objective function. In this case where 
the new gbest value is better than previous gbest value, the gbest value is replaced 
by the current gbest value which is then stored. If f p is less than gbest then gbest 
stores the value p, where gbest represents the particle having the overall best 
fitness calculated over all particles in the swarm. 
Step 6: In this step the velocity and location of the particle are modified according 
to Equations 8 and 9, respectively. 
Step 7: Step seven involves each particle p being flown according to Equation 8. 
Step 8: In step eight if stopping criteria for instance the maximum number of 
predetermined iterations (epochs) is exceeded, then stop otherwise go back to 
step 3 until convergence is reached. 

Vi = wVi−1 + acc ∗ rand() ∗ (
bestxp  − xp 

) + acc ∗ rand() ∗ (
bestxgbest  − xp 

) 
(8) 

where acc performs the function of controlling how far the particles fly from each 
other and is referred to as the acceleration constant while rand is function that 
generates a uniform random number between 0 and 1. 

xp = xpp + Vi (9) 

Vi represents the current velocity of the particle while Vi−1 represents the previous 
velocity with xp being the current location of the particle. xpp in this case represents 
the previous location of the particle while i is the particle index. The coordinates, 
bestxp and bestxgbest in step 5, are used to pull the particles towards the global minimum 
[11]. 

Learning by PSO 
The learning process also known as training and the validation are part of the impor-
tant concepts that make a model, taking an example of ANFIS, accurate. Training 
involves repeating a set of input-output patterns to a model in this case ANFIS. In 
this process the adaptive parameters of the ANFIS are modified to give an output 
that is as close to the target output as possible. When the training process is done, 
the ANFIS adaptive parameters are able to give an output that has minimal error 
[11]. Many methods are available to perform the function of training ANFIS but 
in our study PSO is used. Our modified ANFIS consists of two sets of parameters 
which require training by the PSO algorithm. They are referred to as the antecedent
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part or premise parameters and the conclusion part or consequent parameters. The 
premise parameters consist of are {ai , bi , ci } that give rise to the membership func-
tions assumed Gaussian as in Eq. (3). As indicated earlier ai represents the standard 
deviation of membership functions and controls the width of the “bell” while ci is 
center of the peak and bi controls the height of the membership functions (MFs). The 
consequent parameters, also modified during the training process, are represented by 
{pi , qi , ri } to affect the inputs accordingly [11]. 

Applying PSO for Training ANFIS Parameters 
In relation to this research, both the premise and consequent parameters are modified 
using PSO. In both of them there are 3 sets of trainable parameters, for the premise 
part {ai , bi , ci } and for the consequent ({pi , qi , ri }) each of which have N genes. In 
this case, N represents the number of MFs. The fitness to be used is defined as root 
mean square error (RMSE) obtained from the target and actual model outputs [11]. 
This starts from initializing the parameters randomly which are then updated using 
PSO algorithm as described in section D. For every iteration, the parameter sets are 
being updated a process that continues until the set criteria is reached. 

Evaluation Criteria 
The evaluation criteria involve the process of using both the actual output of the 
system and the target output. An error is obtained by comparing the two and deter-
mining the difference. From the difference, the MSE which is fitting function is as 
defined in Eq. 10; 

MSE  = 
1 

N 

∑N 

i=1 

(
yi − yi 

^)2 
(10) 

where N is the total number of data points, y is the target output value while ŷ is the 
ANFIS predicted output value. 

A number of iterations are done to ensure that MSE converges to a minimum 
value. The other parameters that can be used to determine the model accuracy are 
the mean absolute error (ME) as represented in Eq. 11, the standard deviation (SD) 
as represented in Eq. 12 and root mean squared error (RMSE) as shown in Eq. 13. 
The mean absolute error is given by; 

ei = 
||Ptarget  − Psimulated 

||, e = 
1 

N 

∑N 

i=1 
ei , (11) 

where terms target and simulated denote received signal strength that are obtained 
by the theoretical models and the others simulated by the ANFIS model, while N is 
total number of samples. The standard deviation is given by; 

σ = 
/

1 

N 

∑N 

i=1 
(ei − e)2 (12)
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Router 

Mobile phone 

Fig. 2 Diagram of the set up to obtain RSSI 

The root mean squared error (RMSE) can be obtained through the expression; 

RM  SE  =
/

1 

N 

∑N 

i=1 

(
yi − yi 

^)2 
(13) 

3 Research Methodology 

3.1 Setup for Obtaining RSSI 

The steps for obtaining the RSSI values are as follows; 

i. Based on the selected models, obtain the expected RSSI with distance variation 
using MATLAB. 

ii. Using the ANFIS MATLAB toolbox obtain the predicted RSSI values for 
ANFIS, LOG10D-ANFIS and LOG10D-PSO-ANFIS based on modified 
ANFIS. 

iii. Compare the performance of the three models based on their ME, SD and 
RMSE values (Fig. 2). 

3.2 Modified ANFIS with log10d 

The modified ANFIS, as represented in Fig. 3, has an additional layer outside the 
ordinary ANFIS five layers. This layer is responsible for modifying the input data 
by applying the log to base 10 operator which, then feeds the ordinary ANFIS to 
process the modified data resulting to accurate output values. All the other five layers 
retain their functions as indicated in Eqs. 3 to 7. The rules incorporating the log to 
base 10 operator are given as follows for single input; 

Rule 1: If log10x is  A1 then z1 = p1log10x + r1 
Rule 2: If log10x is  A2 then z2 = p2log10x + r2 
x = distance and z = RSSI
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Fig. 3 Modified type 3 ANFIS Architecture 

Figure 3 is a representation of our modified type 3 ANFIS architecture with one 
input distance (x) and one output, RSSI (z). In this case the input is passed through 
a logarithmic function, that is log to base 10, before it is passed to the second layer 
where the premise parameters (a, b and c) that determine the level of belonging 
are modified using PSO training algorithm. The output is then taken through the 
different other layers accordingly. In layer 5 the consequent parameters p and r are 
also modified using the same PSO algorithm with the distance input x passed through 
the same logarithmic function. The final layer 6 gives the predicted RSSI. 

3.3 Data Analysis 

This study used the MATLAB in the generation of the graphs based on the content 
analysis technique. The findings and related discussions are presented in Sect. 4. 

4 Findings and Discussions 

4.1 Results 

Based on the MATLAB analysis, the following parameters were generated after 
training and testing. 

One Slope Model (OSM) 
Two-Ray Ground Reflection (TRGR)



202 O. Malack et al.

4.2 Discussions 

The graphs generated using the values obtained from one slope model and the two-ray 
ground reflection model and predicted are as shown Figs. 4, 5 and 7. Figure 4 shows

Fig. 4 OSM ANFIS, LOG10D-ANFIS and LOG10D-PSO-ANFIS training and testing errors 

Fig. 5 OSM LOG10D-ANFIS and LOG10D-PSO-ANFIS training and testing errors
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Fig. 6 ANFIS, LOG10D-ANFIS and LOG10D-PSO-ANFIS training and testing errors 

Fig. 7 TRGRM LOG10D-ANFIS and LOG10D-PSO-ANFIS training and testing errors
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Table 1 Training parameters 

RMSE ME Standard deviation 

ANFIS 0.3180 0.2315 0.2183 

LOG10-ANFIS 1.1652e–07 7.6010e–08 8.8374e–08 

LOG10-PSO-ANFIS 4.7379e–15 2.9535e–15 3.7074e–15 

the OSM ANFIS, LOG10D-ANFIS and LOG10D-PSO-ANFIS training and testing 
errors while Fig. 5 is an indication of the OSM LOG10D-ANFIS and LOG10D-
PSO-ANFIS training and testing errors. Figures 6 and 7 show similar graphs for the 
TRGR model. Tables 1, 2, 3 and 4 give the training and testing parameters for both the 
one slope and the two-ray ground reflection models. It is noted that the training root 
mean squared error (RMSE), mean error (ME) and standard deviation (SD) were in 
the 10–15 range in both OSM and TRGR models, for PSO trained LOG10D-ANFIS. 
These parameters are in the range of 10–07 to 10–08 for LOG10D-ANFIS and 10–01 

for ANFIS respectively, while the testing mean error (ME), root mean squared error 
(RMSE) and standard deviation (SD) were in the same ranges as well.

Table 2 Testing parameters 

RMSE ME Standard deviation 

ANFIS 0.3146 0.2302 0.2148 

LOG10-ANFIS 1.1637e–07 7.5947e–08 8.8309e–08 

LOG10-PSO-ANFIS 4.7169e–15 2.9126e–15 3.7158e–15 

Table 3 Training parameters 

RMSE ME SD 

ANFIS 0.6360 0.4629 0.4365 

LOG10D-ANFIS 4.7600e–06 2.7336e–06 3.8997e–06 

LOG10D-PSO-ANFIS 2.2234e–15 7.3238e–16 2.1009e–15 

Table 4 Testing parameters 

RMSE ME SD 

ANFIS 0.6292 0.4604 0.4295 

LOG10D-ANFIS 4.6777e–06 2.7183e–06 3.8125e–06 

LOG10D-PSO-ANFIS 2.0471e–15 6.1079e–16 1.9568e–15
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5 Conclusions and Recommendations 

5.1 Conclusion 

Considering the one slope and two-ray ground reflection models predicted RSSI 
values, it is noted that they are closest to the target values for the LOG10D-ANFIS 
than the LOG10D-ANFIS and the plain ANFIS models. Since all the other models 
have similar results, the obtained membership functions can be used to generate 
a universal model which increases the accuracy in signal prediction modelling for 
placement of transmitters and receivers. 

5.2 Areas of Further Study 

Areas of future research can include extending the same analysis to the other models 
and the use of other training methods whose resulting parameters can be compared. 
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Different Approaches of Diagnosing 
Depressed and Non-depressed Patients 

Prajakta R. Naregalkar and A. A. Shinde 

Abstract Depression has become a very common problem nowadays. Depression 
affects the mental state, so the patient suffering from it faces a problem of commu-
nicating his/her condition to the doctor. The depression is diagnosed on the basis 
of questionnaire set by the psychiatrist. This questionnaires are the different scales 
related to the symptoms for assessment of depression. Apart, from the questionnaire 
there are also laboratory test available for diagnosing depression. In the recent years, 
there are many techniques used for diagnosis like machine learning. Deep learning 
and Data mining methods. As depression is dependent on multiple disorders, so diag-
nosing it by using multiple modalities will be effective as compared to that of single 
modality. The single factor approaches are EEG, FMRI, Speech Signals; Twitter data 
etc. The multimodal approach will combine the different depression techniques to 
give a efficient or effective diagnosis. This paper reviews a different depression detec-
tion system that uses single modality and multiple modalities to diagnose depres-
sion. The survey shows the depression detection using multiple modalities has higher 
performance as compared to single modality approach. 

Keywords KNN · SVM · EEG · CNN ·MDD 

1 Introduction 

As per the findings of WHO depression is the severe cause of disability. Clinical 
depression is a serious matter of concern should not be ignored at all. The method 
used for diagnosis currently is based on interview questionnaires scales like DSM-
IV, PHQ-8, and BDI-2 etc. through that a psychiatrist analyzes severe, moderate or 
mild type of depression. The patient or the individual may suffer from more than one
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disorder or else one or more individuals may show different symptoms, according 
to the scale used. Hence there is a requirement of building an automatic system 
for detecting depression. There are no such standard laboratory tests to diagnose 
depression. But, recently machine learning, deep learning data mining methods that 
developed are useful for detection of depression in the field of psychiatry. 

Depression means loss of interest, loss of appetite, sleep disorders, losing self 
confidence, less energy efficiency and low concentration. Different studies shows 
that a constant depression phase may even leads to suicide of an individual. Early 
diagnosis are the only solution to prevent the life of an individual. Also, many of the 
patients have not been identified as depressed, the individual remains in the same 
state of depression for longer time and is not diagnosed even after the several visits to 
physician, Therefore automatic screening and early diagnosis for detection to avoid 
further problems. 

Over the past few year EEG data sets using machine learning approach has given 
promising results. The accuracy or the performance output using EEG is far better 
compared to other modalities. Electroencephalogram (EEG) is the brain activity and 
is more appropriate modality due to its neuroimaging feature, noninvasive technique 
as well cost effective and accessible to the patient. As human brain is non-linear in 
nature and the frequencies associated with it can be correlated with the depression 
analysis. Thus the paper aims to survey the various machine learning algorithm used 
on the EEG dataset on the basis of comparison factors like accuracy, specificity, 
sensitivity for depressed patients. 

Typical steps followed on EEG dataset for detecting healthy and depressed 
subjects are mentioned here. The very step is the recording of EEG, then prepro-
cessing the data to remove all the muscle and eye movements i.e. artifacts with 
proper filtering process. Next is the feature extraction wherein we have to consider, 
the linear and nonlinear features related to EEG. Third step is the feature selection 
to form the feature vector of similar characteristics and more relevant for analyzing 
depressed and non-depressed patients. the last step is to find a suitable classifier, 
machine learning algorithm with effective performance to predict depression. We 
have chosen to focus on the combination of physiology (i.e. non-linear analysis of 
EEG with the machine learning approach) with the clinical approach of psychiatry, 
use of standard scales. As we believe that combining physiology and psychiatry will 
definitely improve the current scenario of clinical methods and helpful for evaluation 
of depression. 

2 Problems and Challenges 

The diagnosis of depression is having following problems: 

● Depression does not have specific symptoms that person suffering from it cannot 
show any specific changes so it is very difficult to detect it. In some of the patient’s 
mood swings, loss of appetite, digestion problem, sleep disorders symptoms are
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observed. This leads to imbalance in the overall body functioning. In the early 
stage again it is very difficult to detect depression as in the early state there are 
very les changes in the physical state of the patient. Depression closely affects the 
emotional state of the patient People suffering from depression avoid to commu-
nicate with physician and hide the truth because of this depression state remains 
for longer period of time destroying the patients healthy condition. 

● There is no standard laboratory test available for analysis of depression. The 
clinical approach used by the psychiatrist is assessment through the interview 
questionnaire which is a time consuming and it will also dependent on the psychi-
atrist interpretation. This all depends on how the patient responds to the psychi-
atrist questions and in turn psychiatrist evaluation. There are different standard 
scales used in the clinical depression like Personal Health Questionnaire Depres-
sion Scale(PHQ-8), Hamilton Depression Rating scale; Diagnostic & statistical 
Manual of Mental Disorders (DSM-IV) etc. So, this is all based on what types 
of question are asked in the scale, and the patient’s response to the questions, as 
well as the psychiatrist assessment. 

The diagnosis of depression faces the following challenge: 

● Depression is a multimodel mental illness and dependent on information from the 
multiple sources leading to find the complexity of depression. Depression affects 
the mental, physical and emotional state of health so there are different modalities 
used like speech, video, twitter data etc. Analysis for diagnosing depression. The 
different modalities stated are all based on using a single approach. Depression 
detection using a single modality will not be sufficient for diagnosing accurately. 

● Depression using multimodal approach will be more effective as far as 
performance considered with single modality. Multimodal approach means 
combining for e.g. speech features and EEG analysis. Thus fusing one or 
more approach together will ultimate give good prediction analysis. Depres-
sion prediction on EEG dataset with the machine learning approach involves 
feature extraction, feature selection, classifier etc. 

3 Depression Diagnosis on the Basis of Machine Learning 
Approach with EEG Dataset (A Single Modality 
Approach) 

Depression can be analyzed by using a single modality or combining one or more 
features i.e. multimodal approach. The single modal approach consists of brain 
activity EEG, video analysis, speech features, twitter data or MRI etc. The single 
modality is effective as there is a detailed study of each and every aspects of the 
single feature. In this paper, depression detection using EEG on the basis of various 
machine learning algorithms are discussed based on accuracy achieved by a specific 
technique.
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Milena Cukic et al. [12] reviewed all the papers from 2008 till May 2019 for clas-
sification of depression using machine learning approach based on EEG dataset. In 
this paper, author reviewed the commonly used parameters versus the recommended 
parameters. After reviewing the paper it is concluded that EEG electrodes used for 
recording EEG must be 19 + electrodes. The feature extraction method to be used is 
a Principal component analysis (PCA) or Genetic algorithm (GA).Feature selection 
must be non-linear analysis as a human brain is non-linear in nature. The features 
recommended are fractal and non-linear. The classifier machine learning algorithm 
used may be Support Vector machine (SVM) or the Laso embedded regularization 
accuracy obtained will be more realistic result. 

Chamandeep Kaur et al. [8] focused on compare effectiveness of the phys-
ical denoising approaches based on (DWT) Discrete Wavelet Transform & (WPT) 
Wavelet Packet Transform combined with (VMD) Variational Mode Decomposition 
VMD-DWT & VMD-WPT. Features extracted were Mean Hjorth parameter and 
Shannon entropy. Feature selection method is detrended fluctuation analysis (DFA) 
with defined mode selection criteria. Dataset consists of 34 MDD patients & 30 
Healthy Controls. The classifiers used are the Random Forest (RF) & Support Vector 
Machine (SVM). The best accuracy of 98.51% is achieved for random forest. 

Jing Zhu et al. [5] proposes a content based ensemble method (CBEM) to promote 
the depression accuracy, generating data subsets by the content of the experiment 
free- viewing eye-tracking & task-state EEG. For this, 17 Parietal electrodes are used 
with 15 linear features. GSW method is used for feature selection. The CBEM gains 
accuracies of 82.5% and 92.73%. 

For implementation of depression detection Betul Ay et al. [3] uses a single channel 
EEG data with database of 15 normal & 15 depressed subjects. For evaluation K-
fold cross validation is used. The main motivation for this paper is this is a fully 
automatic detection of depression using raw EEG signals. The feature extraction 
selection classification operations are executed automatically using single channel 
EEG signals as input. Here, Deep Hybrid model is developed using Convolutional 
Neural Network (CNN) & long-short term memory (LSTM) to detect depression 
using EEG signals. CNN-LSTM model has provided 99.12% & 97.66% classification 
accuracies for the right & left hemisphere EEG signal respectively. 

This paper Yousef Mohammadi et al. [4] presents a machine learning approach 
to discriminate the depressed subjects to four different levels of depression using a 
Katz fractal classifier. Nonlinear features including fuzzy entropy (FuzzyEn), Katz 
fractal dimensions (KFD) & fuzzy fractal dimension (FFD) is used. The 19-channel 
EEG data is recorded with a accuracy of 90.00%. 

In [2] Devalunchari Ramalingam et al. included a algorithm filtered wall able 
to filter unwanted messages to identify only the filter messages posted on platform 
for improving predictability for neural networked to get accurate results. Different 
feature analysis techniques used are spectral category (S*) & Spectral category (S). 
The classifier algorithm used are Logistic Regression (SLR), Multilayered Perceptron 
Neural Network (MLPNN), Support Vector Machine (SVM) & Random forest (RF) 
with a highest accuracy of 82.2%.
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Wajid Mumtaz et al. [9] proposed a machine learning framework involving EEG-
derived synchronization on likelihood (SL) features as input data for automatic diag-
nosis of MDD. The feature selection is based on rank based with tenfold cross 
validation is used for validation process. Classifiers used Support Vector Machine 
(SVM), logistic Regression (LR) & Naïve Bayesian (NB). The SVM has achieved a 
highest accuracy of 98% sensitivity 99.9% & specificity as 95%. 

In [11] U Rajendra Acharya et al. proposed a novel computer model approach 
for EEG-based screening of depression by a deep neural network using machine 
learning algorithm of convolution. The proposed technique automatically feeds the 
input EEG signals to differentiate depressive & normal subjects excluding a semi-
manually selected set of features to be fed into a classifier for classification. The 
dataset comprises of 15 normal & 15 depressed patients with bipolar EEG signal. 
The proposed algorithm achieved accuracy of 93.54% & 95.96% from left & right 
hemisphere respectively. 

Chein-Te Wu et al. [1] demonstrated the use of CK-SVM classifier with three types 
of relative EEG power features from different frequency bands. Conformal Kernel 
Support Vector Machine (CK-SVM), linear discrimination analysis (LDA) conven-
tional SVM & quadratic discriminant analysis was used. Among all the classifiers 
CK-SVM outperformed with yielding an accuracy of 83.64% developed. 

This paper Jing Yang et al. [6] a database of 17 depressed and 17 normal subject 
with the help of 16- electrode EEG. Feature extracted are 10 linear & 8 non- linear 
using Greedy step wise for feature selection. Classifiers used Bayes net SVMC 
(Linear as kernel), KNN, J48 & Random Forest. Highest accuracy is achieved by 
KNN with is 83.24% 

Hanshu cai et al. [7] presented a case based reasoning identifying depression. EEG 
data were collected using a portable 3-electrode EEG data device applying multiple 
classifiers like SVM, KNN, Naive Baye’s & Decision tree. The paper selected four 
linear & four non linear features. The database consists of 86 depressed & 92 normal 
controls. The highest accuracy is obtained with KNN is 81.44% (Table 1). 

4 Depression Diagnosis on the Basis of Multimodal 
Approach 

Depression diagnosis using multimodel approach means combining more than one 
feature to diagnose depression. As depression is a multifactor disorder by using more 
than one feature prediction of depression can be done in the early stages as well as 
with a very accurate performance. 

Dingxinfang et al. [10] presented a multimodal machine learning approach 
involving EEG, eye tracking & galvanic skin response data as input to classify depres-
sion patients & healthy controls. Galvanic skin response was recorded during the
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Table 1 Single modality approaches in depression detection 

Author Elect rodes Features Classifier/ML 
models 

Accurac y (%)

Milena Čukić et al.  19+ Fractal & Non-
linear 

Commonly used is 
SVM 
Recommended 
LASO embedded 
regularization 

Typically >95% 
or 99% 

Chamandeep Kaur 
et al. 

19-channel 
EEG 

Mean, Hjorth 
parameter and 
Shannon entropy 

Random Forest 
(RF) and Support 
vector machine 
(SVM) 

98.51 
98.07 

Jing Zhu et al. 17 parietal 
electrodes 

15 linear features 1. BayesNet 
2. Logistic 
Random Forest 
3. NaiveBayes 
4.SVM (Linear) 
5. SVM (RBF) 
6. KNN 
7. J48 

82.5 
92.73 

Betul Ay et al. Single 
channel EEG 

CNN-LSTM 
Random Splitting 

99.12 
97.66 

Yousef 
Mohammadi et al. 
2019 

19-Channel Nonlinear 
features fuzzy 
entropy Katz 
fractal dimension 
fuzzy fractal 
dimension (FFD) 

Fuzzy function 
based on neural  
network (FFNN) 

90.00 

Devakunchari 
Ramalingam et al 

1. Logistic 
Regression 
2. Multilayer 
Perceptron Neural 
Networks 
3. Support Vector 
Machine 
4. Random Forest 

82.2 

Wajid Mumtaz 
et al. 

19-channel Synchro nization 
likelihoo d (SL) 
features 

1. Support vector 
machine (SVM), 
2. Logistic 
regression (LR) 
and 3. Naïve 
Bayesian (NB) 

98 

U Rajendra 
Acharya et al. 

bipol ar EEG 
signal 

13 layer 
Convolutional 
Neural Network 
(CNN) 

93.5 
96.0

(continued)
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Table 1 (continued)

Author Elect rodes Features Classifier/ML 
models 

Accurac y (%)

Chien-Te Wu et al. 29 
Electrodes 

EEG power 
features from 
different 
frequency bands 
(delta, theta, 
alpha, beta, and 
gamma 

Conformal kernel 
support vector 
machine machine 
learning classifiers: 
Linear discriminant 
analysis, 
conventional SVM, 
quadratic 
discriminant 
analysis 

83.64 

Jing Yang et al. 16 electrodes 10 linear and 8 
nonlinear 

1. Baye’s Net 
2. SVM (linear 
kernel) 3. KNN 
4. J48 5. Random 
Forest 

83.24 

Hanshu Cai et al. 3 Electrodes Four linear & 4 
Nonlinea r 
features 

1. SVM 
2. KNN 
3. Naive Bayes 
4. Decision Tree 

81.44 

whole experimental by a biofeedback unit. Classifiers used were logistic regression & 
random forest. The best accuracy was obtained is 79.63%.

Yashika et al. [14] describes a novel method of combining both EEG signal anal-
ysis & facial emotion recognition through video analysis. Here 64- channel EEG 
is used. Preprocessing is done by independent component analysis (ICA), then the 
feature extraction by wavelet decomposition. Feature selection is based on standard 
deviation mean & entropy along with along with three frequency band of EEG. 
For emotion recognition through video analysis is done with the help of Japanese 
Female Facial expression (JAFFE) database. Classifiers used as decision tree and 
ANN. Using both EEG & Facial recognition gives a higher accurate results. 

This paper zhijang wan et al. [16] developed the machine learning method for 
discriminating MDD & normal control based on multichannel EEG data & signal 
channel EEG data collected from forehead scalp to differentiate MDD. Discrete 
wavelet Transform is used to decompose the signals into S Subband components. 
Genetic Algorithm is used to select the effective feature select. Classifiers used are 
Random Forest (RF), Linear discriminant analysis (LDA), KNN classification & 
regression tree (CART). CART-GA algorithm achieves the highest accuracy of 86%. 

Lukasz Tyszczuk smith et al. [13] study aims to compare the different combi-
nations of physiological signals in detecting depression, heart rate variability & 
skin conductance response data on 27 participants were analyzed with the different 
features extracted & different classifiers were used LDA, SVM, KNN & binary deci-
sion tree. Different HRV & SCR features are extracted & fed to the classifier, Heart 
rate variability achieved 81% accuracy while SCR showed 78%.
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Table 2 Multimodal approaches in depression detection 

Sr.no Author Multiple modalities used Accuracy/Performance 

1 Dingxinfang et al. EEG, EYE tracking & 
Galvanic skin response 

79.63% 

2 Yashika et al. EEG Signals & video 
analysis 

– 

3 Zhijang Wan et al. Single channel EEG data & 
Multiple EEG Channel 

86% 

4 Lukaz Tyszczuk smith et al. Heart rate variability & skin 
conductance response 

81% & 78% 

5 Xiaoweizhang et al EEG & Vocal signals % 

Xiaowei zhang [15] this study combined the physiological behavior % the EEG 
and vocal signals together fused to make the detection of depression more effective 
and accurate. The EEG and vocal features are fed to the classifiers such as SVM, 
GNB, RF, GP, KNN, & MLP. Grid search & K fold cross validation is used for 
feature selection & validation respectively. Compared with the single modality, fusion 
method gained a better performance for depression detection. The accuracy obtained 
from this fusion is 76.40% (Table 2). 

5 Comparative Analysis of Signal Modality 
and Multimodalities Approach Depression Detection 

● Single modality approach takes its consideration only one technique in which 
detailed study is possible for improving overall performance of depression diag-
nosis. But, depression will affect the entire body of healthy individual. The indi-
vidual suffering from depression will affects not only physical state but also mental 
and emotional state. Single modality approaches are video analysis, EEG the brain 
activity, speech behavioral features, eye tracking etc. This type of analysis will 
concentrate on the only one single feature for e.g. EEG means it will give obser-
vations from the brain only. As depression is a multi disorder problem there has 
to be findings from different more modalities to improve the diagnosis. 

● Multiple modalities take into consideration more than one modality. The fusion 
of more than one modality is the multiple modality approach. In multiple modal-
ities different factors will be considered. The multiple modalities means for e.g. 
combining EEG with video analysis or EEG with speech features. So thus multiple 
modalities will enhance the performance leading to perfect diagnosis.
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6 Conclusion 

The paper surveyed the different single modality and multiple modalities approaches 
for detection of depression. The paper reviewed shows that more preferable approach 
is by using machine learning algorithms on recorded EEG signals. It is also observed 
that multiple modalities shows higher performance as compared with single modality 
approach. In the future work depression levels have to be diagnosed for evaluating 
a depressed individual. Also more emphasis is to be given on the Data Mining, 
Artificial Neural Networks techniques to improve the efficiency as compared to 
machine learning algorithms used. In the future a best depression system has to be 
built which will be also helpful for clinicians for the early diagnosis of depression. 
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Enabling Real-Time Vehicle-to-Vehicle 
(V2V) Communication for Intelligent 
Transportation System (ITS) 
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Ajay K. Sharma, and Nehul Singh 

Abstract The rapid advancement in the automobile industry and the ease with which 
vehicles can be acquired has resulted in a significant rise in the number of vehicles 
on the road. Vehicles have been upgraded from time to time to provide all kind of 
facilities to the commuters. Security features of the vehicle have also been enhanced, 
with the addition of airbags, seatbelts and so on. Still, however, there are many situ-
ations in which security has not been provided in complete sense, like prevention of 
accidents from occurring. There are also many other areas, where vehicles of present 
age cause problems to the commuters like traffic jams, human proximity detection, 
and so on. All these have led to the need of emergence of an Intelligent Transporta-
tion System, which embodies intelligence and provides innovative solutions such as 
traffic monitoring, blind crossing, preventing two or more vehicles from colliding, 
real-time route computation to the destination, and many more. This very idea of 
Intelligent Transportation System can be realized with the help of a communication 
paradigm, VANET (Vehicular Ad-Hoc Network), which ensures vehicle-to-vehicle 
communication.
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1 Introduction 

As per a latest prediction, more than 20 billion things will be connected to each 
other via the Internet by 2020, in which vehicles will form the majority. VANET 
is based upon this very idea of a large web of vehicles and a Wireless Local Area 
Network (WLAN), which can connect all the vehicles and will enable communi-
cation between them. The main goal of VANET is development of an Intelligent 
Transportation System (ITS), which can help in providing the much needed safety 
services to the vehicles. Vehicular Ad Hoc Network (VANET) is a special category 
of Mobile Ad-Hoc Networks (MANET). However, they can be separated from other 
ad hoc networks because of their architectures, characteristics of vehicle movement, 
and the fact that vehicles move only on roads which are generally fixed and static, 
provides it an edge over other mobile networks, where there is no fixed pattern of 
movement of nodes. As a result, VANETs pose many unique networking research 
problems and challenges, which include routing, security issues, scalability and so on. 
Inter-vehicular communication will provide safety-related services to the vehicles. 
In case of an accident, all the vehicles nearby to the accident area can be informed 
about the critical situation, by continuously broadcasting information about this crit-
ical situation to other vehicles. Also, if a particular vehicle breaks down, it can 
provide information about other nearby vehicles to the driver. Such kind of inter-
vehicular communication between different vehicles will help in the development of 
autonomous vehicles, as well as smooth traffic flow (Fig. 1). 

VANETs can also provide many other services to the commuters, such as the 
facility to send emails, download and play music, surf internet. All in all, Inter-
vehicular communication will be a crucial step towards making vehicles smart nodes, 
which can provide quite a number of services and facilities to the users. Internet of 
Things (IoT) can play a significant role in handling the increased no. of vehicles 
on the road. As, if we consider traditional problems like speed checking, pollu-
tion surveillance and so on, traditional solutions like timely checking of pollution, 
CCTV checking of vehicular speeds, or speed trackers, tend to fail, with increasing 
no. of vehicles under supervision, as the efficiency by which a traffic manage-
ment authority can handle these problematic situation decreases sharply. One of 
the proposed methodologies to tackle such situation is the Internet of Vehicles (IoV). 
The Internet of Vehicles (IoV) [1] is an association of an inter-vehicular network, an 
intra-vehicular network, and the vehicular mobile Internet. Based on this, Internet 
of Vehicles helps in wireless communication and information sharing between V2X 
(where V stands for vehicle and X for vehicle, road, human or internet) according to 
standard communication protocols.
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Fig. 1 An image describing communication in VANET 

2 Literature Review 

Routing protocols for VANET has been an area of research since many years. There 
has been quite a no. of algorithms proposed as well as implemented till now. Most 
of the algorithms proposed earlier suffered from the limitation that they made use of 
static data, which did not provide reliable information. 

Over the years, protocols such as AODV [2] and other similar protocols were 
proposed, which used flooding to obtain the path between source and destination. 
There have been other algorithms like VADD [5], which required the vehicles to 
store the information, until they find a next hop to transmit. Then, Santos R A, 
Edwards R.M, et al.  [7] proposed a scheme in which vehicles will be divided into 
groups and each group will have a cluster head. All the communication between 
nodes belonging to two different groups will be occurring via the cluster heads. 
The following table discusses some of the routing protocol studied, along with their 
strengths and weaknesses (Table 1).
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Table 1 Summary of related work and required modification of VANET routing protocols 

Research paper Proposed scheme Strengths Limitations

Perkins C. E, 
Belding-Royer E and 
Das S [2] 

In this protocol, route 
discovery is 
on-demand. The route 
is made only when the 
source node has to 
transmit packets to the 
target node 

The advantage of this 
protocol is that the 
routes are established 
on demand basis, as 
well as the easy 
identification of the 
destination by its 
sequence numbers 

The disadvantage of 
AODV protocol is the 
control overhead 
generated due to 
number of Route 
Reply to a single 
Route Request 
message 

Lochert C, Mauve M, 
Fler H, Hartenstein H 
[3] 

This protocol works 
best in city scenario, 
which are similar to 
real-world streets, and 
it does not require any 
extraneous data such 
as a map 

The algorithm is 
highly suitable for 
VANET and has a 
moderate 
performance in sparse 
density cases 

This algorithm 
displays poor 
scalability 

B.C. Seet, G. Liu, B.S. 
Lee, C.H. Foh, K.J. 
Wong, K.K. Lee [4] 

A-STAR uses fixed 
information regarding 
the traffic and assumes 
that buses commute on 
roads or streets that are 
more probable of 
having large number of 
vehicles. A-STAR 
therefore select these 
roads for transmitting 
of data packet 

The algorithm is 
scalable and has 
internet suitability 

The major drawback 
of this scheme was 
the fact that it used 
static data and not 
real-time data 

Zhao J and Cao G [5] The algorithm is based 
on store and transmit 
approach, in which a 
moving node has the 
packet till it has a new 
vehicle in its 
transmission range to 
forward the packet 

This protocol exhibits 
high throughput and 
Packet Delivery Ratio 

The protocol does not 
have internet 
suitability 

J. Bernsen and D. 
Manivannan [6] 

This routing protocol 
for VANETs makes 
use of an undirected 
graph in order to 
represent the roads and 
their intersections, 
where the vertex in the 
graph is the point at 
which the roads meet, 
and the roads are 
represented by the 
edges 

It performs 
monitoring of traffic 
actively and in real-
time 

Packet overhead and 
unnecessary usage of 
known edge list with 
routing packets are 
some of the 
weaknesses the 
algorithm suffers from

(continued)



Enabling Real-Time Vehicle-to-Vehicle (V2V) Communication … 221

Table 1 (continued)

Research paper Proposed scheme Strengths Limitations

Santos R A, Edwards 
R.M, Seed L N, and 
Edwards A [7] 

This algorithm uses 
cluster head for 
forwarding of message 
packets 

This routing protocol 
is well suited for 
networks having large 
no. of nodes because 
it provides good 
scalability 

The algorithm is not 
suitable for sparse 
density of nodes 

3 Research Gap 

While most of the known routing algorithms for VANET have made an attempt in 
ensuring an efficient delivery of message from one vehicular node to another, however 
due to fast vehicles movement, dynamic exchange of information and relatively 
higher speed of moving nodes, finding and keeping routes is a very important task 
in VANETs. The following are the key points which the current VANET routing 
algorithm lack from. 

1. A major requirement in protocol design in VANETs is how to improve relia-
bility of minimum-delay routing algorithms to simultaneously lower the delay 
in delivery time and the number of message retransmissions. 

2. To design a routing protocol for a city, the interference by large buildings along 
roads should be taken into account. A robust routing algorithm efficient against 
interference should be developed for a city environment. 

3. Temporary gaps or loss of connectivity in networks are quite common on most 
roads. 

So, real-time data is required for routing, and not static data. 
4. Reduction in congestion in the network due to excessive number of packets 

required for discovering the real-time traffic information. 
5. Packet Overhead should also be kept under check, by minimizing or avoiding 

unnecessary information in message packets as much as possible. 

4 Methodology Proposed 

The VANET routing scheme, which has been formulated for V2V communication, 
is an optimization of the greedy approach to routing. The protocol sends messages 
using those routes, which it considers as reliable, after monitoring the traffic, through 
its components for monitoring of traffic. This monitoring of traffic is done in run-
time, by voluntarily sending a probe message along the roads or streets, as well as 
passively by monitoring messages, that traverses a particular node. The reliability 
information of a street is also propagated along with the traffic monitoring step, so 
no broadcasting, flooding or any other means, which can cause network congestion 
needs to be used. The street reliability data is distributed among all the nodes in a
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better way by piggybacking all the data on the probe packets. In order to take benefit 
of the piggybacked data, in complete lifetime of the probe packet, the routes can 
be calculated as and when required at any street intersection junction, during the 
transmission of the message. This process of recalculating the route is a portion of 
the route recovery, in case no next node can be obtained in the present route. Like 
any other greedy routing algorithm for VANET, this protocol finds its neighbouring 
nodes, with the help of the probe message, utilizes location-based routes, and uses a 
greedy approach to transmit the packet to the target. A node also identifies the location 
of its neighbouring nodes using the probe message. After knowing the coordinates 
of the destination, it can choose the appropriate forwarding node, and continue this 
process, until the destination obtains the message. 

The protocol has a basic information of the geographical position of all the streets 
and their meeting point, which has been supplied to it through static pre-loaded data. 
So, the protocol uses this street-awareness to route messages along the streets through 
vehicles. Also, the protocol generates a route from source to target, such that these 
routes are anchored at certain geographic locations, mainly the street intersections. 
The protocol does not follow a completely greedy approach from start to end, but, in 
fact, it sends packet greedily between two anchor points, which it finds as reliable. 

4.1 Traffic Monitoring 

Monitoring of the traffic in the algorithm is done in two ways—active monitoring 
and passive monitoring, which are performed in run-time. In active monitoring, the 
main aspect is the probe packet, which is simply a message that is sent time-to-time 
by nodes, which are present closer to the street vertex in the network. The probe 
message after being sent by a vehicle, which is present near a street intersection 
point, is greedily forwarded to the desired next-hop nodes along the road that is 
meeting on that vertex. Since, the end node for a probe message is unknown to the 
sending node, thereby the probe message keeps on traversing the current edge, until 
it is received by a node which is near to the opposite street vertex. In case of no 
next node being available for transferring the probe packet, it is dropped. However, 
if the packet has been successfully delivered to the node at the opposite end, then 
all the nodes along that road will be aware of the connectedness of the edge at that 
moment. The probe sent to the neighboring street edges also function the same way 
except the fact that they are sent with a time limit or distance limit, so that they 
cover only one of the vehicle in its path and obtain as well as distribute information 
regarding the street edges among themselves. The probes perform dual functions of 
traffic detection as well as distribution of traffic information. While transmitting the 
probe packet, the sender node also has to add edge list with the probe packet, in 
which it will add information about all the edges, which are known to it, along with 
their weights, as well as the last time it received any update regarding that particular 
edges’ weight. When that packet goes through intermediate nodes, they will analyze 
all the information present in the known-edge list. They will find out whether they



Enabling Real-Time Vehicle-to-Vehicle (V2V) Communication … 223

have the information regarding a particular edge present in the list or not. If they 
have a more recent information, then they will make necessary changes in the probe 
packet, otherwise they will take the most recent update about that edge from the 
probe. Also, if they have information about an edge, which probe packet does not 
contain, then they will also add that information in the packet. A node on generating 
the probe packet does not simply add information about all the edges, in fact, it makes 
a selection from all the available nodes. The nodes do not include information about 
those edges, whose weight is marked as default value, or the one whose weight it 
does not know. From the remaining ones, it excludes all those edges, whose weight 
has not been updated since the last time they were shared. All this exclusion of edges 
is done to reduce the network congestion as well as the packet overhead. 

4.2 Determination of Reliable Path 

In any routing algorithm attempting to find the shortest path between two nodes, 
the edge weight is generally a reflection of the distance between those two nodes. 
However, in this algorithm, edges are assigned weight, but they are not based on the 
distance between two nodes, but on the reliability of the path between two nodes. This 
means that, if any road segment is found to be connected or traversable by a probe 
packet, then that edge will be assigned the minimum weight. Similarly, on finding an 
edge to be disconnected will result in that edge being assigned the maximum weight 
possible. After assigning weights to all the edges, Dijkstra algorithm can be run to 
find the path with the least weight and highest reliability. After this path is obtained, 
it is written down in the packet along with the reliability value of each edge. 

4.3 Calculation of Reliability Value of a Path 

In order prefer information about edges which have are more recent, the protocol 
assigns the reliability weight of a road as the number of milliseconds elapsed since 
that road was last covered by any probe message. As per this algorithm, a road which 
has been traversed recently in the past will have a lower weight as compared to 
the one which was traversed some time ago. And as the recent information is more 
likely to be correct, so road segments with lower weight will be preferred over those 
with larger weights, while finding the path from source to destination. A node relies 
upon the probe message to assign weight to a particular edge. If a node finds that a 
probe packet has traversed an edge, that means that particular edge is connected or 
reliable, and will be assigned the minimum weight. The weight assigned will keep 
on increasing linearly with time, so as to indicate that the information about the route 
is not recent. And in cases, when a node finds out that an edge is not traversable by 
a probe packet and is disconnected, it will assign it the maximum possible weight, 
until it gets new information regarding the connectedness of the road. Apart from
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calculating the values of the edges on the go, all the nodes may also assign some 
pre- defined static values to the edges/roads. In case, it has been a long time since a 
probe packet has conveyed the message to the node regarding the connectedness of a 
road, the node can assign a default value to that edge, to indicate that the information 
regarding this edge is quite old, and the edge should be avoided, if we have a better 
path not traversing that edge. 

4.4 Routing of Data Packets 

For sending the message from source to the destination, firstly, the location of the 
destination node is obtained. After obtaining the information about the position of 
the target node, the distance between the source and the destination is calculated. If 
the calculated distance is found out to be small, such that both the nodes are within 
the radio range of each other, then the source node greedily sends the packet towards 
the target node. In case the two nodes—source and the destination are not within 
the range of each other, then the source node will consult its street graph, and then 
will run the Dijkstra algorithm to find out the most reliable path. The path from 
the source to the destination is generally obtained in the form of street intersection 
points, known as anchor points, and the whole path is known as the anchor path. The 
anchor path is written around the message packet in the header. Each node finds the 
next node to transfer the packet to, such that the packet reaches successfully to the 
destination. All the intermediate nodes look up the anchor path in the header of the 
message packet and determine the next node, which is within its range and closer to 
the next anchor point in the path to the destination, and send the packet to it. 

5 Implementation 

The algorithm proposed in the previous section was implemented using MATLAB. 
An user- interface was developed to ensure generalization of the proposed routing 
algorithm for VANET. The user-interface requires the users to provide the following 
details to begin simulation. 

1—No. of nodes/vehicles, 2—Source Node, 3—Destination Node (Fig. 2). 
The simulation results obtained from the implementation can be divided into two 

sections—1. Varying the number of nodes and 2. Varying the time period of routing 
update probe packet.
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Fig. 2 User-interface for VANET simulation 

5.1 Based on Number of Nodes 

The number of nodes affects the node density, which is the no. of nodes or vehicles 
per unit distance. The result of the routing algorithm under various cases are as 
follows. 

CASE 1—Number of Nodes = 200 
INITIAL—THROUGHPUT 

In the above graph, the throughput was similar to the ideal case, when the no. of 
hops between source and destination was lesser, and, thereafter, it has decreased.
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CASE 2 Number of Nodes = 1000 
INITIAL—THROUGHPUT 

5.2 Based on Routing Updation Time Period 

As in the proposed algorithm, a node present near to a street vertex sends a probe 
packet periodically. The periods may vary, and the following cases represent the 
working of the algorithm for different routing updation time period, given that each 
node took approximately 1.2 s to change their current position to a new one. 

CASE 1—Routing updation time period = 20 ms 
THROUGHPUT
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As the routing updating period is quite low, so most of the nodes quickly got infor-
mation regarding any changes in the network topology, and thereby, the throughput 
is same as the ideal case, and there is no packet loss. 

CASE 2 Routing updation period = 500 ms 
THROUGHPUT 

The above graph shows that the throughput has been highly reduced, because of 
the very large routing updating time period. 

6 Comparison with Existing Work 

In order to find out the performance of the proposed algorithm for ensuring real-time 
vehicle-to-vehicle communication, a comparison with one of the existing protocol 
in the field was done, under similar conditions. RIVER [6] protocol was used for 
comparison with our work, and the results are depicted as follows -

1—Routing packet header size 
In RIVER protocol, each routing packet needed to store information in the form of 
edge-list, but in our proposed work, routing packet do not need to store any such 
information (except in case of link failure), resulting in a significant amount of 
reduction in packet overhead. 

2—Reduced Convergence Time 
Another area, where the proposed scheme outperforms the RIVER is the time 
required for all the nodes to converge to any kind of changes in the network topology. 
Since, RIVER depends upon the routing packets to carry such information, our
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Fig. 3 Data Packet throughput comparison 

scheme uses probe packet for this. There can be large no. of scenarios, such as when 
there is no routing packet moving through nodes having the updated information, 
other nodes in RIVER will not be updated about a particular change, but in the 
proposed scheme, since the probe packet travels to adjoining road as well with a 
distance limit and obtains the updates, all the nodes converge to the network changes 
quickly, without the need of any routing packet carrying the information. 

3—Data Packet throughput 
The Data Packet throughput of both the scheme under similar condition was obtained, 
as shown in the figure below. 

As can be seen from the figure above, the proposed scheme has almost similar 
or better packet throughput in most of the cases. Add to the fact that the throughput 
of the proposed scheme has been obtained with reduced packet overhead as well as 
reduced convergence time signifies the scheme proposed (Fig. 3). 

7 Conclusion 

The proposed algorithm is expected to overcome most of the limitations summarized 
in the research gap. The algorithm was simulated using MATLAB, and simulation 
results under various situation were also presented. The algorithm works by ensuring 
that it finds the most reliable path from source to target, and at the same time, keeps 
in check the traffic congestion in the network as well as the packet overhead. The 
algorithm simulated worked well when the node density, or the no. of vehicles in 
the network were medium to high. However, its efficiency in cases when the no. of 
nodes are quite less, such that when most of the vehicles are not able to find another 
one in its range, is something that can be worked upon more. Overall, the algorithm 
selected the most suitable path in terms of reliability to send data, with a reduced
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packet overhead as well as reduction in the number of probe packets that need to be 
sent as well, which is the real strength of the algorithm proposed. 

There are still areas where further work can be carried upon in this algorithm. This 
includes the fact that efficiency of this algorithm can be improved for cases when 
the no. of nodes or vehicles are less in number. Also, in cases, when there is no next 
node within the range of a vehicle for transferring the packet, the packet is simply 
dropped. Mechanism similar to store and forward in such kind of situations can be 
studied and implemented. The algorithm tries to store information regarding all the 
routes in the network, even about those routes that are never going to be accessed 
by that node, so more research can be carried out regarding how to avoid storing 
information about all the routes, and still get better results. 
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Dual Band – Notch Elliptic Shaped 
Monopole UWB Filtering Antenna 

Abhishek Patel and Manoj Singh Parihar 

Abstract In this paper a compact elliptical monopole UWB Antenna is analyzed. 
Proposed structure covers the frequency band of UWB spectrum defines from 3.1 to 
10.6 GHz. Symmetrical and Monopole structure of this proposed UWB Antenna is 
helping to achieve the good matching of impedance. Although multiple interfering 
frequency bands are existing in the define UWB spectrum. Filtering characteristics 
have been incorporated to eliminate the effect of existing interfering bands. Two 
λg/2 rectangular split ring resonators (R-SRR) are used within the monopole radi-
ator. These R-SRR are producing notch in WiMAX and X-Band of UWB spectrum. 
Commercially available software CST Microwave Studio has been used for design 
and simulation of proposed prototype. Results achieved from the simulation are 
showing the desired performance characteristics of proposed prototype. Return loss 
of the proposed UWB Antenna is better than −10 dB and gain and efficiencies are 
in good agreement as desired. 

Keywords UWB · Antenna · Resonator ·Monopole · Planner · Band – Notch ·
R-SRR · SWB 

1 Introduction 

In the year of 2002, due to increasing demand of UWB applications, FCC (Federal 
Communication Commission) has permitted to use of the frequency band from 3.1 
to 10.6 GHz, known as Ultra-Wide Band, for the commercial purpose [1]. UWB 
have wide applications in field of modern wireless communication system, military 
communication, imaging system, satellite communication system and radar tech-
nology [2, 3]. Qualities like higher data resolution, less interference, low cost of
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design, higher data transmission rate, low complexity, less spectral power density 
etc. thrust this UWB frequency band to emerge as a new technology which would 
be easily available and user friendly [4]. 

Various types of structures of proposed microstrip UWB antenna are available in 
the literature resources. Rectangular, Circular, Elliptical, Triangular, semi-circular, 
rectangular-cum-circular structures are commonly used. To achieve the better results 
from the antenna, designer should prefer the symmetrical structure. Monopole struc-
tures are used because of twice the directivity of dipole structured antenna and also 
helps to achieve good matching [5–8]. 

However, there are existing interfering bands in the UWB frequency band. These 
bands are WiMAX, WLAN, C-Band and X-Band which produces interference to the 
UWB frequency band. Several methods like ring resonator method, filtering method 
etc. are available to eliminate the effects of interfering bands. In this paper the addition 
of rectangular split ring resonator (R-SRR) is used to suppress the effect of WiMAX 
and X-Band from the UWB Spectrum [9–17]. 

In this paper elliptical shaped structure has been designed and simulated. The 
design specifications are elaborated in the Sect. 2. Section 3 covers the analysis 
of parameters used to design the proposed structure. Simulated results and other 
required results and performance analysis is arranged in the Sect. 4. Finally, the 
concluded remarks are drawn in the Sect. 5. 

2 Design Specifications of UWB Antenna 

The proposed structure of UWB Filtering Antenna is made of FR-4 (Lossy) material 
with a dielectric constant of 4.3 and loss tangent of 0.025. Thickness of the substrate 
is 1 mm. Dimensions of the substrate is 36 × 38 mm2 and the elliptic shaped radi-
ating patch on the top layer is excited with 50Ω microstrip feedline. FIT based 
CST Microwave Studio is used to obtained the simulation results of proposed UWB 
Filtering Antenna [18]. Complete structure with dimension parameters is shown in 
Fig. 1 and optimized value of parameters are mentioned in Table 1. 

2.1 UWB Antenna Design 

The proposed structure of UWB antenna is shown in Fig. 1 optimized dimension 
of the elliptic shaped radiating patch is achieved by analyzing the parameters of 
proposed structure, which is discussed in Sect. 3. Ground of this monopole UWB 
antenna is etched with rectangular cum circular slot to achieve better impedance 
matching and the reflection coefficient has been depicted in Fig. 2.
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Fig. 1 Geometry of 
proposed UWB antenna a 
Top view and b Bottom 
vview 
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Table 1. Optimized dimensions of the proposed ffiltering antenna 

Parameter A B C D E F G J K 

Value (mm) 16 9 5 1.5 0.35 0.35 0.4 0.4 8.5 

Parameter L M N R S T W X Y 

Value (mm) 5.2 6 6 2.5 19 13 2 36 38 

Fig. 2 Reflection coefficient 
of proposed UWB antenna 

2.2 Resonators Design 

To design the filtering antenna, the necessary steps comprise with the design of filter 
which will create notch in the WiMAX and X-Band of the UWB spectrum. Two



234 A. Patel et al.

λg/2 resonators are used to create the notch in above mentioned frequency bands. 
Narrowband response in the WiMAX band is achieved due to C type resonator, with 
center frequency at 3.5 GHz. Simulated result of C-Type resonator is shown in Fig. 3. 
Another resonator has designed with U-Type structure and producing narrowband 
response in the X-Band of UWB spectrum. This resonator is designed with center 
frequency of 8.4 GHz. S-parameter of this resonator achieved after the simulation is 
shown in Fig. 4. 

Fig. 3 S – parameters of 
C-type resonator 
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G 

Fig. 4 S – parameters of 
U-type resonator 
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Fig. 5 S11 of proposed 
UWB filtering antenna 

2.3 UWB Filtering Antenna Design 

Antenna and filter have been designed and simulated separately in the previous step 
of this section. Now the next step is to design the filtering antenna by merging the 
design in the single patch shown in Fig. 1. The return loss of the proposed filtering 
antenna obtained from the simulation is shown in Fig. 5. Other simulated results have 
been discussed in the Sect. 4. 

3 Parametric Analysis 

To optimize the dimension of the proposed structure, analysis of parameters has been 
performed in this section. 

3.1 Major Axis of Elliptic Patch 

As the ellipse have two dimensions, in which major axis is one of them. Fig. 6 shows 
the effect of major axis of the radiating elliptic patch. At A = 16 mm, the spectrum 
covers the spectrum which defines for the UWB. Hence the optimized value of major 
axis is taken as A = 16 mm. 

3.2 Minor Axis of Elliptic Patch 

Reflection coefficient of different values of minor axis of elliptic patch is shown in 
Fig. 7. As B increases from lower to higher value, the return loss going more deeper
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Fig. 6 S11 of parametric 
analysis on major axis of 
elliptic patch 

Fig. 7 S11 of parametric 
analysis on minor axis of 
elliptic patch 

than previous one. The optimized value of minor axis is taken as B = 9 mm because 
at this value spectrum covers the UWB frequency range significantly with less return 
loss. 

3.3 Length of U-Shaped Resonator 

Optimization of length of U-shaped resonator has been explained in this section. 
As length changes from lower to higher value the S21 also changes from higher
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Fig. 8 S21 of Parametric 
analysis on length of 
U-shaped resonator 

frequency to lower frequency shown in Fig. 8. At half wavelength of central frequency 
S21 shows expected result. 

3.4 Width of U-Shaped Resonator 

For creating notch in X-Band, U-shaped resonator has been used. In Fig. 9 variation 
of width of this resonator has been explained. As width increases from D = 0.9 to 
D = 1.8 mm, the notch goes deeper and at the value of D = 1.5 mm, S21 shows 
significant result. Hence value of length has been taken as D = 1.5 mm. 

Fig. 9 S21 of parametric 
analysis on width of 
U-shaped resonator
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Fig. 10 Reflection 
ccoefficient of proposed 
filtering aantenna with and 
without Band-Notch 

4 Results and Discussion 

4.1 Reflection coefficients of proposed Filtering Antenna 

Results obtain from the simulation of reflection coefficients of structure shown in 
Fig. 10 explains that good matching is achieved and reflection coefficient is below 
−15 dB in the pass band and above −4 dB in stop band also covering the spectrum 
of UWB band. 

4.2 Gain and Efficiency of proposed Filtering Antenna 

In the Fig. 11 explaining the simulated results that realized gain is negative for stop 
band and below −5 dBi in WiMAX Band and below −2 dBi in X-Band and above 
3 dBi in the pass band and total efficiency with and without notch band is above 60% 
in pass band and below 20% in stop band. 

4.3 Far-field pattern of proposed Filtering Antenna 

The simulated normalized far-field pattern in x-z plane and in y-z plane in various 
frequencies are shown in Fig. 12. In x-z plane E-filed showing omnidirectional pattern 
at 4 GHz and at 6 GHz and at 7.5 GHz E-field observes directional pattern and at 
12.5 GHz which is beyond the UWB band, E-field converse as more directive and 
showing the butterfly shape. Unit of the E-field pattern showing plot is Theta/Degree
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Fig. 11 Gain and efficiency 
of proposed filtering antenna 

vs dBV/m. H-field pattern observes in the y-z plane and omnidirectional pattern 
showing at 4 GHz and at 6 GHz. Direction pattern observed at 7.5 GHz and at 
12.5 GHz. Unit of the plot showing H-filed pattern is Theta/Degree vs dBA/m. 

4.4 Surface current distributions of proposed Filtering 
Antenna 

The simulated surface current distributions without notch bands and at notch bands 
are shown in Fig. 13. The surface current distribution without notch bands at frequen-
cies 5 and at 7.5 GHz are shown in Fig. 13(a) and (b), explains that current is 
completely concentrated at radiating elliptic patch. In the WiMAX band at 3.5 GHz 
the surface current distributed mainly at C-shaped resonator shown in Fig. 13(c). 
In the X-Band the surface current concentrated at U-shaped resonator shown in 
Fig. 13(d). 

5 Conclusion and Future Scope 

The design of a compact monopole elliptic UWB filtering antenna is proposed in this 
paper. Reflection coefficient of proposed antenna shows return loss below −14 dB and 
covers the entire UWB spectrum also covers frequency beyond the UWB spectrum 
hence this antenna can also be used in super wideband (SWB) application. C-shaped 
and U-shaped resonators are producing Band-Notch in WiMAX band and in X-band 
respectively. Simulated Realized gain is above 3 dBi in pass band and below −2 dBi  
in stop band also efficiency is less than 20% in stop band and above 60% in pass 
band which is in good condition and normalized far-field pattern shows good results.
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Fig. 12 Simulated normalized far-field pattern of proposed filtering antenna - in x-z plane: a 4 b 
6 c 7.5 d 12.5 GHz and in y-z plane: e 4 f 6 g 7.5 and h 12.5 GHz Co Pol. Cross Pol. 

(pol. = Polarization) 

Fig. 13 Simulated surface current distribution of proposed Antenna without band notch a at 5 GHz 
b at 7.5 GHz and with band notch c at 3.5 GHz and d at 9 GHz

The proposed UWB antenna can be utilized for modern wireless communication 
applications. 
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A Low-Profile Dual-Band Meander-Line 
Antenna for Sub-6 GHz 5G Applications 

Swati Sharma and Rekha Mehra 

Abstract This article presents the design of a dual-band, low profile, wideband 
antenna for sub-6 GHz 5G applications. The antenna structure consists of a square 
slot patch antenna fed with microstrip line, a meander line (ML) structure inside 
square slot and partial ground plane (PGS). The process of miniaturization of a 
microstrip patch antenna by the use of ML and PGS is presented in this paper. 
The size optimization of proposed antenna is performed by parametric analysis. 
Proposed antenna presents 62% miniaturization than a square patch antenna. The 
overall dimension of the antenna is 0.3 × 0.3 × 0.02λ0. The antenna has a dual band 
performance and resonates from 3.34–4.25 GHz and 4.65–7.07 GHz covering all the 
three bands n77/n78/n79 of new radio (NR) allocated for 5G communication in sub-6 
GHz range by ITU-R and WRC-19. Result shows that the presented antenna has a 
maximum radiation efficiency of 86%, realized peak gain of 2.59 dBi, impedance 
bandwidth (IBW) of 910 MHz and 2.42 GHz while radiates in linear polarization 
(LP) manner. 

Keywords Meander line · Sub-6 GHz · 5G communication · Partial ground 
structure 

1 Introduction 

Data traffic is growing rapidly due to the increase in number of smartphone users, 
connections of internet of things (IoT), cellular videos and smart cities. 5G wireless 
technology is designed to provide consumers with multi-gigabit data rates (Gbps), 
ultra-low latency, enhanced security, large network capacity, and a consistent user 
experience [1]. To accommodate 5G, the key spectrum is allocated into three bands: 
low-band (up to 1 GHz), sub-6 GHz band (1 to 6 GHz), and mmWave band (above 24 
GHz) [2]. Several nations are focusing on the sub-6 GHz band for 5G deployment. 
The major reason for choosing the mid-band frequency over the mmWave frequency
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appears to be that propagation losses are more at higher frequencies, propagation 
loss includes atmospheric losses and path losses [3]. 

Antennas are indeed a integral component of all mobile communication systems. 
Because the globe has already adopted the 5G communication technology, antenna 
design for 5G smart phones and base stations is in demand. Furthermore, the sub-6 
GHz antenna must coexist with other services band antennas such as Wi-MAX, 
WLAN, and LTE. The 5G antenna should be small enough to be integrated in 
mobile devices. Microstrip patch antennas have become the preferred choice among 
many types of antennas because to their desirable characteristics of low-profile, 
lightweight, low-cost, and easy integration with MIC and MMIC circuits [4]. So far a 
few number of antennas have been presented for midband of 5G, an ellipse-shaped 
patch antenna[5], a dual-polarized magneto-electric antenna [6] and a rectangular 
patch [7]. However these antennas are having very large dimensions and are unable 
to achieve the n79 band. The other reported articles for sub-6 GHz are comprised 
of two substrate layers [8]and 4-pin diodes applied on the two substrates [9]. These 
antenna are having larger volume which restricts their application in portable devices. 
To overcome the issue of large size and volume, the concept of meander line based 
antenna is utilized in the proposed antenna. Meander line has a advantage of simple 
structure, electrically small dimension, and low profile [10]. ML technique also 
introduces dual/multiband resonance [11] and wideband response by considering 
the unequal size of MLs in antenna system [12]. 

In this paper, a compact, dual band antenna is proposed for 5G sub-6 GHz appli-
cations. It comprises of a square slot patch antenna, MLs and partial ground plane. 
This antenna resonates from 3.34–4.25 GHz and 4.65–7.07 GHz and covers all the 
three bands of new radio (NR) allocated by ITU-R and WRC-19 for 5G-sub-6 GHz, 
i.e., n77(3.3–4.2 GHz), n78 (3.3–3.8 GHz) and n79 (4.4–5.0 GHz) [13]. In Sect. 2 
antenna geometry and its step-wise evolution is explained, Sect. 3 presents the results 
and their analysis followed by a conclusion in Sect. 4. 

2 Antenna Design 

In this section, the stepwise design of the proposed antenna is explained in detail. The 
antenna is fabricated on FR-4 substrate (Er = 4.3, h = 1.6 mm), with the dimension 
of 24 × 24 mm. The simulation is performed using CST microwave studio suite. The 
proposed antenna is designed in four steps (Ant_1 to Ant_4) as shown in Fig. 1 and 
their corresponding simulated |S11| (dB) plot is shown in Fig. 2. 

Ant_1 is a simple square patch antenna fed with 50 Ω microstrip line, which shows 
a single band performance and resonate at 10 GHz. In Ant_2 the length of ground 
plane is reduced to create partial ground plane (PGS) along with this a slot is created 
in square patch. This step is majorly responsible for size reduction as it shifts the 
resonance at 3.76 GHz. In Ant_3 an asymmetric ML is created inside the square slot of 
patch. The different width of ML creates different resonance and adjacent resonances 
increases the bandwidth hence creates 3.7 GHz wideband (3.4–7.13) GHz. Now to
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Fig. 1 Design steps of the proposed antenna a Microstrip fed square antenna b square slot antenna 
with PGS c ML based antenna d Bar along with ML antenna 

Fig. 2 Simulated |S11| (dB) Parameter graph at different stages of antenna design 

introduce a notch within this band a bar is created along y-direction. This notch 
effectively removes the portion of the spectrum that does not fall inside the 5G sub-
6 GHz range. Ant_4 gives a dual band performance and covers the n77/n78/n79 
bands of new radio. The comparison of design steps, resonating frequency and their 
respective impedance bandwidths (IBW), are summarized in Table 1. The schematic 
diagram of the ML loaded patch antenna is displayed in Fig. 3 and the optimized 
values of parameters are shown in Table 2. The width (Wp) of patch is calculated as: 

WP = c 

2 f0 
/

εr+1 
2
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Table 1 Comparison of impedance bandwidths and resonation frequencies of the Ants. 1–4 

Antenna steps Antenna structure No. of bands Center frequency 
(GHz) 

IBW (GHz) 

Ant_1 Square patch antenna, 
full ground 

1 10 9.64–11.09 

Ant_2 Square slot antenna, 
PGS 

1 3.76 3.26–4.83 

Ant_3 ML loaded antenna, 
PGS 

1 4.08 3.40–7.13 

Ant_4 Bar along with ML 
antenna, PGS 

2 3.8, 5 3.34–4.25, 
4.65–7.07 

(a)Front View (b) Back view 

Fig. 3 The schematic diagram of the ML loaded patch antenna 

Table 2 Parameters of the proposed antenna with its dimensions 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) 

Wg 24 Wp 14 L1 8.5 

L2 1.5 W1 2 W2 1.5 

Wf 3.1 Lf 6 Lg 4 

Here f0 = 3.8 GH  z, εr = 4.3 and c = 3 × 108 m/s. 
The parametric analysis is performed in Fig. 4(a) to (d), to see the effect of 

different dimensional parameters on resonating frequencies and IBW, by varying 
one parameter at a time and keeping other parameters constant. The length of the 
bar (L1) varies in Fig. 4(a), and it has been observed that for values other than the 
optimal value i.e. L1 = 8.5 mm, the |S11| plot does not cover the n79 (4.4–5 GHz) 
band of mid 5G. In Fig. 4(b) the length of partial ground plane (Lg) varies from 2 
to 6 mm. This can be observed that for lower values than optimized value of Lg, the 
|S11| plot does not cover the entire n77 (3.3–4.2 GHz) band and for higher value the 
|S11| versus frequency plot does not cover the bands of 5G sub-6 GHz. Similarly the
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Fig. 4 Parametric analysis of ML loaded patch antenna for resonating frequencies by varying a 
length of Bar b Hight of PGS c Thickness of slot d Width of the patch 

variation in the width of the slot (W1) effects the bandwidth coverage of 5G bands 
as shown in Fig. 4(c). The width of the patch (Wp) is the key factor for the resonance 
of the proposed antenna and effect of varying Wp from 13 to 17 mm is shown its 
effect in Fig. 4(d). 

3 Results and Analysis 

The simulated |S11| (dB) parameter is shown in Fig. 5, which shows that the proposed 
structure has a dual band characteristics and resonates from 3.34–4.25 GHz and 4.65– 
7.07 GHz. The surface current distribution analysis has been done at peak resonating 
frequencies i.e. 3.8 and 5 GHz and presented in Fig. 6. At 3.8 GHz the intensity of 
current is high at the edges of patch and in between the square slot and bar connected 
to ML, due to the coupling capacitance occurred between them. Which implies that 
the fundamental resonance at 3.8 GHz, occurs due to square patch antenna. At 5 
GHz, as shown in Fig. 6(b) the intensity of current is high at the entire part of ML 
and around ML, hence this resonance is due to the ML.
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Fig. 5 Simulated |S11| graph of the ML loaded patch antenna 

Fig. 6 Simulated distribution of current vectors of proposed antenna at a 3.8 GHz b 5 GHz

The co-polar and cross-polar radiation pattern of the proposed antenna has been 
simulated in the XZ plane and YZ plane which is shown in Fig. 7. Which shows that 
the level of cross polarization is very less than the level of co-polarization. 
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Fig. 7 Simulated radiation patterns of proposed antenna at a 3.8 GHz in XZ plane b 3.8 GHz in 
YZ plane c 5 GHz in XZ plane d 5 GHz in YZ plane 

Fig. 8 a The simulated gain plot b The radiation efficiency plot of ML loaded microstip antenna 

The simulated gain over the frequency plot is shown in Fig. 8(a), which depicts 
that the gain is stable in entire range between 2 to 3 dBi. The radiation efficiency
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Table 3 Comparison of the proposed antenna with other published 5G sub-6 GHz antenna 

Ref. no Size of 
antenna 
(mm3) 

No. of 
bands 

Band (GHz) Profile Efficiency 
(%) 

Substrate 5G bands 
covered 

[5] 180 × 
60 × 1.6 

1 3.28–3.78 Planar NC FR-4 N78 

[6] 150 × 
150 × 21 

1 3.05–4.42 3D NC Not 
specified 

N77/n78 

[7] 114× 77 
× 1.6 

1 2.35–2.45 Planar NC RT Duriod – 

[8] 63 × 
51.2 × 
4.5 

1 2.84–5.17 3D 64 FR-4 N77/78/79 

[9] 100 × 
100 × 
5.7 

1 3.39–3.62 3D 96.5 FR-4 N78 

Proposed 
work 

2 4 × 24 
× 1.6 

2 3.34–4.25, 
4.65–7.07 

Planar 95 FR-4 N77/78/79 

* NC = Not calculated 

over the frequency plot of this antenna is illustrated in Fig. 8(b), which shows that 
the efficiency of the antenna is always greater than 80% in the entire range. It depicts 
that the proposed LP antenna works efficiently in compete band. Table 3 shows the 
comparison of the proposed antenna with previously published work on the 5G sub-
6 GHz antenna. This can be deduced from the table that the proposed antenna is 
quite compact than other cited references [5–9] while it covers all the three bands 
(n77/n78/n79) assigned for 5G, sub-6 GHz. 

4 Conclusion 

A compact, dual band, low profile, wideband antenna is designed and analyzed in this 
paper. The compact size antenna is achieved by using partial ground structure and 
square slot patch antenna. By placing bar along with asymmetric ML inside square 
slot patch, dual band compact antenna has been achieved. This antenna exhibit 910 
MHz and 2.42 GHz wide IBW ranging from 3.34–4.25 GHz and 4.65–7.07 GHz 
respectively. The radiation pattern was studied at two different frequencies 3.8 GHz 
and 5 GHz in XZ and YZ plane. The antenna exhibits a stable gain of 5.7 dBi and 
peak radiation efficiency of 95%. The proposed antenna covers n77/78/79 bands 
allocated for 5G sub-6 GHz communication by ITU-R and WRC-19, hence it can be 
a good candidate for 5G sub-6 GHz communication.
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Design of Closed Loop Mach-Zehnder 
Interferometer for Path Length Stability 

Jyoti Gondane and M. S. Panse 

Abstract Optical coherent detection techniques are important techniques for accu-
rate detection of optical signals. Optical coherent detection consists of Mach-Zehnder 
interferometer which provides beating between two optical beams. Inside an inter-
ferometer an optical signal is divided into two parts with a beam splitter. These two 
beams travel in test and reference arms of optical interferometer and gets combined 
at another beam splitter. If the path lengths traveled by test beam and reference 
beam is equal inside an interferometer, then test beam and reference beam shows 
constant phase relationship with each other. The constant phase relationship between 
two beams is the most important characteristics of an interferometer as it enables 
extraction of modulated frequency components in the test arm. If one of the mirrors 
in Mach-Zehnder interferometer is mounted on piezo actuator, then it is possible to 
precisely control the path difference between two beams. In this research paper, a PID 
controlled closed loop operation of Mach-Zehnder interferometer is demonstrated. 

Keywords Mach-Zehnder interferometer · PID controller · Piezo Actuator ·
Fringes 

1 Introduction 

Mach-Zehnder interferometer is an important tool for many sensing applications. It 
is widely used for indirect measurement of frequency of any device under test which 
is placed in test arm of interferometer. The two interfering optical signals shows 
constant phase relationship with each other. To achieve a constant phase between 
the two optical signals, the length of interferometer’s arms needs to be continuously 
changed [1]. The path stability is important factor to achieve the phase stability.
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The interferometers which are constructed with the free space optical devices are 
highly configurable devices but show less stability [2]. Various techniques are used 
to stabilize the path difference in test and reference arm of interferometer. There are 
many factors like environmental noise, temperature fluctuations stability of optical 
holders, which contribute to phase uncertainty. Various feedback techniques are used 
to phase lock to a particular setpoint with a feedback loop [3]. Many literatures have 
suggested that stability of a Mach-Zehnder interferometer can be increased by using 
a Fabry-Perot interferometer in one of the arms. Fabry-Perot interferometer uses 
the multiple reflections between boundaries of two partial reflecting mirrors [4]. 
As it is placed in the same reference arm of interferometer, both interfering fields 
and therefore, the interferometer phase is automatically stabilized. In this paper, we 
explain the implementation of Mach-Zehnder interferometer with a piezo driven 
mirror and verify its basic properties like interference visibility and phase stability 
[5]. The Fig. 1 shows experimental setup of basic Mach-Zehnder interferometer. It 
consists of a laser source, two beam splitters and two mirrors. The optical signal 
from laser diode gets divided into two parts by beam splitter 1. The reflected signal 
from first beam splitter travels the path of length L1 in the test arm of interferometer, 
while the transmitted signal from the first beam splitter travels the path of length L2 

in the reference arm of the interferometer [6]. 
Both the optical signals interfere at another beam splitter and forms an interference 

pattern. If the path length L1 in the test arm and path length L2 in the reference arm 
of the interferometer are equal, then path difference between two arms Both the 
optical signals interfere at another beam splitter and forms an interference pattern. 
If the path length L1 in the test arm and path length L2 in the reference arm of the 
interferometer are equal, then path difference between two arms (ΔL) becomes zero. 
becomes zero [7]. The phase difference (Δϕ) associated with these two signals show 
constant phase relationship with each other. The phase difference between the two 
optical signals is given by equation 

Δϕ = 2π 
λ 

ΔL (1)  

Fig. 1 A basic Mach-Zehnder interferometer
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Fig. 2 Fringe patterns shows constructive and destructive interferences in M-Z interferometers 

The interference pattern formed at detector shows constructive and destructive 
interference which is dependent of path difference (ΔL) between the two signals 
[8]. The condition for constructive interference is given by 

ΔL = λ, for m = ±1, ±2, ±3 . . . (2) 

The condition for destructive interference is given by 

ΔL =
(
m + 1 

2

)
λ, for m = ±1, ±2, ±3 . . . (3) 

The constructive and destructive interference pattern obtained at detector are in the 
form of fringes which are periodic bands of maximum and minimum light intensity 
which are termed as maxima and minima respectively. The Fig. 2 shows fringe pattern 
of a basic Mach-Zehnder interferometer. 

2 PID Controlled Closed Loop Optical Interferometer 

Proportional-Integral-Derivative (PID) controllers are widely used feedback 
controllers. The PID controller requires input of process variable (PV) and a setpoint 
(SP). The process variable is the parameter of system which needs to be controlled 
and the setpoint defines the desired value for that system parameter [9]. A PID 
controller analyze the system output value, and it inputs the controller output value 
to the system to move the process variable toward the setpoint value. A PID controller 
calculates the difference between SP and PV and generates the error value e(t) as 
shown in Fig. 3. It applies the correction based on proportional (P), integral (I) and 
derivative (D) terms. However, in this research only PI controller is used for phase 
sensitivity as use of differentiator (D) delays the response time of the process. A PID 
control variable u(t) is given by [10]
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Fig. 3 Structure of PI 
controller for phase stability 

u(t) = K Pe(t) + KI

∫ t 

0 
e(τ )dτ (4) 

where K P is proportional gain and KI is proportional gain. There is a relative phase 
drift between the test signal and the reference signal that varies randomly. To nullify 
this phase drift, a feedback mechanism is proposed in which one of the mirrors is 
mounted on a piezo driven actuator. This piezo actuator is driven by PID controller. A 
PID controller is chosen because of its relative simplicity and possibility to control 
the rate of fringe drift. In the setup one of the mirrors is manually controlled to 
produce a fringe drift. A 25 μm pin hole is used to keep track of the fringes. After 
that signal is obtained on photodiode. The voltage signal from the photodiode is read 
by the data acquisition device (DAQ). Figure 4(a) shows the PID controller used 
in this setup. The piezo used is Thor Labs PAS009 piezo which has range of 40 
μm. The piezo actuator works on the principle of the converse of the piezoelectric 
effect [11] The piezoelectric effect is observed when electric field is applied on a 
piezoelectric material, a strain is produced in the material that leads to expansion and 
contraction of the material depending upon the polarity of the applied signal. A piezo 
actuator which is capable of moving at a maximum frequency of 1 kHz is used in this 
setup. To fulfil the voltage requirements of the piezo-actuator, a piezo inertia actuator 
controller driver (Thorlabs K-cube series driver) is used which is capable of supplying 
voltage in the range of 0–75 V, that corresponds to a movement in the range of 0–40 
μm. The piezo driver is driven by a voltage signal which has amplification factor of 
7.5 [12]. The piezo controller and mirror mounted piezo is shown in Fig. 4(b) and 
Fig. 4(c) respectively. By setting up a Mach-Zehnder interferometer, the hysteresis 
of the piezo-actuator and the amplification factor of the piezo driver is measured. The 
hysteresis and amplification plot is shown in Fig. 5(a) and (b). A camera module is 
used to exactly identify and lock the fringes. Figure 6 shows complete system setup 
for closed loop operation of Mach-Zehnder interferometer.
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Fig. 4 a PID controller, b High voltage amplifier for piezo actuator, c Mirror mounted on piezo 
actuator 

Fig. 5 a Piezo movement with applied external voltage, b Voltage amplification by high voltage 
amplifier 

Fig. 6 A closed loop Mach Zehnder interferometer with piezo driven mirror
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3 Experimental Results and Observations for Closed Loop 
M-Z Interferometer 

The laser source used in this experiment is semiconductor laser with wavelength (λ) 
of 660 nm, laser line width (Δλ) of 12 nm and power of 20 mW. Setpoint is chosen 
within the maximum and minimum voltage levels which are given as input to PID. 
PID generates an error signal by calculating the difference between Process Variable 
(PV) and Set Point (SP). By tuning the PID parameters (P and I), this error signal is 
minimized by creating an output voltage [13]. This output drives the piezo-actuated 
mirror after amplification through the piezo driver. So, the piezo-actuated mirror is 
driven in such a way that the error signal gets minimized which is an indicator of a 
constant phase between the reference and the test signal [14]. A camera module is 
used to identify the fringes which are required to be locked. Figure 7 shows the fringe 
pattern image obtained with camera module. In this case, all the fringes are marked 
(m = ±1, ±2) around the central fringe (m = 0). The locking of a particular fringe 
number becomes important in order to measure the dynamic range of interferometer 
for multiple sensing applications [16–20]. The fringe number is identified and its 
corresponding voltage is measured at photo detector. The measured voltage of fringe 
acts as SP for PID controller. The PID operation for different SP and PV is shown in 
Fig. 8. Figure 9 represents the drift of fringes with time without the PID correction 
and with PID correction. When both piezo and PID are off, the fringes continuously 
changes position at photo detector and camera. When only Proportional output (P) 
is turned on, the process variable (PV) oscillates between actual position and SP 
position. After turning on Integrator output (I), the PV and SP are matched with 
minimum difference. Figure 10 shows the behaviour of detector when Integrator 
(I) output is turned off and turned on. Figure 11 shows the photodetector out when

Fig. 7 Locked maxima 
fringes identified camera 
module
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both P and I controller are turned on. The similar condition for multiple fringes are 
obtained.

Fig. 8 Length adjustment in M-Z interferometer with PID controller 

Fig. 9 Detector output with PID controller OFF and ON
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Fig. 10 Detector output with I controller OFF and ON 

Fig. 11 Detector output with PI controller ON 

4 Conclusion 

The experimental setup is extremely delicate and the phase drift is not associated with 
some particular measurement technique, but depends upon the temperature, humidity 
fluctuations, air currents, vibrations etc. Therefore, it is very difficult to perform the
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any experiment which requires good phase stability in open loop interferometer. The 
locking of particular fringes showed that it is important to minimize this drift to 
accurately extract the phase information of any subject under test in the test arm of 
interferometer. The PID feedback locks the fringes which are result of interference 
between two arms. With piezo driven mirror, the path length inside an interferometer 
can be changed in the range of ±1 μm. The two consecutive fringe maxima are 
separated by λ 

2 , thus overall path length of interferometer can be controlled with more 
precision. This research paper explains the concept of closed loop interferometry by 
locking of fringes. Fringes are locked by measuring their corresponding voltage at 
photo detector and by using that voltage as SP for PID controller input. The camera 
module works in synchronization with photodetector and preforms the operation of 
marking and identifying a particular fringe. After locking, the interferometer can be 
used for multiple sensing applications like measurement of vibration, temperature, 
pressure, flow etc. The device under test has to be placed at testing arm of Mach– 
Zehnder interferometer. The fluctuations arising due to mechanical instability of 
setup and environment factors (like temperature, noise and humidity) will be nullified 
by piezo driven mirror which is placed in test arm of interferometer. 
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Distributed Raman Amplifier in O, E, S, 
C & L Band DWDM Network  

Anand Prakash and Sharbani Roy 

Abstract Optical Fiber communication can smoothly operate in the wavelength 
region lie within 1260–1650 nm where transmission loss is minimum. In the present 
article, performance of Distributed Raman Amplifier (DRA), within above band 
through simulation technique on MATLAB platform has been observed. Present 
observations have realized by defining new embedded block sets for multichannel 
amplification. Observed results have been found by studying the variation in output 
power and its respective gain of DRA with respect to spectral variations in Co-
pumping configuration and for the same input power value in all channels. From 
above observations, it has been realized that flatness in output power of DRA is 
comparatively better in C & L-band. Observed gain flatness in E-band is compar-
atively better than O & S band but inferior to C & L. It is well known that optical 
communication lying within O to L band is always usable for long haul communica-
tion with such a high speed data transmission rate of 100 Gbps and from our present 
observations, it can be justify that communication link set up in C, L and in next 
E-band is preferable. 

Keywords DRA ·Multiplexed channel · Low-loss wavelength region 

1 Introduction 

Optical fibre communication system conducts well in low loss wavelength transmis-
sion region. From 850 nm-band, O-, E-, S-, C-, L-Band and also in the combination of 
SC-band, CL-band and SCL-band as per requirement optical amplifier can smoothly 
operate. The invention of Distributed Raman Amplifier (DRA) has contributed in the
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Fig. 1 Optical communication wavelength region 

tremendous growth of communication capacity using Wavelength Division Multi-
plexing (WDM) and Dense wavelength division multiplexing (DWDM) [1]. Some 
salient features of DRAs [2–4] are:  

● Higher Bit rate. 
● Longer Amplification span. 
● Reduced Non-linear penalty. 
● Closed Channel spacing. 

The above features make DRA as the most important enabling technology of 
WDM systems and networks. 

The main motivation of the article is to realize the performance of DRA in various 
wavelength region in Co-pumping configuration [2]. Above motivation led to DRA 
designed based on two coupled equations [2] for the mathematical modelling of 
DRA, representing the electromagnetic field propagation down to fibre, formed by 
the incident signal and pump energy. Optical communication low loss wavelength 
region ranges from 1260 to 1625 nm [5–7], and is divided into five wavelength 
bands referred to as the O-, E-, S-, C- and L-bands, as shown in Fig. 1. In addition 
to O- to L-band, two more bands 850 nm and U-band. Ub-band is used in network 
monitoring purpose while the 850-nm-band is the primary wavelength for multimode 
fibre optical communication systems. 

1.1 Raman Scattering and DRA Model 

Spontaneous Raman Scattering occurs in optical fibres when a pump wave is scattered 
by the fibre fabricating silica molecules, that is shown in the energy level diagram 
[2] of Fig.  2. 

Some pump photons give up their energy to create other photons of reduced 
energy of a lower frequency; the remaining energy is absorbed by silica molecules,

Fig. 2 Energy level in SRS 
process
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which end up in an excited vibration state. As shown in energy level diagram the 
vibration energy dictates the value of the Raman shift as: ΩR = ωp−ωs . Spontaneous 
Raman scattering is an isotropic process and occurs in all directions. The Raman 
scattering process becomes stimulated if the pump power exceeds the threshold value. 
Variations in the pump and signals power along the distributed Raman amplifier 
length can be studied by solving two coupled equations [1, 2] and which in the case 
of Co-pumping takes the form as:-

dPs 
dz  

= −αs Ps + ( 
gR 
ap 

)Pp Ps (1) 

dPp 

dz  
= −α p Pp − 

ωp 

ωs 
( 
gR 
ap 

)Pp Ps (2) 

where αs and αp represents fibre losses at the signal and pump frequencies ωs and 
ωp. The  term  ωp/ωs results from different energies of pump and signal photons and 
also disappear if these equations are written in terms of photon numbers. 

Considering small-signal amplification case, where pump depletion can be 
neglected i.e. last term of (2). By putting the value of Pp(z) = Pp(0)exp(−α pz) 
in (1), where z is distance in km, and may vary for different pump positions from z 
= 0 to z  = L [1], the signal power at the output of an amplifier of length ‘L’ is given 
by 

Ps(L) = Ps(0)exp
(
gR Pp(z)Lef  f  

ap 
− αs L

)
(3) 

where Ps(L) = Signal power at the output of an amplifier of Length L. 

gR = Raman-gain coefficient 
ap = Cross sectional area of the pump inside the fibre 
αs = Signal attenuation constant 
αp = Pump attenuation constant 
L = Fibre–length 
Lef  f  = [1−exp(−α p L)/ αp] is the effective interaction length, αp represents fibre 
losses for optical fibre, Lef  f  is approximated to 1/−α p as −αs L > > 1 practically. 

Schematic view of multiplexing/demultiplexing based optical Distributed Raman 
Amplifier is shown in Fig. 3. having Forward & Backward Pumping configu-
ration along with multiplexed optical signals having wavelength are 
various and αs(1,2,3....n) are corresponding signal attenuation constant for wavelength 

.
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Fig. 3 Schematic view multichannel amplification of DRA 

1.2 Realization of DRA 

DRA transmitter portion is realized using various embedded block sets mentioned 
in Fig. 4. It is based on the two coupled equations and represented specific block sets 
such as: 

(a) Multiple Optical Source/Signal/Channel (b) Multiplexed Optical communica-
tion link (c) Pump Power [6, 8] (d) DRA Amplification blocks etc. 

Each segment having different subsections as described as Block Segment: 

a) Signal stream: It can be average power of O-, E-, S-, C- and L-band signals. 
b) Multiplexer: It can multiplex all the average signal powers for multi-channel 

amplification at particular wavelength of DRA.of multiplexed signal at their 
individual wavelengths. 

c) DRA with fibre cable: It provides amplification based on two coupled equations 
(1)(2). Here all parameters of of All Wave™ Fibre cable is used at various band 
(Tables 1 and 2). 

1.3 Results and Discussions 

The variation in Signal gain (dB) and in the output power (dBm) at 100 GHz span 
with respect to the transmission distance at various pump positions for a multi-
plexed channel at 1260–1625 nm [9, 10] in O-E-S-C-& L Band has been observed. 
From present observation, it is found that C & L-band has comparatively better gain 
flattening.
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Fig. 4 Realization of multichannel DRA in O-, E-, S-, C- and L-Band 

Table 1 DRA parameters of all waveTM zero water peak fibre cable 

Physical meaning Symbols Numerical value 

Cross sectional area of the pump inside 
the fibre 

ap 84.90 μm2 

DRA Fibre-length L 0–20 km 

Efficient Raman-gain coefficient CR 0.54/0.56/0.44/0.0.42 w−1 km−1 (Band 
dependent) 

Signal attenuation constant αs 0.20–0.30 dB/Km (Band dependent) 

Pump attenuation coefficient αP 0.24–0.47 dB/Km (Band dependent) 

Table 2 Multichannel DRA 
input parameters 

Physical meaning Symbols Numerical value 

Signal power Ps (0) 10 mW 

Pump power Pp(0) 320 mw 

Pump wavelength λp 1400 nm 

Signal wavelength λs 1260–1650 nm
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From the observed gain values shown in Fig. 5 for ‘O’-band, it can be realized 
that a number of gain peaks at different wavelengths as well as continuous gain 
fluctuation have been found which may be due to fluctuation in the difference of (ωp 

− ωs), where ωp is photon frequency and ωs is signal frequency. This effect may 
arise due to variation in the amorphous characteristics of silica molecules fabricating 
the fibre glass.

Additionally, it has also been realized that at 1284 nm the Gain is 0.70 dB, which 
satisfies the higher attenuation nature of ‘O’ band and it may be due to the value of 
ωs is ver close to ωp. 

From the observed gain values shown in Fig. 6 for ‘E’-band, that a peak is realized 
at 1384 nm whereas Gain is almost flattened in all other signal wavelengths, which 
may be due to good alignment between the stoke signal and pump power.

Fig. 5 O-Band: Variations 
of signal gain (dB) in 
Co-pumping configuration 
versus Signal wavelength = 
1262–1278 nm, Input signal 
power = 10(mw), Pump 
power = 320 mw, Effective 
Raman-gain coefficient = 
0.54 w−1 km−1, pump 
attenuation constant = 
0.33 dB/km, signal 
attenuation constant = 
0.25 dB/km, Effective 
cross-section area = 84.90 
mm2. All  Wave™ Zero  
Water Peak Fibre 
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Fig. 6 E-Band: Variations 
of signal gain (dB) in 
Co-pumping configuration 
versus Signal wavelength = 
1362–1378 nm, Input signal 
power = 10 mw, Pump 
power = 320 mw, Effective 
Raman-gain coefficient = 
0.38 w−1 km−1, pump 
attenuation constant = 
0.3 dB/km, signal attenuation 
constant = 0.24 dB/km, 
Effective cross-section area 
= 84.90 mm2 (All Wave™ 
Zero Water Peak Fibre) 
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From the observed gain values shown in Fig. 7 for ‘S’-band, it can be realized 
that a number of gain peaks at different wavelengths as well as continuous gain 
fluctuation have been found which may be due to fluctuation in the difference of (ωp 

− ωs), where ωp is photon frequency and ωs is signal frequency. This effect may 
arise due to variation in the amorphous characteristics of silica molecules fabricating 
the fibre glass.

From the observed gain values shown in Fig. 8 for ‘C’-Band, it can be explained 
that satisfying the condition of lowest attenuation at 1550 nm and its nearby wave-
length values in Fibre optics signal propagation, we are getting less differences 
among gain peaks, hence overall better Gain flattening in ‘C’-Band’. This band 
exhibits flattened gain in 1550 nm region [2, 11].

Fig. 7 S-Band: Variations 
of signal gain (dB) in 
Co-pumping configuration 
versus Signal wavelength = 
1480–1487 nm, Input signal 
power = 10 mw, Pump 
power = 320 mw, Effective 
Raman-gain coefficient = 
0.56w−1 km−1, pump 
attenuation constant = 
0.27 dB/km, Signal 
attenuation constant = 
0.21 dB/km, Effective 
cross-section area = 84.90 
mm2 
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Fig. 8 C-Band: Variations 
of signal gain (db) in 
Co-pumping configuration 
versus Signal wavelength = 
1550–1557 nm, Input signal 
power = 10 mw, Effective 
Raman-gain coefficient = 
0.59 w−1 km−1, pump 
attenuation constant = 
0.24 dB/km, signal 
attenuation constant = 
0.18 dB/km, Effective 
cross-section area = 84.90 
mm2 
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From the observed Gain values in ‘L’-band shown in Fig. 9, it can be realized in 
all signal wavelengths except in 1606 nm, the Gain is almost flat which has satisfied 
the natural trend of ‘L’-band, whereas at 1606 nm we find abrupt peak rise which 
may be due to good alignment between the stoke wavelength and pump wavelength 
which arises due to the amorphous nature of glass used in the fabrication of the fibre 
(Fig. 10).

Fig. 9 L-Band: Variations 
of signal gain (dB) in 
Co-pumping configuration 
versus Signal wavelength = 
1600–1607 nm, Input signal 
power = 10 mw, Pump 
power = 320 mw Effective 
Raman-gain coefficient = 
0.42w−1 km−1, pump 
attenuation constant = 
0.22 dB/km, signal 
attenuation constant = 
0.20 dB/km, Effective 
cross-section area = 84.90 
mm2 
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Fig. 10 Comparison of 
Signal gain (dB) and output 
signal power (dBm) 
Variations of O to L-Band at 
pumping position z = 10 km 
versus low loss wavelength 
region of O-E-S-C-L band 
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2 Conclusions and Future Aspects 

DRA in optical network for multichannel amplification in O-E-S-C-L band has been 
proposed using latest Single mode fibre cable “All Wave™ zero water peak”. From 
various graphical representation, it is observed that the output power and signal gain 
is flattened with minimum peak difference in C & L-band. E-band performance can 
be seen better than S-band. This work can be extended with mathematical modelling 
of a multichannel Raman amplifier with non-linearity, such as non-linear cross-talk, 
depletion and Four wave mixing under various types of fibre cable consideration for 
all bands including U-Band. We have used single co-pumping configuration which 
can be turned into multi-pump configuration and the signal gain & output signal power 
can also be realized by employing other types of pumping scheme like backward and 
bidirectional. 
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Recent Research in Optical 
Characteristics of Nitride Based 
Nanoscale Heterostructures for UV 
Applications 

Priya Chaudhary, Amit Kumar Singh, and Amit Rathi 

Abstract Nanoscale heterostructures have a great potential for UV applications in 
the recent scenario. UV region, particularly ranging from 10 to 400 nm is signifi-
cant in the field of biomedical research, water and air sterilization, semiconductor 
processes etc. Here some research articles are reviewed and discussed about the struc-
tural and optical characteristics of these heterostructures. Optical characteristics of 
nitride-based heterostructures are studied on the basis of different parameters like 
optical gain at room temperature, the delta layer insertion effect on ultraviolet light 
emission, optical gain at different well widths, varying the Al concentrations etc. To 
calculate optical gain k·p Hamiltonian theory and multi-band effective mass theory 
have been employed in several studies. Nitride-based UV heterostructures such as 
high power density AlGaN based ultraviolet lasers have also been discussed. AlGaN 
based UV lasers have application in general sterilization, sensing systems and water 
purification. Optical gain of deep UV laser diodes is also reviewed that have uses in 
the field of free-space communication, disinfection, medical diagnostic, biochemical 
agent detection and various other fields. 

Keywords Heterostructure · AlGaN · δ-layer · Deep UV laser · Optical gain 

1 Introduction 

III-nitride based heterostructures have great importance due to various applications in 
the ultraviolet range like material processing and biochemical analysis. UV photonic 
devices, such as laser diodes, have recently gained prominence due to a variety 
of applications, including currency screening, medical diagnostics, and sterilisation 
of medical tools, bioagent detection, dermatology, critical communications, water 
purification, UV curing and photolithography and as a replacement to toxic gas lasers 
and large mercury lamps [1]. The UV wavelength required in these applications lie in 
three bands, namely, UVA band (400–320 nm), UVB band (320–280 nm), and band
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Fig. 1 Conventional laser sources with their wavelengths [6] 

UVC (<280 nm), respectively [2]. Numerous applications have been recognized in 
the UVA region. Commercialization of laser diode with reasonable performance is 
already achieved, at wavelength greater than 365 nm. This type of device is utilised 
as both a phosphor pumping source for the broad spectrum release to emit white light 
and the light- source for generating fluorescence in the finding of fake currency. As 
we can see in Fig. 1, many applications use conventional UV laser sources. 

Ultraviolet curing for ultraviolet coating process is a further application, and 
where the ultraviolet devices work as UV light sources and keep the benefits of 
longer lifespan and lesser heat production. Below the wavelength region 365 nm, the 
applications are in a huge variability of biomedical systems. In the region of UVB, 
laser diodes have the potential to be developed for skin treatment. Research indicates 
that in the psoriasis treatment, broadband UVB is not so operational and the risk is 
higher of erythema and sunburn of the non-affected skin. Without any damage from 
the short-wavelength exposure and to deliver effective treatment, UV LDs would 
be the perfect choice in the application due to being inherently narrow band light 
sources [3, 4, 20–22]. 

2 Categorical Review of Different UV Laser 
Heterostructures 

Recently, the III-Nitride group-based laser diodes with AlGaN, InGaN and multiple 
quantum wells InAlGaN have been explored [5]. Group III nitride-based LDs were 
developed to emit the ultraviolet spectrum for many applications. To discuss the 
current scenario, here some papers are reviewed that are related to nitride-based 
laser heterostructures. Comparative study of optical and structural characteristics of
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these heterostructures is done on the basis of different parameters like optical gain 
measured at room temperature, investigated effect of insertion of delta layer etc. 

2.1 Ultraviolet Multiple-Quantum-Well Laser 
at Room-Temperature 

Takano et al. demonstrated deep ultraviolet lasing of AlGaN multiple QW lasers at 
241.5 nm at ambient temperature in 2004 [7]. At 300 K, the pumping threshold power 
is around 1200 kWcm–2. At 20 K, the lasing wavelength is 231.8 nm. From 20 to 150 
K and from 160 to 300 K, the temperature-dependent lasing wavelength is calculated 
to be 0.01 and 0.03 nmK–1, respectively [7]. It’s similar to the AlGaN epitaxial layer’s 
temperature-dependent photoluminescence. The laser’s cavity is made up of cleaved 
AlGaN facets and a SiC substrate. To determine this, it is compulsory to make the 
thickness of the wafer less than 100 mm. For cleaving, the thickness of the optimum 
wafer is 60–70 mm. 

In 2012, Pecora et al. demonstrated optical gain from AlGaN/AlN MQ wells at 250 
nm with strong band-structure potential fluctuations [8]. Optical gain of deep UV is 
achieved under optical pumping in MQWs Al0.7Ga0.3N/AlN. The modal gain of 118 
± 9 cm–1 achieved at 15 μJcm–2 excitation energy and 5 ± 1 μJcm–2 transparency 
threshold is calculated experimentally, with excited carriers of 1.4 × 1017/cm3. These 
results were calculated for the solid-state lasers at sub-250 nm emission at 300 K. 

Optical gain of QW AlGaN/AlN heterostructure is obtained by Takao Oto et al., 
2014 [9]. The optical gain characteristics are measured at 300 K room temperature. 
The QW Al0.79Ga0.21N/AlN heterostructure with 5 nm wavelength has the optical 
gain of 140 cm–1 [9]. 

In 2019, deep-ultraviolet LD for room temperature at 271.8 nm was demonstrated 
by Zhang et al. This laser diode operated at current injection for a very short wave-
length at 300 K room temperature. The structure was developed on the substrate 
of AlN. A 271.8 nm lasing wavelength was measured with a 50 ns pulse duration 
and 2 kHz repetition frequency. Without impurity doping, a low operational voltage 
of 13.8 V was achieved at 0.4 A lasing threshold current, which is related to the 
current density of 25 kA/cm2. To obtain high hole conductivity, low internal loss 
and high hole injection, undoped DPD is used as the p-side [10]. Table 1 shows the 
comparative study of ultraviolet QW lasers at room temperature.
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Table 1 Ultraviolet multiple-quantum-well laser at Room-temperature 

Ref. QW 
structures 

QW 
thickness 
(nm) 

Al 
composition 

Pulse 
duration 
(ns) 

Repetition 
frequency 
(Hz) 

Wavelength 
(nm) 

Optical 
gain 
(/cm) 

[7] AlGaN 
MQW laser 

5 0.66 − − 241.5 
(pumping 
power 
1200 kW/cm2) 

− 

[8] AlGaN/AlN 1.5 0.7 − − 254 
(Excitation 
energy density-
15 μJ/cm2) 

118 ± 9 

[9] AlGaN 9 0.7 50 2000 271.8 − 
[10] AlGaN/AlN 5 0.8 4 25 193 

(Excitation 
power density-
270 kW/cm2) 

240 

2.2 Effect of QW δ-layer Insertion on UV Emission 
and Optical Gain 

Optical gain in InGaN/GaN heterostructure has been demonstrated by Park et al. 
(2007) with embedded AlGaN delta layer. The optical gain of QW structure 
InGaN/GaN with the AlGaN δ layer is calculated using the theory of multi-band 
effective mass [11]. The δ layer effect is brought into being leading to low carrier 
density. At high carrier density (10 × 1012 /cm2), the double quantum well structure 
has a large optical gain (~5600 cm–1) than a single quantum well structure (3200 
cm–1). 

The gain media of AlGaN-δ-GaN QW in mid and deep UV LDs is investigated 
by Zhang et al. (2013). The optical gain of AlGaN-δ-GaN QWs with fluctuating δ-
GaN layer and composition of AlGaN QW are calculated. The result of this structure 
has enhanced ~7 times higher gain than the conventional AlGaN gain emitting at 
~240 nm. By using asymmetric AlGaN-δ-GaN QW, gain is optimised with a truthful 
design valid for mid and deep ultraviolet lasers [12]. Gain for TE polarization with 
3 nm thickness for Al0.8Ga0.2N/ GaN QW and with N2D = 1.65 × 1013 /cm2 at T 
= 300 K room temperature is obtained. For 10 to 20 Å thickness, the gain differs 
from ~3078 to ~3703 cm–1. At 245 nm, high gain is obtained for this asymmetric 
structure with a dissimilar δ GaN layer. For the enhanced δ QW with Al composition 
of x1 = 0.75 and x2 = 0.85, a high gain ~3967/cm is found at λpeak ~244 nm. High 
optical gains are achieved with λ~244-252 nm, that is ~6 to 7 times greater than 
conventional structure at same wavelengths. 

In 2016, AlInN-δ-GaN QW structure ultraviolet lasers were proposed and investi-
gated by Cheng Liu et al. Gain of this structure was compared with the conventional 
structure from ~250 to ~300 nm wavelength range. The addition of the ultra-thin GaN
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layer outcomes in C-HH transition and boosted wavefunction of hole and electron, 
that is 3-times higher in TE polarised optical gain. Considerably low threshold carrier 
density is observed at 250 nm. Hence, it is estimated that the offered AlInN-δ-GaN 
heterostructure, can aid as a favorable different active region for high efficiency UV 
lasers [13]. 

Delta-layer insertion effect on UV emission characteristics of wurtzite oriented 
AlGaN/AlN QW structure is theoretically calculated [14]. The position of δ layer 
decides peak emission intensity. The light emission characteristics are improved in 
this structure that is grown on Al facet AlN substrate, this is away from AlGaN 
δ layer. If Al composition is increased in delta layer, the peak emission intensity 
also increases continuously. The spontaneous emission spectrum peak intensity is 
increased by ~20–30% with a blue-shift of ~10 nm of the transition wavelength (with 
delta layer), in comparison to conventional heterostructure without the delta-layer. 

In nanoscale heterostructure, InAlN/delta-GaN/InAlN, enhanced gain for Deep-
UV applications is presented by, P. A. Alvi (2020). For TE polarization mode, gain 
of InAlN/delta GaN/InAlN structure is determined, successfully. Achieved gain is 
3 times higher than the gain of III nitride based conventional structure. At 302 
nm wavelength, the obtained optical gain is around 36000/cm for 4.101ev photon 
energy. Calculated gains are 30618, 36204, 29286, and 26386 cm–1 for 2, 3, 4 and 5Å, 
respectively. At 283 nm wavelength, optical gain in conventional heterostructure is of 
~10500 cm–1 with ~ 4.379 eV energy without δ GaN layer. The 2-D carrier injection 
density is reserved the same for both structures i.e. around 3.5 × 1012 cm–2. The  
electric field is applied with δ-GaN layer for 100, 300 and 500 kV/cm, to achieve 
higher optical gain. In this range of electric field, the significant rise in optical gain 
is obtained as ~36750, 37600 and 38400/cm respectively [15]. Table 2 and Fig. 2 
show the effect of δ-layer insertion on UV emission and optical gain in different 
heterostructures. 

Table 2 Effect of δ-layer insertion on UV emission and optical gain 

Ref. QW Structures δ layer Al content Carrier 
density 

Wavelength 
(nm) 

Optical 
gain (/cm) 

[11] InGaN/ GaN AlGaN 0.05 10 × 
1012/cm2 

490 5600 

[12] AlGaN-Delta-GaN GaN 0.75 5 × 1019 
/cm3 

244 3967 

[13] AlInN- δ - GaN GaN 0.91 5 × 1019 
/cm3 

293 3726 

[14] AlGaN/ AlN AlGaN 0.8 20 × 
1012/cm2 

255 4400 

[15] InAlN/ δGaN/ 
InAlN 

GaN 0.82 3.5 × 
1012/cm2 

302 36,000
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Fig. 2 Effect of δ-layer 
insertion on optical gain 

2.3 Optical Gain for Different Nitride-Based 
Heterostructures 

In 2015, Emanuele Francesco Pecora et al. investigated deep-UV optical gain in 
AlGaN based heterostructure. The heterostructure is proposed as an applicant for a 
deep-UV semiconductor laser with electrical pumping. Optical gain threshold of 14 
μJ/cm2 is also measured. The graded region AlGaN with polarization doping, that 
forms p-i-n junction automatically, results in lasing under electrical injection [16]. 

For UV applications, the optimization of AlGaN QW heterostructure is designed 
by Dolia et al. (2018). This structure shows the existence of UV optical gain with 
AlGaN composition of 50 nm (quantum well material). This type-I heterostructure is 
supposed to be grown on GaN substrate. Optical gain of AlN/AlGaN/AlN nanoscale 
heterostructure is calculated with the help of the 6 × 6 Kohn Luttinger Hamiltonian 
[17]. According to the calculated result, peak optical gain is ~700 cm for energy 
~5.165 eV at wavelength ~240 nm. Thus, the designed AlN/AlGaN/AlN structure is 
suitable as a UV source. 

Richa Dolia et al. examined the effect of well width on optical gain in GaN/AlGaN 
structures in 2020, measuring optical gain at various well widths using the 6 × 6 k·p  
Hamiltonian with effective mass approximation at 100 K. The density of the injected 
2D carrier is kept at 1 × 1012/cm2. Optical gains of 8800, 7800, 7200, and 6600 
cm-1 are attained for different well widths of 40, 50, 60, and 70 nm, respectively. At 
wavelengths of 327, 340, 355, and 365 nm, respectively, these gains were obtained. 
According to these findings, decreasing the well width boosts gain significantly [18]. 
The findings will be useful in the development of tunable light sources with high 
intensity and shorter (UV) wavelengths. 

In 2020, Bernd Witzigmann et al. presented optical gain calculation in AlGaN QW 
for ultraviolet emission. The Poisson formula is used to solve the Maxwell–Bloch 
equations in the second Born approximation. The estimated FWHM (10 meV) for 
homogeneous broadening and excitonic redshift (100 meV) are determined. The 
39 meV inhomogeneous broadening energy is calculated using stimulated emission



Recent Research in Optical Characteristics of Nitride … 279

Table 3 Comparative study of optical gain of nitride-based heterostructures 

Ref. Heterostructures QW 
thickness 
(nm) 

Al content Carrier 
density 

Wavelength 
(nm) 

Optical 
gain 
(/cm) 

[16] AlGaN-based 
graded index 
separate 
confinement 
heterostructure 

50 0.72 1.55 × 
1018/cm3 

257 80 

[17] AlN/AlGaN/AlN 50 − − 240 760 

[18] GaN/AlGaN 40, 50, 
60, 70 

− 1 × 
1012/cm2 

327,340, 
355,365 

8800, 
7800, 
7200, 
6600 

[19] AlGaN QW for 
UV emission 

2 0.9 5.1 × 
1019/cm3 

270 1700 

Fig. 3 Variation in optical 
gain of heterostructures 

experimental data [19]. High TE optical gain is obtained at 2 nm thickness of wells 
in multiple QW structures, for single QWs thicker than 6 nm. For a QW emitting at 
around 270 nm with 2.2 nm thickness, optical gain ~1700/cm is calculated. Table 3 
and Fig. 3 show a comparison of optical gain of different heterostructures. 

3 Conclusion 

A detailed overview of nitride based nanoscale heterostructures for UV applica-
tions has been presented. Nitride based heterostructures are being fabricated using 
advanced MOCVD and MBE techniques for various applications. Nitride-based UV
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emitters have emerging applications in water purification, free-space communica-
tion, medical field, bioagent detection etc. Optical gain of these heterostructures has 
been reviewed under room temperature, variation in well width and insertion of delta 
layer. With the insertion of delta layer with increasing Al content, enhanced peak 
intensity of quantum well heterostructure can be achieved. These results for various 
recent works have been tabulated and will aid future research activities in the UV 
emitter design. 
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Designing of GaN Based Photonic Crystal 
Biosensor for Blood Disease Analysis 

Ankit Agarwal, Nitesh Mudgal, Ankur Saharia, Dinesh Bhatia, 
Saurabh Sahu, Ghanshyam Singh, and S. K. Bhatnagar 

Abstract In this paper a design structure is proposed to analysis the blood disease 
by analysing the blood component based on their refractive index. Blood is the 
composition of several component like plasma, haemoglobin, water, red blood cells, 
biotin, biotin streptavidin, glucose, and ethanol. These components play a vital role 
for causing the human disease. The composition of these components causes several 
complicated diseases like cancer, lungs disease, kidney disease. This design structure 
used to measure the concentration of these component in a remarkable region. If the 
concentration changes, the refractive index is also changes. The sensitivity of this 
design structure is 570 nm/RIU. The structure is designed with Gallium Nitride. 

Keywords Biosensors · Finite difference time domain (FDTD) · Blood diseases ·
Photonic crystal · Sensitivity 

1 Introduction 

Now-a day’s several diseases are reported in human body. These diseases are varied 
from person to person [1, 2]. The reason of most of the -diseases are unbalancing of 
blood component in human blood. As we know that Blood is the keen part in human 
body. Blood analysis plays a vital role in analysis the diseases related to haematolog-
ical disorder [3–5]. These haematological disorders cause the several serious diseases
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Table 1 Normal range, refractive index, and effect of disorder for different blood component for 
1550 nm wavelength [7, 9] 

Blood component Range Refractive index Effect of disorder 

Water 30–40 mL/Kg 1.33 

Blood plasma 72 g/L 1.35 Protects the body from infection 
and other blood disorders 

Ethanol 150 gms/L 1.36 Prevents blood cells from sticking 
together and forming clots 

Hemo-globin 100 gms/L 1.38 Prevent blood clots, heart attacks, 
and strokes 

Glucose 1.1–1.4 gms/L 1.4 Prevent hardening of the blood 
vessels 

Biotin-Streptavidin 30 μg/day 1.45 Responsible for processing of 
protein 

like heart attack, cancer, Lungs related disease, kidney related disease, Anaemia, lung 
cancer etc. [6]. 

Blood is the composition of blood plasma and red blood cells. The blood plasma 
consists of 55% and red blood cells consists of 45% of total blood volume [7]. 
This blood is also contained protein, haemoglobin, bilirubin, blood cells, ammonia, 
albumin, glucose, magnesium etc. [8]. Blood characteristics are diverse based on 
disease. These diseases change the concentration of blood composition and according 
to this refractive index is changes [9]. The blood composition, normal range of these 
human blood composition, refractive index and effect of disorder is shown in Table 1. 
This table represents that most of heart, lungs and kidney diseases are due to blood. 

For blood composition detection, blood is taken from a normal person a process 
to decompose in several components. 

Photonic crystal structure is a periodic arrangement of different dielectric medium 
[1, 10, 11]. The photonic biosensors are centred on the communication of light with 
the sensing analyte [12, 13]. These components are used as an analyte in phonic 
biosensors. When the light is passes through the sensing nodes, the propagation of 
optical signal is affected. This affected signal is detected at the output port to analyse 
the changes with respect to input signal [14]. 

The photonic biosensors are commonly used for detection of haematological 
disorder. Photonic biosensors are exercised for analysing the blood. These haema-
tological disorders change the refractive index of whole blood [9]. The change in 
refractive index is detected when optical signal is passes through design structure. 

For analysing the design structure quality factor, sensitivity and normalized trans-
mission spectra is observed [15]. Quality factor (Q) is the parameter to check that 
how much optical signal is confine in the waveguide structure. This is the ratio of 
resonating wavelength and the difference between 3 dB Full Width Half Maximum 
(FWHM) wavelength point. Quality factor is very important parameter [16] because 
it shows that the r/a ratio is appropriate or not. If r/a ratio is not appropriate than 
signal is not confine properly.
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Sensitivity defines that how minimum change in refractive index can be detected 
by the sensor. This parameter is very important for biosensing application, gas, and 
chemical sensing [17] because a slight change in concentration of analyte, refractive 
index is also changes. So, this parameter defines that how much change in concentra-
tion is detected by the sensor. Sensitivity of sensor is the ratio change in wavelength 
to change in refractive index and unit is nm/RIU [6]. 

2 Design Structure 

The photonic crystal (PC) Structure design for blood sensing is shown in Fig. 1. 
This design structure is consisting of three parts input port, output port and sensing 
nodes as shown in Fig. 2. The Gallium Nitride is used as a substrate material. In 
this substrate material air holes (r) are created having the radius of 0.12 μm. the 
dimension of lattice in x direction is 17 and dimension of lattice in y direction is 21. 
The line defect is induced in the design structure. Distance between centre of two air 
holes is define as lattice constant (a) and value of lattice constant is 0.48 μm. The 
ratio of air hole radius and lattice constant should be greater than or equal to 0.25. 
the design parameter and refractive index of substrate is mentioned in Table 2. The  
dimension of nodes in sensing structure is 50 nm. This sensing structure is elliptical 
structure with 21 nodes in it. 

Photonic band gap (PBG) is the significant property of PC structures [18, 19]. This 
band gap defines the range of wavelength at which the photons can travel through the 
design structure without any interference. Every photon has different energy level 
and different transmission wavelength. This wavelength distribution is shown by 
photonic band gap. The PBG is like semiconductor band gap structure for periodic 
structure and photonic band region is like the forbidden energy gap of semiconductor

Fig. 1 Design structure of 
blood component detection



286 A. Agarwal et al.

Fig. 2 Design structure with 
input- output port and 
sensing nodes 

Table 2 Design parameter 
and dimension of design 
structure 

Parameter Design dimension 

Lattice constant 0.48 μm 

Air holes radius 0.12 μm 

Nanocavity radius 0.05 μm 

Lattice dimension 17*21 

Refractive index of substrate 2.32 (GaN) 

Refractive index of holes 1 (air)  

Refractive index of sensing nodes Refractive index of analyte

where no absorption is possible. In this PBG, photons with the similar wavelength 
does not travel. So, when no defect is created in the design structure the signal 
transmission of this wavelength is not travel through the structure. If line or point 
defect is introduced in the design structure the signal with this wavelength range will 
start travel through design structure. The normalized wavelength range is calculated 
by a/λ where a is lattice constant and λ is 1/f. Figure 3 shows the photonic band 
gap for design structure in TE mode. For the TM mode no band gap exist means no 
photon with magnetic field will travel through this structure. This photonic band gap 
lies from 0.306–0.358 μm−1. So the signal wavelength travel through the waveguide 
should lies from 1340–1570 nm wavelength.
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Fig. 3 Photonic band gap of design structure 

3 Simulation Results 

The design structure is simulate using finite difference time domain (FDTD) method. 
The refractive index of sensing structure nodes is changes from 1.33 to 1.45 as per 
the component used for analysing. Gaussian pulse having the wavelength of 1550 nm 
is applied as an input. The applied input signal is shown in Fig. 4. This input signal 
is normalized input signal. The applied signal is pass through waveguide and at 
receiving node output signal is received (when no analyte is used). The received 
signal is shown in Fig. 5. The normalized output signal power is approximate 68%. 
The remaining power is either absorbs by the material or transmitted in the structure 
(not confined in the waveguide properly). When the optical signal is pass through 
sensing structure, the photons will interact with the analyte refractive index. Due to 
the interaction the resonating peak of input signal is shifted. When the analyte having 
the refractive index from 1.33 to 1.45 is changes, resonant peak is shifted towards 
lower region due to higher refractive index. The shifting in resonating peak with 
respect to blood component is shown in Table 3. The wavelength of resonating peak 
shifted in the range of 1528–1556 nm. For different refractive indexes, the quality 
factor and sensitivity are calculated. The quality factor of this design is approximate 
210 and the sensitivity is approximate 230 nm/RIU. The normalized transmission 
spectra, quality factor and sensitivity are shown in Table 3.
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Fig. 4 Normalized signal 
power at input port 
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Fig. 5 Normalized signal 
power at output port 
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Table 3 Quality factor, transmission spectra and sensitivity 

n λo (nm) Quality factor Normalized transmission spectra 
(%) 

Sensitivity (nm/RIU) 

1.33 1556.1 212 68.4 − 
1.35 1551.7 217 67.7 220 

1.36 1549.3 209 67.3 240 

1.38 1544.6 204 68.5 235 

1.4 1539.8 207 68.7 240 

1.45 1528.4 203 67.9 228 

4 Conclusion 

In this paper, a GaN based photonic biosensor is designed for detection of different 
blood components in a desired range and analysed its sensitivity, resonant peak,
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and quality factor. Basically, this two-dimensional photonic crystal design structure 
is a having GaN as a substrate material and holes having the refractive index of 
air. In this Photonic crystal line defect is created and in this defect sensing nodes in 
ellipse geometric dimensions are created. This sensing nodes are having the refractive 
index of analyte. The resonating wavelength of this design structure is from 1535 to 
1568 nm, for the analysing of design structure. The structural design is very compact 
in size (μm). So, this structure can be identified by analysing the blood components 
and cure at initial stage. Hence, this design structure will have vast application in 
biomedical. 
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60-GHz Millimeter Wave Antenna for 5G 
Wireless Communication 

Akash Rawat, Gaurav Kumar Soni, Dinesh Yadav, and Manish Tiwari 

Abstract In the modern wireless communication system high data rates and more 
bandwidth efficiencies is required. Apertures for different inventive applications will 
be made in automotive, medical accommodations, industry etc. which is because of 
the incipient 5G requisites, which recollect 1000× increment for limit and 10× 
higher data rates, among others. In this paper a microstrip patch antenna is proposed 
for 60 GHz milimeter wave next generation of wireless connectivity in 5G commu-
nication. This propsed antenna is designed with dimanisation of 4 × 4 × 0.035 mm 
using rogers RO3003 substrate with dielectric constant (Er) = 3, loss tangent (tan δ) 
= 0.001. 

Keywords mmWave · Wireless communication · Antenna · Cellular 
communication · 5G technology · Higher data rates 

1 Introduction 

In recent scenarios wireless communications have grown expeditiously. It requires 
more minute contrivances to install multiband communications. As an indispensable 
component of the wireless correspondence organization the antenna has the main 
part of the design effect. The most congruous antenna for the wireless contrivances 
is planar inverted-F antenna (PIFAs) [1]. 5G represents the fifth generation in mobile 
technology. The ultra high bandwidth will provide us in 5G technology. The 5G 
technology is a lot better than all other generations of wireless communication like 
1G, 2G, 3G & 4G technology. The celerity of the 5G is identically tantamount
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to the mm waveband [2]. In the near future, 5G will become the most puissant 
technology in the wireless communication. The haste of 5G is 100 MBPS to 20 
GBPS, with higher data rate and better quality of accommodation than precedent 
versions. On the contrary since the mmWave frequency band has 30 to 300 GHz 
bandwidth, It is prescribed to make mmWave communication a consequential piece of 
5G cellular network to provide multi gigabit communication like HDTV and UHDV 
[3]. The most astronomically immense numbers of recent studies are predicated on 
the 28 GHz band, 38 GHz band, 60 GHz band and E band (71–76 and 81–86 GHz). 
Due to the development of millimeter wave networks, the mobility of millimeter 
wave communications has brought various challenges, such as high propagation loss, 
congestion sensitivity, directivity etc. It is compulsory to reconsider and understand 
the infrastructure and protocols to resolve these issues. By cumulating its advantages 
and disadvantages, it can efficaciously achieve efficient network performance and 
potent network. Potential applications of the mmWave 5G network involve minute 
cellular access, cellular access, and wireless broadband. Among some open research 
challenges, suggestions were made for millimeter wave communication architecture 
and design guidelines in the protocol. Millimeter wave frequencies involving MIMO 
and full-duplex technology commenced and discussed in the form of the benefits 
and drawback of incipient physical layer technology. In additament in millimeter 
wave communications, it must synchronize with other networks, such as LTE and 
WiFi networks. Connection and coordination within sundry types of framework are 
essential to be able to analyze the heterogeneous networks [4–8]. 

In this paper a rectangular patch shape microstrip patch antenna is propsoed with 
rogers RO3003 substrate. The propsoed antenna is design for 60 Ghz mmwave 5G 
application. the geometry of the antenna is 4 × 4 × 0.13 mm3. 

2 Antenna Design and Designing Parameters 

The Width of the microstrip patch antenna is calculated [9] 

W = 
C 

2 f r 

/
2 

∈r + 1 
(1) 

where, C is speed of light and εr is the value of dielectric substrate. 
The Length of the microstrip antenna is calculatd: 
Due to fringing fields, actual size of the antenna is increased by an amount of ΔL . 

ΔL 

h 
= 0.412 

(εre f  f  + 0.3)( w 
h + 0.264) 

(εre f  f  − 0.258)( w 
h + 0.8) 

(2) 

εre f  f  is effective refractive index and h is the hight of the substract.
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Lef  f  = C 

2 f 0
√

εre f  f  
(3) 

L = Lef  f  − 2ΔL (4) 

This propsed antenna is designed using Rogers RO3003 substrate with dielectric 
constant (Er) = 3, loss tangent (tan δ) = 0.001. In this propsoed antenna structure 
ground is designed using copper metarial with specification of thickness 0.035 mm, 
legth is 4 mm and width is 4 mm. The specification of substrate thickness 0.13 mm, 
legth is 4 mm and width is 4 mm. The antenna patch is reactangular shape with 
dimanisation of 1.767 × 1.321 × 0.035 mm. Inset feed depth is 0.426 mm and gap 
is 0.4 mm. Feed line length is 1.08 mm feed line width 0.1 mm. The structure of 
the proposed microstrip patch antenna is illustrated in Fig. 1 and Table 1 display the 
geometry of the proposed microstrip patch antenna design. 

Fig. 1 Antenna design 
structure for 60 GHz 
mmWave communication
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Table 1 Geometry of the 
proposed rectangular 
microstrip patch antenna 

Parameters Value (mm) 

Length (L) 4 

Width (W) 4 

Patch Length (Lp) 1.767 

Patch Width (Wp) 1.321 

Antenna size 4 × 4 × 0.035 
Feed line width (Lf) 1.3 

Inset feed depth (Y) 0.465 

Feed line length (Lf) 0.1 

3 Results and Discussions 

In this propsoed antenna design obtained the high gain at 60 GHz operating frequency 
range for mmwave wireless communcation. The magnitude of simulated return loss 
(|S11|) results of propsoed antenna is display in Fig. 2. In this proposed design 
obtained the magnitude of |S11| is  −65 dB. The propsoed antenna design at 60 GHz 
operating frequency polar plot of the farfield gain is obtained 6.85 dBi, the farfield 
dielectivity is obtained 7.95 dBi and 3D radiation patterns through the simulation 
that showns in Figs. 3, 4 and 5 respectively. Figure 6 depicts efficiency of proposed 
antenna. The comparative analysis of proposed 60 GHz millimetre wave antenna 
with previously reported antennas is shown in Table 2. 

Fig. 2 Magnitude of S11 of the proposed antenna



60-GHz Millimeter Wave Antenna for 5G Wireless Communication 295

(a)  phi=0 (b) phi=90 

Fig. 3 Polar plot of the farfield gain of the proposed antenna at operating frequency 60 GHz 

(a)  phi=0 (b) phi=90 

Fig. 4 Polar plot of the farfield directivity of the proposed antenna at operating frequency 60 GHz 

Fig. 5 3D radiation patterns 
at 60 GHz for proposed 
antenna
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Fig. 6 Efficiency of proposed antenna 

Table 2 Comparative analysis of proposed 60 GHz millimetre wave antenna with previous 60 GHz 
antennas 

Ref Substrate Size (mm3) Gain (dBi) S11 (dB) Efficiency (%) 

[10] RT/duroid 5880 ___ 5.45 −17 78.5 

[11] Duroid 5870 49.7 × 31 × 3.1 4.7 −20 65 

[12] FPCB 14 × 10.5 × 1.15 10.6 −43 74 

Proposed Rogers RO3003 4 × 4 × 0.035 6.85 −65 85.8 

4 Conclusion 

In this paper, a compact size reactangular microstrip patch antenna design is proposed 
using rogers RO3003 substrate with size of antenna is 4 × 4 × 0.035 mm3 and the 
dimanisation of antenna patch is 1.767 × 1.321 × 0.035 mm3. The efficency of the 
propsoed antenna is 85.8%. The proposed antenna is used for the 60 GHz milimeter 
wave 5G wireless communication. 
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High Gain Multiband Microstrip Patch 
Antenna for mmWave 5G 
Communication 

Akash Rawat, Gaurav Kumar Soni, Dinesh Yadav, and Manish Tiwari 

Abstract Recently, millimeter wave radio has drawn in an abundance of revenue 
from the scholarly community, industry, and ecumenical normalization bodies 
because of sundry appealing highlights of millimeter wave to give multi-gigabit 
transmission rate. Apertures for different inventive applications will be made in auto-
motive, medical accommodations, industry etc. which is because of the incipient 5G 
requisites, which recollect 1000× increment for limit and 10× higher data rates, 
among others. In this paper present a multiband microstrip patch antenna design for 
mmWave 5G communication operating at 26, 28 and 30 Ghz frequecny range. the 
propsoed antenna is designed Rogers RO4003C substrate with dielectric constant 
(Er) = 3.55, loss tangent (tan δ) = 0.0021. 

Keywords mmWave ·Wireless communication · Antenna · Cellular 
communication · 5G technology · Higher data rates 

1 Introduction 

A Wireless communications innovation has gotten probably the best commitment 
to humanity. Wireless communications make it simple to send data from a dissev-
erment without links or wires. This disseverment can go from a couple of meters to 
an astronomically immense number of kilometers [1]. Wireless innovation sanctions 
data to be moved distantly without the utilization of links. The disseverment can 
be short or be a few thousand kilometers [2]. Mobile communication has become a
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consequential wellspring of data trade far and wide. [3]. 5G represents Fifth Gener-
ation Wireless Systems. It depends on the IEEE 802.11ac norm. 5G builds network 
multifariousness to a sizably voluminous number of sodalities. Wireless World Wide 
Web, Dynamic Ad hoc Wireless Network (DAWN) and Authentic Wireless World 
will be authenticated with 5G. 5G innovation has exceptional information capacities 
and can assemble illimitable call volumes and perpetual information transmission 
in the most recent multifarious working framework [1, 4]. On the contrary since the 
mmWave frequency band has 30 to 300 GHz bandwidth, It is prescribed to make 
mmWave communication a consequential piece of 5G cellular [5, 6]. The most astro-
nomically immense numbers of recent studies are predicated on the 28 GHz band, 
38 GHz band, 60 GHz band and E band (71–76 and 81–86 GHz). Due to the develop-
ment of millimeter wave networks, the mobility of millimeter wave communications 
has brought many challenges, such as high propagation loss, directivity, congestion 
sensitivity, and dynamics. It is compulsory to reconsider and understand the infras-
tructure and protocols to resolve these issues [7, 8]. By cumulating its advantages and 
disadvantages, it can efficaciously achieve efficient network performance and potent 
network. Potential applications of the mmWave 5G network involve minute cellular 
access, cellular access, and wireless broadband [9, 10]. Among some open research 
challenges, suggestions were made for millimeter wave communication architec-
ture and design guidelines in the protocol. Millimeter wave frequencies involving 
MIMO and full-duplex technology commenced and discussed in the form of the 
benefits and drawback of incipient physical layer technology [11–13]. In additament 
in millimeter wave communications, it must coexist with other networks, such as LTE 
and WiFi networks. Connection and coordination within sundry types of framework 
are essential to be able to analyze the heterogeneous networks [14]. 

In this a microstrip patch antenna (MSA) design is presented with dimension of 
35 × 12 × 0.508 mm3 that work on 26, 28 and 30 GHz frequency range for mmWave 
5G communication. In this propsoed antenna structure obtained the high gain and 
low return loss for multiband. 

2 Antenna Design and Designing Parameters 

This propsed antenna is designed using Rogers RO4003C substrate with dielec-
tric constant (Er) = 3.55, loss tangent (tan δ) = 0.0021. In this propsoed antenna 
structure ground is designed using copper metarial with specification of thickness 
0.035 mm, legnth is 35 mm and width is 12 mm. The specification of substrate 
thickness 0.058 mm. The antenna patch is with dimanisation of 3.12 × 4.3 mm. The 
proposed antennadesign illuminarate in the Fig. 1 in which used the 4 similar patch 
design and geometry configuration of proposed antenna design is display in Table 1.
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Fig. 1 Proposed multiband antenna design structure 

Table 1 Multiband 
microstrip patch antenna 
dimensions 

Parameters Value (mm) 

Antenna Length (L) 35 

Antenna Width (W) 12 

Patch Length (Lp) 3.12 

Patch Width (Wp) 4.18 

Length of feed line (Lf) 6.29 

Width of feed line (Wf) 0.29 

Patch feed line length (Lpf) 3.44 

Patch feed line width (Wpf) 0.4 

3 Results and Discussions 

In the proposed design the return loss is optimize by varying the patch length and 
patch width. The effect on the return loss (S11) by varying the patch length is display 
Fig. 2 and the effect on return loss (S11) by varying the patch width is demonstrate 
in Fig. 3. 

By optimizing achieve the better responce of the multiband (26, 28 and 30 GHz) 
at 3.12 mm patch length (Lp) and 4.18 mm of patch width (Wp). The reurn loss of 
the propsoed antenna design is achieved at patch size 3.12 × 4.18 mm is −21 dB at 
frequency responce 26 GHz, −26 dB at frequency responce 28 GHz and −19.5 dB 
at frequency responce 30 GHz. Figure 4 illuminated the magnitude of return loss 
(S11) using the proposed antenna configuration for 26, 28 and 30 GHz multiband 
application. 

In Figs. 5, 6 and 7 displayed the polar plot of the proposed antenna at frequency 
of 26 GHz, 28 GHz and 30 GHz respectively. The obtained gain of the proposed 
antenna is 10.4 dBi, 10 dBi and 5.78 dBi for 26 GHz, 28 GHz and 30 GHz frequency 
respectively. 

In Table 2 illustrate the comparative analysis of the proposed work with the related 
previous work done. In proposed work lower cut-off wavelength (λo) is 11.538 mm 
and the size of proposed antenna is 3.033 λo × 1.04 λo × 0.044 λo. In [15] the  lower
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Fig. 2 Return loss (S11) by varying the length of the patch 

Fig. 3 Return loss (S11) by varying the width of the patch

cutoff wavelength (λo) is 11.11 mm and the size of antenna is 1.52 λo × 0.67 λo 

× 0.216 λo. In [16] the lower cutoff wavelength (λo) is 10.71 mm and the size of 
antenna is 0.513 λo × 1.86 λo × 0.073 λo. In [17] the lower cutoff wavelength (λo) 
is 12 mm and the size of antenna is 0.413 λo × 0.571 λo × 0.064 λo. In [18] the
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Fig. 4 Return loss (S11) of the proposed antenna configuration at 26, 28 and 30 GHz for multiband 
application 

Fig. 5 Polar plot of the  
proposed antenna at 26 GHz 
frequency 

(a)  phi=0 (b) phi=90 

Fig. 6 Polar plot of the  
proposed antenna at 28 GHz 
frequency 

(a)  phi=0                       (b) phi=90
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Fig. 7 Polar plot of the  
proposed antenna at 30 GHz 
frequency 

(a)  phi=0 (b) phi=90 

Table 2 Comparative analysis of proposed mmWave 5G communication antenna with previous 
5G antennas 

Ref. Freq. (GHz) Size (mm3) λo = lower 
cutoff wavelength 

Gain (dBi) S11 (dB) 

[15] 27/30/33 1.52 λo × 0.67 λo × 
0.216 λo 

5.49/5.23/5.83 −12/−11/−15 

[16] 28/38 0.513 λo × 1.86 λo × 
0.073 λo 

5.2/5.9 −25/−31 

[17] 25/37 0.413 λo × 0.571 λo × 
0.064 λo 

6.71/1.72 −25.7/−25.73 

[18] 28 1.858 λo × 2.8 λo × 
0.088 λo 

7.2 −15 

Proposed 26/28/30 3.033 λo × 1.04 λo × 
0.044 λo 

10.4/10/5.78 −24.24/−43.35/−20.37 

lower cutoff wavelength (λo) is 10.71 mm and the size of antenna is 1.858 λo × 2.8 
λo × 0.088 λo.

4 Conclusion 

In this paper, a MSA is designed for mmWave 5G communication with multiband 
operating frequency of 26, 28 and 30 GHz. The size of propsoed antenna is 3.033 
λo × 1.04 λo × 0.044 λo mm3. The obtained gain from the simulation results of the 
proposed multiband antenna is 10.4 dBi, 10 dBi and 5.78 dBi for 26 GHz, 28 GHz and 
30 GHz frequency respectively. From the displayed in Table 2 comparative analysis 
of the proposed antenna work with previous other antenna work done, obtained the 
high gain of the proposed antenna in multiband frequency range for mmWave 5G 
communication applications.
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Analysis of Child Abduction Cases 
and Design of Internet of Things Based 
Child Safety System 

Vaibhav Bhatnagar, Devershi Pallavi Bhatt, and Devanshi Ledwani 

Abstract The illegal removal of a minor from the custody of the child’s natural 
parents or legally appointed guardians is known as child abduction or child stealing. 
Child kidnapping is a serious offence, and it is increasing with rapid rate. Safety of 
a child is always a matter of concern of parents as well as school authorities. In this 
paper, statistical analysis of dataset of child kidnapping with different parameters 
such as age, gender, race, height and weight are discussed. Supervised machine 
learning algorithms is used to identify the pattern of abduction done by family 
member or outside the family. The classifier received the accuracy of 93%. Further-
more, Internet of Things based system is also proposed that will monitor the loca-
tion of the child whenever child enters or exits in the school vehicle. The proposed 
system is designed with Arduino microcontroller, RFID reader, GSM module, GPS 
module, PIR sensor, and Piezo Buzzer. The system gets triggered when child enters 
or exits in the school vehicle and RFID tags are read that are fixed on the shoe of 
child. The proposed system is tested with 10 students at different time with different 
geographical locations. 

Keywords Child · IoT · Decision tree · RFID 

1 Introduction 

India is the country where more than 400 million children are below of the age 18 
[1]. Crimes are increasing day per day. As per the report of National Crime Bureau, 
a child got missing in every 10 min in India. The statistics given by NCB is shown 
in Fig. 1 [2].
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Fig. 1 Number of missing children in India 

The numbers shown in the Fig. 1 are creating a necessity to have some mechanism 
to mitigate the problem of child missing. Internet of Things (IoT) is a good solution 
for this problem. 

This paper has two objectives. The first objective of this paper is to identify the 
pattern of kidnapping among the children using Decision Tree machine learning 
technique. The second objective of the paper is to design an IoT based system that 
can trace the location of the system when student enter and exit in the school vehicle. 

The paper is organized in eight sections. After the Introduction, section part 
discusses about related work, third part discusses about research motivation, IV 
part discusses about descriptive analysis, V part discussed about schematic diagram, 
VI part discusses about proposed work, VII part discusses about results & discussion 
and last VIII part is the conclusion of the paper. 

In the year 2020, Madhur et al. [3], proposed an IoT-enabled digital system design 
combines Cloud, Mobile, and GPS technologies to pinpoint a child’s exact location on 
a map of an event. The suggested architecture model for the sophisticated IoT-enabled 
smart kid safety tracking digital system defines the people, information, process, 
and technology architecture aspects, as well as their interactions. In the same year, 
Mohammad Jabirullah et al., [4], They developed child safety system using RFID. 
Students have RFID-based cards that are used to authenticate them. When a pupil 
boarded the school bus, the Raspberry sends a message to parents and the principal. 
This methodology is enhanced with Machine Learning. Aparajith Srinivasan et al. 
[5], designed a system to keep track of children’s whereabouts and vital signs in 
real time using different everyday wearable device such as wrist band, glove, arm 
band and belt. This electronic system includes an Arduino controller, a Raspberry Pi,
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and sensors that monitor changes in temperature, BVP (Blood Volume Pulse), and 
GSR (Galvanic Skin Response). A GSM and GPS module are also included in the 
system. With sensor data as inputs, the Decision Tree Classifier Algorithm is utilized 
to recognize any distress condition. The victim’s location is tracked using the GPS 
module, and a text message is sent to the registered contact numbers using the GSM 
module. 

In the year 2019, Dipali Badgujar et al. [6], proposed radar devices and obstacle 
sensors to detect the warning when the kid enters the danger zone or is approaching 
a dangerous object. The alert will be sent to the caregiver through mobile phone via 
an alarm or notice. They used ultrasonic obstacle sensor in the form of locket. This 
locket sends a mobile alert to the careatker, and for battery backup, a solar panel is 
utilized, with the energy being stored in the caretaker’s shoes and being reliant on 
the steps taken by the caretaker. 

In the year 2017, Leonardo D’Errico et al. [7], designed GPS and RFID based 
system for ensuring child presence in the bus and data is delivered to a server that 
maintains in touch with kid parents using a native Android application that interacts 
with a mobile RFID reader. They also designed the server application to interact with 
mobile vendors notifications services. 

From the above literature it is found that most of the research are done on the 
wearable devices which can harm the body of children and most of the work is done 
without applying proper authentication. More than one RFID tag can be used by a 
single person that can mislead information. Moreover, since RFID tags are placed on 
the shoes of child, these RFID tags can be placed by other systems without presence 
of any person. Taking these points into consideration, a novel system is proposed 
that not only monitor the location of child but also maintains the authenticity of the 
system without wearing any additional gadget or sensor. 

2 Analysis of Child Abduction Data 

The first objective of this paper is to identify the pattern of kidnapping among the 
children. To identify the pattern, secondary data is used from [8] belonging to United 
States. The data description is shown in below Table 1. Total 273 number of cases 
are considered to identify. 

The subsequent objectives are to identify that age, height, weight and sex affect 
the abduction of a child by a family member or not. Family abduction is a serious 
crime when a child is concealed by the family member of the child himself. Here 
CaseTpye is target value that contain two values of weather a child is kidnapped by 
family member or outsider from the family. To achieve the subsequent objectives, 
T-test [9] and Chi-Square [10] is applied. The P value is shown in below Table 2. 

Since p value obtained is 0.004, it can be inferred that there is significance differ-
ence between Age of child abducted by family member and outside the family. Since 
p value obtained is 0.3, it can be inferred that there is no significance difference 
between height of child abducted by family member and outside the family. Since
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Table 1 Description of the dataset 

S. N. Name of variable Data types Description 

1 Age Numeric Age of the Child 

2 Sex Category Gender of the Child 

3 Race Category Skin color of the Child 

4 Height Numeric Height of the Child 

5 Weight Numeric Weight of the Child 

6 CaseType Category (Target variable) Family Abduction or non-Family 
Abduction 

Table 2 Independent t-test and chi square test 

S. N. Name of variable 1 Name of variable 2 Null Hypothesis (H0) P value  

1 Age CaseType No significance difference 
between Age and CaseType 

0.004 

2 Height CaseType No significance difference 
between Height and 
CaseType 

0.3 

3 Weight CaseType No significance difference 
between weight and 
CaseType 

0.08 

4 Sex CaseType No association between sex 
and CaseType 

<0.001 

p value obtained is 0.08. it can be inferred that there is no significance difference 
between weight of child abducted by family member and outside the family. Since 
p value obtained is <0.001, it can be inferred that there is an association between 
gender of child abducted by family member and outside the family. 

The next subsequent objective is to identify the pattern among the variables such 
as age, height, weight, sex and race of the child. Decision Tree algorithm [11] is used  
to identify the patter. The decision tree is shown in Fig. 2. 

From the Fig. 2, that there are maximum chances of non-family Abduction when 
height is less than 29, age is between 10 and 16, and race is Black or Pacific islander. 
There are there are maximum chances of non-family Abduction when age is greater 
than 16 and race is race is Black or Pacific islander. There are more than 80% chances 
of non-family abduction when age is greater than 10 and race is or Pacific islander. 
There are maximum chances of family abduction when age is less than 5, height is 
less than 32 and race is Black or Pacific islander. However, there are also maximum 
chances of family abduction when age is less than 10, age is greater than 32 but race 
is Black or Pacific islander. There are 96% chances of a child being abducted when 
race is other Black or Pacific islander. The accuracy of the classifier is shown in the 
Fig. 3. In the Fig. 2, Family Abduction (FA) is shown in blue color and Non Family 
Abduction (NF) is shown in red color.
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Fig. 2 Decision tree of child abduction dataset 

Fig. 3 Confusion matrix of decision tree 

Confusion Matrix [12] shows that correct classifiers are 255 in numbers and 
15 are mis-classifiers. Therefore 93% accuracy is obtained. Taking these crimes 
in serious considerations, Internet of Things based solution is provided for child 
tracking system. 

After analyzing the child abduction data, it is found that a child should be traced 
whenever he or she go to school, because a child can even be kidnapped by the family 
members and outsiders. So, children tracking system is proposed using Internet of
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Fig. 4 Schematic diagram of prototype 

Things. The proposed system will update the location of children to school and 
parents. 

3 Schematic Diagram and Prototype 

The second objective of this paper is to design an IoT based system for monitoring 
child safety. In this paper, the prototype system has been made for the school student 
who enter in the school vehicle and leave the school vehicle. The main factor to 
monitor is the location of child. The schematic diagram is show in Fig. 4. 

The prototype is based on the fundamentals of Internet of Things. Arduino Uno 
is most common micro controller used to design for IoT based systems. It is very 
inexpensive and easily available. The prototype is designed with RFID reader [13], 
GPS module [14], GSM module [15], PIR sensor [16] and Piezo Buzzer [17]. 

4 Prototype 

It has been seen in the literature that most of the work is done is to track the position 
of the child through GPS. In proposed system every child is carrying a RFID tag 
which is pasted on his shoes. When a child will enter in the school vehicle, first PIR
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Fig. 5 Flow chart of proposed system 

sensor which is fixed at the door of school vehicle will sense that there is a person is 
going to enter in the school vehicle. When a person is sensed by the PIR sensor, the 
RFID reader will get activated, by the RFID tag pasted on the shoes of child. When 
the child enters in the school vehicle, RFID will get activated and the location of the 
child will be sent to his parent using GPS and GSM Module. Here, the novelty is 
that if the sensing time between two RFID tags are below 3 s, the system will start 
giving alarm through Buzzer associated with Arduino and an alert message will be 
sent to both the parents of which tags are associated. Flow chart is shown in Fig. 5. 

5 Testing 

The prototype model is tested in a private school bus in Jaipur location (26.9124° N, 
75.7873° E). Total number of 10 students have been used for trail with total number 
of 10 times in different locations. The location and timings are shown in Table 3. 

In the below table, the sample data of testing is shown. After the 100 times of 
trial (10 students with each 10 trials), it is found that every time PIR sensor worked 
properly, GPS and GSM worked properly. Even when to RFIDs are sensed at the 
same time, buzzer got alert and the message is successfully sent to both the parents 
whose RFID tags are associated. However, slight time duration is noticed when the 
message is sent by the GSM and received by the smart phone.
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Table 3 Testing of proposed system 

S. N. Location Time 
(AM) 

PIR 
sensor 
worked 

GPS 
activated 

GSM send 
message of 
location 

Difference 
between 
actual 
location 
and 
Location 
sent 
location 

Time of 
message 
received to 
the parent 

Student 
1 

Malviya 
Nagar 

7.00 Yes Yes Yes No 
Difference 
found 

7.03 AM 

Student 
2 

Gopalpura 
Bypass 

7.00 Yes Yes Yes Minute 
Difference 
Found 

6.58 AM 

Student 
3 

Jagatpura 8.00 No Yes Yes Alarm 
Message 
Sent 

8.02 AM 

Student 
4 

Tonk Road 7.00 Yes Yes Yes No 
Difference 
found 

7.03 AM 

Student 
5 

Bani Park 8.00 Yes Yes Yes No 
Difference 
Found 

8.05 AM 

Student 
6 

Murlipura 8.00 Yes Yes Yes No 
Difference 
Found 

8.01 AM 

Student 
7 

Muhana 
Mandi 

8.00 No Yes Yes Alarm 
Message 
Sent 

8.10 AM 

Student 
8 

Varun Path 
Mansarovar 

8.00 Yes Yes Yes No 
Difference 
Found 

8.05 AM 

Student 
9 

Hathoj 8.00 Yes Yes Yes No 
Difference 
Found 

8.05 AM 

Student 
10 

Vatika 8.00 Yes Yes Yes No 
Difference 
Found 

Message 
not 
Received 

6 Conclusion 

Children kidnapping cases are increasingly day-to-day. These crimes are taken into 
serious consideration. In this paper, a descriptive analysis is done on the dataset of 
child abduction by family member and non-family member. It is inferred that age and 
gender of children affect the abduction by family member and non-family member.



Analysis of Child Abduction Cases and Design of Internet of Things … 315

A decision tree is obtained for the dataset to identify the pattern of abduction. It 
is found that age and race play important role in abduction and weight does not 
play significant role in abduction of children. The objective of paper is not only the 
descriptive analysis of dataset of child abduction, but an Internet of Things based 
system is proposed to track the location. The proposed system is designed with the 
help of RFID reader, which is installed in the school bus, whenever a child enters 
or exit in the school vehicle, the current location of vehicle is sent to the school 
and parents with the help of GSM and GPS module. The proposed system is also 
validated by PIR sensor and Piezo Buzzer. The proposed system is tested 100 times 
with 10 students at different geographical locations. The performance of the proposed 
system found satisfactory in the nature. In future, this work can be enhanced by adding 
machine learning techniques in proposed IoT based System. 
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Dual Band Substrate Integrated 
Waveguide (SIW) Filter with Curved 
Comb Shape Slots on Top for High 
Selectivity 
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Diya Deenu Shetty, Amrita Dixit, Ashok Kumar, and Arjun Kumar 

Abstract This article presents a dual-band Substrate Integrated Waveguide (SIW) 
filter using a variable comb shape slot on the top metal surface of the SIW cavity. 
These comb shape slots create a slow wave effect and the dual cavity produces a 
dual-band with high selectivity. The proposed filter used Rogers 5880 as a dielectric 
material with a permittivity(εr) of 2.2 and thickness of 0.508 mm. The simulated 
results obtained by HFSS 19.1 has two narrow bands at 3.6 and 7.8 GHz with the 
fractional bandwidth of 10.8% and 8.8% for satellite communication. The insertion 
loss is less than 0.6 dB and the return loss is better than 15 dB. The size of the filter 
is 0.88 × 0.44 λg 

2 mm2. 
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1 Introduction 

The growing interest in the wireless technology domain from researchers and industry 
calls for demand in the study and research into precision miniature devices which 
give us accuracy in practical operation at optimum bandwidth and ease of manufac-
turing. A bandpass filter is an integral component of any wireless device operating in 
the megahertz to gigahertz range, especially in this day and age there is observable 
crowding of devices on the wireless spectrum, filter design requires faster and better 
upgradations even in minuscule ranges at the fastest pace. As such great care has 
been taken in proposing a novel dual-band filter design in this paper that offers high 
selectivity to optimise the signal to noise ratio and low insertion and return loss in 
the order of 0.5 to 12 dB respectively. Even though Substrate Integrated Waveg-
uides were introduced in 2003, to integrate the benefit of the good quality factor 
of non-planar technologies and compact size and economic feasibility of planar 
circuits [1], they still remain relevant today mainly for high-frequency millimeter 
and submillimeter applications, especially as filters because these metallic vias have 
been optimised in size and spacing to ensure certain modes of operation do not 
resonate. Existing dual-band filters based on SIW cavity resonators have been inves-
tigated. In [2] very compact size is achieved, but insertion loss is high and Q factor 
is decreased and in [3] capacitively-loaded SIW vias is proposed for miniaturized 
circuits, however excited higher-order modes are located too close to passband for 
accuracy in practical applications. Slots in folded SIW was a bandwidth enhancement 
technique introduced in [4], however, selectivity was unsatisfactory just as in the case 
of [5] wide bandpass filter realised using U-shaped slots on the upper plane of the 
substrate and H-shaped fractal defect on the ground plane of SIW cavities. Even 
amongst miniature bandpass filters of comparable size such as [6] and [7] which use 
E-shaped slots and resonators, bandwidth achieved poses room for improvement to 
meet present demand. In SIW with electromagnetic bandgap (EBG) structure etched 
with S-shaped slots [8], heavy insertion losses are observable. A substrate that creates 
a multi-mode resonator [9] and accomplishes narrow passband of operation with the 
added functionality of high selectivity and compact size is ideal for miniaturized 
integrated and nano-circuits. 

Keeping these lofty design challenges in mind and intricately balancing the inverse 
relationship between bandwidth and quality factor, our paper has proposed the novel 
design of a filter with dual-band mode at 3.6 GHz and 7.8 GHz which has a radially 
cut curved comb shape slot on the top of Rogers RT Duroid 5880. 

2 Dual-Band Filter Design 

A new method is devised for the miniature filter design which is proposed in this 
paper. It is composed of a rectangular SIW cavity. It is a three-layer structure where 
the top and bottom are metal and between the metal layers, there is a substrate layer.
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Fig. 1 Top View of proposed Dual-Band SIW BPF with its Dimensions 

The proposed structure has two cavities as the design is for dual-mode. A curved 
comb shape structure is etched on the top metallic layer of substrate in two parts. It is 
composed of two rectangular SIW cavities with two feeding lines that use coplanar 
waveguides (CPW), and two curved comb shape slots are positioned facing each 
other on the edges of the cavity. 

By optimizing all the dimensions, we get the proposed dual-band filter. The top 
view is represented in Fig. 1 with the filter’s optimized dimensions. 

3 Simulation Results and Discussion 

The dual-band SIW bandpass filter has been realized on a 0.508-mm-thick RT/Duroid 
5880 substrate with a dielectric constant of 2.2. The dimensions of the design have 
been mentioned in Fig. 1. The via’s diameter is 0.8 mm and the pitch (spacing between 
the two via-centers) is 1.2 mm. 

The simulation results of the designed dual-band SIW BPF are done using HFSS 
19.1 software. The proposed filter has two narrow passbands at 3.6 GHz and 7.8 GHz 
with high selectivity. The bandwidth of the two passbands is 390 MHz and 690 MHz 
simultaneously. The fractional bandwidth is 10.8% for the first band and 8.8% for 
the second band. Within the two passbands, the return losses are both greater than 
12 dB. This result is achieved through making inward curved comb shape slots 
utilizing different lengths of each slot which leads to the respective operation frequen-
cies. The insertion loss is less than 0.5 dB in both bands. Also, the designed BPF 
exhibits exceptional selectivity when compared to its previous predecessors. Figure 2 
represents the simulated S-parameter of the proposed design. 

The surface current density of the proposed dual-band SIW filter is shown in 
Fig. 3. From the current density response, it is observed at the center frequency
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Fig. 2 S-Parameter of proposed Dual Band SIW BPF Design 

Fig. 3 Surface Current Density of proposed Dual Band SIW BPF filter at different frequencies (a) 
3.6 GHz (b) 7.8 GHz (c) 2 GHz and (d) 6 GHz 

of both dual bands highest current density distribution is shown at (a) and (b). By 
observing the (c) and (d) current distribution it concludes that after the passband no 
frequency is transmitted from port 1 to port 2 which means the selectivity of the 
proposed dual-band SIW filter is very good. 

For the validation of our proposed design, these results are compared with the 
previously published papers. Table 1 represents the result validation. It is observed 
that the proposed design has less insertion loss and high selectivity.
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Table 1 Comparison of proposed Dual-Band SIW BPF with other reported works 

Ref Topology fO (GHz) FBW (%) IL (dB) Size (λg × λg) 
[7] SIW CSRR 4.05/5.8 4.6/3.6 2/1.9 0.199 × 0.187 
[9] SIW 6.9/7.95 2.6/2.3 1.47/1.65 2.2 × 0.61 
[6] SIW E-Shape Slot 3.6/6.4 3.3/2.4 1.3/1.8 0.29 × 0.58 
[8] SIW E-Shape Slot 2.4/5.2 5.8/6.5 3/3.1 0.152 × 0.156 
This Work SIW Curved Comb 

Shape Slot 
3.6/7.8 10.8/8.8 0.5/0.6 0.88 × 0.44 

* fO: Center Frequency, FBW: Fractional Bandwidth, IL: Insertion Loss, λg: Guided Wavelength 

4 Conclusion 

A dual narrow band substrate integrated waveguide (SIW) filter using a curved comb 
shape structure has been designed and simulated in this paper. The proposed design 
has two narrow bands at 3.6 and 7.8 GHz with the fractional bandwidth of 10.8% 
and 8.8%. The selectivity of the filter is very good. 
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A Compact CPW Fed 2 Element MIMO 
Antenna for C - Band and X- Band 
Applications 

Manan Gupta, Ashok Kumar, Arjun Kumar, Ashok Kumar, 
and Ajay Yadav 

Abstract This article presents a two-element MIMO antenna design for C and X
- band applications. The proposed design radiates at 7.1 GHz and has an overall 
size of (0.58 × 0.29 × 0.04) λo. Each radiating element consists of two circular arcs 
connected by a simple microstrip element and is fed using a CPW feed. The proposed 
antenna provides a fractional bandwidth of 66.1% ranging from 5.55–11.03 GHz 
(|S11| <− 10 dB), thus giving wideband characteristics achieved by using a CPW 
feed. The proposed design is simulated by using Ansys HFSS 19.1 EM simulator. 
To evaluate the proposed MIMO antenna performance the isolation and envelope 
correlation coefficient (ECC) parameters are investigated. 

Keywords CPW feed · Microstrip patch antenna · Wide - Band · MIMO · ECC 

1 Introduction 

The past few decades have seen exceptional growth in wireless communications, thus 
increasing the demand for efficient communication systems, high data rate and good 
channel capacity. To fulfill these requirements, antennas have become inevitable, 
causing a need for antennas that cover wideband, compact size, and provide large 
gain. Microstrip antennas fulfill these required characteristics as they are also easily 
integrable with passive and active microwave components. Multiple input multiple 
output (MIMO) technique is the remedial solution to provide high data rate and 
more reliable communication [1]. The C - Band is widely used for modern satellites 
and weather radars. As defined by IEEE standards, X- Band ranges from 8–12 GHz 
and is used in modern radars, weather prediction, and several military devices. Both 
the C - Band and the X – Band provide good resistance to attenuation in the rain 
and other atmospheric obstructions. A 2 × 2 microstrip array having an overall

M. Gupta (B) · A. Kumar · A. Kumar · A. Yadav 
ECE Department, Bennett University, Greater Noida, India 
e-mail: gmanan707@gmail.com 

A. Kumar 
Government Women Engineering College, Ajmer, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. Tiwari et al. (eds.), Optical and Wireless Technologies, Lecture Notes in Electrical 
Engineering 892, https://doi.org/10.1007/978-981-19-1645-8_33 

323

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1645-8_33&domain=pdf
mailto:gmanan707@gmail.com
https://doi.org/10.1007/978-981-19-1645-8_33


324 M. Gupta et al.

size of (1.04 × 1.04 × 0.02) λo and bandwidth ranging from 3.45–3.57 GHz is 
depicted in [2]. A single element antenna with a ceramic DRA is proposed in [3], 
that provides multiband functions ranging from 3.8–4.5 GHz and 5.9–6.39 GHz. In 
[4], the authors proposed a two element MIMO antenna on tablets sized ground of 
frequency range from 1.71–2.69 GHz. Another configuration of the microstrip array 
for satellite communications is shown in [5], the article shows a 4 × 4 array provides 
a bandwidth ranging from 3.8–4.5 GHz. [6] shows a microstrip antenna with a T -
shaped DGS radiating in the X - Band and having an overall size of (1.04 × 1.04 
× 0.02) λo. A microstrip antenna having multiband characteristics in X – Band, 
provides a bandwidth of 270 and 440 MHz at 9.17 and 10.45 GHz, respectively 
[7]. A stacked configuration of microstrip antenna is proposed in [8] for multiband 
radiation covering both C and X bands. The proposed design has an overall size of 
(1.74 × 2.11 × 0.55) λo and gives a bandwidth of 0.596 GHz resonating at 8.56 GHz. 
All the above-cited articles show good radiation characteristics in the C and X – Band 
but at the cost of antenna size. 

In this article the authors proposed a compact 2-element MIMO antenna for 5.55– 
11.03 GHz frequency band. This article has attempted to reduce the size of the 
antenna while showing a negligible effect on the radiation characteristics. Section 2 
contain the design concept of proposed single and 2 element MIMO antenna with 
design parameters. In Sect. 3, the authors explain the results of the proposed MIMO 
antenna. Finally Sect. 4 conclude the paper. 

2 Proposed Antenna Design 

The geometry of the proposed design is shown in Fig. 1. The overall size of the 
antenna is (25 × 12 × 0.535) mm3 and is printed on Rogers RT Duroid 5880, which 
has a relative permittivity of 2.2, 0.001 as the loss tangent and thickness of Hsub. 
Table 1 lists all the parametric values of the antenna. Each element in the double 
element MIMO consists of two circular arcs with an outer radius of R1 and an inner

Fig. 1 Proposed design a single element b Proposed design
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Table 1 Parametric values 

Parameter Parameter value (mm) Parameter Parameter value (mm) 

LS 25 WS 12 

Lg 5.2 Wg 4.5 

Lf 5.25 Wf 1.2 

R1 3 R2 2.2 

HSub 0.5 p 1.0 

radius of R2. In each component, the circular arcs are connected by a rectangular 
microstrip. These radiating elements are separately excited by a simple CPW feed 
that acts as the ground for the proposed antenna.

3 Result and Discussion 

Figure 2 depicts the simulated results of S11, peak gain, peak directivity, and smith 
chart. These results were simulated on Ansys HFSS 19.1 EM simulator. Figure 2(a) 
depicts the S11 plot, which shows the proposed antenna radiates at 7.1 GHz and 
has a −10 dB bandwidth of 5.52 GHz ranging from 5.55–11.03 GHz with isolation 
more than 15 dB. Figure 2(a) depicts the impedance variation in the form of a smith 
chart, and it can be noticed we get perfect impedance matching at a single point, i.e., 
resonant frequency. The smith chart also shows that the loop lies within the VSWR 
= 2 circle, thus proving the obtained bandwidth (i.e., 5.55–11.03 GHz). 

The envelope correlation coefficient (ECC) is the important parameter for MIMO 
diversity performance. ECC between two elements is calculated using scattering 
parameters using Eq. 1 [9]. Figure 3(a) shows the ECC of proposed MIMO antenna 
which is less than 0.02 over the operating frequency band. The peak gain of proposed

Fig. 2 Simulate a S – Parameter b Impedance variation plot (smith chart)
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Fig. 3 a Envelope correlation coefficient (ECC) vs frequency b Peak gain (dBi) 

Table 2 Comparison of proposed MIMO antenna with published work 

Ref. no. Size (mm2) Frequency 
(GHz) 

Peak gain (dBi) No. of elements Isolation (dB) 

[4] 75 × 75 4.96–5.50, 4 2 – -

[10] 20 × 30 2.60–11.20 4 4 > 20  

[11] 22 × 36 3.0–11.0 5 2 > 15  

[12] 25 × 40 3.39- 9.10 2.5 2 – -

This work 25 × 12 5.55–11.03 5.1 2 > 15  

MIMO antenna is 5.1 as shown in Fig. 3(b).

ρe = |s11 ∗ s12 + s21 ∗ s22|2 ( 
1 − |s11|2 − |s21|2

)( 
1 − |s22|2 − |s12|2

) (1) 

The comparison of the proposed antenna with the reported work is listed in Table 2. 
The comparison is made based on the overall size, gain, and bandwidth. The proposed 
MIMO antenna has compact size and better gain as compared to previously published 
paper. 

4 Conclusion 

The design of a two-element MIMO antenna for C and X - Band applications is 
proposed in this article. The design consists of circular arcs connected by simple 
microstrip elements that have been excited using a simple CPW feeding. This feeding 
technique and the unique design helped us achieve wideband characteristics and 
suitable impedance matching at the resonant frequency of 7.1 GHz with frequency
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band from 5.55–11.03 GHz. The antenna is compact and provide an isolation of more 
than 15 dB overall the operating frequency band. 
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Multi Band Inter Connected C-Shaped 
Flexible Antenna for Mobile and Fixed 
Wireless Communication Systems 

Jayshri Kulkarni, Chow-Yen-Desmond Sim, and Ajay Poddar 

Abstract The Point to Point (PTP) and Point to Multi-point (PTM) radio services are 
offered to users in the form of fixed wireless services. These services are used in core 
and access networks including all equipment aspects as well as antenna parameters. 
The antenna is very essential part of any transmitter and receiver integrated in core 
and access systems. Therefore, this research article presents design and analysis of 
multi band inter connected C-shaped flexible antenna for 5 GHz Wireless Fidelity 
(Wi-Fi) mobile communication system and 8 GHz Fixed wireless communication 
system, functioning simultaneously. The proposed interconnected compact C-shaped 
flexible antenna is loaded with group of three small circles on the common branch 
of interconnected C-shape and another big circle at the center to obtain maximum 
transfer of signals from transmitter to receiver and vice versa. This complete structure 
is printed on Kapton Polyamide substrate having size of 15 × 20 × 0.2 mm3 and 
is excited using coplanar waveguide (CPW) feeding technique to achieve desired 
resonances at 5.4 and 8.6 GHz covering impedance bandwidth of 15.38% (5.10–5.95) 
GHz Wi-Fi mobile communication band and 23.11% (7.73–9.75) GHz fixed wireless 
communication band, respectively. Further investigation confirms flat gain of around 
3 dBi, efficiency greater than 90% and omnidirectional radiation envelopes in both 
the desired operating bands. Moreover, in order to prove the flexibility of antenna and 
its effect on impedance bandwidth, gain and efficiency, a simulated experimentation 
of bending analysis along both X and Y axis is also carried out using CST MWS 
studio suit software.
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Keywords Interconnected C-shaped antenna · 8 GHz fixed wireless system ·
Wi-Fi and CPW 

1 Introduction 

License free Wireless Access Systems (WACs) containing Radio Local Area 
Networks (RLANs) represent the main Broadband Wireless Access (BWA) tech-
nologies used for wireless internet access. However, the billions of communicating 
devices already in operation and the rapid growth is predicted to be continued for 
the foreseeable future. Antennas play a significant and supporting role in achieving 
Gigabit internet access and advanced wireless applications withing the limited 
frequency spectrum as users are adapted to. Apart from this, an antenna is an essential 
element in this communication system, and for confirming the device suitability, it 
should be flexible, compact and stretchable. Therefore, several non-flexible and flex-
ible antennas functioning in various wireless bands are reported recently [1–7]. The 
antennas reported in [1–3] for various wireless applications like smartphone, laptop 
and wireless devices are application specific and based on use of type of substrate and 
offer the performance based on surrounding environment. However, these antennas 
are not flexible in nature. Recently, many flexible antennas are reported in the liter-
ature [4–7]. The antenna reported in [4] describes the design and performance anal-
ysis of conformal multiband antenna printed on Kapton Polyimide substrate using 
Inkjet printer technique for flexible wireless devices. The antenna reported in [5] 
mentions the design and fabrication of an ultra-thin flexible antenna using three 
flexible substrates for Internet of Things (IoT) applications. The reported antenna 
design operates in 2.7 and 5.8 GHz frequency bands for IoT applications. An UWB 
MIMO antennas are designed using Kapton polyamide substrate using inkjet printing 
technique. Three-dimensional (3D) paper-based 3 × 3 MIMO antenna operating in 
WLAN bands of 2.4 and 5 GHz is reported in [6]. 

Liquid Crystal Polymer (LCP) is another preferable flexible substrate reported by 
[7]. The reported compact triple band antenna designed using flexible LCP substrate 
to operate in WLAN 2.4/5.2/5.8 GHz Wireless Local Area Network (WLAN), 
3.5/5.5 GHz Worldwide Interoperability for Microwave Access (WiMAX) and 5G 
bands. The antenna reported in [7] is the paper based flexible antenna and designed 
for wearable telemedicine applications. This reported antenna covers Industrial, 
Scientific and Medical (ISM) frequency band in the range of (2.33–2.35 GHz). 

This research article presents multi band interconnected C-shaped CPW fed flex-
ible antenna for 5 GHz Wi-Fi mobile communication system and 8 GHz Fixed 
wireless communication system, functioning simultaneously. The proposed antenna 
consists of two interconnected C-shaped radiators facing towards each other in order 
to minimize the capacitive coupling of two radiators. The radiators are printed on 
Kapton Polyimide flexible substrate of size 15 × 20 × 0.2 mm3 and generates 
two resonances at 5.5 and 8.7 GHz conforming an impedance bandwidth of 13.11%
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(5.13–5.85) GHz Wi-Fi band and 20.57% (7.85–9.65) GHz for fixed wireless commu-
nication band, respectively. Further, a bending analysis is also carried out in X and 
Y direction to validate the bending effect on impedance bandwidth. 

The research article is structured as follows: Sect. 2 explains the design schematic 
layout and operating mechanism of proposed interconnected C-shaped flexible 
antenna, Sect. 3 gives insight on results and discussion followed by bending analysis 
in Sect. 4. Finally paper is concluded in Sect. 5. 

2 Layout and Evolution Mechanism Interconnected 
C-Shaped Antenna 

The compact designed footprint of interconnected C-shaped antenna is shown in 
Fig. 1 for mobile and fixed wireless communication system. The proposed intercon-
nected C-shaped antenna consists of one C-shaped radiator, one inverted-C shaped 
radiator, and a CPW-fed ground plane. In this design, the top edge of the inverted 
C-shape is connected to the center of C-shaped radiator along with group of three 
small circles and one big circle. The small group of circles having radius of 0.85 mm 
is sandwiched in between the top strip of inverted-C and lower strip of C-shape radi-
ator whereas the big circle of radius 1.5 mm is embedded between the lower strip of 
both the C and inverted C-shaped radiator. The proposed interconnected C-shaped 
antenna is engraved on Kapton polyamide substrate having a compact dimension of

Fig. 1 Geometry and layout of proposed cactus shaped antenna (Dimensions in mm) a Front view 
b Perspective view
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Fig. 2 Surface current distribution of proposed antenna a 5.4 GHz b 8.6 GHz 

15 × 20 mm2, thickness 0.2 mm, loss tangent 0.002 and dielectric permittivity of 
3.45 and is fed using CPW-fed technique.

Further, to investigate more about working mechanism of proposed intercon-
nected C-shaped flexible antenna, a surface current distribution (A/m) is discussed 
in Fig. 2. From Fig.  2a, it is visualized that maximum current is flowing in the lower 
part of interconnected C-shaped radiator which generates a resonance at 5.4 GHz 
with impedance bandwidth of 15.38% (5.10–5.95) GHz for Wi-Fi mobile commu-
nication band. Further, as visualized from Fig. 2b, maximum current is flowing 
through the top part of interconnected C-shaped structure which induces a resonance 
at 8.6 GHz with an impedance bandwidth of 23.11% (7.73–9.75) GHz for fixed 
wireless communication band. 

3 Simulated Results and Analysis 

The proposed interconnected C-shaped flexible antenna design is designed and 
analyzed using CST software. Figure 3 discussed the S-parameter of the proposed 
interconnected C-shaped flexible antenna. It is seen that antenna element induces 
multiple resonances at 5.4 and 8.6 GHz with simulated impedance bandwidth of 
15.38% (5.10–5.95) GHz and 23.11% (7.73–9.75). 

The two-dimensional (2D) field patterns of the proposed interconnected C-shaped 
flexible antenna at both the resonances of 5.4 and 8.6 GHz are illustrated in Fig. 4. 
Figure 4 depicts the co-polar and cross-polar radiation patterns in both E-plane and H-
plane. It can be observed from the Fig. 4 that the co-polar radiation pattern in E-plane 
show omnidirectional characteristics with circular pattern passing maximum gain in 
all the direction whereas the cross-polar radiation pattern in H-plane is doughnut
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Fig. 4 2D Radiation pattern of proposed interconnected C-shaped flexible antenna
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Fig. 5 Gain and Efficiency 
of proposed interconnected 
C-Shaped flexible antenna 
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shape, which are beneficial to be used in mobile and fixed wireless devices which 
are on same plane or at either side of each other.

The gain and efficiency of the proposed interconnected C-shaped antenna is illus-
trated in Fig. 5. The antenna shows stable gain of around 3 dB and radiation efficiency 
greater than 90% at both the operating bands. 

4 Bending Analysis of Proposed Interconnected C-Shaped 
Flexible Antenna 

A simulated experimentation of bending analysis is carried out in order to validate 
the bending performance of proposed interconnected C-shaped flexible antenna on 
10 dB impedance bandwidth, gain and efficiency as shown in Fig. 6. In order to 
integrate the antenna in restricted space where there is restriction on height of wireless 
device, the proposed antenna is bended in X-direction as shown in Fig. 6a. The 
associated S11(dB) curves are compared as shown in Fig. 6b. It is apparent that the 
S11 (dB) curves (with bending and without bending) are matching with each other 
with minimal deviation. However, the S11 (dB) curve with bending still conform the 
bandwidth requirement of desired operating bands. Also, it is observed that bending 
the antenna along X-axis have minimum effect on gain and efficiency of the proposed 
interconnected C-shape flexible antenna as shown from Fig. 6c. 

Further, in order to check the flexibility in Y-direction, the proposed intercon-
nected C-shaped flexible antenna is bended as shown in Fig. 7a and associated 
S11(dB), gain and efficiency curve is shown in Fig. 7(b–c). It is validated that the S11 
(dB) curve with bending conforms that there is negligible effect on impedance band-
width. This validates that the proposed flexible antenna can be integrated in fixed and 
mobile wireless devices where space is limited in order to integrate a greater number 
of electronic components. From Fig. 7c, it is evident that the gain and efficiency of
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Fig. 6 Bending Analysis along X-axis antenna a Geometry b S11 c Gain and Efficiency

the proposed interconnected C-shaped flexible antenna remains unaffected when the 
antenna is bent along Y-axis. 
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5 Conclusion 

An interconnected C- shaped flexible antenna for mobile and fixed wireless services 
is designed and analysed successfully. The proposed flexible antenna operates with 
impedance bandwidth of 15.38% (5.10–5.95) GHz and 23.11% (7.73–9.75) for Wi-
Fi mobile wireless and fixed wireless communication systems. Furthermore, the 
radiation performance including flat gain 3 dBi and efficiency >90% is also achieved. 
The bending performance shows that the proposed antenna is flexible in nature and 
can be a good applicant of wireless and fixed devices where there is restricted space 
for antenna.
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A Broadband Microstrip MIMO 
Antenna for 5G mm-Wave Applications 

Shreyas Choudhary, Gaurav Jha, Ashok Kumar, and Arjun Kumar 

Abstract In this paper, the authors present a 28 GHz broadband microstrip patch 
MIMO antenna for a 5G wireless communication system. The proposed antenna 
array has a central operating frequency of 28.01 GHz. The proposed antenna array is 
simulated on Rogers RT/Duroid5880 substrate with dielectric permittivity of 2.2. The 
design of the antenna array, the dimension, parameters, are simulated and optimized 
by using CST Studio Suite. The antenna array has a compact and robust structure 
with dimensions of 0.62 × 5.40 λo. From the simulation result, we observed that the 
studied antenna array has a return loss of −22.10 dB and an impedance bandwidth 
of 3.94 GHz. The proposed rectangular broadband microstrip patch MIMO antenna 
has achieved significantly improve radiation performance in terms of bandwidth and 
return loss. 

Keywords 5G ·Microstrip antenna ·Mm-Wave · 5G wireless system · Array ·
MIMO 

1 Introduction 

The growing demand for more advanced wireless telecommunication systems leads 
to a need for advancement in the development of new technologies. The 4G system 
which is currently in use leads to many developments in the field of telecommunica-
tion, mobile system, IoT application, and development of many advanced systems, 
and it is believed that the fifth generation (5G) network system will be able to incred-
ibly advance and enhance the capacity of current and upcoming wireless technolo-
gies by taking advantage of using a millimeter-wave (mm-wave) frequency band. 
In today’s time, wireless technology is currently one of the most used areas in the 
communication system, as the whole mobile network, IoT systems, wireless internet,
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and other embedded systems are dependent on it. To manage and handle this huge 
traffic rate, scarcity of bandwidth and the need for a good quality of millimeter of 
wave frequency leads to the development of the 5G technology system. The primary 
goal of 5G technology is to implement a high-frequency band and wide signal band-
width to increase the transmission bit rates, providing better coverage with low power 
consumption at low cost. According to the 2015 radio world radiocommunication 
conference, it is decided to allow a frequency range of 24 to 86 GHz for future 
communication systems with millimeter waves [1, 2]. The antenna required for the 
5G technology is needed to be broadband to support high data rates, so it can be 
used for a variety of applications, and also, they should have high gain. Microstrip 
patch antennas are mostly used in communication due to their low profile, low cost, 
lightweight and easy integration with devices. The main drawbacks of microstrip 
antenna are losses due to dielectric and surface waves due to which the bandwidth 
of microstrip antenna is narrow and gain is low. In modern communication, the 
antenna array plays an important role to improve the radiation characteristics of the 
antenna [3]. In [4], the authors proposed an array antenna to improve the radiation 
characteristics of the device with unequal arms. A sector disk radiating patch with 
a circular shaped slot is designed to achieve better antenna performance [5]. The 
authors proposed four elements patch array antennas with series feed and corporate 
series feed to operate from 25.15–30.87 GHz [6]. Using T-shaped monopole antenna 
with inverted L-grounded stub and asymmetric co-planar waveguide fed, a wide band 
25.60–33.90 GHz and 7.15 dBi peak gain are achieved over the operating frequency 
band [7]. 

In this paper, the authors proposed eight-element patch MIMO antenna for 5G 
mm-Wave communication. Section 2 contains the design concept of the proposed 
antenna. In Sect. 3, the authors explain the result analysis of the MIMO antenna. 
Finally, Sect. 4, concludes the paper. 

2 Proposed Antenna Design 

Take into consideration the design of any antenna, the dimension plays an important 
role in the development and performance of the same. There are various shapes and 
structures available in the market but taking into account the best impedance matching 
and broader shape. This also adds into account the fact that it can be fitted very easily 
inside any structure and system and can radiate at its best., Rogers RT/Duroid5880 
was the best-suited material for the same. It has a dielectric constant of 2.2 and tangent 
loss of 0.0009. The thickness of the substrate is 1.56 mm. A 50Ω inset feedline is used 
to excite the antenna and better impedance matching. Fig.1 illustrates the schematic 
design of a single microstrip patch antenna. The CST Microwave Studio is used for 
the simulation and optimization of the proposed antenna. The repetitive simulation 
and analysis or direct comparison can tell us a lot of things like gain, return loss, 
VSWR, and a lot more. The design dimensions of the proposed are depicted in 
Table 1.
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Fig. 1 The geometry of single rectangular MSPA 

Table 1 Dimension of single MSPA 

Parameters Dimensions (mm) Parameters Dimensions (mm) 

Ls 6.3 H 1.56 

Ws 7.2 Wf 1.25 

L 3.4 Fi 1.35 

W 3.2 Insx 1.50 

Fig. 2 The geometry of the proposed MIMO antenna (8 × 1) 

To improve the radiation characteristics of a microstrip patch antenna, an eight-
element array is designed and simulated. Figure 2 shows the schematic of an eight-
element patch MIMO antenna with a dimension of 6.3 × 57.88 mm. 

3 Results and Discussion 

The simulated return loss plot and voltage standing ratio (VSWR) of a single 
patch antenna are shown in Fig. 3. The single microstrip patch antenna radiates 
at 28 GHz with an impedance bandwidth of 3GHz from 26.72–29.72 GHz. The
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Fig. 3 Single patch antenna a S11 (dB) b VSWR 

Fig. 4 Patch antenna array a S11 (dB) b VSWR 

radiation characteristics of MSPA are improved by using the array concept. By 
using eight-element antenna array impedance bandwidths of 3.94 GHz from 26.60– 
30.54 GHz is achieved. Figure 4 illustrates the return loss graph and VRWR plot of 
the eight-element MIMO antenna. 

Another important factor or the result is the far field result or the 3D antenna 
radiation pattern. It is the far-field plot of an antenna described in terms of spatial 
coordinates. It is specified using azimuth and elevation angles. Particularly, the plot 
shows the amount of radiated power from an antenna per unit solid angle. The gain 
plot is shown below in Fig. 5 and there is a comparison of gain of single element and 
array. 

The comparison of the proposed antenna array with the reported work is listed in 
Table 2.
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Fig. 5 Simulated peak gain (single and eight element antenna) 

Table 2 Comparison of the proposed antenna with published work 

Ref Technique used/antenna type Impedance B.W. (GHz) Peak gain (dBi) 

[6] Four element series feed 25.15–30.87, 5.72 9.50 

[8] Phase antenna array 27.0–28.40, 1.40 8.64 

[9] Series feed phase 3 × 3 array 27.30–29.0, 1.70 14.9 

[10] Series feed array 27.20–29.00,1.70 18.0 

This work Eight element antenna array 26.60–30.54, 3.94 14.81 

4 Conclusion 

In this paper, we proposed a design of 28 GHz broadband rectangular broadband 
microstrip patch antenna MIMO for 5G wireless applications. From our simula-
tion and optimization, it is highlighted that the proposed antenna array resonates at 
28.01 GHz having an impedance bandwidth of 3.94 GHz from 26.60–30.54 GHz. 
As compared to similar works, our proposed design has achieved approximately 
higher performance in 3 out of 4 parameters. It will result in high gain and it is fairly 
simple to design and it also has a gain of 14.81 dB, which is very good for practical 
application and can be easily tested for implementation of its 5G technology. 
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CBCPW-Fed ADFD Shape On-Body 
Antenna for ISM Band and Sub-6 GHz 
5G Applications 

T. J. Sweety, Rithika, T. R. Arun, K. Sajith, Jobin Jose, and K. R. Reeha 

Abstract A novel conductor backed coplanar waveguide (CBCPW) fed arrow-
directed folded dipole (ADFD) on-body antenna designed for healthcare applica-
tions. The antenna can be designed by Teflon (PTFE) substrate. This material has 
excellent dielectric characteristics like (εr = 2.1, tanδ = 0.0015) and low cost. 
The antenna resonates at industrial, medical, service band 2.4–2.5 GHz and fifth-
generation medical service band 3.3–3.6 GHz. The minimum value reflection coef-
ficients are −43 dB at 2.45 GHz, −21 dB at 3.4 GHz are obtained. The simu-
lated parameter results of the designed antenna are well suitable for ISM and 5G 
band-based healthcare applications. 

Keywords Coplanar Wave Guide (CPW) · ADFD shape · Gain · Radiation 
pattern · ISM · 5G medical applications 

1 Introduction 

In recent research, the bio-medical antenna design and developments are essential for 
high-speed wireless data transfer. Now the conditions of wireless communications 
are emerging from 4 to 5G. 5G has many advantages, high speed, less latency, etc. 
[1]. Recently the people are suffered as a covid 19, heart attack, cardiovascular 
diseases, and other various diseases. Due to the covid-19 virus, the heart attack 
rate increased day by day in all over the world [2, 3]. The advanced microwave 
and MEMS-based medical equipment are capable of observing the nano-size virus. 
The CPW-fed medical antennas have an essential element for continuously patient 
healthcare (example ECG signal) monitor by 24 h [4]. 

Medical communication is categorized the implantable or in-body, on-body, and 
off-body communication [5]. The CPW fed ADFD antenna pertinent for ISM band 
and 5G medical band application because its geometry, resonated frequencies, and 
other performance parameters are well suitable concerned with existing literature
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[5, 6]. The volume of the designed CPW-fed on body ADFD antenna is 20 × 20 × 
1.6 mm3. Jilani et al. [7] introduced the CPW fed antenna for mm-wave frequency 
band wearable application. The antenna resonated in the frequency range of 24 GHz 
to 32 GHz and was constructed by LCP polymer substrate. H Sun et al. [8] introduced 
a pattern reconfigurable antenna for on-body and off-body applications. The antenna 
was fabricated on Teflon substrate and resonated at 2.45 GHz. 

This paper organizes into four parts, the part 1 given the introduction about ISM, 
5GMSB band and existing literature for the CPW fed on-body antennas. Part 2 
discussed design methodology and internal aspects of the ADFD antenna. In part 3 
shown simulation results and discussions of the ADFD antenna. Part 4 the conclusion 
of the designed antenna for ISM bands and 5G bands based medical applications. 

2 ADFD Antenna Design 

A CPW-fed antenna is a collective structure of radiating patch, two grounds, and one 
central strip be positioned the same plane on the same substrate. The layers of skin, 
fat, muscles layers are added on the second step. The 3D view of CPW fed ADFD 
on body antenna is shown in Fig. 1. The top view of the ADFD antenna is shown in 
Fig. 2. The conductor-backed or grounded coplanar arrangement was used as a feed. 

The dimensions of CPW fed on body antenna and its parametric information is 
shown in Table 1. The length ‘L’ and width ‘W’ of the antenna is 20 × 20 mm. The 
width of the CPW ground is 9.2 mm and height is 7 mm, and strip dimension is 
10 mm. The CPW-fed on body antenna design through a time-domain solver; the 
entire dimensions are in mm-scale. The thickness of the antenna is 1.6 mm. The

Fig. 1 3D view of CPW fed ADFD on-body antenna
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Fig. 2 Front view and 
dimensions of ADFD 
antenna 

Table 1 Dimension of 
ADFD antenna 

Dimension Value (mm) Dimension Value (mm) 

a 9.2 d 5.5 

b 10 L 20 

c 4.1 W 20 

antenna used Teflon-substrate. Teflon has high mechanical strength, biocompatible, 
has a low dielectric constant, and low-cost. The dielectric constant values of each 
bio-layer are mentioned in reference [10].

3 Results and Discussion 

In this section, simulated results such as VSWR plot, return loss plot, 3D radiation 
plots, and polar (2D) plots of both magnetic and electric fields are discussed at each 
resonating frequency of the ADFD CPW fed on the body antenna is given below. The 
Table 2 mentioned the performance comparisons of referred antenna and proposed 
ADFD antenna. 

3.1 Reflection Coefficients and VSWR 

The return loss values for CPW fed on body ADFD antenna have 43 dB at 2.45 GHz 
for skin layer, 37 dB at 2.49 GHz for skin and fat layer, 30 dB at 2.48 GHz for skin, 
fat, and muscle layer, 18 dB at 3.4 GHz for skin, 17 dB at 3.4 GHz for skin and fat,
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Table 2 Performance 
comparisons of reference and 
proposed antenna 

Reference Volume (mm3) Gain (dB) Bandwidth 
(MHz) 

[9] S Fernandez, 
et al. 

1524 −16 12 

[10] T  
Karacolak, et al. 

1265 −25 142 

[11] C M Lee, 
et al. 

790 −27 120 

ADFD ant., f = 
2.45 GHz 

640 2.4 102 

ADFD ant., f = 
3.4 GHz 

640 4.2 133 

21 dB at 3.4 GHz for skin, fat, and muscle layer, without tissue layer the value of 
RC of 44 dB at 2.45 GHz and −23 dB at 3.5 GHz as shown in Fig. 3. 

The bandwidth of the ADFD antenna is calculated from the return loss plot or 
VSWR plot [6]. Figure 4 indicated the VSWR values of ADFD antenna:1.03 at 
2.45 GHz for skin, 1.2 at 2.48 GHz skin and fat, 1.2 at 2.48 GHz for muscle, 1.3 at 
3.4 GHz for skin, 1.4 at 3.4 GHz for fat, and 1.12 at 3.4 GHz for muscle layer, for 
free space the VSWR values at 1.001 at 2.45 GHz and 1.32 at 3.5 GHz, as shown in 
Fig. 4.. 

Fig. 3 Reflection coefficient plot of ADFD antenna
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Fig. 4 VSWR plot of CPW fed ADFD antenna 

3.2 Gain and E–H Field Pattern of ADFD Antenna 

A radiation pattern is a 3D plot of the field strength of electromagnetic waves at 
a far-field distance from an antenna. Figure 5 show the gain plot of CPW fed on 
body antenna at various resonating frequencies. The simulated antenna gain value 
of 2.4 dBi at 2.45 GHz, and 4.2 dBi at 3.4 GHz, are observed. 

Figure 6 shows the combined plot of both E and H field patterns at respective 
resonating frequencies of 2.45 and 3.4 GHz. E field pattern looks a figure of eight, 
and H field looks a circular shape. E-field (red color) pattern indicated the direc-
tional characteristics of CPW fed on body antenna and H-field (blue-color) the non-
directional characteristics of CPW-fed on body antenna [5]. The radiation efficiency 
of proposed antenna is 63 percentage. 

Fig. 5 Gain plot of ADFD antenna a at 2.45 GHz b at 3.4 GHz
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Fig. 6 E & H field plot of ADFD antenna a at 2.45 GHz b at 3.4 GHz 

4 Conclusion 

The CPW fed ADFD shaped antenna was designed and resonated at 2.45 and 3.4 GHz. 
The antenna size is 20 × 20 × 1.6 mm. The antenna resonates at 2.45 and 3.4 GHz 
frequency bands. The minimum value of reflection coefficient is −44 dB and VSWR 
value is 1.001 at 2.45 GHz is observed. The designed ADFD shape antenna is well 
suitable for an ISM and 5G-based healthcare applications. 
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Energy Optimization in Wireless Sensor 
Networks Based on Firefly Optimization 
Technique and Hybrid Eagle with Firefly 
Optimization Technique 

Rupa Sinha and Rekha Mehra 

Abstract Wireless sensor networks (WSNs) consist of a number of sensor nodes 
working together for gathering and retransmitting data or information. WSNs have 
become increasingly popular due to their wide range of applications. They are typi-
cally used for remote environment monitoring in areas where supplying electrical 
power is difficult. The devices are powered by batteries and by alternative energy 
sources. Localization is used in WSNs to find the current location of the sensor nodes. 
Installation of GPS on each sensor node is expensive, further, manually configuring 
location details on each sensor node is not possible in dense WSNs. To make the 
deployment of WSNs economical, localization techniques are used. With the help of 
localization techniques, sensor nodes identify their location based on the information 
provided by an anchor node or beacon node. As the battery energy is limited for the 
sensor nodes, the different optimization techniques are required for energy optimiza-
tion and localization. In this proposed work, the firefly optimization technique and the 
Hybrid Eagle with firefly Optimization technique for energy optimization with RSSI 
(Received Signal Strength Indication) positioning method is applied to complete the 
cluster and cluster head selection to optimize energy and power consumption and to 
increase network life cycle in WSN power consumption. The performance of both 
algorithms and parameters is executed in the MAT-LAB simulation platform. 

Keywords WSN · Localization · Optimization · Firefly and Eagle · RSSI · Sensor 
node 

1 Introduction 

The wireless sensor network is one of the categories of self-organizing networks. The 
sensor network is composed of nodes. Here, the nodes have a specific name, namely 
“sensors” because these nodes are equipped with smart sensors [1]. The sensor node
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consists of a sensor, an integrated processor, a small storage device, and a wireless 
transceiver, all of which depend on a connected battery to function [2]. 

Sensors convert the recorded characteristics (such as temperature, vibration, and 
pressure) into a data format that the user can recognize. 

Localization refers to the estimated position of each sensor node within the 
network [3]. The performance of WSNs is highly dependent on localization. In order 
to optimize localization various optimization techniques are used. Many biologically-
inspired algorithms have been used for optimization of localization. These algorithms 
work on the principle of ‘survival of the fittest’. Most popular bio-inspired algorithms 
are genetic algorithm, particle swarm optimization (PSO), and ant colony optimiza-
tion [4]. One of the most promising recent algorithms is Firefly Algorithm (FA) 
proposed by Yang [5]. The Firefly algorithm help to solve multi-objective optimiza-
tion problems. Data transfer and delayed route discovery are the main disadvantages 
of this technique. Due to this, the original FA needs to be modified or hybridized to 
solve diverse problems [6]. 

In the proposed work, the results of Firefly optimization are compared with results 
of Hybrid Eagle with firefly algorithm for energy optimization with Received Signal 
Strength Indication (RSSI) positioning method. 

2 Related Work 

Firefly algorithm (FA) was proposed by Yang in 2008 [5]. This algorithm mimics the 
way a firefly is attracted to a beacon. Fireflies have two distinctive characteristics, 
namely the method of mating and the hunt. Firefly use bioluminescence for producing 
light. The brightness of light is affected by distance between the source and observer. 
Firefly are attracted to brighter light. In [6] the author has reviewed various firefly 
algorithms. In [7] routing in the WSN, the routing algorithm uses residual energy, 
node distance, and energy as its statistical function to determine the path from Cluster 
Head (CH) to Base Station (BS). Compared to existing algorithms, this algorithm 
has better performance and is very useful in the Cluster Head (CH) range. In [8] 
compared with PSO, the firefly algorithm is applied, and as the number of hops 
amplifies, physical activity also decreases. It is very useful for moving in the WSN. 
It can save node power and add the remaining energy at a reasonable cost. In [9], and 
energy-efficient storage algorithm using Ant Colony optimization (ACO) and Firefly 
algorithms is proposed. The performance of the two algorithms is compared, and the 
results show that FA’s efficiency is better than that of ACO in the short run. However, 
with increase in distance, it is observed that ACO is faster and more efficient. 

Range based optimization algorithms have a drawback that they require distance 
(or angle) between the nodes for estimating the positions of the nodes. To over-
come this limitation, in [10], another algorithm is proposed that introduces a partic-
ular mobile sink node called a mobile data transmitter (MDT), which collects data 
from all sensor nodes by visiting each sensor node and then forwards them to the 
BS, then implement the Firefly algorithm to simulate the technique. Compared to
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ACO [11], this method can minimize the course length. The RSSI [12] method 
provides lower positioning accuracy at a lower cost. With additional hardware, the 
row-based approach can provide greater positioning accuracy. Although the distance-
based method provides fine-grained accuracy, the use of the distance-based method 
will not be desirable for cost reasons. 

3 Proposed System 

The main aim of this proposed network model is to maximize the lifespan of wire-
less sensor networks. The presented techniques are based on the energy optimiza-
tion approach. Energy optimization is an essential factor of the WSN to improve 
the performance of the system. A wireless sensor node arrangement is a complex 
process. These sensor nodes can transmit data packets with other sensor node at 
their radio frequency range. This work presents a simple energy-efficient network 
model based on the Firefly optimization and Hybrid (Eagle optimization and the 
Firefly optimization techniques) to minimize energy consumption. Received Signal 
Strength Indication (RSSI) positioning method is used for the localization process. 
The algorithm also finds the final point of the best solution. It can find the detailed 
analysis of energy consumed during the different tasks performed by the sensor 
within a network while in active mode. 

Optimization is performed by Hybrid Eagle and Firefly optimization techniques. 
Eagles have a unique yet straightforward way of exploiting their land. It flies in the 
sky, searches around a few points, and climbs to the highest point, and when it comes 
back, it looks back and repeats the same process. Attraction is directly related to the 
light, and both are reduced with distance. Therefore, for two flashing fires, a fire with 
a lower light will move to a fire with a higher light. If no fire is brighter than each 
other, it will move in pairs. The brightness of the fire depends on the field of work 
of the target. To determine the appropriate function, the attraction depends on the 
intensity of the light between the two fires. Hybridized optimization provided the 
new predicted location of each sensor based on the beacon node positions (Fig. 1). 

3.1 Network Procedure 

• Initially both sensor nodes and beacon nodes are deployed in the network in a 
static manner. 

• Localization process is performed using Hybridized Eagle-based Firefly Algo-
rithm. This localization considered the distance, coverage area, and Received 
Signal Strength 

• Indication (RSSI). 
• The EPO algorithm mimics the eagle’s habitat behavior, just like the eagle, the 

algorithm also finds the highest point in the optimal solution.
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Fig. 1 Proposed flow chart 

• Eagle has a straightforward but unique way to explore its terrain. 
• When flying high in the sky, look around by trying a few points and moving to the 

highest point, then look again and repeat the same process. This repetition allows 
the eagle to reach the highest point. 

• Fireflies are unisexual, so that firefly will be attracted to other fireflies, regardless 
of gender. 

• Attraction is directly proportional to brightness, and both decrease as the distance 
increases. 

• For any two flashing fireflies, the firefly with lower brightness will move to the 
firefly with higher brightness. 

• If no firefly is lighter than the other, it will move randomly. 
• The brightness of the firefly depends on the range of the objective function. 
• To optimize the adaptation function, individuals are forced to move systematically 

or randomly in the population. 
• The attraction parameter is based on the light intensity between two fireflies and 

is defined using an exponential function. 
• Hybridized optimization provides the new predicted location of each sensor based 

on the beacon node positions. 

3.2 Modules 

• Parameter Initialization 
• RSSI Estimation 
• Firefly Optimization
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• Hybridized Eagle with Firefly Optimization 
• Comparative Analysis (Mean Square Localization Error by varying Number of 

Nodes) 

1) Parameter Initialization: The parameter variables are stored in the function 
code. Initialization is performed by calling built-in functions that take vector 
or curve objects as parameters. After defining the initialization function, check 
that the syntax is correct. 

2) RSSI Estimation: The received signal strength indicator (RSSI) indicates 
energy loss during signal transmission; The RSSI value is related to the magni-
tude of the signal attenuation. During signal transmission, the smaller the RSSI 
value, the minor will be the reduction. In general, RSSI intervals are based on 
empirical or theoretical models. The scope of RSSI based on model experience 
shows that an offline database has been created between a small number of RSSI 
values of nodes with known location information and their signal propagation 
distance. In the node positioning process, the data stored in the database is 
constantly compared to obtain node positioning. The theory based on the RSSI 
model realizes node positioning by determining the environmental parameters 
in the signal propagation loss model and inserting the RSSI value received from 
the receiving node in the model to estimate detachment among the nodes. The 
former method has a key; it requires many offline measurements works in the 
area; in addition, position accuracy is imperfect by the number of nodes and 
the measurement workload. The core of the latter method is to study the critical 
parameters in model information by accurately measuring the RSSI value. It can 
better reflect the hardware conditions and the actual environment. In addition, 
the position accuracy and improved position performance can be improved. 

3) Firefly Optimization: Fireflies are feathered beetles or creatures that glow 
and flicker at night. The chemically generated light from the abdomen does 
not have infrared or ultraviolet frequency and is called. They use flashlights 
specifically to appeal to partners or swap. The flashing light is also used as a 
defensive warning mechanism to warn fireflies of probable natural enemies. 
The firefly algorithm proposed by Yang is a meta-heuristic algorithm inspired 
by the irregular of fireflies or the phenomenon of communication. The Firefly 
algorithm was formulated with the following expectations: 

• As fireflies are, they attract each other regardless of their gender. 
• Attraction is directly proportional to brightness, and fireflies with lower 

brightness are attracted to fireflies with higher brightness. As the distance 
between two fireflies increases, the attractiveness decreases. 

• If two fireflies have the same brightness, the fireflies move randomly. 
• Generations of new solutions are achieved by walking around and attracting 

fireflies. The brightness of the fire surface must be related to the impartial 
occupation of the related problem. Their appeal allows them to divide them-
selves into smaller groups, or each subsection is gathered around the local 
mode.
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4) Hybridized Eagle with Firefly Optimization: A two-step strategy for eagle 
feeding. First, we assume that the eagle performs Levy walks throughout the 
range. Once the prey is found, it becomes a hunting strategy. Second, the hunting 
strategy can be measured by a close local search using any optimization method 
(such as the steepest descent method, downhill simplex method, or the Nelder-
Mead method). Clearly, we can also use any effectual meta-heuristic algorithm 
(such as particle heat optimization (PSO) and fire algorithm (FA)) for centralized 
local search. 

5) Performance Analysis: The mobile sensor nodes are localized using a local-
ization approach with Firefly and Hybrid Eagle with firefly optimization algo-
rithms. In Eagle Firefly estimation the parameter considered are: Energy Arrival 
(Nb), Number of active nodes (Na) = 10, Number of anchor nodes (M) = 10, 
Distance Measurement, RMSPE Ratio = 0.1, Network Size = 100, and a 100 
by 100 area that the nodes can wander function. 

After estimating all target node (NL) positions that can be located, the total posi-
tioning error is calculated. It is calculated as the average of the squared distance 
between the estimated node coordinates (Xi, Yi) and the actual node coordinates (xi, 
yi), which is expressed as: 

f (x, y) = 1 
N 
(
∑N 

i=1 

/
(xi − Xi )

2−(yi − Yi )2 − di ) 
2 

(1) 

Meta-heuristic algorithm helps to find coordinates (x, y) of the target node that 
minimizes the placement error. The detached purpose of the positioning problem is 
average square space among the target node or anchor node, which is curtailed by 
an algorithm and mathematically described as: 

Ei = 1 
N1

∑N 

i=1 

/
(xi − Xi )

2−(yi − Yi )2 (2) 

For each node, the meta-heuristic algorithm is run autonomously to find the loca-
tion of the target node. The point of the transmission area is called. The for prime 
butterfly or anchor node in transmission area, is calculated as: 

f (xc, yc) = 1 
N 
(
∑N 

i=1 
xi,

∑N 

i=1 
yi,) (3) 

a) Mean Square Error: In statistics, the Mean Squared Error (MSE) is an esti-
mator that enables the average error squares that is, the mean squared difference 
between the estimated and true values. MSE is a risk function that equals the 
squared error less expected value. 

b) Mean Localization Error: Localization error is a widely used measure of uncer-
tainty and bias in the identification of the nodes. The average difference between 
the actual position of sensor nodes and the estimated position of sensor nodes 
is called Mean Localization Error. For calculation of Mean Localization Error,
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simulation is run at a difference of 10 for a range of 50 to 150 deployed mobile 
sensor nodes. 

c) Number of Localized Nodes: The sensor nodes are localized on several 
randomly deployed mobile sensor nodes. The number of mobile sensor nodes 
is varied from 50 to 150 nodes with interval of 10 to plot the localization error 
curve. The mobile sensor nodes are localized using a localizatiosn approach 
with Firefly and Hybrid Eagle with firefly optimization algorithms. 

4 Simulation Results 

Localization is performed using the Hybridized Eagle-based Firefly Algorithm. This 
localization algorithm considered the distance, coverage area, and Received Signal 
Strength Indication (RSSI). The algorithm also finds the final point of the best 
solution. The simulation has been performed on MATLAB software. 

4.1 Parameter Initilasation 

The parameter variables are stored in the function code. Initialization is performed 
by calling built-in functions that take vector or curve objects as parameters. After 
defining the initialization function, check that the syntax is correct (Table 1). 

In the simulation configuration, the transmission range of beacons and mobile 
sensor nodes is fixed at 50 m. randomly deploy mobile sensor nodes in the target 
area of 100 × 100 m2. The beacon node is deployed in the centre of the target 
area. RSSI measurement technology is used to estimate the distance between mobile 
sensor nodes and beacon nodes in a range-based localization approach. 

Figure 2 shows the initial location of the mobile nodes and anchor nodes. The 
error in distance is minimum. 

Figure 3 shows mean estimation error for the fixing of the location of mobile 
passive nodes. Final location of the node should have the minimum error. 

Table 1 Parameter setting 
for simulation 

Simulation environment Value 

Network dimension 100 * 100 

Number of anchor nodes 10 

Number of passive nodes 10 

Transmission distance 1000 m 

Localized area distance 50 m
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Fig. 2 Node deployment 

Fig. 3 Mean Estimation Error 

Figure 4 shows the Mean square error for energy arrival rate at 50 nodes. 
Figure 5 shows the MSE error for energy arrival rate at 100 nodes. 
Figure 6 shows the Mean square error for energy arrival rate at 150 nodes. Higher 

the arrival rate, lower the error. 
Figure 7 shows the Localization error with no. of nodes ranging from 50 to 150 

nodes at the interval of 10 nodes. As the number of nodes increases, the localization 
error also increases. 

Figure 8 shows the Localization error with the transmission distance considered 
for the network. Higher the transmission distance higher the localization error.
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Fig. 4 MSE vs. energy arrival rate at 50 nodes 
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Fig. 5 MSE vs. energy arrival rate at 100 nodes 

Figure 9 shows the localization error in percentage with the distance with the 
between the anchor node and mobile nodes. The localisation error is almost constant 
with the small localization area. 

In the Fig. 10 the energy arrived at the nodes is shown with different number of 
nodes. 

Figure 11 shows the comparison of the Firefly and Hybrid (Eagle with Firefly) 
algorithm in terms of MSE and Localization error as per Table 2.
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Fig. 6 MSE vs. energy arrival rate at 150 nodes 

Fig. 7 Localisation error 

Figure 11 and Table 2 shows the summary of results. The mean square error and 
localisation error for the hybrid-firefly and firefly algorithm is shown with the number 
of nodes.
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Fig. 8 Transmission error 

20 25 30 35 40 45 50 
Localized Area(m) 

10.8 

11 

11.2 

11.4 

11.6 

11.8 

12 

12.2 

Lo
ca

liz
ati

on
 E
rro

r(%
) 

Eagle-Firefly Localization 
Firefly based Localization 

Fig. 9 Localization error



364 R. Sinha and R. Mehra

Fig. 10 Energy vs no of nodes 
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Fig. 11 Result summary 

Table 2 Summary of results 

Algorithm No of nodes MSE (m) Localization error (%) eagle-firefly 
(proposed) 

Eagle-firefly (proposed) firefly 50 109.8 11.00 

121.4 12.50 

Eagle-firefly (proposed) firefly 100 109.3 11.25 

120.8 12.75 

Eagle-firefly (proposed) firefly 150 109.6 11.60 

121.3 13.40
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5 Conclusions 

Wireless sensor networks are used in many applications, including environmental, 
military, hazardous, and overseas processing industries. Various optimization algo-
rithms are used to reduce the localization error and improve power consumption of 
Wireless Sensor Networks. Firefly optimization is a popular optimization algorithm 
used in Wireless Sensor Networks. The Firefly optimization technique and hybrid 
eagle with firefly optimization technique were used to optimize the localization error 
and optimize energy in Wireless Sensor networks. The performance of optimization 
methods was executed in MATLAB simulation platform. 

Based on the results, it is observed that Hybrid Eagle and Firefly with RSSI opti-
mization method gives less localization error and more optimized power consumption 
than the Firefly optimization. The energy optimization is approximately 15%. The 
MSE at 50 nodes is comparative for Hybrid Eagle with Firefly algorithm as the 
respective values are 109.8 m and 121.4 m. However, with increase in the number 
of nodes, the difference between the algorithms is observed. MSE at 100 nodes for 
Hybrid Eagle with Firefly algorithm is 109.3 m, whereas for Firefly algorithm the 
value is 120.8 m. The gap is further increased for 150 nodes and the value for MSE 
for algorithms stand at 109.6 m and 121.3 m respectively. The values are available 
for comparative study in Table 3 of previous section. The present study also focuses 
on WSN design, optimization problem, and energy consumption issues in a wireless 
environment. Optimization problem is a significant factor in ensuring a secure. 
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A High Bit Rate Half Adder Based 
on Square Lattice Photonic Crystal 
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Nitesh Mudgal, Ghanshyam Singh, and Rajendra Mitharwal 

Abstract In this paper an all-optical half adder is proposed that uses the concept 
of photonic band gap phenomenon of photonic crystal. The point and line defects 
are introduced in the perfect photonic crystal and the resonant characteristics are 
measured from output port for Gaussian modulated input signal. The parameter of 
photonic crystal is so selected that the bandgap of crystal lies near telecommunication 
wavelength centered at λ = 1550 nm. The structure is investigated using 2D FDTD 
method. In the absence of any one input, the output is obtained above the threshold 
while in the presence or absence of both the input, the signal level at output is far 
below the threshold. The half adder performance of is measured using response time 
and contrast ratio. The contrast ratio for sum and carry port is 7.58 and 9.52 dB 
respectively and response time is as low as 1.8 ps. This half adder supports small 
footprint. The high Bit rate and small footprint of proposed structure makes the 
device useful for optical ICs. 

Keywords Photonic crystal · FDTD · Half adder · Bit rate · Contrast ratio

R. Pandey (B) · R. Zafar 
Department of Electronics and Communication Engineering, Management and Gramothan, 
Swami Keshvan and Institute of Technology, Jaipur, India 
e-mail: rahul.pandey@skit.ac.in 

R. Zafar 
e-mail: rzafar@skit.ac.in 

R. Pandey · K. K. Choure · N. Mudgal · G. Singh · R. Mitharwal 
Department of Electronics and Communication Engineering, Malviya National Institute of 
Technology, Jaipur, India 

A. Saharia 
Department of Electronics and Communication Engineering, Manipal University Jaipur, Jaipur, 
India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. Tiwari et al. (eds.), Optical and Wireless Technologies, Lecture Notes in Electrical 
Engineering 892, https://doi.org/10.1007/978-981-19-1645-8_38 

367

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1645-8_38&domain=pdf
mailto:rahul.pandey@skit.ac.in
mailto:rzafar@skit.ac.in
https://doi.org/10.1007/978-981-19-1645-8_38


368 R. Pandey et al.

1 Introduction 

Nowadays the major challenge for the researchers in data communication is to attain 
high speed, superior channel capacity as well as at the same time maintaining low 
cost also. So, whenever it is required to communicate for long distances, optical 
communication emerges as a realization of the above requirements [1, 2]. It provides 
much improved way to process the data along with high data rate, also it has several 
other advantages like less distortion, high bandwidth and less RF interferences in 
data transmission [3, 4]. But these things can be possible if all optical circuits are 
available to work, otherwise optical to electronic conversion and vice versa make the 
whole process very tiresome [5, 6]. An optical signal after transmission at transmitter 
and before reception at receiver has to go through this process. So, this process is 
a stumbling step while achieving high speed in optical communication system. In 
this regard the use of integrated photonics seems to be a promising solution for 
the researchers. On-chip Nano photonics permits to use a common substrate for 
designing, fabrication, and integration of several nano photonic components [7–9]. 

Photonic crystal based optical integrated Circuit (IC) are drawing the attention 
of researchers because of the opportunity of fabricating them with low loss and 
compact size [10]. Photonic crystals (Ph.C.) are structures whose refractive indexes 
varies periodically in one, two or three dimensions. Analogous to the band gap in 
the semiconductor crystals a photonic band gap exists (PBG) in Ph.C., for which 
propagation of light is forbidden. PBG is defined as the frequency range for which 
propagation of light in Ph.C. is not allowed and is reflected back [11]. However, 
if point defect and line defects are introduced in Ph.C. materials, it permits those 
frequencies to pass. This is the unique feature of Ph.C. materials. The biggest advan-
tage of Ph.C. over optical fiber is that it uses both total internal reflection (TIR) 
and PBG phenomena for signal propagation and so it offers minimum losses at tight 
corners [12]. The basic unit of optical Integrated circuit is optical logic gates, because 
logic gates can be useful in designing of other combinational and sequential logic. 
Ph.C. have already shown their potential in designing of all optical gates [13, 14]. In 
recent years many researchers have designed optical logic devices and circuits using 
photonic crystal (IC). Among these logic devices full adder is an important part of 
the data computing as it is used in ALU of CPU [13–17]. Whereas a full adder can 
be made using two half adders. In this paper we have designed a half adder which 
is based on W1 photonic crystal waveguide and series of point defects, the port C 
(reference port) is added along with two input ports A and B in order to obtain the 
desired signal level at sum and carry port. The performance of the structured adder 
is analyzed through performance measuring factors like contrast ratio and bit rate. 
The proposed adder is having high response time of 1.8 ps. The device also offers 
small footprint and thus is quite useful in designing an on-chip all optical half adder.
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2 Design Procedure 

Figure 1 shows the detailed 2D view of proposed Ph.C. Line defects and point defects 
are incorporated in the perfect square lattice photonic crystal which is arranged with 
periodic dielectric rods. The periodicity is so introduced in order to support photonic 
band gap phenomenon. 

The PBG effect allows the certain range of frequencies to be blocked for propa-
gation. This range of PBG is quite useful in designing optical circuits and devices. 
The structural parameters are as listed in Table 1. 

The parameter of the design is so selected in order to have PBG near desired 
telecommunication wavelength. The PBG of the structure/geometry lies in the range 
of 0.59 (1/λ)−0.81(1/λ).as shown in Fig. 2 i.e., the corresponding wavelength range 
is λ = 1250 to 1700 nm. The band gap can be efficiently utilized in the case when 
some defects like point and line defects are deliberately added in the perfect crystal. 
The point defect is introduced by changing the size of rods at specific locations while 
line defects are added by removing rows of dielectric rods and creating a clean path 
for the propagation of signal that lies in the band gap. Point defects are also known

A 

B 

C 

P3 

Sum 

P4 

Carry 

Fig. 1 Schematic design of an all optical half adder using photonic crystal with input port as A, B 
and P3, P4 as Output 

Table 1 Structural Parameters and corresponding values used in structure 

Sr no. Parameters Value 

1 Refractive index of silicon rods 3.46 

2 Dielectric constant of medium 1 

3 Radius of rods (r) 0.12 a 

4 Pitch of cell (a) 0.56 μm 

5 Radius of point defect (r’), (r”) 0.15 a, 0.22 a 

6 input wave Gaussian modulated continuous wave at λ = 
1550 nm
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Fig. 2 Relation between Frequency Vs wave number (k). Photonic band gap is 0.59 (1/λ)–0.81(1/λ) 

as cavity and line defects work as waveguide. If only one row of rods is removed, 
then waveguide is termed as W1 waveguide. The structure in Fig. 1 acts as a half 
adder and detailed working is analyzed in the next section.

3 Working Methodology and Results 

In this paper two-dimension Finite difference time domain (FDTD) method is used 
to analyze the transmission characteristics of the discussed geometry. The inputs are 
given from P1 and P2 port and at P3 and P4, output is gathered. Port P3 corresponds 
to sum port and P4 is carry port. The presence of reference signal at port C helps, to 
attain the desired signal at sum and carry port. The working of this half adder is based 
on selection of threshold level and if the output signal is obtained above that level 
the signal is interpreted as ‘High’ logic otherwise it is interpreted as ‘Low’ logic. 
Based on this criteria, 3 different cases for the operation of half added is discussed. 

Case 1: In the presence of any input, either from port P1 or P2, desired signal 
is coupled to the output port P3. While the cavity R2 resonance condition is not 
matched with incoming signal. So, the signal received at port P4 is not significant. 
Case 2: When both the inputs are available, the resonant condition of cavity is 
matched but the signal with different phase shifts adds up to a low value leads to 
approximately zero output at output port P3 while considerable output is obtained 
at port P4 as signal is above threshold level. 
Case 3: In the absence of all the input the output is zero at both the output ports 
P3 and P4. 

Figure 3(a)(b)(c) shows the transmission spectrum obtained at the output port P3 
and P4 for all the possible condition of input port P1 and P2., and received transmission 
efficiency at sum and carry ports is summarized in Table 2.
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Fig. 3 a Transmission spectrum for input condition A = 0, B = 1 b Transmission spectrum for 
input condition = 1, B = 0 c Transmission spectrum for input condition A = 0, B = 1 

Table 2 Transmission 
efficiency obtained at sum 
and carry port at different 
input condition 

Input Output 

P1 P2 P3 P4 

Low Low 0 (low) 0 (low)  

Low High 0.58 (high) 0.084 (low) 

High Low 0.74 (high) 0.09 (low) 

High High 0.23 (low) 0.52 (high)
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Fig. 4 Time response curve of proposed structure with response time as (1.8 ps) 

The input low is corresponding to 0 and input high is corresponding to 1 signal 
level so that the threshold boundary for output (Both sum and carry) is considered 
to be 0.5. By comparing the efficiency of signal obtained at corresponding output 
port and threshold signal the operation of structure can be concluded as half adder. 
To measure the performance of proposed design three characteristics parameter are 
used. 

1. Noise Margin: Noise margin (NM) is defined as the difference between Pon, Poff 
[18]. 

Pon = (0.74+0.58) 
2 and Poff. = (0.23+0) 

2 . So calculated the highest value of noise 
margin is 0.545. 

2. Contrast Ratio = It is defined as, CR = 10log( Pon Pof  f  
) 

From the above formula CR for sum is calculated as 7.58 dB and for carry it 
is 9.52 dB. 

3. Response Time = It is defined as sum of delay time and rise time and so it is 
calculated as 1.8 ps. 

The time response of optical circuit is also an important factor that is used to 
measure the latency incurred during the transmission. Figure 4 shows the time evolu-
tion of proposed structure. The proposed half adder offers a response time of 1.8 ps 
i.e., Corresponding to bit rate of 0.55 Tbps. 

The obtained bit rate is quite high and the footprint of structure is also quite small 
(125.44 μm2) the condition are favorable for designing of On-chip optical ICs. 

4 Conclusion 

Defects in Photonic crystal can be efficiently utilized to mold the flow of photons for 
variety of application. W1 line defects-based waveguide with series of point defects 
are employed for the designing of an optical half adder, the parameters of adder are 
so selected that the photonic band gap covers a wide telecommunication range. The 
presence of reference signal helps to obtain the desired signal level at sum port and
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carry port. The proposed device reports high value of contrast ratio for sum and carry 
port. The bit rate offered is 0.55 Tbps and response time is 1.8 ps. The high bit rate 
obtained through this half adder make the device viable for future optical IC. The 
device is also ultra-compact and the footprint is maintained to 125.44 μm2.The small 
footprint and the high CR makes the proposed structure viable for future all optical 
ICs. 
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Modelling of SWAP Gate Using Compact 
Ring Resonator 

Kamal Kishor Choure, Gaurav Kumar Bharti, Ankur Saharia, 
Nitesh Mudgal, and Ghanshyam Singh 

Abstract In this paper model of the all-optical reversible swap gate using a single 
silicon ring resonator is presented. The function of the present design is based on 
the mutual relationship between nature of the pump signal and the source which 
helps in mode conversion. The FDTD simulation results given in the paper validates 
the proposed design. The device parameters, the source power and pump power are 
optimized and adjusted to achieve the optical switching. The design is all optical, 
simple and compact in size. 

Keywords All optical reversible gate · Swap gate ·Mode-Conversion · FDTD 
simulation 

1 Introduction 

Silicon photonics proved to be a most vital platform for the next generation 
computing, signal processing and communication applications [1]. Silicon on insu-
lator (SOI) provides the compact size, fast switching, high bandwidth and compati-
bility with present CMOS technology, which are the basic needs for the next gener-
ation communication and computing [2, 3]. To get the high switching speed silicon 
ring resonators proved to be a best option for the optical computing [4]. The optical 
light signal is strongly confined in the ring structure of the RR. Recently various 
researchers have shown immense interest in the designing of all optical switch by 
utilizing the concept of electro-optic, thermo-optic and optical pump effect on the 
ring resonator [5–7].
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Several classical (irreversible) logics gates and digital circuits are designed by 
implementing the optical switching phenomenon of the ring resonators [8–10]. The 
reversible gates are energy conservative, thus find wide range of applications in 
optical and quantum computing [11]. Many researches shown their interest in the 
development of reversible gates through the application photonic components [12– 
14]. The integrated photonic based reversible gate and network are the next generation 
computing revolution. In this report, we have designed a reversible swap gate using 
a compact silicon ring resonator. The output satisfies the truth table of swap gate. 

2 Model of SWAP Gate Using Compact Ring Resonator 

The design of the optical ring resonator is consisting of two bus waveguide and 
one race track ring resonator as shown in the Fig. 1(a). The substrate material is 
silicon dioxide (SiO2) and waveguide material is silicon for the design as shown in 
the Fig. 1(b). The input source is provided at the input port while output is taken at 
the through and drop port both. The nature of both, the source input and the pump 
input play an important role for the mode conversion in the optical ring resonator. 
At resonance, the input signal in the straight waveguide got coupled with the ring 
waveguide at resonant wavelength and output is notice at the drop port. There also 
some portion of the input signal is observed at the through port. In the proposed 
design, the output of both through port and drop are considered. The introduction of 
the pump pulse makes changes in the refractive index and causes mode conversion in 
the design. The selection of source nature and pump nature is responsible for mode 
conversion respectively. The phenomenon of the mode conversion is explained in [15, 
16]. Based on the couple’s mode theory the equation governing for mode conversion 
in ring resonator is below [15, 16]. 

Fig. 1 a Design of the compact ring resonator for swap gate b Material for waveguide and substrate
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Table 1 Swap gate truth 
table 

Input Output 

X1 X2 Z1 Z2 

0 0 0 0 

0 1 1 0 

1 0 0 1 

1 1 1 1 
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where γ is total losses in the ring resonator, r1, r2 and t1, t2 are self, cross coupling 
coefficient of the structure and ∅ is the measure of the induced polarization. 

The standard reversible swap gate consists of two input and two output. The truth 
table of the swap is presented in the Table 1. From the truth table of swap gate, it is 
observed that when both inputs are high then both outputs are high and when both 
inputs are low then both outputs are also low. In other condition when either of the 
input is low the output gets swapped. 

3 Simulation Results and its Analysis 

The results obtained from the FDTD simulation validated the design of the compact 
ring resonator-based swap gate. The derived design parameters are: coupling length 
= 2.1 μm, radius of the racetrack ring = 3.1 μm, resonant wavelength = 1.52 μm. 
coupling gap = 0.1 μm. The waveguide and substrate material are Si and SiO2 

respectively. By proper combination of the mode of source and the pump, the output 
has been obtained at same resonant wavelength The Figs. 2, 3, 4 and 5 justifies the 
Table 2. 

The FDTD simulation results for different combination of input source nature and 
input pump nature are shown below. For our assumption quasi-TE mode (QTE) is 
consider to be logic “1” and quasi-TM (QTM) mode is considered to be logic “0” at
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Table 2 Logical operation of swap gate 

Case Input Output 

Source input (I) Pump input (p) Through port Drop port 

Case I 0 0 0 0 

Case II 0 1 1 0 

Case III 1 0 0 1 

Case IV 1 1 1 1 

the input port. At the output the intensity below 1.5 is consider as logic “0” and the 
intensity above 1.5 is consider as logic “1” respectively. 

Case I-When I = (QTM) and P = (QTM) 
Case II-When I = (QTM) and P = (QTE) 
Case III-When I = (QTE) and P = (QTM) 
Case IV-When I = (QTE) and P = (QTE) 

Fig. 2 Output resemble Logic “0” at through and drop port 

Fig. 3 Output resemble Logic “1” at through port while Logic “0” at drop port
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Fig. 4 Output resemble Logic “0” at through port while Logic “1” at drop port 

Fig. 5 Output resemble Logic “1” at through and drop port 

4 Conclusion 

The paper describes the swap gate based on the single compact ring resonator. The 
simulation results validate the design. The model shows the outstanding performance 
in terms of SW time. The optimum value of switching time is noted as 0.2 ps. Further 
study and analysis can be done for the other reversible gates. The presented model 
is simple in design as only one RR has been used. The presented model may found 
application in designing optical networks and other computing techniques.
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Study of Underwater Fruit Object 
Detection Using Deep Learning Model 

Jinka Venkata Aravind and Shanthi Prince 

Abstract Underwater autonomous vehicle operations are becoming progressively 
important in order to avoid the hazardous high-pressure deep-sea environment, and 
the relevance of underwater study and utilisation of marine resource is also rising. 
Computer vision is noteworthy technology for underwater autonomous vehicles 
study. In this research work, underwater raw data set is used for training, validating, 
and testing using YOLO v5 deep learning model to detect the one class (fruit) object. 
As the underwater images are blurry and hazy, detecting underwater objects without 
pre-processing is very challenging. In this study, we utilised raw data as underwater 
dataset to train the yolo model. The raw underwater dataset is difficult to acquire, so 
in the laboratory Raspberry-pi camera is used to capture the object at different angles, 
thereafter, data is augmented, yolo model is trained and performance parameters such 
as accuracy, precision, sensitivity and F1 score are analysed. 

Keywords Underwater object detection · Computer vision · Autonomous vehicle ·
Camera sensor · Deep-sea 

1 Introduction 

In recent years, there has been a massive interest rise in underwater wireless sensor 
networks. Underwater actions and wireless communication have attracted both 
academia and industries attention [1]. Underwater sensor networks can be used for a 
variety of applications. Each implementation is vital in its own way, but some of them 
can help with a variety of underwater applications, including natural disaster warning 
system (such as high tidal waves and seismic tracking), aided navigation, oceanic 
data gathering, and underwater observations, environmental applications (such as 
pollution monitoring and biological water quality), and industrial applications [2]. 
The continual extension of human activities in the deep-sea, such as marine research, 
pipeline monitoring, military surveillance, offshore oil examination and so on, has
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Fig. 1 Underwater applications scenarios [5] 

driven demand for high data rate underwater communications. The potential tech-
nology may be use for gathering more data from sea bed, for tether free AUVs and 
ROVs to provides live surveillance from deep water sensors also AUV can function 
as a data mule, collect data through UOWC subsea sensor networks and Optical 
links enable submarines to interact more securely with buoys on the sea surface [3] 
(Fig. 1). 

Underwater sensor networks (UWSNs) are utilised as primary technology in 
several applications viz beacons and ships, which includes numerous sensors and 
mobile vehicles. Underwater localization is substantial since it is the bedrock for 
all other capabilities, such as tracking sensor nodes, labelling data, coordinating the 
motion of cluster nodes, recognizing the underwater objects position [4]. Further-
more, the data collected from AUVs and ROVs such as underwater videos and images 
is extremely difficult to analyse. However, the regular photos and underwater images 
are not same due to the poor visibility and attenuation of transmitted light [7]. The 
absorption and scattering effects decays light exponentially with depth and distance, 
whereas dispersion shifts light direction [6]. This results in low contrast and blurred 
images. 

Underwater videos and images are used for environmental monitoring to observe 
animal prosperity and behaviour in the context of in marine habitats [8]. Since humans 
naturally evaluate their environment visually, optical videos and images provides 
high quality, high resolution and high extensive information in an easy-to-understand 
format [8, 9]. Human video analysis takes more time; therefore, some automation 
is required to handle huge video and image data in a fast and effective way to offer 
information for taking quick decisions. Recently, two decades computer vision plays 
a major role for underwater objects detection and tracking using images and videos 
data from autonomous underwater vehicles and remoted operated vehicles. Due to its 
vast range of applications and recent technological developments, underwater object 
detection has gotten a lot of attention in recent years. This topic is being researched 
extensively in both academic and real-world applications, including security moni-
toring, robotic vision, autonomous driving, surveillance [10]. Among the multiple
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factors and initiatives that have contributed to the rapid evolution of object detection 
systems, the development of deep convolutional neural networks and GPU computing 
capability should be noted. Deep learning models are now widely used across the 
whole area of computer vision, including both basic and domain-specific object 
detection. With this motivation in this work, we tried with small set of underwater 
images with one object as class and trained using YOLOv5 object detection deep 
learning model and studied various parameters in the coming sections. 

2 Deep Learning Model 

Object detection is the one of the main applications of image processing, it is a 
method for detecting any stationary or moving object in a real-time instance, such 
as an image or a video [11]. In recent two decades, Deep neural networks have 
emerged as the most common approach for high-quality computer vision such as 
object recognition, classification, and identification, in recent years. For detection 
purposes, earlier deep learning object identification achievements adopted classifi-
cations, in which the algorithm examines each proposed region of the image and 
conducts a separate classification. 

In YOLO model the object detection is considered as a regression issue and 
directly outputs bounding box coordinates and class confidence score. In comparison 
to the regional proposal approach, YOLO’s design is a simpler approach for object 
identification, and it also takes significantly less time to compute and the YOLO 
architecture is shown in Fig. 2. In this study, 35 images are captured using raspberry-
pi camera at different angles and augmented data to increase the data set to 80 images 
in that 86% are allocated to training set, 9% for validating set and 5% for testing 
set. The Image size is 416 × 416 and in augmentation rotation −15 and +15° are 
applied and vertical flip, horizontal flip is also done. 

The above Fig. 3 shows the Raspberry-Pi with camera module and Fig. 4 depicts 
camera model for capturing aquarium fish tank data at different angles. The Fig. 5

Fig. 2 Yolo architecture [12]
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Fig. 3 Raspberry-pi with camera module 

Fig. 4 Capturing image data using camera 

Fig. 5 Flow chart for Yolov5 deep learning model 

shows the process of Yolov5 deep learning model. To get started with YOLOv5, 
cloning the repository and installation of packages and necessities are required. This 
creates programming environment for object detection training.

To accelerate training time Tesla P100 GPU is selected from colab, custom data is 
downloaded and then, annotated and labelled data set are converted into txt YOLOv5 
PyTorch format. Thereafter, augmentation steps are executed in which −15 and 
+15° rotation, vertical and horizontal flip are used to increase the data set. The 
customized object data set in YOLOv5 PyTorch format is downloaded. YOLOv5s 
model is chosen for custom object detection because of less data set. In this work,



Study of Underwater Fruit Object Detection … 385

416 × 416 image size and batch size of 16 and 100 epochs are selected. After these 
steps, the training data is evaluated and the ground truth data, augmented data results 
are visualized. Finally, testing data is fed to YOLOv5 to obtain the predicted results. 

3 Experimental Results 

The following Fig. 6 shows the sample underwater data set for training and Figs. 7 
and 8 displays the underwater data set for validation and testing. 

From Figs. 9 and 10 it is clear that both the curves are almost close to 1 but the 
precision graph fluctuates more due to the limited data. 

Fig. 6 Sample underwater data set for training 

Fig. 7 Underwater data set for validation 

Fig. 8 Underwater data set for testing
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Fig. 9 Mean average precision 

Fig. 10 Precision 

From Figs. 11 and 12 shows recall and class loss graphs. It can be observed 
that as the epochs increase, recall approaches 1, indicating that object is recognised 
correctly. The class loss graph remains constant because only one class is used. 

Figures 13 and 14 shows the bounding box loss and object loss. It is evident from 
the graphs, bounding box and object loss decreases with increasing epochs. Figures 15 
and 16 shows the ground truth data and augmented training data. Figures 17 and 18 
shows the predicted and actual results of testing data.
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Fig. 11 Recall/sensitivity 

Fig. 12 Class loss 

3.1 Parametric Analysis 

• Accuracy is a parameter for evaluating classification models. Informally, accuracy 
is defined as the fraction of correct predictions to the total number of predictions. 

– The following equation can be used to calculate accuracy in terms of positives 
and negatives for binary classification: 

Accuracy = T P  + T N  

T P  + T N  + FP  + FN  
(1)
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Fig. 13 Bounding box loss 

Fig. 14 Object loss 

Fig. 15 Ground truth training data
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Fig. 16 Augmented training data 

Fig. 17 Predicted results 

Fig. 18 Actual results

where TP = True Positives, TN = True Negatives, FP = False Positives, and 
FN = False Negatives. 

– Precision measures how accurate a prediction is i.e., the percentage of correct 
predictions. Mathematically, 

Precision  = T P  

T P  + FP  
(2) 

Note: The precision of a model that produces no false positives is 1.0. 
– Recall/sensitivity measures how good we can find all the positives 

Mathematically, 

Recall = T P  

T P  + FN  
(3) 

Note: The recall of a model that produces no false negatives is 1.0.



390 J. V. Aravind and S. Prince

Fig. 19 Confusion matrix 

– F1 Score combines precision and recall relative to a specific positive class – The 
F1 score is a weighted average of the precision and recall values. 

F1Score = 2 ∗ 
Precision  ∗ Recall 
Precision  + Recall 

(4) 

Note: The best and worst values of the F1 score are 1 and 0 respectively.

Confusion Matrix is a table that is frequently used to define the performance of a 
classification model on a set of test data with known true values. From Fig. 19 the 
actual and prediction results the confusion matrix calculations as shown in below to 
calculate the parameters like accuracy, precision, recall/sensitivity and F1 score. 

Yactual = [1, 1, 1, 1], Ypredicted = [1, 1, 1, 0] 

Array ([0,01,3]) 

TP= 3; FP = 0; TN = 0; FN= 1 

Accuracy = 0.75, Precsion = 1, Sensi ti  vi t y  = 0.75, F1 Score = 0.85 

4 Conclusion 

In this research, Yolov5 deep learning model is trained with raw underwater image 
dataset captured using camera at different angles to detect the single class object. We 
attained decent results with accuracy of 75%, recall of 75% and F1 score of 85%. 
We also presented the actual and predicted outcomes of the model. In future, we 
will attempt to identify multiple classes with more dataset in different underwater 
conditions to improve the training and accuracy of the model.
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Internet of Lighting for Smart Cities 

Lingala Thirupathi, A. Rajesh, and R. Sandeep 

Abstract The term smart is an acronym for the five components, which are unique, 
observable, practicable, appropriate and time-based. The Internet of Things (IoT) 
identifies the widespread and increasing number of wireless devices as the trillions 
of networks of a potentially global scale running today. When the planet expands 
quicker, people are drawn to this clever term. India is one of the world’s fastest-
growing economies. The IoT offers innovative services and stimulates market shifts. 
The lighting industry often welcomes this transition by developing an Internet of 
Lighting (IoL). The term smart lighting describes three important design attributes: 
advanced control, solid state, and broad network connectivity in accordance with 
international standards. It provides an optical networking gateway as an additional 
function that enables coexistence with traditional Wi-Fi. In this context, various IoT-
compatible wireless communication interfaces are being used to meet the lighting’s 
needs. Related IoT systems are forecasted to expand dramatically in the entire smart 
housing and industrial sectors in the coming years. This paper presents the numerous 
options for creating and implementing IoT-based smart lighting solutions, issues 
related to interoperability and on-line services are addressed. 

Keywords IoT · IoL · Sensor · Smart cities 

1 Introduction 

With regard to the illumination, a lot of focus lately, the shift has moved from bright, 
manufactured lights to dynamic and portable ones that can emit light in various ways 
to those that are both dynamic and photonic designs and come in organic. To start, this 
campaign, we will be implementing highly automated sensing, control algorithms 
and communication mechanisms on massive fleets of smart and connected vehicles 
to harness the power of the IoT [1]. A lighting system that improves visual comfort 
while also has the goal of reducing energy consumption or is designed to be adaptable
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to your needs is in this manner Diverse smart lighting systems incorporate advanced 
illumination sensors and real-time spectral measurement as well as well as diverse 
applications that communicate using various protocols and options including light 
communications devices that support color sensors and micro spectrometers [2]. This 
is true for the most sophisticated lighting systems; they have lighting features beyond 
what’s needed for the usual illumination. This ability relates to spectrally tunable 
functionality, as well as expanded control capability that enables the system to be 
remotely monitored and controlled from the Internet, opening up a whole new and 
fresh view of possible configurations to test system devices. Solid state lighting (or 
compact fluorescents) is a more effective option for most residential and commercial 
spaces. Declining year over year, but that is changing in small ways only. 

In part due to advancements in technology, this statement is becoming increasingly 
likely due to our ability to predict how much light is emitted by an Light Emitting 
Diode (LED) will produce. Non-polluting LED-based systems also have been shown 
to be very advantageous in recent/current and future applications; additionally, Life 
Cycle Analysis (LCA) studies demonstrate that LEDs provide a net positive period 
of light expansion [3]. Smart lighting solutions remain relatively dynamic due to the 
importance of the industry in advancing features. It relates to the independent sensing 
capability, scalability, as well as [4] connecting the broader IoT market segments and 
various nodes, are expansion, extensibility, and interoperability with different appli-
cation specific segments. Multi-level security mechanisms are developed in graph 
databases and encapsulated data frames [5][6], The technology evolving to detect 
early leaf diseases using neural networks and machine learning techniques [7, 8] and 
the survey on security issues, solutions in IoT are discussed [9]. Protection of cloud 
[10], framework to detect and mitigate attacks and in wireless sensor networks, 
ransomware avoidance techniques [11–18]. The internet revolution, impact, tech-
nology road map and features and advances in mathematics are discussed [19].The 
authors argues for a paradigm shift in the QoE area to cover the relationship between 
humans and intelligent machines [20], The authors computes an empirical model of 
the Immunity Region, where the level of interference does not affect LoRa commu-
nication [21]. The potential benefits as well as the challenges associated with IoT for 
cities are discussed [22], this paper browses the semantic annotation of the sensors in 
the cloud, and innovative services can be implemented and considered by bridging 
Cloud and IoT [23–26], In the [27], various concepts of the smart healthcare system 
are explored in details while bringing into the perspective of the current trends in 
smart healthcare systems, The authors reviewed the state-of-the-art RFID technolo-
gies in IoT Smart Homes applications [28], The authors proposed a low cost future 
STS to provide better service by deploying traffic update instantly in the smart cities 
by using the different technologies [29–31].
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2 Existing Lighting Standards 

Decades via constant voltage, various lighting standards like Digital Addressable 
Lighting Interface (DALI) and the IoT allows for many more automation technologies 
to be interconnected to become easily accessible and for the home. Additionally, the 
use of these systems has been expanded to include a larger areas and applied to entire 
buildings (e.g. industrial control, building automation), as in Building Automation 
and Network Control (BACnet) and European network standard (KNX) as opposed 
to systems (such as DALI), that are focused on small, specific areas (like lighting 
controls). Using DALI could monitor the rest of the building automation, expanding 
on lighting could use a higher-Net protocol. When this type of combination is 
possible, it is done by the use of gateways that convert communication protocols, data 
formats, and semantics. Additionally, these networks are incompatible with BACnet: 
Due to their inherent incompatibility, inter-ability problems are not so easy. Addi-
tionally, the existing standards all have a light effect on the market in a very insignif-
icant way, measurable way, which allows for highly fragmented markets. Network 
for automation and control purposes that has a few predefined messages. Ancil-
lary Research/data link/physical layer (layers) is defined by the BACnet protocol, 
including Attached Resource Computer NETwork(ARCNET), point-to-to- point, 
Ethernet as well as others. Since the demand for these applications has increased in 
recent years, it is currently used more frequently in the heating, cooling, and ventila-
tion markets, but because of the difficulty and the expense per light-related issues, it 
is not in lighting controls. We believe that no other commercial vendor has adopted 
this technology even though it is defined in the industry standard, although it’s highly 
safe. The KNX is in Europe is more common in the home and building control sector 
than it is in North America. Twisted Pair (TP) is the major means of long-distance 
interconnectivity within a wired Ethernet. In addition to these three other media, 
such as radio frequency (RF), infrared and Ethernet (which is known as RF Expand) 
are also access to the network had never been established was a major issue. 

The communications and interoperability features were adopted by ITU ISO/IEC 
14908 became standardized under this name. A communications protocol useful 
for high, especially for building automation systems on low bandwidth, which are 
usually, relies on twisted-pair technology, for networking devices over optic fibers, 
power lines, and for electronic devices over RF. Due to the proprietary design and 
lack of extensibility, the product’s marketability was greatly reduced. All devices of 
a DALI system must be contained inside the control gear or connected to it in some 
way. As ideally, however, there is no definition for what is meant by protection that 
is offered by DALI. Given the strong point and extensive benefits of being extended 
to the IoT, expanding these lighting principles to include these features is a choice 
even in cases like most business process and industry software applications, a diverse 
range of specifics are needed, such as interoperability. This unusual complexity, the 
use of restrictions, along with a less-complex underlying programming model, an 
infeasible for integrating with existing libraries, and no protection system, result in an 
enormous interoperability issues. With regard to this, a new lighting standard which
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is more suitable for network and power-constrained devices, as well as supporting 
self-expanding devices, is needed. 

3 Objectives of the IoT Lightening Standard 

3.1. Preservation approach: It’s through IP that a service-oriented methodology can 
be developed. One application may be communicating with different networks 
at the same time, as a network is made to support multiple purposes. Bidi-
rectional, heterogeneous devices and protocols are supported in IP. Interop-
erability in the end points and the points is offered via IP offers the ability 
for each end device to communicate without translation and for the transfer 
of data. Several types of applications and tools, including diagnostics and 
management tools are now available and the IP framework is better served by 
incorporating the inventions and innovations of the worldwide community. 
Additionally, Internet Protocol provides the most effective encryption. 

3.2. Community-friendly: All applications (programs and practices) of lighting 
and building control open to multiple users. There is no other way to do, 
so expand other than having open standards, as it would provoke doubt by 
potential adopters the availability and license terms such as monopolistic 
or patent-based security. Diligence would stop investments and third-party 
growth, giving rise to an ecosystem of components and services, along with 
the presence of third-party vendors. Additionally, one can only build blocks 
that are made from other blocks which have already been constructed in place, 
rather than constructing all the individual blocks from scratch. Thus, this will 
aid the productivity and lower the production costs by reducing the time and 
effort required for standardization. For standardization to work, it must be 
developed in a way that can accommodate new technologies and patterns of 
behavior while still retaining its value. 

3.3. The ability to detect security violations and their deleterious consequences as 
well as the use of basic and useful recovery methods are required for stable 
information systems. In addition, privacy requirements must be supported by 
the system, which include the right to remove and modify personal data or the 
ability to erase all of it. In order to ensure both privacy and data sharing, various 
safeguards must be put in place. Additional power in a modern lighting system, 
which is referred to as control, delivery, and interface logic puts additional 
strain on the electronic components that run the system. There is no danger 
that the overall energy performance of the IP network would be exposed by 
the use of Internet users.
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4 Proposed Method 

Variety of lighting solutions include various devices, networks, forms of networks, 
and numerous components, sensors are the most common, algorithms the next, and 
everything else is in between. Lighting control systems are sophisticated enough to 
analyze the day, light spectrum, which is provided by different lighting systems, or 
occupancy to determine the ultimate response. In certain instances, algorithms can 
run within devices or systems to take on the workload or handle tasks that have 
already been assigned to them. They may also be run outside the computer or in 
the cloud, which relieve device system constraints from having to send command 
messages. The word algorithms can refer to several cutting-edge technological solu-
tions that are constantly shift colors, such as tunable lights, techniques that control 
the color response, real-time color adjustments, and techniques that help to reduce 
energy consumption This is becoming more important in the market due to the 
growing popularity of smart lighting systems that allow individuals to adjust their 
circadian rhythms and improve human performance and attention levels of concentra-
tion. Often, people use visually complicated lighting patterns in response to circadian 
rhythms. There are the key components of the design seen in the first lighting design 
schematic in Fig. 1. 

Biases of the mind are an important aspect of autonomous algorithms attempt to 
adjust lighting are trained to respond to user preference and gender rather than strict 
input design specifications. Historically speaking, in the past decade, it has been 
demonstrated how lightweight influences both the biological clock that governs our 
circadian cycles and many other processes, such as the secretion of hormones, the 
body’s temperature, and how it can control the production of circadian awareness.

Fig. 1 Key elements for smart lighting systems
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Since luminescence is the essential for circadian rhythms, and not the color correc-
tion, the range of light frequencies, from the red to the blue end of the spectrum is 
more prominently features this. Since it is possible to influence and manipulate a 
number of physiological properties through the system. Besides having total power 
over the human color light, the museum is also benefitting in various other fields 
including horticulture, fine arts, and places of assembly, which are having total spec-
trum control. The physical and logical levels can be seen to interact in a network at the 
system device level, as well as at the device hierarchy. Reliability can be increased; 
the practice of using various physical topologies, such as a loop, stars, or using a 
mixture of both star and bus is creative, resulting in various expansion possibilities. 
In physical installations, various types of communication networks can be laid over 
traditional ones by either using cables or wireless connection.

We may access the network using a local or remote network management system, 
such as a wired or wireless interface. The numbers of various lighting items on 
the market have been connected with an option to provide different networking 
solutions in the IoT ecosystem so as to perform better serve a wider range of purposes. 
These are typically found on home lighting, audio and control, 0-10V, DALI, Digital 
Multiplexer (DMX), Local Area Network (LAN), and power line communication 
are the main wired interfaces used for networking. Not only that, they use various 
networking interfaces including Wireless Fidelity (Wi-Fi) and infrared, but they 
implement wireless technology as well, such as Bluetooth, and infrared. 

4.1 Sensors for Smart Lighting Platforms 

In current IoT applications, the focus is shifting from standard control methods to 
use of digital sensors to adjust lighting mechanisms to assist in adaptive operation. If 
you know of light sensors and photodiodes which are sensitive to lower intensities, 
warn you when it’s getting dim. Red, green and blue sensors are utilized for LED 
lighting and compact fluorescent lamp (CFL) that seek to detect their primary color, 
producing color mixing Red Green Blue (RGB) material as in indoor environments 
as well as in optical connections, but for wireless purposes the most important photo 
diode works technologies are visible light communication (VLC) and frequency 
modulation (FM) (Fig. 2). 

4.2 Security View 

All Open systems are networked and connected to the internet, so they are highly 
available to the user and can be used wherever they are at risk of being hacked, unau-
thorized access to the data. It has been included into the design as an intrinsic part of 
the device, and is entirely independent of firewalls. It has three security frameworks 
which can help expand the scope of the original internet security (IS), application:
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Fig. 2 Creating white light by mixing individual red, green and blue LEDs 

Fig. 3 Sensor technologies embedded in smart lighting 

authorization, authentication, and confidentiality are offered by the internet; while 
additional security for the device, privacy and from attacks is offered. In order to 
ensure wireless security, always use a connection layer; if we use a wired links, 
then we can or may add an encryption layer on demand. Device to cloud Data-
gram Transport Layer Security (DTLS) communications take place in the framework 
(Fig. 3). 

4.3 Communication Interfaces for Smart Lighting 
in the Cities 

The most important aspect of a professional lighting system is a universal connectivity 
link, usually a wired or wireless interface. For essential infrastructures and street 
lighting, DALI, Power Line Connectivity, and Ethernet are necessary. Non-critical 
infrastructure lighting applications and systems can use several protocols, such as 
Wi-Fi, ZigBee or the system used in commercial traffic management. Since different 
technologies have advantages in different settings, these indoor LED light smart
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lighting platforms prefer to use the IEEE 802.15.4, Bluetooth low energy, or sub-
GHz protocols. ZigBee Light Link and 6WAN both use the same Media Access Point 
(AP) and super AP Layer of the IEEE 802.15.4. 

The solution to the interoperability issue involves standardization of protocols 
to link different device types of lighting, which are useful in cases where an open 
ecosystem with incompatible protocols are acceptable and the devices with closed 
ecosystems are impractical. In this case, an extension of the interoperability is 
possible by using protocols such as the use of the Application Programming Interface 
(API) and media path quoting using both IPv4 and IPv6. In addition, if energy restric-
tions were applied to LED lighting devices, lightweight protocols such as Bluetooth 
low energy (BLE) or ZigBee light connection could be used to solve the problem. 
In the case of outdoor lights that are typically operated using conventional wired 
networking options such as Power Line Communication (PLC) or DALI connec-
tivity options for protocols are found for beyond the scope. The Li-Fi (which means 
light and free of burden, but which is also known as modern wireless) focuses on 
transmission that is as well as the ability to provide illumination from artificial light 
sources. This technology takes advantage of the fact that there are only three light 
frequencies (380–780 nm) that make it possible to make visible by adding digital 
modulation to the light wavelengths that exist. There are many benefits of using LEDs, 
such as their inexpensive manufacture and the ability to operate in a wide frequency 
spectrum. Their uses include optical communications like Li-Fi, and their usability 
as a result further supports general lighting use, but they also further promotes other 
applications, like signaling. Low interferences are the key for visible light-based 
equipment, and high security is needed because of radio frequency radiation. 

To further protect the VLC transmission even when the transmitter is located in 
an indoor space, time synchronization is provided. When white light is needed, RGB 
LEDs, phosphor coated LEDs are the most common LEDs used, and when used as 
backlights, with the recent advancement of OLEDs. For short range links, test beds 
are built between the source and receiver to monitor changes that occur between the 
link range, testability limits and across the link range. 

5 Open Issues and Future Research 

Most of the suggested application schemes and invention proposals are built on 
ZigBee, 6WAN. Recently, there has been an increase in interest in Low Rate Distant 
Area Network (LoRa) in many IoT application domains because of which, it allows 
devices to communicate with each other at a lower power usage but various different 
methods and protocols used in the construction of an street lighting system (SLS) 
network are needed to speak to one central lighting device. 

It is essential to look at future-oriented thus creating a common communication 
protocol for IoT devices that can combine different Super Luminescent Emitting 
Diodes (SLED) schemes is one of the next big areas of IoT development smart 
street lighting system (SSLSs) would often takes charge of the system into their own
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hands, reducing the level of system administration required, but administration and 
monitoring would be distributed as part of the majority of the projects. 

The idea of the intelligent city focuses on connecting the various applications in 
order to increase the overall efficiency of urban infrastructure. Autonomous traffic 
solutions can turn out to be more expensive, but if it incorporates a well-managed 
smart technique, such as expanded intelligent capacity, it can be a cost-effective way 
to deal with them. The implementation of various environmental sensors (e.g., rain 
sensor, temperature sensor, moisture sensor, etc.) in SLS will provide the opportu-
nity to make intelligent weather systems. Furthermore, attackers may have access to 
confidential information, which can lead to malicious attacks. An intruder can also 
conduct a sensor-based attack that will compromise the operational capacity of an 
SLS. It is a difficult problem because new protection measures would have to be 
studied for lighting control equipment. As of yet, the protocols are not fully devel-
oped, the encryption scheme is too immature or poorly specified to solve security 
concerns including key management and key-revocation issues need to be addressed. 
Not only to safeguard user privacy, but also to keep it confidential, it may be possible 
to use confidentiality to protect the data. Protection would be sacrificed if the systems 
are less powerful and cheaper than more powerful and more efficient technologies. 
Although strong security measures in communication protocols might affect system 
efficiency, making them weaker will decrease the overall security. On the other hand, 
if the implementation of the security mechanism is not executed correctly, disastrous 
results could occur. It is important to consider these problems when implementing 
an SLS. 

6 Conclusion 

All smart lighting is expected to have a huge impact in the next few years due to 
the utilization of LED drivers, sensors and platforms that are linked to the LED and 
numerous applications. An organization strives to get their lights connected to the IoT, 
there are various vendors behind this push to scale network functionality, expanding 
existing and adding new data layers and connections. Integrating LED lighting and 
other than those pertaining to health and wellness with systems that include circadian 
sensing is essential, and should be prioritized as well, since in addition to anything 
else they can contain information about time and place, they also provide data on 
environment. Wired and wireless networking also implies that lighting controls must 
be online, so it is not possible to take full advantage of wireless lighting systems 
since they can’t take advantage of free lighting controls. As the complex world of 
wireless communications is in general is changing, organizations need to keep pace 
with the IoT and sophisticated lighting systems, product offerings must be altered 
as well when present in locations where a diverse network of devices calls for an 
expanding base of the proprietary protocols exists.
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The IoT in Security Architecture, 
Challenges, and Solutions 

Anita Punia, Manish Tiwari, and Sourabh Singh Verma 

Abstract The Internet of Things (IoT) is a forerunner to the smart world, as it 
uses ubiquitous computers and networking to simplify and supply other services, 
such as easy monitoring of many phenomena in our environment. Environmental 
and everyday goods referred to as things, objects, or machines, are improving with 
computing and communication technologies in the Internet of Things. An IoT archi-
tecture may provide a variety of solutions for various industries, but its primary 
goal is to establish a functioning, scalable, flexible, maintainable, and cost-effective 
IoT ecosystem. This paper analyses the challenges of security and their solutions 
and presents well-defined security architecture as confidentiality of the privacy and 
security of the user, which could result in its wider mass acceptance. 

Keywords Internet of things · Privacy · Confidentiality · Security · Challenges 

1 Introduction 

The Internet of Things is a rather straight forward concept: it entails linking all phys-
ical places and things on the planet to the internet. IoT is one of the impending ideas 
of mechanical advancement in the field of organizations, which is help not just in 
the modern turn of events yet additionally in the everyday existence of an individual. 
The internet of Things (IoT), is an arranged interconnection of ordinary items of 
sensors fully intent on interfacing with everything [1]. The methods of protection 
employed to secure internet-connected or network-based devices are referred to as
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Table 1 A comparison of previous papers 

Reference Architecture Technology Security Applications Protocols for information 

[1]
√ √ √ × × 

[5]
√ √ √ × × 

[7]
√ √ √ × × 

[9]
√ √ √ √ × 

[10]
√ × √ √ × 

[11]
√ √ √ √ × 

[12]
√ √ √ √ × 

[13]
√ × √ × √ 

[14]
√ × √ √ × 

[15]
√ × √ √ × 

[16]
√ √ √ √ × 

[17]
√ √ √ √ 

[18]
√ √ √ √ √

IoT security. The internet of things (IoT) refers to a situation in which all objects 
are connected to the internet via information sensing devices for intelligent iden-
tification and management [2]. The essential objective of this article is to give a 
comprehension of IoT security concerns. A human with a heart monitor implant, 
a farm animal with a biochip transponder, or some other man-made object with a 
specific IP address and the ability to link to the network for data transmission can 
all considered things in the internet of things [3]. This paper discusses a high-level 
overview of the Internet of Things, including its architecture, threats, and security 
issues. Concerns about security issues theoretically, these problems are investigated 
using criteria such as authenticity, integrity, availability, and confidentiality. To show 
the on-going study, we use to filter the number of publications from 2013 to 2018. 
The various publications in emerging IoT applications are shown in Fig. 1. Many  
engineering opportunities have arisen because of the rapid growth of IoT technology. 
The rapid development of IoT technology has generated numerous engineering and 
scientific opportunities as well as challenges. It calls for increased research efforts 
from a variety of industries, including academia, business, and government. The 
combined efforts of these sectors should inevitably result in the creation of new 
protocols, architectures, and services that are desperately needed to meet the IoT’s 
challenges. The paper is organized as; the architecture of IoT has been presented in 
Sect. 2. The security risks are discussed in Sect. 3. Section 4 focuses on the secu-
rity issues, parameters, and solutions that IoT faces. Finally, Sect. 5 summarizes the 
paper with a conclusion (Table 1). 
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Fig. 1 The number of publications in the areas of IoT protocols, security, and emerging applications 
is increasing 

2 IoT Architecture 

The principal concepts of the Internet of Things are characterized by the four-layer 
architecture. The phrase "internet of things" is made up of two words: "interconnected 
networks" and "things," which demonstrate certain artifacts. However, at the point 
when these two terms are combined, they form a “global network of networks. 
Interconnected objects, each with its unique address, are based on a protocol for 
regular communication [4]. The layered architecture of IoT is described in this paper, 
which gives an idea of the fundamental architecture of IoT. The perception layer, 
Network layer, procession layer and Application layer are the layers that make up 
IoT [5, 6]. As seen in Fig. 1, all four layers have a large amount of data and different 
enabling technologies and functionality. 

(i) The perception layer: The principal layer of IoT engineering is this. An assort-
ment of sensors and actuators are utilized in the insight layer to gather helpful 
data like temperature, dampness content, interloper location, vibrations, etc. 

(ii) The network layer: The layer ties the vision and middleware layers, as 
the name infers. It utilizes organizing advances like 3G, 4G, UTMS, Wi-Fi, 
and others to get information from the discernment layer and move it to the 
middleware layer. 

(iii) The procession layer: The Middleware Layer contains progressed highlights 
like stockpiling, calculation, handling, and activity taking. It saves all infor-
mation and sends it to the suitable PC dependent on the gadget’s location and 
name. 

(iv) The application layer: Given data assembled from the middleware layer, 
the application layer handles all application measures. Sending messages, 
setting off cautions, security frameworks, turning on or off gadgets, brilliant 
watches, shrewd horticulture, and different assignments are all important for 
this application. 

The list of several IoT technologies used to complete our analysis of the IoT 
architecture models. Similar layers of architecture (Table 2).
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Table 2 IoT technologies 

Communication technologies 

Short-range RFID, Zig Bee, ANT, Z-Wave, NFC, Bluetooth, ANT 

Medium range QR Code, WiMAX, DASH7, Ethernet, EnOcean 

Long range 3G/4G, GPRS, Satellite GPS, LTE, G Lora WAN GSM. 

Prototype hardware 

Arduino Yun, Raspberry Pi, Arduino Uno, Hackberry, PCDuino, Cubie Board, The Rascal, 
Pinoccio , Beagle Bone Black, Pinoccio, Pinoccio 

Operating system 

Nano-RK, Tiny OS, Contiki, Mantis, Free RTOS, SNAP OS, Abacus OS 

Protocol 

6LoWPAN, REST, MQTT, LoRa, DTLS, Lora WAN, XMPP-IoT, SSI 

3 IoT Challenges 

3.1 Security Threats and Challenges in the Internet of Things 

There are three types of IoT risks: 

1. Risks that is characteristic of any device on the internet. 
2. Risks associated with IoT device. 
3. Protection to ensure that no damage is caused, for example, by misuse of 

actuators. 

Standard security rehearses, for instance, getting open ports on contraptions to 
have a spot with the essential arrangement (for example, a fridge related to the Internet 
to send alerts about the thing stock and temperature may use an unsteady SMTP 
labourer and can be sabotaged by a botnet). We will shortly audit some principle 
challenges. 

Scalability: Scalable security solutions are needed to handle a great number of IoT 
nodes. 

Connectivity: Another difficulty in IoT communications is to connect various ML 
/ Devices with different capabilities in a safe manner. 

End-to-End Security: OSCORE involves the use of a key exchange protocol to 
create a security context. However, this protocol should take into account the needs 
of restricted scenarios (e.g., LPWAN), as well as end-device computation and storage 
limitations [13]. 

Authentication and Trust: This forestalls a certainty connection between IoT 
elements from being formed, which is essential for IoT applications requiring 
specially appointed contact, such as the Smart City scene, between IoT components.
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Identity Protection: Management of identity is a challenge because bad security 
practices are often enforced. For instance, a common mistake is the use of clear 
text/Base64 encoded device/machine-to-machine (M2M) IDs/passwords. 

Attack-Resistant Security Solutions: IoT system diversity results in a need for 
security solutions that are attack-resistant and lightweight. They are defenceless 
against asset enervation assaults because IoT gadgets have restricted processing 
assets. 

3.2 Threats and Attacks on IoT Security 

To underline security risks in IoT, its shortened form has been presented as Inter-
connection of Dangers (IoT). Undoubtedly, IoT gadgets are especially powerless 
against actual attacks, programming attacks, side-channel attacks, etc. as introduced 
in Table 3. 

Present IoT platforms are made up of a range of technology solutions from 
different vendors. Any of these frameworks are a diverse blend of segments repur-
posed from existing answers for use in uniquely fabricated stages in the expectation 
that the parts can cooperate securely. 

Table 3 Security threats to IoT devices 

Threats Procedure for an 
attack 

Security requirement Examples 

Physical attack Play with the 
equipment and 
different pieces of the 
framework 

Resistance to 
tampering 

Micro-probing of 
layout reconstruction 

Environment attacks By recovering the 
encryption 
information, the 
attacker will discover 
the system encryption 
key. 

Encryption system that 
is secure 

Attacks on pacing, 
side channels, and 
analysis fault attack 

Cryptanalysis attacks To decrypt the data, 
look for cypher text. 

Encryption system that 
is secure 

Plaintext attack 
(known plaintext) and 
plaintext attack 
(chosen plaintext) 

Software attacks Exploit device 
vulnerabilities and 
inject malicious code 
into the system’s own 
communication 
interface 

Update antivirus 
software 

Viruses , worms or 
Trojan horse are all 
examples of malicious 
software
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Table 4 Taxonomy of attacks based on IoT process phases 

Phase Attack/Threat Description 

Data Collection: There are 
several different types of data 
gathering that can be used. A 
static (body sensors) might be 
utilized as the unit (sensors and 
chips) 

Breach or Data Leakage 
information Authentication 
information Sovereignty, and 
information Loss, are all issues 
that need to be addressed 

Internal or external data 
leakage may occur, and it 
can be deliberate or 
unintentional. Is it software 
or hardware 

Storage: Data are often saved 
if the pc has its native memory. 
The information from 
homeless devices are often 
protected to the cloud 

Accessibility, Access Control, 
Genuineness, Forswearing of 
Administration, and 
Detainment are for the most 
part instances of assaults on 
accessibility, access 

The over-burden condition 
initiated by an enormous 
number of conveyed 
aggressors is known as 
distributed denial of service 

Intelligent processing Authentication attack In real-time, an IoT solution 
offers information processing 

Transmission of data Session hijacking, flooding of 
the channel security, steering 
conventions 

Interruptions, blocking, data 
manipulation, forgery 

End-to-end term Man or computer that is the 
question. Maker or thief 

On-time delivery of stored 
data with no mistakes or 
alterations 

3.2.1 Attack Classification for IoT Interaction Stage 

An IoT approach can be thought of as a five-phase series, starting with data collecting 
and ending with data transmission to end users. Table 4 indicates the spectrum of 
assaults categorized for the five IoT phases: interpretation of data, storage, smart 
processing, transmission of data and end-to-end delivery [7]. 

3.2.2 Categorization of Attacks Based on IoT Architecture 

There are different IoT models of architecture, as mentioned in Sect. 2. In general, 
four layers are believed to have the IoT architecture, presented in Fig. 2. At the  
awareness, network, and service levels, we will take a quick look at the biggest 
security threats. Table 5 summarizes the most significant security issues in the IoT 
provided as four-layer architecture (Fig. 2). 

3.2.2.1 Threats to Security at the Sensing and Perception Layer 
It should be customized and introduced into the actual gadgets to authorize IoT secu-
rity. This implies IoT gadgets should have the option to demonstrate their character, 
hold their realness, sign, and encode their information to keep up with believability, 
and to ensure protection by confining information that is saved locally. The situation 
security model should be adequately unbending to forestall unapproved use while as 
yet being sufficiently adaptable to work with secure specially appointed interchanges 
with people and different gadgets on an impermanent premise [8].
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Application layer 

Middle layer 

Network layer 

Perception layer 

System integration, resource package 

Cloud, database 

Zig Bee, Wi-Fi, Bluetooth, 3G 

RFID tags, camera, sensors, WSN 

Fig. 2 Architecture of IoT 

Table 5 Top Ten Vulnerabilities in IoT 

Corners of security Interface & 
application layer 

Service 
support layer 

Middleware/network 
layer 

Unit/device layer 

Online interface 
that is not stable 

√ √ √ 

Inadequate 
authentication and 
authorization 

√ √ √ √ 

Network facilities 
that aren’t stable 

√ √ 

Transport 
encryption isn’t 
available 

√ √ 

Privacy nooks
√ √ √ 

Cloud interface 
that is unreliable 

√ 

The mobile app is 
insecure 

√ √ √ 

Configuration of 
security is insecure 

√ √ √ 

Software/firmware 
that isn’t stable 

√ √ 

Inadequate 
physical defence 

√ √ 

Harm to Physicality: Some attackers can lack technological expertise and the 
destruction of devices limits their attacks. As device enclosures are often not tamper-
proof, it is possible to open the devices, access their hardware through probes, and 
pin headers.
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Capturing Node: Instead of destroying them, the information stored on the devices 
will be stolen by an active attacker. 

Attack of the Sinkhole: They become defenceless against sinkhole assault if sensors 
are left unattended for significant stretches in the organization. 

Attack Selective Routing: Malicious nodes can pick, drop packets, thus selectively 
filtering thus, some packets are selectively filtered, and the rest enabled. 

Witch Strike: On the off chance that a noxious IoT hub exploits a genuine hub’s 
disappointment, If rouge IoT hub exploits a genuine hub’s disappointment, this attack 
occurs. 

3.2.2.2 Security Threats 

Layers of Network and Service Support 
The IoT management framework is defined by the administration support layer 
(Fig. 2) and is liable for installing gadgets and clients, executing approaches and 
guidelines, and coordinating computerization across gadgets. At this stage, role-
based access control to monitor the identity of users and devices and the actions they 
are allowed to take is important. 

Attack by Man-in-the-Middle (MITM): Assault by Man-in-the-Middle (MITM). 
The Man-in-the-middle assault is a representation of the IoT’s latent capacity 
snooping. Since device authentication requires device identity sharing, identity theft 
involves identity theft. All dangers of assaults on IoT frameworks should go through 
the mist layer in the center, which can detect and mitigate suspicious activities before 
they reach the device [12]. 

Attack Replay: This data might be ridiculed, adjusted, or replayed during the 
exchanging of character-related information or various certificates inside the IoT. 

Denial of Service Attack: An interloper could dodge the firewall and dispatch a 
refusal of administration (DoS) assault, delivering the route administration difficult 
to reach, or convey a bogus message, driving the driver as plate [11]. In addition, 
most IoT developers have an embedded programming history, which makes them 
unaware of IoT programming and risks. Attackers could gain access to the keen 
home arrange and send mass messages to shrewd gadgets, like Solicitation To Send 
(RTS)/ Clear To Send (CTS) [15]. 

4 IoT Security parameters 

Protection must be handled from the initial design to the services operating in the 
IoT lifecycle. For example, during device manufacturing, the execution of safety 
highlights should start.
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Code marking and code confusion are a few stages that makers should take to 
guarantee that their device is not compromised or that a malicious user does not 
insert unauthorized code. Data confidentiality, safety, and trust are the key security 
criteria in IoT scenarios, as shown in Fig. 3. Protection is required for IoT systems 
as a result of IoT security issues. As a result, based on conventional security criteria, 
it is vital to fabricate a protected web arrangement of things, which are as per the 
following [19]: 

4.1 IoT Solutions 

The engineering of the IoT is a major method of planning the various components 
of the IoT so it can give network benefits and fulfil future requirements. Sensors, 
actuators, entryways, conventions, cloud administrations, organizations, and appli-
cation workers are all essential for the IoT design, which are coordinated in different 
geographies to speak with each other [16]. The term "Internet of Things" refers to 
a large and diverse ecosystem that encompasses a wide range of connectivity kinds 
and application cases. As a result, discussing the IoT ecosystem as a whole is inef-
fective, and understanding IoT requires breaking it down into layers [20]. The fourth 
industrial revolution will be built on sensors and actuators. They have already altered 
how people view their surroundings. From urban planning to social consciousness, 
sensor-enabled smart cities are paving the way for a more sustainable future [21]. 

The following are the primary IoT phases (layers) that include the IoT architecture 
solution (Fig. 4). 

Confidentility

Authenticity Nonrepudiation 

Availability Integrity

Privacy

Fig. 3 Security requirements in the internet of things 

Sensors/ 

Actuator 

Internet 

Gateways Data 

Acquisition 

Edge IT Data Center 

Cloud 

Fig. 4 Solutions of IoT
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i. Sensors/Actuators 
The instruments that can emit, receive and process data over the network are 
sensors or actuators. This includes GPS, electrochemistry, gyros copy, RFID, etc. 
Most of the sensors need connectivity through gateways to the sensors. A Local 
Area Network (LAN) or Personal Area Network may be used for connecting 
sensors or actuators. The sensor is in charge of detecting and collecting the 
analogy signals that represent environmental data. Analog signals are converted 
to digital data by the analog-to-digital converter, which then passes the data to 
the processing unit [22]. 

ii. Gateways and Data Acquisition 
Because these sensors and actuators generate vast volumes of data, high-speed 
gateways and networks need to transfer data. The type of this network may be 
Local Area Network (LAN, such as Ethernet, Wi-Fi and so forth), Wide Area 
Network (WAN like 5G, GSM and so on). This framework was created to allow 
for the capture of multimodal data from a variety of sources and data providers, 
as well as to address current connectivity and communication challenges [23]. 

iii. Edge IT 
Edge is the equipment and programming entryway in IoT Engineering that 
investigates and pre-measures information before moving it to the cloud. Edge 
figuring is a moderately late idea in the registering scene. It brings distributed 
computing administrations and utilities nearer to the end client, and quick 
handling and application reaction times portray it [24]. 

iv. Data Center/Cloud 
Management Systems that process information through analytics, system 
management, and security controls are part of the Data Center or Cloud. A 
server farm is an area where establishments’ PCs and related hardware, like 
peripherals, are kept up. Universities, businesses, national laboratories, hospi-
tals, research institutes, government agencies, and other institutions could be 
among them [25]. 

5 Conclusion 

The design of IoT security allows for a free, widespread infrastructure with interop-
erability. We conclude this paper by stating that, following the identification of the 
key IoT-enabling technologies, challenges, parameters, and solutions, The creation 
of the network architecture and framework to efficiently handle future IoT appli-
cations is the next step. Furthermore, IoT systems are implementing a variety of 
important technological advancements in a variety of industries. To safeguard their 
connected devices from malicious assaults, several suppliers and enterprises imple-
ment a variety of restrictions. More privacy and security issues have been raised 
as more of these gadgets are connected to our private networks and the Internet. 
When it comes to protecting IoT-based systems and devices, security should be a 
primary focus. To secure their systems from potential threats, businesses should
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consider implementing numerous levels of protection. IoT data may be processed 
using modern analytical tools like Artificial Intelligence and Machine Learning to 
improve security. Blockchain is a promising solution for data security in IoT-enabled 
ecosystems, as it eliminates the need for central permission in the IoT network. 
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Bio-inspired Lotus (Nelumbo Nucifera) 
Shaped Ultra-wide Band Planar Antenna 
for Wireless Applications 

Ushaben Keshwala, Sanyog Rawat, and Kanad Ray 

Abstract The paper presents novel lotus (Nelumbo nucifera) shaped ultra-wide 
band antenna for wireless applications. The antenna is designed on FR-4 substrate of 
size 17 × 14 mm2. The initial antenna of semicircular path is modified to proposed 
prototype of lotus shaped patch by inserting sinusoidal tapered petals in the semi-
circular patch. The impedance bandwidth is enhanced from 4.2–9.1 GHz to 3.5– 
15.0 GHz by making partial ground to stair case shaped DGS. The antenna achieves 
ultra-wide band width in the range of 3.5–15.0 GHz (11.5 GHz) with maximum gain 
of 1.8 dBi at 11.4 GHz. 

Keywords Ultra-wide band · Lotus shaped antenna · Bio-inspired antenna ·
Defected Ground Structure (DGS) 

. 

1 Introduction 

With the rapid advancement of wireless communication systems, the use of antennas 
in base stations and portable terminals must meet increasingly strict criteria, such 
as miniaturization, integration with other systems, and multiband or broadband 
operation. The evolution of advances in communication technologies and the ever-
increasing demand by users for compact communication devices have required a
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shift in the design approach in order to achieve compact and robust antenna struc-
tures. Over the time Biomimicry or Biomimetics has evolved through integration 
with engineering. So, nature can be used as solution base in some problems found 
in engineering and modern science [1, 2]. 

The standard IEEE802.15 which uses the 3–10 GHz frequency spectrum for high 
data rate ultra-wide band applications has recently attracted considerable attention in 
the wireless communication industry [3]. Ultra-Wideband is defined as any commu-
nication system that has a bandwidth of more than 500 MHz or more than 25% of 
the operating center frequency. The Federal Communications Commission (FCC) 
allocated a bandwidth of 7.5 GHz, i.e. from 3.1 to 10.6 GHz, to unlicensed use for 
UWB applications [4, 5]. Various UWB antennas have been proposed for UWB 
applications [6, 7]. 

Due to the ability of the Bio-inspired structure to reduce the size while improving 
the perimeter, it has been used in the development of antennas structures for wide-
band applications. The bio- inspired geometries used for antennas design can be 
divided in to two categories: bio-inspired geometries in animals and bio-inspired 
geometries in plants. For instance, various bio-inspired antenna structures have been 
proposed for a wideband antenna applications [8–13]. A bio-inspired Carica Papaya 
leaf shaped antenna is proposed with impedance bandwidth of 1.9–6.2 GHz for 
GSM1900, UMTS, WLAN, LTE, WiMAX, C-band, X-band, and sub6 GHz fifth-
generation bands applications [8]. A rectangular patch antenna with hybrid fractal 
slot (Koch-Minkowski and Koch-Koch) along with partial ground plane has been 
presented for wideband applications [9]. A leaf-shaped bowtie slot antenna with 
frequency of operation in the range of 3.1–10.6 GHz has been proposed for UWB 
applications [10]. In [11] a tulip loop antenna with impedance bandwidth of 6–14.5 
GHz has been proposed for wide band applications. A 50 × 43 mm2 lotus shaped 
antenna with impedance bandwidth of 1.4–10 GHz has been introduced [12]. A lotus 
shaped dual band antenna is presented in [13] for bluetooth and UWB applications. 

In this paper we propose novel lotus (Nelumbo nucifera) shaped antenna, designed 
with sinusoidal tapered eight petals for ultra-wide bandwidth for wireless applica-
tions. The fundamental structure is lotus shape patch with defected ground structure 
of stair case shape for the bandwidth enhancement. 

2 Antenna design 

The proposed UWB antenna of Fig. 1 has been obtained through the step-by-step 
evolution of the semicircular shape radiating structure of Fig. 2(a), by cutting sinu-
soidal petal shapes in semicircular patch as shown in Figs. 2(b) and (c). The final 
proposed prototype is lotus (Nelumbo nucifera) shaped antenna with defected ground 
structure (DGS) as shown in Fig. 1(b).The proposed compact antenna is designed on 
low cost FR-4 substrate as patch and conducting lotus shaped patch and DGS staircase 
shaped ground. Figure 1 illustrates the final prototype structure with detailed config-
uration of the antenna. The radiating patch is printed on the one side of substrate and
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Fig. 1 Proposed lotus shaped antenna a Front view b Back view c Expanded view of petal 

Fig. 2 Evolution steps of an antenna deign a Antenna 1 b Antenna 2 c Antenna 3
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Table 1 Optimized parameters of an antenna 

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm) 

L 17 Lg 7 W2 1 

W 14 Wf 2.8 W3 1 

Ww 12.56 W1 1 W4 1.5 

L1 2.5 L2 2.5 L3 6.28 

W5 4 W7 2.4 

fed by microstrip line of width Wf =2.8 mm. The optimized geometrical parameters 
of the final prototype is presented in Table 1.

The antenna 1 is the semicircular patch with radius of 6.28 mm. The antenna 1 is 
then modified by cutting five petals with sinusoidal tapering. The expanded view of 
single petal is presented in Fig. 1(C). The length of the petal is 6.28 mm and width 
of the petal is 2.4 mm. In third iteration the antenna 3 is obtained by adding a small 
petals in between the five petals of bigger size. The size of the smaller petals is half 
of the bigger petals. The return loss characteristic for the three antenna design steps 
is presented in Fig. 3. From the presented curve it can be observed that the lower cut 
cut-off frequency is reduced for antenna 3 i.e. after adding the smaller size petals. 

To improve the obtained impedance bandwidth the partial ground is modified to 
DGS (Defected Ground Structure).The partial ground is modified to staircase shaped 
and two rectangular slots are etched in the upper part of the partial ground. 

Fig. 3 Variation of return 
loss for three antenna design
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3 Results and discussion 

The final prototype is presented in Fig. 1, consisting of lotus shaped radiating patch 
with eight petals and DGS. The performance of antenna considerably enhanced in 
terms of impedance bandwidth by introducing defects in the ground plane. The 
designed antenna is capable of operating in the ultra-wide bandwidth from 3.5– 
15.0 GHz (11.5 GHz). The simulated return loss characteristic and VSWR for the 
proposed design is shown in Fig. 4. As it can be noted from the curve that the antenna 
resonates at 4.7 and 13.31 GHz. To understand the detail of antenna mechanism the 
surface current and radiation patterns are plotted at resonating frequencies. 

The gain of the antenna is varying between 0.21–1.8 dBi. As it can be observed 
from Fig. 6 the radiation efficiency and total efficiency is above 60% with maximum 
total efficiency of 72.2% at 10.3 GHz. The surface current is distributed in the full 
patch, mostly at the edges of the sinusoidal petals at lower as well as at the high 
resonating frequencies. The current is mainly flowing at the outer edges of the stair 
case ground at lower frequency, on the other hand the current is mainly flowing in 
the middle of the ground plane at higher frequency. 

As presented in Fig. 8 the main lobe direction of E-filed is at 180° at 4.7 GHz 
and E-filed is bidirectional at 13.31 GHz with main lobe at 40°. The H-field main 
lobe is 210° with 3 dB angular width of 115.3° at lower resonating frequency and 
at higher frequency of resonance the H-field of 73.3° angular width is at 200°. The 
comparison of the state of art with proposed antenna is presented in Table 2 (Figs. 5 
and 7). 

Fig. 4 Variation of S11 and 
VSWR with frequency
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Table 2 Comparisons of proposed work with reported antenna 

Reference Size of antenna(mm2) BW (GHz) Gain (dBi) Efficiency of antenna 

[7] 43 × 28 3.03–9.15 2.8 – 

[8] 59.25 × 35.7 1.9–6.2 10.22 – 

[9] 45 × 38.92 7.74–10 5.6 – 

[12] 50 × 43 mm 1.42–10 – – 

[13] 44 × 42 2.3–2.6 
3.3–12 

6.2 25–97% 

Proposed antenna 17 × 14 3.5–15.0 1.8 72.2% 

Fig. 5 Variation of gain 
with frequency 

Fig. 6 Total efficiency and 
radiation efficiency
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Fig. 7 Surface current distributions at resonating frequencies a 4.7 and 13.31 GHz 

Fig. 8 Radiation pattern at resonating frequencies a 4.7 and 13.31 GHz 

4 Conclusion 

A novel lotus shaped compact antenna of size 17 × 14 mm2 is presented for wireless 
applications. The antenna is designed by modifying the semicircular patch to lotus 
shape by inserting sinusoidal tapered petals in the patch. The impedance bandwidth 
acquired by proposed prototype ranges from 3.5 –15.0 GHz (11.5 GHz). The positive 
gain is obtained in the range of 4.0–12.9 GHz with maximum gain of 1.8 dBi at 11.4
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GHz. The compact size, novel shape, and ultra-wide bandwidth makes an antenna 
suitable for wireless applications. 

References 

1. Bar-Cohen Y (2006) Biomimetics-biologically inspired technologies. CRC Press, Boca Raton 
2. Benyus JM (1997) Biomimicry: innovation inspired by nature. William Morrow, New York 
3. Khan MI, Khattak MI, Witjaksono G, Barki ZU, Ullah S, Khan I, Lee BM (2019) Experimental 

investigation of a planar antenna with band rejection features for ultra-wide band (uwb) wireless 
networks. Int J Ant Propagat 2019:1–11 

4. T. F. C. Commission(FCC) (2002) Revision of Part 15 of the Commission’s Rules Regarding 
Ultra Wideband Transmission Systems; First Report and Order FCC 02-48,:The Federal 
Communications Commission, Washington DC USA 

5. T. F. C. Commission (2007) Revision of Part 15 of the Commission’s Rules Regarding 
Ultra Wideband Transmission Systems; First Report and Order FCC 03-33,:The Federal 
Communications Commission, Washington DC USA 

6. Keshwal, U, Rawat S, Ray K (2019) Honeycomb shaped fractal antenna with defected ground 
structure for UWB applications. In: 6th international conference on signal processing and 
integrated networks, pp 341–345 

7. Keshwala U, Rawat S, Ray K (2018) Compact half-hexagonal monopole planar antenna for 
UWB applications. In: Soft computing: theories and applications, Jaipur, India 

8. Abolade JO, Konditi DBO, Dharmadhikary VM (2020) Bio-inspired wideband antenna for 
wireless applications based on perturbation technique. Heliyon 6(7) 

9. Sharma N, Sharma V (2018) A design of Microstrip Patch Antenna using hybrid fractal slot 
for wideband applications. Ain Shams Eng J 9(4):2491–2497 

10. Fujita S, Yamamoto M, Nojima T (2012) A study of a leaf-shaped bowtie slot antenna for 
UWB applications. In: 2012 international symposium on antennas and propagation (ISAP), pp 
830-833 

11. Tanyer-Tigrek FM, .Tran DP, Lager IE, Ligthart LP (2009) Wide-band tulip-loop antenna. In: 
3rd European conference on antennas and propagation, Berlin 

12. Mansour HM, Sharaf MH, Shams SI, Allam AMM (2012) Novel lotus shaped antenna for ultra 
wideband communication systems. In: 2012 loughborough antennas & propagation conference 
(LAPC), Loughborough 

13. Samsuzzaman M, Mahmud MZ, Islam MT, Ali MM, Islam MT (2017) Compact lotus shape 
dual band patch antenna for Bluetooth and ultra wideband applications. Microw Opt Technol 
Lett 59(7):1590–1597



Designing of Metasurface for Gain 
Enhancement in 5G Applications 

Devendra Soni, Aakarsh Mekap, Dinesh Yadav, and Manish Tiwari 

Abstract In this paper, a methodology for designing a metasurface is explained and 
practically show this by design of unit cell rectangular shape structure. By using 
multiple unit cell structure can be design metasurface. Metasurface consist of a 40-
unit cell structure, each unit cell length and width are 4 × 6 mm and distance from 
other unit cell in metasurface is 1 mm. In analysis of unit cell, we will discuss its 
current distribution, transmission (S21) and reflection (S11) coefficient of unit cell 
as well as metasurface. From calculation of transmission and reflection coefficient 
unit cell and metasurface studied in 1–30 GHz frequency band. Frequency band of 
proposed metasurface is shown that its applicable in 5G. 

Keywords Metasurface · Transmission Coefficient · Reflection Coefficient 

1 Introduction 

Metasurfaces are structures that are used to change the optical characteristics of 
materials, such as amplitude, polarization, and refractive index [1, 2]. Metasurfaces 
are now being utilized without a phase gradient, which means they can only generate 
optical and plasmonic devices and lack numerous characteristics such as disper-
sive free imaging and polarization free refraction. Because of their permittivity and 
permeability characteristics, metamaterials affect the propagation of light [3]. Meta-
surfaces’ two-dimensional nature makes them less bulky and allows for lower loss 
structures [4–6]. Metasurfaces have a number of benefits, including a planar struc-
ture and the ability to readily produce them using planar fabrication techniques.
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Fig. 1 Methodology of 
designing metasurface 

In comparison to metamaterial, the cost of fabrication for metasurface is likewise 
extremely low [7–9]. 

In this paper, metasurface is designed and analysis by transmission coefficient and 
reflection coefficient. As well as before designing the metasurface unit cell is also 
analysis on basis of transmission and reflection coefficient. Results of metasurface 
and unit cell shown that reflection is maximum. So, gain of antenna which placing 
upper of metasurface is enhanced. 

2 Design Methodology 

(See Fig. 1). 

3 Designing of Unit Cell and Metasurface with Parameters: 

Designing of unit cell as well metasurface is done on CST microwave studio. 
RT6010LM substrate is chosen from CST substrate library those thickness is 1.27. 

Length and width of chosen substrate is 4 × 6 mm. Patch is designed on substrate 
those length and width are 3 × 5 mm and thickness is 0.035 mm. Left hand side 
and right-hand side on patch a vertical strip slot is cut, those dimensions are 2 ×
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Fig. 2 Design of unit cell 
structure 

Fig. 3 Structure of 8 × 5 
metasurface 

0.15 mm. In same manner slot of 4.082 × 0.15 mm are cut in the middle, then copy 
it while rotating at 25° and 335° as shown in Fig. 2. 

For designing of metasurface length and width of substrate is 32 × 30 mm. 
Unit cell structure is copied and replicate in whole metasurface plate. The distance 
between two-unit cell structure is 1 mm in column wise as same as 1 mm in row 
wise. In complete metasurface structure 40-unit cell is designed as shown in Fig. 3. 

4 Results and Discussion 

Rectangular Shape Unit Cell design is simulated between 1–30 GHz frequency band. 
Figure 4 shows current distribution of unit cell. Transmission coefficient (S21) of unit  
cell is shown in Fig. 5, we observe that transmitted electric field is −40 dB on both
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Fig. 4 Current distribution 
of 2 × 2 unit cell metasurface 
on 28.11 GHz frequency 

Fig. 5 Transmission 
coefficient (S21 in dB) of 
unit cell structure at 8.9 and 
28.11 GHz 

frequency (9 and 28.11 GHz) it means minimum transmission on both frequency 
points. Reflection coefficient (S11) is –0.07 at 8.9 GHz frequency and –0.06 at 
28.11 GHz frequency as shown in Fig. 6, this shows that maximum reflection take 
place on both frequency points. 

Metasurface transmission coefficient (S21) shows in Fig. 7, transmitted electric 
field is –49 dB on 8.9 GHz frequency point and –30 dB on 28.11 GHz shows minimum 
transmission on that frequency points. Reflection coefficient (S11) of metasurface is 
–0 at 8.69 GHz and –0.51 at 28.11 GHz as shown in Fig. 8 shows that reflection is 
maximum.
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Fig. 6 Reflection coefficient 
(S11 in dB) of unit cell at 
8.92 and 28.11 GHz 

Fig. 7 Transmission 
coefficient (S21 in dB) of 
metasurface at 8.9 and 
28.11 GHz 

Fig. 8 Reflection coefficient 
(S11 in dB) of metasurface at 
8.9 and 28.11 GHz
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5 Conclusion 

Designing of unit cell and metasurface are shown in this paper. Gain of any designed 
antenna can be enhanced by placing metasurface in back side of antenna. Designed 
unit cell and metasurface both studied on same frequency points that is 8.9 and 
28.11 GHz. Unit Cell and Metasurface transmission and reflection coefficient shows 
that maximum reflection and minimum transmission on both frequency point (8.9 
and 28.11 GHz), it means power is reflected back on same metasurface plate hence 
gain of any antenna can be enhanced. The gain from metasurface structure can be 
more improve by rotating the unit cells on particular angles. 
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Design and Analysis of Microstrip 
Circular Patch Antenna 
with a Rectangular Slot for Bluetooth 
Application 

Suman Sharma, Richa Sharma, Dinesh Yadav, and Mukesh Arorai 

Abstract The proposed antenna is having a circular patch with ground plane and 
is designed on FR4 (frame sensitive) substrate having dielectric permittivity 4.4 and 
along with it the thickness ‘1.76 mm’, the designed antenna resonates at a frequency of 
around 2.4 GHz that can be used for Bluetooth applications. It provides a directional 
pattern with minimum return loss of around −30 dB. Gain has been improved by 
inserting a rectangular slot, with an improved gain of about 2.1 dB. The design 
is simulated on HFSS software and is further fabricated. The testing was done on 
Network analyzer N9916A and the test results are closely similar to the simulated 
results. 

Keywords Circular patch · HFSS software · Strip line feeding · FR4 substrate ·
VNA 

1 Introduction 

Antenna is a kind of transducer that converts electrical signals in the form of elec-
tromagnetic (EM) waves. Microstrip antennas are having various merits than the
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traditional microwave type of antenna, so these are usually employed in variety of 
applications. A radiating patch is available on one of the sides of the dielectric and a 
ground plane is there on another side of Microstrip patch antenna. Microstrip patch 
antennas are utilized in many applications of wireless transmission such as Bluetooth, 
WLAN etc. [2, 4–6]. 

The demand for Bluetooth support of the smart phone devices has encountered 
immense growth in the last few years. Bluetooth technology supports short distance, 
low data rate wireless communications. The antennas used for Bluetooth applications 
include planar monopole antennas and conventional patch antennas [1, 7, 9] Even a  
small integrated circuit can be used for implementing Bluetooth technology. 

A microstrip patch antenna can be made up of a patch that is conducting and 
also ground plane, in between there is substrate which is a dielectric medium that is 
consisting of a specific dielectric constant and a certain thickness. The measurements 
of patch are less than that of the ground and the substrate. The value of the dielectric 
constant and the resonant frequency determine the dimensions of a microstrip patch 
antenna [3, 10]. 

2 Antenna Design and Designing Parameters 

The purposed antenna is designed on FR4 substrate that is consisting of a dielectric 
constant of value 4.4 and a thickness value of 1.76 mm. The antenna has got a circular 
patch fed by a 50 Ω microstripline and for matching quarter wave transformer is used. 
The ground plane is full. The design is as shown in Fig. 1(a). 

(a) Front View of Proposed design without slot (b) (a) Fron t View of Proposed 

design without slot (c) Back View  

Fig. 1 Proposed antenna
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Table 1 Dimensions of proposed antenna 

Parameters Value (mm) 

Substrate length (Ls) 36 

Antenna width (Ws) 66 

Patch radius (Rp) 16.3 

Length of feed line (Lf) 12 + 17.11 
Width of feed line (Wf) 3.05 

Dimension of inner slot (Si) 6 × 4 
Dimension of outer slot (So) 8 × 6 
Length of ground(Lg) 36 

Width of ground(Wg) 66 

Fig. 2 Return loss (S11) vs frequency plot without slot 

The gain is increased further by cutting a rectangular slot at the centre of patch as 
shown in Fig.  1(b) with overall dimensions. The back view with full ground plane is 
also shown in Fig. 1(c) (Table 1). 

3 Results and Discussions 

The proposed patch antenna design is simulated using the software HFSS and then 
fabricated on substrate FR4 with dielectric constant of value 4.4 and a thickness 
value of 1.76 mm. Then the testing was done using VNA N9916A.
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3.1 Simulation Results 

The return loss in dB is simulated for both designs without slot and with slot as 
shown in Fig. 2 and Fig. 3 respectively. 

The simulation curves show that without slot the antenna was resonating at a 
frequency of 2.6 GHz and with slot the frequency shifted towards desired resonant 
frequency of 2.4 GHz, with a reduced return loss from −22 to −30 dB. 

The radiation pattern results were also simulated for with and without slot designs 
at the resonating frequency as shown in Fig. 4(a) and (b) respectively. The gain 
improved from 2 to 2.1067 dB. 

Fig. 3 Return loss (S11) vs frequency plot with slot 

Fig. 4 Polar plot of the farfield gain of the designed antenna without slot and with slot
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(a) Fabricated design-front view (b) Fabricated design-back view 

Fig. 5 Front view and back view of fabricated design 

Fig. 6 VNA results- s11 parameter 

4 Fabricated Design 

The design was fabricated on FR4 substrate and front view and back view of design 
is as shown in Fig. 5(a) and (b) respectively. 

The testing was done using VNA N9916A. The simulated return loss curves were 
verified as seen from the VNA results in Fig. 6. The resonant frequency was 2.47 GHz 
having a return loss of −25.16 dB which is very close to the simulated results. 

5 Comparison with Other Designs 

The proposed design is compared with similar designs. It can be observedDthat the 
proposed antenna is better than others in terms of overall size and gain and having a 
single element. Table 2 shows the comparison with other results.
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Table 2 Comparison with other designs 

Size (mm) Return loss (dB) Resonant frequency 
(GHz) 

Gain (dB) 

[7] 45*35*10.5 −35 2.61 8 

[8] 49*58*1.6 −26.88 2.45 2.53 

Proposed design without 
slot 

36*66*1.6 −22.5 2.67 2 

Proposed design with slot 36*66*1.6 −30 2.4 2.1067 

6 Conclusion 

A microstrip patch antenna without and with a rectangular slot has been designed and 
simulated for a frequency of 2.4 GHz. The antenna covers the ISM band frequency 
of operation 2.4–2.48 GHz. The antenna has a directional pattern centered at the 
resonant frequency. The designed antenna is simulated and further fabricated and 
tested. The test results were very close to the simulated results. The antenna design 
proposed in this paper can be utilized for Bluetooth applications at a frequency of 
2.4 GHz. The gain can be improved by designing an array of this single element. 
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