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ABSTRACT
Numerical analysis of crosstalk between two traces in a printed 
circuit board is presented using the method of moments (MoM). 
In the high-frequency range, the attenuation constant is neglected 
in the theory for its very small values. The width of the trace is 
accurately determined for the trace impedance of 50 ohm from the 
charge distribution on the traces without using an approximated 
empirical formula. Line capacitances are determined from the total 
charge on the conductors and the line potentials. The coupling 
capacitance and inductance are determined from in-phase and out- 
of-phase excitations between the traces. Crosstalk interference is 
calculated from these coupling parameters. Results of crosstalk 
obtained from the above technique are verified by comparing 
with those obtained from four other methods: (1) Ansoft HFSS 
software tool, (2) even mode and odd mode analysis, (3) empirical 
formulae of parasitic elements, and (4) measurements using 
a vector network analyser. All the results agreed well. The results 
obtained by using the method of moment technique are more 
stable, reliable, and accurate among all the described different 
methods. This paper shows that the analytical method using MoM 
is a useful tool for predicting crosstalk interference in PCB without 
using expensive simulation software.
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1. Introduction

In the design of high-speed and high frequency printed circuit board (PCB) several 
electromagnetic compatibility (EMC) and signal integrity (SI) problems arise due to dis-
tributed characteristics of the traces. The designers find solutions to these problems using 
costly software tools and engineering judgement. One of the most important issues is the 
undesired signal coupling or crosstalk interference from a source trace to adjacent traces 
that takes place through the stray capacitance and mutual inductance between two 
adjacent traces. Therefore, determinations of stray capacitance and mutual inductance 
between the traces are very important for crosstalk calculation. Most of the analytical 
methods of solution for finding these parameters require a specific choice of electric 
charge distribution on the traces. These methods encounter mathematical complexity 
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A B S T R A C T

In this paper, a physical layer security based secure routing problem in a multi-hop cognitive radio enabled
device-to-device (CRD2D) communication, under the threat of multiple randomly distributed eavesdroppers
(EVEs), is studied. Delivery of confidential packets between a given legitimate D2D transmitter–receiver
pair is targeted with the aid of multiple intermediate legitimate D2D nodes that share spectrum of a
predefined licensed∕primary user for their transmissions as unlicensed∕secondary users and operate on the
principle of randomized-and-forward relaying. In view of the energy limitations of the D2D nodes engaged
in IoT applications, the secure routing problem aims to maximize the secrecy energy efficiency (SEE) under
the constraints of − (i) minimum secrecy rate (ii) minimum signal-to-interference plus noise ratio at any
D2D receiver (iii) maximum primary user outage loss in presence of the D2D transmission (iv) maximum
retransmission attempts by any D2D nodes. Based on our analysis, an optimal routing algorithm is proposed.
Simulation results illustrate the dependence of SEE on various critical system parameters. Further, complexity
analysis and implementation issues are also presented for the proposed routing algorithm.

1. Introduction

Among the different types of communication modes being investi-
gated for interconnecting Internet of Things (IoT) devices, device-to-
device (D2D) communication is a prominent networking paradigm in
5G that allows two nearby devices to exchange data with each other
without traversing any base station or access points [1,2]. Fortunately,
with the recent advancements of cognitive radio (CR) technology,
nodes using D2D communications are encouraged to share the spectrum
of licensed users (also known as primary users (PUs)) without causing
adverse impact on their communications. CR based device-to-device
(CRD2D) networks, are highly attractive for next generation networks
for enhanced spectrum efficiency, reduced energy consumption [3] and
improved end-to-end (e2e) delay performance [4].

Despite appreciable potential of D2D communications, the direct
connections between devices are vulnerable to various security and
privacy threats because of the broadcasting nature of wireless trans-
mission. Thus, security issue has been imperative for confidential data
transmission (such as financial transactions, sensitive voice, video, and
message transmission) between D2D users. With the gradual weakening
of the validity of the assumption on the limitation of the computa-
tional capability of the eavesdropper (EVE) and power limited, delay
sensitive and processing restricted features of CRD2D communication,
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traditional cryptographic approaches alone would find it difficult to
deliver a highly secure solution for D2D communication. To this end,
physical layer security (PLS), which exploits the physical characteristics
(e.g. multipath fading, propagation delay, etc.) of wireless channel to
increase security, has been motivating researchers to design secure
communication protocols in presence of the unauthorized EVE [5–9].

Typical performance metrics used to evaluate a PLS based solution
are secrecy rate, secrecy outage probability (SOP), secrecy throughput
and secrecy energy efficiency (SEE). The secrecy rate is popularly
defined as the difference of data rate between the legitimate chan-
nel and the EVE channel [7]. In absence of the perfect knowledge
on the EVE’s instantaneous channel state information (CSI), secrecy
rate is replaced by SOP. The SOP is defined as the probability that
the secrecy rate falls below some threshold confidential information
rate [10]. However, maximizing only secrecy rate or minimizing only
SOP demands enhanced transmit power consumption that can shorten
the limited battery lifetime of the D2D nodes and it is especially true
when D2D is used in IoT applications. The SEE for a point-to-point D2D
communication is defined as the ratio of secrecy throughput attained at
a given link to the power consumption of the transmitter following [8].

Moreover, the additional burden of relaying, in terms of power
consumption, on the D2D nodes that are coupled with any multi-hop
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Abstract: Zinc oxide (ZnO) hierarchical Nanofoam structure on ZnO nanofibers grown SiO2 coated p-Si substrate 
were successfully constructed under chemical deposition technique by forming a homogeneous solution of 
Sodium Zincate (Na2ZnO2) in Teflon-lined Autoclave at 120 oC. The seed layer of hierarchical ZnO nanostructure 
was formed by Sol-gel technique followed by CBD (Chemical bath deposition) technique to grow ZnO nanofibers. 
The surface morphology and crystallinity of the thin film was characterized by scanning electron microscope 
(SEM) and X-ray diffraction (XRD) and controlled by adjusting the pH of the reaction solution. The hierarchical 
ZnO Nanostructure based Formaldehyde (HCHO) Sensor was tested in the resistive mode at dynamic range of 
190 ppm to 2020 ppm formaldehyde vapour to defeat sick building syndrome. It was found to offer high response 
magnitude 94.8 % at 2020 ppm at very low optimum operating temperature 100 oC with fast response time (20 s). 
Finally, the possible mechanism of decomposition of formaldehyde sensor has been discussed with detailed 
explanation of higher response magnitude on exposure of formaldehyde vapour with energy band diagram. 
 
Keywords: ZnO hierarchical nanostructure, ZnO nanofibers, Teflon-lined Autoclave, Formaldehyde sensor, 
Sensing mechanism, Energy band diagram. 
 
 
 

1. Introduction 
 
Hierarchical nanostructure has ushered with 

immense possibilities as there are much scope to 
explore the opportunities with the use of it [1-3]. By 
controlling their physical, chemical properties with 
modifying their shapes and morphology the 

effectiveness of this hierarchical nanostructure can be 
varied in a broad way. There are many reports till date 
with 3-D nanostructures [2-4]. But lower surface area 
with limited gas interaction facets, these types of 
nanostructures cannot compete as a next generation 
gas sensor. Researchers are looking for some new 
developments as next generation gas sensors are 
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Abstract:
Background: ZnO nanofoam cluster was deposited on ZnO nanowires using SiO2/Si substrate.
Nanocrystalline ZnO nanofoam cluster was grown on Chemical Bath Deposition (CBD) grown ZnO
nanowires by consecutive immersion (50 times) of the sample into Sodium Zincate (Na2ZnO2) bath
(0.125M) kept at room temperature and into the de-ionized (DI) water maintained at 80oC.

Methods: Sodium Zincate was prepared by reacting Zinc Sulphate (ZnSO4) and excess Sodium Hydroxide
(NaOH) in aqueous solution. By simple Chemical Bath Deposition (CBD) technique ZnO nanowires of
length of 1-1.5 µm with diameter 2-3 nm were deposited on SiO2 coated <100> p-Si substrate. The ZnO
nanofoam cluster area was found to be ~(0.5 x 0.5) µm2. After structural and morphological
characterizations by FESEM, EDX and AFM, the sensor was tested for three different H2 concentrations
(0.1, 0.5 and 1%) taking N2 as carrier gas at four different operating temperatures (50ºC, 75ºC, 100ºC and
125ºC).

Results: The sensor offered ~98% response magnitude at very low operating temperature 100ºC at 1000
ppm H2 gas with very fast response time (16 sec) and recovery time (52 sec). The unique structure of
nanofoam covers multidimensional area having more molecular surface interactions thus permitting better
response in gas sensing. The I-V characteristics was studied to indicate ohmic nature of the silver contacts
for four operating temperatures with 1% hydrogen in N2 and it was also observed that amplitude of current
is higher with the presence of H2.

Conclusion: Finally the stability study of the H2 sensor was also done in presence of carrier gas (N2) over a
span of 24 hours (6 hr daily).

Keywords: ZnO nanofoam, ZnO nanowire, chemical bath deposition, H2 sensing, I-V characteristics,
stability.
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Abstract—In this work, a highly sensitive room-temperature 

hydrogen gas-sensor based on reduced graphene oxide (rGO) 

and zinc oxide nanoparticles (ZnO NPs) nanohybrid structure is 

reported. ZnO NPs were grown by chemical deposition method 

while the rGO layer was produced by the electrochemical 

exfoliation using tetramethyle ammonium hydroxide (TMAH) as 

organic solvent and then drop-casted on the ZnO NPs layer.The 

detailed morphological (FESEM) and structural (Raman and 

XPS) analysis were carried out to compare different properties of 

pristine ZnO NPs and rGO–ZnO NPs hybrid structure.The rGO-

ZnO NPs nanohybrid sensor with a Pd–Ag (70%) catalytic 

contact was tested for five different hydrogen concentrations (e.g. 

100, 500, 1000, 5000 and 10000 ppm) in synthetic air at room 

temperature. The sensor showed 484.1% response magnitude 

with 21.04s and 47.09s response and recovery time at 100 ppm 

H2. A comparative study explaining the role of rGO-ZnO 

heterojunction co-relating the experimental findings has also 

been presented. The physics behind this room temperature 

sensing has been discussed thoroughly with supportive band 

diagram. 

 
Index Terms—High sensitivity, Hydrogen, Nanohybrid 

structure, rGO-ZnO NPs, Room temperature 

I. INTRODUCTION 

Hybridization of nanostructured metal oxides with graphene 

has been well documented due to its supportive chemical and 

physical properties like large surface area, high mobility and 

chemical stability [1, 2]. Sporadic attempts have been made by 

many researchers [3, 4] to study the semi metal behavior of 

graphene where they found that the low resistivity of graphene 

is a serious problem in the application of gas sensor. To 

overcome this issue, graphene and its derivative paved a new 

way in the area of next generation gas sensors. There are 

various methods have been adapted to optimize the sensing 

parameters like response magnitude, response time and  
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recovery time. Reduced graphene oxide is a good alternative 

due to its higherresistivity, inherited high mobility and other 

interesting property. 

Literature survey [5-9] reveals that the sensing performance 

of rGO-ZnO nanocomposite towards H2 and other reducing 

gases improved significantly by incorporating rGO-ZnO 

nanohybrid structure either in distinct layers or in the form of 

composite as it provide unrestricted flow of electrons one to 

another. 

Sensing performance of any metal oxide sensors like ZnO is 

the function of working temperature [10].The high working 

temperature leads to higher power consumption, additional 

fabrication steps and imposes several restrictions on its 

performance like poor selectivity. The depletion layer that 

appears around the ZnO grain boundaries opposes the 

electrons transfer thus degrading the response of the sensor. 

To circumvent the above mentioned problems, several 

modifications like doping or surface fictionalization have been 

adopted. Literature review [5-9] reveals that the sensing 

performance of ZnO towards hydrogen was found to be 

improved extensively by integrating rGO nanosheets at some 

optimum temperature. But there is a crisis of room 

temperature hydrogen sensor with higher response and faster 

response/recovery time. As for example, Zain et al. [5] 

reported the rGO-loaded ZnO composite NFs and rGO-loaded 

SnO2 composite NFs that were exposed to H2 gas of 10 ppm 

concentration at 300˚C temperatures.  With 10 ppm H2 rGO-

ZnO NFs revealed greater responses than the rGO-loaded 

SnO2NFs at 300˚C which is quite high. 

Vardan et al. [6] was prepared a hybrid structure based on 

GO and ZnO on alumina substrate. It has been proved by that 

rGO /ZnO composites showed 40-50% enhanced response to 

NO2 and H2 over pure ZnO sensors. But the drawback of this 

method is its incompatibility to standard CMOS process 

technology. 

Similarly, Dongzhiet. al. [7] has reported a hybrid structure 

of e ZnO/ rGO prepared by hydrothermal process and its use 

as methane gas sensor. The sensor exhibited outstanding 

repeatability, fast response-recovery time (30s and 40s) with 

good selectivity, at as low as 190 ˚C temperature. But the 

work used a built in Ni–Cr microheater which require 

additional fabrication steps. 

Kanika et al. [8] also prepared Graphene/zinc oxide (ZnO) 

nanocomposite on alumina substrate by in situ reduction of 

zinc acetate ((CH3COO) 2Zn·2H2O) and graphene oxide (GO) 

during refluxing. Sensor revealed that at 1.2 wt% 
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Abstract: 

Gesture based interaction systems are becoming very popular both at workplace and home. This work intends to develop a system 

which can recognize hand gestures which can be used as an input command to interact with the PC or laptop. One of the key areas 

which need to be looked at while developing such systems is the code implementation stage. In order to manage the work we shall be 

using Python for the implementation of the code. We feel that if we successfully meet our goals then we shall have contributed 

towards the future of natural gesture based interfaces, if only in a minimal way. 

 

Keywords: Hand gesture, Ultrasonic sensors, Arduino UNO, Python. 
 

I.  INTRODUCTION 

 

In order to control pc using ultra sonic sensors, this technique is 

called Leap motion which enables us to control certain functions 

on our computer/Laptop by simply waving our hand in front of 

it. It is very cool and fun to do it, but these laptops are really 

priced very high. So in this work let us try building our own 

Gesture Control Laptop/Computer by combining the power of 

Arduino and Python. We will use two Ultrasonic sensors to 

determine the position of our hand and control a media player 

(VLC) based on the position. We have used this for 

demonstration, but once we have understood the work, we can 

do anything by just changing few lines of code and control our 

favourite application in our favourite way. The concept behind 

this work is very simple. We will place two Ultrasonic sensors 

on top of our monitor and will read the distance between the 

monitor and our hand using Arduino, based on this value of 

distance we will perform certain actions. To perform actions on 

our computer we use Python Pyautogui library. The commands 

from Arduino are sent to the computer through serial port. This 

data will be then read by python which is running on the 

computer and based on the read data an action will be 

performed. The incoming time-domain signals are buffered, and 

Fourier transform is applied on them. The Arduino can be 

connected to the PC/Laptop for powering the module and also 

for serial communication. The result of this operation is 

magnitude vectors that are spread equally over the spectral 

width. After each FFT vector is computed, it is further processed 

to determine the bandwidth of the signals, speed of gestures and 

motion detection. The detected motions are then converted to pc 

commands. 
 

A. Proposed Work 

This paper introduces a technique based on determining distance 

by the sensor and accordingly a particular function is performed. 

Some recognition methods of the gestures are proposed and then 

actions are recognized using sensor. We set up few mainstream 

methods based on the action recognition by the sensors. The 

sensor device is attached on computer at head of the screen, for 

quick operation. In this field much research work has been done 

but that work is related to hand recognition, real time finger 

recognition and recognition of alphabet characters [1]. Real time 

human computer interactions using hand gesture are also used 

for much functionality [2] such as video control, music player, 

gaming [2], controlling the functions of PDF reader etc. All 

these interactions have real time gesture recognition techniques. 

A gesture controller resolution always requires a physical device 

which follows and recognizes the body languages or 

movements, so that the computer can clarify them [3]. By using 

ultrasonic sensor, the distance of hand can be found which acts 

as aninput. According to the distance of hand, particular function 

is performed. 

 

II. SYSTEM MODEL 

 

A. Principle Behind Our Proposed Scheme 

The principle behind the Arduino based Hand Gesture Control 

of Computer is basically very simple. All we have to do is use 

two Ultrasonic Sensors with Arduino, place our hand in front of 

the Ultrasonic Sensor and calculate the distance between the 

hand and the sensor. Using this information, certain actions in 

the computer can be performed. The position of the Ultrasonic 

Sensors is very significant. The two Ultrasonic Sensors are to be 

placed on the top of a laptop screen at either end. The distance 

informations from Arduino are collected by a Python Program 

and a special library called PyAutoGUI will convert the data 

into keyboard click actions. 
 

B. Circuit Diagram 

The circuit diagram of Arduino part of the model is shown in the 

figure 1. It consists of an Arduino UNO board and two 

Ultrasonic Sensors. We can power up all these components from 

the laptop’s USB Port. 

 
Figure.1. Circuit diagram of system 
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AAABSTRACTBSTRACTBSTRACT   

This paper describes a modified ring patch 

antenna to obtain wide band and 

multifrequency responses for applications in 

wireless communication. Radial slots and 

tuning arms at the inner periphery of the ring 

are added for better impedance matching and 

enhancement of bandwidth. The antenna is fed 

by coplanar waveguide (CPW) and defective 

ground structure (DGS) is introduced by 

cutting two parallel slots in the ground plane. 

The patch is etched on FR4_epoxy dielectric 

substrate with dielectric constant 4.4 and 

thickness 1.6mm over the ground plane. Ansoft 

HFSS software tool is used for the simulation 

and modelling of the antenna and design 

optimization. When a simple microstrip line 

inset fed ring shows an impedance bandwidth

(S11 <-10dB) of 3% at 3.5GHz with return loss 

of -9dB, the modified configuration of the 

antenna produces multi frequency response 

with return loss peaks (≤ -15dB) at 1.12GHz, 

2.35GHz, 2.49GHz, 2.9GHz, 3.3GHz & 

3.5GHz. In this configuration the highest 

impedance bandwidth of 29% is obtained in 

the frequency range from 2.35GHz to 3.2GHz. 

The return losses and radiation patterns are 

measured using a Vector Network Analyzer. 

Simulation results agreed well with those of 

experimental ones. The antenna can be used in 

various  appl icat ions in  wireless 

communication. 

Keywords:— CPW fed patch antenna, 

defective ground structure, multifrequency 

antenna, ultra wide bandwidth antenna. 

I. I. I. IIINTRODUCTIONNTRODUCTIONNTRODUCTION      

Enhancement of bandwidth is one of the 

most challenging works in designing a 

patch antenna for wireless communication 

applications. Several techniques are used by 

many authors and published in the 

literature. R. Chair, et. al[1] described a 

CPW-fed ultra wideband slot antenna with 

u-shaped tuning stub that shows a large 

impedance bandwidth in the frequency 

range from 5.5GHz to 22GHz. E. S. 

Angelopoulos, et.al [2] presented a coplanar 

waveguide fed circular and elliptical slotted 

patch with high bandwidth in the frequency 

range from 1.3GHz to 20GHz. A good work 

on CPW fed slot antenna is also reported by 
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Ultra Wide Band CPW Fed Patch Antenna with Fractal Elements
and DGS for Wireless Applications

Anurima Majumdar*, Sisir K. Das, and Annapurna Das

Abstract—This article describes multiresonance behaviour to achieve ultra-wideband (UWB)
characteristics of a co-planar waveguide (CPW) fed circular patch antenna with a ground plane reflector
by using fractal elements and rectangular defective ground structure (RDGS) technique. The patch
consists of a circular disc with six ring type fractal elements on the periphery of the disc and slotted
defective ground surface (DGS) at the bottom of an FR4 epoxy dielectric substrate to increase the
antenna bandwidth. The antenna resonates at frequencies of 5.4 GHz, 9 GHz, & 10.8 GHz with return
loss better than −20 dB. The proposed antenna also exhibits UWB characteristics with (≤ −10 dB)
impedance bandwidth of 170.4% in the frequency range from 1.8 GHz to 11 GHz. This covers the whole
UWB range from 3.1 GHz to 10.6 GHz as defined by FCC. The antenna exhibits nearly omnidirectional
radiation pattern and a gain ranging from 1 dBi to 6.8 dBi within the operating frequency range
(1.8 GHz–11 GHz). An equivalent circuit model of the proposed antenna is developed, and the circuit
response is obtained. All the measured results are found in good agreements with the simulated ones.
The proposed antenna is suitable for applications in Wi-Fi, IEEE 802.11a Wireless LAN, WiMAX, ISM
bands, wireless communications, etc.

1. INTRODUCTION

As per FCC, the UWB range is defined from 3.1 GHz to 10.6 GHz [1]. The ultra-wideband (UWB)
patch antennas have advantages for its conformability, wideband operability, high data rate, low power
consumption, robustness to fading, response to high speed pulses, small size, light weight, and low
cost [1–5]. Many techniques have been reported in the literature for enhancing patch antenna bandwidth
and multifrequency operation. One of the commonly used techniques is to configure the patch with
fractal geometry [4–7]. Fractal elements are space-filling self-repeating structures that can be used in
the form of Koch island, Sierpinski Carpet, Sierpinski gasket, Minkowski loop, Hilbert Curve, branches
of tree, rough terrains, etc. In some recently published works Desai et al. [2] and Fallahi and Atlasbaf [3]
used hexagonal shaped fractal geometries to obtain multiresonance and wideband response. The authors
of both the papers used CPW feeding technique. Desai et al. [2] obtained a higher bandwidth of 135%
after adding a defective ground structure which was better than that of [3]. Tripathi et al. [4] reported
a hexagonal fractal antenna using Koch geometry for DGS and obtained a bandwidth of 122%. Ali et
al. [7] proposed a miniaturized UWB antenna based on Sierpinski square slots and a defective ground
structure. They reported a bandwidth of 124.7%. Many authors have used techniques other than fractal
elements like loading of L-shaped slot and meandered line slots [8], edge tapering, and adding parasitic
stubs [9], elliptic single complementary split-ring resonators (ESCSRRs) [10], split ring resonator [11],
using of parasitic units [12, 13], step impedance resonator (SIR) [14, 15], to achieve multifrequency and
UWB response. The usage of fractal elements is advantageous due to their behaviour as interconnected
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a b s t r a c t

A rectangular microstrip antenna containing an array of narrow L-slots and inverted L-slots is described
for multifrequency operation. The patch was designed for TM010 mode of excitation at 2.1 GHz and is fed
with a coaxial probe from the ground plane. The slots are cut on the patch at two opposite corners. The
widths and lengths of these slots are varied to obtain the optimum performance at multiple frequencies.
The performance parameters of this antenna are reflection coefficient (S11), radiation pattern, gain, and
efficiency. A simple slotted structure without any additional electronic circuit was designed for multifre-
quency operation. The Ansoft HFSS software tool was used for the simulation and optimum design of the
antenna on a FR-4 dielectric substrate above a ground plane. It is observed that the final configuration
produces very good performance at penta frequencies: 1.25, 1.48, 1.8, 2.25, and 2.9 GHz with reasonable
gain. The simulation results are verified with the experimental results and are found to be in good
agreement.

� 2019 Elsevier GmbH. All rights reserved.

1. Introduction

In recent years, the development of telecommunication tech-
nology has increased. The technology has reached to 5G through
3/4G. Subsequently challenges in the design of mobile phone
antenna have increased for multiband operation. The GSM fre-
quency bands are 850, 900, 1500, 1900, 2300, 2600 MHz, UMTS
frequency bands are 1885–2025 MHz and 2110–2200 MHz. LTE
and WiMax frequency bands are 700 MHz, 1700–2100 MHz,
1900 MHz and 2500–2700 MHz. Ultra-high frequency bands are
1240–1300 MHz and 2900–4100 MHz. Microstrip patch antennas
are widely used in large quantities for their compact size, light
weight, low profile, planar configuration, portability, robustness
and low fabrication cost. But, there are some disadvantages as well.
Such as narrow band, low efficiency and low gain. Slotted micro-
strip antennas are designed for operation at multiple frequencies
for different mobile networks at different countries.

For multifrequency operations, slotted microstrip patches are
used with aperture couple feed [1]. A dual frequency antenna using
single co-axial feed and a pair of bent slots placed close to non radi-
ating patch is presented and these resonant frequencies are con-
trolled by changing the bent angle [2]. Different compact spiral
microstrip antennas are described in the literature [3,4] for multi-
band operation in which the size of the antenna is reduced as com-

pared with that of traditional patch antenna. A patch antenna is
designed for operation at hexa-band frequency by reconfiguring
the shape using electronic switching [5]. Various types of modeling
techniques are proposed for broad banding, multiband operation,
size reduction, and circular polarization [6,7]. Formulation of the
slot’s resonant length in some slotted microstrip antenna are given
by using surface current and voltage distributions for dual-band
operation [8,9]. A gap-coupled and multilayer-stacked microstrip
antenna is presented for multiband and broadband operation
[10]. A dual-fed dual-frequency dielectric resonator antenna
(DRA) is investigated for high gain [11]. A triple-band microstrip
antenna with three-nested loop and a rectangular stub connected
to the feed line with good impedance matching is proposed [12].
A complicated two-layered (including a partial reflecting surface)
dual-band microstrip antenna is presented [13]. A slotted elliptical
patch is designed for multifrequency operation and an inset-fed
dual-band patch antenna array with DGS is proposed [14,15].

A slotted array antenna using cavity-backed substrate inte-
grated waveguide (SIW) for dual-band operation is investigated
[16]. The operation mechanism of high-order modes is analyzed
and then verified through simulations by inserting metallic vias
in different positions of the resonant SIW cavity. A complicated
antenna structure with T-shaped SLRR (Stub Loaded Ring Res-
onator) slot on the ground plane is designed. Also a U-shaped slot
on microstrip feed line is there. The antenna is investigated for
dual-band and triple frequency operation with wide bandwidth
[17]. Some slotted triangular microstrip patch antennas with mul-
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Abstract: This paper describes a cost-effectivewater saving IoT 

based intelligent irrigation system for agriculture. Today, the 

farmers are suffering from the lack of resources, rains and 

scarcity of water. The objective of this paper is to design a smart 

irrigation system that would be useful for water management. In 

this IoT based system a moisture sensoris used to sense the 

moisture content present in the soil and according to that the 

water irrigation will be controlled by a microcontroller. A filter is 

also introduced for the purification of water as per requirement. 

There is no need of GSM modules or any wireless transmission 

gateway which makes the cost of the system around Rs. 1000/- 

which makes it economically affordable for Indian farmers. So, 

there is a need of saving water for which we need a smart 

technology that is an intelligent irrigation system that will help us 

to manage the usage of water in agriculture. 

Index Terms: IoT, Smart Agriculture  

I. INTRODUCTION 

In countries like India agriculture is an important part of 

socio-economic balance. According to the huge population of 

this country there is a high demand of food, which demands 

continuous advancement in the field of agriculture and 

technology. To maintain good agricultural system, 

maintenance of the fertility of soil andirrigation management 

are the two most importantthings. Water management 

specially in case of irrigation is a big challenge for countries 

like India. Nowadays for irrigation different Techniques are 

available which are used to reduce the dependency of rain. To 

improve water efficiency there must be a proper irrigation 

scheduling strategy.  

IoT offers a compact system with interconnected objects with 

built-in capability of computing, sensing and 

communication[1]Many authors have reported smart 

irrigation system using microcontroller and raspberry pi [2-5]. 

The cost of these proposed system is on an average 

Rs.15000/-. Most of them require a good network coverage 

and high maintenance. 
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During the field survey the authors came to know that many of  

the farmers are not equipped with smart phones and some 

have only one phone in the family. Many of the fertile fields 

are not under network coverage. Many farmers do not have 

idea about smart irrigation nor do have enough financial 

capability to afford one due to high cost.  

So, the main aim of the project was to design a model that 

would fulfill all the auto-irrigation criteria and also would be 

easy to avail by the farmers. 

In this paper the concept of IoT is used to design an 

auto-irrigation system. The main objectives are 

 Improve water management 

 Reduce human intervention 

 Make it economically friendly to farmers 

 Conservation of water. 

The concept of IoT is used in the model of smart irrigation 

system. It helps in water conservation by automatically 

providing water to the agricultural field depending upon the 

dampness (moisture) level of soil and the temperature of 

nature's domain. But the great issue is water pumping based 

on the soil conditions. In this system an electronic device is 

responsible for sensing Moisture conditions. When this 

moisture value is not up to the required level in irrigation field 

then the motor is switched on to irrigate the field. Smart 

irrigation systems estimate and measure the existing plant 

moisture in order to restore water as needed while minimizing 

excess water use.A filter is used here to purify the water as per 

the requirement of the corps. 

II. MATERIALS & METHODOLOGY 

A. System Architecture 

The proposed auto- irrigation system uses soil moisture 

sensor, power supply, DC water pump motor (9v), 

Arduino-Nano, water level indicator as shown in the Figure 1. 
The microcontroller Arduino Nano (ATmega328P) is the 

core part of the system. The moisture sensors are connected to 

the input pin of the controller. The water pump is connected 

with the output pin with the help of 5v relay module. If the 

sensors depart from the predefined range, the controller turns 

on the pump. The DC pump is connected with the water 

reservoir. The water is stored in the reservoir after filtration(if 

needed). There is a water level indicator with an alarm 

connected with the reservoir which will indicate whether the 

reservoirs full or not. 

 

Avirup Mondal, Bikram Saha, Ananya Biswas, Anurima Majumdar, Antara Ghosal 

IoT Based Auto-Irrigation System for 

Agriculture 

mailto:antara.ghosal1989@gmail.com
mailto:/antara.ghosal@gnit.ac.in


International Journal of Engineering Science  and Computing, March 2017         5353                                                                 http://ijesc.org/ 

          
ISSN 2321 3361 © 2017 IJESC                                                                                                   

                                                       
 

 

Distributed Routing for Interference Minimization in Cognitive 

Radio Networks
Surajit Basak 

Department of Electronics & Communication Engineering 

Guru Nanak Institute of Technology, Kolkata, India  

 

Abstract: 

We investigate the problem of total interference minimization at primary user under the constraint of end-to-end data rate in 

cognitive radio networks. To solve the problem a cross layer approach is adopted. Closed form expression for power allocation  is 

obtained and from which routing metric and spectrum assignment policy is also extracted. Distributed implementation related to 

the proposed optimal routing, power allocation and channel allocation scheme is also proposed. Simulation results show that o ur 

proposed optimal approach succeeds in reducing interference to primary user in a significant manner.   

 

Keywords: Cognit ive radio networks, Cross-layer, Decode-and-forward, Interference. 

 

I. INTRODUCTION  

 

Cognitive rad io network (CRN) [1] is a dynamic spectrum 

access network where communicat ion among the nodes is 

carried out through the unused spectrum of licensed users 

available at the instant. A CRN consists of Primary Users 

(PUs) that have licensed spectrum bands to operate and 

Secondary Users (SUs) who uses the available spectrum of 

PUs in an opportunistic manner for communications. Most 

research in CRN has focused on a single-hop wireless access 

network, the research community has recently realized that  

cognitive paradigm can be applied in  mult i-hop networks to 

provide great potential for unexplored services and enable a 

wide range of multimedia applicat ions with the extended 

network coverage. In the last few decades different routing 

schemes have been developed for CRNs [2-3]. However any 

routing scheme that increases the level of interference 

optimization [4] than the existing schemes will enhance the 

performance of the networks. Considering the PUs as prime 

concern the best routing scheme will result in minimum 

interference at PUs without any constraint on transmission 

rate. Recently, the issue of routing for interference 

minimizat ion in multihop CRNs was studied in [5- 6]. To the 

best of authors’ knowledge, the issue of joint power allocation, 

routing and channel allocation in data rate restricted CRNs has 

not yet been considered in open literature. Therefore, in this 

paper, we study a cross layer approach with the core objective 

of interference minimization, which has great importance from 

the perspective of green communication. To solve the 

problem, first we propose joint power allocation, routing and 

channel allocation strategy in CRNs for solving the minimum 

interference problem for a given end-to-end data rate 

constraint. The solution may be described in three parts. First, 

a closed form solution for power allocation is obtained for this 

joint optimization problem with end-to-end data rate 

constraint. Next, we design a novel path weight function      

and channel allocation strategy. Further distributed 

implementation is also proposed for the optimal scheme. This 

is the main contribution of the paper. The content of this paper 

is arranged as follows. The system model is described in 

Section II. In Section III, we design the problem for total 

interference power optimizat ion under the constrained 

transmission rate ( ) and derive its solution. A distributed 

route selection strategy, channel allocation and power 

allocation are proposed in Section IV. Sect ion V presents the 

network performance evaluation through simulation. Finally, 

we conclude the paper in Section VI.  

 

II. SYSTEM MO DEL 

 
A. Network Model 

Let us consider a CRN consisting of   no. of SUs and   no. 

of PUs is located outside the network area. The network is 

represented by an undirected graph         where   

denotes the set of SU nodes and   denotes the set of wireless 

links between SU nodes in the network. SUs are numbered 

from            whereas the PUs is numbered 

from           . Each                 consists of a 

primary transmitter     and a primary receiver     . The 

locations of the PU nodes are fixed and the SU nodes are 

considered to be static or moves very slowly. For ease of 

understanding a single routing session is considered between a 

given source-destination pair. Let      be the source node and 

    is the destination node. A path is defined between the 

source and destination nodes by a sequence of connected 

nodes where no node is encountered more than once. The path 

                   , where     (             ) 

acts as decode-and-forward (DF) relay nodes. 

 
B. Wireless Link Model 

We consider that the wireless links between the SU nodes are 

Rayleigh distributed and the fading amplitudes are statistically 

independent to each other. We assume that the network is 

using time div ision multip le access protocol (TDMA) without 

spatial reuse and noise at each SU node is Additive White 

Gaussian Noise (AWGN) with zero mean and unit variance. In 

our system model, only the interference to the PRs due to SU 

nodes are taken into account. The interference to the SU nodes 

due to PRs are ignored. The channel gain from     to     is 

determined by 

 

    
  

                                         (1) 

 

 

Research Article                                                                                                                             Volume 7 Issue No.3   



IJSRD - International Journal for Scientific Research & Development| Vol. 7, Issue 03, 2019 | ISSN (online): 2321-0613 

 

All rights reserved by www.ijsrd.com 1914 

Stability and Control of Quadcopter 
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Abstract— This project presents a systematic approach 

towards the stability analysis and control of a real dynamic 

system. A very interesting mechatronics platform, namely, 

quadrotor helicopter, which is a highly nonlinear and cross-

coupled dynamic system and poses challenges for many 

classical control techniques, has been considered as a 

candidate system to illustrate the proposed control law. A 

novel methodology has been presented to analyze the stability 

of the nonlinear system by using Lyapunov- Krasovskii 

method and stabilize the system by implementing the control 

law. Lyapunov-Krasovskii method for analyzing the stability 

offers distinct advantages over other control methods. PD and 

PID control law have been implemented to stabilize the 

system and produce satisfactory results. Therefore, PD and 

PID controller can make quadcopter approaching the 

stationary state. 

Key words: Quadrotor, Nonlinear System, Cross-Coupled 

Dynamic System, Lyapunov- Krasovskii Method, 

Quadcopter 

I. INTRODUCTION 

In recent year there has been widespread interest in the small 

unmanned aerial vehicles (UAV) utilized in various civilian 

applications, like weather analysis, delivery services, news 

agencies, traffic management and also used in a different 

military operation like aerial surveillance, information 

gathering, and aerial targeting. Therefore, an unmanned aerial 

vehicle is an interesting mechatronics system and poses 

significant challenges for the application of many 

conventional control design technique. One of the most 

popular types UAV commercially used in the civilian 

application is Quadcopter. One of the most popular types 

UAV commercially used in the civilian application is 

Quadcopter. The quadcopter has received extensive attention 

from the researchers for the aerodynamic properties have 

been incorporated in mathematical modeling, makes it more 

complicated for precise and stable control. . Therefore, any 

attempt to derive a generalized state-space model for such a 

nonlinear and coupled multivariable system results in a very 

big and complex mathematical model. The main purpose of 

this project is to present the basis of quadcopter modeling and 

control to form a basis for further research and development 

in the area. This project pursued with two aims, the first aim 

is to study the mathematical modeling of the quadcopter for 

analyzes the stability of the system and the second aim is to 

implement an appropriate control law for stabilization and 

trajectory control of the candidate system.  

II. MODELING OF A QUADCOPTER DYNAMICS 

A quadcopter is a four-rotor helicopter. It is an under 

actuated, dynamic vehicle with four input forces (one for each 

rotor) and Six Degrees of Freedom (6DOF). The motion of a 

quadcopter in 6DOF is controlled by varying the rpm of the 

four rotors individually, thereby changing the lift and 

rotational forces quadcopter tilts toward the direction of the 

slow spinning motor, which enables it to roll and pitch. Roll 

and pitch angles divide the thrust into two directions due to 

which linear motion is achieved. The rotors rotate in 

clockwise- anticlockwise pairs, shown in Fig. 3 to control the 

yaw produced due to the drag force on propellers. The Center 

of Gravity (CG) lies almost at the same plane which contains 

all the rotors. Also, all four motors of same class differ in 

efficiency with each other. This differentiates it from the 

helicopters, and it is very difficult to stabilize a quadcopter by 

human control. Therefore, sophisticated control is essential 

for a balanced flight of quadcopter. 

 
Fig. 1: Quadcopter 

III. BASIC MOVEMENTSMODELING AND SIMULATION USING 

HFFS 

The motion of quadcopter in 6DOF is controlled by varying 

the rpm of four rotors individually. According to the rotor 

number 1 and 3 (or front and rear rotor) rotates CCW 

(Counter Clock Wise), and rotor number 2 and 4 (or right and 

left rotor) rotates CW (Clock Wise). Because of this 

arrangement, aerodynamic torque is canceled by each other. 

Initially, the helicopter is on the ground before taking off. 

There are five status of movement condition for the quad-

rotor helicopter after taking-off. Those are hovering, vertical 

(or thrust), rolling, pitching and yawing movements. Each 

movement condition is characterized by different motor 

speeds. 

 Hovering  

 
Fig. 2: Quadcopter Schematic (Hovering) 



International Journal of Engineering Science and Computing, July 2019           22288                                                              http://ijesc.org/ 

                    

ISSN 2321 3361 © 2019 IJESC                                                                                                   

                                                       

On BER Minimizing Routing and Power Allocation in Multi-Hop 

Cognitive Radio Ad-Hoc Networks 
Poulomi Das

1
, Pratyasha Mitra

2
, Ankita Pal

3, Kaustuva Chakraborty
4
, Surajit Basak

5

Department of Electronics & Communication Engineering 

Guru Nanak Institute of Technology, Kolkata, India 

Abstract: 

Route selection to minimize end-to-end (e2e) bit error rate (BER) experienced by secondary users (SUs) in a given 

communication session is one of the key challenge in a multi-hop CRAHN. We study the problem under the constraint of total 

interference power at primary receiver due to the transmission of SUs. The above problem is formulated as a joint power 

allocation and routing problem. By using Lagrangian convex optimization, closed form expression for optimal power allocation is 

obtained for SU source and relay nodes. Based on that, path weight function and routing metric is extracted. Distributed 

implementation of the proposed joint power allocation and routing scheme is also presented. Simulation results show that our 

proposed scheme succeeds in BER minimization in a significant manner. 

Keywords: Cognitive radio ad hoc networks; BER minimization interference minimization; multi-hop; joint routing and power 

allocation. 

I. INTRODUCTION  

Cognitive radio (CR) has emerged as a potential solution for 

the problem of spectrum scarcity by implementing dynamic 

spectrum access (DSA) technology [1]. In CR system, 

secondary users (SUs) are allowed to access the licensed 

spectrum, originally allocated by primary user (PU), without 

compromising the interest of PU. CR networks are of two 

types: infrastructure based networks and infrastructure less 

networks. The second type is known as CR ad hoc networks 

(CRAHNs) [2]. Routing in CRAHNs is a challenging task 

because existing routing solutions for wireless ad-hoc 

networks (WANETs) fall short of meeting the unique routing   

challenges in such networks that includes dynamic nature of 

spectrum availability due to stochastic presence of PUs in the 

licensed band. In [3], the authors propose a distributed routing 

and scheduling algorithm  to minimize the cumulative 

interference to PU by adaptively updating the individual link 

cost by interference to PU from corresponding SU and flow 

condition. In [4], the authors adopt a game–theoretic approach 

for designing a distributed and dynamic routing scheme for 

minimizing both overall interference  from the SUs to the PUs. 

In [5], authors propose a power control mechanism to 

minimize aggregate interference at PU in underlay CR 

networks. In previous paper author developed two new joint 

power allocation and routing strategies: minimum total power 

(MTP) strategy and equal power allocation (EPA) strategy. 

While objective function for MTP is the total power which is 

to be minimized for BER constraint, EPA strategy provides 

maximum path life time for the BER constraint. In previous 

paper author investigate the problems of SUs networks 

lifetime maximization and interference to PU minimization 

jointly in BER constrained stationary ad hoc networks. To the 

best of our knowledge none of the earlier above studies BER 

minimizing routing CR networks. In this paper, a routing 

problem is formulated to minimize the end-to-end (e2e) BER 

in CRAHNs. Considering the issues of transmit power 

allocation, interference to the primary receiver (PR) and BER 

together in CRAHNs, it may be noted that increase in transmit 

power leads to decrease in e2e BER but it enhances 

interference to PR.Thus, we aim to find a route that minimizes 

e2e BER with the constraint of total interference at PR caused 

by the transmission of SUs. First, closed form expression for 

power allocation is obtained. From this power allocation 

solution, a novel path weight function is obtained which is 

shown to satisfy three essential properties of any routing 

protocol i.e. optimality, convergence and loop freeness. A 

modified distributed Bellman-ford algorithm is applied to find 

the optimal route. Simulation results are also present to verify 

our analysis. The remainder of the paper is organized as 

follows. Immediate next section introduces system model with 

key assumptions. The problem is also formulated in this 

section. Section 3 represents closed form expression of power 

allocation solution followed by extraction of routing metric. In 

section 4, distributed implementation of routing and power 

allocation is presented and section 5 presents simulation 

results. Finally, section 6 concludes the paper. 

II.SYSTEM MODEL 

A. Network Model 

Let a wireless multi hop CRAHN is modeled by an undirected 

graph 𝐺(𝑉, 𝐸) where, 𝑉 is the vertex set indicating the set of 

|V| SU nodes in the network and 𝐸 indicates the edge set of 

the wireless links of the network.  Each SU node is equipped 

with an omnidirectional antenna and limited battery energy. A 

sequence of messages is continuously transmitted by the 

source SU node 𝑆1 to the destination SU node 𝑆𝑁+1 through a 

path  ρ= < S1, S2,….. SN+1>  with N+1 (N+1≤ |V|) nodes 

where 𝑆2 to 𝑆𝑁+1 nodes are the SU nodes performing the role 

of decode-and-forward (DF) relays. There are (𝑁 − 1) hops in 

the path ρ and the link between SU node 𝑆𝑖and 𝑆𝑖+1  is 

denoted as 𝑖 − 𝑡ℎ hop for i∈{1,2,…..N-1}. SU nodes G\ ρ are 

kept in sleep mode to save energy resource.  The PU network 

is composed of one primary transmitter (PT) and one PR is 

located outside the SU network area. 

B. Wireless Channel Model 

We assume that the wireless links between SU nodes are 

characterized by large scale path loss with Rayleigh fading 
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Abstract— This project presents a systematic approach 

towards the stability analysis and control of a real dynamic 

system. A very interesting mechatronics platform, namely, 

quadrotor helicopter, which is a highly nonlinear and cross-

coupled dynamic system and poses challenges for many 

classical control techniques, has been considered as a 

candidate system to illustrate the proposed control law. A 

novel methodology has been presented to analyze the stability 

of the nonlinear system by using Lyapunov- Krasovskii 

method and stabilize the system by implementing the control 

law. Lyapunov-Krasovskii method for analyzing the stability 

offers distinct advantages over other control methods. PD and 

PID control law have been implemented to stabilize the 

system and produce satisfactory results. Therefore, PD and 

PID controller can make quadcopter approaching the 

stationary state. 

Key words: Quadrotor, Nonlinear System, Cross-Coupled 

Dynamic System, Lyapunov- Krasovskii Method, 

Quadcopter 

I. INTRODUCTION 

In recent year there has been widespread interest in the small 

unmanned aerial vehicles (UAV) utilized in various civilian 

applications, like weather analysis, delivery services, news 

agencies, traffic management and also used in a different 

military operation like aerial surveillance, information 

gathering, and aerial targeting. Therefore, an unmanned aerial 

vehicle is an interesting mechatronics system and poses 

significant challenges for the application of many 

conventional control design technique. One of the most 

popular types UAV commercially used in the civilian 

application is Quadcopter. One of the most popular types 

UAV commercially used in the civilian application is 

Quadcopter. The quadcopter has received extensive attention 

from the researchers for the aerodynamic properties have 

been incorporated in mathematical modeling, makes it more 

complicated for precise and stable control. . Therefore, any 

attempt to derive a generalized state-space model for such a 

nonlinear and coupled multivariable system results in a very 

big and complex mathematical model. The main purpose of 

this project is to present the basis of quadcopter modeling and 

control to form a basis for further research and development 

in the area. This project pursued with two aims, the first aim 

is to study the mathematical modeling of the quadcopter for 

analyzes the stability of the system and the second aim is to 

implement an appropriate control law for stabilization and 

trajectory control of the candidate system.  

II. MODELING OF A QUADCOPTER DYNAMICS 

A quadcopter is a four-rotor helicopter. It is an under 

actuated, dynamic vehicle with four input forces (one for each 

rotor) and Six Degrees of Freedom (6DOF). The motion of a 

quadcopter in 6DOF is controlled by varying the rpm of the 

four rotors individually, thereby changing the lift and 

rotational forces quadcopter tilts toward the direction of the 

slow spinning motor, which enables it to roll and pitch. Roll 

and pitch angles divide the thrust into two directions due to 

which linear motion is achieved. The rotors rotate in 

clockwise- anticlockwise pairs, shown in Fig. 3 to control the 

yaw produced due to the drag force on propellers. The Center 

of Gravity (CG) lies almost at the same plane which contains 

all the rotors. Also, all four motors of same class differ in 

efficiency with each other. This differentiates it from the 

helicopters, and it is very difficult to stabilize a quadcopter by 

human control. Therefore, sophisticated control is essential 

for a balanced flight of quadcopter. 

 
Fig. 1: Quadcopter 

III. BASIC MOVEMENTSMODELING AND SIMULATION USING 

HFFS 

The motion of quadcopter in 6DOF is controlled by varying 

the rpm of four rotors individually. According to the rotor 

number 1 and 3 (or front and rear rotor) rotates CCW 

(Counter Clock Wise), and rotor number 2 and 4 (or right and 

left rotor) rotates CW (Clock Wise). Because of this 

arrangement, aerodynamic torque is canceled by each other. 

Initially, the helicopter is on the ground before taking off. 

There are five status of movement condition for the quad-

rotor helicopter after taking-off. Those are hovering, vertical 

(or thrust), rolling, pitching and yawing movements. Each 

movement condition is characterized by different motor 

speeds. 

 Hovering  

 
Fig. 2: Quadcopter Schematic (Hovering) 
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Abstract: This paper describes a cost-effectivewater saving IoT 

based intelligent irrigation system for agriculture. Today, the 

farmers are suffering from the lack of resources, rains and 

scarcity of water. The objective of this paper is to design a smart 

irrigation system that would be useful for water management. In 

this IoT based system a moisture sensoris used to sense the 

moisture content present in the soil and according to that the 

water irrigation will be controlled by a microcontroller. A filter is 

also introduced for the purification of water as per requirement. 

There is no need of GSM modules or any wireless transmission 

gateway which makes the cost of the system around Rs. 1000/- 

which makes it economically affordable for Indian farmers. So, 

there is a need of saving water for which we need a smart 

technology that is an intelligent irrigation system that will help us 

to manage the usage of water in agriculture. 

Index Terms: IoT, Smart Agriculture  

I. INTRODUCTION 

In countries like India agriculture is an important part of 

socio-economic balance. According to the huge population of 

this country there is a high demand of food, which demands 

continuous advancement in the field of agriculture and 

technology. To maintain good agricultural system, 

maintenance of the fertility of soil andirrigation management 

are the two most importantthings. Water management 

specially in case of irrigation is a big challenge for countries 

like India. Nowadays for irrigation different Techniques are 

available which are used to reduce the dependency of rain. To 

improve water efficiency there must be a proper irrigation 

scheduling strategy.  

IoT offers a compact system with interconnected objects with 

built-in capability of computing, sensing and 

communication[1]Many authors have reported smart 

irrigation system using microcontroller and raspberry pi [2-5]. 

The cost of these proposed system is on an average 

Rs.15000/-. Most of them require a good network coverage 

and high maintenance. 
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During the field survey the authors came to know that many of  

the farmers are not equipped with smart phones and some 

have only one phone in the family. Many of the fertile fields 

are not under network coverage. Many farmers do not have 

idea about smart irrigation nor do have enough financial 

capability to afford one due to high cost.  

So, the main aim of the project was to design a model that 

would fulfill all the auto-irrigation criteria and also would be 

easy to avail by the farmers. 

In this paper the concept of IoT is used to design an 

auto-irrigation system. The main objectives are 

 Improve water management 

 Reduce human intervention 

 Make it economically friendly to farmers 

 Conservation of water. 

The concept of IoT is used in the model of smart irrigation 

system. It helps in water conservation by automatically 

providing water to the agricultural field depending upon the 

dampness (moisture) level of soil and the temperature of 

nature's domain. But the great issue is water pumping based 

on the soil conditions. In this system an electronic device is 

responsible for sensing Moisture conditions. When this 

moisture value is not up to the required level in irrigation field 

then the motor is switched on to irrigate the field. Smart 

irrigation systems estimate and measure the existing plant 

moisture in order to restore water as needed while minimizing 

excess water use.A filter is used here to purify the water as per 

the requirement of the corps. 

II. MATERIALS & METHODOLOGY 

A. System Architecture 

The proposed auto- irrigation system uses soil moisture 

sensor, power supply, DC water pump motor (9v), 

Arduino-Nano, water level indicator as shown in the Figure 1. 
The microcontroller Arduino Nano (ATmega328P) is the 

core part of the system. The moisture sensors are connected to 

the input pin of the controller. The water pump is connected 

with the output pin with the help of 5v relay module. If the 

sensors depart from the predefined range, the controller turns 

on the pump. The DC pump is connected with the water 

reservoir. The water is stored in the reservoir after filtration(if 

needed). There is a water level indicator with an alarm 

connected with the reservoir which will indicate whether the 

reservoirs full or not. 
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A low-power microelectromechanical system-based metal–oxide gas sensor along with integrated
signal conditioning unit is presented in this study to detect and quantify the variation of H2 gas
concentrations. The interface circuit controls the sensor operating temperature, measures the H2
gas concentration, contributes a user-friendly interface and can be used with any suitable sensor
network. A PIC16F877A microcontroller has been used for this purpose. The temperature of the
sensors was stabilised by controlling the actuating voltage of the microheater. Temperatures of the
microheater depend on the output voltage of the digital-to-analogue converter (DAC) and were
measured by sampling the heater resistance through the use of a voltage divider and analogue-to-
digital converters (ADCs). A microcontroller accordingly adjusts the output of DAC's in order to
apply the appropriate steering voltage to the heaters. The method employed to measure the
concentration of gases is to sample the voltage drop over the resistances of the sensors by ADCs.
Alarming system for safety measure was also implemented in this design. The preventive action
was taken by introducing an additional feature of wireless communication by sending short
message service via global system for mobile modem to the designated emergency number.

Inspec keywords: temperature measurement; chemical variables measurement;
microcontrollers; low-power electronics; signal conditioning circuits; gas sensors; analogue-
digital conversion; temperature sensors; microsensors; voltage dividers

Other keywords: alarming system; H2; integrated microsystem; integrated signal conditioning
unit; gas concentration measurement; low-power microelectromechanical system; voltage
divider; microheater; mobile modem; digital-to-analogue converter; analogue-to-digital
converters; ADC; interface circuit controls; hydrogen gas detection; metal-oxide gas sensor;
heater resistance; actuating voltage control; voltage drop; DAC; PIC16F877A microcontroller;
wireless communication

Subjects: MEMS and NEMS device technology; Signal processing and conditioning equipment
and techniques; Thermal variables measurement; Thermometry; Chemical sensors; A/D and
D/A convertors; Chemical variables measurement; Chemical sensors; Microprocessors and
microcomputers; Microsensors and nanosensors; Micromechanical and nanomechanical
devices and systems; Other analogue circuits
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Abstract ─ In this paper the methods of finding 

inductance L of a cylindrical via and capacitance C due 

to via pad in printed circuit board (PCB) are described. 

Initially a thin cylindrical via of diameter d without 

pad is connected between a 50 ohm copper trace on the 

top of a dielectric substrate and a ground plane at the 

bottom. The line is terminated with matched load. The 

geometrical structure is simulated using Ansoft HFSS 

software tools to find the input reflection coefficient 

S11. The value of inductance of the via is determined in 

terms of S11 using transmission line formulation. The 

theoretical and experimental results for L as a function 

of d, h, and d/h are compared with those obtained from 

empirical formulae developed by the other authors. The 

results are found in good agreement. Secondly a square 

via pad is added in the trace in absence of via. The 

equivalent capacitance C of the pad is calculated in the 

same way from S11 as it is done for L. Finally, the PCB 

model is configured with a cylindrical via connected 

between the pad in the trace and the ground plane. The 

complex load impedance values are obtained from the 

electrical equivalent circuit of the L-C combination. This 

impedance is also determined from the S11 parameter 

using HFSS. 

Index Terms ─ Microstrip, PCB, reflection coefficient, 

via, via-pad. 

I. INTRODUCTION
Vias are commonly used in PCB design to 

interconnect traces from one layer to another layer. In 

high frequency region, the traces behaves as transmission 

lines and the via presents inductance and/or capacitance 

in place of a short circuit connection between the traces. 

The resulting discontinuity at via position produces 

signal reflections and problems in the return current. An 

equivalent inductance and capacitance of the via are 

evaluated by many authors [1-12] to solve the issues 

related to signal integrity (SI).  

An empirical formula for via inductance is given by 

Pucel [1] considering via image in terms of physical 

dimensions and electrical parameters of the substrate. 

Goldfarb and Pucel [2] have given an empirical 

formulae without considering the image for cylindrical 

via above a ground plane. They showed that their 

numerical and experimental results agree well with 

those obtained by Hoefer and Chattopadhayay [3]. 

Closed-form expressions of the resistance, capacitance, 

and inductance for interplane 3-D vias is described by 

Savidis and Friedman [4]. Wu and Fan [5] investigated 

crosstalk among signal vias considering various 

geometrical parameters. Some closed form expressions 

for the computation of the via capacitance is developed 

by Ndip et al. [6]. Ndip, et al. [7] introduced layer stack 

up scheme to solve electromagnetic reliability problem 

due to return current paths through via. A physics 

based via model is given by Zhang and Fan [8] at low 

frequency depending upon the via geometry. Hernandez-

Sosa and Sanchez [9] described the method for 

calculating the equivalent self and mutual inductance 

of signal vias in parallel planes. For the performance 

assessment and optimization of signal integrity, the 

closed-form expressions for the via-pad capacitance 

and via- inductance is presented by Isidoro-Munoz et 

al. [10]. The coupling of signal from the center trace to 

the adjacent side traces due to radiated signal from the 

via is analytically described by Ghosh et al. [11-12].  

This paper describes the methods of finding 

inductance L of a cylindrical via and capacitance C due 

to via pad in printed circuit board from the concepts of 

transmission line theory and using HFSS. Initially the 

model of via considered is a thin cylindrical post of 

diameter d connected between a 50 ohm copper trace 

on the top of a thin FR4 - epoxy dielectric substrate and 

a ground plane at the bottom without considering any 

presence of pad on the trace. The line is terminated with 

matched load. The structure is simulated using HFSS 

to find the input reflection coefficient S11. The value 

of inductance is determined in terms of S11 using 

transmission line formulation. The theoretical and 

experimental values of L versus d, h, and d/h matched 

well with those obtained from empirical formulae 

developed by the other authors ([2],[4]). Subsequently, 

the PCB structure is taken where a square via pad is 

introduced in the trace without presence of via. Since 

no via is connected, the equivalent circuit of the via pad 
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Abstract
This paper investigates the optimal path selection problem for end-to-end (e2e) outage probability minimization in

clustered cognitive radio sensor networks. In order to improve outage performance of the optimal path, under a high node

density regime, we consider feasibility of virtual multiple-input single-output (v-MISO) links in addition to conventional

single-input single-output (SISO) links in the path. Since sensor nodes in such networks are allowed to access the spectrum

of the primary network only in an opportunistic manner, the path selection problem is studied under the constraints of

probabilistic interference to PU receivers and only single use of any PU channel along the path. The above problem is

formulated as a joint hop-constrained routing, spectrum assignment and transmit power control problem. A convex

optimization framework is used to find a closed form expression for the optimal transmit power of each transmitting node

along the optimal route. Extension of the analytical result facilitates design of a novel routing algorithm, called spectrum

aware-minimum outage intelligent cooperative routing (SA-MOICR) algorithm, which not only selects the minimum

outage path for a given routing session, but also determines the number of nodes and the unique PU channel to be used for

transmission in each hop along the path. Simulation results are found to corroborate our analytical results and quantify the

significant improvement of the SA-MOICR scheme over only SISO or only v-MISO based routing solutions in terms of the

achievable e2e outage probability.

Keywords Cognitive radio sensor networks � Cross-layer approach � Cooperative routing � End-to-end (e2e) outage

probability

1 Introduction

Cognitive radio (CR), popular as the key technology for

implementing dynamic spectrum access (DSA) [1], has

been considered as a promising technique to improve the

spectral efficiency in the next-generation wireless net-

works. In a CR network (CRN), secondary users (SUs)

opportunistically access the licensed spectrum of one or

more primary users (PUs) in such a way that the interest of

the latter is well protected. Wireless sensor networks

(WSNs) typically consist of a collection of energy-limited

sensor nodes working together for a common task [2].

Communication protocols in WSNs have been primarily

focusing on improving energy-efficiency of the networks

considering data communications. However, many new

and interesting applications of WSNs are being explored,

which demand efficient multimedia communications such

as observing and gathering audio, image and video infor-

mation from the event field [3, 4]. For this delay-sensitive

real-time traffic, outage probability is a popular metric to

evaluate the reliability of the transmission. But improving

outage performance of any wireless fading link requires

higher transmission power. Thus, design of energy-efficient

communication scheme, aiming outage probability mini-

mization in WSNs, assumes importance.

WSNs, traditionally known to operate over the license -

free spectrum, are increasingly facing the problem of

spectrum scarcity due to the growing congestion in the
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Abstract ─ Cylindrical vias are commonly used for 

interconnection in multilayered Printed Circuit Board 

(PCB) design. The RF current through vias causes 

radiated interference to adjacent traces. This paper 

describes an analytical method of computing the 

radiation from cylindrical via using the electromagnetic 

theory. Three layer printed circuit board consisting of 

three traces on the top of a dielectric substrate, a middle 

orthogonal trace and a ground plane at the bottom, is 

considered. The RF voltage coupling at the terminations 

of the traces due to the near field radiation from the  

via is computed. The reactive couplings between the 

traces are determined from the parasitic elements using 

transmission line equations. The total coupling obtained 

from analytical method is compared with those of 

modeling and simulation with Ansoft HFSS software 

tool. The total crosstalk is also measured using an 

available Network Analyzer. A good agreement is found. 

The changes of radiated coupling with the change of 

position of via, trace separation and trace length are 

also investigated.  This paper shows that the analytical 

method is a useful tool for predicting interference in 

PCB without using expensive simulation software. 
 

Index Terms ─ Crosstalk, electromagnetic compatibility, 

PCB, transmission line, via, via inductance. 
 

I. INTRODUCTION 
Analysis of reactive cross-talk between the traces 

in multilayer printed circuit board is described by Paul 

[1] using transmission line theory and results are well 

documented. In multilayer PCB, vias are placed to 

interconnect signals from one layer to another. Their 

locations are optimized for desired circuit operation 

with signal integrity and Electromagnetic Compatibility 

(EMC). Very costly software tools are utilized for this 

purpose. The effects of via interconnects are analyzed 

by many authors [2-12]. Pucel [2] developed an empirical 

formula for via inductance using image concept. 

Goldfarb and Pucel [3] developed empirical formula for 

via inductance based on measurements and numerical 

simulation. Cui et al. [4] described EMI problem due to 

via transitions through the DC power bus. Li et al.  

[5] and Suntives et al. [6] have shown shielding of 

interference between PCB traces using an array of vias 

in a trace. Nam et al. [7] shown EMI mitigation in PCB 

using shorting vias around the signal via. Ndip et al. [8] 

described techniques to solve electromagnetic reliability 

problem due to return current paths through via by 

introducing layer stack up scheme. Jiang and Fan [9] 

has given an intrinsic via circuit model through rigorous 

electromagnetic analysis. Wu and Fan [10] analytically 

predicted crosstalk among multiple vias between 

infinitely large parallel planes. Pan and Fan [11] given 

an equivalent multi-conductor transmission line model 

to characterize via structures in multi-layer PCBs for 

signal integrity in high speed digital circuits. Isidoro-

Munoz et al. [12] presented closed-form expressions for 

the via-pad capacitance and via-traces inductance for 

the performance assessment and optimization of signal 

integrity. None of the above publications described the 

analysis of radiation from via and its effects on the 

adjacent lines. Some results of radiation coupling from 

via placed in a fixed position are presented by the 

authors in international conferences [14,15]. 

In this paper the effects of via (interconnect) in a 

three layer PCB are described along with the reactive 

crosstalk between the traces. The three layer board 

consists of three parallel traces (Trace1, 2 and 3) on the 

top of a FR4 dielectric substrate (copper clad FR4 glass 

epoxy, S3110, CEM-1), a second layer trace (Trace 4) 

which is orthogonal to the top traces, and a bottom 

layer of ground plane as shown in Fig. 1. The single 

layer thickness of the substrate is h and having dielectric 

constant 
r . The trace 1 and trace 4 are interconnected 

through a thin cylindrical via of diameter d. The RF 

current through via radiates electromagnetic signal in 

the hybrid medium formed by the solid dielectric 

substrate and the air on the top. The radiated magnetic 

field produces induced RF current on the adjacent 

traces. The net current gives rise to interference voltage 

at the ports terminated with matched loads. 

Since the via model considered here does not have 

pad, and the length is very small due to thin substrate, 

the equivalent circuit of the via is an inductance. This 
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Analysis of PCB to find Trace Impedance by 
Method of Moment and Cross-talk Interference  

Avali Ghosh1, Sisir Kumar Das2, Annapurna Das3 
1. ,2, 3 ECE Department, MAKAUT, GNIT, Kolkata 

Abstract: In this paper the impedance of PCB trace is calculated from the charge distribution on microstrip line using method of 
moment. The parasitic element values are computed to find the crosstalk interference in PCB. The results of theoretical analysis 
are obtained by using MATLAB. The crosstalk interference also found using modeling and simulation with Ansoft HFSS tool. 
These results are compared with the experimental results and found good agreement. 
Keywords: Crosstalk, Multi-conductor PCB traces, Near - end crosstalk, Far - end crosstalk, Method of Moment. 

I. INTRODUCTION 
Double layer printed circuit board consists of multi-conductor microstrip traces. In dense PCB designs, crosstalk interference occurs 
due to electromagnetic coupling between signal traces through mutual inductances and mutual capacitances. Several authors 
analyses coss-talk in PCB[1-10]. In this paper the line parameters such as capacitances and characteristic impedance are calculated 
from the charge distribution on the trace by method of moment. The parasitic element values are computed to find the crosstalk 
interference in PCB. The crosstalk interference also found using modeling and simulation with Ansoft HFSS tool. These results are 
compared with the experimental results and found good agreement. 

II. LINE IMPEDANCE USING METHOD OF MOMENT 
In high-speed systems, control of the electrical characteristics of the transmission lines is crucial. The basic electrical characteristics 
that define a transmission line are its characteristic impedance and its propagation velocity. In this analysis the PCB traces of equal 
width w above a FR-4 dielectric substrate of thickness h and dielectric constant 4.4r are considered above a ground plane. The 
line impedance of the trace can be obtained using empirical formula [11]. These formulae was derived using some assumptions and 
depend on trace width/substrate thickness. The traces are designed in this paper very accurately for 50 ohm using Method of 
Moment as described below 

A. MOM Segmentation 
For surface charge distribution, the microstrip section is divided into N sections as shown in Fig. 1. 

                                                                    Mn ,,.........3,2,1 on the strip                                                                          (1a) 

                                                   NMMMn ,....,3,2,1  on the ground plane                                                     (1b) 

 

Fig. 1  Cross-sectional view of Microstrip section 

Charge density  is constant on each segment nS  

                                                                                    




N

n
nn f

1
 ;                                                                                       (2) 
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 Abstract:  This paper describes the cross-talk problems in printed circuit board design. Some models consisting of multi-
conductor PCB traces above a ground plane are taken. Theoretical analysis in time and frequency domains is carried out to 
obtain results for near-end and far-end cross-talks by using MATLAB. These results are compared with those obtained from 
modeling and simulation using Ansoft HFSS-12 software and experimental results. All the results are found in good agreement. 
The reduction techniques of cross-talk are highlighted. 
Keywords:  Crosstalk, Multi-conductor PCB traces, near - end crosstalk, Far - end crosstalk, Micro-strip. 

I. INTRODUCTION 
Crosstalk is an unwanted electromagnetic coupling from source trace to the victim trace in the printed circuit board. It occurs due to 
near-field / reactive field electromagnetic coupling between signal traces through mutual inductance and stray/mutual capacitance 
between two or more conducting traces. The cross-talk at a given terminal is calculated by the ratio of voltages between the said 
terminal and the input terminal, viz., Vi/V1 , where i is the terminal at which the cross-talk is measured for input at terminal 1.  

II. CROSSTALK ANALYSIS IN FREQUENCY AND TIME DOMAIN 
For crosstalk analysis a microstrip configuration having two traces with equal widths w and separated by s are placed on a lossless 
dielectric substrate of thickness h, is considered as shown in Fig. 1. The substrate has a dielectric constant εr=4.4 and permeability 
µ0. The ground plane and the traces are assumed to be perfectly conducting. All the traces are 50 ohm and matched terminated. 

 
Fig. 1 PCB design describing Crosstalk 

An electrically short length of PCB (i.e. line length much shorter than the minimum wavelength of interest, l<λ/10), can be modeled 
by the lumped equivalent circuit as shown in Figure 2. 

 
Fig.  2 Equivalent circuit of Crosstalk Model of PCB 

In a homogeneous medium, if the traces or lines are weakly coupled and l << λ , the near and far end voltages are obtained from 
equations as [1] 
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Abstract: An ultra wide band circular ring patch antenna array is investigated in this paper. The initial design was a single element 

annular ring patch antenna fed with microstrip line on FR4 dielectric substrate with 4.4r and thickness h=1.6 mm. Eigen value 

solution for 28 GHz yields inner radius a=3.0 mm and outer radius b= 4.05 mm for the patch. The single element shows a bandwidth of 

37.2 % at 28.5 GHz with -21dB return loss. The antenna with four connected annular rings array, fed with microstrip line, shows 

enhanced bandwidth of 57.57 % at 28 GHz with return loss of -23.5 dB. The array also shows multi frequency response. The designed 

antennae can be used in wireless communication(Abstract). 

 

Index Terms: Annular ring antenna, array antenna, ultra wide bandwidth antenna, wireless communication 

 

 

I. Introduction   

     Printed antennas are small size, light weight, easy to install and conformal in shape. They are effectively used in wireless 

communications. One of the main drawbacks in microstrip antenna is narrow bandwidth. Therefore several techniques are used to increase 

the bandwidth. Waqas Farooq , et all [1] has reported a novel wearable antenna operating at 5 GHz where a microstrip patch is mounted on a 

gold base and wearable as a finger ring. By simulating it with CST Microwave studio it showed a good bandwidth of 90.3 MHz. Syed S. 

Jehangir and M. S. Sharawi [ 2]  presented a semi ring slot yagi like antenna operating at 3.6 GHz. The measured bandwidth of the antenna is 

reported to be 374 MHz and directivity of 4.2 dB. In order to achieve higher gain, directivity and high front to back ratio (FBR), they have 

used a simple reflector element and achieved higher FBR. Salai Thillai Thilagam.J, et all [3], have reported an Octagonal shaped planar 

antenna which gave a bandwidth from 2 GHz to 10 GHz over wide multi resonant frequencies when simulated with Ansoft HFSS. A 

reconfigurable single slot-ring antenna using 32 PIN diode switches is proposed by Mahmoud Shirazi, et all [ 4 ] which is able to switch 

between S and C bands. Here the first design of a single slot ring gave a fractional bandwidth of 11.4% which was increased significantly 

and enhanced to 28.2% . Djelloul Aissaoui et all [5 ] reported a novel design of a fractal antenna  for achievement of ultra Wide band 

response. In this paper five iterations are applied on hexagonal-cut circular antenna which is fed with a coplanar waveguide (CPW) feed. The 

simulation result showed a 8.6 GHz impedance bandwidth for operation  ranging from 5.8 GHz to 14.4 GHz. Mohammad Shakawat 

Hossain,et all [6]presented a method of generation of wideband circular polarization (CP) using a stacked patch-ring microstrip antenna with 

a single probe feed. The proposed antenna displayed an enhanced 3dB axial ratio bandwidth of 8% and a simulated impedance bandwidth of 

16%. Zhi Shen, et all [7] proposed a novel design of broadband radiation of the SIW cavity backed ring slot antenna.  Experimental analysis 

confirmed an achievement of 12% bandwidth. Saurabh Dwivedi et all [8] reported a design technique where resonating frequency is reduced 

by lengthening the excited surface current path without increasing antenna length. After this an annular ring is introduced in between the 

symmetrical L-slotted patch and the resonance frequency is reduced by 29.91% when edge-fed or microstrip-line feed technique is used. The 

reported bandwidth of the final antenna is 100 MHz at 2.46 GHz. Yuanyuan Zhang [9] has investigated a centre-fed circular patch antenna 

with two coupled annular rings. They reported that due to the proper coupling of the two annular rings a wide band from 5.45 GHz to 

7.16 GHz is achieved .In their measured result the reported bandwidth is 27.1%. A compact ring shaped monopole antenna is proposed by 

Rahul Singha, D. Vakula and N V S N Sarma [10] resulting in a impedance bandwidth from 6.5 GHz to 25 GHz which covers the entire 

UWB. Ashish Singh, et all [11] carried out a theoretical analysis of a slots and notches loaded microstrip patch antenna to achieve dual band 

operations. The bandwidth of the proposed antenna at TM01 mode is 3.42 % , at TM02 mode it is 3.81 % and for TM03 mode it is 4.80 % . 

    In this paper a microstrip annular ring and its array are designed as shown in Fig.1. The annular ring is designed at 28 GHz for the 

radiation mode of excitation TM120 .The antenna is fed with a 50 ohm microstrip line. Then the number of elements is increased to four and 

placed at suitable locations to form an array. Power is divided into the four elements through 50 ohm lines of different lengths. The design is 

characterised using Ansoft HFSS software tools for amplitude and phase distribution of power for enhanced bandwidth and desired radiation 

pattern. It is seen that the second configuration with four ring arrays gave increased bandwidth and also multi frequency response. 

 

II. Simulation and Design of the Antenna Structure 

 
Fig 1.  (a) A single element annular rings array (b) A four element annular rings array 
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A Wideband Multiband CPW Fed Wineglass 
Shaped Patch Antenna with Tuning Stub for 4G 

Wireless Communication Application 
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Abstract: A novel design of a wineglass shaped patch antenna with tuning stub is inspected in this paper. FR4_epoxy with εr=4.4 
is used as dielectric substrate with height 1.6 mm. The antenna resonates at design frequency 3.4 GHz and gives multifrequency 
response at 3.1 GHz,1 GHz and 4.4 GHz. The impedance bandwidth below -10dB return loss is 19.35 % at 3.4 GHz with return 
loss -25 dB. The analysis of the antenna is done using HFSS simulation tool. 
Keywords: Wideband, multiband, CPW feed, tuning stub, wireless communication 

I. INTRODUCTION  
Microstrip Antennas are very useful and efficient different radio communication systems starting from wireless communication to 
satellite communication. Different techniques has been investigated to improve the performance parameters of the patch antennas 
like getting multi frequency multi band response or higher impedance bandwidth response, better 
gain.Yao Chen,Longfang Ye,Jianliang Zhuo,Yanhui Liu,Liang Zhang,MiaoZhang, and Qing Huo Liu reported a reconfigurable 
circular patch antenna with an arc shaped slot loaded in the ground plane in their paper[1]. They have used 5 PIN diodes for 
matching. By changing the length of the arc slot six frequency band reconfigurations were achieved. Nozomu Ishii, KiyohikoItoh 
has discussed the mechanism of tuning stub for a circular polarised annular mictrostrip antenna in their paper [2]. D. D. Krishna, M. 
Gopikrishna, C. K. Aanandan P. Mohanan and K. Vasudevan has discussed[3] a compact dual frequency slotted circular microstrip 
patch antenna with a dielectric superstrate which improves the bandwidth and lowers the resonant frequencies. The size reduction is 
reported to be 60 % along with better antenna performance. Surendra K roy and LalanJha  has discussed the effect of the length 
modification of  tuning stub on resonant frequency in their paper[4].In this paper a CPW fed wine glass shaped patch antenna with 
tuning stub is investigated for multiband operation and bandwidth enhancement. 

II. DESIGN SIMULATION AND RESULTS 
A wine glass shaped patch antenna is designed using HFSS tool showed in Fig.1. Here the co planar waveguide fed technique is 
used for feeding. The design frequency is at 2.4 GHz. A tuning stub is used for better impedance matching. FR4_epoxy with εr  = 
4.4 is used as dielectric substrate with height 1.6 mm. he dimension of the dielectric substrate is 55mm X 55mm . The ground plane 
is introduced with a circular slot of radius 17mm. All the design parameters are given in details in the below mentioned table I. 

 
Fig 1 : A CPW fed wine glass shaped patch antenna with tuning stub 
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A B S T R A C T

Path selection to minimize end-to-end (e2e) outage experience of cognitive users (CUs) in a given commu-
nication session is one of the key challenges in multi-hop cognitive radio ad hoc networks, where each CU node
experiences a unique spatio-temporal variation of spectrum access opportunity. We study the problem under
the constraint of probabilistic interference to primary receivers, in contrast to the popular trend of considering
detection probability of primary user (PU) transmissions. This is formulated as a joint transmit power control,
spectrum assignment and routing problem and a constrained optimization framework are presented for it.
Further, using a standard technique for solving the convex optimization problem, a closed form expression for
the transmission power of source as well as relay nodes is derived. Based on this, a centralized solution is
proposed for optimal spectrum assignment and route selection. In addition, due to the prohibitive complexity of
the optimal solution, a low complexity spectrum aware-outage minimizing opportunistic routing (SA-OMOR)
solution is presented, along with its possible distributed implementation. Simulation results are used to validate
our analytical results as well as the performance comparison between the proposed SA-OMOR scheme and the
optimal one.

1. Introduction

A cognitive radio ad-hoc network (CRAHN) (Akyildiz et al., 2009),
where each user, also referred as cognitive user (CU), is equipped with a
cognitive radio (CR) transceiver based network interface card, offers a
self organized, fast deployable, multi-hop and scalable wireless network
architecture without the help of any dedicated physical infrastructure.
Possible deployments of CRAHNs include smart grids (Khan et al.,
2016), IoT for smart cities (Afzal and Zaidi et al., 2015), disaster
management (Onem et al., 2013), military operations (Younis and Kant
et al., 2010), etc. For successful deployment of CRAHNs in many of the
above applications, solving routing problem is imperative. However,
routing in CRAHNs is a highly daunting task since the existing routing
challenges of wireless ad hoc networks (WANETs), inherited by such
networks, get coupled with the uncertainty in the underlying spectrum
availability, constrained spectrum access privileges and imperfect spec-
trum sensing (SS). Hence designing a routing metric, exploiting novel
interactions between the routing and the spectrum management func-
tionalities, is of paramount importance in any efficient routing protocol.
A comprehensive survey of the available routing metrics may be found
in Singh and Moh (2016). As noted in Singh and Moh (2016), both
single path and multi-path routing metrics are designed based on some

traditional performance metrics like delay, hop count, power consump-
tion, as well as some new performance criteria unique to CRAHNs like
spectrum availability, route stability. Cluster based collaborative multi-
hop routing has received great attention to improving network perfor-
mance in CR network. In Jiang et al. (2015b), the authors proposed a
collaborative multi-hop routing strategy to maximize the network
throughput. Jiang et al. (2016b) proposed a joint power control,
spectrum assignment, and cluster based collaborative multi-hop routing
algorithm to improve spectrum efficiency in CR network.

For the above reasons, we are motivated to further investigate the
routing problem in CRAHNs. Our goal is to support reliable commu-
nication of delay sensitive traffic over a multi-hop wireless fading link in
a CRAHN which could operate without any dedicated spectrum for
communication.

1.1. Related works

In Jayasinghe and Rajatheva (2010), transmit power control
problem is addressed aiming to minimize the end-to-end (e2e) outage
probability in a relay assisted CR network with underlay mode
(Goldsmith et al., 2009), of operation. A similar problem is dealt
in Yu et al. (2012), considering a joint SS and data transmission
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Abstract— MIMO Ad Hoc Networks are expected to provide 

broadband wireless service parallel to wired counterpart and 

may be replaced for emergency services. MIMO holds the 

significant promise to maximize the resource uses. In this 

paper, the channel capacity analysis is made based on a 

model MIMO Ad Hoc network assuming that each link 

occupies a geometric area that characterizes the amount of 

spatial resources occupied by a link. The amount of spatial 

conditional entropy of the channel with the knowledge of a 
particular received signal yk. The mutual information I(X; Y) 

between the channel input and output is the amount of 
uncertainty obtained by difference between the above two 

entropies and is given as, 
I ( X ; Y )  E ( H ( y k )  H ( y k / xk )) 

 E ( H ( y k )  H (n )) 

 E (log det( I   H R H 
H 

(  H R H 
H 
  

2 
I ))) 

resource of each link is considered with the interference 

effects that inflicts on other links. The link layer capacity is 

investigated here considering the noise effect for the above 

k        kj       j        k kj 

j # k 

Here the element H is a 

kj        j       kj 

 

 

N T    N R 

(2) 

matrix that has a 

MIMO Ad Hoc Network employed in the noisy environment. 

The cumulative distribution function of signal to noise ratio 

with interference effect is calculated first and then 

throughput of the communication link is derived. Finally 

simulated results are shown considering different number of 

nodes. This result helps to find out number of active links 

and data rates within an area. 

Key words: MIMO, Link Layer Capacity, Co-Channel 

 

I. INTRODUCTION 

complex Gaussian distribution.  (k ) is the N  1 additive 

white Gaussian noise vector with zero mean and matrix 

covariance Cw. 
If the set of signals are independent and excited by 

different transmitters and detected by receiver then the 

element H will be independent as well. It is observed that if 

these two conditions are satisfied, the maximum mutual 

information will be obtain and that will be MIMO channel 

for a given transmitter power. The ergodic capacity for 

channel matrix H is given as: 
  P 

A mobile ad hoc network (MENET) represents a system of C    E H   log 2   det  I NR     HH *   T  (3) 

wireless mobile nodes that can freely and dynamically self- 

organize into network topologies. It is basically peer-to-peer 

network of hosts connected by wireless links.[1,2] It has 

been observed that the MIMO technologies help to boost the 

significant advances and lead to potential break through 

towards robust Ad Hoc Network design. Wireless data rate 

for multiple-input-multiple-output (MIMO) systems with 

multiple antennas at both transmitter and receiver obey the 

  P
N  

N 
T 

We have considered the large network so that 

homogeneous channel and interference conditions occurred. 

Under this condition throughput of each link is same and 

summation of that is equivalent to channel capacity. We 

assume that the network is quasi stationary and outage 

capacity of the channel is 
� = log {det( � + 

� 
� �

∗
 )} 

 

following fundamental theoretical limit: 
� = � ∗  � ∗  log(1 + ���) (1) 

� 2 

For K burst or hops. 

�
� �

� 

� � 

Where M=min {Mt, Mr}, and Mt , Mr are the 

number of antennas at transmitter and receiver, respectively, 

provided that an improvement of the rate factor by M[3]. 

MIMO system uses multiple transmitters and 

receivers to create additional paths or radio channels for the 

wireless transmission where each path operates 

independently as the paths are orthogonal in communication 

channels and the receiver recognizes this [4]. This requires a 

high‐ signal to noise ratio which uses sophisticated 

algorithms to separate the paths which overlap in time and 

frequency. The key benefit of MIMO is that it offers 

significant increases in data throughput and link range 

without additional bandwidth or transmit power [5]. It 

achieves this by higher spectral efficiency (more bits per 

second per Hertz of bandwidth)[6] and link reliability or 

diversity (reduced fade)[7]. For noise free channel, the 

average amount of information received would be H(X) bits 

per symbol, when interference and noise are added to the 

receiving signal, then amount of information received by the 

receiver is the ergodic mutual information between the 

channel input and output which can be expressed in terms of 

two conditional entropies: E(H(yk)) known as the self- 

entropy of the channel without any knowledge about the 

received     signal     ykand     E(H(yk⁄xk)) known     as     the 

The random channel matrix �� is varying from one 
burst to the next, �� will itself vary accordingly. 

In this paper we should find out the link failure due 
to interference and also interference cancellation between 

MIMO links. 

This gives us the information about the failure of 

the transmission as well as success or throughput of the 

probability of the output of the network. 

Finally the link layer capacity is calculated and 

simulated to get the results. 

 
II. SYSTEM MODEL AND CHANNEL CAPACITY 

The fig1shows the system model of mobile Ad Hoc 

Networks with multiple antennas. The mathematical  

analysis of this model is done with some assumptions. We 

assumed here that the MIMO nodes are uniformly 

distributed with in the network area, and assume that each 

link between the transmitting and receiving antenna has 

same statistical characteristics. The topology of the network 

changes dynamically and distributed over the nodes forming 

the networks. Here all transmitting nodes are connected to 

the receiving nodes using mobile links. Let us consider that 

the node R is the receiving node where the other nodes are 

transmitting nodes without loss of generality the link HR is 
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Abstract - Mobile ad hoc networks (MANET) plays an 
important role in today’s communication. The Ad hoc 
networks are a new wireless networking paradigm for mobile 
hosts. To facilitate communication within the network a 
routing protocol is used to discover routes between nodes. The 
goal of the routing protocol is to have an efficient route 
establishment between a pair of nodes, so that messages can 
be delivered in a timely manner. Bandwidth and power 
constraints are the important factors to be considered in 
current wireless network because multi-hop ad-hoc wireless 
relies on each node in the network to act as a router and 
packet forwarder .TCP is used in communication between 
different applications programmers like file transfer, database 
management etc. in different system. In this paper we have 
discussed the existing TCP/IP protocol and some existing 
extension of this protocol TCP-F, TCP-BUS, ACTP and internet 
control message protocol. Finally we have given some 
simulated result using OPNET to find the performance of the 
throughput using the TCP model. 

 
Key Words: MANETs, TCP, ATCP, Delay, Throughput 

 

 
1. INTRODUCTION 

 
Like traditional mobile wireless networks, Ad hoc networks 
do not rely on any fixed infrastructure. It represents complex 
distributed system that comprises wireless mobile nodes 
that can freely and dynamically self-organize into arbitrary 
and temporary, “ad-hoc” network topologies, allowing 
people and devices to seamlessly internetwork in areas with 
no pre-existing communication infrastructure. These nodes 
can be arbitrarily located and are free to move randomly at a 
given time, thus allowing network topology and 
interconnections between nodes to change rapidly and 
unpredictably [1, 2]. The transport layer is responsible for 
end-to-end connection establishment, end-to-end data 
packet delivery, congestion control, and flow control [3, 4]. 
The real time protocol RTP is a genetic real time transport 
protocol used in conjunction with UDP. Real time transport 
control protocol (RTCP) is a protocol used to provide 
feedback on bandwidth, congestion, and delay to RTP.TCP is 
a reliable, end to end, connection-oriented transport layer 
protocol. .A comperes ion of UDP and TCP protocol packet 
format are shown. 

Fig1.TCP header 

 

Wireless systems operate with the aid of a centralised 
supporting structure such as an access point. This access 
In this paper we design a protocol that has the following 
characteristics. Improve TCP Performance for Connections set 
up in ad hoc Wireless Networks. TCP performance is affected 
by the problems of high BER and disconnections due to route 
precomputation or partition. In each of these cases, the TCP 
sender mistakenly invokes congestion control [5]. The 
appropriate behaviour in these cases ought to be the 
following. 
High BER: Simply retransmit lost packets without shrinking 
the congestion window. 

Delays due to Route re-computation: Sender should stop 
transmitting and resume when a new route has been found. 

Maintain End-to-End TCP Semantics. We believe that it is 
critical to maintain end-to-end TCP semantics in order to 
ensure that applications do not crash. 
ATCP treats loss due to packet loss and loss due to 
congestion. ATCP ensures that the congestion window is 
recomputed after every new route re-computation. In TCP-F 
upon receiving the RFN, the source suspends all the packet 
transmissions and freezes its state, including the 
Retransmission time out Interval and the congestion 
window. Eventually the intermediate node that has 
previously forwarded the RFN learns of a new route to the 
destination. In TCP-BUS the message is propagated to the 
source and stops transmission, after receiving an explicit 
route disconnection message (ERDN) Packet transmission is 
resumes after a partial path has been re-established[6] .In 
the subsequence section we have developed a system model 
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Abstract - With the fast progress of wireless 

communication and its growing application in different areas, it 

is important to develop technologies to enable more efficient 

secure communication. Mobile Ad hoc, an infrastructure less 

communication, is an emerging area for anytime and 

anywhere communication. It is very challenging to coordinate 

node transmission in mobile ad hoc network for secure 

communication. MIMO holds the significant potential to 

maximize the resource uses. In this paper, the outage capacity 

analysis is made based on a model MIMO Ad Hoc network. We 

assume that each link occupies a geometric area that 

characterizes the amount of spatial resources occupied by a 

link. The amount of spatial resource of each link is measured 

with the interference effects that impose on other links. Here 

we also investigated the outage capacity considering the noise 

effect for the above MIMO Ad Hoc Network working in the 

noisy environment. The probability of the active link with 

interference effect is calculated first and then the outage 

throughput capacity is derived. Finally simulated results helps 

to find out number of active links and data rates within an 

area. 

 

Key Words: Mobile Ad Hoc Network, MIMO, link layer 

capacity, co-channel interference. 

 
 

1. INTRODUCTION 

 
Wireless Ad hoc networks are integral part of the new 

generation information exchanges infrastructure. These are 

basically peer-to-peer network of hosts that have no central 

administration or fixed communication infrastructure nor any 

base station[1,2]. The MIMO based Mobile Ad hoc network 

takes the advantages of meshed topology of the ad hoc 

network to maximize the data rate supporting different 

transmission priorities, reducing transmission delay and 

ensuring fair transmission among nodes. This integrated 

network improves the data rates and it uses IEEE 802.11n 

standard providing higher spectral efficiency such as high 

throughput to improve system performance than that of 

ordinary wireless systems. To achieve the performance analysis 

of the MIMO communication system, the channel performance 

like channel characteristic, mutual information are the basic 

parameters to represent the mathematical modeling of channel 

capacity and mutual information of the MIMO ad hoc network. 

Wireless data rate for MIMO systems with multiple numbers of 

antennas at both transmitter and receiver follow the following 

fundamental theoretical limit: 

 

  (1) 

 
To achieve the performance analysis of the channel we have 

modeled the ad hoc network, mathematical representation of 

channel parameters (channel capacity, mutual information) 

with different channel state information. The availability of 

multiple antennas at the transmitter and receiver end improve 

the   data   rates   by   a   factor   of   M   times   where 

M  min{NT , NR }; NT and NR are the number of 

transmitting and receiving antennas[3,4]. By using multiple 

antennas MIMO Ad hoc network increases channel capacity 

[5,6]. We can see the nodes in transmitter and receiver from 

NxM MIMO channel. We invoke Telatar’ landmark MIMO 

capacity theorem. 

 

                         (2) 

Here R=min(M,N);ρ=S/N represent the single to noise ratio.� is 

the unordered eigenvalue of associated Wishart matrix W. 

 

2. SYSTEM MODEL AND CHANNEL CAPACITY 
 

The fig1shows the system model of mobile Ad Hoc Networks 
where mathematical analysis of this model is done with 
some assumptions. Here the MIMO nodes are uniformly 
distributed with in the network and each link between the 
transmitting and receiving antenna has same statistical 
characteristics. Here using mobile links all transmitting 
nodes are connected to the receiving nodes. Let us consider 
that the node M is the receiving node where the other nodes 
are transmitting nodes and the link HR is receiving the signal 
and other link are transmitting signal and resulting the co- 
channel interference on link HR. The data received by the 
receiving link is the superposition of the desired signal 
interference and noise which is given as follows. 
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Abstract: 

This paper describes the analysis and design of a class of slotted rectangular microstrip antennas for multi frequency operations. 

At first slots are cut to tune the patch at suitable dual frequency and then more slots are introduced to obtain multi frequency 
operations. The simulation and modelling of these configurations have been done using Ansoft HFSS software. The resonant 

frequencies and dimensions are computed from the cavity model of rectangular patch. The parameters of antenna such as return 

loss, VSWR, radiation patterns and gain have been found and design is optimized for best results. The results are experimentally 

verified and the results are found in good agreement with those of theory. 

 

Keywords: Microstrip Antenna, Coaxial feed, slotted rectangular microstrip patch antenna, multiband antenna 

 

I. INTRODUCTION 

Very recently in mobile communication system multi 

frequency patch antenna are rapidly dominating mobile phone 

handsets which are capable of operating at multi frequency for 
different mobile network service providers at different 

countries (900, 1800, 1900, 2400 MHz). 

L-shaped structure as described by K.L. Wong [4], have a 

shorting plate at a corner, the result of which, however has not 

been described by him. 

This paper begins with the design of an L-shaped patch 

antenna which operates at dual frequency. However, by 

introducing more number of slots on this L-shaped patch 

antenna it was found that the single antenna started operating 

at multiple frequencies. 

Ansoft HFSS software is used for analytical modelling and 

simulation. 
 

II. ANALYSIS OF SLOTTED RECTANGULAR MICRO STRIP 

ANTENNAS 

          
 

                     (a)                               (b)                                

     
(c) 

Fig.1 Rectangular Patch  

(a. Plane rectangular patch   b. L-shape patch  

c. slotted rectangular patch) 

The top view of a rectangular patch and a slotted 

rectangular patch are shown in Fig.1. Fundamental resonant 

frequency is determined using cavity model [1-3]. The 

designed parameters are: substrate 4.4r , and thickness 
h=1.6 mm; f=2.4GHz. Since W>>h, effect of fringing field in 

mixed dielectric media, air and the substrate, replaces  r  by 

an effective parameter reff  along length L and width W, given 
by 

2/1)/121(
2

1

2

1
)( 





 Lh

εε
Lε rr

reff
                  (1)                                                

     

2/1)/121(
2

1

2

1
)( 





 Wh

εε
Wε rr

reff          (2)                                       

  

respectively. reffε
 vs normalized patch dimension/h is plotted to 

find reffε
 for a given dimension and is shown in Fig.2. Since 

W>>h, it can be selected without considering fringing from 

the following: 

W=
1

2

2 rr εf

c
            (3) 

 

Here c=velocity of light in free space 

 

Because of the fringing effects, effective electrical length of 

the patch of the microstrip antenna extends on each end by a 

distance L , which is a function of the effective dielectric 
constant and the width-to-height ratio (W/h). An approximate 

relation for the normalized extension of the length in one side 

is [1] 

 

                 (4) 
The patch is excited from the ground plane using a co-axial 

probe at (x,y). The fundamental resonant mode of a plane 

rectangular patch in the direction of excitation (z) is TM010 

when W= 2/λ >L. 
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Abstract: This paper describes the analysis and design of a class of slotted rectangular microstrip antennas for dual 

band operations. Slots are cut to tune the patch at suitable dual frequency operations..The simulation and modeling of 
these configurations have been done using Ansoft HFSS software. The resonant frequencies and dimensions are 

computed from the cavity model of rectangular patch. The parameters of antenna such as return loss, VSWR, radiation 

patterns and gain have been found and design is optimized for best results. The results are experimentally verified and 

the results are found in good agreement with those of theory. 
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I. INTRODUCTION 

 

Demand of multi frequency patch antenna has been 

dramatically increased for mobile phone handsets which 
are capable of operating at multi frequency for different 

mobile networks at different countries (900, 1800, 1900, 

2400 MHz). Several authors are described different 

structures for multifrequency operations [4-7]. K.L. Wong 

[4] described L-shape structure with shorting plate at a 

corner. However, he has not described the results. This 

paper will provide design guidance of a single antenna 

operable at dual frequencies by suitably cutting slot on 

rectangular patch without any shorting plate with ground. 

Ansoft HFSS software is used for analytical modelling and 

simulation and experimental verification of results are 

made using network analyser. 
 

II. ANALYSIS OF SLOTTED RECTANGULAR 

MICRO STRIP ANTENNAS 

     
                     (a)                                     (b) 

Fig.1 Rectangular Patch  

(a. Plane rectangular patch   b. slotted patch) 

 

The top view of a rectangular patch and a slotted 

rectangular patch are shown in Fig.1. Fundamental 

resonant frequency is determined using cavity model [1-

3]. The designed parameters are: substrate 4.4r , and 
thickness h=1.6 mm; f=2.4GHz. Since W>>h, effect of 

fringing field in mixed dielectric media, air and the  

 

 

 

substrate, replaces  r  by an effective parameter reff  along 
length L and width W, given by 

2/1)/121(
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1

2

1
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 Lh

εε
Lε rr

reff
                  (1)                                                

     

2/1)/121(
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2

1
)( 
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εε
Wε rr

reff          (2) 

respectively. reffε
 vs normalized patch dimension/h is 

plotted to find reffε
 for a given dimension and is shown in 

Fig.2. Since W>>h, it can be selected without considering 

fringing from the following: 

W=
1

2

2 rr εf

c
            (3) 

 

Here c=velocity of light in free space. Since  LW    the 

reffε  is calculated from (2) or from Fig.2 . For h =1.6mm, it 

is found reffε
= 4.09. 

 

Fig.2 reffε
 vs patch dimension/h 

 

Because of the fringing effects, effective electrical length 

of the patch of the microstrip antenna extends on each end 
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Abstract: In this paper a novel design approach of a probe feed circular microstrip patch antenna with four tuning arms 

on the radiation element for the dual-frequency operation is proposed. The cavity model is used for the parameter 
computation of the antenna. The circular antenna resonates at 4 GHz and 5.8 GHz which enables it to operate in 

standard C band which is used by communication satellites. TM110 is the dominant mode for this proposed antenna. 

The designed antenna provides 11 % bandwidth at 5.8 GHz (200 MHz)  and the S[1 1] value is -42 dB  whereas it 

provides 5.75 % bandwidth at 4 GHz (700 MHz) and the S[1 1] value is -16 dB. The absolute values of VSWR at 4 

GHz is reported as 1.06 and at 5.8 Ghz is 0.08.  A further modification is done on the proposed patch and a comparison 

of the designs are reported. 

 

Keywords:  Coaxial feed , circular microstrip patch antenna, C band , tuning arms,  satellite communication. 

 

I. INTRODUCTION 

 
With the rapid advancement in the field of Satellite 

communications and  wireless communication the demand 

of Microstrip patch antenna is also increased due to its 

compact , low profile structure. K.L Wong has discussed 

different types of Microstrip patch antennas in his book “ 

compact and broadband microstrip antennas” New York: 

J.Wiley and sons,2002[4]. Das and Das has also cited 

many of such designs and process where multiband 

operations can be achieved [1]. Hala Elsadek, Member, 

IEEE, and Dalia M. Nashaat has discussed a V shaped 

patch antenna which gives multiband and UWB operation 

at the same time.[5].Dr. Ramesh Garg has discussed many 
theoretical aspects of bandwidth increment and  multi 

frequency operations in circular patch antenna along with 

simulations[2]. 
 

The proposed antenna in this paper is designed using 

Ansoft HFSS 14 which works  on the Finite Element 

Method. First the antenna is analyzed using cavity model 
then by using this software a model is designed to get the 

desired dual frequency response. The designed antenna 

resonates at two frequencies 4Ghz and 5.8 Ghz which are 

the Receiving and Transmitting Frequencies of standard C 

band respectively[7] 

 

II. ANTENNA CONFIGURATION 

 

The geometry of the proposed antenna is as shown in 

Fig.1. Here Two semicircular slots were cut on the 

radiating circular patch. Then 4 tuning arms are added to 
achieve better frequency matching and a good agreement 

between the S[11] and Bandwidth of the antenna.  

 

      

 
The resonant frequency of excitation can be given as [3] 

  

               ………………(1) 

 

for a physical radius = a. After considering the fringing 

extension modified resonance frequency becomes 

 

 …………(2) 
 

where m=0,1,2,3,………number of half cycle variation 

along , and n=1,2,3,…… number of half cycle variation 

along ф. ρ Here the fringing effect is taken into account by 

using an effective radius [3] 

 

…. (3) 
 

Here in the proposed antenna the circular patch radius is 

19.4 mm. FR_4 epoxy is the dielectric material used here 

with dielectric constant εr = 4.4. and the substrate height 

(h) is 1.6 mm Here,  Lp and Wp are the length and width 

of the connecting rectangular slot which gives the patch a 

phi shape. The values are Lp= 30.8 mm and Wp = 5mm . 

A , B , C , D are the tuning arms which were added to the 

patch to obtain best matching and agreement between 

return loss and Bandwidth. The all over with of the 

circular ring is 5 mm. The dimension of tuning arm A is 
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Abstract—This letter reports a room-temperature hydrogen gas sensor based on the nanohybrid structure of ZnO
nanorods (NRs) and reduced graphene oxide (rGO) with better sensitivity. In this nanohybrid structure, ZnO NRs were
grown up by the chemical bath deposition technique followed by the electrochemical exfoliation of rGO layer. The
collaborative hybridization of these two dissimilar sensing elements revealed much better response at room temperature,
which could hardly be achieved by the individual ones. The sensing was carried out at room temperature at ∼40%
RH, with hydrogen as a target gas with fastest response and recovery times (17.02 and 27.06 s), which have not been
achieved earlier. The physics behind it is the high carrier mobility of rGO. A very high response magnitude (586.93% at
100 ppm) was found due to the increased number of gas-interaction sites and availability of free surface energy provided
by ZnO NRs and rGO. A comparative discussion elucidating the role of ZnO NRs-rGO junctions has also been presented
correlating the experimental findings.
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Index Terms—Sensor materials, heterojunction, high sensitivity, hydrogen, n-ZnO nanorods (NRs)/p-rGO, room temperature.

I. INTRODUCTION20

Nanoscale metal oxides have left their impression for improving the21

gas sensing performance. C-axis oriented nanostructures like nanorods22

(NRs), nanotubes offer several advantages due to their governed 1-23

D electron transport kinetics and larger free surface energy [1]–[3].24

Realizing a room temperature gas sensor with a substantially high25

response magnitude (RM) is quite difficult to achieve due to its slow26

adsorption-desorption kinetics.27

Recently, graphene-based gas sensors showed very high electrical28

conductivity and very low response time. Still, pristine graphene is not29

a suitable candidate for room temperature sensing [4] possibly due to30

low resistivity and low defect density.31

To overcome the above-mentioned bottleneck, graphene and its32

derivative reduced graphene oxide (rGO) paved a new way in the33

area of next-generation gas sensors. Hybridization of rGO like ZnO34

NRs-rGO is an established nanohybrid in the gas senor family [5],35

[6]. Presence of rGO between adjacent ZnO NRs contributes an36

uninterrupted trail for carrier transport from multiple gas-interaction37

sites by forming the heterojunction (n-ZnO/p-rGO) among them. The38

electrostatic field generated at the space charge region is responsible39

for the reduction of activation energy in gas sensor [7].40

This letter reports a simple approach of fabricating ZnO NRs-rGO41

nanohybrid where ZnO was deposited by chemical bath deposition42

method and sol-gel [8], [9]. rGO was prepared by an easy electrochem-43

ical exfoliation method [10], [11]. The uniqueness of this work lies on44

low annealing temperature (100 °C) of rGO, which could not damage45

the underlying chemical components of ZnO layer contributing to the46

p- and n-type conductivity of the subsequent layer.47
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After integrating n-ZnO with p-rGO, the device was tested for 48

hydrogen (100–10 000 ppm) and offered highest RM (RM = 586.93%) 49

with the faster response (∼17.02 s) and recovery time (∼27.06 s) 50

at 100 ppm H2. Earlier relevant works with all details have been 51

represented in Table 1. 52

II. DEVICE FABRICATION 53

ZnO seed layers were deposited using standard sol–gel spin coating 54

by reacting with zinc acetate dihydrate ((Merck, 99.9%), 2.74 gm) and 55

2 propanol (2-ME, 99.8%) (50 ml). After mixing 1.5 ml diethylamine 56

as a stabilizer was also added drop by drop to get a crystal clear solution 57

followed by 24 h aging. The samples (5 mm x 5 mm) were spin coated 58

(2500 r/min) for 20 s on SiO2 coated silicon substrate and annealed at 59

500 °C for 1 h, where ZnO NRs were synthesized by preparing a 50 ml 60

solution of zinc acetate dihydrate and HMT [hexamethylenetetramine 61

[(CH2)6N4, Alfa Aesar, Germany)] in deionized water (resistivity 62

∼18.2 M_-cm) with the ratio of 1:3 [8], [9]. The sol-gel coated 63

substrate was then immersed horizontally into the solution and kept in 64

a baking oven for 1 h at 100 °C followed by drying. 65

rGO was prepared by organic liquid-assisted electrochemical exfoli- 66

ation technique, the details of which have been published in our earlier 67

publication [10], [11]. Produced rGO nanosheets are dissolved in a 68

polar aprotic solvent (1mg/ml) dimethylformamide and 10 μL droplet 69

solution of dissolved rGO nanosheets were drop-casted over the ZnO 70

NRs using micropipette technique. Total four samples were prepared 71

and annealed at 100 °C for 1 h. Pd-Ag (70%) contact electrodes were 72

deposited by e-beam evaporation technique, and fine copper wires were 73

used to take out the contact. 74

Sensing characteristics of the device toward H2 were investigated 75

in a gas sensing system with 40% RH, identical to the one described in 76

[11]. RM was calculated using the relationship shown in the following 77
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