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ABSTRACT

Communication has always been a part of human evolution. The ever-changing world
of technology has always necessitated the ongoing improvement and refinement of
communication systems. The Internet has ushered in a completely new age for
communication standards. Connecting individuals to gadgets and devices to other
devices on a global scale is part of modern communication. Automation of society with
the help of sensors is in demand and it can be fulfilled by using IoT with the help of its
data communication network system. The sensor era demands cheap and compact
devices. Among all the IoT technologies, “LPWAN is wireless wide-area connectivity
for low-powered battery-operated devices, which can communicate with less bitrate
over a wide range”. It receives huge demands from researchers and industrialists, as it
gives wings to the automation world, which is full of sensors, and it fits perfectly for
data communication in a smart world. For our thesis work, the NB-IoT and LoRa
technologies were chosen because of their huge demands, their characteristics, and the

wide area of application of these technologies in a real-time environment.

Any wireless communication system needs antennas, and microstrip antennas are often
the best choice for Internet of Things (IoT) applications because they are small, flexible,
and easy to design. The multiband, compact, and lightweight antenna is highly required
in this automation era, where sensors can communicate and act accordingly. The
literature survey is performed on antenna technology used for this LPWAN technology.
The antenna specifications are studied, and then the designing process starts with slot
technology, meandered, and fractal technology. For both technologies, the efficient
planar and compact antennas are designed using HFSS software and fabricated, and
their results are measured and cross-checked with the simulated ones We have also
designed two more antennae with some other antenna technology as slotted and fractal
designs to achieve broadband characteristics with compact size. The gain and isolation
need to improve as the fractal design consists of two port feed systems. In comparison
to the existing antenna, the proposed antenna has a low profile, is lightweight, compact
and has better gain and radiation characteristics. LoRa antenna is well implemented in
the real-time scenario and found better connectivity than the available monopole

antenna.



The purpose of this thesis is to develop a compact antenna for low-power IoT
technologies specifically NB-IoT and Long-Range technology. A square-slotted
circular patch monopole antenna with square slots, symmetric slotted monopole, and
fractal geometry MIMO antenna is proposed for NB-IoT communication. The antenna
which is square-slotted covers the B1 and B3 bands of NB-IoT and can perform in a
multi-antenna environment. The antenna that has a symmetric slot structure covers the
B1 band of NB-IoT and a Fractal antenna covers the B1, B3, and B5 bands of NB-IoT
The dimension of the antenna is 30mm x 60mm in size, allowing it to be printed on the
NB-IoT module and thereby reducing the overall size of the NB-IoT communication
system The designed antenna is compatible with NB-IoT applications. When compared
to existing designs in the literature, the proposed concept is innovative in terms of
simplicity of production, size, and gain. The antenna was created using HFSS software
and a 1.6mm thick FR4 substrate. The designed antenna was also built and tested in the
lab, and the results from the lab measurements and the software simulations were very
similar. The test results show that it covers both bands with satisfactory antenna
performance. The characteristics of the antenna were analyzed and found suitable for
the NB-IoT applications. NB-IoT technology can coincide with all generations of
mobile networks and also solve the problems of coverage and consumption. It can also
be implemented in all the latest mobile communication devices like cellular phones,
IoT module devices, and other chipset devices. NB-IoT also works with the mobile
network architecture that is already in place. This gives NB-IoT communication extra
security and privacy features. For, LoRa Technology, a meandered-dipole planar
antenna is designed, and the antenna is implemented in a real-time environment to
verify its performance. The antenna latency is reported to be less than the standard
monopole antenna used for LoRa Module devices of the brand Arduino. The fabricated
antenna results are in good agreement with the designed antenna. The achieved gain at
the operating band is more than 0.5 dB and the radiation efficiency of the antenna is
more than 75% for the complete operating band from 861 MHz to 871 MHz. The
designed antenna is implemented with LoRa connectivity and communicates the data
up to 8 km in line-of-sight communication, more than 1 km in urban environments, and
approximately 250 m of connectivity in building areas. The characteristics of the

antenna were analyzed and found suitable for the LoRa applications. Future studies can



focus on increasing the range of LoRa in high-traffic areas by adding more gateways
along its route. The 433MHz frequency can be combined with the LoRa antenna to
make it multi-band and universal in India. In this case, the LoRa antenna is only used
to send data, but in the future, it could be used with many sensors to make the
environment smarter, such as smart lighting or a smart agriculture system. The
bandwidth can also be improved by adding meta surface ground structure to both

antennas.

vi
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The ever-changing world of technology has always necessitated the ongoing improvement
and advancement of communication systems. The Internet has ushered in a completely new
age for communication standards. Connecting individuals to gadgets and devices to other
devices on a global scale is part of modern communication. More characteristics, such as
fast data rates, effective communication, less traffic, and the convenience of using a variety
of applications, are required by users of wireless devices. Our expectations of the wireless
system rise as these characteristics get more advanced daily. Even scientists are aware of
these realities, and they suggest the Internet of Things (IoT) as the ideal way to manage
items wirelessly over long distances. The term "IoT," which refers to the supply chain
management system, was first used by Kevin Ashton in 1999 [1]. IoT is based on the idea
of "smartness," which is defined as a device's capacity to independently gather and infer
information [2]. The Internet, which is defined as a link for sensors or devices that may
help connect billions of users from many businesses utilizing various internet technologies,
and the Internet of Things are two phrases that can be used to describe the Internet of
Things. The second word is "thing," which in this context refers to a machine that can be
made sentient [3]. Three categories internet-oriented, things-oriented, and knowledge-
oriented have been established by Atzori et al. for the [oT [4]. The networking of things or
devices is a topic covered under the Internet-oriented category. Both knowledge-oriented
categories deal with information components, such as how to store, manage, and process
the information available on the server, whereas the things-oriented category is concerned
with generic objects. These categories are occasionally referred to as “The IoT Vision by
the ITU, which is defined as any time, anyplace connectivity for everybody; we will now

have connectivity for anything.” [5].



Among all other IoT technologies, The LoRa WAN is one of the low-power technologies
that also provides a wider coverage area. Similarly, the Narrow Internet of Things (NB-
IoT) provides a wide range of network services that can help to

improve IoT Services. LoRa technology provides low data rate communication over a
wider scale area. Any communication is done by the transmission of an RF signal through
the antenna. An antenna that can transmit and receive a frequency signal. Additionally, it
is essential for achieving compactness while constructing circuits. There are numerous
types of antennas available on the market, including PIFA, microstrip patch, and horn
antennas [6]. Low-profile antennas are sought after in modern communication systems
because of their number of advantages and the broad range of applications. As microstrip
antennas have many advantages in planar structure, fabrication cost, portability, and many
more as compared to conventional and nonplanar antennas, these are also easy to make and
affordable to produce.

Deschamps first proposed microstrip patch antennas in 1953, but they were never put into
use. Since then, MPA has drawn attention due to its many benefits, including its
lightweight, ease of manufacture utilizing PCB technology, low cost, compact size, and
simplicity of microwave circuit integration [7]. They have been widely used in medical,
remote sensing, space, television, navigation, military, and civilian applications [8].
Microstrip patch antenna has shape flexibility. Multiple frequency operations can also be
possible with some modification in different design technologies. Even both polarizations,
circular and linear, can be achieved with modification in design that leads to different
resonation modes and different electric field directions. To achieve these properties and to
overcome the limitation of microstrip patches as low gain, different types of technologies
have been introduced in the designing of microstrip patch antennas. Among them, the
major technologies that can work well in these LPWAN are multiple input multiple output
technologies, fractal design technologies, array antennas, the introduction of metamaterial

concepts, and many more.



1.2 Low Power Wide Area Network Technologies

Among all IoT technologies, LoRa and NB-IoT provide a broad range of connectivity to
IoT devices, which can easily communicate less bit of data over a wide range when
powered by a low-powered battery. It receives huge demands from researchers and
industrialists, as it gives the wings to the automation world which is full of sensors and it
fits perfectly for data communication in the Smart world. For our thesis work, the NB-IoT
and LoRa technologies are chosen because of their huge demands, their characteristics, and

the wide area of application of these technologies in a real-time environment.

Figure 1.1: Attributes of NB-IoT as presented in 3GPP [10]

1.2.1. Narrow Band IoT

Narrowband IoT technology provides a broad range of connectivity to IoT devices, which
can easily communicate a few bits of data over a wide range. The NB-IoT communication
needs very little power for data communication, which leads to an increase in the battery
life to more than 10 years. Various useful features of NB-IoT make it applicable in many
applications that help in automation systems or smart systems. The various features are

mentioned in Figure 1.1. NB-IoT technology is developed to fulfill the requirements for a



wide area network, low power consumption devices, and indoor penetration of the signal.
NB-IoT is a benefit of the Internet of Things era, where sensor communication is in high
demand. NB-IoT technology can be easily merged with mobile network existing
technology with some upgradation in software and systems to solve the problem of data
communication in wireless sensor networks [9]. In 2015, the 3GPP introduced the NB-IoT.
In June 2016, initially, “this technology was known as Cat-NB, and later LTE Cat-NB1 or
Cat-N1.

The next version of the Cat-NB is known as Cat-N2 and Cat-NB2 with some advancements
and the next upgrade in this technology is named NB-IoT, which is implemented for
broader applications” [10]. The specified features or objectives, which are described by
3GPP, are mentioned in Figure 1.1 [11]. They are designed to provide good coverage for
both outdoor and indoor applications [12]. The spectrum efficiency and coverage are
increased by decreasing the data bandwidth in the NB-IoT communication. They need to
communicate the sensors' data, which is only a few bits. The bandwidth spectrum
requirement for data communication in NB-IoT is very small compared to general data

communication [13].
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Figure 1.2: Different fields where the NB-IoT can be applicable [10].



NB-IoT technology addresses network layer communication, making it simple to
implement and communicate with devices. As shown in Figure 1.2, the simple
communication of NB-IoT makes it applicable in almost every smart system for
communications. As per the 2019 reports [14], NB-IoT technologies is implemented in 69
Countries for different application with more than 140 employees. NB-IoT utilizes
different licensed frequency spectrum mentioned in Figure 1.3, named B1, B3, and B5
which belongs to 2100MHz, 1800MHz, and 850 MHz bands respectively. In the mentioned
Figure their uplink and downlink frequency bands are also mentioned and this spectrum is
provided by the 3GPP only. It is also predicted as per the report [15], that the NB-IoT
technology will occupy almost 60% of the LPWAN communication by 2026, and the rest
approximately 40% market will be dominated by SIGFOX and LoRa.

ZHW LE81
836 MHz
ZHIA L88

ZHW 0£1LZ
1742 MHz

1950 MHz

y

NB-loT B1 (2100) B3 (1800) B (850)
Bands Bandwidth-60MHe Bandwidth-T5MHz Bandwidth -25 MHz

Figure 1.3: 3GPP Frequency Spectrum Band Used in NB-IoT [11].

1.2.2 Long-Range Technology

Long Range (LoRa) is one of the LPWAN (unlicensed open IoT technologies. Its coverage
range is good with very low power consumption in data communication, and it can
communicate within its network; there is no need for the internet. These features motivate
the researcher to work with this technology and work together. Initially, LoRa is a

modulation technique that provides a long range of communication at very low power



consumption, and it was developed by two friends, “Nicolas Sornin and Olivier Seller, who
lived in France”. But when it comes to reality, they are facing problems with the
implementation of this technology. IN 2010, with the help of Francois-Sforza

They created a wireless network using LoRa technology in which they used CSS for the
data modulation. Using this technology, they have just collected the meter reading data
from all the metering devices. When their company Cycleo was acquired by Semtech in
May 2012, their collaboration became the LoRa Alliance in February 2015.

In the long-range, data communication is bidirectional as mentioned in Figure 1.4. The
internet is required at the server level where the gateways communicate, and the LoRa
gateways are connected to thousands of physical devices, including sensors,

actuators, trackers, etc., and they communicate with only one frequency hop.

Notwork Customer

Server

LoRa End
Devices

Figure 1.4: LoRa network communication
One of the major advantages of LoRa is its variable transmission properties; “depending
on the application's requirements, such as power and delay, some transmission properties,
such as spreading factor, coding rate, bandwidth, and transmission power, can be changed
to achieve greater efficiency” [18]. The LoRa technology can be very easily implemented
in many areas as mentioned in Figure 1.5. Long-range communications also face the
problem of interference, scattering, and building interference. The antenna plays a good
role in a noisy environment. The requirement for small, lightweight, and good radiation

efficiency is the demand for this technology.
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Figure 1.5: Various applications where LoRa can be implemented.

Table 1.1 Frequency Band of LoRa Technology for a different country [20].

Country LoRa Band

India (865-867) MHz

Europe 433MHz, (863-870) MHz
United States (902-928) MHz

Asia 923 MHz

South Korea (920-923) MHz

China (415-510) MHz, (779-787) MHz
Russia (864-870) MHz

As mentioned in the literature by many authors, LoRa is implemented in real-time for
different applications. As per the authors [16], the LoRa technology is implemented in the

urban areas of Italy to find the LoRa connectivity range for data communication. The LoRa



range measurement is also reported in [18—19]. Furthermore, “some of them also measure
the latency, packet error rate, packet loss rate, and distortion margin”. The data
communication experiment is performed in different scenarios, such as in-building areas,
in free space, and line of sight communication. The LoRa technology is allocated with

different frequencies for countries as shown in Table 1.1.

1.3 Motivation

Both these, “NB-IoT and LoRa” technologies are LPWAN technologies that provide a
wide range with less power consumption, and these things belong to the module and
antenna system used for the communication with these technologies, or we can say the
antennas used in these technologies. The following are the main requirements of this

LPWAN technology to make it more efficient for data communication:

i.  Compact transceiver

These two LPWAN technologies require small, planar, and printed antennas that can be
accommodated within the LoRa or NB-IoT Module. Isolation needs to be taken care of
while designing the printed antenna on the module, as its radiation properties may affect
the presence of the module’s lumped element.

ii. Less Power Consumption
The LPWAN technologies are low-power technologies, which means the module used in
the communication must be designed to consume less power in data communications. many
antenna designing technologies help in designing antennas that may behave as energy
harvesters, a transceiver, or sensors.

ili.  Optimized Antenna Parameters
Both of these LPWAN technologies require very little bandwidth in data communication
so the resonating frequency must be considered accurately while designing the antenna. As
the system affects noise the communication by shifting the resonating frequency. For
indoor and outdoor application, different radiation pattern is required that also needs to be

considered while designing. On these bases, the objective of the thesis is designed.



1.4 Objective

The objective of this thesis is as follows: -
1. The study, Design, analysis, optimization, and fabrication of wideband microstrip
Patch antenna for NB-IoT (800MHz -2.5GHz) Applications using HFSS Software.
ii.  The study, Design, analysis, optimization, and fabrication of small efficient
narrowband microstrip Patch antenna for LoRa (865-867) MHz Applications using
HFSS Software.
iii.  Testing and real-time implementation of fabricated microstrip patch antenna with

the collaboration of the [oT Industry.

1.5 Thesis Outlines

The purpose of this thesis is to develop a compact patch antenna for low-power IoT
technologies specifically NB-IoT and Long-Range technology. To accomplish the
objectives the thesis is divided into the following chapters.

The thesis starts with the introduction chapters. It explains different LPWAN technologies,
their evolution, and their applications. The next Chapter 2 deals with literature surveys
related to loT antennas and the new technology implemented to improve the parameters of
IoT antennas for LoRa applications. A comprehensive literature survey using books and
various published papers guided me through the entire research work. Various microstrip
patch antennas have been designed and analyzed using HFSS software, and after a while,
we have designed monopole and slotted monopole for NB-IoT applications and a
meandered-dipole antenna for LoRa applications, which are discussed in detail in the next
chapters and also provides a detailed explanation of basic design techniques used in
antenna design, such as meandered and defected geometries for NB-IoT and LoRa bands.
Chapter 6 is about the real-time implementation of a LoRa antenna, in which the LoRa
connectivity is verified and the range of the LoRa antenna is tested in a LOS situation, in

a building, and on the free ground. In the last chapter, the conclusions drawn from this



research work are explained, and future research work that can be an extension of this work

1S mentioned.

1.6. Summary

This chapter begins with an introduction to IoT technology and a study of the various
LPWAN technologies is performed to ensure the benefits of choosing NB-IoT and LoRa
technologies. The research gaps and objectives are discussed in detail. There is a brief
discussion of the research conducted for the ensuing chapters. This chapter contains an

outline of the research thesis.
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CHAPTER 2
STATE OF THE ART

2.1. Introduction

Communication has always been a part of human evolution. The ever-changing world of
technology has always necessitated the ongoing improvement and refinement of
communication systems. The Internet has ushered in a completely new age for
communication standards. Connecting individuals to gadgets and devices to other devices
on a global scale is part of modern communication. Automation of society with the help of
sensors is in demand and it can be fulfilled by using IoT with the help of its data
communication network system. Communication systems in [oT rely heavily on the
transmission and reception of data between devices and central hubs or the cloud. Antennas
play a crucial role in this process as they are the bridge between the physical world and the
digital realm. Antennas are responsible for capturing and emitting radio waves that carry
data between IoT devices, enabling them to communicate with each other or with remote
servers. The choice of antenna type, design, and placement directly impacts the range,
reliability, and efficiency of [oT communication. Whether it's a small, embedded antenna
for a low-power sensor node or a high-gain directional antenna for long-range
communication, selecting the right antenna is pivotal in ensuring the success of an IoT
deployment. Therefore, the synergy between the communication system and the antenna
used is vital for optimizing IoT connectivity, enabling real-time data exchange, and
ultimately realizing the full potential of the loT ecosystem. Thus, a harmonious relationship
between communication systems and antennas is essential to ensure that [oT devices can
communicate effectively, enabling the seamless flow of data that underpins the IoT's
transformative potential across various industries. Among all the IoT technologies,
“LPWAN is wireless wide-area connectivity for low-powered battery-operated devices,
which can communicate with less bitrate over a wide range”. It receives huge demands
from researchers and industrialists, as it gives wings to the automation world, which is full
of sensors, and it fits perfectly for data communication in a smart world. For the thesis

work, the NB-IoT and LoRa technologies were chosen because of their huge demands,
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their characteristics, and the wide area of application of these technologies in a real-time
environment. Many strategies have been investigated in the literature review to improve

the bandwidth, return loss, gain, and directivity of antennas.

2.2. Literature Review

Das et al. (2017), presented an Icosidodecagon-shaped microstrip patch antenna which is
fed with a microstrip line. The designed antenna resonates at multiple frequencies. They
used the FR4 substrate of 4.4 dielectric constants with loss tangent 2.2 for antenna
designing. The presented antenna is applicable for Wi-Fi, WLAN, GPS, and IoT fields
[49].

Das et al. (2017), have designed a starfish-shaped microstrip patch antenna that is fed with
a microstrip line. This antenna is designed with an FR4 substrate. This antenna is applicable
for Bluetooth, Wi-Fi, and WiMAX and enables IoT applications. [50].

Satheesh et al. (2017), studied and designed different slot structures to evaluate their
performance and to find an efficient design. In this paper, they have introduced different
shaped slots and observed their variation in the shifting of frequency and characteristics of
the antenna. Finally, “with the help of U-slots, they get the best result and shift in frequency
to 1.5GHz from 2.4GHz and the antenna is miniaturized” [51].

Y.Giay et al. ( 2018)., designed and evaluated the performance of a microstrip array
antenna. In the array design, they have designed a 4-patch structure of the same size, and a
microstrip feed structure is designed with the help of designing tools available in HFSS.

The proposed design has 6.9 dB of gain [52].

Dardeer et al. (2018)., presented a circular polarized, low-profile array antenna. It is a 2X2
array microstrip antenna that is used to harvest RF energy and is very useful for IoT
applications. for the input to the antenna, a Wilkinson power divider is used and designed.
It can easily be applied in the IoT field. The dimension of the designed antenna is 54 X 54
X 1.6 mm3. “The designed antenna is fed with sequential feeding at the top of the designed
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antenna. The simulated bandwidth of the antenna is 910 MHz at a resonance of 2.5GHz
and 360MHz at a resonant frequency of SGHz for WLAN applications™ [53].

Awais et al. (2018) ., presented a novel type of antenna from a rectangular shape antenna
to an antenna with rounded corners technique which is fed with a (CPW). The antenna
resonates at two frequencies, at 2.4GHz and 3.5GHz giving an ultra-bandwidth of 1.6GHz
and 500MHz respectively. This kind of antenna can be useful in Bluetooth, Wi-Fi bands,
and 3G, 4G, and 5G applications [54].

K. Shafique et al. (2018) ., presented a new kind of antenna that behaves as a 2.4 GHz
RF energy harvester and is used in IoT applications. The proposed rectenna in this paper
has efficient behavior. The design is simple and fabricated using FR4 with a dimension of
285 mm X 90mm X 1.6 mm. Therefore, this design is very useful and suitable for the next-

generation IoT application The efficiency of the antenna is approx. 98% [55].

Lizzi et al. (2018)., presented a small printed Planar inverted F antenna (PIFA). It resonates
at multiple frequencies. This antenna is of low profile and can easily integrate with loT
handheld terminals. The dimension of the design is 40 X 25 X 1 mm3. This is resonating
at the L band of frequency (915MHz) and GPSL1 (1.57GHz) and L2 (1.23GHz) bands and
can be implemented for Long-Range Communication Technology [56].

Qianyun Zhang et al. (2018)., introduce “a miniature printed inverted F antenna (PIFA)”,
and it is placed on the LoRa Module‘s PCB. To reduce the PIFA's working frequency and
produce a second resonance to widen the bandwidth, slots are cut into the 1.6 mm-thick
board's surface because there isn't much room left for antenna deployment. [57].

Shi et al. (2019) ., presented a small RFID tag antenna. The antenna is also implemented
and tested in a real-time environment. The tag antenna was tested in an intensive tag
scenario and found an accuracy of 98%. they also found that near field frequency is shifted
by environmental factors, and the position of tag arrangements such as Stacked tags, and
jumbled tags. They also verified the derived formula and found that the average error found
in this formula is less than the average error found by the traditional formula. The small

RFID tag antenna is very efficient and more accurate than the traditional one [58].
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Shahidul Islam et al. (2019) ., presented a microstrip printed antenna of various
techniques like inverted S-shape microstrip, rectangular box, capacitive loading, and
parasitic patch and investigated their result and performance. This is the meander line
antenna which is operated at a 2.4GHz frequency range. By introducing an s-shaped
structure in the design “the efficiency of the antenna is improved and with the parasitic
patch”, they achieved a high fractional bandwidth of 12.5%. with all such improvements.
The simulated gain of the antenna is 1.347dBi [59].

Vamseekrishna et al. ( 2019) ., presented a microstrip patch antenna that is octahedron-
shaped. This antenna is designed with reconfigurable techniques. It is a quadruple-band
antenna that resonates at four frequencies of different bands. It can be applied in the field
of sensors or microwave sensing loT applications. From the simulated result, we can say
that the fabricated antenna can imply the number of wireless applications as it covers

almost all bands S, C, and X bands [60].

Mung et al. (2019) ., presented an antenna with foldable and non-foldable structures. The
advantage of the foldable structure is that it can be easily used as a wearable antenna and
implemented in the field of medicine. From the fabricated result, it is observed that non-
foldable structures show better gain as compared to foldable structure antennae [61].
Sharif et al. (2019) ., presented a small RFID tag antenna. The antenna is also implemented
and tested in a real-time environment. it is a novel design made for metallic cans especially.
These metallic tags will help in automatic billing and generating alert messages of a
shortage of cans. This type of small, low cost and low-profile antenna is so useful for the
RFID tag and the novelty of this design is that it uses the metallic can structure as a radiator
that improves the gain. They implement these designs to check the real-time performance
of this antenna and the antenna can be easily read by a distance of 2.5m in all directions
and the reading accuracy of the tag antenna is 98% approximate [62].

Sabban et al. ( 2019), present compact Ultra-Wideband novel wearable active fractal slot
antennas in frequencies ranging from 0.5GHz to 4GHz. The author used the metamaterial

concept to enhance the efficiency of the antenna and reduce the size of the antenna. The
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mentioned antenna can be used for [oT applications and the medical field as a wearable

device [63].

Torre et al., (2019), present the textile-based wearable antenna. That is also implemented
with the LoRa technology to check the connectivity distance or to find the range of the

antenna. [64].

S. I. Lopes et al. (2019), present a PIFA design compact antenna that can be designed on
LoRa module 868GHz. Additionally, they demonstrated LoRa connectivity, which is good
up to 4.2 km for Line-of-Sight communication. This design guarantees greater
environmental robustness without sacrificing implementation or omnidirectionality. The
PIFA has a branch connected to the ground in addition to the branch connected to the radio

frequency signal (RF) [65].

F. Ferrero et al. (2019), present a UCA-shaped LoRa antenna. For LPWAN, a 90*30mm
terminal is designed to accommodate a dual-band tiny antenna that operates on the
433MHz and 868MHz bands. The utilization of two lumped components placed inside the
radiating element as part of a design technique is presented. Electronic parts and a battery
are used to build and assemble the optimal antenna. In an anechoic chamber, a
measurement is made to evaluate the radiation performance. With a dipolar radiation
pattern, the terminal has a total gain of -6dB at 433MHz and -4.5dB at 868MHz,
respectively [66].

W. M. Abdulkawi et al. (2019), propose a unique pattern-reconfigurable antenna built on
RF MEMS that can guide beams in three different directions. The suggested antenna is

constructed on a 1.75 mm thick, RT Duroid substrate with a 2.2 dielectric constant. [67].

A. Birwal et al. (2019), show a novel rectangular patch antenna that is coplanar waveguide
(CPW) fed and has a ground plane with a square shape that can be used in current high-
tech navigation systems. The antenna is applicable in L-Band applications. The single-feed
circularly polarised antenna is easy to integrate with other high-frequency communication

equipment has a low profile and is lightweight [68].
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Aksha Mushtaq et al., (2020) have designed a microstrip antenna resonating in LoRa
Band. the antenna is designed using CST Software and resonates at 433MHz frequency
providing a gain of 2 dB, the substrate is FR4. The dimension of the antenna is 210.82 X
164.79 mm?. they use the Slot Technique with the microstrip ground plane to improve its

Gain. The antenna can be used in LoRa of frequency range 433MHz [69].

Aayush Pandey et al., (2020) have designed “a microstrip Patch antenna with defective
ground structure and its resonating frequency is 871 MHz with a bandwidth of 28MHz and
gains 0.58dB”. it is applied in the field of IoT with LoRa application [70].

Turke Althobaiti et al., (2020) have proposed an RFID tag antenna for use in IoT
applications, which consists of two meander-line structures and a shorting stub. The
structure resembles the bow-tie or dipole structure and provides dual polarisation

properties. The antenna is designed to be used as a tag antenna in the frequency range of

900MHz [71].

Prem P. Singh et al., (2020) It has designed a planar antenna with two techniques; one
with slotted symmetry with parasitic loading and the other with combinational PIN diode
switching. With the help of a PIN diode, the antenna resonates at 5 different frequencies in
the range of 3.85GHz to 6.01GHz. The corner truncation is also implemented in this design,
which leads to the circular polarisation of the proposed design. The antenna offers an

average gain of 2.5 dB. It can be used for WLAN, Wi-Max, and IoT applications [72].

Yi Yan et al., (2020) The proposed structure resonates in the RFID frequency range. The
band covered by the proposed antenna structure is 902MHz-928MHz. This structure

achieves slant polarization, which improves antenna readability. [73].

M. Wang et al. (2020), suggested the patch rectenna to harvest the RF energy in IoT
applications. they proposed an antenna with two ports and slots in the shapes of an arrow,
a circle, and a rectangle. To transform the RF power collected by the antenna into DC
power, a new matching network and a voltage doubler rectifying circuit are created as part

of a broadband rectifier. it can be widely used to provide power supply to IoT sensors [74].
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Mainsuri et al. (2020), present a smart beam steering antenna at a LoRa frequency of 923
MHz which is an operating frequency in Indonesia. The proposed antenna allows the
steering of the antenna beam into 360-degree azimuthal coverage. The principal lobe of the
antenna is altered at every 60-degree step. The gain of the antenna is also approximately
8.52 dB. The dimension of the cover casing is 100mm, 200mm, and 90mm with a diameter

of 54mm [75].

Sneha et al. (2020), have presented a tri-band metamaterial-based monopole antenna, that
can be used for the navigation system at the ground terminal. The proposed antenna covers

the L1, L5, and S-band for navigation applications [76].

J. Kulkarni (2020), has proposed the monopole antenna. The proposed antenna operates
in the GSM, WLAN, and Wi-MAX bands. It exhibits virtually omnidirectional radiation
properties, an overall gain considerably above 4 dB, and a radiation efficiency of at least
80%. This demonstrates that the suggested antenna design is appropriate for use with

wireless operations in laptop computers [77].

L. Zhuo et al. (2020), proposed a rectangular tuning stub-equipped U-shaped NB-IoT
antenna. By exciting two different operating modes, through stub tuning, the proposed
antenna exhibits dual-band properties. On the antenna's ground plate, a large slot in the
shape of a U is employed to provide electromagnetic coupling and enable the antenna's

broadband properties [78].

S. A. Haydhah et al. (2021), present a small pattern reconfigurable antenna with four
radiation patterns is suggested. The antenna's resonance frequency is 868 MHz.The
dimension of the antenna with the integrated device is 80mm X 55mm. Two meandering
slots and one meandering monopole behave as the radiating components. Utilizing four
PIN diodes, pattern reconfigurability is accomplished. The radiation efficiency of the slots

was increased by 2.25 dB by eliminating the FR-4 material inside of them [79].

R. Hussain et al. (2021), present an [oT antenna design provided for 5G sub-1 GHz

applications that require low power and long-range communications. Wide-band frequency
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reconfigurability in the sub-1 GHz range is made possible with the aid of the varactor diode.
The frequency ranges covered by the suggested antenna range from 758 to 1034 MHz. The
antenna is constructed on an RO-4350 board that has a dimension of 60 X 27 mm2. The
suggested antenna design stands out for its straightforward biasing circuitry and small, low-

profile device with a variety of tuning options [80].

A.Dala et al. (2021), present an implementation of a sensor node antenna capable of long-
range (LoRa) communication both underwater and on the water's surface at 868 MHz. A
data gateway node may be reached by the sensor node with the buffered antenna at a
distance of 160 meters above the water and 6 meters under it. Without a buffered antenna,

the communication range of the sensor node over the water surface is only 80 m [81].

C. Rohan et al. (2021), have designed a split ring resonator-based patch antenna used for
900 MHz LoRa applications. In this study, split-ring resonator (SRR) designs are
investigated for creating planar antennas with maximum dimensions that are smaller than

equivalent monopole designs operating at the same frequency [82].

N.F. Ibrahim et al. (2021), The suggested antenna is designed to support precise
localization, and communication needs in the medical, industrial, and military sectors. The
patch antenna's modest profile makes it easy to incorporate into garments. “Three textile
layers make up the device: a neoprene substrate, and top and bottom polystyrene textiles

that have been printed with silver ink [83].

X. Wang et al. (2021), present a textile patch PIFA for LoRa applications. To achieve dual
band and wire band features, the radiating plate and ground plane slots were used in the
design. To confirm the concept, a prototype covering the two LoRa application operating
bands of 433 MHz and 868 MHz was made and measured. The suggested design's SAR is
assessed and found to fulfill European norms. A potential choice for LoRa (Long Range)

applications is the cloth antenna [84].

F. Mira et al. (2021), have presented a dual-band circularly polarized antenna for LoRa

applications. The proposed structure is designed using slotting and stacking techniques that
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help in switching the beamwidth of the antenna around 90 degrees and 75 degrees for GPS
and Wi-Fi (2.4GHz), frequency bands [85].

W.M. Abdulkawi et al. (2021), introduce a novel single and dual-band patch antenna. The
antenna utilizes the square patch structure and four slots in it. The antenna resonates at a

frequency band of 2.4 GHz and 2.8 GHz, applicable for [oT applications [86].

H. Singh et al. (2021), proposed a compact antenna for narrow-band -IoT applications.
The analysis and evaluation of wideband antenna designs for 5G and NB-IoT applications.
The antenna has a folded dipole structure, with a dimension of 35mm X 48mm X 1.62mm,
and the ground structure is combined with a metamaterial structure that helps in the gain

of the antenna [87].

G. A. Casula et al. (2021), designed a wearable textile antenna that operates at 915 MHz
in the UHF frequency range. The suggested architecture is ideal for use because it is small
in size and provides excellent isolation. The antenna can be applicable for LoRa and RFID

applications [88].

N. A. H. Putra et al. (2021), proposed a square patch antenna for the 924 MHz frequency
band. The antenna uses a CSRR to boost gain and reduce antenna size. It is constructed

using a Rogers Duroid RT6006 substrate [89].

Z.A.Dayo et al.(2022), The antenna can be used for medical IoT. The antenna utilizes the
slot and stub loading technique to improve its efficiency of the antenna. The overall
dimension of the antenna is 22mm X 28mm X 1.5mm. The -10dB bandwidth of the
proposed structure is 3.65GHz -11.41 GHz [90].

M.Wagih et al. (2022), have presented a broadband Omni directional antenna for LoRa
applications. The antenna is well-tested for channel gain and the effect of motion,
elevation, and shadowing is also observed with LoRa connectivity. The antenna is designed

on a cardboard substrate [91].

R. Hussain et al. (2022), have presented a meandered loop slot line structure. The

frequency reconfigurability is achieved using a varactor diode. The suggested antenna has
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a minimum bandwidth of 17 MHz over the whole frequency band and resonates over the

range of (758-1034) MHz [92].

R. Roges et al. (2022), “have designed an antenna with a dimension of 22mmx
34mmx0.5mm. The antenna's simulation and experiment findings are in good agreement,
and its operational range features a low VSWR when compared to other antennas operating
at the same frequencies, the proposed antenna stands out primarily for its size and

performance [93].

A. Mushtaq et al. (2022), proposed array antenna in the current study has dimensions of
159 X 210 X 2.55 mm3 (LoRa band). Further, the gain of an antenna is improved by
introducing the T-shaped slots in the patch [94].

S. Robee et al. (2022), present a LoRa patch antenna that works satisfactorily in an
environment, in the radiation pattern, bandwidth, and input impedance. The PIFA structure
is perfectly matched with the input circuit which improves the efficiency of the antenna

[95].

N.Zalfani et al.(2022), presents a miniature printed monopole meander line antenna for
the 920 MHz operating band. The meander technology is used to design the antenna. The
proposed structure is very small in size 80mm X 50mm and designed on an FR4 substrate.

The antenna shows a gain of 1.8dB and an omnidirectional radiation pattern [96].

S. Wang et al. (2022), present a 3X 3 artificial magnetic conductor ISM band dual-band
flexible monopole antenna that is suggested. The antenna substrate is made of polyimide,
which gives the antenna its bendability and thinness. The double-ring AMC structure's in-

phase reflective qualities help the antenna's radiation characteristics [97].

2.3. Summary

From the literature, it is evident that designing an exactly perfect antenna for the
communication system in all aspects is an impossible task, but it can be reached to its

maximum by incorporating some techniques in antenna design. Several features need to be
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considered when designing the antenna, such as bandwidth, multi-band, loss gain, design
complexity, size, and efficiency, so research and design work is still ongoing to improve
the antenna in terms of these parameters. The research gap in this study lies in the need for
the development of compact transceivers for LPWAN technologies with small, planar,
printed antennas that ensure proper isolation to avoid interference with the module's
lumped element. Additionally, there is a gap in designing modules with reduced power
consumption and exploring antenna technologies that can function as energy harvesters,
transceivers, or sensors. Lastly, optimizing antenna parameters, including resonating
frequency and radiation pattern, to meet the specific requirements of indoor and outdoor.
To fulfill this research gap, the majority of this chapter is devoted to a review of the
literature on microstrip patch antennas for use in IoT applications especially those
associated with L and S-band. Additionally, it inspires the design of multiband microstrip
patch antennas with defective and meandering techniques to improve antenna performance.
From the literature, it can be concluded that IoT is crucial due to its wide-ranging
applications that enhance efficiency, provide valuable insights, improve quality of life,
contribute to sustainability, enhance safety and security, optimize supply chains, boost
business competitiveness, advance healthcare and agriculture, promote global
connectivity, and drive technological innovation. The literature survey confirms that IoT
has the potential to profoundly impact various aspects of society and the economy, making

it a crucial and transformative technology.
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CHAPTER 3

DESIGN, FABRICATION, AND MEASUREMENT OF NB-
IoT ANTENNAS

3.1 Introduction

The future of the Internet of Things is LoRa and NB-IoT as their coverage range is very
high with good power management. A square-slotted circular patch monopole antenna with
square slots, symmetric slotted monopole, and fractal geometry antenna is proposed for the
NB-IoT frequency band. The proposed antenna is the size of 30mm x 60mm in size,
allowing it to be printed on the NB-IoT module. The designed antenna is compatible with
NB-IoT applications in the B1 (2100) MHz, B3 (1800) MHz, and B5 (850) MHz bands”.
When compared to existing designs in the literature, the proposed concept is innovative in
terms of simplicity of production, size, and gain. The antenna was created using HFSS
software and a 1.6mm thick FR4 substrate. The designed antenna was also built and tested
in the lab, and the results from the lab measurements and the software simulations were
very similar.
The contribution of the mentioned work is summarised as follows:
e The antenna has a relatively small dimension as compared to the reported antennas
in the literature.
e The antenna mentioned in section 3.3 is square-slotted covers the B1 and B3 bands
of NB-IoT and can perform in a multi-antenna environment.
e The antenna mentioned in Section 3.4 that has a symmetric slot structure covers the
B1 band of NB-IoT and a Fractal antenna that is discussed in Section 3.5 covers the
B1, B3, and B5 bands of NB-IoT.
e The design is also simple, which makes it easy to make, and the antenna's small
size makes it likely that it will be placed on the NB-IoT module, which will make

the communication module of NB-IoT smaller.
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3.2 Design Procedure of MPA [6]

A microstrip patch is constructed using ground, patch, and substrate with a feed. These

parameters are given below:

(Study of Antenna Design and Substrate)
v

Selection of Antenna Design Technology
and Substrate

v
Antenna Designing using HFSS —

'

Simulation and Optimization

Meet the NO
Requirements
[ Antenna Fabrication
( Antenna Measurement )

Figure 3.1: Microstrip patch antenna basic design process
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b)

d)

Dielectric constant (&r): “The dielectric constant of substrate material has an
important role in antenna designing. But it will affect the performance of the
antenna. So, there is a trade-off between the size and performance of the microstrip
antenna” [6].

Height (h): In compact communication systems, the profile of the antenna must be
low. Hence, the height of the dielectric substrate should be less. As per the
application, the above parameter’s values are calculated. The design steps for the

microstrip patch antenna are mentioned in Figure 3.1.

Selection of substrate: The appropriate selection of substrate thickness is more
important in antenna design. Due to variations in the thickness of the substrate,
there is also a change in the Bandwidth and radiation efficiency of the antenna. The
radiation efficiency of the microstrip antenna depends mainly on the permittivity
of the dielectric material.

Width of the patch: The width of the microstrip patch antenna is calculated by the

equation, Width = mm

W= (3.1)

The effective length: By using equation 3.2, The effective length of the MSA

antenna is Length= mm

c

Ty oo

The effective dielectric constant: Using equation 3.3, the effective dielectric

constant can be found

e, +1 g —1 12 % by /2
+(1+ ) (3.3)

oy =T T3 W
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e) The length extension: The length extension is

aL_ oo (er,, +1) (% J;Vo.264)

h (er,,, — 0.258) (- +08)

(3.4)

f) The actual length of the patch: The actual length is obtained by the equation,

3.3 Square Slotted Monopole antenna
3.3.1 Introduction

A square-slotted circular patch monopole antenna with square slots is designed, fabricated,
and measured. The simulated antenna resonates at 2.1GHz and 1.8GHz, producing an 885
MHz bandwidth (-10 dB) and a gain of more than 4.42 dBi throughout the full bandwidth

and omnidirectional radiating pattern.
3.3.2 Design procedure of square slotted patch antenna

The optimized design structure of the proposed NB-IoT antenna with the dimension in mm.
The designed prototype is a combination of different parts such as a cropped circular patch,
microstrip feedline, lumped port, square slot and slotted ground. The length of the ground
has been adjusted to achieve impedance matching with the monopole, and it is connected
through a microstrip feed line. To enhance impedance matching and optimize the antenna's
radiation efficiency, a slot has been introduced in the ground plane. The designed structure
was simulated using the Ansoft High-Frequency Structure Simulator (HFSS). Furthermore,
a square slot has been integrated into the patch, resulting in a second resonance frequency
within the B3 frequency band. The initial design involves a circular patch monopole
antenna that is fed using a microstrip line. It resonates at approximately 2.1 GHz but has a

narrow bandwidth limited to the B1 band of NB-IoT.
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Figure 3.2: The NB-IoT antenna structure (a)Top (b) bottom

Figure 3.3 shows the design procedures. Initially, the circular patch monopole antenna is
designed, which is fed with the microstrip line feed, and it resonates around 2.1 GHz but
provides a very low bandwidth that covers only the B1 band of NB-IoT. Figure 3.3 (a)
resonates at 2 GHz but doesn’t give a good resonance as the feedline is mismatched with
the patch. To decrease the impedance at the joint, the slot is introduced at the ground,
leading to adding inductance and capacitance as mentioned in Figure 3.3 (b). The purpose
of this article is to cover both bands B1 and B3 of NB-IoT, so to increase the bandwidth, a
square slot is introduced in the upper patch that gives one more resonance at 1.8GHz as
mentioned in Figure 3.3 (c), and the last circular patch is cropped to reduce the size by
4mm x 2mm. The affected |Si1| (dB) parameter is mentioned in Figure 3.4 as per the design

mentioned in Figure 3.3.

?—W

(a) (b) (©) (d} K

Figure 3.3: Designing steps of cropped patch antenna to reduce the size and improve
performance (green-upper patch and grey-ground plane).
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Figure 3.4: Simulated |S11| (dB) of antenna for change of dimension and design of
NB-IoT Antenna.

3.3.3 Parametric Studies

A parametric study was performed to optimize the size and performance of the designed
antenna. Parameters that affect the performance of the antenna effectively are also
determined, and they are as follows:

3.3.3.1 Feed Line Width.

The width of the feed line is inversely correlated with the input impedance of the antenna.
When the patch dimension and dielectric substrate are chosen, In the mentioned design, the
initial microstrip line width is calculated using equation 3.6 [6] and then it is optimized as
per simulated results. In the design, a width of 12 mm is selected, which is a trade-off
between the perfect match and bandwidth. We can also find the width dimension by using
an online width calculator [99].

Formula to find the width of the feed line [6]

60

8h Wo . Wo
Zc—wln[ﬁ+z, if S2<1 (3.6)
and
7. = 120m if WT >1 (3.7)

[erers |2 +1.393+0.667In(*72+1.444)|”
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Where Zc =characteristics impedance of feed line as we have a 50 ohm connector
feed so mostly it will be 50 ohms for a perfect match.
h= height of substrate

sretf =Effective dielectric constant

-10 -

-20 -
—~ —=— 3mm
@ - —s—4mm
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Figure 3.5: |S11] (dB) Plot of circular square slotted patch structure: width of feed line
varies from 3mm to 7mm.

3.3.3.2 Width of Square Slot.

The antenna’s slot shape deals with the antenna impedance matching and electromagnetic
coupling with the patch. From the reflection coefficient graph mentioned in Figure 3.6, it
is concluded that the slot size does not affect the resonance frequency but it affects the
impedance, because of their small size, it doesn’t affect the bandwidth very much [78].
When the patch shape is designed, a change in slot size will affect the current distribution,
and the impedance may change, affecting the resonance. Here we have varied the square
slot size from 10mm to 14mm and an optimized size of 12mm slot was selected that gives

a good response and good impedance match.
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Figure 3.6: [S11| (dB) Plot of circular square slotted patch antenna for different values of

square slot sizes varies from 10mm to 14mm.

3.3.3.3 Circular patch radius

With the variation of the radius of the circular patch, the resonant length of the antenna
varies, changing the resonant frequency. The variation in resonant frequency is shown in
Figure 3.7. As a result, a reasonable radius of 17.5 is selected after optimization as per the
size availability of the NB-IoT Module chip and frequency requirements. The parametric

study varies from 15mm to 19mm at a step size of 0.5mm.

—e— 19mm

1.0 1.5 2.0 2.5 3.0
Frequency (GHz)

Figure 3.7: |S11] (dB) Plot of circular square slotted patch antenna for different values of

radius of circular patch varies from 15mm to 19mm.
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3.3.3.4 Dimension of Slot in the Ground Structure

The slot is cut in the in-ground structure at the feed line and antenna connection point. It
enhances the impedance matching between the antenna and feedline by improving the
coupling between both structures. the coupling exceeds some limit, then it will worsen the
performance of the antenna. [100]. The parametric study is combined performed on the
length and width of the slot added in the ground structure so that it can be optimized for
perfect impedance matching and it came out to be 6 mm X 9 mm after optimization as

mentioned in Figure 3.8.

0-

5
10
104

-20
-154

-20 - -30 -

-254 -40

|S11] (dB)
IS44] (dB)

-30 4 50 4

35

-60

1.0 15 2.0 2.5 3.0
Frequency (GHz)

1.0 15 20 25 3.0
Frequency (GHz)

Figure 3.8: |S11| (dB) Plot of the circular square slotted patch (a) length and (b) width
both vary as mentioned in the graph.

3.3.4 Results and Discussion

In this section, the Proposed antenna and the performance of the antenna are mentioned in
detail. The fabricated antenna is shown in Figure 3.9. The [Sii| (dB) parameters are
measured using the E8362C PNA Microwave Network Analyzer as shown in Figure 3.10.
The [S11] (dB) is shown in Figure 3.11. It can be seen from Figure 3.11 that the bandwidth
is from 1.45GHz to 2.6GHz, covering both the B1 and B3 bands of NB-IoT. The fractional
bandwidth achieved in this design is 57.5%.
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(a) (b) )

Figure 3.9: Snapshot of fabricated antenna top (a) and bottom (b) view.

Figure 3.10: Fabricated antenna with vector network Analyzer for [S11| (dB)

measurement.

The realized gain band graph is also mentioned in Figure 3.12, and it can be concluded

from the gain vs. frequency graph that the gain is more than 2dBi for the complete
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impedance bandwidth and the peak gain is 5.3 dBi. Figure 3.13, that the radiation efficiency

1s more than 95% can be seen.
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Figure 3.11: The |S11] (dB) vs. Frequency of the proposed antenna.
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Figure 3.12: The realized gain Vs frequency graph of proposed antenna.
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Figure 3.13: The simulated total efficiency graph.

Table 3.1 Comparison table with the antennas published in recent years.

Ref. Design Complexity | Dimension Substr | Frequenc | Bandwi | Peak
or structure (mm?) ate y dth Gain
Bands (MHz) | (dBi)
(GHz)
[74] Slotted Patch | 0.27Ax0.271 | FR4 1.73 & | 30 -3.8
MIMO x 0.009A 2.53
[101] Slotted patch | 0.69Ax0.371 | FR4 1.72,2.1 | 150 1.97
antenna MIMO x 0.01A 8&5.5
[76] Monopole patch | 0.22Ax0.221 | FR4 1.1 180 -3.2
metamaterial x 0.011A &1.6 &l.1
[67] H-shaped 0.432x0.10A | Roger | 1.8 40 5.5
reconfigurable x 0.01A s5880
[102] Switchable  slot | 0.64Ax0.64). | FR4 24,35 | 140 2.33,
antenna % 0.01A 3.14
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[77] C-shaped 1.25A%x1.56A | FR4 1.8 & | 100 4.4
conforming BW | x 0.01A 24

[68] L-shaped CPW | 0.20Ax0.201 | FR4 1.1& 3000 -0.5
feed % 0.01A 24

[103] Tuneable 0.31x0.15A%x | Tin 1.5 400 1
rectangular slot 0.007A

[92] Meandered  slot | 0.06A%x0.15L | RO43 | 0.75 17 -0.35
loaded with | X 0.01A 50 &l1.1
varactor diode

[86] Slotted square | 0.29Ax0.291 | FR4 2.4 220 3.2
patch x 0.013A

[87] Folded Dipole 0.33Ax0.24A | FR4 2.1 100 2

x 0.01A

Propos | Circular slotted | 0.181.x0.26).. | FR4 1.8 & | 1100 3.45

ed patch x 0.01A 2.1

Design

To showcase the benefits of the designed antenna, a comparative analysis is conducted
between the proposed design and an existing design that operates within the same
frequency range or is intended for NB-IoT applications. The specific details are presented
in Table 3.1. To measure the performance of the antenna, it was placed inside an anechoic
chamber, as illustrated in Figure 3.14. The gain measurements were carried out employing
the reference gain measurement method. To find out how directed the antenna is, the
radiation patterns mentioned in Figure 3.15 show the XY and ZX lines of the radiation
pattern, which was calculated at a central frequency of 2 GHz. The simulated radiation
pattern is represented by the red color plot, while the measured radiation pattern is depicted
by the blue color plot. Based on the analysis, it can be observed that the proposed antenna

demonstrates vertical linear polarization and an omnidirectional radiation pattern.
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Additionally, the antenna possesses a wide beam width at half power at the central

frequency, indicating its ability to radiate energy in Omni directions.
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(a) (b)
Figure 3.15: The simulated and measured radiation pattern (a) E-Plane (b) H-Plane at 2
GHz.
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3.4 Symmetric Slotted Monopole Antenna

3.4.1 Introduction

The symmetric slotted, planar patch monopole antenna on the FR4 substrate is designed.
The designed antenna is of dimension 30mm X 30mm which is determined by the
dimension available at the NB-IoT Module. It is resonating at 2.09 GHz and provides a
good bandwidth of 120MHz. The final design is achieved in a stages design in which one
by one we have reduced the resonating frequency using different antenna technologies such
as DGS and Slot. The resonating frequency reduces to 2.1GHz from 4.4GHz in the same

dimension by using the mentioned design techniques.

3.4.2 Design procedure of symmetric slotted patch antenna

The basic microstrip patch antenna is designed of dimension 15 mm X 25 mm and it is
resonating at 4.4GHz theoretically, we can verify this from the mentioned |[S11| (dB) graph
in Figure 3.17. The simulated antenna design is mentioned in Figure 3.16. The substrate
provides mechanical support to the patch antenna. here we used Flame retardant FR4
material of 1.6 mm, the patch antenna of 15 X 25 mm?2 is designed on the top side substrate,
and the ground of dimension 30 mm X 30 mm is designed on the other side or considered
as the bottom of the substrate and the dimension of the first antenna is mention in Figure
3.16. The patch antenna is excited with a lumped port through the microstrip feed line. To
achieve the required resonating frequency of the antenna we need to increase its resonating
length So, the inverted L-shaped slot is introduced in the patch, which helps in reducing
the resonating frequency to some extent, one more slot is introduced to the top patch of the

antenna that drastically reduced the resonating frequency to the 2.4 GHz.

36



‘ 30mm N _
A
< 25mm R
iy
E
=
3
15mm )
|
L A 4
7mm
| L 4
g
2.5mm

Figure 3.16: The Basic Patch antenna
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Figure 3.17. The Reflection Coefficient of Basic Patch

For our NB-IoT application, we need a resonating frequency at 2.1 GHz, so again we have
added the horizontal slot to the antenna, and antenna 4 is resonating at 2.36 GHz So, at last,
the rectangular-shaped DGS is introduced to the antenna as per surface current so that we

can reduce the resonating frequency to 2.1 GHz therefore, step by step by introducing
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mirrored slots and DGS structure we have increased the resonating length and reduce the
resonating frequency to 2.12 GHz. The step-by-step antenna design is mentioned in Figure
3.19. The final designed antenna is mentioned in Figure 3.18 and its dimensions are
Lp=18.5mm, Wp=25mm, Lf=10mm, W¢=2.5mm, Ls =11mm, W =11.5mm, WI1=8mm
L1=2mm, Ldgs=20mm, and Wdgs=17mm. The patch antenna is fed with an inset
microstrip feed line of length 10mm and width of 2.5mm which is optimized to 50 ohms

and excited with the lumped port in HFSS The port is normalized to 50 ohms.

30mm

(b)
Figure 3.18: The final design (a) top and (b) bottom view of the antenna

Figure 3.19: The design steps (progress) of the proposed patch antenna.
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3.4.3 Results and Discussion

Here in the result section, to study the effect of the designed prototype we have studied its
various parameter which is analyzed after stimulation of the designed antenna in HFSS. we
have discussed the characteristics of the final designed antenna (e) as mentioned in Figure
3.19 and the shifting of resonant frequency from the antenna (a) to antenna (e) is mentioned

in Figure 3.20.
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Figure 3.20: Comparative reflection coefficient of antenna a, b, ¢, d, and e.

Table 3.2 The comparison table of all the designed antennas at various steps.

Design Resonant | Frequency Impedance | Gain at the | VSWR at the | Size  of
frequency | Range GHz | Bandwidth | resonating resonating Antenna
(-10 dB) frequency frequency (mm?)
Designa | 4.39GHz | (4.29-4.47) 180 MHz 7.75dBi 1.04 30X30
Design b | 3.99GHz | (4.06-3.90) 160 MHz 6.27dBi 1.64 30X30
Design ¢ | 2.4GHz (2.27-2.45) 180 MHz 3.35dBi 1.06 30X 30
Designd | 2.36GHz | (2.33-2.39) 60 MHz 3.65dBi 1.8 30X 30
Designe | 2.09GHz | (2.12-2.24) 120MHz 2.72dBi 1.01 30X 30

The fabricated antenna is shown in Figure 3.21. The |S11| (dB) parameters of the fabricated

antenna are measured using the E8362C PNA Microwave Network Analyzer as shown in
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Figure 3.22. The reflection coefficients are shown in Figure 3.23. It can be seen from Figure
3.23 that the bandwidth is from 1.45GHz to 2.6GHz, covering both the B1 band of NB-
IoT. The |S11| (dB) reflection coefficient graph has a good match with the simulated results,
while the resonance varies, maybe because of mismatching at the port connectors. All the
antenna parameters are concluded in Table 3.2 and Table 3.3. is a brief comparison of our

final antenna with a previously designed antenna by other authors which is published.

?—b’f

X

(a) (b)

Figure 3.21: Fabricated antenna top (a) and bottom (b) view.

The designed antenna has a slotted patch and DGS fed with a microstrip inset feed line
whose width is optimized using the parametric study. The antenna has bandwidth at 120
MHz that corresponds to the Band of NB-IoT (B1 2100). The designed prototype antenna
can be used for NB-IoT applications. The gain measurements have been done using the
reference gain measurement method. The radiation pattern is calculated at the center

frequency of 2.1 GHz and its E-Plane and H-Plane are mentioned in Figure 3.24.
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Figure 3.22: Fabricated antenna with vector network Analyzer for [S11| (dB)

measurement.
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Figure 3.23: The simulated and measured |S11| (dB) versus frequency graph.
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Figure 3.24: The radiation pattern of the proposed antenna in (a) E- Plane (b)H-Plane at

2.1 GHz.

Table 3.3 Comparison of the final designed antenna with another antenna for IoT technology.

Ref Antenna Design | Substrate Operating Dimension(mm?®) | Application
Technology Material Frequency
[28] Rectangular FR4 915 MHz 0.17A%0.13\x IoT
Patch with Slot 2.45 GHz 0.0090
[52] Antenna with FV 2.45 GHz 0.442x0.32)x IoT
Array 0.012x
[61] Foldable and FR4 2.4 GHz 0.44Ax0.48)x IoT
non-foldable ISM 0.025)1
structure
[69] Patch Antenna FR4 433 MHz 0.301%x0.23)x IoT
0.002%
[70] Patch with DGS | FR4 871 MHz 0.15A%x0.19A% LoRa
0.004)1
[106] Flexible Printed | Polyamide 868 MHz 0.069Ax0.06A.x IoT
Antenna 0.005X1
[107] UCA & UIT FR-4 868MHz 0.10A%0.23A% IoT
design 0.002A
[108] Folded antenna Copper 868MHz 0.081%0.28)\x IoT
(PEC) 0.014x
[109] Ring-based FR-4 915MHz 0.07A%x0.18\x IoT
slotted structure 2.45GHz 0.003X1
Propos | Patch with slot | FR4 2.1GHz 0.212x0.21Ax NB-IoT
ed 0.01»
Anten
na
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3.5 Fractal Antenna

3.5.1 Introduction

A small-size MIMO fractal antenna is designed for NB-IoT applications. The shared patch
MIMO antenna is very small in size as compared to the conventional patch MIMO antenna,
in which multiple antennae are designed on a substrate depending on the number of ports.
The proposed antenna is designed to cover the B1 (2100), B3 (1800), and B5 (800) bands
of NB-IoT. The antenna is 20mm x 10mm in size. It resonates at 2 GHz and provides a
good bandwidth of 135%. The final fractal design is achieved in four iteration stages of the
line and its slant line is at a 45-degree angle. The designed antenna is fed by two
complimentary placed microstrip lines, and it is designed and simulated using HFSS. The
DGS concept is used to improve the resonance and isolate two-port antennae.

3.5.2 Design Procedure of Fractal Antenna

The patch design steps, which are used to evolve the fractal patch, are shown in Figure 3.25
in steps. The slant line is at 45 degrees and the fractal shape is iterated in three steps. In the
last step, the fractal line is shaped into a polygon with five sides. The patch antenna is fed
by two microstrip lines which are placed orthogonally, which helps in reducing the
dimension and complexity of the antenna. The mutual coupling between the port and patch
is improved by increasing the distance between the antenna ports. The substrate provides
mechanical support for the patch antenna. Here we used flame retardant FR4 material, of

1.6mm thickness.

VANEDN 4 P & N

i i 1 iv

Figure 3.25: Design steps involved in the Patch design
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The patch antenna is designed on top of the substrate size of 20 X 10 mm2, and the ground
is designed on the other side or considered as the bottom of the substrate with the defected
ground concept that helps in increasing the effective size of the grounds. The patch antenna
is excited with a lumped port through the two microstrip feed lines placed complementary

to each other as mentioned in Figure 3.26.
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Figure 3.26: The dimension of the patch antenna

3.5.3 Results and Discussion

Here in the result section, to study the effect of the designed prototype we have studied its
various parameter which is analyzed after stimulation of the designed antenna in HFSS.
The reflection coefficient, |Sii| (dB) parameter is mentioned in Figure 3.27 of the final

designed antenna the antenna is resonating at 2.05GHz and has an impedance bandwidth

of 2 GHz.
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Figure 3.27: Reflection coefficient of final designed antenna resonating at 2.09GHz.

Gain is one of the basic parameters of an antenna that measures the power-delivery
capability of the radiator from the transmitter side to the target. Gain describes the
maximum intensity of radiation caused by the radiating element when compared with the
lossless isotropic antenna, which is provided with the same amount of power. An antenna
with a gain of 2 implies that the effective power delivered is twice as when compared to an
isotropic radiator. As the dimension of the antenna is very small, the antenna gain is very
small at low frequencies and shows 2.15 dBi of gain around 2.1 GHz as mentioned in
Figure 3.28. The fabricated antenna is shown in Figure 3.29. The |S11| (dB) parameters of
the fabricated antenna are measured using the Microwave Network Analyzer as shown in
Figure 3.30. The simulated and measured reflection coefficients are shown in Figure 3.31.
It can be seen from Figure 3.31 that the bandwidth is from 100 MHz to 2.6 GHz, covering
both the B1, B3, and B5 bands of NB-IoT. The |S11| (dB) reflection coefficient graph has a
good match with the simulated results, while the resonance varies, maybe because of
mismatching at the port connectors.

The antenna has bandwidth at 2.5 GHz that corresponds to the bands of NB-IoT (B1 2100
MHz), B3 (1800 MHz), and B5 (850 MHz). The designed prototype antenna can be used
for NB-IoT applications. The gain measurements have been done using the reference gain

measurement method.
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Figure 3.28: The simulated Gain -Frequency band of the designed antenna.

Figure 3.29: Fabricated antenna top and bottom.

The radiation patterns help in finding the directionality of the antenna. The radiation pattern
is calculated at the center frequency of 2.1 GHz and its E-Plane and H-Plane are mentioned
in Figure 3.32. To substantiate the advantages of the designed antenna, the proposed design

is compared with the existing design lying in the same frequency band based on dimension,
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operating bands, bandwidth, gain, the substrate used, and design technology, and it is

mentioned in Table 3.4.
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Figure 3.30: Fabricated antenna with VNA for |S11| (dB) measurement
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Figure 3.31: The [S11| (dB) versus frequency graph.
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Figure 3.32: The Simulated and measured Radiation pattern of the proposed antenna in

(a) E-Plane and (b) H-Plane at 2.1 GHz.

Table 3.4 Comparison of the final designed antenna with another available antenna for loT

technology.

Ref Antenna Substrate | Operating | Dimension(mm?®) | Application
Design Material | Frequency
Technology
[18] Antenna with FV 2.4GHz 0.442%x0.32)x IoT
Array 0.012A
[19] Patch with DGS | FR4 871MHz 0.154%0.19A% LoRa
0.004)1
[20] Flexible printed | polyimide | 868MHz 0.0691x0.06Ax IoT
antenna 0.005)1
[21] Rectangular FR4 915MHz 0.17A%0.13Ax IoT
patch with slot 2.45 GHz 0.009A
[22] Patch antenna FR4 433MHz 0.30A%0.23A% IoT
0.002A
[24] UCA & UIT FR-4 868MHz 0.10A%0.23A% IoT
design 0.0022
[25] Folded antenna | Copper 868MHz 0.081%0.28)\x IoT
(PEC) 0.014A
[26] Ring-based FR-4 915MHz 0.07A%x0.18\x IoT
slotted structure 2.45GHz 0.003)
[27] Foldable and FR4 2.4GHz 0.441x0.48)\% IoT
non-foldable ISM 0.025)1
structure
Proposed | Fractal Design | FR4 2.1GHz 0.071%x0.07Ax NB-IoT
antenna | with MIMO 0.011A
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3.6 Summary

In this chapter, a circular cropped, square-shaped slot patch antenna, Symmetric Slotted
monopole, and fractal-designed antenna are proposed, designed, and fabricated for the B1,
B3, and B5 bands of NB-IoT applications. The test results show that it covers both bands
with satisfactory antenna performance. The characteristics of the antenna were analyzed
and found suitable for the NB-IoT applications NB-IoT technology can be easily merged
with mobile network existing technology with some upgradation in software and systems

to solve the problem of data communication in wireless sensor networks [9].
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CHAPTER 4

DESIGN, FABRICATION, AND MEASUREMENT OF
ULTRA-WIDEBAND ANTENNA

4.1 Introduction

Today the world is rapidly moving towards miniaturization and modernization of
technology in the field of electronics and communications. The importance of antenna
miniaturization is rapidly growing as communication devices get smaller. An
ultrawideband antenna key-shaped patch antenna is a unique design monopole structure.
This designed antenna of dimensions 44mm X 44mm X 1.6mm can be used by various
wireless technology using different frequencies. The antenna can be used in frequency
bands over 2.6GHz -10.6GHz, covering Wi-Fi frequencies at 5.15-5.35 GHz and 5.725-
5.825 GHz, and IoT technology.

For wireless communication purposes, monopole patch antenna designs are preferred
because of their planarity and they also exhibit wideband properties [110-115]. There is
various ultra-wideband (UWB) system and their applications are studied [116-119]. The
ultra-wideband systems have very vast applications and use in current broadband
communication trends, where high-frequency data is communicated in various application
fields like biomedical applications, RFID, wireless sensor networks, the automobile
industry, and 5G networking. UWB system has recently for 5G for midrange frequency
band (3.3-4.2) GHz and (4.5-5.5) GHz. Microstrip patch antennae are the best-suited
antenna for wireless applications because of their planar structure, and simple and cost-
effective properties. Although many other techniques are used to improve the performance

of patch antennae and also add radiation properties to the resonating structures.

As per literature, [2-9] initially UWB antennas consist of basic shapes of the resonating
patch as triangles, rectangles, u shaped and ultra-wideband properties are introduced to
them with some enhancement techniques like DGS, Slot, CPW, and many more. Now, days
within the UWB system dual notch band and multiband antenna are also designed and

implemented as per application requirements [121-123]. For the IoT application and
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working module, the monopole structure is a suitable design that exhibits good radiation
and wideband properties. Monopole antenna can be easily integrated with other devices or
can be printed on PCB, so it is ideally suitable for wireless portable devices, implemented
worldwide in many shapes and designs like meandered and PIFA designs [124-128].
Nowadays, the monopole structure is also used for the high gain applications required in
GPR, high accuracy positioning systems, and microwave imaging systems, and these
antenna designs are integrated with multi-layer technique, electromagnetic band gap

structure, and even use DRA concept to increase the gain of the antenna.

4.2 Proposed Design Detail

Different substrates such as High dielectric materials, FR4 substrate, Magneto-dielectric

Meta-Materials materials, etc. are used for different designs of an antenna.

44 mm

20 mm

44 mm

Figure 4.1: (a)Top view and (b) Bottom view of the patch antenna

4.3 Results and Discussions

In this section, the fabricated antenna and simulation and measurement results are

mentioned in detail. The simulated reflection coefficient graph is mentioned in Figure 4.2,
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and it is directed from the graph that the antenna has an impedance bandwidth of more than

8GHz from 2.5 GHz to 10.7 GHz.
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Figure 4.2: The reflection coefficient graph for the ultra-wideband frequency range.

The values of through power are extracted from the VSWR equation 1. From Figure 4.2 it
is seen that the value of through power is obtained greater than 99 % for microstrip key-
shaped patch antenna, due to |S11| (dB) <-10 dB. This deduces that reflected power is only
10 % from the radiating patch.

[ VSWR-1 @1
VSWR+1
Through Power (%) = 100(1 —I'?) 4.2)

Where I is the reflection coefficient

The values of Return loss are extracted from voltage standing wave ratio (VSWR)

according to equation (4.3): which is mentioned in Figure 4.2.
RLa4z =—101ogl0 (1 —T?) (4.3)

Gain is a quantity that measures an antenna's directional characteristics. A high-gain
antenna has directionality and a low-gain antenna has the same power radiation in all
directions. Ideally, antennas have equal power in all directions, as happens in isotropic

antennas. Power is not created by any antenna; it is redistributed in any direction. For
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example, if we consider a directive antenna, its power is focused in a particular direction

and it has less power or negative power in other directions.

It is the conservation of energy by the antenna. A high gain antenna has a high range of
communication, as in the dish antenna, and a low gain antenna has a lower range, as in the
Bluetooth device. From the polarization, we can conclude that the circular part of the key
provides a vertical polarization and makes the antenna resonate at a low frequency that is
below 5 GHz and gives a gain of 2.8 dBi at 3 GHz, and the feed line key-shaped provides
a horizontal polarization at a higher frequency more than 5 GHz with gain 4.8 dBi at 8.8
GHz. The simulated gain Vs frequency graph is shown in Figure 4.3. The simulated total
efficiency of the proposed design is mentioned in Figure 4.4. The fabricated antenna, top,
and bottom view are shown in Figure 4.5. The reflection coefficient of the fabricated
antenna is measured for the ultra-wideband using the E8362C PNA and for the gain and

radiation pattern measurement antenna is placed in the anechoic chamber as shown in

Figure 4.6.
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Figure 4.3: The simulated realized gain versus frequency graph.
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Figure 4.4: The simulated total efficiency of the proposed design for the ultra-wideband.

Figure 4.5: Snapshot of fabricated antenna top (a) and bottom (b) view.

The |S11| (dB) parameter is the reflection coefficient, which represents the matching
between the port and feed line. It shows, how well the antenna transmits electromagnetic
waves. The simulated and measured return losses are shown in Figure 4.7. The measured

and simulated radiation pattern of the antenna has been illustrated in Figure 4.8 at 3.5GHz.

54



Figure 4.6: Fabricated antenna with vector network Analyzer for |S11| (dB) measurement
and in an anechoic chamber for pattern measurement.
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Figure 4.7: The reflection coefficient plot |[S11| (dB) Vs Frequency) of the proposed
antenna.

To substantiate the advantages of the designed antenna, the proposed design is compared

with the existing design lying in the same frequency band based on dimension, operating
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bands, bandwidth, gain, the substrate used, and design technology, and it is mentioned in

Table 4.1.
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Figure 4.8: The measured E-plane and H-plane at 3.5GHz for the designed antenna.

Table 4.1. Comparison of the proposed antenna with other antennas published in recent

years.
Ref Antenna Substrate | Bandwidth Size Gain
technology i’ (dBi)
[129] Patch Antenna FR4 9.2 GHz 9.21Ax6.31Ax | 6 (peak)
0.042A
(3.1-12.3) GHz
[130] Disc  monopole | FR4 7.47 GHz 1.08Ax0.9A% <8
t 0.034A
antenna (2.69-10.16) GHz
[131] PCB printed FR4 6 GHz 0.7A%0.7Ax <-5
0.037A
(4-10) GHz
[132] Monopole patch | FR4 7.5 GHz 1.6Ax1.05Ax -2.36
0.018A
(3.1 -10.6) GHz
Proposed  Key shaped | FR4 9 GHz 0.51Ax0.51Ax S5(peak)
Antenna K monopole (2.5 11.5) GHz 0.018\
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4.4 Summary

In this chapter, a key-shaped monopole patch antenna is proposed for UWB IoT
applications. The -10 dB impedance bandwidth is from 2.45 GHz to 10.6 GHz and their
fractional bandwidth is more than 90% with a radiation efficiency of more than 80% for
the bandwidth. It can also be implemented in all the latest mobile communication devices
like cellular phones, IoT module devices, and other chipset devices that works in the
ultrawideband frequency range. The impedance matching can be improved for higher
frequencies to increase the performance of the antenna. Antennas could be designed with
polarization purity to enhance the reception at the receiver side and circular polarization

may be achieved with the power divider circuit for further work.
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CHAPTER 5

DESIGN, FABRICATION, AND MEASUREMENT OF
LORA ANTENNA

5.1 Introduction

In this chapter, the designs and develops a planar small-size antenna design for smart loT
communication with LoRa Technology. The design antenna system is best suited for
transceiver systems in this automation and sensing era. In the designed antenna, meandered
patch, dipole structure, and stub feed techniques are used. A different design approach is
employed to get an optimized result. The antenna is made up of a rectangular feed stub to
which a connecting wire is attached. The overall dimension of the antenna is 55mm X
55mm X 1.6mm. The antenna is implemented for sensor data communication with the
LoRa Module device and Device Interface Arduino platform which is later mentioned in
Chapter 7. The antenna is connected as a transmitter and receiver one by one to verify its
performance with machine-to-machine communication using the LoRa Module.

The novelty of the proposed work can be summarised as follows:

1. To overcome the issues of coverage for LoRa devices, the proposed antenna has
better coverage than the previously designed antenna and conventional monopole
antenna. The proposed antenna meets the requirements for LoRa communication.

ii.  The design is also simple, so there is the ease of fabrication and the small size tends
to the placement of this antenna at the LoRa module, which will decrease the size
of the communication module of the LoRa device.

iii. A compact meandered antenna is proposed for LoRa applications. The work cited
in [16-20] covered the L bands, but they are not suitable for LoRa communication.

iv.  While optimizing the size of the antenna, a unique meandered design is
implemented with the dipole-shaped ground. As per the author’s information, such

a unique design with a small size and good gain is not achieved in any work.
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5.2 Proposed Design Detail

The detailed antenna geometry is discussed in this section, its equivalent circuit is
presented, and the design strategy behind optimization is discussed. The designed

structure was simulated in Ansoft HFSS, which is based on the FEM method

Start Designing Compact LoRa
Antenna

( Define the Variable for each
element

T

—.( Do the parametric Study )1-

'

(Make Necessary changes in design

Good Gain, Small size and Operating
Frequency Band

(Result saved and design fahricated)

Figure 5.1: Flowchart for antenna designing Strategy

5.2.1 Design Strategy

The technical design strategy for the proposed antenna is briefly described in this section.
It is critical to determine the antenna type, material, and thickness before beginning the
design process. Because of its excellent performance, the planar meander-line antenna was
prioritized, and FR4 epoxy substrate material was used to reduce the antenna's fabrication

cost. After that, the appropriate electromagnetic (EM) software was chosen. The antenna
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is designed and simulated using version 15.0 of the high-frequency structure simulator
(HFSS). The antenna is designed using the technical strategy depicted in Figure 5.1.

5.2.2 Antenna Geometry

The proposed meandered patch antenna consists of the meandered patch and dipole ground.
The feed is provided using the rectangular stub between them. The FR4 substrate is the
base and mechanical support for the antenna. The overall dimension is 55mm x 55mm,
which is optimized after the parametric study. The design mainly consists of a folded
meandered line patch, a dipole structure ground, and a stub for feed. The -10dB impedance
bandwidth of the proposed antenna is 11MHz from (860-871) MHz, which covers the

LoRa spectrum. The gain for the complete band is more than 0.5 dBi.
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Figure 5.2: Configuration of the proposed LoRa antenna

The proposed antenna design dimensions are the following: L= 55mm, L; = 36mm, L, =
22mm, L3 =4mm, L4 =47mm, Ls = 0.7mm, W= 55mm, W; =0.8 , W2 =8mm , W3 = 6mm,
W4 =11mm , W5 = 6.4mm, W¢ =4mm , W7 =26mm , W8 =0.4mm R=3mm, r= Imm. The
proposed antenna has both the resonating patch and ground on the top of the substrate with
stub as mentioned in Figure 5.2.

5.2.3 Meander line theory and equivalent circuit diagram.

An electrically small antenna is defined as an antenna whose maximum dimension is less
than one-tenth of a wavelength [104]. A meander line antenna consists of standing and

sleeping lines; both lines together form a turn, and the number of turns helps increase the
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efficiency of the antenna. At the same meander, the split increases, and the resonance
frequency decreases [105]. A spiral antenna is a development of the fundamental folding
antenna and has frequencies significantly lower than single-element antenna resonances of
identical length. The efficiency of meander line antennas surpasses that of traditional half
and quarter-wavelength antennas. The effectiveness of these antennas relies on the
reduction factor of their size, determined by the number of meandering elements per
wavelength and the spacing between rectangular loops. In the proposed design, the spacing
between the lines is set at 0.7 mm, while the width measures 0.8 mm. By ensuring smooth
edges, the impedance matching, and gain of the antenna are significantly enhanced. The
meander line antenna consists of both vertical and horizontal components, each playing a
distinct role. The vertical meander line functions as an inductor, while the horizontal one
serves as a capacitor. A dipole patch antenna that behaves as ground typically consists of
a conductive patch (often rectangular or circular) placed over a ground plane with a feedline
connected to the patch. The equivalent circuit represents the antenna's impedance,
resonance, and radiation characteristics. A meandered structure with two parallel stubs on
both sides is a common configuration used in microwave and RF (radio frequency)
engineering for various applications, such as impedance matching, filtering, or tuning. To
represent this structure with an equivalent circuit, a combination of lumped elements
(resistors, capacitors, and inductors) is used to model its electrical behavior. Together, they
contribute to the overall performance and characteristics of the antenna. By implementing
the meander line design, the antenna achieves improved radiation efficiency compared to
traditional half and quarter-wavelength antennas. This enhancement stems from the careful
arrangement of the meandering elements and the optimization of the dimensions,
specifically the spacing and width between the lines. The smooth edges play a crucial role
in minimizing impedance mismatches, resulting in improved performance metrics, such as
gain and radiation patterns.

Furthermore, the combination of the inductive and capacitive elements in the vertical and
horizontal meander lines allows for better control over the antenna's electrical

characteristics.
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Figure 5.4: Equivalent electrical circuit of the proposed antenna
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This arrangement enables the antenna to effectively transmit and receive signals within the
desired frequency range. The utilization of these elements ensures optimal utilization of
the available space and enhances the overall performance of the antenna system. The
proposed meander line antenna design offers enhanced radiation efficiency when compared
to traditional half and quarter-wavelength antennas.Through careful optimization of the
meandering elements and dimensions, along with the utilization of inductive and capacitive
components, the antenna achieves improved impedance matching, gain, and overall
performance. The equivalent circuit diagram of the basic meander line is shown in Figure
5.3, where L and C are lumped elements. The equivalent circuit diagram of the proposed

design is mentioned in Figure 5.4.

5.3 Simulations And Measurement Results

This section provides a detailed explanation of the fabricated antenna, along with the
simulation and measurement results. Additionally, the design includes the development of
a connecting cable and the implementation of impedance-matching techniques. The
effectiveness of impedance matching is primarily influenced by the width of the meandered
line and ground plane. Figure 5.5 showcases the top (a) and bottom (b) of fabricated
antennas. To assess the performance of the fabricated antenna, the [S11| (dB) parameters
are measured using a Network Analyzer model number ZNLE®, as depicted in Figure 5.6.
The return losses, both simulated and measured, are displayed in Figure 5.7. Notably, the
antenna's bandwidth is from 860 MHz to 871 MHz, encompassing the 868 MHz bands

associated with LoRa technology.
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(a) (b)
Figure 5.5. Snapshot of the fabricated antenna (a) top (b) bottom

Figure 5.6: Fabricated antenna with Vector Network Analyzer for |S11| (dB)

measurement.

The simulated gain band is also mentioned in Figure 5.8, which represents the co-
polarization and cross-polarisation bands. To substantiate the advantages of the designed
antenna, the proposed design is compared with the existing design lying in the same
frequency band or for the LoRa applications based on dimension, operating bands,

bandwidth, radiation efficiency, gain, the substrate used, and design complexity, and it is
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mentioned in Table 5.1. The radiation pattern helps in determining the directionality of the

antenna.
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Figure 5.7: The simulated and measured |S11| (dB) Vs Frequency of the proposed antenna.
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Figure 5.8: The simulated gain Vs. frequency graph of proposed antenna Co-
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Table 5.1. Comparison table: proposed antenna with antennas published in recent years.

[57] 2}\17}"‘0'1 FR4 410 40MHz | yes
[65] (2)'}\2677"‘0' PCB 868 20MHz | no
[69] %\15}"‘0'1 FR4 433 6MHz | No
[66] 2'297"‘0'1 FR4 868 2MHz | No
[80] %\10}«0.0 4R305'0 868 10MHz | yes
[81] 8'}\3‘”"‘0‘2 FR4 868 23MHz | no
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[82] 3'}\077"‘0'0 FR4 912 60MHz | yes
Silver
[83] %\437"‘0'3 Ink 868 32MHz | yes
sheet
0.12Ax0.2 | Textile 433 30MHz | no
4] |4
[85] g}\72}‘x°'7 RF35 | 2400 100MHz | yes
0.28Ax0.4

The gain is measured by using the reference technique and the reference antenna in a ridge

horn antenna placed in an anechoic chamber at a distance of 5.2m from the test (proposed)
antenna as mentioned in Figure 5.9. The radiation pattern is calculated at the frequency of
868 MHz and its E-plane and H-plane are mentioned in Figure 5.10. From the radiation, it
is observed that the maximum radiation is at an angle of 36 degrees in the theta plane, and

it is because of the direction of the field radiated from the antenna.
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(a) (b)

Figure 5.9: The antenna in an anechoic chamber for gain and pattern measurement (a) the

antenna in an anechoic chamber (b) horn and fabricated antenna at 5.2m distance.
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Figure 5.10: The radiation pattern comparison of the proposed antenna in (a) E-Plane

(b)H-plane at 868 MHz
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5.4 Summary

In this chapter, a meandered-dipole planar antenna is proposed for a long-range application,
and the antenna is implemented in a real-time environment to verify its performance. The
antenna latency is reported to be less than the standard monopole antenna used for LoRa
Module devices of the brand Arduino. The test results show that it covers both bands with
satisfactory antenna performance. In future work, it is anticipated that the presented circuit
will be reduced in size and that forms and dimensions will be designed to facilitate building
deployment. In this case, the antenna should be redesigned with the new materials and size

constraints in mind.
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CHAPTER 6
LORA ANTENNA IMPLEMENTATION

6.1 Introduction

The proposed LoRa antenna is connected to a LoRa module for data communication. The
Arduino IDE software is used to address both LoRa devices and data communication is
performed between them. The proposed antenna is considered a transmitter in the first case
and a receiver in the second case. As a receiver, it gives a better range of connectivity as it
has an omnidirectional radiation pattern. All this communication setup is discussed in detail

in this chapter.

6.2 LoRa Network Setup

6.2.1 Requirements
There are many things required for this LoRa connectivity setup as follows:
i.  Arduino UNO
ii.  LoRa Module SX1276 868 MHz
iii.  Jumper Wire for connections
iv.  Bread Board (70mm X 60mm)
v. USB Cable
vi.  Arduino Software
vii.  Two Laptop
6.2.2 Arduino UNO
According to [133], “Arduino is an open-source electronics platform. Arduino boards can read
inputs from a Twitter message, a finger on a button, or a light on a sensor and turn it on”. As
a result, such as starting a motor, turning on an LED, or posting something online [133]. The
board must have the program, to do so and for that purpose, Arduino is needed. The Arduino
Software (IDE), is based on the Wiring programming language Processing. “The board features
6 analog pins, and 14 digital pins, and is programmable using It can be powered by the USB
cable or by an Arduino IDE through a type B USB cable. Although it accommodates voltages
between 7 and 20 volts, an external 9-volt battery is preferred” [134].
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Figure 6.1 Arduino UNO Chip

6.2.3 LoRa Module SX1276
The SX1276 is a LoRa chip manufactured by EByte. The connection between the Arduino
and the LoRa Module is shown in Figure 6.2.

E32 868T30S

S Y (X

SN: 18011800001 Made in China
Manufacturer; EBYTE

(a) (b)
Figure 6.2: The LoRa Module (EByte E32-868T30S SX1276 868MHz) (a)Module
(b)Module with a proposed antenna.

71



6.2.4 Software Arduino IDE

The Arduino Integrated Development Environment (IDE) is a user-friendly software
platform designed for programming and developing applications for Arduino
microcontrollers. It provides a comprehensive set of tools, including a code editor,
compiler, and uploader, simplifying the process of writing code and uploading it to Arduino
boards. With a user-friendly interface and a vast library of pre-built functions and
examples, Arduino IDE is accessible for both beginners and experienced developers. It
supports various Arduino boards and shields, making it a versatile choice for creating
interactive projects, [oT devices, robots, and more. Arduino IDE empowers users to bring
their creative electronic ideas to life effortlessly. It connects to the Arduino and Genuino

hardware to upload programs and transmit them.

@ prog | Arduino 1.8.19 — (m] G
File Edit Sketch Tools Help

—

#include "Arduino.h"

#include <SoftwareSerial.h>
SoftwareSerial mySerial (2, 3); // RX, TX
void setup () {

Serial.begin (9600) ;

delay (500) ;

Serial.println("Hi, I'm going to send message!");
mySerial.begin (9600);
mySerial.println("Hello, world?");

}

void loop() {

if (mySerial.available()) {

Serial.write (mySerial.read());

}

if (Serial.available()) {

mySerial.write (Serial.read()):

}

}

Figure 6.3: Arduino Software window with the program used to address the device.
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6.3 Implementation of LoRa Connectivity

The final circuit design and assembled version can be seen in Figure 6.4, which depicts all
pertinent components, including the proposed antenna, LoRa radio module,
microcontroller, sensor antenna, and other passive components. Two sets are prepared so
that one is used as a receiver and the other as a LoRa transmitter for the real-time LoRa
connectivity experiments. The radio module used is EByte E32-868T30S, SX1276,
868MHz, 30dBm, as shown in Figure 6.2. Therefore, the experiments were conducted to

evaluate connectivity. The dimensions of the printed circuit board are 70 mm x 60 mm.

Figure 6.4: Final Circuit assembly with Laptop, LoRa Module, UNO R3 SMD
Atmega328P Board, jumping wires, and reference antenna (one is as transmitter and

another one as receiver).

The connection between an Arduino Uno board and a LoRa (Long-Range) module
typically involves wiring and programming to establish communication between the two

as shown in Figure 6.5. The connection between them is as follows:

e Power Supply: Both the Arduino Uno and the LoRa module require a power
supply. The Arduino Uno can be powered via USB or an external power source
(e.g., a battery or a power adapter). The LoRa module also needs a power supply,

which may differ based on the specific module used for the connection. Commonly,
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they operate at 3.3V, so they may need a voltage regulator if Arduino Uno provides
5V.

Serial Communication: LoRa modules often use UART (Universal Asynchronous
Receiver-Transmitter) for communication. To connect the Arduino Uno to the
LoRa module, It will typically connect the module's RX (receive) pin to one of the
Arduino's TX (transmit) pins and vice versa. This allows data to be transmitted and
received between the two.

Antenna: Most LoRa modules require an antenna. So there is a need to connect
an appropriate antenna to the module to ensure effective long-range
communication. Here the designed LoRa antenna is used.

Programming: To facilitate communication between the Arduino Uno and the
LoRa module, there is a need to write and upload a sketch (code) to the Arduino
using the Arduino IDE. The sketch will utilize the appropriate libraries for the LoRa
module and define how data is transmitted and received.

Configuration: Depending on the specific LoRa module, it may need to configure
parameters such as frequency, spreading factor, bandwidth, and coding rate to
ensure proper communication within the LoRa network. This configuration is
typically done in the Arduino sketch.

Serial Monitor: The Arduino IDE's Serial Monitor is used to monitor and debug
the communication between the Arduino Uno and the LoRa module. This can help
diagnose issues and verify that data is being transmitted and received correctly.
Testing and Deployment: After the connections are made, the code is uploaded,
and the configuration is set, then the communication between the Arduino Uno and
the LoRa module is tested. Once everything is working as expected, then the data

communication is performed in different scenarios.
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Figure 6.5: The connection between Arduino and LoRa Module (868MHz),

The antenna design has been effectively utilized with LoRa technology, enabling the

transmission of data over considerable distances. In ideal conditions with a clear line of
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sight, the antenna achieved a remarkable communication range of up to 8 km. Even in
urban settings, where obstacles and interference are more prevalent, it managed to maintain
a reliable connection for distances exceeding 1 km. Moreover, within building areas, the
antenna provided a satisfactory coverage of approximately 250m. To validate its
performance, the receiver was mounted on the roof of a vehicle on an express highway,
while the transmitter was positioned in a line-of-sight environment. The communication
remained consistently stable and connected over the entire 8 km range, as demonstrated in

Figure 6.6.
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(b) Map where the experiment (Tx-Transmitter and Rx-Receiver) performed
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Moving on to the second experiment, the receiver, equipped with a reference antenna, was
placed on a vehicle, while the transmitter was located inside another moving car within an
urban setting. The proposed antenna was used as the transmitter in this scenario, as
illustrated in Figure 6.7. The results indicated that the communication range achieved with
the proposed antenna was approximately 1.3 km. However, when the reference antenna
was employed instead, the range was limited to only 900 m. This suggests that the proposed
antenna provides superior coverage compared to the reference antenna.

In the third experiment, the transmitter was positioned on the balcony of a building, and
the receiver antenna was moved to a neighboring building, as shown in Figure 6.8. Using
the proposed antenna, the two LoRa devices were able to establish communication with
each other within a range of up to 250 m. On the other hand, when the reference antenna

was used, the communication range was restricted to a maximum of 150 m.
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Figure 6.8: Third experiment- Setup for In-building connectivity (a)receiver set up (b)

Map where the experiment (Tx-Transmitter and Rx-Receiver) performed

To summarize, the conducted experiments assessed the performance of the proposed
antenna in various scenarios. The first experiment demonstrated that the antenna facilitated
well-connected communication over a distance of 8 km on an express highway. The second

experiment revealed that the proposed antenna outperformed the reference antenna in an
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urban environment, achieving a communication range of 1.3 km compared to only 900 m.
Lastly, the third experiment indicated that the proposed antenna enabled communication
between two devices at a range of up to 250 m, surpassing the range of 150 m achieved
with the reference antenna. These findings highlight the improved coverage capabilities of

the proposed antenna in different real-world scenarios.

6.4 Summary

A meandered-dipole planar antenna is proposed for a long-range application, and the
antenna is implemented in a real-time environment to verify its performance. The antenna
latency is reported to be less than the standard monopole antenna used for LoRa Module
devices of the brand Arduino. The designed antenna is successfully implemented with
LoRa connectivity and communicates the data up to 8 km in line-of-sight communication,
more than 1 km in urban environments, and approximately 250 m of connectivity in
building areas. The characteristics of the antenna were analyzed and found suitable for the
LoRa applications. In future work, it is anticipated that the presented circuit will be reduced
in size and that forms and dimensions will be designed to facilitate building deployment.
In this case, the antenna should be redesigned with the new materials and size constraints

1n mind.
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CHAPTER 7
CONCLUSION AND FUTURE SCOPE

7.1 Introduction

Communication has always been a part of human evolution. The ever-changing world of
technology has always necessitated the ongoing improvement and refinement of
communication systems. The Internet has ushered in a completely new age for
communication standards. Connecting individuals to gadgets and devices to other devices
on a global scale is part of modern communication. Automation of society with the help of
sensors is in demand and it can be fulfilled by using IoT with the help of its data

communication network system.

Among all the IoT technologies, “LPWAN is wireless wide-area connectivity for low-
powered battery-operated devices, which can communicate with less bitrate over a wide
range”. It receives huge demands from researchers and industrialists, as it gives wings to
the automation world, which is full of sensors, and it fits perfectly for data communication
in a smart world. For our thesis work, the NB-IoT and LoRa technologies were chosen
because of their huge demands, their characteristics, and the wide area of application of
these technologies in a real-time environment. This thesis explores and intends to construct
microstrip patch antennas for communication modules supporting contemporary loT
applications that are small, have a decent range, and have good radiation properties. This
chapter's goals are to wrap up the study's work, provide a summary of it, and provide some

recommendations for the direction future research in this area should go.

7.2 Conclusion

This chapter provides a comprehensive overview of the proposed antenna configuration
and the findings of this thesis, along with a discussion on potential future research

directions. The thesis is structured as follows:
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The first chapter serves as an introduction to the entire thesis. It sets the stage by presenting
the context and significance of the research and establishing the groundwork for the
subsequent chapters. The next chapters delve into a thorough examination of existing
literature related to IoT (Internet of Things) antennas. This literature review draws from
various sources, including books and published papers, guiding the research throughout its
entirety. This stage is crucial as it provides a comprehensive understanding of the state-of-
the-art in IoT antenna technology. Chapters 3,4 and 5 deal with antenna designs and
analysis. In these chapters, we explore the design and analysis of a range of microstrip
patch antennas. Initially, the focus is on High-Frequency Structure Simulator (HFSS)
software to design and analyze these antennas. Subsequently, the thesis delves into the
design of monopole and slotted monopole antennas tailored for narrow-band Internet of
Things (NB-IoT) applications. A meandered-dipole antenna optimized for Long Range
(LoRa) applications is also discussed. Each antenna design is scrutinized, highlighting their
respective characteristics and performance metrics. Chapter 6 brings us to the practical
realm, where the real-time implementation of a LoRa antenna is discussed in detail . Here,
we validate the LoRa antenna's connectivity and assess its operational range under different

conditions, including Line-of-Sight (LOS), indoor, and open-ground scenarios.

The overarching objective of this research is to develop multiband, compact, and
lightweight antennas, a critical requirement in the era of automation where seamless sensor
communication is paramount. This research specifically targets two low-power wide-area
network technologies: narrowband Internet of Things (NB-IoT) and long-range (LoRa).
The antenna performance is thoroughly examined, considering factors such as dielectric
substrate material, substrate height, and design geometry. This analysis contributes to
optimizing the return loss performance, ensuring that the antennas operate at peak
efficiency. For both NB-IoT and LoRa technologies, we employ HFSS software to design
efficient, planar, and compact antennas. Following the design phase, these antennas are
fabricated, and their performance is meticulously measured and cross-verified with
simulated results. The LoRa antenna, with its meandered design, operates in the 868 MHz

frequency range. It features compact dimensions of A/6 x A/6 and A/215, exhibiting an
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omnidirectional radiation pattern. In contrast, the monopole antenna caters to NB-IoT
bands B1 (2100) and B3 (1800) with dimensions of A/6.6 x A/3.3 x A/125. Additionally,
two more antenna designs, employing slotted and fractal technologies, are explored to
achieve broadband characteristics within a compact form factor. It's worth noting that the
fractal design, incorporating a two-port feed system, seeks to enhance gain and isolation,

marking a notable advancement over existing antenna designs.

In comparison to conventional antennas, the proposed antennas offer several advantages,
including a lower profile, reduced weight, compactness, and superior gain and radiation
characteristics. The real-world implementation of the LoRa antenna demonstrates its
enhanced connectivity compared to the available monopole antenna, further validating its
practical utility. LoRa antenna is well implemented in the real-time scenario and found
better connectivity than the available monopole antenna. Overcoming isolation and power
limitation problems in microstrip patch antennas can be challenging but is crucial for
achieving better performance in terms of radiation efficiency, gain, and signal quality. By
Optimizing the patch geometry, such as shape, size, and substrate material, to improve
radiation efficiency. High dielectric constant substrates can lead to increased efficiency,
but care should be taken to avoid losses associated with high dielectric materials. With a
good ground plane design beneath the patch antenna. A well-designed ground plane can

reduce the losses due to surface waves and improve radiation efficiency.

The limitation with the proposed designs is as: One significant drawback with monopole
patches is their size, as they typically require a quarter-wavelength to operate efficiently.
This limits their application in compact devices and higher frequency bands where space
is constrained. Additionally, monopoles are susceptible to impedance-matching issues and
can suffer from low radiation efficiency when not properly tuned. Fractal antennas, on the
other hand, offer compact and multiband capabilities, but they also come with limitations.
One limitation is their complexity in design and manufacturing, which can increase
production costs. Moreover, fractal antennas can be sensitive to the environment and
nearby objects, which can affect their performance. They may also exhibit narrower

bandwidth compared to traditional antennas, making them less suitable for applications
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requiring a broad frequency range. Meandering patch antennas are known for their compact
size and versatility, but they too have limitations. The meandering design can introduce
additional losses, reducing radiation efficiency. Furthermore, meandering patch antennas
can be sensitive to changes in the substrate material or thickness, which makes them less
robust in varying environmental conditions. Achieving precise impedance matching across
a wide frequency range can also be challenging with these antennas, limiting their use in

applications requiring high-frequency agility.

In conclusion, this thesis represents a comprehensive exploration of IoT antenna
technology, spanning from theoretical analysis to practical implementation. The innovative
designs and performance enhancements achieved in this research contribute to the
development of efficient, compact, and multiband antennas, addressing the evolving needs
of the automation era's sensor networks. These findings pave the way for future

advancements in [oT antenna technology and its broader applications.

7.3 Future Scope

The thesis work presented here revolves around the design of a compact LoRa antenna
tailored for use in NB-IoT (Narrowband Internet of Things) applications and LoRa (Long-
Range) applications. This section outlines the research conducted in this work and

discusses potential avenues for future research expansion.

i. Enhancing LoRa Range in High-Traffic Areas: A promising direction for future
studies is to address the challenge of extending the range of LoRa communication in high-
traffic areas. This can be achieved by strategically adding more gateways along the LoRa
network's route. This approach would help alleviate congestion and improve the overall

performance of LoRa-based IoT systems in densely populated regions.

ii. Frequency Diversity with 433MHz: To increase the versatility of the LoRa antenna in
the Indian context, future research can explore the integration of the 433MHz frequency

band with the existing LoRa antenna design. This would enable the antenna to operate in
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multiple frequency bands, making it more adaptable to diverse communication

environments and regulatory constraints within India.

iii. Expanding IoT Ecosystem: While the current focus of the LoRa antenna is data
transmission, future efforts can explore the integration of this antenna with various sensors
to create a more comprehensive and intelligent IoT ecosystem. This could lead to
applications such as smart lighting systems or advanced smart agriculture systems, where

data collection and control mechanisms can be integrated seamlessly.

iv. Improving Bandwidth: Another promising area for future research is the enhancement
of antenna bandwidth. One approach to achieve this could involve incorporating meta-
surface ground structures into both the LoRa and multi-band antennas. These structures

can help widen the bandwidth, enabling more efficient data transmission and reception.

v. Enhancing MIMO Antenna Isolation: For applications requiring multiple-input,
multiple-output (MIMO) antenna systems, future research can focus on improving
isolation between the antennas. This might involve the implementation of Electromagnetic
Band Gap (EBGQG) structures or innovative array configurations to reduce interference and

crosstalk between MIMO antennas, thereby enhancing overall system performance.

vi. Power Harvesting Techniques: Addressing the power limitations faced by deployed
and often inaccessible nodes in IoT networks is crucial. Future studies can delve into
various power-harvesting antenna techniques. These techniques can help nodes generate
and store energy from their surroundings, reducing their dependence on external power

sources and prolonging their operational lifetimes.

vii. Polarization Purity: To enhance the reception quality at the receiver side, future
antenna designs could focus on achieving polarization purity. Circular polarization, for
instance, can be achieved through the integration of power divider circuits. This approach
can help mitigate polarization-related signal losses and improve communication reliability

1n various scenarios.
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3GPP
4G
AES
BLE
Cat-NB
CPW
CSRR
CSS
CST
D2D
dB

EM
FDMA
FEM
FR
FR4
FSK
GHz
GPS
GSM
HFSS
IDE
IoT

IP

APPENDIX 1

LIST OF ABBREVIATIONS

Meaning

Third-Generation Partnership Project
Fourth Generation
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Coplanar Waveguide
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Computer Simulation Technology
Device To Device
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Electromagnetic

Frequency Division Multiple Access
Finite Element Method
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Fire-Retardant

Frequency Shift Keying

Giga- Hertz
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High-Frequency Structure Simulator
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Internet Protocol
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Vector Network Analyzer

Voltage Stand Wave Ratio
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Wireless-Fidelity
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APPENDIX II
ANTENNA DESIGN AND MEASUREMENT TOOLS

A. Simulation Tool- “HFSS (High-Frequency Structure Simulator)”

The Ansys HFSS-15 is used “for designing and simulating high-frequency electronic
structures like antennas, RF components”. It contains versatile solvers and GUI (Graphical
User Interface). This tool consists of a combination of simulation, visualization,
automation, and solid modeling. This software uses the Finite Element Method (FEM),
excellent graphics, and meshing to provide good performance. HFSS solves any geometry
with very accuracy of a FEM solver that has an Integral equation that is designed to solve
open radiation and scattering problems, it also consists of a Shooting and Bouncing

Rays(SBR) Solver and adapts meshing techniques to solve the geometry with accuracy.

HFSS is a very powerful tool, and with time it is upgraded to a better version of itself.
Many unlimited capabilities of the HFSS make the designing and simulation process

more accurate. Some of its capabilities are as follows:

1.  Complex design problems can be solved easily.

ii.  The export file result data can be used for comparison purposes.
iii.  Flexibility in the addition of material or components is available.
iv. A variable solution setup is available.

v.  Meshing can be redefined and can be done for a specific area.
vi.  Various tool kits are available in the latest version of HFSS.

vii.  Both far-field and near-field sources are available.
Antenna Designing Steps
1.Create the ground plane

ii.Create the substrate and assign dimensions after calculating with mathematical

expressions
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i1i.Assign dielectric material

iv.Create the patch and assign dimensions to catch after mathematical calculations
v.Create a feed line with proper dimensions

vi.Unite the structure i.e. Patch with feed-line

vil.Assign perfect boundary conditions to patch, ground plane

viii.Assign port (Lumped or Wave) to antenna structure to couple electromagnetic
energy

ix.Create a radiation box and assign the Radiation boundary to the radiation box. All
the steps are mentioned in the flowchart in Figure II.1.

Select the Solver for Structure

L ]
Draw the desired antenna
design
¥
Assign material to designed

structure
Y

Assign port and bounadary
condition

Check for all

parameters Setup Emission Test

Setup Solution criteria and .

simulate

¥

Calculate result and analyse
performance

Figure I1.1: Ansys HFSS simulation procedure for Antenna designing
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B. Fabrication Tool- PCB Prototype Machine

For the fabrication of the designed antenna, a PCB prototyping machine is used, which is
manufactured by MITS Eleven Lab as shown in Figure I1.2. It offers very cost-effective
and easy fabrication of microstrip patch antennas (PCB antennas). It is operated by a
desktop with the help of its software PCAM, where anyone can easily upload dxf or Gerber
files, verify their design, and command the machine to fabricate the uploaded design. It is
equipped with some functions that help in designing patch antennas like drilling, routing,
milling, tracking, tracing, and many more. Its working area in terms of the X/Y/Z axis is
229mm X 320mm X 10mm and it has an XYZ axis control system. It has several drilling
and milling tools (width) that can be changed as per our requirements. The designing
process can be observed accurately using the camera available with the motor. It can also
be used to place the drilling pin at the exact position. The spindle speed can vary from 5000
rpm to 41000 rpm. It is outfitted with a higher-quality pressure foot, which improves

milling width consistency and vacuum cleaning efficiency.

Figure I1.2 PCB prototyping machine by eleven labs [98].
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C. Antenna Parameter Measurement Tool

(a) Vector Network Analyser (VNA)

A VNA is used to measure the frequency response of active or passive components or
networks; or it is an electronic instrument that is used to measure the frequency-dependent
properties of a device under test (DUT), as shown in Figure I1.3. This measurement can be
carried over a range of frequencies starting from a few kHz to hundreds of GHz. VNA
measures power going into and reflected from a component and network at high
frequencies. A signal's electrical properties can be analyzed in terms of incident, reflected,
and transmitted signals, so the impedance of DUT can be calculated. The ratio of incident
and reflected waves is defined in the form of S parameters, also called scattering
parameters. Using VNA, both the amplitude and phase of frequency signals can be
measured at each frequency point. Also, the insertion loss and return loss of the device

under test can be visualized by the computer used in VNA in different formats.

For [S11] (dB) parameter measurement, the following setup as given in Figure 11.4 is
considered, using a 2-port VNA to measure S-Parameters of the DUT. Before measuring
the device under test in VNA, it should be calibrated. Calibration means all the undesired
signal reflections that will occur due to connecting cables and end terminals of connectors
C1 and C2 as shown in the figure, must be considered and nullified. After calibration,
measurement can be done. When Port1 can be used as a source for RF and al is considered
as an incident voltage wave on the DUT, then bl and b2 will be the reflected waves and
transmitted waves through the DUT, respectively. An incident wave propagates from the
analyzer to DUT, and a reflected wave travels in the opposite direction from DUT to an
analyzer. As the phase and amplitude of al are known, the phase and amplitude of bl and
b2 can be measured using VNA. S-parameters give a very accurate representation of the
linear characteristics of the device under test.It describes how the device interacts with
other devices when cascaded with them. Reflection coefficient (INor [S11| (dB) is given as

follows in Figure I1.4 and can be calculated using expressions (II.1) and (IL.2);
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The equation for the scattering parameter is

b1 b1

S11 = S12 = (ILT)
allgz=0 azlgi=o

S21 = |b2 S§22 = |b2 (1.2)
allgz=o a2lgi=o .

“S11 voltage reflection coefficient at the input port., S12 reverse voltage gain,

S21 forward voltage gain, S22 voltage reflection coefficient at the output port ™.

s21
Device Under Test  s22

S11

s12 JPort2 b2

Figure I1.4: VNA Setup for |S11| (dB) parameter measurement and |S11| (dB) parameter

representation.
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(b) Anechoic Chamber

The gain and radiation pattern measurements are done in an anechoic chamber. The
anechoic chamber is well equipped with the antenna positioner, pattern recorder, VNA,
signal generator, desktop, and one reference antenna with known gain. Here we used a
“ridged horn antenna”. “The distance between the antenna under the test and the
reference antenna is 5.2m” (size of the anechoic chamber of IIT BHU). The most
important parameter of a radiator is the gain that represents the performance of the
antenna. Usually, free-space ranges are used to measure the gain above 1 GHz. But as
the free space region is not easily available so the anechoic chamber is used as a free
space region for gain and pattern measurement of the antenna. “The gain and radiation
pattern measurements are done in IIT BHU, under the guidance of Prof. Meshram Sir
and Research Scholar Rahul Dubey”. The photograph of the anechoic chamber is shown
in Figure I1.5.

Figure I1.5: The photograph of reference antenna and antenna under test in an anechoic

chamber.
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Here we have used the Gain Comparison method for determining the Gain.

Another method to measure gain is the gain comparison method, in which we have one
reference antenna whose gain is known and then “ the power received by the standard
gain antenna and the test antenna is measured, respectively, under the same conditions”
[6]. The block diagram of the typical antenna gains and radiation pattern measurement
system is mentioned in Figure 11.6. The following relation [I1.4] is used from gain can
be determined.

— P'T(l_“rsl)2

T 7 psa-ireh? 7S (IL.3)

(Gr)dB = (G5)dB + 10l0g10 (%) = 10l0gs0 () (1L4)
Gr = Test antenna gain
Gs = Gain of the source antenna
Pr=power received by test antenna
Ps=power received by source antenna
[ = reflection coefficient of the test antenna
¢= reflection coefficient of the source antenna

Ririyal Hope Antanps o Anténna Under Test

Microwave
Signal

Receiver
Generator

VNA/PNA for
measurement

Figure I11.6: Representation of Antenna-Measurement System
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