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A B S T R A C T

In this dissertation, the author’s work on small form factor antennas for 5th Genera-
tion of mobile network (5G), Internet of Things (IoT) and Wireless Sensor Network
(WSN), is presented. After a dedicated literature review on the topic, several an-
tennas were designed and further optimised utilising a full-wave electromagnetic
solver (Computer Simulation Technology (CST)-Microwave Studio (MWS)). Three
of the developed antenna designs were prototyped, tested and characterised in
laboratory environment and, finally applied to a real-world scenario of a wireless
sensor network.

In a first iteration, a high-gain wideband parasitic microstrip antenna, for 5G and
IoT applications at 26 GHz, is presented. An antenna, composed of miniaturised
parasitic patches, has been studied and optimised to operate at 26 GHz, aiming
at the 5G New Radio (NR) Frequency Range 2 (FR2) band n258. The proposed
antenna uses eight microstrip patches as parasitic elements, in a squared layout,
surrounding a central probe-fed patch. The patches operating as parasitic elements
are coupled by the magnetic and electric field created by the central active patch.

Subsequently, the development of directional antennas, for WSN Base Station (BS),
is performed. In particular, two antenna designs have need studied: a microstrip
Quasi-Yagi antenna followed by a enhanced lunar waning crescent Quasi-Yagi
antenna. The latter, considered as a novel antenna design, follows the planar Quasi-
Yagi concept and employs a microstrip dipole as the driven element and, waning
crescent shaped reflector and directors, to manipulate the shape of the radiation
pattern. The antenna is designed and optimised to operate in the 2.4 GHz ISM
band, attending the ease of integration in a multi-sector BS antenna configuration.

A small differential slotted microstrip patch antenna to be implemented in a sensor
node operating at 2.4 GHz, is also proposed. This particular antenna design takes
advantage of slotted resonant elements to reduce its overall size. In particular, specific
project requirements, such as: resonating frequency, gain, Half-Power Beam-Width
(HPBW) are taken into consideration when dimensioning the antenna. Further
studies on the impact of vegetation and fire on the antenna performance are carried
out. The simulations were performed using CST-MWS mimicking several application
scenarios: involved by soil, vegetation and fire, approximating the model to a real
case scenario of a wildfire.

Finally, the implementation of a WSN based on WiFi protocol and using LoPy4
transceivers, is proposed. The WSN is composed of a multi-sector base station

iii



and several sensor nodes used for environmental monitoring. The antenna previ-
ously developed have been used in the BS and sensor nodes implementation. The
implementation and performance assessment of such network in real scenarios is
presented, and metrics such as area coverage and max range are determined in the
field.

Keywords: 5G, IoT, WSN, Base Station, Sensor node, Antenna, Wildfire.
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1
I N T R O D U C T I O N

1.1 background of study and motivation

The 5th Generation of mobile network (5G) has been the focus of research in
the past few years and is nowadays being deployed worldwide [1], promising high
data rates, low latency and the usage of new frequency bands. The key concept of
5G is to provide a highly flexible and scalable network technology for connecting
everyone and everything, everywhere. Internet of Things (IoT), on the other hand,
aims to connect every single device (or "Thing") over the internet, allowing the
exchange of data between users and other devices. IoT is then well aligned with
the 5G mindset [2], [3], with some 5G standards being developed promoting the
interoperability with IoT.

Wireless Sensor Network (WSN), seen has an particular case of IoT networks, are
nowadays widely implemented [4], due to the their versatility, often being offered as
a solution for monitoring networks, in the field of: environmental monitoring [5],
security [6], health [7], agriculture [8], hazard detection [9], among many others.
A WSN comprises a collection of a large number of Sensor Node (SN), that are
scattered in a certain monitoring area [10] and, a Base Station (BS) which collects
the nearby environment data and forward it to higher layer network or upload
to a Cloud service for further analysis. Such networks are typically arranged in a
point-to-multipoint configuration. Due to their large scale deployments, the nodes
are design to be low-cost and low-profile devices hence, the smaller the antenna
the better [11]. With this in mind, microstrip antennas are often used, as they
are known to yield relatively good electromagnetic performances, are rather easy
to manufacture at low costs and easy to embedded into the main system Printed
Circuit Board (PCB) [12,13]. Typically, SN are stationary, being beneficial the use
of high-directional and high gain antennas, since a larger coverage area is achieved.
On the other hand, BS antennas should have equal radiation characteristics in
all directions (i.e. exhibit an omnidirectional radiation pattern), hence a larger
area is covered. Omnidirectional radiation patterns are easily achieved with dipoles.
However, such antennas exhibit considerably low gains, which negatively impact
on the overall system dynamic range, and consequently, the useful distance (range)
between BS and SN.
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To this extent, it is normally proposed to take advantage of antenna sectorisation
in order to increase the overall gain at the BS while making it compact and light-
weight [14]. Antenna sectorisation techniques consists of splitting the scanning
plane in smaller sectors [15], further making use of directive antennas with higher
gains. The number of sectors will ultimately depend on the antenna radiation
characteristics and particularly on its Field of View (FOV), typically defined by the
antenna Half-Power Beam-Width (HPBW).

1.2 objectives

The antenna is an essential part of any wireless communication system, transforming
electromagnetic energy from its guided form to free-space radiation, and vice
versa [13]. In recent years, several antennas have been developed for 5G and IoT
communication systems. Such antennas not only must fulfil strict requirements in
terms of bandwidth and directivity, but also in terms of size (and form factor), so
they can be easily integrated in the mobile handset and/or small cell base-stations,
depending on the application.

To this extent, this dissertation aims at the development of small form factor
antennas, for 5G and IoT devices. This work is particularly focused on the design,
simulation and optimization of small antennas for WSN, following the antenna
specifications of the WSN-EM project [16], operating at specific frequencies bands
of interest, in particular 2.4 and 26 GHz, and subsequent implementation and
experimental characterisation.

The main key objectives of this work are as follows:

• Literature review on small antennas and antennas designs for 5G, IoT and
WSN;

• Familiarisation with Computer Simulation Technology (CST) Microwave
Studio (MWS);

• Design, simulation and optimisation of small antennas for 5G, IoT and WSN,
operating at specific frequencies of interest;

• Antenna prototyping and experimental characterisation in laboratory environ-
ment (anechoic chamber);

• Antenna testing in real IoT/WSN scenarios.
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1.3 dissertation layout

This dissertation is organised as follows:

Chapter 2, contains the literature review on 5G, IoT and wireless sensor networks,
with emphasis on small antennas for WSN, as they are the focus of application of
this dissertation.

In Chapter 3, a high-gain wideband parasitic microstrip antenna for 5G and IoT
applications at 26 GHz is presented. The proposed design, utilises one microstrip
patch as driving element and eight surrounding patches, that act as parasitical
elements. These are coupled by the electric and magnetic fields generated by the
driven patch. This configuration, is proven to enhance the overall gain of the antenna
reducing its physical size. Simulations carried out in CST are present to validate
and characterise the proposed antenna model.

Chapter 4, shows the development of directional BS antennas. Firstly a microstrip
Quasi-Yagi antenna is presented, followed by a enhanced lunar waning crescent
Quasi-Yagi antenna. Both antennas were designed, optimised and prototyped to
operate at the 2.4 GHz Industrial, Sientific and Medical (ISM) band. Subsequently,
the development of a WSN BS based on the latter antenna is also presented. The
parametric studies on the impact of adjacent antennas is evaluated, as well as the
proposed multiplexing mechanism. Finally, the prototyping of the BS antenna is
presented, followed by a preliminary experimental characterisation including the
antenna matching.

Chapter 5, is dedicated to the implementation of a balanced microstrip slotted
patch antenna to be employed on a SN. The antenna with the small dimension
of 45 × 45 mm, was optimised to operate at the 2.4 GHz band. A balun is also
presented to assist with the measurements of the antenna characteristics. Both
antenna and balun were prototyped for experimental characterisation, and a study
to assess the antenna performance camouflaged under grassland fire was carried
out.

Chapter 6 proposes a WSN architecture that utilises LoPy4 devices as the circuitry
for the BS and SN. These devices were utilise to assess the performance of a WSN
that employs the antennas proposed in Chapter 4 and Chapter 5, respectively.
Firstly, it is presented the system architecture followed by the base station circuitry
and the user interface. Moreover, the implementation and performance assessment
of such network in real scenarios is displayed. The node antenna was further tested,
to assess the impact of fallen leaves on its performance.
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Finally, Chapter 7 is composed by the main conclusions of the work presented
in this dissertation, listing the work contained in each chapter and concluding this
thesis with proposal for future work.
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2
L I T E R AT U R E R E V I E W

2.1 introduction

In this chapter, the literature review carried out on the main topics of this thesis
is presented. Emphasis is given to 5G networks, IoT, and WSN systems and
applications. Firstly a literature review on 5G is introduced, followed by the IoT
concept. As integral part of IoT, WSN are then exposed focusing the literature
review on its characteristics including: network architecture, BS and SN designs
and, more specifically, antenna designs being used in WSN base stations and sensor
node devices.

2.2 5th generation of mobile network

The 5th Generation of Mobile Network, being deployed since 2018, is the successor
of 4th Generation of mobile network (4G) that is, today, the one which provides
connectivity to the majority of mobile devices.

One of the biggest features posed for 5G is the use of the Millimeter-Waves (mm-
Waves) spectrum for mobile communications. Millimetre-waves are electromagnetic
waves that lie within the spectrum range from 30 to 300 GHz, corresponding to a
wavelength of 10 mm and 1 mm, respectively [17]. The usage of mm-Waves grants to
a wireless system, data-rates of Gigabits per Second (Gbps) [18]. Moreover, systems
that operate with Radio Frequency (RF) mm-Waves benefit from a much larger
absolute bandwidth [19]. Therefore, the addition of the New Radio (NR) Frequency
Range 2 (FR2) (Table 2.1) to the 5G standards. Due to the short wavelength,
antenna designs can be miniaturised has well as various wave components, reducing
the overall system size. Other important factor is the decrease of interference with
the increase of frequency, thus mm-Waves systems present a stable transmission
channel [20].

Initially the 5G system, often referred has "5G Phase 1", was based on the Release
15 (Rel-15) version of the specifications developed by 3rd Generation Partnership
Project (3GPP) [21]. Rel-15 was the first full set of 5G standards, the scope was to
cover ’stand-alone’ 5G, enabling the rapidly progress of chip design and network
implementation for the mobile providers.
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Table 2.1: FR2 bands

Band Common name Uplink/Downlink
(GHz)

Channel bandwidths
(MHz)

n257 LMDS 26.5-29.5 50,100,200,400
n258 K-band 24.25-27.5 50,100,200,400
n259 V-band 39.5-43.5 50,100,200,400
n260 Ka-band 37-40 50,100,200,400
n261 Ka-band 27.5-28.35 50,100,200,400

Meanwhile, Release 16 (Rel-16) (or "5G, Phase 2") completed in December 2020,
is focused on new features such has enhancement on ultra-reliable low latency
communications, IoT, 5G location and positioning services, network slicing and so
on [22].

Currently, 3GPP, is working on the specifications of Release 17 (Rel-17) with the
intent to enhance previous features and introduce new ones. Various areas have been
prioritised, between them is important to stand out the NR Massive Input Massive
Output (MIMO), industrial IoT , a study on IoT over non terrestrial networks, NR
quality experience and NR coverage.

The ambition for 5G is not only to enhance the mobile network specifications but
also to extend the coverage in order to provide connectivity to everyone everywhere
which workover with the IoT concept.

2.3 internet of things

Mark Weiser was one of the first authors promoting the IoT [23], dating back
to 1991. IoT is a concept for an intelligent network with an ambition to connect
every single device over the internet, granting data exchange between users and
devices everywhere [24]. The alluring IoT application scenarios for both business
and consumer markets increased the interest and development of the concept in the
21st century. Thus, industrial alliances and standards developing organizations, such
as 3GPP, Institute of Electrical and Electronics Engineers (IEEE) and European
Telecommunications Standards Institute, effort to standardize IoT solutions [25].
The developed standards encouraged the rise of industrial IoT systems, the initial
purpose of these systems was to monitor the confection stages of a product. However,
these systems quickly expanded to the automation of production.

The assimilation between operational and information technology is the core
of industrial IoT aiming the improvement of business across a variety of market
sectors by data analytics, WSNs, smart machines and factories [26]. The Industry
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4.0 exploiting IoT guaranteed an revolution of product manufacturing, by applying
intelligence among the industrial components and optimised production processes
[27]. Among the applications scenarios of IoT in industry are applications such
as: localization of objects by virtual tags, self-management chain of processes with
no user intervention, wireless sensor networks, product and resources control in
real-time and communication infrastructure for events and products advertisement.

Today, the consumer markets present a diverse set of IoT compatible devices with
the intend to increase the quality of life of the consumer [28]. Home automation
interest raised due to the opportunity to realize simple day tasks remotely e.g.
control the temperature, lights, doorbell, security cameras and even being notified
for various incidents when away from home [29, 30]. Health Care is another massive
application scenario [31], employing wearable devices to monitor the user activities,
pulse and sleep habits to notify and guide the user through the day [32,33]. Thus
the topics of applications of IoT for the consumer markets beeing: home automation,
health care, automotive consumer gadgets, wearables (i.e. Smart Watch, Earbuds,
Glasses, etc.) and devices (i.e. Smart TV, Fridge, Phone , etc.).

IoT network benefited from emerging RF technologies such has ZigBee, Bluetooth,
Bluetooth Low Energy (BLE), Wi-Fi and, RFID for low-range communications, as
well as LoRa and even GSM for long-range communications. Including different RF
technologies is a huge advantage to this concept, thus comprise a superior number
of devices.

2.4 wireless sensor networks

Considered as a particular IoT case, a WSN is a network which employs dedicated
sensors that acquire physical parameters of its surroundings. Wireless sensor net-
works, are typically composed by a collection of a large number of SN that are
scattered in a certain monitoring area [10]. To collect the fetched data of the nodes,
WSN typically recur to e.g. BS or sink nodes that send the data to a cloud storage.
To enhance the robustness of these networks, general characteristics need to be
taken into account when developing a WSN [34]. For instance the network should:
be flexible enough to support different available communication services; be able to
maintain the services when adding new nodes; grant the application requirements;
be capable to maintain the network running when nodes present failure; be capable
to maintain the consistent data with real-world events, taking into account factors
such as space and time; support a broad field of applications; show a low-cost
and finally be heterogeneous, meaning that is essential to tie different frameworks,
models and hardware components in a WSN, ceasing technological disparities.
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According with [35], wireless sensor networks can be divided in 6 categories.
The geographic area of application is an important factor to distinguish the WSN.
For instance, if the WSN was deployed above ground it is considered a Terrestrial
Wireless Sensor Networks (TWSNs). However, for areas underground [36–38], the
WSN is defined has Wireless Underground Sensor Networks (WUSNs). In underwater
applications [39–41], the WSN will be categorise has an Underwater Wireless Sensor
Networks (UWSNs). Finally, there is also a category for Space-Based Wireless
Sensor Networks (SB-WSNs) [42, 43].Typically WSN are stationary (the SN is
static), nonetheless mobile WSN are also present in the literature [44–46], thus the
necessity of the Mobile Wireless Sensor Networks (MWSNs), in order to differentiate
this networks from static ones. Another distinction is done by their functionalities,
WSN which feature multimedia transmission i.e. image, audio and video [47–49] is
recognise has a Wireless Multimedia Sensor Networks (WMSNs);.

In the literature, TWSNs are typically referred has WSN and are probably the
most common type of WSN being deployed nowadays. For the sake of simplification,
this dissertation will always employ the term WSN.

In the course of this section, wireless sensor networks are presented in detailed.

2.4.1 Network Topology

Any communication network is typically comprised by various "nodes", capable
of data transmission and reception, either via cables or radio-waves (wireless).
These communications are established by links which depend on the protocols
(for communication and coverage) and the physical position of the nodes. Several
network topologies are indentified in Fig. 2.1.

In particular, a WSN is typically arranged in a star configuration (Fig. 2.1), where
every node is linked to the BS directly and independently. Therefore, if one SN goes
down, the network will continue to be stable. This is an huge advantage, since WSN
are unmaintained, hence prone to failure [50]. However, a larger coverage area can
be obtained with the tree topology (Fig. 2.1) since the area of study is not limited
by the range between BS and SN, as in the star topology. On the other hand, the
SN which serve has repeaters will suffer a greater power consumption reducing the
lifetime of the WSN. Mesh topologies are extremely reliable. These topologies are
considered the most fault tolerant due to the multiple connections of the networks
which can thrive even with the loss of some nodes. However, they become highly
complex, each interconnection requires to be configured after deployment. Thus,
these networks are not cost and energy effective since the nodes will be active for the
majority of time on acknowledge routines. There is also the possibility to design an
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Figure 2.1: Diagram of basic network topologies.

network that exploits two, or more, topologies, these networks are usually described
has hybrid.

The topology of the network will ultimately depend on the application of the WSN
and the communication standard due the specification requirements established and
standardised.

2.4.2 Base Station

The BS is tasked to request/receive the data from the nodes, the data can then
be compressed and, saved locally or transmitted i.e. via Global System for Mobile
(GSM). The data can then be analysed by the users to better understand the area /
parameter of study.

Like the nodes, the BS can be stationary or mobile, depending on the application
of the WSN. Studies such has [51,52] dangle on increasing the overall efficiency of a
mobile WSN by optimising the mobile base-station.

When designing a BS typically there is no limitation on size, implying the antenna
dimensions too. These are stand-alone devices where one BS is connected to multiple
SN, which are deployed on strategic places, granting the highest coverage possible.
Therefore, the heigh of the antennas is critical to establish the maximum range and
it depends on the scenario of the application. For instance, the need to study the
vegetation of the area to determine the height of the BS antennae to achieve the
desired results.
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Figure 2.2: Size comparison between Mica2Dot SN and a quarter, extracted from [57].

2.4.3 Sensor Node

In 1975, Intel co-founder Gorden Moore predicted that "the number of transistors
incorporated in a chip will approximately double every 24 months" [53], suggesting
that electronic devices will double the speed and capability’s every 2 years. This
prediction is referred to as "Moore’s Law", which hold for a long time [54–56]. For
example, the first computer would fill an entire room, but today we all walk with a
more powerful computer in our pockets, due to the size reduction of the electronic
components. However, the Moore’s Law didn’t hold up in recent years since the
number of transistors incorporated in a chip has increased but didn’t double. Gordon
Moore made his prediction for 5 years but it hold true to 35 years.

Chips with lower capabilities possess fewer transistors hence the smaller dimension
and less power consumptions. An WSN take advantage of this by using multiple small
devices, which have simple functions, for example, a periodic information extraction
(using sensors) and transmission of data to the BS. In Fig. 2.2 is presented a compact
SN commercial device, for educational proposes denominated by Mica2Dot. This
particular node has a diameter of 2.54 cm and feature light, humidity, temperature,
barometric pressure, acoustic and, magnetic sensors. According to the manufacturer
with an AA battery the node presents a lifetime of approx. 1 year. A generalise
sensor node architecture will be further review in the next section.

2.4.4 Sensor Node Architecture

Figure 2.3 depicts an generic block diagram of the main parts of wireless sensor
nodes [58–60]. It is compose of a power unit, sensing unit, the RF-System on Chip
(SoC), antenna matching and, the Microcontroller Unit (MCU) which is the main
block of the device. The MCU is responsible the automatic control of the blocks in
the node. Which can also be seen as a mediator between the sensing unit, the Radio
Frequency System on Chip (RF-SoC), and when utilised, the actuator model.

10



2.4 wireless sensor networks

Figure 2.3: Block diagram of the SN main modules.

The sensing unit can be composed of multiple sensors (humidity, temperature,
pressure, tocity...) that retrieve data from the area of study which is then sent in
analog or digital form to the MCU. The data is then send to the RF-SoC to be
modulated and transmitted to the BS. An antenna matching module is necessary
in order to have the most efficiency possible, granting the maximum range of
communication. The RF-SoC is in control of the communication part of the device,
thus dictates the transmitted power. It is important to search the legal values for
the maximum effective isotropic radiated power in order to better understand the
capabilities of the network, and adapt the network if necessary. In Portugal, the
effective isotropic radiated power for the 2.4 GHz ISM band cannot exceed 20 dBm,
which means, if the antenna gain is 5 dBi the maximum transmitted power should
be set to 15 dBm (considering a loss of 0 dB).

All the modules above need the energy to operate, which is managed by the power
unit, that should be designed to be extremely efficient concerning the life span of
the battery.

2.4.5 Energy Consumption

Energy consumption is the most important factor to dictate the lifetime of the
WSN, particularly in the SN side. Thus, the importance on the power consumption
when choosing hardware for a SN [61].

Typically, wireless sensor networks for environmental monitoring in remote areas,
employ nodes that are active for small periods of time, coupled with a battery cell
capable to sustain the SN through a few years. Therefore, the importance to study
and manage the activity of the node, reducing it to the minimum as possible.

The SN activity can be described in five stages:

• Active - The microcontroller unit or sensor are functioning e.g. extracting
data, processing;

• Tx - SN is transmitting data;

11



literature review

• Rx - SN is receiving data from the BS, typically acknowledgements from
transmitted data;

• Idle - The SN is "awake", however unproductive, this stage normally occurs
between stages;

• Sleep - Is the stage which the SN consumes less power, the microcontroller
unit awaits an event to become active, until there all processes are blocked
thus consuming less energy;

The module that is active for the majority of stages is the MCU however, it
may not be the one that drain the most energy. Furthermore, the stage where
the SN consumes more energy can not be generalised. For example, a WMSN
that implements a camera with motion detection will consume more energy on
the sensing unit since it is always active. However, if the camera is only active on
remote occasions, the RF-SoC may be the module with the most energy consumption.
Nevertheless, all modules should be designed to be the most power-efficient respecting
the desired application while increasing the lifetime of the networks. In [62] the
authors present a collection of lifetime maximization techniques for WSN, passing
by their constraints, applications, and estimation life time models.

2.4.6 Communication Standards

WSN, like generic IoT networks, can utilise various communication technologies
which have requisites that need to be complied. To this extent when scheming a
WSN, the communication technologies should be chosen wisely in order to better
accommodate the needs of the network. Hence, in this subsection, a brief description
and discussion about the most common standards is provided. Prevalent RF-SoC
in the market employ the following standards:

Bluetooth:

The specification for Bluetooth are dictated by the Bluetooth Special Interest
Group (SIG). In 1998, an union with the name of Bluetooth was initiated by Intel,
Nokia, Ericsson and IBM. Conceive to develop the specifications for an wireless
communication network aiming interoperability between products. Today, according
to SIG, there are over 36000 companies associated to it.

Operating at the 2.4 GHz ISM band, Bluetooth intent was to replace cable links
between devices with a low-power wireless communication technology. It was defined
as "an industry specification over short-range RF connectivity design for portable de-
vices" in the IEEE standard 802.15.1 [63]. At first, Bluetooth invest on Asynchronous
Connection-Less (ACL) links for file share, as it may be used for broadcasting data
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on bursty transmissions (with symmetrical or asymmetrical traffic). However, to
annex audio streaming capabilities, in version 1.2, Synchronous Connection-Oriented
(SCO) links were included which provides symmetrical streaming links [64,65].

Bluetooth specifications present 79 channels with 1MHz of bandwidth on the
operating 2.4GHz band. To improve security and reduce interference in the com-
munication, Bluetooth modulates data with frequency-hop spread spectrum, this
technique alters frequencies in conform to the agenda set by the paired devices [66],
typically is the Master device who sets the agenda in the initial stage of pairing.

Nowadays, it is specially used in consumer market for peripheral devices such
has keyboards, headsets, smart-watches, auto-radios, and others.

Bluetooth Low Energy:

BLE was built under Bluetooth and it’s been reformed for low energy operations.
In substance, BLE target the reduction of RF transmissions to the minimum has
possible [66], as well as, bit rate devaluation to attain an higher energy efficiency [67].
Therefore, BLE will constantly be on sleep mode unless when starting a connection.

Instead of the 79 channels available in Bluetooth, BLE provides 40 channels as a
result of raising the channel bandwidth from 1 to 2 MHz. Even though there are 40
channels, only 37 are available for data transfer, since 3 channels are reserved for
establishing the communication.

As a result of the low-cost and low-energy consumption, BLE is one of the best
solutions for WSN, principally when deployed on small areas of study due to the
short-range communication.

Wi-Fi:

Wi-Fi or IEEE 802.11 standards are created by the IEEE LAN/MAN Standards
Committee (also known as IEEE 802), that specifies the Media Acess Control (MAC)
and Physical Layer (PHY) protocols in Wireless Local Area Network (WLAN).

At the moment, 7 standards for Wi-Fi were released. The first standard, IEEE
802.11 [68], was released in 1997 and it is commonly referred has Legacy. Nowadays
this standard its obsolete, however, it was ground breaking at the time, able to
provide wireless connections with speeds of Megabits per Second (Mbps) at the
2.4 GHz band. After the Legacy success in 1999, IEEE 802.11a [69] and IEEE
802.11b [70] standards were launched. Concerning the noise at 2.4 GHz, IEEE
802.11a was design to operate at the 5 GHz band, showing theoretical connections
speeds of 54 Mbps. IEEE 802.11b kept working at the 2.4 GHz ISM band, with a
maximum data rate of 11 Mbps. 2003 was another year of Wi-Fi standards release,
with the IEEE 802.11g [71]. The standard was massively accepted due to the usage of
2.4 GHz but with the increase of the maximum data rate to 54 Mbps, instead of the
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11 Mbps provided in 1999. In 2009, 2013 and 2019, the standards IEEE 802.11n [72],
IEEE 802.11ac [73] and IEEE 802.11ax [74] were released, respectively, operating
at the 2.4 GHz and 5 GHz bands. However, the IEEE 802.11n standard supports
multi-channel usage, with the maximum data rate of 600 Mbps. Meanwhile, IEEE
802.11ac, launched in 2013, added MU-MIMO and remarkably increased the Wi-Fi
standards rates to 1.3 Gigabits per Second (Gbps). Finally the last reveal, made
in 2019, presented the IEEE 802.11ax standard which upgraded various support
capabilities from the previous standards, such has the MU-MIMO and promises, in
theory, the capacity to provide connections of 10 Gbps.

Initially, with the Legacy standard it was possible to use hopping spread spectrum
(technique used in Bluetooth), but that specifications were abandoned. Instead
the IEEE 802.11b utilises a direct sequence spread spectrum technique called
Complementary Coded Keying (CCK), while the others use Orthogonal Frequency
Division Multiplexing (OFDM). The channel bandwidth is dictated by the standard
chosen the minimum (and most used) value being 20 MHz, and the maximum (in
the new standard) 160 MHz.

Wi-Fi was conceded for high-data rate communications, discarding the manage-
ment of power consumptions. To this extent, Wi-Fi was rejected as a standard
for low-power networks. Nonetheless, with the emergence of IoT new requirements
needed to be fulfil. RF-SoC started to implement sleep modes allowing Wi-Fi to be
use in low-power operations [75]. Thus making it suitable for IoT devices such has
SN.

LoRa:

Lora is a communication protocol developed by LoRa Alliance, a non-profit
organization compose of more then 500 company members. The committee aims
to empower IoT Low-Power Wide Area Networks (LPWAN) with the envelop of
LoRa open standard, for long-range communications with low data rates. It was
first presented in 2015, and within 2 years the specification 1.1 was released.

To achieve longer distances of communications between devices, LoRa uses the
415 MHz, 868 MHz and 915 MHz bands, and the spread spectrum modulation
technique derived from chirp spread spectrum technology. The payload should
not be set for more then 100 bytes since that is the limited value for a reliable
transmission, however for the majority of WSN is more then enough.

This standard enables inexpensive, long-range communications specially design
for IoT in remote areas. Distance of kilometres between linked devices can be attain
with a remarkable battery lifetime. One of the drawbacks of this standard remains
on the missing liability for continued and real-time monitoring applications.
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2.4.7 Deployment

For WSN, the deployment of the nodes is a critical issue. The principal requisite
for node placement is to achieve the desired coverage and QoS for the network [76].
In such a manner, the usage of deterministic deployments based on studies and
simulation of the terrain of the area of interest should be applied. This way, the
node placement can be precisely attaining the desired coverage. However, this is
not always possible by virtue of the terrain itself, i.e. remote locations, hard terrain,
intolerable weather conditions, and others.

To answer these difficulties, stochastic deployments may be considered a viable
alternative i.e. low-flying plane pallet deployments [77]. Yet, stochastic deployments
raise another problem, it is impossible to predict the node position and orientation,
which could resolve on a lower coverage area than expected [78,79].

A comparative performance evaluation of four existing algorithms designed to
solve the minimum cost coverage deployment problem is presented in [80]. The
algorithms are based on stochastic optimization techniques and are compared in
terms of scalability, computation cost, QoS, and convergence speed. The authors
conclude that ant colony and integer encoded fixed length genetic algorithms shown
the best results.

2.4.8 Applications

Considering the proficiency and low-cost of WSN, an increase of interest in industry
and research was generated, resulting in various application scenarios for these
networks.

Military applications:

Military applications demand high security and accuracy as the result of their
essence, employing complex network architectures with particular protocols [81].
Intelligent surveillance and reconnaissance systems are fundamental to assess possible
threats of a monitoring area hence the research reinforcement of WSN.

Applications for intrusion and presence of the enemy in the monitoring area
are the most common application present in the literature: Authors in [6] propose
the distribution of ground sensor nodes for military vehicle identification based
on acoustic signal analysis. Although the identification method was successful, the
system had difficulties distinguish two vehicle classes. For this reason, the authors
suggest acquiring the vehicle speed for class differentiation. In [82], the authors
focused on ship detection by the waves they create, since it was observed that ocean
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waves and ship-generated waves have different energy spectrums. Thus, taking
advantage of this by deploying the nodes on the sea surface with a three-axis
accelerometer. To increase the reliability of the system, the authors also exploit
spatial and temporal correlations of intrusion.

Though military applications also benefit from WSN with capabilities to detect
Chemical, Biological, Radiological, Nuclear, and Explosive (CBRNE) and Toxic
Industrial Material (TIM) [83], not only to prevent soldiers of the toxic and harmful
environments but also to detect explosives conforming to the survey in [84]. WSN,
also prosper with stealth unmanned aerial vehicles, on the one hand, can be used
to deploy the nodes in the area. On the other hand, they can retrieve the data from
the nodes acting like a mobile BS as contemplated in [85]

Industry applications:

The sector which benefited the most with WSN is, without a doubt, the industry.
The vast number of applications of sensor networks are uncanny, and because of it,
the growth of WSN development.

Just like the military applications, nodes that employ sensors capable of detecting
toxic gas/materials are very effective in leakage detection and worker’s safety, hence
the work in [9,86]. Enduring the factory environment, authors in [87,88] use WSN for
production monitoring proving a great advantage, increasing the speed of production
as well as troubleshoot the various stages. An extensive list of applications for WSN
in the industry are presented in [89], between many others, are the automated
robots and vehicles, object identification, civil engineering applications and critical
infrastructure protection and security applications.

One interesting use of WSN is in Unmanned merchant ships, these ships operate
without any need for people on board. Even though applications are still in the
testing phase, they can bring safety and economic advantages [90].

Health applications:

Health devices became popular in recent years, consumers have been specially
interested in smartwatches that cant track various parameters such has number of
steps, heart rate, oxygen level, and others. Thus, increasing the health conditions
and losing sedentary habits. Such devices employ sensors that can be implemented
on a node and distributed in the resident patients of an hospital creating an WSN.
With a monitor network over critical patients is then possible to alert nurses and
doctor in real-time, thus providing a rapid response to the patient in need.

Conventionally, these systems are present in hospitals and clinics, however the
intention is to move them to nursing and patients homes [91]. Therefore, authors
in [7] propose a complete system to support daily activities of elderly people. The
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authors aim to deploy not only at the home of the elderly but also in crowded places
to better asses and provide care to the patient.

Even though, these systems prove to be extremely useful for early health risk
detection, authors in [92] perceived the need to address facilitators and barriers for
WSN in smart home healthcare systems by identifying important sociotechnical,
cognitive, affective, and contextual factors. A huge concern pointed by the authors,
is the human detachment that the patient may face after the deployment as a result
of the reduce interactions with nurses to access the patient health. Which can be
potentially harmful for the patients mental health. Another drawback pinpointed is
the possible lack of privacy. Thus, when developing and deploying these systems,
various aspects need to be address facilitating both the mental and physical health
of the patient.

Environment monitoring applications:

Environment monitoring is the most common application present in the literature,
the low-cost, low-maintenance and capabilities of WSN are in good agreement
with environment monitoring systems, thus the high interest in this field. The
application is self-explanatory, the objective is to monitor the chosen environment,
like the project Wireless Sensor Network for Environment Monitoring (PTDC/EEI-
EEE/30539/2017) which objective is to elaborate WSN for temperature and humidity
environmental monitoring over a wide area. In [93], which propose a environment
monitoring system for indoor and outdoor aiming to attain the temperature, hu-
midity and Co2 concentration of the area, displaying it in a dashboard for further
analysis.

However it is not strictly necessary to study parameters such as sun exposure, air
quality, temperature, etc. In fact, these networks are extremely useful in prevention
systems, i.e. early detection of natural disasters and population control. In [94] the
author employ a WSN in a conservation of illegal logging of forest trees system.
Where foundation of the WSN are vibration sensors able to detect variation in
vibration frequency. Another example is the work of [95], that propose a WUSN
deployed in tunnels, chambers or earth air tunnels integrated in a smart cooling
system. The WUSN monitor the ambient temperature around the node, with
this information the system can then act to temperature fluctuations preventing
underground area of becoming an hazard. The system utilizes 100 % fresh air and
guide it on the conducts to the needed area. According to the authors, the results
prove the system to be extremely energy efficient, 60-70 % energy costs are saved
enabling long term savings.

Typically, these networks have an star topology and an stochastic deployment
due to the areas of interest are located in remote places, or by the desire to study
large areas. The low, or even none maintenance of the network, results on sensor
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nodes designed to be active for smaller periods of time, so its achieved a higher
life-time of the network. Withal, there is the need of redundancy to preserve the
network on node failure.

2.5 antennas for wireless sensor networks

In every wireless device, is essential to employ an antenna that transforms electro-
magnetic energy from its guided form to free-space radiation, and vice-versa, to
transmit and receive information from the network.

The most simple antenna, monopole, can be created by a copper wire with a
determined length that dictates the frequency of operation of the antenna. Theoret-
ically, a monopole presents an omnidirectional radiation pattern, thus transmitting
the same power in every direction.

However, in communication between static devices, is useful to focus the energy in
the direction of the other device thus, increasing the communication range. Several
devices take advantage of high gain antennas to reduce energy consumption since it
is then possible to achieve the same range with less transmitted power.

2.5.1 Base Station Antennas

Typically, BS aim to achieve a omnidirectional radiation pattern, making possible the
deployment of SN in a wider-area. Therefore, BS with directional antennas employ
sectorization techniques to increase the overall gain and provide an omnidirectional
radiation pattern (in the azimuth plane).

There are available various commercial antenna designs for BS Fig. 2.4 presents
4 commercial antennas which are thought to be suitable for WSN operating at the
2.4 GHz ISM band. In Table 2.2, there is a brief comparison on the characteristics
of the antennas.

Even though, size is typically not a limitation when designing a BS antenna, it is
important to maintain the low-cost of the WSN. Thus, PCB antennas are normally
proposed in the literature to be integrated in the BS, since the production cost are
lower while providing similar results of the commercial antennas.

In [96], the authors presented a wideband Vivaldi for 5G BS, to achieved dual-
polarization the authors use two elements, that are placed in a cross-shape configu-
ration. To cover the 690-960 MHz band, it is suggested the integration of the two
elements in a lower band element as shown in Fig. 2.5a. A single Vivaldi antenna
element is depicted in Fig. 2.5b, it is composed by two exponentially tapered flares
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(a) (b)

(c) (d)

Figure 2.4: Commercial antennas suitable for WSN at 2.4 GHz: (a) Tupavco TP541, (b)
RF-Links AD-24SHS, (c) Tp-link TL-ANT2414B and (d) Shure PA805Z2.

Table 2.2: Comparative table of commercial BS antennas.

Antenna Frequency
(GHz)

Gain
(dBi)

HPBW (◦)
(Az Plane)

Nº. of Antennas
for 360º FOV

Tupavco TP541 2.4-2.5 ; 4.9-5.85 9 58 6
RF-Links AD-24SHS 2.4 - 2.483 6.5 360 1

Tp-link TL-ANT2414B 2.4 - 2.5 14 60 6
Shure PA805Z2 2.05 - 2.70 8 100 4

that transform the slot line impedance of 100 Ω to the air impedance. The length
L and the width B dictate the lower cut-off frequency. The elliptical slots are used
to better improve to attain a better matching as well as reducing the side-lobes. In
order to feed the antenna, the authors take advantage of a balun that transforms
the input unbalanced signal to a balance signal. For development of the antenna
the authors choose a substrate with a dielectric constant of εr=2.2 and 0.3 mm
thickness. According to the simulations, the antenna covers the band from 1.4 to
3.8 GHz, the radiation pattern present a 60◦ ± 25 symmetric beamwidth and its
gain ranges from 7 to 10.4 dBi.

The authors in [97], used a different approach utilising an 1x4 array composed
by improved inverted-F antennas to be implemented in a Wi-Fi BS. Although the
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(a)

(b)

Figure 2.5: Wideband Vivaldi design for 5G BS, proposed in [96].

antenna was thought to be implemented in a Wi-Fi base station, the antenna is
suitable for any technology operating at the 2.4 GHz band. The layout of the antenna
is depicted in Fig. 2.6, where it can be seen that the four inverted-F antennas, which
composed the array, face different directions. This method granted the authors, a
radiated circular polarization to the array without the need of complex feeding
networks to achieve the same result. The antenna employs a printed power divider
that maintain consistent phases thought the array, as well as ground plane in a
FR4 epoxy resin substrate with a εr=4.4. The authors also added an additional
reflective board (represented in blue 2.6), which is placed beneath the array at a
distance, providing a unidirectional radiation pattern. The simulation results, shown
a bandwidth from 2.25 to 2.55 GHz, a gain of 12.07 dBi and an HPBW of 26◦ in
the azimuth plane and 60◦ on the elevation plane.

Meanwhile, in [98] the authors present a broadband solar antenna element for
base stations. The design, shown in Fig. 2.7, employs 4 solar cells that act like a
radiation aperture which is excited by a wideband feeding system, creating a fairly
complex antenna structure. It is composed by 3 substrates, substrate 1 acts as the
radiator and integrates the solar cells with Direct Current (DC) lines that will then
be connected to the DC lines present in substrate 2, where the ground plane of the
antenna is based. Substrate 3 employs the feeding structure for substrate 1. The
solar cells type chosen include a glue layer, grid electrodes, epitaxial and copper
layers from the top down. DC energy is generated by the epitaxial layer, solar cells
then exploit the usage of grid electrodes for DC energy transmission, while the
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(a)

(b)

Figure 2.6: Antenna layout proposed in [97] (a) Top View and (b) Side View.

(a) (b)

Figure 2.7: Broadband solar antenna element layout proposed in [98] from: (a) Top View
and (b) Side View.

cooper layer is used has the ground plane and as physical support for the solar cell,
fixing it on the desired location. The authors ensure that the antenna has a gain of
8 dBi across the 1.66 to 3.08 GHz band, while the simulation results at the 2.4 GHz
ISM band ensure a gain of approx. 8.5 dBi and a HPBW of approx. 50◦ on the
azimuth plane. To achieve this results the authors choose FR4 substrates with a
relative permittivity of 4.4

Finally, in [99] a filter antenna was design to be implemented on a BS. The
filtering is used for decoupling improving the isolation while ensure the stability of
the radiation pattern of the antenna. Therefore, the design presented in Fig. 2.8,
integrate a main radiator, two vertical feed structures and a reflector, etched on F4b
substrate with a εr=2.55 and a thickness of 0.8 mm. The main radiator, depicted in
Fig. 2.9a, has two dipoles with a ring-slot each to generate band-notched effect the
opening direction of the slot faces the feeder. To feed the main radiator, two vertical
substrates are used, shown in Fig. 2.9b. On the backside, are located L-shape balun
patches that are connected to the dipoles and the reflector. In the front side there
is a C-shape resonator, that combined with the slot in the main radiator, forms
a sharp band-notched and a transmission line. To facilitate the assembly of the
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Figure 2.8: 3D view of the filter antenna layout proposed in [99].

(a) (b)

Figure 2.9: Filter antenna element layout: (a) Main radiator and (b) Vertical substrate,
proposed in [99].

antenna structure, each vertical substrate employs a slot represented as slot1, in
Fig. 2.9b. According to the simulation results the antenna operates from 1680 to
2940 MHz, however it filters the band from 1920 to 1980 MHz. The gain of the
antenna at the 2.4 GHz is around. 9 dBi and an HPBW of approx. 40◦ on the
azimuth plane.

2.5.2 Sensor Node Antennas

Sensor node antennas, on contrary to the BS ones, have more restrict limitations
aiming to achieve a lower cost of production while presenting the smallest size
possible.

Small antennas such has ceramic chip and inverted F antennas (IFAs), are often
used on commercial devices operating at 2.4GHz, due to their ease of integration in
the circuitry. Ceramic chip antennas operating at 2.4 GHz (Fig. 2.10a), normally
present a gain varying from 0 to 2.6 dBi (depending on the manufacturer). When
it comes to the HPBW (in the azimuth plane), ceramic chip antennas typically
achieve a near omnidirectional radiation pattern, thus having a 360◦ FOV. In a
different matter, inverted F antennas (in Fig. 2.10b) are PCB antennas comprised
of a metallic trace drawn directly onto a PCB, posing lower costs of production.
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(a) (b)

Figure 2.10: Commercial antennas for small devices at 2.4 GHz: (a) Ceramic Chip Antenna
,from Johanson Technology (2450AT42A100) and (b) F inverted antenna,
from Texas Instruments (DN0007)

(a) (b)

Figure 2.11: Commercial external antennas for small devices at 2.4 GHz: (a) Whip
antenna, from Necables (400103) and (b)Button Antenna, from Taoglas
(WCM.01.0111)

For example in [100], Texas Instruments presents an antenna with a peak gain of
3.3 dBi with a size of 25.7×7.5 mm32 and, with a radiation pattern, in the main
plane (azimuth) near to omnidirectional. In another example, Texas Instruments
presented the design note AN043 which employ a peak gain of 5.3dBi while loosing
the omnidirectional radiation pattern. However, any change to the circuitry may
result on the need to rearrange the antenna placement.

There is also de possibility to integrate external antennas into the SN. Commercial
whip antennas, as the one depicted in Fig. 2.11a, are commonly used in devices
for low-range / indoor communications due to their low gain (0 to 2dBi). But
there are many other options in the market that provide directional radiation
patterns with a considerable gain, suitable for mid to long-range application. One
example is the button antenna depicted in Fig. 2.11b. The antenna as dimensions
of 19.8x14.3x16.4 mm3 and, when employing a 20x20 mm2 centred ground plane,
attain a peak gain of 5.40 dBi.

The antennas previously described are unbalanced, meaning that have one element
being fed and its potential is referenced to ground. Balanced antennas on the other
hand, have two elements being fed, where one of the elements is 180◦ out-of-phase of
the other. The usage of differential RF signals present the advantage of suppressing
the common mode current [101], eliminating the need of filtering processes on the
circuitry. Thus, RF-SoC with such characteristics are a perfect solution for devices
like the SN that have tight size restrictions.
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Figure 2.12: BSFD antenna proposed in [102].

Figure 2.13: End-loaded printed dipoles antenna proposed in [103].

In [102], the authors designed an antenna to be integrated into an agricultural
sensor node operating on 2.4 GHz ISM band. The antenna, depicted in Fig. 2.12,
is a differential Bowtie-Shaped Folded Dipole (BSFD), with a differential input
impedance of 100 Ω. The proposed design was build upon a folded dipole, followed
by the optimisation of each section’s connecting angles, lengths and the trace width
in order to attain the maximum performance. Measurement results shown that the
proposed BSFD antenna have a gain of 2.3 dBi, with a bandwidth of 401.8 MHz.
This results were achieved with the antenna etched on a FR4 PCB substrate with
0.8 mm thickness.

Furthermore, in [103] the authors simultaneously lay three balanced planar
antenna designs for WLAN applications. The proposed antennas are dual band,
able to operate at the 2.4 GHz and 5.2 GHz bands, printed on a Roger RO4003C
substrate with a thickness of 0.5 mm and εr=3.38. According to the authors, the
end-loaded printed dipoles presented in Fig. 2.13 attain the best performance of the
three, with a peak gain of 4.5dBi with a bandwidth from 2.41 to 2.48 GHz.

Meanwhile the authors in [104], opted to design an small cubic antenna design
for WSN. The proposed antenna, represented in Fig. 2.14a, has a dimension of
12.5x11.2x10mm3 using a meandered microstrip half-wave dipole design (Fig. 2.14b)
with folded arms to reduce the side dimension of the structure. To attain a higher
current near the excitation, it is necessary to reduce the usage of the meander
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(a) (b)

Figure 2.14: Proposed (a) antenna design and (b) layout for the meandered microstrip
line, in [104].

technique of the microstrip in the proximity of it. Since the antenna is bottom fed,
it can be attach to the top of the circuitry, withdrawing the need of extra space on
the PCB. Simulations result ensure a realised gain of 1.87 dBi with an bandwidth of
70 MHz (2.41 to 2.48 GHz) and showing a omnidirectional radiation pattern in the
azimuth plane. These results were obtain with the chosen substrate Roger/Duroid
TMM 10i that have a εr of 9.8 and a thickness of 1.27 mm.

Finally, like the work of [104], the authors in [105] proposed an alternative bottom
fed antenna, with beamstearing capabilities. The radiation pattern is controlled by
changing the phase difference between the feeding points. The antenna, depicted
in 2.15, is composed of two branched radiators, a reflecting plate with an artificial
magnetic conductor structure, and a power divider with a switched-line phase shifter.
In addiction, the power divider with a switched-line phase shifter is not necessary
when attached to a RF-SoC that outputs a differential signal. When acting like a
balanced antenna, the two branched radiators can be seen as two crossed dipoles
since they generate a equivalent radiation. Finally the artificial magnetic conductor
is utilise as a reflecting plate granting a short distance between reflecting plate
and antenna. The authors measured results guarantee that the antenna operates
on the bandwidth from 2.37 to 2.49 GHz, with a peak gain of 6.62 dBi and an
approx. HPBW of 30◦. These results, were achieved when the branched radiators are
etched on a FR4 substrate with 4.5 relative permittivity and 0.4 mm thickness. Even
though the results shown to be promising, the antenna dimensions are 100x100 mm2,
which is a major hitch for SN.
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(a) (b)

Figure 2.15: Proposed antenna layout in [105] (a) Top View and (b) Side View with
feeding structure.

2.6 interim conclusions

In this chapter it is presented the literature review on 5G and IoT technologies, with
emphasis on WSN, considered as the core of the work realised in this dissertation.
For WSN, the BS and SN are presented in detailed, followed by a general hardware
architecture and the importance of managing energy consumption in the nodes. It is
also exposed the variety of solutions for WSN topologies, communication standards,
coverage problems and deployments. Subsequently, an extensive review on WSN
applications takes place. Finally, a literature review on BS and SN antennas is
performed, with special attention given to their electromagnetic characteristics and
commercial designs.
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3
H I G H - G A I N W I D E B A N D PA R A S I T I C M I C R O S T R I P
A N T E N N A F O R 5 G A N D I O T AT 2 6 G H Z

3.1 introduction

In this chapter, a high-gain wideband parasitic microstrip antenna, for 5G and IoT
applications at 26 GHz, is presented. A single antenna, composed of a miniaturised
parasitic patch antenna, is studied, characterised and optimised to operate at 26
GHz, aiming at the 5G new radio, frequency range 2 (FR2), band n258. After
the optimisation the results are analysed and compared to others present in the
literature.

3.2 antenna configuration

The proposed antenna configuration, depicted in Fig. 3.1, follows the initial layout
introduced in [106]. The antenna in consideration is composed of a central microstrip
patch element, in a probe fed configuration and, eight surrounding microstrip patches
acting as parasitic elements. While the central element is responsible for the feeding,
the eight surrounding elements are coupled via electric (E) and magnetic (H) fields,
to enhance the overall gain and reduce the physical size of the antenna, when
comparing with a traditional microstrip patch antenna. The antenna was modified

Figure 3.1: Parasitic microstrip antenna element layout.
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and further optimise to operate in the frequency band defined between 23.5 and
27.5 GHz, aiming at the 5G new radio (NR), frequency range 2 (FR2) band.

Following the layout of Fig. 3.1, the frequency of operation is defined by size of
the patches represented by ew and el, while the feeding point offset FO is used to
match the input impedance of the antenna. To accommodate the FO, the extra
space set by ltw × ltl is considered. The microstrip lines, defined by rl, rw, are used
next to the patches to perform the coupling on the E-plane, whereas for the H-plane
the coupling is adjusted from the spacing between elements dl and dw. Additionally,
the gaps defined by gw × gl are used to adjust the overall impedance of the patch
set. Due to the parasitic patch elements disposition, this particular antenna stands
out from the several other designs as the coupling between the central patch and
the parasitic elements occurs for the two planes (H and E) in a single substrate
layer, while most of the designs found in the literature are coupling the two planes
using independent layers.

To redesign the proposed antenna for the frequency of interest (26 GHz band),
several aspects were taken into consideration: the feeding point offset (FO) is critical
to adjust the impedance and keep the current distribution uniform throughout
the various patches. If the feeding point is not set correctly, the antenna radiation
pattern will offset from boresight. Moreover, the values of rl, rw, dl and dw need
to be optimised to ensure that all elements are excited in phase. Throughout the
process of re-designing the antenna, parametric studies were carried out, to ascertain
how each design parameter affects the gain, directivity, bandwidth and the radiation
diagram of the antenna. The results of these studies are presented in the next
section.

3.3 design and optimisation

To implement the proposed antenna (Fig. 3.1) a double side Rogers RT/Duroid
5880 substrate, with εr = 2.2 , loss tangent of 0.0009 and a substrate thickness
h = 1.5 mm, has been considered. Moreover, a parametric study was performed to
tune the proposed antenna for the desired frequency band, defined from 23.5 to
27.5 GHz.

As a starting point, the initial values and layout parameters, provided by [106]
and detailed in Table 3.1, for an antenna operating in the 18 to 21 GHz band, have
been taken into consideration. A parametric study on ew and el parameters was
firstly carried out to adjust the operating frequency of the antenna. According to an
initial set of simulations, depicted in Fig. 3.2a, an antenna with patch dimensions
of ew = 4 mm and el = 3 mm is resonating around 26 GHz, with a bandwidth of
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Table 3.1: original design parameters for an antenna operating in the 18 to 21 GHz
frequency band [106] .

Parameter Values Unit

ew 5.3 mm
el 4.4 mm
dw 0.15 mm
dl 3.2 mm
rw 0.4 mm
rl 5.4 mm
gw 0.6 mm
gl 2.3 mm

Sub 3.2 cm
FO 1.6 mm
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Figure 3.2: S11 results from the parametric study on: (a) ew and el, (b) rl, respectively.

2.3 GHz, defined from 24.5 GHz to 26.8 GHz (considering a S11 < -10 dB). However,
the radiation pattern at 26 GHz presents an undesired offset angle from broadside of
-5◦ on the elevation plane, as a consequence of this original tuning. This offset occurs
since value of Fo has not been taken into consideration on ew and el parametric
study. The feeding point offset defined by Fo is critical for the behaviour of the
antenna. Therefore, to reduce the offset, the value of Fo was changed from 1.6 mm
to 1.8 mm.

In order to enhance the antenna bandwidth, a subsequent parametric study on rl

was performed, as this parameter not only controls the E-field coupling, but also
the current distribution for the parasitic patches. The simulation results of this
parametric study can be seen in Fig. 3.2b, where a bandwidth of 4 GHz (from
23.5 GHz to 27.5 GHz) can be observed when considering rl = 4.3 mm.

So far, the optimisation process only assessed the frequency band of the antenna,
which was obtained from the S11 on each parametric study. Considering that the
antenna has been optimised to operate in the target frequency band (23.5 to
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Figure 3.3: Overall realised gain achieved with different Sub values.

Table 3.2: Optimised values.

Parameter Values Unit

ew 4.0 mm
el 3.0 mm
dw 0.15 mm
dl 3.2 mm
rw 0.4 mm
rl 4.3 mm
gw 0.6 mm
gl 2.3 mm

Sub 2.4 cm
FO 1.8 mm

27.5 GHz), the next step of the optimisation process was to enhance the antenna
gain. This can be improved by adjusting the size of the ground and substrate (Sub),
as shown in Fig. 3.3, which depicts the overall gain of the antenna achieved with
for different values for Sub. From the simulation results, it can be observed that by
decreasing Sub, the overall gain of the antenna increases. However, this only occurs
until the optimal value is reached, which is at Sub=24 mm.

According to the presented parametric study, table 3.2 presents the optimised
dimensions for the antenna operating in the 5G frequency band n258, whilst
maximisin the highest gain possible within the band.

The final S11-parameter of the optimised antenna is depicted in Fig. 3.4 (optimised
dimensions in table 3.2). For completeness, the radiation patterns at specific spot
frequency within the desired operating band, in particular at 24, 26 and 27 GHz, are
depicted in Fig. 3.5. From the radiation pattern at 24 GHz, a HPBW in the main
plane (azimuth) of 33.8◦ and a realised gain of 13.3 dBi were achieved. Remarkably
at 26 GHz (Fig. 3.6), the antenna reached its peak performance with a realised gain
of 14.4 dBi and an HPBW of 32.4◦, which stands out for similar designs present
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Figure 3.4: Simulated S11 of the optimise antenna.
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Figure 3.5: Radiation pattern on azimuth and elevation plane at: (a) 24 GHz, (b) 26 GHz
and, (c) 27 GHz.
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Table 3.3: Comparison table (at 26 GHz).

Antenna Layers Elements Size
(λo)

Bandwidth
(%)

Gain
(dBi)

[108] 4 16 1.85 × 1.85 17.7 16.4
[111] 2 5 0.63 × 0.63 20 5.2
[112] 2 4 2.43 × 3.04 3.1 4.79
[107] 1 4 3.63 × 0.9 6 13.1
[109] 2 42 6.4 × 7.7 6.3 21.8
[110] 3 64 4.3 × 4.3 15.2 21.5

Proposed Antenna 1 9 2.1 × 2.1 16.29 14.4

in the literature (Table 3.3). Lastly, at 27 GHz, the antenna presented a gain of
13.5 dBi and an HPBW of 32.5◦.

Table 3.3 compares the antenna element developed herein with other antennas
present in the literature (operating in a similar band), in terms of dimensions,
number of layers and elements, gain and bandwidth achieved by each design (λ0

represents the wavelength of the central frequency of each antenna). The proposed
design is sought to be the one from the Table 3.3 that generally outperforms in terms
of performance, less complexity and ease of implementation, since is comprised
of only one layer in addition only 1 active element, which is probe fed, while for
example in [107], all the 4 elements are fed. The gain of the proposed design falls
behind when compared to the more complex designs such as [108–110]. However,
this design stands out due to its simplicity and ease of production, since it can be
printed on the node PCB, with minor changes (feed probe). Unfortunately, was not
possible to develop a prototype of the proposed antenna due to the low resolution
(0.5 mm) of the PCB manufacture facilities of Polytechnic of Leiria. Utilising such
low resolution compromise the optimised value of the parameter rw and the gaps
between the lines and patches, interfering with the E-field coupling and the current
distribution of the antenna.

Figure 3.6: 3D representation of the radiation pattern at 26 GHz.
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3.4 interim conclusions

In this chapter, a high-gain wideband parasitic microstrip antenna was designed,
characterised and optimised to operate at the 5G new radio (NR), frequency range 2
(FR2), band n258. Various parametric studies were carried out in order to optimise
the antenna to operate from 23.5 to 27.5 GHz while achieving the highest gain
possible. Simulation results ensured a realised gain of 14.4 dBi (at 26 GHz) and
a total bandwidth of 4.15 GHz, after optimisation in CST-MWS. The proposed
antenna design stands out due to its small dimension, simplicity (only 1 layer) and,
relatively high gain, when compared to the state-of-art designs. This is in-line with
the need to achieve small-form factor and ease of integration on the same PCB as
the other electronic circuitry, using a small printing area of 24×24 mm2, particularly
for sensor node antennas, which makes it a suitable candidate for wearable 5G and
IoT applications.

The contents of this chapter resulted in the following conference paper:

• T. E. S. Oliveira, J. F. Goncalves, J. R. Reis, M. Vala and R. F. S. Caldeirinha,
"High-Gain Wideband Parasitic Microstrip Antenna for 5G and IoT
at 26 GHz", Conf. on Telecommunications - ConfTele, Leiria, Portugal,
February, 2021, pp. 1-5, doi: 10.1109/ConfTELE50222.2021.9435457.
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4
D I R E C T I O N A L A N T E N N A S F O R W S N B A S E S TAT I O N S
AT 2 . 4 G H Z

4.1 introduction

This chapter presents the design, optimisation and measurement of antennas to
be implemented in a WSN base station. In particular, two antenna designs are
presented, which were studied and optimised utilising the CST-MWS, to operate in
the 2.4 GHz frequency band. Firstly, a microstrip Quasi-Yagi antenna is studied
and characterised, followed by a noval microstrip Quasi-Yagi design based on lunar
waning crescent elements. Further studies on the latter antenna are performed
aiming its implementation in a WSN base station.

4.2 a microstrip quasi-yagi patch antenna

The first antenna design to be studied was a microstrip Quasi-Yagi antenna. This
antenna type explores the concept of the well-known Yagi antennas, adapted to
microstrip technology. The Yagi antenna is a directional antenna model consisting
of multiple parallel elements in a line, usually half-wave dipoles, made of metal
rods and separated by multiples of the wavelength. Therefore, the antenna design
of [113] was considered. Following redesign and optimisation processes, using the
FR4 substrate that is commonly utilised on the circuitry PCB. The antenna was
successfully modified to operate from 2.27 to 2.83 GHz, aiming at the 2.4 GHz ISM
band.

The work presented on this chapter follows the specifications imposed in the
WSN-EM project [16], for the base station antenna, In particular, the antenna must
have a gain higher or equal to 8 dBi, operate at the 2.4 GHz ISM band, with an
HPBW higher or equal to 60◦ and display a minimum front-to-back ratio of 20 dB.

4.2.1 Antenna Layout

The antenna layout, depicted in Fig. 4.1, is based on planar Quasi-Yagi layout
in which metallic parasitic elements are added as directors, in order to focus the
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(a) (b)

Figure 4.1: Quasi-Yagi microstrip antenna layout: (a) top view and (b) bottom view.

radiated energy in one direction. The design proposed by [113], which operates
from 2.74 to 4.25 GHz, is composed of: a microstrip patch (pw × pl), acting as
active element, which defines the frequency of operation; a reflector (rw × rl) and six
directors (dw × dl), separated by dg, that are responsible for providing the end-fire
radiation pattern. The reflector element, in addition to the directors, helps to shape
the antenna radiation pattern, which provides the design with the possibility to
redirect the main lobe direction on the elevation plane. The addition of directors
increases the overall gain of the antenna, which as a consequence, reduces the
HPBW.

This particular antenna design is light-weight, low-profile with a planar config-
uration, but relatively high gain when compared with other microstrip antenna
designs.

4.2.2 Design and Optimisation

To implement the proposed antenna, design of Fig. 4.1, a double sided FR4 substrate,
with εr = 4.4 and a loss tangent of 0.014 was considered. The substrate has a
thickness of h = 1.6 mm.

The initial parameters of the design are shown in Table 4.1. The first step of
the optimisation phase was to change the patch dimensions, since it dictates the
frequency of operation for the antenna. With this consideration, a detailed parametric
study on pw and pl parameters was carried out. The simulation results are presented
in Fig 4.2, where the S11 is shown for different parameter combinations. The results
ensure a frequency band of operation from 2.27 to 2.6 GHz, when pl = 38 mm
and pw = 27 mm. However, the radiation pattern shows a main lobe magnitude
of 5.8 dBi, at 2.44 GHz. In order to further optimise the radiation pattern of the
antenna, parametric studies on the reflector length (rl) and the directors dimension
(dw and dl) were also performed.

36



4.2 a microstrip quasi-yagi patch antenna

Table 4.1: Original values from [113], for the microstrip Quasi-Yagi antenna(in mm),
operating from 2.74-4.25 GHz.

pw pl dw dl rw rl fw fl

18.0 23.0 5.0 21.0 18 35 2.5 20.0

Ws Ls nw nl rg dg fg sg

98.0 54.5 15.0 14.44 2.0 4.0 5.0 8.0
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pl=38, pw=27mm
pl=35, pw=27mm
pl=26, pw=21mm
pl=23, pw=18mm

Figure 4.2: S11 results for the parametric study on pl and pw.

The simulated radiation patterns obtain for different combinations of rl, dw and
dl are depicted in Fig. 4.3, where it can be seen that the antenna has a main lobe
magnitude of 8.32 dBi, when rl = 52 mm, dl = 31 mm and dw = 12 mm.

Due to the changes performed in the design, the resonating frequency shifted
100 MHz from the previous results in Fig. 4.2, therefore adjustments of the patch
dimension were made.

After subsequent optimisation on the S11, the antenna has an operating frequency
band from 2.27 to 2.83 GHz, coffering a bandwidth of 21.96%, Fig. 4.4. The radiation
pattern for both main planes, as depicted in Fig. 4.4b, presents a realised gain of
9.41 dBi, an HPBW of 70◦ on the azimuth plane. The optimised values for the
design can be seen in Table 4.2.

Table 4.2: Optimised values for the proposed antenna design (in mm), operating at 2.4 GHz.

pw pl dw dl rw rl fw fl

27.0 34.0 12.0 31.0 18.0 52.0 2.5 20.0

Ws Ls nw nl rg dg fg sg

150.0 60.0 15.0 14.44 2.0 4.0 5.0 8.0
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Figure 4.3: Parametric results of the radiation pattern, at 2.44 GHz, for: (a) rl ,(b) dw

and dl, in the azimuth plane
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Figure 4.4: Simulation results: (a) S11, (b) Radiation pattern on azimuth and elevation
plane at 2.44 GHz.
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Figure 4.5: Microstrip Quasi-Yagi antenna prototype.
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Figure 4.6: Simulated and measured S11 results of the microstrip Quasi-Yagi antenna.

4.2.3 Experimental Characterisation

With the antenna design optimised, a prototype of the antenna has been produced.
A photograph of the prototype is depicted in Fig. 4.5.

In order to measure the S11, the antenna was connected to a Vector Network
Analyser (VNA) (R&S ZVM). This two ports model, can measure the S11, S12, S21

and S22 of a Device Unter Test (DUT), with the possibility to retrieve informations
such has the insertion loss and the matching of a DUT.

Analysing the results in 4.6 is observed that simulations are inconsistent with
measured results, appraising the low matching of the antenna. A potential cause
for such discording results, is the small ground plane proposed for the design. Two
prototypes were developed to test a possible shift on the resonating frequency
between results however without success. Therefore, the design is not suitable to
be integrated in a cylindrical-base configuration. For this reason, it is proposed a
Lunar Waning Crescent Quasi-Yagi Antenna, for the BS antenna.
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(a)

(b)

Figure 4.7: Proposed Lunar Waning Crescent Quasi-Yagi antenna layout, (a) top view
and (b) bottom view.

4.3 a lunar waning crescent quasi-yagi antenna for wsn base
station

To overcome the design/implementation issues of the previous antenna, a novel
microstrip Quasi-Yagi design based on lunar waning crescent elements has been
introduced. In particular, the new design employs a bigger ground-plane to attain
a better antenna matching and a dipole as driven element (instead of a patch).
Both reflector and directors have a semi-circular shape, mimicking the lunar waning
crescent shape. The same substrate (FR4) will be used for the new design. Details
about the antenna design are further described next section.

4.3.1 Antenna Layout

The proposed antenna layout is depicted in Fig. 4.7. The antenna is composed of a
microstrip dipole, a waning crescent reflector over a ground plane (defined by gw)
and, six waning crescent directors. The waning crescent shaped for the reflector and
directors was chosen, since it outperform other shapes studied (higher gain). As
can be seen in Fig. 4.8, which depict the results of a study on the performance of a
dipole with a single director.

The proposed shape, should be seen as a quarter of a circle centred at xi, with
radius (ri) and thickness ti, where i = 0, 1, 2, ... represents the number of the of the
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Figure 4.8: Radiation pattern on the azimuth plane for different director shapes.

reflector/director. The overall antenna dimensions are dictated by the parameters
WS × LS .

The feeding line width and length dictates the input impedance of the antenna.
Aiming to attain a 50 Ω impedance, the width of the feeding line was calculated
by [13]:

Z0 = 120π
√

εe

[
W
H +1.393+2

3 ln
(

W
H +1.4444

)] , (4.1)

where,

εe = εr+1

2
+

 εr − 1

2

√
1+12

(
H
W

)
 , (4.2)

and W is the width of the feeding line and H the thickness of the substrate. Notice
that these equations can only be applied if W > H.

The frequency of operation is defined by the dimensions of the dipole arms (dl),
to achieve a better efficiency the dipole arm should have a length equal to half of
the wavelength propagating in the microstrip line, λg/2 [13]. However, at 2.4 GHz,
λg is 22.8 cm, according to the Eq. 4.3 [114]. Therefore, to keep the size of the
antenna moderated, it was opted to start the design with the total length of λg/4,
reducing the size of the substrate.

λg = c

f
√

εe
, (4.3)

The dipole arms are perpendicular to the feeding line thus, creating a 90◦ bend
which can cause an unnecessary signal reflection to the source. To overcome this
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Figure 4.9: Microstrip mitred bend, (extracted from "everythingrf").

issue the bend was mitred (Fig. 4.9) following Eq. 4.4 to Eq. 4.6, to reduce the
capacitance of the line, maintaining the desired impedance [115].

D = W ×
√

2, (4.4)

X = W ×
√

2 ×
(

0.52+0.65 × e
(

-1.35× W
H

))
, (4.5)

A = X ×
√

2 - W , (4.6)

The antenna was designed in a double-sided FR4 substrate, with εr = 4.4, a
tanδ = 0.014 and a thickness of 1.6 mm. The optimisation of the antenna dimensions
and the number of directors are further analysed and discussed next section.

4.3.2 Antenna Design

In a first iteration, the microstrip dipole with ground plane of Fig. 4.10a was designed
and simulated, in order to assess the length of the dipole arm needed to attain an
antenna resonating of 2.445 GHz (target frequency). Therefore, a parametric study
was carried out on dl, with the initial value being set at λg/8 and, by fixing gw at
32 mm, LS = 61 mm and fl = 52 mm. While LS was defined to accommodate at
least the arms length (i.e. 2× λg/8), fl and gw were deliberately defined to further
accommodate the reflector shape. Additionally, fw was set at 3.1 mm corresponding
to a 50Ω impedance line for the proposed substrate. The simulation results of the
parametric study are depicted in Fig. 4.11. The simulation ranged from 20.5 to
28.5 mm, with 2 mm step. From the results, it can be observed that a dl = 20.5 mm
ensures the antenna is resonating at the desired frequency (i.e. 2.445 GHz).

With the dipole arms length already defined, the next step in the antenna design
is to evaluate the impact of adding the directors in antenna performance. Therefore,
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(a) (b)

Figure 4.10: CST-MWS model of: (a) the microstrip dipole and (b) inclusion of a single
waning crescent director.
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Figure 4.11: Simulated S11 results for the parametric study of dl.
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Figure 4.12: Impact of the addition of a single waning crescent director in (a) radiation
pattern, at 2.445 GHz, and in (b) antenna S11.

a single waning crescent director was added to the feeding antenna, at the position
x1 = 32 mm, as depicted in Fig. 4.10b. At this point, no reflector has been considered.
The initial values of t1 = 8 mm and r1 = 22 mm where considered as starting point
for the optimisation. The addition of the director caused two effects: an increase in
the overall antenna gain and an undesirable deviation of the antenna’s resonating
frequency, as depicted in Fig. 4.12. While the first effect was expected (in line with
the Yagi antenna concept [116]), the latter is associated with mutual coupling effects
between the driven element (dipole) and the added director. To compensate for
this frequency shift, the length of the dipole arms (dl) were readjusted for 21.5 mm
(Fig. 4.12b).

After ensuring the antenna was re-tuned for the desired frequency, a parametric
study was carried out in all parameters (r1, x1 and t1) of the first waning crescent
director (i = 1). The study aimed to optimise the waning crescent director dimensions
to achieve the best antenna gain possible. To this extend, the following methodology
was been considered: a parametric simulation run for a single parameter at the time,
while the others are assigned a fixed value. After discovering the value that would
provide the highest gain, it becomes fixed, and a new parametric simulation on a
different parameter is carried out. At the end of the study, this process is repeated
once again, to ensure that the defined values are, in fact, the optimised ones (double
confirmation).

In particular, Fig. 4.13 presents the radiation patterns obtained for different values
of t1, with x1 and r1 fixed at 32 mm and 22 mm, respectively. With t1 = 4 mm the
antenna presents a gain of 5.4 dBi (Fig. 4.13a), for t1 = 5 mm the gain is of 5.5 dBi
(Fig. 4.13b), for t1 = 6 mm is 5.58 dBi (Fig. 4.13c), and finally, for t1 = 7 mm the
gain stabilises at 5.55 dBi (Fig. 4.13d).
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Figure 4.13: Radiation pattern on azimuth and elevation planes, at 2.445 GHz, for (a)
t1 = 4 mm, (b) t1 = 5 mm, (b) t1 = 6 mm and, (d) t1 = 7 mm.

In line with the methodology described above, further studies were carried out
in the parameters x1 and r1, individually. From the final optimisation realised on
the first director, it was found that the parameters which best favour the antenna
performance in terms of gain are: x1 = 36 mm, t1 = 5 mm and r1 = 21 mm, yielding
a realised gain of 6.02 dBi. This results in an increase of 1.65 dBi in gain, when
comparing to the antenna without a director.

Aiming to design an antenna with a higher gain, the process of adding directors
has been studied. Thus, a parametric workout was carried out to access the gain
improvement against the number of directors (with the same dimensions). The
directors were added progressively to the layout, at the position xi = xi−1 + 18 mm.
Note that in this particular study, all directors have the same dimensions. The
maximum gain at the antenna boresight has been obtained, and it is plotted against
the number of directors (up to 8) in Fig. 4.14. From the analysis of the results, it
can be seen that after the addition of 6 waning crescent directors, the ratio between
gain and number of directors decreases. The difference from 6 to 8 directors is
0.81 dB, while the difference from 4 to 6 is 1.24 dB. Thus, for the best trade-off
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Figure 4.14: Variation of the realised gain of the antenna with the number of directors.
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Figure 4.15: Radiation pattern in azimuth and elevation planes at 2.44 GHz, on the (a)
without and (b) with the reflector.

between antenna dimensions and gain, it was opted for 6 director design which
achieves the target gain of 9.6 dBi. This represents an additional gain of 3.6 dB,
when comparing with the configuration of a single director.

To further improve the front-to-back ratio of the antenna (already considering
6 directors), an additional waning crescent reflector was added to the design. The
element was added prior to the feeding line (at the position x0 8 mm), over
the ground plane. The dimensions of the reflector were also optimised using CST
MWS with the goal of improving the front-to-back ratio. From the parametric
workout, it was found that the best front-to-back ratio is of 18.63 dB, achieved with
r0 = 34.5 mm, x0 = 8 mm, t0 = 5 mm and g = 2 mm, as depicted Fig. 4.15, which
improves 4.28 dB, from the case without reflector, Fig. 4.15a.

In this configuration the antenna gain is also slightly improved by 0.1 dB. Simu-
lation results ensure a realised gain of 9.7 dBi, at 2.44 GHz, a front-to-back ratio
of 18.63 dB, and a HPBW of 60◦. Not satisfied with the achieved front-to-back
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ratio, an optimisation process took place, by studying the effect of different director
dimensions in the antenna performance. The entire process is described in the next
section.

4.3.3 Antenna Director/Reflector Optimisation

Using the double confirmation technique described before, all the parameters of each
director (ri, xi and ti) are optimised, individually, with the goal of achieving the
highest gain possible whilst keeping the S11 < -30 dB, in the resonance frequency.
Therefore, a parametric study was carried out to access the curve of the gain
improvement with the addiction of the optimised directors to the design. The
directors were added progressively to the layout, at the position xi = xi−1 + 20 mm,
and further optimised for best antenna gain and impedance matching. The results of
the parametric study, depicted in Fig. 4.16, ensure that the best trade-off between
antenna dimensions and gain, is also attained with 6 director’s. Since the difference
from 6 to 8 directors is 0.6 dB, while the difference from 4 to 6 is 1.45 dB. With
six directors the antenna achieves the gain of 9.45 dBi. Representing a decrease of
0.1 dB when compare to the antenna that utilises equal directors.
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Figure 4.16: Variation of the realised gain of the antenna with the number of directors.

An additional waning crescent element was added as a reflector, to further improve
the front-to-back ratio of the Quasi-Yagi antenna element, as previous. Using the
same methodology, the reflector dimensions were optimised, where it was found that
the best front-to-back ratio is of 20.16 dB, obtained for r0 = 34.5 mm, x0 = 6 mm,
t0 = 2.1 mm and g = 2 mm, being improved in 5.68 dB when compared with the
case without reflector (Fig. 4.17). With the values presented above, the HPBW of
the antenna increases 3◦ and, consequently, the gain decays to 9.45 dBi, causing a
difference of 0.25 dB to the previous design. However, the new design presents an
additional 1.53 dB front-to-back ratio, which thought compensate the gain difference
between the designs.
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Figure 4.17: Radiation pattern in azimuth and elevation planes at 2.445 GHz, on the (a)
without and (b) with the reflector.

Figure 4.18: Lunar Waning Crescent antenna prototype (with different director dimen-
sions).

Finally, after all the design optimisation in the proposed layout, an antenna with
overall size of 183 × 61 mm2, and dimensions of (in mm): LS = 61, WS = 183,
fl = 52, g = 2, gw = 32, dl = 21.5, fw = 3.1, and director dimensions of: x0 = 6,
r0 = 34.5, t0 = 2.1, t1 = 5, r1 = 21, x1 = 36, t2 = 5, r2 = 19, x2 = 56, t3 = 6,
r3 = 19, x3 = 76, t4 = 7, r4 = 19, x4 = 96, t5 = 5, r5 = 21, x5 = 116, t6 = 2.5,
r6 = 1 and x6 = 136, presents a realised gain of 9.45 dBi at 2.445 GHz, with a
bandwidth of 450 MHz, a front-to-back ratio of 20.16 dB, and a HPBW of 63◦. The
final antenna radiation pattern can be seen in Fig. 4.17b.

4.3.4 Experimental Setup

In order to experimentally characterise the developed antenna (Fig. 4.18), both
antenna matching (S11) and radiation patterns, in the two main antenna planes, i.e.
in azimuth and elevation, have been obtained. While the S11 was measured using a
two port VNA (R&S ZVM), the setup of Fig. 4.19 was assembled inside an anechoic
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(a)

(b) (c)

Figure 4.19: Radiation pattern measurement setup: (a) block diagram; (b) photography of
Transmitter (Tx) antenna and (c) close up of the antenna under test, inside
the anechoic chamber.
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chamber, to measure the antenna radiation patterns. The anechoic chamber was
used for indoor measurements enabling experiments to be performed in a controlled,
electromagnetically quiet and reflection free radio environment.

In particular, a well characterised Aaronia Hyperlog 30100 antenna was used as
the Tx antenna (Fig 4.19b). It is connected to a signal generator that generated a
single tone (continuous wave), with a transmission power of 0 dBm. At the receiver
end, a well characterised Aaronia Hyperlog 60100 antenna was connected to the
spectrum analyser to be used as reference, later replaced by the antenna under test
(AUT). The antennas were placed 3,5 meters apart, ensuring that the measurement
took place in the far-field region of the antennas. The Tx antenna was kept fixed
throughout the measurements, while the AUT was rotated around its axis with
the assist of motorised pan/tilt head unit, Fig. 4.19c. The received power was
acquire utilising a spectrum analyser (Agilent E4408B) for each angular step with
1◦ of resolution, within the range defined between -180◦ and 180◦ (in the azimuth
plane). Both Tx and Receiver (Rx) antennas were further rotated 90◦ to measure
the radiation pattern in the elevation plane, using the same physical setup. The
received power acquisition and movement control were executed in real-time and
post processed in MATLAB, using a software developed for the effect.

4.3.5 Experimental Characterisation

In Fig. 4.20, it is depicted the simulated and measured results for the S11. From
the analysis of the results, its concluded that both results are in relatively good
agreement, even though a small deviation, in the resonating frequency of 46 MHz,
is observed. When comparing the radiation pattern at 2.44 GHz (Fig. 4.21), for
both simulations and experiments, it is observed that: the shape of the radiation
patterns are in good agreement; the prototype attain a gain of 8.9 dBi, which is
less 0.55 dB from the simulated results (9.45 dBi) and finally, the HPBW for the
prototype is of 60◦,in the azimuth plane, representing a difference of 3◦ from the
simulated results.
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Figure 4.20: Simulated and measured results of the S11, for the Lunar Waning Crescent
Quasi-Yagi antenna.
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Figure 4.21: Simulated and measured results of the radiation pattern at 2.44 GHz, on
the (a) azimuth and (b) elevation plane, for the Lunar Waning Crescent
Quasi-Yagi antenna.
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4.4 development of a wsn base station

As mentioned before, the developed antenna is though to be implemented in a
cylindrical configuration, with a multiplexing mechanism as a solution for the
desired omnidirectional pattern. However, such configuration may be vulnerable
to parasitical effects from the adjacent antennas. Thus, the simulation scenario,
in Fig. 4.22, was created. Six antennas are equally placed 60◦ apart in a circular
shaped with a diameter defined by ag, creating the desired 360◦ FOV. A parametric
study on ag, was carried out aiming to assess the impact of adjacent antennas, on
the matching and radiation pattern of the driven antenna.

The simulated results of the impact of adjacent antennas on the radiation pattern,
exposed in Fig. 4.23, ensure that at 2.445 GHz the configuration: with ag = 10 cm
presents a peak gain of 8.88 dBi and an HPBW of 62.4◦; with ag = 12 cm the
peak gain is 8.89 dBi and an HPBW of 70.3◦; for ag = 14 cm the gain increases
to 9.13 dBi with an HPBW of 71.8◦; a gain of 8.5 dBi and an HPBW of 75◦ its
achieved with ag = 16 cm. Analysing the radiation patterns, it comes clear that
the adjacent antennas act as parasitical elements, creating an small dip on the
main lobe for values of ag inferior to 16 cm. For the sake of the overall size of the
configuration, it was opted for ag = 14 cm.

It was opted for the "SKY13418-485LF" RF-switch as the multiplexing mechanism,
which operates from 0.1-6.0 GHz and can employ up to 8 antennas. To characterise
the RF-switch, the insertion loss and isolation between ports was measured with
"Port 1" active. It was also taken into account the RF cables used between switch and
antennas. The results, depicted in Fig. 4.24, are in good agreement to the data-sheet
given by the manufactured, with a typical isolation < -30 dB and S11 < -1.7 dB at
the 2.4 GHz ISM band.

To accommodate the antennas and RF-switch, a structure towards the cylindrical
configuration was design, Fig. 4.25. Simulation results ensure that only the adjacent
antennas have an impact in the radiation pattern of the driven antenna. Therefore
the structure was produced in a 3D printer using Polylactic acid (PLA), Fig. 4.26.
The matching of the antenna when employed on this structure is presented on

Figure 4.22: Simulation model for the study on the impact of adjacent antennas.
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Figure 4.23: Impact of the adjacent antennas on the radiation pattern (azimuth plane)
with: (a) ag = 10 cm , (b) ag = 12 cm , (c) ag = 14 cm and (d) ag = 16 cm.
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Figure 4.24: Measured isolation and insertion loss, on the RF-switch.
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Figure 4.25: Proposed BS structure.

Figure 4.26: Base station prototype.

Fig, 4.27, where can be seen that when mounted, the antenna presents a small
shift on the resonating frequency. However, the antenna continues to operate at the
2.4 GHz band, granting the integrity of the system.
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Figure 4.27: Reflection coefficient of an Antenna in the proposed BS

4.5 interim conclusions

This chapter expose a study on the design, optimisation, development and proto-
typing of antennas for a WSN BS operating at the 2.4 GHz ISM band. Firstly a
microstrip Quasi-Yagi patch antenna built upon [113] was redesigned and optimised
to operate at 2.4 GHz, however simulated and measured results diverge thus, it was
succeeded by a Lunar Waning Crescent Quasi-Yagi antenna design. The latter design,
achieved a measured peak gain of 8.9 dBi and HPBW of 60◦ at 2.445 GHz. The
proposed antenna was proceeded with the development of an WSN BS, employing
a RF-switch, to achieve a 360◦ FOV. Further simulations and measurements were
made to assess impact of the adjacent antennas in the driven antenna.

The contents of this chapter resulted in the following conference papers:

• T. E. S. Oliveira, J. R. Reis, M. Vala and R. F. S. Caldeirinha, "A Lunar
Waning Crescent Quasi-Yagi Antenna for WSN Base-Stations at 2.4
GHz", 16th European Conference on Antennas and Propagation - EUCAP,
Madrid, Spain, January, 2022 (submitted);

• T. E. S. Oliveira, J. R. Reis and R. F. S. Caldeirinha, "A Waning Crescent
Quasi-Yagi Microstrip Antenna for Wireless Sensing Networks", 15th
Congress of the Portuguese Committee of URSI "Environmental sustainability
in use of the radio spectrum", Leiria, Portugal, November, 2021 (presented);
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5
A D I F F E R E N T I A L M I C R O S T R I P S L O T T E D PAT C H
A N T E N N A F O R W S N S E N S O R N O D E S AT 2 . 4 G H Z

5.1 introduction

In this chapter, a differential microstrip slotted patch antenna for WSN sensor
nodes, operating at 2.4 GHz ISM band, is proposed. The antenna is design, optimise
and prototyped, aiming for a small form factor while granting a relatively high gain.
Furthermore, a balun is developed to have a differential signal as the input of the
antenna when considering only one port. Allowing the analysis of some antenna
characteristics that could not be obtained while using only the antenna (S11). The
impact of vegetation and fire on the radiation pattern of the antenna is also studied
aiming to assess the antenna performance in a critical scenario. Electromagnetic
simulations are carried using a full-wave EM solver (CST MWS) considering several
application scenarios.

The work present on this chapter follows the specifications imposed in the WSN-
EM project [16], for the sensor node antenna. The project requires a balanced
antenna of small dimensions that operates in the 2.4 GHz band, with a relatively
high-gain and HPBW, with ease of integration in the node PCB.

5.2 sensor node antenna

5.2.1 Antenna Layout

The proposed design built upon [117] consists of a squared patch printed on a RF
substrate, with two etched resonating slots. Two feeding pins are used to proceed
with differential excitation. The size of the proposed antenna design is only about
45% that of the traditional microstrip antenna, making it suitable for the envisaged
application.

This design stands out since the antenna can be used on top of the SN while the
ground plane provides shielding over possible electromagnetic noise created by the
circuitry. Therefore the size of the antenna can now be the same as the PCB of the
SN instead of a reduced reserved area which is typically the case.
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a differential microstrip slotted patch antenna for wsn sensor
nodes at 2.4 ghz

(a) (b)

Figure 5.1: Proposed antenna layout for SN (a) top view (b) bottom view.

Table 5.1: Initial values of the parameters used in the SN antenna design (in mm).

Sub pa fo so sw sl

50.0 20.3 5.0 8.2 0.5 15

ew el yw yl rd bso

0.7 27.0 20.0 0.4 3.0 11.75

The layout, depicted in Fig. 5.1, is composed by a slotted patch (pa × pa) and a
slotted ground plane (Sub × Sub).

The resonating slots on the patch (sl × sw) and ground (el × ew), are used to reduce
the size of the overall antenna, shifting the resonant frequency of the antenna below
the traditional patch antenna. The frequency band can be adjusted by changing
the distance between the feeding points (fo), the size of the patch (pa × pa) or even
the distance between slots (so and bso). However the distance between the feeding
pins (2×fo) not only shifts the resonant frequency but also the input impedance of
the antenna. Two circular slots around the feeding pins, whose radius are defined
by (rd) were added to facilitate the adjustment of input impedance.

5.2.2 Antenna Design and Optimisation

Similarly to the BS antenna, the chosen substrate for this layout is FR4, with
εr = 4.4 , a loss tangent of 0.014 and a thickness of h = 1.6 mm. However, the
antenna proposed in [117], used a different substrate thus, the need to redesign and
optimise the antenna. The initial parameter values used in the layout are presented
in Table 5.1.
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Figure 5.2: S11 results for the parametric study on: (a) pa and (b) rd

Table 5.2: Optimised values (in mm) of the SN antenna (with a dimension 50×50 mm2).

Sub pa fo so sw sl

50.0 23.5 5.0 8.5 0.5 15.0

ew el yw yl rd bso

0.7 29.0 20.0 0.4 4.0 11.75

To adjust the frequency of operation, a parametric study on pa was carried
out. The results depicted in Fig. 5.2a ensure that the antenna reaches the desired
frequency band when pa = 23.3 mm.

In order to increase the total efficiency of the antenna, the parameter rd, which
defines the size of the circular slots, was studied. Figure 5.2b shows the simulation
results, where it can be seen that the antenna reaches its peak performance when
rd = 4 mm. The values achieved with the optimisation steps are presented in Table
5.2 and the simulation results depicted in Fig. 5.3. According to the simulations, at
this stage, the antenna reached a gain of 4.15 dBi and an HPBW of 85.5◦ on the
azimuth plane.

Even though the simulation results satisfy the needs of a SN antenna, it is
desirable to optimise the antenna in terms of size. Thus, the parameter Sub was
changed from the 50 to 45 mm. This modification created a shift on the frequency
of operation of the antenna, as shown in Fig. 5.4. To this extent, a new parametric
study on pa and bso was carried out, the results depicted in Fig. 5.5a, show that
with the pa = 23.2 mm and bso = 15.75 mm, the antenna is operating at the desired
frequency band. However, to attain a larger bandwidth as well as a better efficiency,
a new parametric study for small tuning of the antenna occur. The antenna reaches
its peak performance for pa=22.2 mm, yw=22 mm and so=8.0 mm, as can be seen
in Fig. 5.5b. For such antenna, simulation results in Fig. 5.6, ensure a gain of
5.27dBi with an HPBW of 80◦ in the azimuth plane, 60◦ in the elevation plane and
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Figure 5.3: Simulation results: (a) S11 and (b) radiation pattern on azimuth and elevation
plane at 2.44 GHz.
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Figure 5.4: S11 results for Sub = 45 mm

a frequency of operation from 2.32 to 2.49 GHz. These results were attain with the
final values for the parameters of the antenna presented in Table 5.3.

5.2.3 Balun Layout

The antenna is though to be added on a node that utilises an RF-SoC that outputs
a differential signal. Therefore, to test the antenna a balun was design and optimise
to operate at 2.445 GHz.

A balun, which stands, for "balanced-to-unbalanced", is RF device responsible
to transform an unbalanced line to a balanced line and vice-versa. The proposed
balun, presented in Fig. 5.7, is composed by a quarter-wave impedance transformer,
a T-Junction power divider and a 180◦ phase shifter. For our application the balun
was designed aiming a 50 Ω impedance in Port 1 (P1), while presenting a differential
impedance of 100 Ω between Port 2 and 3 (P2 and P3). Thus, to calculate the
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Figure 5.5: Simulation S11 results for the parametric studies on: (a) pa and bso, (b).
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Figure 5.6: Simulated of the radiation pattern for the proposed SN antenna at 2.44 GHz.

Table 5.3: Optimised values of the parameters used in the SN antenna design (in mm).

Sub0 pa fo so sw sl

45.0 22.2 5.0 8.0 0.5 15.0

ew el yw yl rd bso

0.7 28.0 22.0 0.4 4.0 15.75
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(a) (b)

Figure 5.7: Proposed balun layout (a) top view (b) bottom view.

width of the microstrip in P2 and P3, Eq. 5.1 is utilised [118]:

Zd = 2 × Z0

(
1-0.48 × e

(
−0.96 d

H

))
, (5.1)

where, H is the height of the substrate, d the distance between traces (fixed at
7 mm) and Z0 being the single ended impedance of the microstrip, which when
calculated is 50 Ω, thus wf = 3.1 mm (According to Eq. 4.1).

To attain a differential signal between P2 and P3, it is necessary that the signals
reach the ports with a 180◦ phase difference. Therefore, a 180◦ phase shifter is
employed, creating a shift of 180◦ by increasing the length of one of the traces by
λ/2.

With the goal to split the power from P1 to P2 and P3 evenly, a T-junction
power divided is developed. To attain an higher efficiency, the impedance of the
unbalanced port was calculated by:

Zunb = Z2

2
= Z3

2
, (5.2)

where, Zunb is the impedance of the unbalanced port, while Z2 and Z3 represent the
impedance of the Port 2 and 3, respectively (50 Ω). However, the impedance given
by Eq. 5.2 is 25 Ω which needs to be transformed to 50 Ω to match the output
line. For this reason, a Quarter-wave impedance transformer was studied and added
to the design. With the combination of Eq. 4.1 and Eq. 5.3, it is then possible to
calculate the values for wq, lf and lq.

Zquarter−wave =
√

Zunb × Zin, (5.3)

Finally, all the 90◦ bends were mitred, following the rational as in section 4.3.1.
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5.2 sensor node antenna

Table 5.4: Optimised values of the parameters of the balun (in mm).

Lb Wb wf lf wq

49.36 55.70 3.1 8.42 6.4

lq la l1 l2 l3

15.0 22.84 19.13 16.4 15.36

5.2.4 Experimental Characterisation and Discussion of the Balun

An ideal balun will present an equal insertion loss between from Port 1 to Port 2
and Port 1 to Port 3, meaning that when analysing the transmission coefficients (S21

and S31) should present half of the power from P1 (-3 dB). However in a real-world
scenario there are losses that may affect the expected performance. Therefore, to
assess the performance of the balun, a prototype was constructed and measured
utilising the setups depicted in Fig. 5.8, after a proper design optimisation in
CST-MWS. Table 5.4 presents the dimensions for the optimised balun, using FR4
substrate, with εr = 4.4, a tanδ = 0.014 and a thickness of 1.6 mm.

Since the VNA present in our facilities, only employs 2 ports to measure the
transmission coefficients with accuracy, one of the balun ports, was terminated with
a 50 Ω load. The results in Fig. 5.9 shown that the balun attains a phase difference
(between P2 and P3), of 180±6◦ and a loss of 0.75 dB, in the desired 2.4 GHz
frequency band. Although, the insertion loss measurement shown a small limitation
of the design, the results proven to be suitable for measuring and testing purposes.

(a) (b)

Figure 5.8: Measuring setup for the transmission coefficients: (a) diagram and (b) used
setup for measuring S21.

5.2.5 Experimental Characterisation and Discussion

After the optimisation, the prototype in Fig. 5.10 was produced to assess the antenna
experimentally. Using the setup described in the subchapter 4.3.4, measurements
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Figure 5.9: Simulated and measured results: (a) insertion loss and (b) phase difference
between Port 2 and Port 3.

Figure 5.10: Antenna prototype attached to the balun.

of the S11 and the radiation pattern of the prototype were obtained. Figure 5.11,
presents the simulation and measurement results side-by-side. Both simulated and
measured results are in good agreement. the S11 presents an frequency band from
2.39 to 2.485 GHz, while the radiation pattern of the prototype ensured a gain
of 4.4 dBi, an HPBW of 84◦ in the azimuth plane and 62◦ in the elevation plane.
Table 5.5 compares the proposed antenna with different designs present in literature,
at the same frequency of operation. When analysing Table 5.5, it is possible to
conclude that the antenna presents a lower gain that [105] and it shows equal
characteristics for the antenna proposed in [103]. Yet, in [103], the antenna was
design to be added to the circuitry PCB while the proposed SN antenna just like
the antenna proposed in [105], can be mounted directly on top of the SoC node in
a stack mode configuration. Thus, eliminating the need to reserve space near the
circuitry of the SN for the antenna and matching network, significantly reducing
the PCB area of the node. Also, the size of the proposed antenna on this thesis,
is more then half of the one proposed in [105] which, as mentioned before, is an
important factor for nodes on WSN.

In the next section, the antenna performance will be study when camouflaged
under grassland fire mimicking real case scenarios, since many WSN environmental
applications involve the placement of the SN near the soil.
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Figure 5.11: Measured and simulated (a) S11 results and, radiation pattern at: (b) the
azimuth plane and (c) elevation plane.

Table 5.5: Comparative table of the designs present in the literature with the proposed
antenna.

Antenna Size
(mm3)

Frequency
(GHz)

Peak Gain
(dBi)

HPBW (◦)
(Az Plane)

[102] 30×35×1.6 2.25 - 2.7 2.3 -
[103] 75×29.5×0.5 2.41 - 2.48 4.5 80
[104] 12.5×11.2×10 2.41 - 2.48 1.87 360
[105] 100×100×0.4 2.37 - 2.49 6.62 30

Proposed Antenna 45×45×1.6 2.39 - 2.485 4.4 84
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5.3 a study on the antenna performance camouflaged under
grassland fire

Following the full characterisation of the SN antenna, the next step was to assess
its performance in critical scenarios. Thus, the desire of building the simulation
environment to be as close to reality as possible in the event of the start of a wildfire
in the vicinity of the antenna.

5.3.1 Scenario Definition and Case Studies

The first simulation was performed considering forest soil below the antenna. For
this simulation a 50 x 50 cm2 (4λ x 4λ) square, with a depth of 20 cm was used as
soil, considering the material already resent in CST Material Library, Loamy Soil
(wet), with an εr = 13.8 and tanδ = 0.18. The antenna was placed 5 mm above the
centre, as shown in Fig. 5.12a. These dimensions are thought to be enough since
only the elements near the antenna will have a significant impact on its radiation
pattern.

Following this simulation, a layer of vegetation was added above the soil and
surrounding the antenna. A 3D model of tall grass was used as depicted in Fig. 5.12b.
The dielectric properties were taken from [119], for a moisture content of 45%, where
εr = 10 and tanδ = 0.4 were considered for simulation purposes.

Lastly, fire was introduced in the simulation to ascertain how it would impact the
antenna performance. In order to obtain the dielectric characteristics of fire, another
simulation tool, Fire Dynamic Simulator (FDS), which is a computational fluid
dynamics solver released by the National Institute of Standards and Technology
(NIST) [120], was used. In FDS, it is possible to realistically simulate a fire environ-
ment and obtain some parameters such as gas densities and temperature profiles.
In post-processing, from this data, it is possible to obtain the electron density and
collision frequency that can subsequently be used to calculate the permittivity, as
described in [121]. The fuel and burner characteristics were introduced and temper-
ature and density profiles of the environment were extracted in order to calculated
the electrical permittivity in a fire region [122]. Even though the fire is a turbulent
media, characterised by fast and random variations (fire plumes) overtime, a single
frame (single time instant) has been considered, for simulation purposes only. For
such frame, several permittivity and conductivities ranging from air characteristics
εr = 1 and tanδ = 0 to εr = 0.9535 and tanδ = 0.1343 were obtained in FDS
software and imported to CST, resulting in the 3D scenario presented in Fig. 5.12c.
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grassland fire

(a) (b)

(c) (d)

Figure 5.12: CST simulation environments: (a) soil only, (b) grass, (c) fire and (d) full
scenario.
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Figure 5.13: Antenna S11 for all scenarios considered.

5.3.2 Simulation Results and Discussion

In each one of the scenarios described above, both the S11 and radiation pattern of
the antenna were analysed to infer how these would be affected with the presence
of the soil, vegetation and fire, individually. The simulated S11 is depicted in
Fig. 5.13, from the results, it can be seen that by adding the soil to the simulation, a
degradation of 1.7 dB (from -23.3 dB to -21.6 dB) in antenna matching is observed.
On the other hand, when vegetation is considered, the S11 almost remains unchanged.
However, when the fire is taken into consideration, the S11 value decreases to -18 dB,
presenting a difference of 5 dB from the case with only the antenna. This indicates
that the fire has a significant impact in the antenna performance. Lastly, for the
complete scenario, there is not a large difference in the S11, when compared to the
previous set of simulations.

In terms of the radiation pattern of the antenna, in its main planes, i.e. azimuth
and elevation, presents some differences for the various scenarios, as shown in
Fig. 5.14. Note that to match the coordinate system of the simulation (CST MWS)
the bore-sight direction is set to +90◦ in azimuth and elevation. The first and most
visible difference occurs when the soil is introduced in the model. Due to the high
εr and tanδ of the considered material, the back lobe is severely attenuated (with
consequent front to back lobe level enhancement), also verifying a small decrease
in gain of 0.6 dB, i.e. from 5.2 to 4.49 dBi. Moreover, it can also be noticed a
decrease in the realised gain of around 2 dB, when vegetation is included in the
simulation model. For this particular case, it can also be seen a slight deformation
in the shape of the radiation pattern, also visible in the 3D radiation patterns of
Fig. 5.15. The simulation with fire also resulted in a decrease in the gain of around
0.8 dB, when comparing with the radiation pattern of Fig. 5.6. Lastly, with the
scenario containing both vegetation and fire, the antenna gain decreases from 5.2
to 3.01 dBi (a difference of 2.2 dB). These results show that the fire still has an
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Figure 5.14: Antenna radiation patterns for the different scenarios: (a) azimuth and (b)
elevation.

impact on the gain of the antenna even when vegetation is present. However, the
decrease observed in the full scenario is smaller than that of the superposition of
the vegetation and fire scenarios (Figs. 5.15b and 5.15c), due to the overlapping of
the fire with the vegetation.

(a) (b)

(c) (d)

Figure 5.15: 3D radiation patterns: (a) soil only, (b) grass, (c) fire and (d) full scenario.
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5.4 interim conclusions

In this chapter, a differential microstrip slotted patch antenna to be implemented on
a SN, is presented. The antenna can be mounted on top of the circuitry in order to
dismiss the reserved area for it in the PCB. For the size of 45×45 mm2, the antenna
achieved relatively good performance, measuring a gain of 4.4 dBi at 2.44 GHz
while providing a wide HPBW (84◦ in the azimuth plane). Furthermore, the impact
of vegetation and fire on the radiation pattern of the antenna, was also studied and
presented. The antenna was involved by soil, vegetation and fire, approximating
the model to a real case scenario of a wildfire. From the simulation results, it was
observed that all these factors have impact in the performance of the antenna,
deteriorating both the S11 and the radiation pattern. Next section will address the
deployment of a wireless sensor network, operating at the 2.4 GHz frequency band,
using both the SN and BS antennas proposed in this dissertation.

The contents of this chapter resulted in the following conference papers:

• T. E. S. Oliveira, M. Vala, S. Faria, J. R. Reis, N. Leonor and R. F. S.
Caldeirinha, "A study on small sensor node antenna performance
camouflaged under grassland fire", International Federation for Informa-
tion Processing IFIP International Internet of Things Conference IFIP IOT,
Amsterdam, Netherlands, November, 2021 (presented);

• T. E. S. Oliveira, M. Vala, J. R. Reis and Rafael Caldeirinha, "High Perfor-
mance Antennas for Early Fire Detection Wireless Sensor Networks
at 2.4 GHz", IEEE IEEE-APS Topical Conference on Antennas and Prop-
agation in Wireless Communications APWC2021, Honolulu, USA, August,
2021, pp. 158-163, doi: 10.1109/apwc52648.2021.9539629;
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6
I M P L E M E N TAT I O N O F A W S N O P E R AT I N G AT
2 . 4 G H Z

6.1 introduction

In this chapter, the implementation of a WSN operating at 2.4 GHz, is proposed.
The WSN is composed of a base station and several sensor nodes that will be used
for environmental monitoring. In particular, both base station and sensor node
devices are implemented using the antennas developed in Chapter 4 and Chapter 5,
respectively, and use LoPy4 transceivers with Wi-Fi protocol for communication.
Details about the development of a multi-sector base station antenna with 360◦

FOV are also discuss in this chapter. The user interface created for controlling/
monitoring the Wi-Fi communication, within a specific sector is described. Finally,
the implementation and performance assessment of such network in real scenarios
is presented.

6.2 system architecture

6.2.1 Wi-Fi Transceivers

The work developed in this dissertation seek to full-fill the requirements of the project
Wireless Sensor Network for Environment Monitoring (PTDC/EEI-EEE/30539/2017)
[16]. The main goal of the project is the development of a wide range wireless sensor
network for temperature and humidity environmental monitoring, as depicted in
Fig 6.1. The project specifies a point-to-multipoint (star) network topology to
simplify the network management and reduce the overall communication energy
consumption. The specified communication protocol is based on Bluetooth Low En-
ergy (at 2.4 GHz), and it will be assured by the radio transceiver to be implemented
within the project. The same chip is envisage to be employed in both BS and SN.

Considering that the WSN-EM [16] transceiver is under development and not
readily available in time for the final tests of the prototypes developed in this
dissertation, it was decided to test the proposed antennas with a commercial of-
the-shelf solution, while maintaining the main radio parameters (e.g. bandwidth,
sensitivity, transmitted power). Once the transceiver become available for field
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Figure 6.1: Representation of a WSN.

tests, it is though that the antennas will perform likewise. Therefore, this work
proposes an alternative communication architecture, based on LoPy4 devices [123].
The LoPy4 depicted in Fig. 6.2, is a micro python programmable board that can
use the following communication standards: LoRa, SigFox, Wi-Fi and Bluetooth.
The device incorporate a ESP32 dual core microcontroller to operate with Wi-Fi
and Bluetooth communication standards, including an internal antenna (ceramic
antenna) and a connector for possible external antenna integration. According to
the manufacture, utilising a data rate of 1 Mbps and a Direct-sequence Spread
Spectrum Modulation, the LoPy4 has a sensitivity that can go down to -98 dBm
and a maximum output power of 20.5 dBm, with an adjacent channel rejection of
37 dB. This makes these devices suitable to be employed as a SN or BS, on a WSN.

In order to replicate characteristics of the project (namely the frequency of
operation), Wi-Fi was chosen as communication protocol. Therefore, the Lopy4
employed as the BS, will create an Wi-Fi network, utilising the 802.11b standard,
with a channel bandwidth of 20 MHz and the Modulation Coding Scheme 0 [123].
With this configuration, the manufacture ensures that the Lopy4 attain a sensitivity
of -93 dBm, being close to the one expected for the RF System-on-Chip to be
developed in WSN-EM, which aims a sensitivity of -92 dBm [16]. The use of Wi-Fi
open the possibility of the creation of a user interface to control, for example, the
sectors of the base station antenna or display collected data from the sensor node
in a webpage, as demonstrated in section 6.2.4.

6.2.2 Multi-Sector Base Station Based on the Lunar Waning Crescent Quasi-Yagi
Antenna

The proposed BS adopts the structure presented in section 4.4, composed by a
two deck 3D printed structure, to conceal the circuitry. The first deck, will sustain
the LoPy4 with an Universal Serial Bus (USB) input port for the power supply,
the second will hoard the RF-switch and its connections to the antennas. The
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6.2 system architecture

Figure 6.2: Lopy4 features diagram (source: core-electronics.com.au).

Figure 6.3: BS circuitry diagram.

LoPy4, which serves as access point of the network, also controls the RF-switch by
applying the necessary logical voltage levels to the input controls of the RF-switch,
as depicted in Fig. 6.3 and Fig.6.4. The switch can integrate up to 8 antennas,
however, for the presented application, it is only needed 6 to achieve the desired
results (360◦ FOV), thus the remaining two ports are terminated with a 50 Ω load,
protecting the RF-switch circuitry.

6.2.3 Sensor Node

The Lopy4 that serves as sensor node, depicted in Fig 6.5, employs a PyTrack shield
that contains an integrated Global Positioning System (GPS) receiver to attain its
location. Afterwards, the node sends its current coordinates and the Recieved Signal
Strength Indicator (RSSI) to the BS, which is then displayed in the user interface.
The balanced microstrip slotted patch antenna developed in section 5.2 is connected
to the node with the balun, since the LoPy4 RF-SoC outputs an unbalanced signal.
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(a)

Figure 6.4: Photography of the BS circuitry.

Figure 6.5: Photography of the Lopy4 device attached to the PyTrack and SN antenna.
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6.3 implementation and experimental characterisation

Figure 6.6: Screenshot of the user interface

6.2.4 User Interface

With the purpose of controlling the RF-switch active antenna of the BS and monitor
the WSN, an user interface was developed. The user interface is available only when
connected to the closed network, and can be accessed by a web browser. A screenshot
of the interface is depicted in Fig. 6.6. The interface was developed in HTML and
CSS reducing the usage of memory resource. To handle the communication between
the devices the http protocol is used. The BS creates a socket defining it self as the
web server, while the remaining devices (nodes, user device) are clients. When the
user creates a request in the socket ("GET"), the BS respond with a string that
contains all the information for the user interface site. To change the active antenna,
the user simply select the antenna to be active and click, the "Submit" button. The
interface also informs the user of the last data received on the BS, shown in the
bottom of the site, listing the node identification, current coordinates and its RSSI.
Several other information such as temperature, humidity, air pressure and others,
can also be added to the interface.

6.3 implementation and experimental characterisation

6.3.1 LoPy4 RSSI Characterisation

The measurements, presented in the following sections, were based on the LoPy4
RSSI, which is an indicator of the received power in the device. To characterise the

75



implementation of a wsn operating at 2.4 ghz

(a) (b)

Figure 6.7: Measurement Setup for the Lopy4 characterisation, (a) diagram and (b)
photography.

0 10 20 30 40 50 60 70 80 90 100 110

Channel Attenuation [dB]

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

R
S

S
I [

d
B

m
]

Tx power= 2dBm
Tx power= 10dBm
Tx power= 20dBm

(a)

Figure 6.8: Measured results of the LoPy4 RSSI characterisation.

RSSI of the LoPy4, the BS and SN were connected back-to-back with a variable
inline attenuator, aiming to attain the RSSI for different values of attenuation, as
presented in Fig. 6.7. Three values were utilised for the transmission power: 2 dBm;
10 dBm and 20 dBm, while the attenuation varied from 0 to 120 dB, with a step of
10 dB. From the results, depicted in Fig. 6.8, it can can be observed that with a
2 dBm transmission power, the LoPy4 lost its connection with a line attenuation
of 100 dB, while with 10 dBm, the link was maintain until 110 dB of attenuation.
For a transmission power of 20 dBm, the LoPy4 could communicate with 110 dB,
loosing its bind when the line attenuation was of 120 dB.

6.3.2 Coverage Study

As previously mentioned, a WSN typically benefit of having a omnidirectional
radiation pattern (360◦ FOV), in the azimuth plane of the base station, to cover all
its surroundings. Thus, the development of the proposed structure in Chapter 4,
which utilises a sectorisation technique by a multiplexing mechanism (RF-Switch).
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(a) (b)

Figure 6.9: Measurement Setup for the BS FOV, (a) proposed base station and (b) sensor
node placement.

A measurement campaign was then carried out, to validate the proposed sectori-
sation technique, the FOV of each sector of the BS was studied. This measurements
was done in Campos do Liz, Leiria. The location is characterised by vast and large
agriculture fields with short vegetation. The BS and SN were placed at a height of
1.6 meters (in Fig 6.9). With the BS stationary and utilising only one sector for
each measurement, the SN moved around the BS in random pattern, at a maximum
distance of 82 meters. Due to the small area of study, the Tx power was set to
2 dBm and an attenuator of 20 dB was employed between the Lopy4 and RF-switch
the base station, reducing the transmitted power. After connecting with the BS, the
node sends its RSSI and GPS coordinates using the serial port to a computer, every
second. This data is then processed in real time using MATLAB. The MATLAB
script associates the measured RSSI, with the respective GPS coordinates obtained
by the PyTrack shield, and saves it in a ".txt" file for further analysis. In Fig. 6.10,
it is depicted the coverage results attained for the sector 2 and sector 5, respectively.
From the results, it can be observed that the proposed BS configuration acts as
desired, covering each sector (of 60◦) when demanded.

6.3.3 Maximum Range Assessment

After studying the coverage, the maximum range obtained with the presented
architecture was assessed. In order to have a partial Line-of-Sight between BS and
SN, an area affected by fires of 2017 near Poço do Inglês, Marinha Grande was the
chosen place for this measurement, Fig. 6.11. This location is characterised by sand
dunes, with low vegetation and remaining burned trees.
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(a)

(b)

Figure 6.10: Measurement results for the BS FOV of: (a) Sector 2 and (b) Sector 5.
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(a) (b)

Figure 6.11: Photography of the (a) BS placement on the WSN range campaign and (b)
a close-up of the BS, Poço do Inglês, Marinha Grande.

The BS was placed at an altitude of approximately 65 meters (above the sea
level) while the SN, attached to the 3D printed support (Fig. 6.5), was placed on
a roof car (1.6 meters heigh). The road altitude used varies from 53 to 65 meters.
The BS was set to have a maximum transmission power of 10 dBm.

Two measurements were made with a maximum distance, between the BS and SN,
of 3.85 km, limited by the total length of the road where the measurements were
performed. In both measurements, the 3.85 km were travelled without loosing the
connection stablish by the Wi-Fi protocol. At the farthest distance tested (3.85 km),
the node presents a RSSI of -92 dBm, Fig. 6.12, still ensuring Wi-Fi connectivity.

Theoretically, following the Friis transmission equation (Eq. 6.1) [13], a range of
5.5 km can be attained with the developed system:

Prx = Ptx+Gtx+Grx+20 × log10

(
λ

4πd

)
(6.1)

when, the transmitted power is of 10 dBm (Ptx = 10 dBm), the received power
Prx = -92 dBm, Gtx =8.9 dBi and Grx = 4.4 dBi which represent the gain of the
transmitter and receiver antennas, respectively, and d the distance between Tx and
Rx.

An estimation of the RSSI was also accomplished, by utilising the Free-Space
Path Loss model (FSPL), to assess the channel loss on the campaign site. The RSSI
is estimated by extrapolation of the curves obtained in the RSSI characterisation
(Fig. 6.8), and the calculated channel loss (with FSPL), Fig. 6.13. After analysing
the measured and estimated RSSI results, it can be concluded that both are in
good agreement. However, at 3 km occurs the most noticeable difference between
the results (approx. 4 dB), which is though to be due by the irregular terrain of the
site.
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(a)

Figure 6.12: Measured RSSI of the WSN max range campaign.

(a)

Figure 6.13: Estimated RSSI of the max range campaign site.
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(a) (b)

Figure 6.14: Measurement setup of the node antenna performance under fallen leaves, (a)
diagram and (b) implementation.

6.3.4 Sensor Node Antenna Performance Under Fallen Leaves

A WSN is design to have a lifetime of years, throughout its lifetime many envi-
ronmental and seasoning changes occur. Focusing on the seasons, autumn can be
seen has the one that outputs the most significant impact on the node antenna
performance. When sitting on top of the antenna, the discarded leaves from the
trees, may influence the antenna characteristics thus, affecting the communication
between sensor node, and base station. To this extent, the following campaign
targeted the node antenna performance, when covered by fallen leaves. Therefore
aiming to assess the impact of the fallen leaves on the antenna matching (S11) and
transmission (S21), the measurements resorted into the setup depicted in Fig. 6.14.
The node antenna was placed on the ground, 1 meter apart of the proposed BS
antenna, which height is of 0.6 meters. With the described setup, eight measure-
ments were performed, firstly, to serve as reference, the antenna with only the soil
around was tested, followed by the antenna covered with fern, dry cork oak, juvenile
eucalyptus, eucalyptus, dry eucalyptus, pine and dry pine leaves. The leaves position
is completely random, emulating a real-world scenario.

From the results, depicted in Fig 6.15a, it can be concluded that the matching
of the antenna is greatly impacted by the eucalyptus and pine trees, at 2.45 GHz.
In particular, the antenna matching when covered by pine leaves degrade 5.96 dB
from the reference scenario results (from -20.78 dB to -14.82 dB). This results in
a transmission loss of 3.3 dB (decaying from -30.1dB to -33.4dB), as depicted in
Fig. 6.15b. From the transmission coefficient results, it can also be observed that
the dry leaves have a much smaller impact on the performance of the antenna when
compared to green leaves, which is sought to be associated to the water content of
the leaves. These results demonstrate that the performance of the antenna can be
affected when covered leaves, but such impact will decay with the dehydration of
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Figure 6.15: Measurement results of (a) S11 and (b) S21, for the node antenna under
fallen leaves.

the leaves, approximating, on the limit, the antenna performance to the original
characteristics.

6.4 interim conclusions

In this chapter, a implementation and validation of WSN which employ the proposed
lunar waning crescent Quasi-Yagi and the differential microstrip slotted patch
antennas is presented. Firstly the system architecture is proposed, followed by the
BS circuitry and user interface. The coverage and range of the proposed architecture
was also studied where the results confirm a 360◦ FOV and range of 3.85 km between
the sensor node and base station. It is though, however that this range can be
increased when utilising a dedicated RF system on chip for each of sector of the BS
(working in different channels). Due to the large lifetime of an WSN, the proposed
node antenna (differential microstrip slotted patch) was studied when covered by
the fallen leaves (a phenomena that typically occurs in autumn). The antenna was
covered by dry and green leaves of different specimen and its performance was
assessed by its matching and the transmission coefficient. From the results, it was
concluded that the green leaves have an higher impact on the antenna performance
with the pine leaves creating a loss of 3.3 dB in the transmission between the
antennas.
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7
C O N C L U S I O N S

7.1 introduction

This chapter contains the conclusion of the presented work. Firstly, a summary of
the dissertation is introduced, followed by the contributions to science that arise
from this dissertation. Finally, proposals for future work are addressed.

7.2 dissertation review

Fundamentally, the focus of this work was to design, develop and prototype small
antennas for 5G and IoT, including for WSN (here, seen as a particular case of
a IoT network). To this extent, a thorough literature review on 5G and IoT with
emphasis on WSN systems and antennas, was carried out. Five antenna designs
were studied and characterised, of which: one was dedicated to 5G and IoT systems
operating at 26 GHz; two were developed to integrate a WSN base station, operating
at 2.4 GHz, and finally, one was conceived for a WSN sensor node also operating
at 2.4 GHz. All the mentioned antennas, developed at 2.4 GHz, were designed
and optimised following specific project requirements defined by the WSN-EM
project [16]. Preliminary characterisation of the developed antennas, in a WSN
based LoPy4 network (WiFi), allow to apply the BS and sensor node prototypes
in a real-world scenario. In detail, the work of this thesis can be summarised as
follows:

Chapter 1 exposes the background study and motivation, the main objectives
and the structure of this thesis.

In Chapter 2, a literature review on 5G and IoT is presented. WSN systems are
highlighted due to the major advantages and low-cost of implementation of these
systems. Several aspects such has: topology; architecture; communication standards
and deployment are extremely important when developing the mentioned networks.
To complete this chapter, a thorough review on state-of-the-art antennas for BS
and SN operating at 2.4 GHz, is presented.

Chapter 3 contains the steps for redesign and optimisation of a high-gain wideband
parasitic microstrip antenna built upon [106]. The antenna was successfully modified
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to operate at the NR, FR2, n258 band. Simulation results assure a 14.4 dBi with a
total bandwidth of 4.15 GHz.

Chapter 4, is focused on the development of directional antennas for application
in WSN base stations. Two antennas designs were studied and optimised to operate
at the 2.4 GHz ISM band. The lunar waning crescent Quasi-Yagi antenna, which
design is though to be novel, presents a measured gain of 8.9 dBi, HPBW in the
azimuth plane of 60◦, and a front-to-back ratio of 20.16 dB at 2.445 GHz, obtained
in a constructed prototype. Parametric studies on a cylindrical configuration for six
antennas were carried out, towards the implementation of the antenna in a WSN
BS. A structure was built to accommodate both the antennas and multiplexing
mechanism.

The contents of Chapter 5 are related to the design and optimisation of a balanced
microstrip slotted patch. The measured results of the antenna, which counts with
a dimension of 45 × 45 mm2, ensure a gain of 4.4 dBi and an HPBW of 84◦, in
the azimuth plane, at 2.44 GHz. Subsequently, a study on the performance impact
when camouflaged under grassland fire, was presented. The antenna was tested in
four different scenarios, using full-wave electromagnetic solver (CST MWS) and,
to obtain the dielectric characteristics of fire, the simulation tool Fire Dynamic
Simulator (FDS), was used. The antenna was then involved by soil, vegetation and
fire, approximating the model to a real case scenario of a wildfire. It was observed
that all these factors have impact in the performance of the antenna, deteriorating
both the S11 and the radiation pattern. When considering only a single frame of a
propagation fire it was observed a decrease of 2 dBi in the gain characteristics of
the antenna.

In Chapter 6, the antennas proposed in Chapter 4 and Chapter 5, respectively,
were employed on a WSN utilising Lopy4 devices for both SN and BS. A experimental
campaign was carried out to assess both coverage and range of the proposed network
solution. The measured results of the WSN coverage, that employs the proposed
antennas, ensured a 360◦ FOV, by a sectorisation technique, with an range of
1.2 km, in the 2.4 GHz ISM band. The performance of sensor node antenna, of
Chapter 5 was further studied when covered by fallen leaves, a phenomena that may
occur during the WSN lifetime. From the results it was concluded that the antenna
performance is specially affected by green leaves however, due to the dehydration
of the leaves, after a relatively small period of time, the antenna will present a
performance close to the its original characteristics.
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7.3 contributions to the knowledge

7.3 contributions to the knowledge

The work developed during this thesis contributed to the knowledge and for the
scientific community with five publications in international peer-reviewed conferences
and a practical demonstrator. A future journal publication is under consideration.

• T. E. S. Oliveira, J. R. Reis, M. Vala and R. F. S. Caldeirinha, "A Lunar
Waning Crescent Quasi-Yagi Antenna for WSN Base-Stations at 2.4
GHz", 16th European Conference on Antennas and Propagation - EUCAP,
Madrid, Spain, January, 2022 (submitted);

• T. E. S. Oliveira, J. R. Reis, M. Vala and R. F. S. Caldeirinha, "Wireless
Sensor Network for Environmental Monitoring: From Multi-beam
Base Station to Small Radio Node ", 15th Congress of the Portuguese
Committee of URSI "Environmental sustainability in use of the radio spectrum",
Leiria, Portugal, November, 2021;

• T. E. S. Oliveira, J. R. Reis and R. F. S. Caldeirinha, "A Waning Crescent
Quasi-Yagi Microstrip Antenna for Wireless Sensing Networks", 15th
Congress of the Portuguese Committee of URSI "Environmental sustainability
in use of the radio spectrum", Leiria, Portugal, November, 2021 (presented);

• T. E. S. Oliveira, M. Vala, S. Faria, J. R. Reis, N. Leonor and R. F. S.
Caldeirinha, "A study on small sensor node antenna performance
camouflaged under grassland fire", International Federation for Informa-
tion Processing IFIP International Internet of Things Conference IFIP IOT,
Amsterdam, Netherlands, November, 2021 (presented);

• T. E. S. Oliveira, M. Vala, J. R. Reis and R. F. S. Caldeirinha, "High
Performance Antennas for Early Fire Detection Wireless Sensor
Networks at 2.4 GHz", IEEE IEEE-APS Topical Conference on Antennas
and Propagation in Wireless Communications APWC2021, Honolulu, USA,
August, 2021, pp. 158-163, doi: 10.1109/apwc52648.2021.9539629;

• T. E. S. Oliveira, J. F. Goncalves, J. R. Reis, M. Vala and R. F. S. Caldeirinha,
"High-Gain Wideband Parasitic Microstrip Antenna for 5G and IoT
at 26 GHz", Conf. on Telecommunications - ConfTele, Leiria, Portugal,
February, 2021, pp. 1-5, doi: 10.1109/ConfTELE50222.2021.9435457;
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7.4 future work

Future work will address the conception of a prototype for the high-gain wideband
parasitic microstrip antenna presented in Chapter 3, for further experimental
characterisation. Furthermore, the slotted patch antenna, developed in Chapter 4,
need to be tested with a RF-SoC that outputs a differential signal, as envisaged for
the WSN-EM project, in order to attain the characteristics of the antenna without
the interference and loss generated by the developed balun.

As for the study on the proposed SN antenna performance when camouflaged under
grassland fire, further work should address simulations with different vegetation
densities and types, different time instants of fire, as well as an increase in the
overall simulation environment size in order to ascertain at which distance the
surroundings of the antenna will not have an impact on its performance. Testing in
a real scenario is also thought to be done in the near future.

Finally, testing and measurements on a WSN that employs the lunar crescent
Quasi-Yagi antenna and the microstrip slotted patch antenna with multiple sen-
sor nodes is desired to be carried. LoPy4 is desired to be replaced by dedicated
transceivers. Final coverage tests should also be carried out in such circumstances.
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