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Lay Summary

This thesis investigates the quality-aware synthesis of antenna systems tailored for access
points, RF energy transmitters, loT devices, and relay nodes, facilitating the realization
of simultaneous wireless information and power transfer (SWIPT) in IoT networks.
The primary objective is to enhance communication link quality while promoting the
sustainability of IoT applications. The proposed antenna designs specifically tackle
key challenges, including interference mitigation, the impact of misalignment between
transmitter and receiver antennas on wireless power transfer, and the constrained battery
capacity of ToT nodes. By effectively tackling these issues, our approach aims to
significantly improve the overall performance and longevity of IoT networks, contributing

to more efficient and reliable wireless communication.
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Abstract

Recent advancements in wireless communication technologies and electronics
manufacturing have enabled the development of low-cost, low-power, miniaturized,
and multifunctional Internet of Things (IoT) devices. These devices, part of IoT
networks, communicate with each other and relay data to a remote Access Point (AP)
via wireless technologies such as Bluetooth Low Energy (BLE), WiFi, and ZigBee.
They find applications in diverse fields including environmental monitoring, smart
cities, smart agriculture, intelligent healthcare, smart car parking, and tracking systems.
The deployment of large-scale wireless sensor networks (WSNs) with high device
density generates substantial data traffic between nodes and the AP, necessitating a
communication system with wide bandwidth and high capacity at the AP. However, the
dense network of WSNs leads to high interference, which limits the achievable capacity
and degrades the signal-to-interference ratio (SIR). This reduction in SIR adversely affects
effective coverage and link quality, resulting in increased energy consumption due to
frequent re-transmissions required to maintain communication reliability. Consequently,
energy consumption and the overall lifetime of the IoT devices are significantly impacted.
To address the challenges of low SIR and capacity, techniques such as frequency reuse and
high-gain antennas are utilized, though they offer limited spatial coverage with adequate
SIR. Additionally, the limited battery capacity of miniaturized IoT devices makes battery

replacement cumbersome and costly.

To enhance sustainability, wireless power transmission (WPT) techniques, particularly
within the IoT framework, offer a promising solution. WPT enables wireless recharging
of batteries and, with sufficient power transfer, facilitates battery-less operation of
ultra-low-power WPT enabled IoT devices, making power delivery both cost-effective
and convenient. Furthermore, the simultaneous wireless information and power transfer
(SWIPT) approach can be employed to power IoT devices through base stations and

dedicated RF energy sources, promoting a sustainable wireless communication network.

This thesis focuses on the quality-aware synthesis of antenna systems for access points
(AP), RF energy transmitters, WPT-enabled IoT devices, and SWIPT-enabled IoT
devices and relay nodes, with the aim of enhancing communication link quality and
ensuring the sustainability of IoT applications. The proposed antennas aim to address the
limitations imposed by interference and limited battery capacity of IoT devices, thereby

enhancing the overall performance and longevity of IoT networks.

Keywords: 3—D coverage; access point; beam squint; signal to interference ratio; bit
error rate; beamforming; switched beam antenna array; conjugate matching; RF energy
transmitter; rectenna; relay node; angular misalignment; wireless information transfer;

wireless power transfer; simultaneous wireless information and power transfer.
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Chapter 1

Introduction

1.1 Simultaneous Wireless Information and Power Transfer

The Internet of Things (IoT) technology facilitates pervasive device connectivity across
diverse sectors, including agriculture, industry, healthcare, and defense [1, 2, 3]. IoT
devices typically utilize specialized sensors to monitor environmental parameters, process
the acquired data, and transmit it to a remote gateway or access point (AP) [4]. The rapid
advancement in wireless information transfer (WIT) systems has led to the proliferation
of IoT networks, accommodating a vast number of devices and consequently induced a
significant increase in data traffic [5]. This trend necessitates the development of AP
antennas with high capacity, spectral efficiency, and extensive coverage [5]. However,
realizing wider coverage in far-away and remote locations is difficult to achieve with a
single AP due to low signal strength caused by path loss and multi-path fading effects. In
such scenarios relay node (RN) plays a crucial role in enhancing signal quality and spectral
efficiency through cooperative relaying (CoR) [6].

The RNs are generally battery operated, which inhibits the sustainable operation of
the IoT network. Similarly, the IoT devices rely on small batteries with limited
lifespans, which necessitates frequent battery replacements for continuous operation.
This not only elevates maintenance expenses but also increase battery waste, which
constitutes a significant barrier to realizing the goals of energy-efficient and sustainable
green communication in future wireless networks [7]. However, to mitigate these issues,
integrating energy harvesting (EH) modules with IoT devices offers a potential solution,
either by recharging batteries or enabling battery-free operation. The current research
has explored various ambient energy sources for EH-enabled 10T devices, including solar,
vibrational, piezoelectric, thermoelectric, and radio frequency (RF) energy. These sources,
however, are often intermittent and highly dependent on environmental conditions,
resulting in unreliable EH performance [8].

In contrast, wireless power transfer (WPT) technique as demonstrated in Fig. 1.1 employs
a dedicated RF energy transmitter (RF-ET) [9], providing on-demand RF power, thus
ensuring more consistent and sustainable operation of IoT devices. The EH module in
a WPT system integrates a rectifier circuit with an antenna, forming a device known as
a rectenna (a portmanteau of "rectifier” and “antenna”) [10] as shown in Fig. 1.1. In
a typical rectenna configuration, a matching network is employed to ensure impedance
matching between the antenna and the rectifier [11]. This matching network is crucial

for minimizing transmission losses and maximizing the amount of RF power delivered to
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Figure 1.2: A general schematic diagram of SWIPT enabled IoT device.

the rectifier circuit. The rectenna converts incident RF energy into usable direct current
(DC) power, which can either recharge the IoT device’s battery or facilitate battery-less
operation. Unlike other ambient energy sources, which are often bulky and challenging
to integrate with communication systems, the compact nature of the rectenna enables
straightforward integration [12] and supports simultaneous wireless information and power
transfer (SWIPT).

The schematic diagram of a SWIPT enabled IoT device is illustrated in Fig. 1.2, depicting
the integration of information receiver and EH module within a single IoT device.
While the diagram shows the use of separate antenna elements namely WIT antenna
for information and WPT antenna for RF energy harvesting from a dedicated RF-ET to
realize the SWIPT operation. However, it is worth nothing that various other techniques
utilize different antenna configurations in coordination with signal diversity in frequency,
time, and polarization domain to facilitate SWIPT functionality [7].

In modern IoT networks SWIPT technology enables unification of information and power
transfer, providing significant improvements in terms of latency, interference management,
energy and spectral efficiency [4, 6, 7, 8]. In addition, with the advancement in chip
technology the IoT devices have become power efficient, enabling the practical realization
of SWIPT technology for powering ultra-low power IoT devices. However, like any wireless
system, implementation of SWIPT in IoT network requires quality aware synthesis of

antenna systems for each front end network component. This approach is crucial to
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Figure 1.3: A general architecture of SWIPT enabled IoT application scenarios.

optimizing various performance metrics and achieving the maximum enhancement in
system performance.

In the subsequent section, a comprehensive description of a general architecture of SWIPT
enabled IoT network is presented. This analysis includes a detailed examination of various
system components required to concurrently facilitate both WIT and WPT for realizing

SWIPT operation in IoT applications.

1.2 System Architecture of SWIPT Enabled IoT Network

A typical architecture of SWIPT enabled IoT network is depicted in Fig. 1.3, indicating
four major front end system components [12]:

Access Points are the information gateways, which receive data from the IoT
devices and forward it to a remote server or cloud over the internet for further processing.
Moreover, they can also act as RF sources for IoT devices in specific application scenarios.

RF Energy Transmitters serve as dedicated RF sources for WPT-enabled IoT
devices to ensure their continuous operation.

IoT Devices generally sense the surrounding environment using sensors and after
pre-processing the sensor data send it to the access point or relay node for further
processing.

Relay Nodes are employed to establish connectivity between the access point and
remote IoT devices. In addition they facilitate cooperative relaying, which minimizes the
adverse effects of path loss and fading, resulting in enhanced network throughput.

APs and RF-ETs are usually powered by a fixed energy supply but can alternatively
operate using ambient energy sources to achieve sustainable operation and reduce
dependence on conventional power sources [12]. Conversely, WPT-enabled IoT devices
and RNs recharge their batteries through WPT. As depicted in Fig. 1.3, the space
surrounding the AP can be divided into WPT zone, WIT zone, and distant remote
locations. The performance of WIT is influenced by the signal-to-noise ratio (SNR)
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or signal-to-interference-plus-noise ratio (SINR), while WPT efficiency depends on the
RF power received at the rectenna aperture. Consequently, the information decoding
circuitry has lower signal sensitivity (ranging from —130dBm to —60 dBm) compared to
the rectification circuit (which requires > —30dBm), resulting in a smaller WPT zone
relative to the WIT zone [12] .

The IoT devices can establish an adhoc network with a cluster head device commonly
referred to as a wireless sensor network (WSN) to collaboratively perform environment
sensing, data processing and communication task. For continued operation IoT devices
within the WPT zone can harvest RF energy from the AP, whereas those outside the
WPT zone require a separate RF-ET. Additionally, RNs can be deployed in the WIT
zone to enhance network coverage and throughput. Moreover, implementation of SWIPT
enabled relay nodes can enhance energy efficiency and sustainability of the IoT networks.
Furthermore, a UAV equipped with a specialized antenna system can serve the dual
functions of an RF-ET and RN, thereby facilitating RF energy and communication links
for IoT devices in remote and difficult to reach or challenging environments. The next

section discusses IoT applications and challenges associated with their implementation.
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Figure 1.4: ToT application scenarios and respective example use cases.
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1.3 IoT Applications and Challenges

The system architecture outlined provides a broad and idealized overview of the IoT
application landscape. The practical use cases can be more precisely categorized into
indoor and outdoor applications as demonstrated in Fig. 1.4 with a list of corresponding
example use cases. The challenges associated with the implementation of these IoT
applications, as depicted in Fig. 1.5, encompass power management, wireless channel
modeling, localization of IoT devices, security, and quality of service (QoS) [13].

The primary challenge in IoT technology is maintaining the QoS, a measure of reliable
operation of network components. The exponential growth in data traffic, driven by
the proliferation of IoT devices, has made it essential to ensure QoS guarantees for end
users [14]. In addition, the non-line-of-sight (NLoS) condition arises in both indoor and
outdoor environments due to various obstacles, which contribute to multipath fading and
signal attenuation. These factors collectively degrade the quality of communication links,
impacting overall signal reliability and performance. This degradation necessitates data
packet re-transmissions, which in turn increases power consumption and diminishes the
energy efficiency of the IoT network.

The QoS metric facilitates efficient WIT throughout the network by managing bandwidth,
latency and packet loss. In addition, QoS should also guarantee efficient WPT to IoT
devices for sustainable operation. This thesis concentrates on enhancing the QoS of
SWIPT-enabled IoT networks by employing a quality-aware approach to synthesize the
antenna systems for all the network components. The following section provides an
in-depth discussion on QoS metrics, outlining the various factors that impact network
services and exploring how optimal antenna design can lead to significant improvements

in performance.

1.4 QoS Metrics of SWIPT Enabled IoT Network

The fundamental operations within any IoT network are sensing, data processing, and
communication [15], as depicted in Fig. 1.6. Moreover, the integration of WPT is essential
for implementing a SWIPT enabled IoT network. The quality of these operations depicted
as QoD, QoP, QoWIT, and QoWPT in Fig. 1.7 ultimately determines the QoS of
the network. This thesis presents antenna system design for improving the QoWIT and

QoWPT and a concise overview of various associated metrics is further discussed below.
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Figure 1.7: QoS metrics of SWIPT enabled IoT network.

Quality of WIT (QoWIT) is a measure of communication link reliability between
various network components. A wider bandwidth and lower latency are desirable to
minimize jitter and packet retransmissions, thereby enhancing network throughput and
overall efficiency. Additionally, a large network coverage is essential to facilitate mobility
and ensure reliable communication with a large number of IoT devices, particularly those

deployed in rural or sub-urban locations.

Quality of WPT (QoWPT) is determined by the rectenna efficiency and the
RF power delivered by RF-ET to IoT device integrated with a rectenna or a SWIPT
antenna system. The path loss and multipath effect reduce the RF power delivered by
the dedicated RF-Tx to the rectenna integrated with the IoT device. Additionally, the
density of IoT devices within the application area impacts the duration and frequency of

RF energy delivery.

The major challenge is to find innovative and cost effective solutions to enhance each
quality metric and improve the end user experience. The parameters of QoWIT and
QoWPT are dependent on the performance of antenna system designed for network

components involved in data communication and power transfer, respectively.

This thesis specifically targets the enhancement of QoWIT and QoWPT by employing
quality aware synthesis of the antenna systems for each system component within the
IoT network. The antenna systems are specifically designed for 5 GHz WiFi band while
considering maximum output RF power of 4 W except in case of the RF-ET, where high
RF power can be transmitted depending upon the application scenario. In addition,
the BLE sensor beacon module utilized for experimental demonstration of battery-less
operation of IoT sensor nodes operating in 2.45 GHz band. The subsequent sections
provide a detailed description of system requirements and challenges, along with a brief

review of state-of-the-art antenna design solutions in the literature.
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1.5 Antenna System Requirements and Challenges

1.5.1 Quality of Wireless Information Transfer

The QoWIT experienced by end-user nodes in a given area is predominantly governed by
the performance of the access points and relay nodes. Consequently, the antenna systems
installed at these access points and relay nodes are crucial in determining the overall
communication link quality. The design and configuration of these antennas significantly
impact the effectiveness of the network in delivering reliable and high QoS to the end

users.

1.5.2 Access Point

e The exponential rise in number of IoT devices resulted in significant amount of data
traffic, requiring high system capacity and wide bandwidth. The limited availability
of the frequency spectrum poses a significant constraint on the bandwidth available
for communication systems. Moreover, the IoT devices can be deployed anywhere

in the 3-D space of the application region.

e The large number of IoT devices increase interference from neighboring nodes,
leading to a degradation in SINR. This reduction in SINR, subsequently elevates
the bit error rate (BER), causing an increase in packet re-transmissions. Such
re-transmissions degrade communication efficiency and result in higher power
consumption, which poses a significant challenge for power-constrained IoT devices
and affects the QoS in the IoT network.

1.5.3 IoT Devices

e The antenna at IoT devices should exhibit wide beam radiation characteristics to
effectively receive information signals from the access point or relay node from any

direction.

e Similar to the relay node, the antenna at the IoT device should also support
information transfer within the same frequency band as the access point to ensure

compatibility and seamless communication.

1.5.4 Relay Nodes

e The antenna at the relay node must facilitate communication with both the access
point and IoT devices, necessitating the incorporation of either multibeam or wide

beam characteristics to ensure optimal connectivity and coverage.

e The antenna at the relay node must support communication within the same
frequency band as the access point to ensure seamless connectivity and compatibility

within the network.
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e The antenna at the relay node should possess the capability to reconfigure its
radiation pattern, enabling reliable communication with both the access point and

IoT devices, regardless of their relative orientations.
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Figure 1.8: Design components and loss parameters of a WPT system.

1.5.5 Quality of Wireless Power Transfer

The RF-ET and the rectenna or SWIPT antenna integrated with the IoT devices and
relay nodes collectively determine the QOWPT. Thus, a comprehensive understanding of
the dedicated WPT system is essential to understand the system requirements and the
implementation challenges. Figure 1.8 provides a detailed depiction of various design
components along with their efficiency (94, 7m, 10, 7p, M) and loss parameters within a
WPT system. The RF power received (P,) by the rectenna located at r distance from the

RF-ET can be evaluated using Friis equation given in (1.1)
P, = SA.cos® ¢ (1.1)

where, S = P,Gy/4mr? is the RF power density at Rx antenna, A, = \2G, /4~ is the
effective aperture area of Rx antenna and cos? ¢ is the polarization loss factor (PLF)
which is due to the angular misalignment of ¢ between RF-ET antenna and Rx antenna,
resulting in polarization mismatch [4, 8]. The path loss (L;) is inversely proportional to
mth power of the transfer distance (r™), where m is generally > 2 and depends upon
the channel conditions. Therefore, given that effective isotropic radiated power (EIRP
= P,G}) is constant, which is usually the case, the RF-ET efficiency can be enhanced
by employing a high-gain antenna system directing maximum RF energy towards the Rx
antenna. Moreover, a high aperture or high gain (G,) Rx antenna can also be utilized to
increase the received input RF power.

The output DC power generated by the rectenna from the input RF power P. can be
evaluated using (1.2) [11]

Pge =Na X 0 X 10 X 1p X 1ty X Py (1.2a)
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P,. = PCE x P, (1.2b)

In the context of rectenna systems, the power conversion efficiency (PCE) is defined as
the product of several key efficiencies: 7, (antenna efficiency), 7, (matching network
efficiency), 1o (conversion efficiency of the rectifier circuit), n, (parasitic efficiency of the
rectifier circuit), and 7, (transfer efficiency of the DC low pass filter) [11]. To maximize
the direct current power output (Py.), it is crucial to ensure optimal impedance matching
between the receiving antenna and the rectifier circuit. It is also worth noting that
PCFE is directly proportional to P,, which implies that enhancing 7, will improve .
Thus, a high-efficiency receiving antenna enhances the amount of RF power delivered
to the matching circuit, thereby contributing to improved overall system performance.
The immediate discussion regarding the WPT system, including the primary design
requirements and the associated challenges in improving QoWPT, can be summarized

as follows:

1.5.6 Dedicated RF Energy Transmitter

e The dense and random deployment of a large number of IoT devices throughout
the 3-D space of the application region significantly impacts the effectiveness of RF

power transfer to each device.
e The spatial distribution requires localization of device for delivering high RF energy.

e Ensuring reliable and adequate amount of RF energy to each IoT device distributed

in the 3-D space for maintaining the sustainable operation of the IoT network.

1.5.7 IoT Devices

The Rx antenna depicted in Fig. 1.8 can be configured for either simultaneous WPT and
WIT or can utilize distinct antennas for each function. Existing literature on rectenna
module design has predominantly focused on harnessing the DC power generated via WPT
to power EH enabled IoT devices, typically employing separate antennas for the WPT and
WIT functions. Conversely, studies related to SWIPT have concentrated on developing
integrated antenna systems that facilitate both power and data transmission.

In both scenarios, several key challenges persist regarding the enhancement of QoWPT.

These challenges are as follows:

e Angular misalignment between the RF-ET and Rx antenna.

e Reducing circuit losses and enhance power conversion efficiency.
e compact size and small form factor.

o Radiation efficiency of the Rx.

o Enhance isolation between the information and power signals in a compact integrated

antenna system.
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1.5.8 Relay Nodes

Utilizing a separate antenna system for WPT and WIT in relay nodes can lead to a
complex and bulky configuration. Consequently, implementing a single antenna system
for concurrent information and power transfer is a more efficient approach, enabling a
more compact design. The design challenges associated with enhancing QoWPT in this
context mirror those faced by IoT devices, highlighting the need for effective solutions to

optimize performance in SWIPT enabled IoT applications.

1.6 Prior Works and Motivation

An exhaustive review of state-of-the-art antenna designs has been carried out, leading
to a comprehensive classification of the literature based on network components. This
classification encompasses key elements such as Access Points, RF-ET, IoT devices, and
Relay Nodes. The analysis highlights how different antenna designs are tailored to meet
the specific system requirements and overcome the design challenges presented in the

previous section.

1.6.1 Access Point Antenna System

To address the challenges of low Signal-to-Interference Ratio (SIR) and limited capacity,
techniques such as frequency reuse [16] and directional antennas [17, 18, 19, 20]
are commonly utilized. However, directional antennas provide only limited spatial
coverage [21] with high SIR. To improve SIR coverage, multibeam antennas are used
at APs to emit multiple high-gain beams, covering a broader angular range and enhancing
frequency reuse to boost system capacity [21]. Multibeams are implemented using
smart array techniques like adaptive beamforming arrays (ABA) and switched beam
arrays (SBA). ABA employs complex beamforming networks to dynamically steer beams
by adjusting the phase profiles of antenna elements. In contrast, SBA uses multiple
fixed beams that are activated or deactivated with RF switches depending on node
locations [21, 22]. Due to its simplicity and cost-effectiveness, SBA is well-suited for
deployment in low-power scenarios.

Recent research on SBA antennas reveals two primary types: single-port and multi-port
designs. Single-port SBA designs, which use a central radiating element with switchable
parasitic elements [23, 24, 25, 26, 27|, produce one beam at a time and often include
features like frequency reconfigurability [28, 29, 30, 31] and dual polarization [32] to
improve performance. However, these designs are constrained by their inability to generate
multiple beams simultaneously, limiting their service capacity. In contrast, multi-port SBA
designs are developed to support multiple beams [33, 34], offering enhanced 360° azimuthal
coverage. These designs include 2-D planar systems for applications such as UAVs and
vehicles, and 3-D sectoral arrays used in omnidirectional 5G base stations [35]. Multi-beam
SBA designs improve capacity and coverage but face challenges such as interference from

neighboring sectors, which affects bit error rate (BER) and coverage reliability. Advanced
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multi-sector arrays with dual polarization [36], dual-band [37], and flat-top [38] beam

radiation pattern have been proposed to boost system capacity and reduce interference.

Despite these advancements, many SBA designs focus primarily either on azimuthal
or elevation plane coverage, often neglecting comprehensive 3-D space coverage. Only
a few SBA designs have targeted full 3-D coverage, with existing solutions typically
using frequency selective surfaces for beam steering [39, 40, 41] and generally supporting
single-beam switching. Recent developments, such as shared aperture antennas [42] for
wide-angle elevation coverage, address some challenges but are often suited for high-power
applications and face issues related to cost and compatibility. Although some studies have
evaluated SIR performance [21, 43, 44], many rely on conventional approaches that do not
consider interference effects within the antenna synthesis. Furthermore, the benefits of
beam tilt in the elevation plane, which could reduce interference and enhance performance,
have been investigated in a few sector array antenna studies [45, 30, 27, 46] but for
a limited number of sectors and discreet tilt angle values. Overall, achieving effective
multibeam coverage in 3-D space remains a significant challenge. Existing designs often
fail to integrate comprehensive performance measures, such as SIR, into their synthesis

processes, leading to suboptimal coverage and capacity.
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Figure 1.9: Various wireless power transmission schemes for the proposed 3-D clustered
wireless sensor network (a) Single antenna, (b) Single beam adaptive array, (b) Multi
beam adaptive array, and (c) Distributed antenna system.
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1.6.2 Dedicated RF Energy Transmitter

To achieve a power-efficient WSN with high node density, nodes are typically organized into
clusters with a cluster head (CH) in each, which communicates with a remote gateway [47].
CHs consume significantly more power than other cluster nodes, requiring higher power
supplies. In a 3-D cluster-based WSN using WPT, the RF-ET design must address the
varying power needs of the nodes. The RF-ET system should ensure that CHs receive
more power while all nodes get sufficient energy by optimizing beam collection efficiency
(BCE), which measures the ratio of power received by the rectenna to the total transmitted
power [48].

To meet the power needs of high node density WSNs, various RF-ET schemes can be used.
A single wide-angle antenna (Fig. 1.9(a)) covers the entire multi-cluster area but provides
uneven RF power, requiring large aperture antennas at the Rx [49] that are impractical for
miniaturized nodes. Alternatively, an adaptive beamforming antenna array (Fig. 1.9(b))
creates narrow, directional beams [50, 51, 52] that improve BCE but needs accurate
channel state information [53] and can be slow to adjust in dynamic environments. The
multibeam adaptive beamforming scheme (Fig. 1.9(c)) offers simultaneous beam coverage,
reducing adjustment time but increasing complexity and cost. A distributed antenna
system (Fig. 1.9(d)) uses multiple antennas [54, 55, 56] to direct RF power to specific
clusters but requires precise placement of antennas. All these schemes face challenges
in dense 3-D WSN scenarios, highlighting the need for a low-cost, energy-efficient WPT

system.

1.6.3 Rectenna Module for IoT Devices

The random deployment of sensor nodes often results in lower RF energy capture and
reduced PCE due to varying locations and orientations. To improve this, rectenna systems
need to offer isotropic coverage [57], especially for applications like smart homes and
smart farming, where multipath RF signals and distributed transmitters are common.
Isotropic coverage is challenging to achieve with a single rectenna, so integrated rectenna
array systems (ReASs) have been proposed to enhance harvested DC power [58, 59, 60,
61, 62, 63, 64, 65]. Recent designs focus on 3-D spherical coverage [61, 62, 63], such
as multisector 3D-ReAS with beamforming networks, but these systems are bulky. To
mitigate this problem, a few planar [65] multisector [58, 59, 60] ReASs have been studied
in the literature, offering 3-D coverage in the upper hemisphere but suffer from low output

DC voltage and incomplete isotropic coverage.

1.6.4 SWIPT Antenna System for IoT Devices

Several EH methods have been explored to enhance the battery longevity of IoT
devices. Among these, WPT technique has emerged as a leading solution due to its
seamless integration with existing communication circuitry [12]. IoT sensor nodes gather

environmental data and transmit it to a remote gateway via an integrated WIT antenna.
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Figure 1.10: Various SWIPT techniques described in the literature for receivers.

The use of separate antennas for WPT and WIT would result in a bulky prototype. Recent
research efforts focus on developing a SWIPT antenna system to enable concurrent data

and power delivery to remote sensor nodes [4].

Several techniques for implementing SWIPT have been investigated in the literature,
including power splitting [66, 67, 68], time splitting [66], dual polarization [69, 70],
frequency splitting [71], space splitting [72, 73|, and antenna switching [74]. The
power-splitting method divides the received signal into two parts: one for information
decoding and the other for RF power harvesting, as illustrated in Fig. 1.10(a). This
approach, however, reduces both the SNR and the PCE of the rectifier circuit. Conversely,
the time-splitting technique, shown in Fig. 1.10(b), theoretically provides full RF signal
power with improved SNR and PCE by using different time slots for information and power
transfer. The primary limitation of this method is the need for precise time synchronization
between the transmitter and receiver [75], and varying optimal time divisions for different
sensor nodes complicate IoT operations. The space-splitting technique, depicted in
Fig. 1.10(c), uses separate antenna elements for WIT and WPT at the same frequency.
In contrast, the frequency-splitting technique, as shown in Fig. 1.10(d), allocates
different frequency channels for information and power transfer [71, 76, 77]. The

dual-polarization technique, illustrated in Fig. 1.10(e), employs cross-polarized ports at
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the same frequency [69, 70, 78]. The antenna switching is quite similar to space splitting
technique, with the exception of employing multiple antenna elements for information
and power transfer in a complete set of antennas with switching capability [74]. In
addition, hybrid SWIPT antenna systems, such as shared aperture antennas [79] with
frequency splitting, dual-polarized full-duplex antennas [80, 81], and frequency splitting
combined with dual-polarization [76], have also been proposed. However, these designs
often involve multiple antenna elements [79, 80, 81] or require rectifier impedance matching

networks [76], resulting in larger sensor nodes.

Frequency splitting and dual-polarization techniques are relatively simpler to implement,
as they use distinct frequency channels and orthogonal polarization for information and
power transfer, respectively. This configuration provides high isolation between WIT
and WPT ports, enhancing the SNR and PCE of the SWIPT antenna. In SWIPT
systems, antenna and rectifier circuit matching is typically achieved using impedance
matching networks [76, 77] or loop-based conjugate matching techniques [69, 71, 78]. The
latter method, which requires a partial ground plane, can impact antenna performance,
particularly when the IoT sensor node is placed on substrates with varying dielectric
properties [82]. Conjugate-matched SWIPT antennas [69, 78] often use a voltage doubler
topology for full-wave rectification (FWR), achieving high PCE ( 70%) at high input
RF power (> 500pW) [83]. However, achieving FWR for ultra-low power (—10dBm)
applications with such high PCE remains a significant challenge [71]. Furthermore,
ultra-low power RF transmission is preferred in IoT applications to ensure compliance
with the specific absorption rate limit of 1.6 Wkg™! for health and safety [50]. Thus,
there is a need for compact integrated antennas that provide high WIT efficiency and
PCE for ultra-low power WPT in SWIPT applications.

1.6.5 SWIPT Antenna System for Relay Node

To achieve energy-efficient, high data rate, and spectral-efficient communication in 5G
and beyond (B5G) networks [6], cooperative relaying (CoR) can enhance transmission
range and reliability by mitigating path loss and signal fading [84]. WPT and SWIPT are
promising for recharging battery-assisted RNs in IoT applications, fostering sustainable
communication [85, 86, 87, 88, 89]. Effective antenna systems for RNs should offer wide
beam coverage and employ omnidirectional radiation patterns [90], although multi-antenna
systems with beamforming capabilities are preferred to reduce multipath fading and
interference and to boost power harvesting [91]. Research on SWIPT-enabled RNs has
focused on techniques like time splitting , power splitting, and antenna switching to
optimize data rates [92, 93] and power allocation [94, 95]. While theoretical analyses
are abundant, practical evaluations of SWIPT systems in terms of SNR, BER, and
PCE are limited. This highlights the need for practical studies to assess and enhance
the performance of SWIPT antenna systems for RNs in real-world CoR communication

scenarios.
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1.7 Thesis Objectives

The SWIPT enabled IoT networks involves concurrent transmission of information and
power signals. The network components involved can be segregated into: Transmitter,
Receiver, and Relay, based on their primary operation which collectively implement
SWIPT operation. For instance, access points are primarily used for transmitting
communication signals but can also function as RF energy sources for nearby WPT
enabled devices. Conversely, dedicated RF energy transmitters form directed beam
towards IoT devices and relay nodes integrated with either rectenna modules or SWIPT
antenna system. The rectenna modules are placed at the receiver devices for harvesting
the incident RF energy to either replenish their battery or directly power the device
functions. In contrast, recently SWIPT antenna systems capable of both data and power
transfer have been designed to realize IoT devices with small form factor. Additionally,
battery-assisted relay nodes integrated with SWIP'T antenna system have been introduced
to enhance network energy efficiency and throughput by leveraging cooperative relaying
communication. Based on the above discussion the antenna systems designed for
various components in SWIPT enabled IoT network can be categorized into three types:
Transmitter, Receiver, and Relay node antennas, as illustrated in Fig. 1.11. Each category
aligns with the primary function of network components within a SWIPT enabled IoT

network.

Primary functions and corresponding
components of SWIPT Enabled IoT Network

Receiver

Rectenna Module ’
for IoT Devices

SWIPT Antenna
for Relay Node

[ RF Energy Tx j [ SWIPT Antenna ’
for IoT Devices

Figure 1.11: Primary functions and corresponding network components of SWIPT enabled
IoT network.

The objectives of the thesis are divided based on the above categorization of the antenna
systems for SWIPT enabled IoT network.

1.7.1 Transmitter Antenna System

1. O—1: Quality aware synthesis of multi sector switched multi beam Access Point

antenna system.

e O—1A: Analyze and design multi-sector multi beam SBA to enhance the 2-D

coverage region in the azimuth plane.
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e O—1B: Analyze and design multi-sector multi beam SBA to enhance the 3-D

(azimuth as well as elevation plane) spatial coverage with wide bandwidth.

2. O—2: Analyze and design a dedicated switched beam RF energy transmitter for

wireless powering of 3D distributed clustered ultra-low power IoT devices.

1.7.2 Receiver Antenna System

1. O—3: Design angular misalignment tolerant rectenna module for ultra-low-power

IoT devices.

e O-3A: Analyze the angular misalignment problem in rectenna design.

e O-3B: Design an isotropic coverage rectenna module for realizing

misalignment insensitive WP'T operation.

2. O—4: Design a compact SWIPT antenna with wide information bandwidth for

ultra-low-power IoT devices.

e O—4A: Analyze and design a single antenna element utilizing a new SWIPT

technique capable of powering a single IoT sensor.

e O—4B: Design a SWIPT antenna with enhanced performance through

evolutionary process capable of battery-less IoT device operation.

1.7.3 Relay Node Antenna System

1. O—5: Design a practical SWIPT relay node capable of wideband WIT with an

access point and IoT devices, while also supporting WPT to recharge its battery.

1.8 Thesis Outline

1. Chapter-1: This chapter presents the system architecture and the key components
of a SWIPT-enabled IoT network. It provides an overview of the diverse IoT
applications and the challenges associated with them. Additionally, it includes a
comprehensive literature survey related to antenna system design for various IoT
network components, outlines the objectives of the thesis, and details the structure

of the subsequent chapters.

2. Chapter-2: This chapter analyzes and designs a multi-sector, multi-switched beam
antenna array system for access points. It introduces a novel synthesis procedure
that incorporates link quality parameters to maximize coverage. The designs are
presented for both 2D and 3D distributed IoT devices. Next, the chapter focuses on
a dedicated RF energy transmitter, detailing the minimum input RF power needed to
3D clustered ultra low power loT devices within a wireless sensor network. The study

addresses optimization challenges related to energy transfer, cluster head locations,
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and power requirements in a 3D environment. Insights into effective WPT design

considerations are provided.

3. Chapter-3: This chapter addresses angular misalignment in WPT by presenting a
multi-sector rectenna design to mitigate this issue. A novel rectenna module with
nearly isotropic coverage is introduced, ensuring effective operation in 3D space. The
integration of this module with an IoT sensor node demonstrates a WPT-enabled

sensor system.

Additionally, a compact SWIPT antenna element is designed specifically for
ultra-low-power IoT devices using an evolutionary design process. The chapter
explains the innovative SWIPT technique and elaborates on the antenna’s working

principles and operational procedures, showcasing its functionality.

4. Chapter-4: This chapter presents the design of a novel compact SWIPT antenna
array system for energy constraint relay nodes. A comprehensive explanation of the
new SWIPT technique, which integrates DC combining with a hybrid approach that
employs frequency splitting, dual polarization, and antenna switching. The chapter
thoroughly discusses the technique and the operational procedures of the antenna
design. It highlights the advantages of this integrated antenna solution, including
full-wave rectification at ultra-low power levels and wideband WIT operation with

high isolation from the power signal.

This chapter presents the design of a novel compact reconfigurable SWIPT antenna
array system for energy constraint relay nodes. A comprehensive explanation of the
new SWIPT technique, which integrates DC combining with a hybrid approach that
employs frequency splitting, dual polarization, and antenna switching. The chapter
thoroughly discusses the technique and the operational procedures of the antenna
design. It highlights the advantages of this integrated antenna solution, including
full-wave rectification at ultra-low power levels and wideband WIT operation with

high isolation from the power signal.

5. Chapter-5: This chapter gives the overall conclusion of the thesis and the potential

future directions in this area of research.
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Chapter 2

QoS Aware Transmitter Antenna

System

O—1: Quality aware synthesis of multi sector switched multi beam Access Point
antenna system.
O-2: Analyze and design a dedicated switched beam RF energy transmitter for

wireless powering of 8D distributed clustered ultra-low power loT devices.

\

This chapter presents quality aware synthesis of multi switched beam transmitter antenna
systems for WIT and WPT operations in a SWIPT enabled IoT network. First a
minimum QoS performance based approach is discussed to synthesize switched beam
multi-sector antenna arrays for Access Point, aimed at maximizing WIT coverage in
both 2-D and 3-D spaces. Initially, the chapter addresses a BER-conscious synthesis
of a switched multi-beam, multi-sector AP antenna system, specifically designed to
enhance reliable communication coverage on a 2-D ground plane. The synthesis approach
integrates projected received power levels and SIR constraints into the antenna design
process, optimizing the effective coverage area while maintaining an acceptable BER.
This optimization leads to improved coverage and more reliable communication, which in
turn reduces energy consumption at IoT devices. The chapter then details the analytical
synthesis of a multi-sector AP antenna based on this coverage optimization process.
Additionally, using the same QoS metric, the synthesis of another multi-sector AP antenna
featuring a series feed patch antenna array is explored to achieve comprehensive 3-D
coverage within the application region. Two Access point antenna system designs depicted
as Design-O1A and Design-O1B are discussed, which fulfill the objectives O—1a and O—1b,
respectively as described in Section 1.7.1

To achieve the objective of synthesizing an SBA as an RF-ET for powering a 3-D
distributed clustered WSN. The 3-D space is divided into nine clusters; each illuminated
individually with RF power using a dedicated patch antenna subarray. The subarrays
can be switched ON or OFF based on the energy requirement of the WSN cluster nodes
resulting in efficient power transmission. Moreover, the low complexity of switched beam
design reduces the cost and processing overhead as compared to the exiting adaptive
beamforming systems in a dense WSN scenario. The subarray size and excitation
coefficients are optimized with a constraint over the harvested dc power to enhance the
3-D coverage. In addition, the optimal location of the cluster head (CH) is evaluated to

minimize the average power consumption of WSN cluster.

19
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2.1 System Model of 2-D Coverage Multi-Sector Switched
Beam Array Antenna (Design-O1A)

The schematic model of the 2-D coverage multi-sector SBA antenna comprising N sectors
is presented in Fig. 2.1 to provide a complete 360° azimuth coverage. The reliable
communication coverage area of a sector is highlighted in Fig. 1 and analytically modeled.
Each sector of the proposed AP antenna houses a ) x R patch antenna array (PAA)
which has a mechanical down tilt 8; from the vertical axis. Each PAA forms a focused
beam within their respective target sector area of a circular region around the AP antenna
having radius pg and ensures quality links with the randomly deployed sensor nodes. The
parameters, N, ), R, and 0; , of the PAA, are optimized to maximize the reliable coverage
area by constraining the diameter (D) of the antenna. The beams can be switched on
based on communication demand from the nodes of corresponding sectors. The switching
operation can be realized by using either of a network of RF switches [40] connected to
each PAA; a reconfigurable feed network implemented using Pin diodes [41], or one-bit
phase shifters [31], which are integrated into and centrally controlled by a transceiver unit
as depicted in Fig. 1. In the scenario, the WSN nodes are assumed to be distributed on
the ground plane in a communication region of maximum radius p = pg and the proposed
array antenna as AP is positioned at a height hs; above the ground, as depicted in Fig.
1. The highlighted region is the communication area (C'A) of the sector-k bounded by
(2k = 3)n/N < ¢ < (2k — 1)n/N) N (pi < p < po), whereas the light region around
the SBA antenna bounded by (0 < p < p;) denotes the blind area (BA) where reliable

communication is not achieved due to high interference from the neighboring sectors. The
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analytical model and design optimization of the proposed antenna array are subsequently

presented.

2.1.1 Analytical Model for Received Power Projection and SIR

To analyze the received power projection of each PAA in the target region, two coordinate
systems are defined. The global coordinates x,, y,, 2z, (spherical coordinates-r, 6, ¢)
define the sensor node deployment region with its origin coinciding with the center of the
total target communication region. Whereas (z, y, z) corresponds to the local coordinate
system of the individual PAA whose origin coincides with the PAA center as depicted in
Fig. 2.1. ¢ denotes the azimuth angle corresponding to the k* PAA centre and is denoted

by ¢ = 2Wﬂ(k‘ —1). The two coordinate systems are interrelated by the following relations

T = —x,sin ¢ + Y, cos ¢ (2.1a)

Yy = X, sin Oy cos ¢ + y, sin b sin ¢ + (2, — hs) cos b, (2.1b)
z = @y cos 0y cos ¢ + y, cos b sind — (2, — hg) sin b, (2.1c)
Ty = —xsin ¢ + y sin By cos ¢ + z cos Oy cos ¢ (2.2a)

Yr = T COS P + ysin Oy sin ¢ + 2 cos Oy sin ¢ (2.2b)

zr = hg + 1y cos By — zsin by (2.2¢)

Denoting (rq, 6., ¢,) as the local spherical coordinates of an arbitrary sensor node

positioned at (x,, y,, z) and evaluated with respect to antenna location as

ra(Tr, Yr, 2r) = \/:c% + 92 + (2 — hs)? (2.3a)

Ou(Tr,yr, 2r) = cos™! <Z> (2.3b)

Ta

bulin ) = tan (1) 230

x
The normalized spherical field patterns, F, of a single patch antenna which is constituted

as one element of the PAA is given by [96] as

sin u

Ep, = cosv COS g (2.4a)
E4, = cosv ST s 04 sin ¢q (2.4b)
kl, sin 0, cos ¢, kwp, sin 8, sin ¢, (2.4¢)
= —-—-—-—-- u = .4C
2 ’ 2

where, k is the propagation constant in free space, w, is width and [, is length of the
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patch. Thus, the total normalized element factor (E'F') spherical pattern corresponding

to the patch element of the PAA is obtained using

F(Qaa ¢a) =1/ E92a + E;a (2'5)

Since the PAA is a @ x R array of the patch elements contained in a sector, the normalized
array factor (AF') of the PAA is given by

Q R
(Oa, Pa) = Z Zwmnexp [T, pn sin O, cos ¢q

m=1n=1

+jkymnsinf,sing,] and [wp, ] = [wm]T[wn] (2.6)

where, 2., , and ¥, , denote the individual element position in the PAA local coordinate
system. The normalized excitation coefficient represented by wy, , € [0,1] is assigned to
antenna element placed at m!* and n* location along the vertical and horizontal axis
of an array, respectively. To control interference level in the azimuth plane, the PAA is
synthesized with Chebyshev distribution to achieve an optimal beamwidth and side-lobe
level (SLL,). Hence using (2.5) and (2.6), the normalized spherical gain pattern of the
PAA is evaluated using

Gt(0a7¢a) = ‘AF(6a7¢a) X EF(9a7¢a)|2 (27)

which represents the conventional radiation pattern in the spherical coordinate system.
However, to properly characterize the received power at the WSN node located at
(r, Yr, 2zr), the projected gain pattern G¢[0,(xr, Yr, zr), Ga(Zr, Yr, 2 )] of the PAA is utilized.
For analysis, a line-of-sight (LOS) channel is assumed between the PAA and the sensor
nodes. Therefore, the received power due to any sector-i PAA at the WSN node location

(Zr, Yr, 2r) within sector-k is evaluated using the Friis transmission equation as
qu(xra Yr, Z’r’) Pt GtOGZ [02 (1.7’7 Yr, ZT‘) ¢ia(x7’7 Yr, Z’r’)]

Ao @
r -, 2.
<G (4777“2(%,%7%)) ( 8)

where, « is the path loss factor (for free-space propagation a = 2), P} and
G0 (2, Yrs 21), L (Trr, Yry 2)] are the transmitted power and projected gain pattern of
the sector-i PAA, Gy is the peak gain of the PAA, G, is the receiver antenna gain at
the sensor node assumed as 4 dBi, and Aq is the free space wavelength at the operating
frequency. The P/Gy in (2.8) represents the EIRP set to a maximum value of 4 W.
Since the adjacent sectors cause high co-channel interference at the boundary of their
respective communication region, alternate sectors are considered for the frequency re-use

and contribute to co-channel interference. Therefore, the SIR ~; distribution that is
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projected on the ground within the sector-k£ can be formulated as

Pf(l‘r, Yr, Zr)

E Pﬁ(l’rayrvzr)
1€Ng
itk

7k($ra Yr, Zr)

Y (2, Yr, 2r) € sector-k, where N, is the set of alternate sector PAAs causing interference
to the intended signal generated by the PAA of sector-k. Given the ~ distribution, the
corresponding link-quality in terms of BER at the WSN node location (x,,y;, 2,) can be
obtained as [97]

BERy(zr,yr, 2r) = Qumt [Ve(r, yr, 2r)] 5 (2.10)

where Qj/ [-] denotes the expression involving Marcum Q-function relating the BER and

SIR for an M-array modulation scheme used for communication.

2.1.2 BER-Conscious Array Synthesis Process

Effective Coverage Area as Performance Metric

Conventionally, the coverage area of the AP is defined as the region where the received
signal strength P, evaluated in (2.8) is greater than the IoT device’s sensitivity given
by a minimum required power threshold (Py,) [98]. However, this definition fails to
represent the actual coverage performance in the scenario where multiple co-channel beams
are radiated. The multi-beams cause interference with the intended signal to degrade
the SIR and result in communication outage (blind area) in the region where the BER
exceeds the limit, BE Ry, set for reliable communication. The BFE Ry, corresponds to
a SIR threshold (vy,) related in (2.10) based on the modulation technique applied for
communication. Therefore, the projected SIR distribution of v in the ground plane as
given by (2.9) is another essential parameter along with the P, to define the coverage
based on communication link quality. Therefore, the projected v along with the projected
P, profile is included in the proposed definition of the effective communication coverage
area (FCA), which serves as the optimization metric for the proposed array synthesis
process. Besides, the EC A is defined in a manner to incorporate a potential reduction in
blind areas. Moreover, since the system capacity of a multi-sector antenna is proportional
to the number of sectors N, the EC' A also includes the parameter N for maximization.

Thus, the EC A definition is proposed in terms of Communication Area, C'A, which stands
for the area where (BER < BERy,) N (P, > Pyy,) satisfies, and Blind Area, BA, denoting
the area around the AP antenna satisfying (BER > BERy,) U (P. < Py,) as depicted
in Fig. 2.1. Since the BER is one-to-one related with + from (2.10), the conditions
(BER < BERy,) and (BER > BERy;,) can be equivalently replaced with (y > v;,) and
(v < v1), respectively. Hence, the C'A and the BA evaluated for sector-k are defined as

CAk = AreakV(ﬂvr,yr,O) : {[’Yk(xrayho) > ’Yth] N [Pﬁ(l'r,yr,()) > Pth]} (2'11)
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BAy, = Areap¥(2r,y,,0) : {[ve(xr,9r,0) < ] U [PF(zr,9,0) < Pal} (2.12)

Now, the ECA is defined and evaluated using (2.11) and (2.12) as

N
ECA=N x> (CAy— BAy) (2.13)

k=1
Since the proposed EC A definition involves the C A, the BA, and N in the communication
region, the design objective function formulated in terms of EC'A can enhance the quality
coverage area, reduce the blind area in the immediate surrounding of the AP antenna, and

enhance capacity by optimizing N with a maximum size constraint of the antenna.

Optimization Problem formulation for Array Synthesis

The proposed BER-conscious array synthesis process targets maximizing the FC A defined
in (2.13). The objective function for the optimized array synthesis with a constraint on
the antenna parameters, N, @), R, 6;, and maximum size of the SBA antenna is formulated

as:
max ECA
N7Q7R79tysLLz
s.t. 0 < p<15m,
0°<6,<80° 4<N<16,1<Q<3,2<R<L5H

10dB < SLL, <30dB, D <03 m

(2.14)

where, D = L/tan(%) + 2L sin6; is the diameter of the proposed AP antenna, which is
calculated by considering the dimension (L) of the PAA and depends on the inter-element
distance d; between the patch elements along the horizontal axis in the PAA. The
Chebyshev current excitation is applied to the patch antenna elements along the horizontal
axis to reduce interference in the azimuth plane, whereas uniform excitation is applied
along the vertical axis to maximize the gain. SLL, denotes the side-lobe level in the
¢ = 0° plane for the array with isotropic antenna element, i.e, the side-lobe level of the
AF. The objective function is maximized using the parametric sweep of N, @, R, 6;, and
SLL, within the constraints given in (2.14) such that the diameter D of the AP antenna
remains under 0.3m. In the analysis, only even NN values are considered to maintain
the number of interfering PAAs symmetrical on either side of the intended sector. The

optimization steps are described as follows:

1. Set the design parameters to their minimum value and initialize various other

parameters as listed in Table. 2.1.

2. For constant 0; and N, sweep Q within the constraint range to maximize FC A radial

coverage length pg.

3. For fixed 0;, N, and the @) achieved in step-2, now sweep R and SLL, to maximize

EC A for enhanced 360° coverage in azimuth plane on the ground.
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Table 2.1: Parameters values initialized in the synthesis process.

Parameters Notation Values
Operating frequency fo 5.8 GHz
AP height hs 4m
EIRP P;Gyo 4W
WSN node antenna gain G 4dBi
Power Threshold Pin —30dBm
BER Threshold BERu, 107°
~Yen (BPSK) 9.5dB
SINR Threshold ~on (62-QAMD 7 dB
. dp, 0.5X0
Inter-element spacing i 05N
Noise Power Ny, —70dBm

4. Sweep N and 6; and repeat step-2 and step-3.

5. Obtain the optimized N, Q, R, 6;, and SLL, which results in a maximum EFCA.

6. Obtain the wy, , coefficients using the optimal R and SLL, obtained from the step-5

corresponding to the maximum ECA.

The analytical results obtained after performing the optimization are discussed in the
following section.
2.1.3 Analytical Optimization Results and Discussion

Variation of ECA with various parameters

In this section, the parametric study for optimization of FC A versus antenna design

parameters is presented. Fig. 2.2 and Fig. 2.3 demonstrate the variation of EC' A with
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< 2000 e 2) 41 <2000
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K 1000 1 R1000 L

) = e

-1000
0

4000 4000
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Figure 2.2: ECA versus 6; plots for (a) N =4 (b) N =6 (¢c) N =8 (d) N = 10 where

(©

oi R

)

SLL, =15dB and 2 x R PAA, R=2,3,4, and 5 for BPSK modulation.

respect to 0; for BPSK and 64-QAM modulation schemes, respectively, and shown for
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Figure 2.3: ECA versus 0; plots for (a) N =4 (b) N =6 (¢) N =8 (d) N = 10 where
SLL, =15dB and 2 x R PAA, R=2,3,4, and 5 for 64-QAM modulation.

various N, @Q = 2, and 2 x R PAAs. The FC A value is substituted to zero whenever the
dimension D of the proposed AP antenna exceeds the maximum value of 0.3 m as per the
defined constraint in (2.14). Moreover, D exceeds the limit 0.3 m for NV > 10, therefore,
N < 10 is taken in the results. The negative values of EC A observed at extreme 6; values
imply domination of the BA over the C'A in the EC A defined in (2.13). The plots indicate
that the EC' A increases with N and attains its maximum value at N = 10, 6; = 20°, and

R = 3 for 2 x 3 PAA, for both the modulation schemes. Similarly, Fig. 2.4 demonstrate

4000 —%—1x3 BPSK 4000 —%—1x3 BPSK
3000 - “e-heAM 3000% I
< 20008 oM < 2000, S BrsK
8 1000, cr-vaoaml| g0
0% 3 0% |
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0 10 20 30 40 S0 € 70 8 0 10 20 30 40 50 6 70 80
t
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Figure 2.4: ECA versus 0; for (a) N = 8 and (b) N = 10 for @ x 3 elements where
Q=1,2,and 3 .

the FC A variation for various (Q and R = 3. The plots indicate that for both BPSK and
64-QAM modulation schemes, the maximum ECA is attained for 6, = 20°, N = 10, and
Q =2 for 2 x 3 PAA.

To analyze the effect of non-uniform excitation along the horizontal elements of the PAA,
the variation of EC A with respect to SLL, is plotted in Fig. 2.5 for various R and @ = 2.
The results show that the maximum FECA is achieved for SLL, = 15 dB, N = 10 and
R = 3 for 2 x 3 PAA when BPSK modulation is employed, whereas, in case of 64-QAM,
the maximum ECA is achieved for SLL, = 11.25 dB, N = 10, and R = 3 for 2 x 3 PAA.
However, an abrupt change in performance for 64-QAM at SLL, = 11.25 dB is avoided
by selecting SLL = 15 dB which is also optimized for BPSK modulation. Thus, the
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Figure 2.5: ECA versus SLL, for (a) N =8 and (b) N = 10.

parametric optimization results for FC A reveal that 6; = 20°, SLL, = 15 dB, N = 10,
and the PAA of size 2 x 3 represent the best solution of targeted array synthesis problem
formulated in (2.14) to maximize the ECA.

The Achieved ECA with Synthesized CA and BA

To demonstrate the achieved EC' A, the synthesized C'A and BA variations with various
design parameters are investigated and the results in terms of projected v distributions
on the ground plane are shown in Fig. 2.6 and Fig. 2.7. Since, the C'A is a function of
and P, as defined in (2.11), therefore, v = NIL is forced in the plots for the region which
is out of the coverage area having P. < P. Also, the region with v = NIL around the
AP antenna near (z, = 0,y, = 0) represents the BA in the distribution plots.

15

”/l‘

£

) 1‘\{\

W W :
PRI R

15 dB 15 dB 15 dB

0 -15 -15
-15 -10 -5 0 5 10 15dB -15 -10 -5 0 5 10 15dB -15 -10 -5 0 5 10 15dB

Figure 2.6: v projection for 2 x 3 PAA at 6, = 20°, SLL, = 15 dB with (a) N = 6 (b)
N =8 (c) N = 10 using BPSK modulation and (d) N =6 (e) N = 8 (f) N = 10 employing
64-QAM .

The projected ~ distributions for 2 x 3 PAA, 6; = 20° and SLL, = 15 dB are demonstrated
in Fig. 2.6 to study the effect of N (for N = 6,8, and 10) for both the modulation
schemes (BPSK and 64-QAM). The distributions show that the C'A region where reliable

communication is achieved with v > 7, increases with higher N for both the modulation
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Figure 2.7: ~ projection with 6; = 25°, SLL, = 15 dB for 2x4 PAA: (a) N =6 (b) N =8
for BPSK, (d) N =6 (e) N = 8 for 64-QAM, and for 2 x 5: (c) BPSK N =6 (f) 64-QAM
N =6.

schemes. It is observed that the BA also increases with N due to increased number
of interfering sectors N, (i.e., N, = 2, 3, and 4 for N = 6, 8, and 10, respectively).
However, the increase in BA is overcompensated by the enhanced 360° coverage of C'A
due to reduction in non-coverage area between the adjacent sectors, as a consequence,
maximizing the EC A for N = 10.

Similarly, the effect of array size R on the coverage is analyzed by plotting the -~
distributions for various 2 x R PAA. In addition to the 2 x 3 PAA distributions shown
in Fig. 2.6, the 2 x 4 PAA with N = 6 and 8, and 2 x 5 PAA with N = 6 are analyzed
in Fig. 2.7 for both the modulation schemes. Here, the 2 x 4 PAA with N = 10 and the
2 x 5 PAA with N = 8,10 are not considered because the corresponding AP antennas
exceed the size constraint. Since the 2 x 4 and the 2 x 5 PAA attain maximum FCA
at 0; = 25° as apparent from Fig. 2.2 and Fig. 2.3, the corresponding distributions are
shown for 6; = 25° and SLL, = 40 dB to present a fair comparison. The ~ distributions
of Fig. 2.6 and Fig. 2.7 together corroborate the optimal choices revealed in Section 2.1.3
as 2 x 3 PAA and N = 10 for the AP antenna to attain the maximum ECA coverage.

To further demonstrate the enhancement in the coverage area achieved by the proposed
BER-conscious array synthesis process and the importance of an optimal 6; selection, a
conventional array with uniform current distribution is analyzed for comparison. The
distributions of the conventional AP array with 2 x 3 PAA is plotted for 6; = 0° with
N =8 and 10 in Fig. 2.8.

As compared to the coverage of the optimized AP in Fig. 2.6 (c, f), the ECA of the
conventional array is very low at 6; = 0° as depicted in Fig. 2.8 (b, d), particularly
for 64-QAM, almost no coverage is provided. Therefore, an optimal tilt 6; is crucial to

maximize the projected coverage. Further. the conventional uniform array is also analyzed
for 6, = 20° having 2 x 3 PAA with N = 10 in Fig. 2.9 (a, b) respectively for BPSK and
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Figure 2.8: ~ projection for uniformly excited 2 x 3 PAA having 6, = 0° with (a) N =8,
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Figure 2.9: ~ projection for uniformly excited 2 x 3 PAA having 6; = 20° with (a) N = 10,
BPSK, (b) N =10, 64-QAM.

64-QAM. At 0; = 20°, the C' A is improved for conventional array when BPSK modulation
is considered in Fig. 2.9(a), however, for 64-QAM modulation, the coverage in Fig. 2.9(b)
is still very low. Furthermore, the average v in the entire C' A for optimally synthesized
antenna in Fig. 2.6 (c, f) is higher than that of the uniformly excited antenna Fig. 2.9(a,
b) for both the modulation schemes.

Hence, from the overall analysis of all the projected ~ distributions, the optimally
synthesized AP antenna with 6, = 20°, SLL, = 15 dB, N = 10, and 2 x 3 PAA has
emerged as an optimal solution. Corresponding to the SLL, = 15 dB, the 2 x 3 PAA has

the optimal excitation evaluated as

1£0° 1.396£0° 1£0°

= (2.15)
1£0° 1.396£0° 1/0°

Wm,n

and the corresponding analytically obtained radiation pattern of the PAA is presented
later in Section 2.1.4. The analytical beamwidth of the PAA at 5.8 GHz is 35° and 54° in
the two orthogonal planes cut at ¢ = 0° and ¢ = 90°, respectively. Moreover, the analytical
side-lobe level (SLL,) of the total pattern of the PAA is 24.77 dB corresponding to the
optimal SLL of the AF pattern obtained as SLL, = 15 dB.
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Interference Suppression Techniques

The proposed BER-conscious array design suppresses interference caused by the alternate
sectors communicating at the same carrier frequency simultaneously. The other
interference suppression methods are based on time sharing of channels, coding scheme
like Direct-Sequence Spread Spectrum (DSSS), and frequency hopping techniques like
Adaptive Channel Hopping (ACH)/Dynamic Frequency Selection (DFS) [99]. The DSSS
along with the features of Transmit power control and Adaptive Data Rate is useful
for ultra-low power WSN [100]. The ACH and DFS methods exploit different available
channels within the operating band. The immediately mentioned schemes can be employed
for communication with sensor nodes placed within the coverage region of the same or
neighboring sectors to further improve the reliable communication area. The physical
realization of the AP antenna, which is designed using the proposed BER-conscious array
synthesis process, is now presented, and analytical results are experimentally verified

subsequently.

2.1.4 The Proposed SBA Antenna Design-O1A Realization and

Performance Evaluation

The analytically optimized PAA of size 2 x 3 is designed and simulated using commercial
EM software Ansys HFSS. The array feeding network is designed to realize Chebyshev
excitation given in (2.15). The antenna is realized on a double-sided FR4 substrate
(¢, = 4.4 and tand = 0.0025) having thickness and copper deposition of 1.6 mm
and 35 pm, respectively. The inter-element distance between the two adjacent patches
along the vertical (d,) and horizontal (d;) axis is 0.5)A,. The proposed SBA antenna
as AP with N = 10 and the designed PAA layout are depicted in Fig. 2.10. The
optimal chebyshev excitation of (2.15) along horizontal antenna elements of PAA as

[1, 1.396, 1] is implemented by optimizing the corporate feed network to achieve the

Figure 2.10: Layout of the optimized 2 x 3 PAA and corresponding AP antenna.
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Table 2.2: The PAA design parameters (dimensions in mm)

Parameter|Dimension|Parameter|Dimension|Parameter| Dimension|Parameter|Dimension
Iy 15.73 l; 0.68 I 6.77 lo 7.16
ls 6.82 In 6.59 ls 3.58 ls 4.89
l7 10.49 ls 6.61 lg 25.22 l1o 7.35
l11 2.36 l12 27767 Wp 11.74 w1 3.08
W2 1.61 ws 0.68 W4 2.47 Ws 1
dy 25.86 dn 25.86 L 77.58 D 280

@ 0)

Turn Table

e spectrum analyzer |
= sign
S

= 1y

©
Figure 2.11: (a) Fabricated 2 x 3 PAA and corresponding AP with N = 10 sectors (b)

Experimental setup inside the anechoic chamber (¢) Outdoor experimental setup for ~y
measurement.

SLL, = 24.77 dB in azimuth as obtained analytically in Section 2.1.3. The optimized
dimensions of the simulated 2 x 3 PAA as denoted in Fig. 2.10 are listed in Table 2.2.
For the experimental study, ten such 2 x 3 PAA antennas are fabricated using MITS PCB
prototyping machine and assembled to the final AP antenna. The fabricated prototype is
depicted in Fig. 2.11(a). The radiation pattern and S-parameter of the PAA are evaluated,

and the projected v measurements are conducted for the proposed antenna.
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Antenna Measurements and Radiation Pattern Results

The simulated antenna parameters are verified by measuring the fabricated prototype.
The S-parameters and radiation patterns are measured using Keysight’s PNA-L VNA.
The S-parameter responses representing matching (Sj;) of port-i and isolation (S;;) between

ports -i and -j are shown in Fig. 2.12. The observed impedance bandwidth (S;; < —10 dB)
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Figure 2.12: S-Parameter results of 2 x 3 PAA.

for simulated and fabricated 2 x 3 PAA is 262 MHz (5.690 — 5.952 GHz) and 292 MHz
(5.668—5.960 GHz), respectively, covering the WLAN band around 5.8 GHz. The adjacent
sector shows a low mutual coupling (i.e. S21) less than -45.95 dB, whereas the alternate
sector depicts negligible mutual coupling (i.e. S31) less than -58.4 dB. The results show a

close agreement between the simulated and measured S-parameters.

Analytical
— — —Simulated 300 60
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90 270 90
120 240 120
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Figure 2.13: Analytical, Simulated and Measured Radiation pattern of 2 x 3 PAA
corresponding to 5.8 GHz for (a) ¢ = 0° and (b) ¢ = 90° plane.

The patterns are characterized experimentally inside the Anechoic chamber using the setup
shown in Fig. 2.11(b). The normalized radiation pattern of the PAA for both the ¢ = 0°
and ¢ = 90° planes are depicted in Fig. 2.13. The measured gain of the PAA antenna is
G = 10.06 dBi. The measured beamwidth of the PAA at 5.8 GHz is 36° and 46.8° in
planes ¢ = 0° and ¢ = 90°, respectively. The measured SLL, is observed as 23.03 dB
and found in close agreement with the optimal analytical value 24.77 dB. The simulated
and measured radiation patterns are corroborated. The analytically obtained radiation
pattern corroborates in the upper hemisphere since the mathematical expression in (2.4a)
of the patch antenna pattern predicts the radiation above the infinite ground; however,
the realized antenna contains a finite ground. Nevertheless, the measured back radiation
is below (by 30 dB) the major lobe, and further, due to the tilt 6; provided to each PAA,

this has negligible contribution in the interference to the other sectors.
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Figure 2.14: Measured P, from transmitting PAA in sector-1 versus p for various ¢ at 5.8
GHz.

Projected P, and v Measurement for Coverage Validation

The communication coverage performance of the proposed AP antenna is experimentally
verified. The measurement of the projected P, pattern on the ground is carried out using
the experimental setup shown in Fig 2.11(c). The AP antenna as a transmitter is set up
on an elevated platform shown in Fig. 2.11(a) and then fixed 4.5 m above the ground
on a vertical pole as depicted in Fig. 2.11(b). A receiver antenna depicting a WSN node
is set up on a tripod having 0.5 m height from the ground; hence, a relative height of
4 m is maintained between the transmitter and the receiver as used for the analysis.
One of the PAA as a transmitter is fed with a sinusoidal signal at 5.8 GHz frequency
with strength 25 dBm using an RF signal generator (Agilent Technologies E8257D). The
receiver is connected to Kesight’s N9915A spectrum analyzer (SA) to measure the received
signal strength in dBm units. Both, the transmitter and the receiver, are calibrated to
account for the losses in the connecting cables. The receiver is placed within the sector-1
of the AP antenna and moved from p = 0.5 m to 14 m away with a step size of 0.5
m by repeating measurements for various azimuth angles ¢ = 0°,6°, 12° and 18°. Here,
¢ = 0° — 18° represents the half-sector area of sector-1 from the middle (¢ = 0) of the
sector which is considered for the measurements. Nevertheless, the other half of the sector
area (—18° < ¢ < 0) has symmetrically the same P, distribution. For signal power
measurement, first the sector-1 PAA is fed, whereas, the alternate sectors- (3, 5, 7, and
9) are fed in sequence for interference power measurements. Readings in the SA at the
receiver are noted to evaluate the v by considering the combined interference together.

The measured P, distribution in the sector-1 at various p and ¢ are shown in Fig. 2.14.
The measurement results indicate that the p range satisfying P, > P, are 2 — 13 m,
2—12.5m, 2—12 m, and 2.2 — 11.25 m respectively for ¢ = 0°, 6°, 12°, and 18°. Further,
the interference signal strengths emanating from sectors- (3, 5, 7, and 9) are measured and
contributes to the total interference power (Pr) distribution within the sector-1 region and
plotted in Fig. 2.15. The ~ distribution is evaluated using the measured P, and Pr, and the
result is shown in Fig. 2.16. The measured ~ results verify that the p coverage satisfying
communication quality condition (P, > Pi,) N (v > ) for ¢ = 0°, 6°, 12°, and 18°
respectively is 2— 13 m, 2—12.5 m, 2—12 m, and 2.2 —11.25 m for the BPSK modulation,
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Figure 2.15: Measured P; from alternate sector PAA versus p for various ¢ at 5.8 GHz.
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Figure 2.16:  versus p in sector-1 for various ¢ at 5.8 GHz

and 2 — 13 m, 2.5 — 12.5 m, 2.75 — 12 m, and 3.25 — 10 m for the 64-QAM modulation.
The measurement results are in good agreement with the analytically evaluated optimal
~ distribution as presented before in Fig. 2.6 (c, f).

The immediately observed measurement results indicate that alternate sectors can operate
simultaneously at a common carrier frequency. Moreover, the high port isolation between
adjacent sectors enables the operation of adjacent sectors at different carrier frequencies
in 5.8 GHz WLAN band. Thus ten simultaneous beams can be operated for enhanced

system capacity and communication quality coverage.

Performance Comparison with Prior Pertinent Works and Significance

In this section, the performance of the SBA antenna Design-O1A synthesized using the
proposed BER-conscious array synthesis process is compared with the state-of-the-art
[36, 43] targeted to enhance the quality communication coverage. The comparison based
on various parameters is performed in Table 2.3. For instance, the design in [36] consists
of 16 planar Yagi-Uda dipole and that in [43] has 12 dual-band bowtie antennas placed
in an orthogonally crossed manner to achieve dual polarization for capacity enhancement.
The co-polarized antennas are placed in alternate positions to reduce interference. The
maximum interference suppression achieved in the former is 20 dB, whereas this is 35 dB
in the latter. However, this does not reflect the actual interference immunity because
only a single interfering transmitter is considered at a time for v evaluation, which does

not support the multibeam characteristic. In this case, the actual interference level
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Table 2.3: Performance Comparison with State-of-the-Art

Parameters [36] | [43] [46] Design O-1A
Beam scan 2D 2D 2D 2D
Frequency (GHz) | 5.5 |24, 5.5 33 5.8
azimuth coverage | 360° | 360° 360° 360°
No. of sectors 8 6 12 10
Peak gain (dBi) | 6.4 5 9.5 —10.5 10.06
Peak SIR (dB) 20 35 - 25.51
Peak SLL (dB) — 12 20 24.77
Isolation (dB) 20 30 45 45.95
Mechanical tilt — — 30° 20°

is expected to be much higher for simultaneous multibeam operation. The substrate
integrated waveguide (SIW) arc aperture horn array is proposed in [46] to achieve 360°
azimuth plane coverage using two pairs of non-overlapped 12 simultaneous beams with a
high port isolation of 45 dB. A beam tilt of 30° from the vertical axis is obtained by using
a metal plate beneath the array structure. The non-overlapped adjacent beams does
improve « performance, however the effect of beam tilt on the communication quality
is not analysed. In all the mentioned prior works for comparison, the ~ distribution
is not considered projected on the plane where device nodes are physically distributed
and are only evaluated by conventional radiation pattern sphere with respect to the AP
antenna. As an advancement, the proposed AP antenna achieves a peak ~ value of 25.51 dB
projected on the ground and can emanate 10 simultaneous beams for communication using
BPSK and 64-QAM modulation as presented in Section 2.1.4. In addition, the proposed
design has a higher peak gain of 10.06 dBi with respect to 6.4 dBi [36] and 5 dBi [43] which
enables a longer radial communication coverage range. The proposed analytical framework
can be incorporated in the design process of any other antennas or antenna arrays for a
high density sensor network application. The designed antenna is the optimal solution
for the required BER performance. This reduces the packet re-transmissions resulting in
energy efficient communication at the sensor nodes which ultimately enhances the lifetime
of the IoT sensor network. The Design-O1A achieves maximum 2-D WIT coverage in the
azimuth plane surrounding the access point. However, it is bulky due to its incorporation
of mechanical tilt and falls short in providing adequate coverage in the elevation plane,
which is critical for application scenarios such as automated warehouses and smart cities.
In the next section a novel multi sector SBA antenna array (Design-O1B) is presented to

provide enhanced 3-D spatial coverage around the access point.

2.2 System Model of 3-D Coverage Multi-Sector Switched
Beam Array Antenna (Design-O1B)

The limitation of Design-O1A to provide adequate coverage in the elevation plane

highlights the need for design enhancements to optimize performance in environments
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Figure 2.17: An access point antenna providing connectivity to crawlers, ground
vehicles, and drone vehicles in 3D coverage scenarios (a) smart warehouse (b) smart city
applications.

requiring comprehensive spatial coverage such as automated warehouses, as illustrated in
Fig. 2.17(a). The access point is required to control and collect information from the
crawler bots and drones. Similarly, in a smart city application, several devices co-exist
in the form of vehicles, drones, and pedestals, etc in 3-D space. In this scenario, a
distributed network of access points, shown in Fig.2.17(b), is able to provide seamless
internet connectivity to all the IoT nodes. Both the applications and other similar ones
demand from the access point to provide all-around coverage in azimuth as well as elevation
and ability to communicate reliably with multiple user nodes simultaneously. For such
scenarios, 3-D coverage with multi-beam switching in azimuth as well as elevation is
highly desirable to achieve higher capacity and better SIR coverage. This chapter presents
a multi-sector access point array antenna for V2I communication to propagate multiple
switched beams in both the azimuth and the elevation directions simultaneously to provide

wireless connectivity to multiple vehicular nodes.

2.2.1 The Proposed Multibeam Multi-sector Antenna Design Schematic
Model

In this section, a switched-beam octahedral structure array antenna (SBOA) depicted
as Design-O1B is proposed which is synthesized using communication quality-conscious
approach to provide 3-D coverage, and used as micro base station (access point) in the
scenarios exemplified in Fig. 2.17. The schematic model of the proposed array antenna
Design-O1B is shown in Fig. 2.18, demonstrating the desired multibeam pattern in 3-D
space. The antenna structure consists of NV sectors (A to H for optimized N = 8), each
having two L x M microstrip array antenna (MAA) (A1, A2...H1, H2), where, L and M
are the number of elements along the vertical and the horizontal axis, respectively. The
multiple sectors are deployed to provide 360° coverage in the azimuth region. Whereas, to

provide vertical (elevation) coverage, two MAAs in the top and the bottom half of each
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Figure 2.18: The schematic model of the proposed antenna Design-O1B.

sector are designed to direct their beams correspondingly in the upper and the lower halves
of the elevation region as depicted in Fig. 2.18. Hence, the total coverage is provided in
the 3-D space around the antenna through multiple beams. With switching operation,
the MAAs can be individually operated. The switching can be realized by controlling a
network of RF switches connected to each port [101], or a re-configurable network of power
dividers with Pin diodes [102], implemented in the transceiver depicted in Fig. 2.18. The
design optimization of the MAA and array feeding networks is described subsequently to
achieve desired radiation patterns for 360° azimuth coverage and beam deflections in the

elevation plane.

2.2.2 Analytical Model of SIR and Optimization of 360° Azimuth

Coverage

For analysis, a multi-sector antenna having N sectors is assumed elevated at a height A,
from the ground, as depicted in Fig. 2.19. The highlighted area extending from p; to
po represents the desired azimuth coverage area (communication area) projected on the
ground for a single sector-rg. The received signal power and SIR within this area determine
communication quality. Two coordinate systems are used to analyze the coverage. First,
the radiation pattern of an MAA in a sector is formulated in spherical coordinate (r, 0,
¢') system. Second, the locations of the nodes in the communication area is represented

in cylindrical coordinate (p, ¢, z) system. The relationship between the two coordinates

r=1/p2+hs®, 0=m—arctan(p/hy), ¢ =&, (2.16)

where — % < ¢ < & defines boundary of the sector-rg coverage. The element field pattern

is given by

of a single patch element of MAA for the sector shown in Fig. 2.19 is formulated as [103].

. 7w sin 0 sin ¢’
S ( 2o ) 7l cos 6 ey
mwsnOsma 008 " cos 0 sin ¢ (2.17)
musinfsing’

E¢/ - EO
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Figure 2.19: Communication coverage in one sector of the multi-sector antenna.

sin (ﬂw sir;\@ sin QS’)
0 ml cos 6
Ey = Ey mwsmOsng O ( " > cos ¢’ (2.18)

Ao
where, Ag is the free space wavelength, w is the width and [ is the length of the patch.
The total normalized element pattern, f(6,¢'), is evaluated using (2.17) and (2.18) as

oo (E) (%)

Since the elements placed horizontally in MAA are responsible for beam formation in the

azimuth plane, a 1 x M linear array is assumed for MAA to analyze the azimuth pattern.

The normalized array factor of the 1 x M MAA is given by

M
AF(6,¢') = Y wnexp (jk(n — 1)dy sinfsin ¢) (2.20)

n=1
where, k is the propagation constant, dj is the center-to-center inter-element distance
along the horizontal axis and 0 < w, < 1 represents the normalized excitation weight of
the n'* antenna element. A binomial distribution of excitation is selected to minimize side
lobe levels (SLL) for interference reduction and increase beamwidth for a broader signal
coverage area; this also reduces N required to provide 360° coverage limiting the maximum
antenna size. Using (2.19) and (2.20), the total normalized radiation gain pattern of the

MAA is given by

Gi(0,¢) = |AF(8,8) x f(8, 8. (2.21)

To analyze the communication quality, the projected power distribution originated from
the MAA antenna is evaluated over the communication area in z = 0 (ground) plane.

The power, Pﬁo, received in sector-rg from the transmitting antenna MAA-i at the node
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location (py, ¢r, zr) is evaluated using [104]

. - n
P:o(pmqbrazr) = a210TOPtGOGt[9(pr7Cbrazr)a(b/(pra(bmzr)] x Gy ( Ao )> (2-22)

47T7“(p,,, Ors 2r

where o2 and 1010 correspond to shadowing and multipath fading effects, respectively,
where z is a zero mean gaussian random variable and a? follows Rayleigh distribution
with unit mean value, P; is the transmitted power, Gy is the peak gain of the transmitting
sector array, 1 is the path loss factor (for free space propagation n = 2 is chosen) and
GO(prs &ry 2r), &' (pr, dry 2¢)] is the normalized gain in the direction of the observation
point (pr, ¢r, 2r). Gy is the receiver gain and is assumed to be unity. The PGy in (2.22)
represents the EIRP having maximum allowed limit 4 W.

Since the desired signal power is received from the MAA belonging to the same sector-rg,
the signal power received in the sector-rg is P;? and evaluated using (2.22) for i = rg.

Furthermore, the interference power, P! , received in the sector-ro from the other sector

T0?
antennas MAA-i, where i # 19, can be evaluated using the same formulation using (2.22)

2mi
o

to operate simultaneously at a common frequency band, otherwise, a high co-channel

by replacing ¢’ with ¢’ — However, the immediate neighboring MAAs are not preferred
interference is caused. Therefore, only the MAAs placed in the alternate sectors are
assumed as a source of interference for this model of azimuth coverage. Thus, the average

received SIR, v,,, at the observation point (p,, ¢r, zr) in sector-rg is calculated as

P:(? (Pra br, Zr)

) yR2r) = ;
’YTO (p'f' (b’f’ T) Z Pﬁo (p’” ¢r7 ZT)
1€ Ng,i#T0

(2.23)

where N, denotes the set of the MAAs of alternate sectors causing the interference in the

current sector-rg.

Quality-communication Coverage Area Definition

In this work, the coverage area definition is based on received signal power and SIR to
meet a defined quality of communication in terms of BER. Whereas in the literature [98],
the communication area is evaluated only based on received power sensitivity P, of the
node, which does not represent any assurance of reliable communication quality when
interference is present. In contrast, the proposed definition of the coverage area denoted
as Quality-communication Coverage Area (QCA) takes into account the SIR threshold,
Y+n, as well as the Py, together for a targeted maximum BER performance within the
azimuth coverage area. Hence, the QC A is the coverage over which both SIR and received
power are greater than their respective thresholds. To note that, the value of v, can be
chosen corresponding to the target BER limit for reliable communication using a specified

modulation scheme. Mathematically, the QC A for azimuth coverage is defined as

QCA = AreaV(pq, o) : {[v(pr,dr,0) > ] N [Ppr,dr,0) > Puyl} (2.24)



CHAPTER 2. QOS AWARE TRANSMITTER ANTENNA SYSTEM 40

where P and v are the received power and the SIR values over the communication area

and determined using (2.22) and (2.23), respectively.

Optimization of N and M using QCA

As apparent from (2.20), (2.22), and (2.23), the QC A value for the multi-sector antenna
depends upon the antenna design parameters, N and M. An optimization objective to

synthesize a binomial linear antenna array to maximize the QC A is formulated as:

Rar 4
s.t. Vpr € [pi,PO] Vo € [_W/N7 W/N] (2‘25)
N <10, M < 4,

pi = hg X tan(90° — 0.50.), pp = 20m

where the limits NV < 10 and M < 4 are applied to restrict the overall dimension of the
multi-sector antenna. The desired coverage limits p; and p, are set based on the half
power beamwidth (0.) of the MAA in the elevation plane and the required Py, value,
respectively. To solve the optimization problem (2.25), the MAA gain pattern of (2.21)
is synthesized by parametric variation of the design variables N, M using MATLAB, and

optimum values are obtained.

Analytical Results for Optimum N and M using QC A Definition

The QC A is evaluated using (2.24) for various N and M for optimization. Since the lowest
possible data rate exists at the boundary of the coverage area, the BPSK modulation
scheme is chosen to define the threshold for SIR in the analysis. The required 7y, limit
for the target BER performance of 107° is theoretically given by v = 9.5 dB for BPSK.
However, a tolerance of 0.5 dB is considered in the synthesis process and v, = 10 dB is
assigned. The limit on P, can be as low as —67 dBm in WiFi applications for low data
rates; however, Py, = —37 dBm is considered to support the nodes with higher sensitivity
levels and slow mobility. The analytically obtained parametric study results of percentage
QC A for various array sizes of 1 x2 (M =2),1x3 (M =3),and 1 x4 (M = 4) versus N
are presented in Fig. 2.20. The other parameter values are set as [, = 11.8 mm, w, = 13
mm, he, =4 m and dj, = 0.5)¢ for the MAA where \q is calculated at 5.8 GHz. Since the
1 x M MAA radiating horizontally has one element in vertical, ©. ~ 90° is considered,
correspondingly p; = h, X tan(45°) = 4 m. The results in Fig. 2.20 indicate that the 1 x 2
MAA achieves better QC A coverage than 1 x 3 and 1 x4 MAAs. The QC A increases with
N, however, the rate of increase is low for higher N. For the 1 x2 MAA, the achieved QC' A
is maximum at N = 8. Hence, the optimal N = 8 and M = 2 are obtained as the solution
of optimization problem (2.25). To further gain insight into the obtained QCA and the
effect of parameters N and M, the evaluated QCA patterns (SIR distribution coverage
in 360° for all the sectors) are depicted in Fig. 2.21. It is apparent from the coverage
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Figure 2.20: The QCA versus number of sectors (V) for various 1 x M MAA.

patterns that the QC A coverage for N = 8 sector design with 1 x 2 MAA is better among
other 1 x M arrays and also higher compared to the N = 6 and N = 10 sector designs.
This is because, for a fixed M, the lower N does not provide sufficient power coverage
in individual sector area to cover 360° in contrast, the higher N increases interference
from the neighboring sectors causing a reduction in the SIR coverage. Since the lower M
implies a wider radiated beam from the sector, this can provide wider power coverage as
compared in Fig. 2.21(a, b, c) where 1 x 2 array has maximum QC A. However, the same
lower M can contribute to a higher interference for high N design, causing a reduction
in QCA as demonstrated in Fig. 2.21(g, h, i) where coverage is reduced for 1 x 2 array.
Therefore, N = 8 sectors with M = 2 array is analytically found as the best solution
to provide azimuth communication range of p = 4m to 17.4m and achieve 360° azimuth

QC A coverage.

The MAA Design Optimization for Elevation Coverage

Once the number of sectors is known, the MAA is designed to optimize the elevation
coverage, which is shaped by the vertical elements. L represents the number of vertical
elements in the MAA. The patch columns of the proposed MAA are integrated using
series feed lines as shown in Fig. 2.22(a); this controls the beam pattern in the
elevation. Conventionally, the series feed array antennas are used for only broadside
beam coverage [105] while in the proposed design a beam tilt is obtained at the operating
frequency by changing feed length. Furthermore, due to frequency dependent beam squint
phenomena present inherently in the series feed network, which is otherwise considered as
a limitation [106], is exploited well by the proposed design to obtain maximum coverage
in the elevation and enhanced SIR.

To synthesize elevation pattern, a higher L value seems a favourable choice to achieve
a narrow beam in the elevation to reduce interference. However, this leads to a bulky
antenna with a large vertical dimension which is not preferred in the targeted applications.
Furthermore, a low L is expected for optimal elevation coverage after observing the
recorded result of M = 2 in Section 2.2.2. Therefore, although a range of L was considered

in the optimization synthesis process, the parametric results of only L = 3 MAA are shown
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Figure 2.21: The SIR distribution and QCA patterns for 1 x M array and (a, b, c) N =6

(d, e, f) N =8 (g, h, i) N = 10.

here for brevity. Since the optimization for the series feed array for elevation coverage is
analytically cumbersome, it is performed by simulations by adopting the hybrid approach
using HFSS EM software.

To design the array column, the series feed lines are meandered in U shape [107] as shown
in Fig. 2.22(a) to reduce the height of the array and the center-to-center inter-element
distance (d,) along the vertical axis. The d, is kept less than 0.5)\¢ to create a traveling
wave like structure, resulting in increased impedance bandwidth [108, 109]. In addition,
the U shape feed line length, [s, is optimized to provide a progressive phase shift, &,
between the array elements vertically so that the beam is formed tilted towards the feed
direction (by an angle ¢4 from the horizon as depicted in Fig. 2.18) in the elevation plane.
0. The

parametric analysis of various series feed parameters are conducted, which are constrained

The required § is evaluated at the operating frequency using kd,cosyy + § =

by the relations due to geometry defined in Fig. 2.22(a) as

ls = 2lg, + sy + 2lsy; dy =2ls, + 15, + 1 (2.26)



CHAPTER 2. QOS AWARE TRANSMITTER ANTENNA SYSTEM 43

A0
0
= 330 0 30
8
s 300 -~ 10 60
5} TN
3 =l
g 4 N G
§- 27014 P 3 90
=25 x ] \ #, :.\.{-"
1) o d =046\ ——d =0.383\ ..x..d =0.305)\ e A
L v 0 4 0 \ o | —
0T g -0421n oo d =0344) o[ =4, =046, upper el-plane
235 v 0 M 0 - = = d =046), lower el-plane
45 5 5.5 6 6.5 Z10 50
Freq (GHz)

(b) (©

Figure 2.22: For elevation coverage (a) L element patch column (b) matching for various
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Figure 2.23: Elevation plane radiation pattern of the two MAA of a sector for various d,
(a),(b) 5.15 GHz and (c),(d) 5.8 GHz.

This by substitution results in the design constraint as
ls =dy — 1)+ 2, (2.27)

where, l5, = 2 mm is set as minimum value due to fabrication constraint and I, = 11.8 mm
is the optimized patch length both are fixed. For analysis, /s, = 1 mm and d,, = 0.5)\g are
initialized which gives [ = 0.5 g — 9.8 mm and subsequently these parameters are varied
for optimization. However, due to design constraint (2.27), a change in d,, corresponds to
a defined change in the [, value when [, is fixed. Therefore, d, remains the only design
parameter for optimization. Initially, the d, is varied for good impedance matching and
broadside gain maximization at 5.8 GHz and the best value d, = 0.46)\¢ and [, = 14 mm
are obtained in the initial step. For these values, the corresponding Si; and radiation
pattern results are shown in Fig. 2.22(b) and 2.22(c) for d, = 0.46)\g. The radiation

patterns are evaluated for the two MAA (upper elevation and lower elevation) consisted in
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a sector which are fed from opposite sides as depicted in Fig. 2.18 and the total coverage
jointly achieved by the two arrays is observed. In the next step, the Iy = 14 mm is
kept constant and d, is varied from 0.46\g to 0.305)\¢ which correspondingly vary [,
following (2.27). The value d, < 0.305)\g is not possible due to fabrication constraints
in the laboratory. The parametric variation of S1; and radiation pattern of the elevation
plane are demonstrated for various d, in Fig. 2.22(b) and Fig. 2.23, respectively. The
plots indicate that a higher impedance bandwidth is achieved for lower d, value, and the
desired bandwidth in frequency range 5 — 6 GHz is achieved for d, = 0.305)\g and [, = 14
mm. Moreover, the upper and the lower beam jointly gives wider elevation coverage at
5.15 GHz and 5.8 GHz as shown in Fig. 2.23. Therefore, the Iy = 14 mm and d, = 0.305X¢
values are selected corresponding to a high impedance bandwidth and enhanced elevation
coverage jointly by the two beams of the vertical arrays. This results in the 3-D coverage
which can achieve higher beam tilts favorable for the nodes located at extreme altitudes

with respect to the access point height.

3-D Coverage with SBOA Antenna

Although the M = 2 is analytically obtained in Section 2.2.2 as the optimal choice for
azimuth coverage, M = 3 is also considered in further investigation using simulation to
verify the analytical results. Therefore, the design optimization through simulations and
radiation characteristics are investigated for three MA As having sizes 3x 2, 2x 3, and 3 x 3.
The corresponding octahedral antenna structures are depicted in Fig. 2.24. The MAAs of
the same sector are fed from the top and bottom edges, respectively, and the layout of the
proposed feeding networks are shown in the inset of Fig. 2.24 for the three designs. For
feeding, the patch columns are integrated horizontally using a T-junction corporate feeding
network to implement a binomial distribution of the excitation coefficients horizontally.
For the 3 x 2 MAA shown in Fig. 2.24(a), the two patch columns are fed using one single
stage equal power divider to obtain [1 : 1] excitation. Whereas, for the 2 x 3 and 3 x 3
MAAs, the feeding network designs consist of three corporate divider stages to implement
[1:2:1] coefficient as illustrated in Fig. 2.24(b) and Fig. 2.24(c). The first and second
stages use three equal splitting networks to realize a one-to-four divider with equal output
coefficients. In the third stage, the two middle feed lines are combined to double the
feeding coefficient of the central patch column to realize the desired binomial excitation

[1:2:1]. The design realization of the proposed antenna is presented next.

Design Realization and Simulation Results

The proposed SBOA is designed in commercial CAD software Ansys HFSS. Each sector
with two MAAs is realized in PCB technology on a dual-sided FR4 substrate (¢, = 4.4, tan
0 = 0.02) having a thickness and copper deposition of 1.524 mm and 35 pm, respectively.
The SBOA is designed to achieve specifications discussed in Section 2.2.2. The MAA and
its feeding network with parameters defined in Fig. 2.24 are optimized. The obtained

design parameter values of the antennas are listed in Table 2.4. The separation between
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Figure 2.24: The Design-O1B and feed network of the MAA (a) 3 x 2 MAA (b) 2 x 3
MAA (c) 3 x 3 MAA.

the two MAAs of a sector is d, = 9.14 mm evaluated to obtain isolation > 20 dB. The three
designs are simulated, and their performances are evaluated. The simulated S-parameter
results are shown in Fig. 2.25. The results are presented for the four adjacent MAAs
Al, A2, B1, B2 and their corresponding MAAs, as defined in Fig. 2.18, are fed with ports
1, 2, 3, and 4, respectively. The simulated 10 dB bandwidth is 1 GHz (5 GHz to 6 GHz)
for all the MAA’s. The isolation, |Sa1|, between Al, A2 (the two MAAs belonging to the
same sector) is better than 27 dB, 23 dB and 26 dB, respectively for the 3 x 2, 2 x 3, and
3 x 3 designs. Moreover, the isolation, |S31| and [S41|, between the MAAs of the adjacent

sectors is better than 30 dB for the three designs. The simulated gain versus frequency
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Table 2.4: The SBOA antenna design parameters (dimensions in mm)

’Array‘ Isy ‘lsﬂls;:,‘ws‘wﬂxw ‘Wg ‘W4‘W5 ‘11‘ l2 ‘ I3 ‘
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2x310.75|2.5| 5 |0.5[0.7[1.65| 2.5 |0.7|1.65| 6 |4.415|2.815
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Figure 2.25: Simulated S-parameter results between MAAs A1, A2, B1, B2 of the SBOA
(a) 3 x2 MAA (b) 2 x 3 MAA and (c) 3 x 3 MAA (d) Gain vs Frequency plot.

variations are plotted in Fig. 2.25(d). The maximum gain variation shown in the desired
frequency range (5.15 — 5.825 GHz) is 3.171 dBi, 1.3 dBi, and 3.173 dBi, respectively for
the three designs. Fig. 2.26 shows the normalized radiation patterns of the three designs.
The azimuth pattern is shown for the cut of inclination 4 containing the direction of
maximum radiation. The radiation characteristic parameters are summarized in Table 2.5
for comparison. The minimum azimuth plane beamwidth is 55°, 40°, and 39° for the
3x 2, 2x3,and 3 x 3 designs, respectively. Therefore, to achieve 360° azimuth coverage,
minimum of eight sectors for 3 x 2 MAA, and nine sectors for both 2 x 3 and 3 x 3 MAA
are required. The overall minimum size of the SBOA with 3 x 2 design is 11.2 x 12.8
cm?. Whereas, if the 2 x 3 design is employed, the SBOA size becomes 16.7 x 13.3 cm?
and for the 3 x 3 design it is 16.7 x 16.3 cm?. Therefore, the SBOA antenna design using
3 x 2 MAA has the smallest size among the three and shows N = 8 which is identical to

analytically optimized value. In addition, the 3 x 2 MAA has lower beam variations in the
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Table 2.5: Simulated Radiation pattern results of the SBOA antennas

Frequency 3 x 2 MAA
(GHz) |Max Gain|Beam tilt|] BW (Degrees) SLL
(dBi) (vq) |Elevation|Azimuth| (dB)
5.15 5.4 42° 66.81 59.24 |—11.56
5.35 7.0 44° 54.46 55.46 |—12.85
5.725 8.2 24° 51.93 58.99 |—-14.87
5.825 8.0 14° 55.84 59.48 |—18.11
Frequency 2 x 3 MAA
(GHz) |Max Gain|Beam tilt|] BW (Degrees) SLL
(dBi) (vq) |Elevation|Azimuth| (dB)
5.15 6.9 48° 57.22 41.12 | —12.2
5.35 8.2 38° 52.71 43.34 |—17.57
5.725 7.5 —12° 90.85 41.84 |—14.32
5.825 7.4 —14° 92.69 40.27 |—14.58
Frequency 3 x 3 MAA
(GHz) |Max Gain|Beam tilt| BW (Degrees) SLL
(dBi) (vq) |Elevation|Azimuth| (dB)
5.15 6.3 42° 61.05 44.02 |—13.08
5.35 8.2 48° 49.40 40.51 |—13.38
5.725 9.1 32° 65.10 39.78 | —12.2
5.825 8.7 28° 72.86 39.62 |—-17.87

elevation plane versus frequency and provides broader beam coverage in the azimuth plane
compared to the 2 x 3 and the 3 x 3 MAA as indicated by the results in Table 2.5 which
corroborate the analytically obtained results of Fig. 2.21(d, e, f). Moreover, the change
in 14 with frequency in the elevation plane for 3 x 2 MAA is most desirable. Thus, to
accomplish the specifications detailed in Section 2.2.2, the SBOA antenna designed using
3 x 2 MAA is a better choice in terms of smaller size, desired radiation pattern, and beam
tilt characteristics compared to the other two MAAs; hence, selected here as the proposed

SBOA antenna for further investigation.

2.2.3 Implementation and Radiation Pattern Measurements

The proposed SBOA antenna with 3 x 2 MAA shown in Fig. 2.24(a) is experimentally
verified. Using MITS PCB prototyping machine, eight sectors each with two MAA copies
are fabricated and assembled together. The final prototype of the proposed antenna is
shown in the inset of Fig. 2.27(a). The antenna is characterized in an anechoic chamber
with the measurement setup shown in Fig. 2.27. In the measurements, a linearly polarized
horn is used as the reference antenna. The S-parameter and pattern measurements
are performed using keysight’s PNA-L VNA. The measured 10 dB bandwidth of the
proposed SBOA antenna is in the frequency range of 4.94 GHz to 5.94 GHz covering the
whole WLAN frequency band, as shown by the measured S-parameter results included in
Fig. 2.28. The results indicate that the measured isolation |Sa;| between Al and A2 is
> 26 dB. Moreover, the measured isolations, |S31| between Al and Bl is > 29 dB and
|S41| between Al and B2 is > 31 dB. Hence, the measured S-parameter results are in

fair agreement with the simulation results. To corroborate the radiation pattern results,
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Figure 2.26: Normalized simulated radiation pattern (a, b, c) elevation plane (d, e, f)
azimuth plane patterns of 3 x 2, 2 x 3, and 3 x 3 MAA respectively.

the measured normalized elevation and azimuth radiation patterns are plotted for various
frequencies in Fig. 2.29 and Fig. 2.30, respectively.

A slight deviation between the simulated and the measured results is attributed to the
fabrication and measurement tolerances. The measured radiation performance of the
proposed SBOA antenna is summarized in Table 2.6. The measured results show an
average BW achieved by one MAA in the elevation and azimuth plane is 50° and 54°,
respectively. Moreover, the achieved beam deflection in the elevation plane increases from
10.8°to 46.8°when the operating frequency band is lowered from 5.825 GHz to 5.15 GHz.
The obtained performance characteristics indicate that the proposed SBOA is a suitable
antenna for 3-D coverage access point applications. To evaluate the communication quality,

an interference measurement study is conducted, and results are discussed subsequently.

2.2.4 Received RF Power Measurements and SIR Evaluations

The outdoor measurement setup to evaluate the performance of 3-D coverage by the

proposed antenna in terms of SIR () is depicted in Fig. 2.27. The SBOA antenna as an
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Figure 2.27: Measurement setup of the proposed SBOA antenna (a) Anechoic chamber
characterization (b) SIR measurements in open space.
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Figure 2.28: Measured and simulated S-parameter results of the the proposed SBOA
antenna with 3 x 2 MAA.

access point transmitter is installed at 4 m height above ground and fed using RF signal
generator (Agilent Technologies E8257D). The user node (receiver) antenna is connected
to the Keysight’s N9915A handheld spectrum analyzer (SA). The transmitting power of
the signal generator is set at 25 dBm, and the received signal strength (Pg,) is measured
using the SA.

Measurements of v in Azimuth Plane on the Ground

The user node is placed on the ground within sector-A and moved away from the SBOA
antenna for 3 m < p < 20 m range at angles ¢ = 0°, 10°, and 20°, the setup is demonstrated
in Fig. 2.27(b). The projected Pgr, from the MAA (A2) covering the azimuth plane and
the interference power from the MAAs (C2 and G2) of the alternate sectors are measured
at 5.8 GHz. The measured signal power and the evaluated ~ values are plotted against p in
Fig. 2.31(a) and Fig. 2.31(b), respectively. The measured transmission range p, satisfying
both, Py, = —37 dBm and ~, = 10 dB together, is achieved as 16.25 m, 15.5 m, and
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Figure 2.29: Normalized elevation radiation pattern of Al of the SBOA with 3 x 2 MAA
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Figure 2.30: Normalized azimuth radiation pattern of Al of the SBOA with 3 x 2 MAA
at (a) 5.15 GHz (b) 5.35 GHz (¢) 5.725 GHz (d) 5.825 GHz

14 m at ¢ = 0°, 10°, and 20°, respectively. The measured results corroborate with the

analytically obtained range observed in Fig. 2.21 of Sec-2.2.2.

Measurements of v in the Vertical Plane

To evaluate the coverage performance for the nodes distributed vertically, the receiver is
moved above the ground at a height (hg,) in a range 0 m < hg, < 25 m within the
sector-A for various distances from the SBOA antenna at p =4 m, 10 m, 15 m, and 19 m;

the measurement setup is shown Fig. 2.27(c). The measurements are carried out at the
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Table 2.6: Measured radiation performance of the proposed antenna

Frequency 3 x 2 MAA
(GHz) Max Gain | Beam Tilt Beamwidth SLL
(dBi) g Elevation | Azimuth (dB)
5.15 4.8 46.8° 63.2° 43.2° —15.8
5.35 7.45 36° 54° 52.2° —16.57
5.725 7.85 18° 41.4° 59.4° —19.37
5.825 74 10.8° 41.4° 61.2° | —16.2
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Figure 2.31: Measured results of (a) Pr, from A2 and (b) v versus p in sector-A at 5.8

GHz.

lower 5.25 GHz and the upper 5.8 GHz bands to evaluate the titled beam coverage.
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Figure 2.32: Pg, value in sector-A from upper MAA (Al) at (a) 5.25 GHz (b) 5.8 GHz.
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Figure 2.33: v value in sector-A (signal from A1) with respect to interference from (a) C1
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Figure 2.34: v value in sector-A (signal from A1) with respect to interference from (a) C1
and G1 (b) C2 and G2 at 5.8 GHz.
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measured Pg, distribution versus hpg, is shown in Fig. 2.32 for the upper MAA A1l as
transmitter at the two frequencies. The measurements indicate that the maximum range
of p within sector-A where the azimuth coverage satisfies Pr, > Py, is observed as 15 m
and 19 m at 5.25 GHz and 5.8 GHz, respectively, therefore, Fig. 2.32 is plotted considering
these upper p limits. Fig. 2.32 (a) shows that the elevation range hr, at 5.25 GHz where
Pry > Py is 0—20.6 m, 4.76—20 m and 8.8—20 m at p = 4 m, 10 m, and 15 m, respectively.
Similarly, at 5.8 GHz, the elevation range hp, noted from Fig. 2.32 (b) is 0—10 m, 0—13 m,
25 -85 m, at p =4 m, 10 m and 19 m, respectively. The corresponding ~ results are
plotted in Fig. 2.33 and Fig. 2.34 by measuring the signal emanating from the A1l of the
intended sector-A and the interference generated by the MAAs of alternate sectors, upper
(C1 and G1) and lower (C2 and G2), employing frequency re-use. The results indicate
that a higher elevation coverage range satisfying (v > ~4,) N (Pgy > Py) is obtained when
C2 and G2 are the interfering MAA’s instead of C1 and G1. The elevation coverage range,
as depicted in Fig. 2.33(b), is 4 — 20.6 m, 4.76 — 20 m and 8.8 — 20 m respectively for
p =4 m, 10 m, and 15 m at 5.25 GHz due to enhanced beam tilt in the elevation plane.
Furthermore, at 5.8 GHz as observed from Fig. 2.34(b), (7 > vn) N (Pry > Pip,) is achieved
in the elevation coverage range 1.7—9 m, 0 — 13 m, and 2.5 —8.5 m at p =4 m, 10 m, and
19 m, respectively, which indicate low beam tilt towards upper elevation plane. Therefore,
the lower frequency carriers around 5.25 GHz are suitable for the nodes positioned at
extreme altitudes, while the higher carriers around 5.8 GHz can be utilized for the nodes
located at intermediate heights. This corroborates with the measured radiation pattern
results of Fig. 13 indicating a higher beam tilt in elevation at lower frequency carriers.

The immediately discussed SIR distribution results for Al as transmitter show that the
overall elevation coverage by Al is easily provided in the range hg, > 4 m, identically,
the A2 covers the lower heights in the 3-D space. Moreover, the results suggest that
the two groups of MAA’s, e.g., A1-C2-E1-G2 and A2-C1-E2-G1, each including four
MAAs from alternate sectors and one operating at 5.25 GHz and other at 5.8 GHz, can
achieve communication coverage satisfying (v > ) N (Pre > Py,) within respective
alternate sectors with maximum elevation range of hr, = 20.6 m and azimuth range of
p = 16.25 m on the ground. These operating conditions enable the projection of eight
simultaneous beams in the 3-D space. Similarly, the other two groups, e.g., B1-D2-F1-H2
and B2-D1-F2-H1, can simultaneously operate over two frequency carriers other than the
frequency channels of A1-C2-E1-G2 and A2-C1-E2-G1 within the operating band, thus,

enables the operation of sixteen simultaneous beams from sixteen MAAs.

2.2.5 Performance Comparison with prior work

The performance of the proposed Design-O1B with the state-of-the-art antenna designs is
compared in Table 2.7 in terms of beamforming technique, 3-dB coverage, gain, SIR, and
SLL. The designs proposed in [39, 41, 40] provide 3D beam switching. However, achieve
maximum beam coverage of 60° in elevation and 360° in azimuth. The immediately

mentioned designs, in general, employ FSS along with several pin diodes for beam
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Table 2.7: comparison with state-of-the-art

[39] [40] [41] [110] [36] Design-O1B
Beam scan 3D 3D 3D 2D 2D 3D
elevation/ adaptive/ switched |switched/ - - switched & beam squint/
mechanism phase shifter FSS FSS RF switch
azimuth/ switched/ switched/|switched/|switched/ |switched/ switched/
mechanism FSS FSS FSS |PIN diode|RF switch RF switch
azimuth coverage 360° 360° 360° 360° 360° 360°
elevation coverage 31° 60° 50° - - 93.6°
sectors cylindrical structure 6 6 4 8 8
simultaneous beams 1 1 1 - 8 16
Peak gain (dBi) 9.2 8.1 5.2 17.25 6.40 7.85
Peak SIR (dB) - - - - 20 17
Peak SLL (dB) -9 - - —6 - —15.8

switching, which increases the system complexity. The full channel capacity is not
utilized in these designs since they generate a single switched beam at a time in 3D
space. In contrast, in [36], the antenna can form eight beams simultaneously, however,
with a limitation of 2-D beam coverage only. Similarly, in [110] antenna is designed
for 2-D coverage. In comparison, the proposed design is able to generate sixteen beams
simultaneously, enabling the coverage of 360° in azimuth and enhanced elevation coverage
of 93.6°. Moreover, the beam squint phenomena is exploited for this enhancement in
elevation coverage and to improve interference performance. The planar PCB design of
sectors makes the design simple to implement. Furthermore, peak SIR and SLL for the
proposed antenna are also competitive to the state-of-the-art designs. In [36], a higher
peak SIR is shown but only for a particular height of the receiver. Moreover, though the
peak gain of the proposed antenna is slightly lower than some of the literature designs, it is
sufficient for the low power access point application and the maximum achieved SIR value
is appreciable for the 3-D coverage antenna which is the real metric for quality assessment.
As described in Section 1.2 of Chapter 1, access point can only provide WPT to IoT devices
that are in close proximity. Consequently, dedicated RF-ETs are necessary to effectively
power IoT devices through WPT within the designated application region. This approach
is essential for ensuring reliable energy delivery to support the functionality of nearby IoT

devices.

2.3 RF Eenergy Transmitter

A dedicated WPT system consists of RF-ETs also called as RF showers and several sensor
nodes integrated with power receivers (Rx). The Rx comprises either a rectenna module
or a SWIPT antenna which converts the incident RF waves into usable DC power for
powering the sensor node. To realize an efficient WPT system, the deployment strategy of
RF-ET depends on the node distribution in a particular application scenario. For instance,
in the vertical farming application for smart agriculture, a large number of sensor nodes
are deployed in 3-D space, as demonstrated in Fig. 2.35. Similarly, several IoT devices

and sensor nodes are distributed in 3-D to realize smart warehouse application. This
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nodes.

forms a 3-D distributed WSN where nodes communicate with each other and the gateway
device. To realize a power-efficient WSN with high node density, the general approach
under communication research includes grouping the nodes into several clusters, each
having a cluster head (CH) with which the local neighboring nodes communicate [47], as
demonstrated in Fig. 2.35. The CHs further communicate with a remote gateway. Indeed,
the power consumption of a CH is several times higher than the rest of the cluster nodes.
Therefore, the CHs require higher power supplies to cater to the need. Further, if the
WPT technique is employed to supply RF power in a 3-D cluster-based WSN of Fig. 2.35,
the RF-ET design should consider the uneven need of the WSN nodes. Hence, the RF-ET
system should distribute microwave power in space such that the CHs receive more power
than the other nodes, and each node receives power above a certain threshold to fulfill
its energy requirement. The latter can be achieved by maximizing the beam collection
efficiency (BCE), which is the ratio of the power received by the rectenna to the total
transmitted power [48]. This chapter presents a switched beam array RF-ET system to
power the proposed 3-D distributed nodes in clustered WSN scenario demonstrated in
Fig. 2.35. Instead of BCE or PCFE at a single node, maximization of 3-D coverage is
taken as the design objective to optimize the subarray elements excitation coeflicient.
A minimum DC power threshold (P;,) constraint is taken in objective function of 3-D
coverage maximization to ensure harvested DC power delivery of at least P, level at all
the sensor nodes within the cluster region. Moreover, the optimal location of the CH node
is analytically derived to minimize the average energy consumption of the sensor nodes
within the WSN cluster.

2.3.1 Analytical Model for Projected 3-D Power Pixel

System Architecture

In this section, the analytical model shown in Fig. 2.37 is discussed to analyze the projected
power pattern over the Rx plane called as power pixel area (PPA). The distance (hy)

between the Tx and Rx plane is varied to analyze the RF power distribution in 3-D
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Figure 2.37: Analytical Model for proposed SBA RF-ET system.

space referred to as power pixel volume (PPV). The Rx plane is divided into N x N
rectangular grids. The proposed RF-ET contains N x N subarrays designed using an
M x M size microstrip patch array (MPA). The subarray-(p,q) directs the RF energy
towards their assigned WSN-cluster-(p, ¢). As shown in Fig. 2.37 two coordinate systems
are used to analyze the projected power patterns over the WSN cluster region. The
radiation pattern of each subarray is formulated in spherical coordinates (r,0,¢). The

Rx plane and the planar subarray are represented in Cartesian coordinate (x,y,z). The
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center of the subarray-i [i = N(p — 1) + ¢] is denoted by (x%,y¢,0), where z = h;. The

relation between the two coordinates is given by

i
r= x2+y2+h?,q§—tan_1<y y‘?),
T — X

(2.28)
0 = COS_l (7“’) R ’l"; = \/(IL‘ — ZL'?.;)2 + (y - y§)2 + h%
S

where, r and r? are the distance of any point on the Rx plane from the origin and the center
of the subarray-i, respectively. The field pattern of single patch antenna in a subarray is
formulated as [103]

sinu
FEy = —FEycosv

sing, Ey = Epcosv PY s cos @ (2.29a)

Bl sin 0 sin ¢ Bw sin 0 cos ¢
v = u =
2 ’ 2

(2.29b)

where, w is the width and [ is the length of the patch, and 3 is the free space propagation
constant at 5.8 GHz frequency. In the literature UHF, 2.45 GHz and 5.8 GHz bands are
primarily used for wireless power transmission application. The low frequency bands offer
high transmission range due to the low free space path loss component. However, the 5.8
GHz is chosen to reduce transmitting antenna aperture area and rectenna size for small
sensor nodes with component efficiency close to the lower frequency band [111]. The total

normalized element pattern, f(6, ¢), is evaluated using (2.29a) as

o= (2)+ (£)

The normalized array factor of subarray-i designed using M x M MPA such that M is

even and antenna elements are symmetrically distributed in four quadrants is evaluated
by [112]

M
AF'(0,¢) =4 wy cos(Bu;) x cos(Sv;) (2.31a)
n=1
u; = (2}, — x%)(sin 6 cos ¢ — sin O cos ¢y) (2.31b)
v; = (v, — y')(sin O sin ¢ — sin O sin ¢y) (2.31c¢)

where, (2!, y!) is the position of element-n in the first quadrant of the subarray-i, (6o, ¢o)

is the beam maxima direction and w,, represents the excitation coefficients. Using (3.4)
and (2.31), the total normalized radiation gain pattern of the subarray-i is given by

i i 2

Gi(0,9) = |AF'(0,¢) x f(6,0)| (2.32)

Received RF Power Evaluation

Considering G* as the maximum gain of subarray-i of size M x M with 7%(0, ¢) as

7
tmax
the distance of the sensor node from subarray-i center which is located at (0, ¢) in a Rx

plane at a distance h; from Tx, the power received by the assigned WSN cluster region is
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evaluated as follows [113]

i 21015 Pl i i Ao !
Prm =a”10 Pt GtmazGt(Gv d))Gr(ga ¢) <47T7"g(9, ¢)> (2338“)
Gimax = Ge X G%Fmax (233b)
|AF"(9,9)I

2 . mll.r (233(3)
17 JTIAF(0,6)|2 sing df d¢

i _
AFmax — am

where, a? and 10% represent shadowing and multipath fading effects, respectively, where
a and ( are the values of the random variables [50]. The directional patterns of the Tk and
Rx antenna makes the line of sight path dominant and hence lowers the scattering losses.
Therefore, a strong line of sight signal path is assumed between the Tx and the sensor
node location resulting in average received power equal to the general friis equation utilized
in [50] for analytical evaluation. P} denotes the power transmitted, G, is the maximum
gain of single patch antenna element, Gf4 Fmae 18 the maximum array factor gain, G0, )
is the normalized pattern of array factor with respect to angular distribution (6, ¢), and
G' (0, ¢) is the receiver antenna gain mounted at the sensor node having a flat top beam
pattern with 1 dB beamwidth of 90° [114].

Harvested DC Power Evaluation

The rectenna module at the sensor node converts the received RF power P!, to dc power

Péc in the 3D coverage region of subarray-¢ which is evaluated as
Péc(n 0, ¢) = n(P7z"$) X Pzw(rv 0, ¢) (2'34)

where, n(P¢,) is the PCE of the rectenna module which is dependent on intensity of RF
power impinging on Rx antenna aperture. Since, the received RF power is dependent
on sensor node position with respect to the Tx. Therefore, n is also a function of sensor
position (r, 6, ¢). Moreover, n is also called the power conversion efficiency (PCE) [115]
and in many existing works is taken as the design objective to enhance the harvested DC

power.

2.3.2 Problem Formulation

In this section, the analytical problem is formulated to maximize the PPV and minimize

the average power consumption in the 3-D WSN cluster.

PPA and PPV Definition

In this work, the 2-D and 3-D coverage denoted as PPA and PPV, respectively, are defined
based on the DC power harvested at the Rx from the RF power received from the Tx.
The parameters are evaluated based on the minimum harvested DC power sensitivity P

to ensure power delivery of at least Py, level at the sensor node location. Mathematically,
PPA and PPV are defined as

PPA = Area Y(x,y,ht) : Pac(r,0,0) > P, (2.35)
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PPV = Volume Y(z,y,z): Py.(r,0,¢) > Py, (2.36)

where, Py is the harvested dc power at the sensor node location.

WSN Cluster Volume maximization

The objective here is to maximize the PPV such that there is no space between the
cluster regions where Py, < Py,. For analysis, P;. = 100uW (—10 dBm) [116] with a
channel tolerance of 0.5 dBm is considered at ultra low power sensor nodes which results
in Py, = —9.5 dBm. A rectifier prototype is designed at 5.8 GHz and its n is evaluated
from DC voltage measured for -11 dBm to 11 dBm input RF power range at 9802 output
load. For analytical evaluation of PPA and PPV, the measured values are curve fitted
as presented in Fig. 2.38. Thus the optimization objective to determine the excitation

Figure 2.38: (a) Fabricated prototyped of the rectifier circuit (b) Measured and fitted 7
vs input RF power for rectifier.

amplitude and phase can be formulated as

max PPV (2.37a)
Poca,,;
st. 0<w, <1,0<600 <0.5m,0< ¢g <27 (2.37b)
i=N?
2 < hy <10, Pogq,, > P, and m Poeq,, = P (2.37¢)

=1
where, Q,; is the PPV energized by subarray-i. The objective function in (2.37a) is
optimized by using the genetic algorithm (GA), which is a population-based meta-heuristic
algorithm. The optimization procedure followed to determine the optimal excitation
coefficients of the Tx subarray is demonstrated by the flowchart given in Fig. 2.39 and

a step-wise description is given below.

1. Initialize 2 < h; < 10, scan parameters 0° < 0y < 90° and ¢¢ = 135°, 90°, and 180°
for SA1, SA2, and SA4, respectively. § = 0° and ¢ = 0° for SA5 since no scanning

is required.

2. Generate the initial population for SA1, SA2, SA4 and SA5, where genes correspond
to the weight (w,,) of the antenna elements such that 0 < w,, < 1.

3. Evaluate the PPA for each member of the population

4. Generate new population from the current population members using the selection,

mutation and elitism process to maximize the PPA.
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5. If the maximum number of generation limit is not reached repeat the procedure from

step-2, else go to the next step

6. Check if there is a non-covered region (Py. < Py,) between the PPA of SA1, SA2,
SA4 and SA5. If present, change the value of 6y, h; and repeat the procedure from
step-1, else save the excitation coefficient values from the previous step providing

maximum PPA.

Initialize 2 < h, <10, 0° < 6, < 90°and ¢ = 135°,90°,and 180° for
SA1, SA2 and SA4, respectively. 6, = 0°, ¢po = 0° for SAS

Generate initial population for SA1, SA2, SA4, and SAS5 where genes
corresponds to the weight of the antenna elements such that 0 < w,< 1

|

Evaluate PPA for each member of the population

|

Generate new population after following evolutionary steps of selection,
mutation and elitism

Max
generation
limit ?

No

No
Change value of 6, , ht

Is
Ni=1,2,45 PPA; = Py

Keep the excitation values for SA1, SA2, SA4 and SA5 from the previous
step

End

Figure 2.39: Flowchart of the Genetic Algorithm to maximize PPV

Optimal CH Location

The average power consumption (P,.,) at the sensor nodes in a WSN cluster-i depends
upon the CH location as the energy consumption increases approximately proportional
to the square of the communication link length (d?). Moreover, CH requires more Py, at
its location to carry out uninterrupted network operations. Therefore, the locus for CH
placement should be along the direction of the main lobe of the Tx radiation pattern. The
objective function to determine the optimal CH location in cluster-i is defined as
N
i P= > P—é.c (2.38a)

vi

Jj=1
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sit. Pl >107"% vpP] €Q, (2.38b)

where, P! is the normalized power ratio which is directly proportional to Povgs d? is the
communication link length between the CH and sensor node-j, P47, is the harvested DC
power at sensor node-j and 7T is the total number of sensor nodes present inside the PPV
of WSN cluster-i.

2.3.3 Analytical Results and Discussion

For the analysis of PPV, nine subarrays (SA1 to SA9) of MPA arranged in a 3 x 3 grid are
considered for the RF-ET system because the lower number of subarrays would provide
lower coverage area whereas the higher number of subarrays will provide insignificant

increase in coverage area due to large scan angles. The Rx plane is also divided into 3 x 3
grid housing nine WSN cluster regions (PPA1 to PPA9) as illustrated in Fig. 2.40. For
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Figure 2.40: Subarray and corresponding PPA distribution for analytical analysis

analysis, P} = 39 dBm, G% = 6 dBi, and G, = 5 dBi are considered in (2.33a) to evaluate
P?_. Moreover, to keep the PPA region symmetrical to the coordinate axes, three pairs
of subarrays viz. (SA1, SA3, SA7, SA9), (SA2, SAR), and (SA4, SAG) are assigned with

mirror excitation considering x and y axis as mirrors.

Evaluation of Optimal Subarray Size

The optimal array size is determined by analysing the PPA for uniformly excited SA5.
The size of the MPA in SA5 is varied from 2 x 2 to 6 x 6 considering 0.5\ inter-element
distance. The variation of %PPA is evaluated for various h; in 10 x 10 m? receiver plane
area is illustrated in Fig. 2.41. It is observed that PP A increases up to a specific h; and
then decreases. At lower h; the RF radiation spread is low, resulting in a small PPA.
The radiation spread increases with h:, and the gain of the Tx compensates for the path
loss. However, after the maximum PPA is achieved, the path loss starts dominating,
resulting in a smaller PPA with further increase in h;. The analytical results shown in
Fig. 2.41 demonstrate that 4 x 4 MPA is the optimal choice for RF-ET system design
for the considered mid transmission range of 2 — 10 m. The 4 x 4 MPA is utilized to
design all the subarrays (SA1-SA9), and the evaluation of optimal excitation coefficients

to maximize the PPV is discussed in the subsequent subsection.
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Figure 2.41: %PPA for SA5 at different h; for 2 x 2, 4 x 4, and 6 x 6 MPA.

Table 2.8: Subarray antenna element excitation coefficients

%PPA

——2x2||

—=—4x4
——06x6|

6 8 10

12

h: (meters)

14 16

18

S.No. SA1 SA2 SA4 SA5
Amp |phase (°) | Amp |phase (°) | Amp |phase (°) | Amp |phase (°)
1 ]0.562| —124.71 {0.537| —117.56 |0.537| —117.56 |0.573 0
2 |0.775| —83.14 |0.708| —58.78 [0.757| —117.56 |0.702 0
3 |0.775| —41.57 |0.708| 58.78 [0.757| —117.56 |0.702 0
4 10.562 0 0.537| 117.56 |0.537| —117.56 [0.573 0
5 ]0.701| —83.14 |0.721| —117.56 [0.791| —58.78 |0.747 0
6 1 —41.57 1 —58.78 1 —58.78 1 0
7 1 0 1 58.78 1 —58.78 1 0
8 10.701| 41.57 |0.721] 117.56 |0.791| —58.78 |0.747 0
9 10.701| —41.57 |0.721| —117.56 [0.791| 58.78 |0.747 0
10 1 0 1 —58.78 1 58.78 1 0
11 1 41.57 1 58.78 1 58.78 1 0
12 |0.701| 83.14 |0.721| 117.56 |0.791| 58.78 |0.747 0
13 |0.562 0 0.537| —117.56 |0.537| 117.56 |0.573 0
14 10.775| 41.57 |0.708| —58.78 |0.757| 117.56 |0.702 0
15 |0.775| 83.14 |0.708| 58.78 |0.757| 117.56 |0.702 0
16 [0.562| 124.71 |0.537| 117.56 |0.537| 117.56 |0.573 0
50
40
<
&30/
=X
207 —#— Uniform Excitation
—&8—Non-Uniform Excitaion
10 ‘ ‘ ‘ ‘ ‘ ‘

4 5
h: (meters)

6

7

Figure 2.42: %PPA for 4 x 4 MPA subarray at various h; for uniform and non-uniform

excitation.

PPA and PPV Analysis

The maximum possible PPV is achieved by optimizing the main lobe tilt angle of all

the uniformly excited SAs.

The maximum h; = 8.6 m is obtained such that there
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is no uncovered region (Py. < Py) between the neighboring PPAs. This ensures full
coverage within the PPV for uniform excitation. Similarly, to further enhance the PPA
and maximize the coverage distance to hy = 8.7 m, the excitation of all the SAs are
optimized using GA. The corresponding optimal excitation amplitude and phase values
of the subarrays are listed in Table 2.8. Moreover, the total enhancement in %PPA by
GA optimized excitation over uniform excitation is illustrated in Fig. 2.42. The results
indicate that initially, PP A increases with h; up to a particular range and then decreases,
corroborating with the analysis done in Section 2.3.3. Additionally, the RF PPA for
the uniformly and non-uniformly excited RF-ET subarrays are demonstrated in Fig. 2.43
and Fig. 2.44 at hy = 7 m which illustrates the enhancement in coverage area using GA
optimized excitation coefficients. The harvested DC PPA from h; = 2 m to hy = 8.7 m

2 2
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2 2
4 -4
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-8 -8
-1 -10

0
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-8
5 -10

5 3 - 1 3 5dBm 5 3 5dBm

5

W

Figure 2.43: RF Power Pixel by 4 x 4 uniformly excited (a) SA1 (b) SA2 (c) SA3 (d) SA4
(e) SA5 (f) SA6 (g) SA7 (h) SA8, and (i) SA9 at hy = 7 m.

are illustrated in Fig. 2.45 which are in line with %PPA vs h; result shown in Fig. 2.42.
The total PPV for the uniform element excitation is 229.57 m? and increases to 261.38 m?
for GA optimized excitation achieving an improvement of 13.86%. The next section
discusses the evaluation of optimal CH location to lower the energy consumption of sensor
nodes in the WSN cluster.

Evaluation of Optimal CH Location

The sensor nodes are assumed to be placed uniformly within the PPV. The optimal
location for CH should be along the radiation pattern peak of the subarray as discussed in
Section 2.3.2, and is demonstrated in Fig. 2.46 (a). First, h; is varied and the corresponding

point on the locus of radiation peak is determined on each plane. In the next step, the
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Figure 2.44: RF Power Pixel generated from GA optimized 4 x 4 non-uniformly excited
(a) SA1, (b) SA2, (c) SA3, (d) SA4, (e) SA5, (f) SAG6, (g) SAT7, (h) SA8, and (i) SA9 at
ht =7 m.
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Figure 2.45: Optimal harvested DC Power Pixel for 4 x 4 non-uniformly excited Tx MPA
at (a) hy =2m, (b) hy =3 m, (c) iy =4 m, (d) by =5m, (e) by =6 m, (f) hy =7 m, (g)
hiy =8 m, (h) hy = 8.6 m and (i) hy = 8.7 m with Py, = —9.5 dBm.

distance of this point is calculated from all the sensor nodes within PPV of the subarray.

This process is continued till the maximum limit for A; is reached. The calculated distances
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Figure 2.46: (a) Cluster head locus for all the power pixel regions generated by 4 x 4 MPA
subarray (b) P, at various h; for SA1, SA2, and SA5.

are utilized to evaluate P, by using (2.38). The point corresponding to the minimum
P, gives the optimal CH location. The variation of P, with respect to h; is plotted
in Fig. 2.46(b). The lowest point of the plots indicate the lowest achievable P,. The
optimal location of the CH for SA1 (—1.6,1.7,7.375) m, SA2 (0,2.3,7.375) m and SA5
(0,0,7.375) m are evaluated using h; and tilt angle of the subarray.

2.3.4 Design Realization and Verification

This section discusses the design and fabrication of subarrays SA1, SA2, SA4, and SA5 of
the proposed RF-ET system. The corresponding PPA values are measured to verify the
analytically evaluated results. The mentioned subarrays are sufficient for validation due

to the symmetrical structure of the proposed RF-ET system as discussed in Section 2.3.3.

Design Process

All the subarrays comprise a 4 x 4 MPA with the interelement spacing of 0.5)\y, and
are designed to achieve radiation pattern characteristics corresponding to analytically
obtained amplitude and phase values listed in Table 2.8. Each subarray is realized on a
dual-sided FR4 (¢, = 4.4, tand = 0.02) substrate having 1.6 mm thickness with 35 pm
copper deposit. The designs are optimized at 5.8 GHz using HFSS to achieve the desired
radiation pattern with reflection coefficient (S11) < —10 dB. Fig. 2.51 shows the prototype
of the subarrays fabricated using the MITS PCB prototyping machine.

Measurement Results and Discussion

The S1; and So; parameter of the subarrays are measured using keysight’s PNA-L. VNA
and are demonstrated in Fig. 2.47 and Fig. 2.48, respectively. The results show impedance
matching better than —10 dB and mutual coupling lower than —40 dB between all the
subarrays at the operating frequency. The radiation pattern and gain of the subarrays are
measured in an anechoic chamber. The patterns generated using analytical equations given
in Section 2.3.1 are compared with the measured patterns. The elevation and azimuth

plane radiation patterns are represented in Fig. 2.49 and Fig. 2.50, respectively. Further,
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Figure 2.47: Simulated and Measured Si; parameter for SA1, SA2, SA4, and SA5.
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Figure 2.48: Measured So; parameter between SA1, SA2, SA4, and SAS5.
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Figure 2.49: Analytical, measured, and simulated elevation plane radiation pattern of (a)
SA1, (b) SA2, (c) SA4, and (d) SAS5.

the simulated and measured gain of the subarrays are listed in Table 2.9. The measurement

Table 2.9: Simulated and Measured Gain values

Subarray SA1 | SA2 | SA4 | SA5
Simulated Gain (dBi) | 11.5 | 12.4 | 13.3 | 13.6
Measured Gain (dBi) | 11.5 | 12.4 | 12.8 | 13.6
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Figure 2.50: Analytical, measured, and simulated azimuth plane radiation pattern of (a)
SA1, (b) SA2, (c) SA4, and (d) SAS5.

setup to measure the PPA at hy = 4 m and 8 m from the sub-arrays is shown in Fig. 2.51.

The subarrays are excited using an RF signal generator capable of generating maximum

Receiver Antenna

Figure 2.51: Measurement setup and subarray (SA1, SA2, SA4, and SA5) designs.

27 dBm of RF power whereas 39 dBm is the required transmit power, which can be
achieved by using a 12 dBm power amplifier. However, due to the unavailability of a power
amplifier in the laboratory, the measurement of the harvested DC is carried out in two
steps. In the first step, the subarrays are excited using an RF signal generator (27 dBm)
and the receiver antenna is connected to a spectrum analyzer (SA) and the received RF
power is measured using the SA. In the next step, the measured received RF power is

scaled up by 12 dBm and the resultant value is generated using the signal generator
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(imitating the operation of the power amplifier) and directly fed to the rectifier circuit to
measure the harvested DC power. Fig.2.52 and Fig. 2.53 demonstrate the measured PP A
in the plane placed at a distance of 4 m and 8 m from the transmitter plane, respectively.

Moreover, the comparison between the analytical and measured PPA range is given in
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Figure 2.52: Measured harvested DC Power Pixel patterns on Rx plane at hy = 4 m from
(a) SA1, (b) SA2, (c) SA4, and (d) SA5.
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Figure 2.53: Measured harvested DC Power Pixel patterns on Rx plane at hy = 8 m from
(a) SA1, (b) SA2, (c) SA4, and (d) SA5.

Table 2.10 and Table 2.11. The x represents the horizontal axis, and y is the vertical axis

and corresponds to the coordinate system given in Fig. 2.37. The results obtained are
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close to the analytically evaluated PP A values. The deviation in results can be attributed

to misalignment and interference from the surroundings.

Table 2.10: PPA range (in m) on a plane at 4 m from Tx

Subarray Analytical Measured
Xmin-Xmaz | Ymin~-Ymaz | Xmin~Xmaz |Ymin-Ymax
SA1 |—2.7t00.4|—0.5t0 2.8 —2.6 to 0.4 |—0.4 to 2.5
SA2 |—-1.5t01.5/—-0.1t03.4| —1.5t01.5 | —0.1 to 4
SA4 —32t00 |—1.5t01.5[—3.7 to —0.1|—1.5 to 1.5
SA5 |—-1.5to1.5|-1.5t01.5| —1.4to 1.5 |—-1.5t0 1.5
Table 2.11: PPA range (in m) on a plane at 8 m from Tx
Subarray Analytical Measured
Xmin-Xmaz |Ymin-Ymaz | Xmin-Xmaz |Ymin-Ymaz
SA1 |—3.3to—0.3| 0.3t03.4 |—3.2to —0.4| 0.1to3
SA2 —1.5to 1.5 1to 4.2 —1.4to 1.5 | 0.6 to 4.3
SA4 —4to—-09 |—1.5to 1.5|—4.4to —1.2|—-1.5to 1.5
SA5 —1.7to 1.7 |—1.7to 1.7| —1.7to 1.7 |—1.5 to 1.6

2.3.5 Comparison with state-of-the-art

The proposed RF-ET antenna design is compared with the state-of-the-art in Table V. The

Table 2.12: Comparison with State-of-the-Art

[50] [51] [117] [53] [55] [56] [115] | This Work
Beam Scan Mechanism|Adaptive|Adaptive|Adaptive|Adaptive| Adaptive |Adaptive|Adaptive| Switched

Design STBF max STBF max Coverage max max max

Objective STBF PCE STBF BCE |Probability| PCE PCE |PPA, PPV
WSN Distribution 2D 3D 2D 2D 2D 2D 3D 3D
Clustered WSN No No No No No No No Yes
Need for complete CSI| Yes Yes Yes Yes Yes Yes Yes No
Frequency (GHz) 5.7 0.920 5.8 0.915 0.920 0.920 5.8 5.8

beam scan mechanism, design objective, and sensor node distribution strategy are utilized
to do the comparative analysis. In the existing designs [50, 51, 117, 53, 55, 56, 115] adaptive
beamforming technique is utilized to either generate a focused beam over each sensor node
for enhanced PCE/BCE or improve the coverage probability by optimizing excitation of
transmitter array elements by utilizing complete CSI obtained from the receiver. The space
time beamforming (STBF) algorithm adopted in [50, 117] optimizes the time interval to
charge the sensor node battery. However, there is a possibility that the previous cycle
of charging is not enough for sustainable operation. Moreover, 3-D distribution of sensor
nodes is not considered for analysis in most of the existing works and if considered [51, 115]
the clustering of sensor nodes is not incorporated which limits the enhancement of WSN
lifetime. The existing RF-ET systems require complete CSI for node localization which
increases system latency in a dense sensor node deployment scenario. In contrast, the
proposed work utilizes the switched beamforming technique to power the proposed 3D

clustered WSN. Multiple subarrays with optimized excitations are utilized to generate
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static beams toward various WSN cluster regions which can be switched on or off based
on sensor node energy consumption requirements within a cluster. The proposed method
does not require any phase shifter, attenuator and CSI making the system design simple

and cost-effective.

2.4 Summary

This chapter introduces the quality aware synthesis of 2-D and 3-D coverage switched
mulitbeam (SMB) multi-sector AP antenna systems to enhance the reliable communication
coverage for IoT applications. The sector-based design of multi-beam AP antenna is
necessary for a densely deployed IoT nodes to achieve high system capacity with 360°
azimuth coverage. However, the neighboring sectors cause high co-channel interference
resulting in a low signal to interference (SIR) ratio and hence degrades the communication
link quality. This leads to frequent packet re-transmissions resulting in increased energy
consumption at the power deficient sensor nodes. The QoS aware array synthesis scheme
incorporates projected power and SIR limits within the antenna design process to maximize
the effective coverage area with acceptable BER for different modulation schemes. The
optimized coverage with reliable communication implies energy saving at the sensor nodes.
Based on the proposed process of coverage optimization, multi-sector AP antenna are
analytically synthesized, and the prototypes are fabricated to validate the results.

The 2-D coverage antenna system designated as Design-O1A is a 10 sector antenna array.
Each sector comprises a 2x3 MAA each configured with 20° tilt angle from the vertical axis.
The maximum radial range of 2m-13m with 360° communication coverage is achieved.
Moreover, high port isolation of 45.95 dB between adjacent sectors enables the generation
of multiple simultaneous beams in the communication region resulting in high system
capacity. The achieved performance indicates that the synthesized Design-O1A using
the proposed scheme is a good candidate for AP in IoT applications. In contrast SMB
multi-sector array antenna designated as Design-O1B for 3-D coverage houses two MAA
to obtain coverage in the upper and lower halves of the elevation region. Moreover, unlike
mechanical tilt Design-O1B leverages frequency-dependent beam squint phenomena to
achieve multibeam coverage in the elevation region. The results demonstrate that a series
fed 3 x 2 MAA meets the desired radiation characteristics effectively. The antenna system
operates within the WLAN band, spanning from 5.15 GHz to 5.825 GHz. It exhibits a
maximum realized gain of 7.85 dBi. The beam tilt varies from 10.8° to 46.8° in the elevation
plane, corresponding to frequencies of 5.15 GHz and 5.825 GHz, respectively. The coverage
obtained is 360° in azimuth and 93.6° in elevation. The high interference suppression
between the MAAs of alternate sectors and high port isolation, enabled frequency re-use
in the 3-D space around Design-O1B to communicate with multiple sensor nodes in IoT
applications.

The access points can only provide WPT to IoT devices that are in close proximity.

Consequently, dedicated RF-ET are necessary to effectively power IoT devices through
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WPT within the designated application region. In this chapter a switched beam array
antenna RF-ET is presented to power the 3-D distributed IoT sensor nodes in clustered
WSN scenario. The synthesis of low-cost switched beam antenna array comprising multiple
subarrays is proposed to power each WSN cluster individually. An analytical model is
presented to evaluate the optimal subarray size for enhanced 3-D coverage. Instead of
BCFE or PCFE at a single node, maximization of 3-D coverage is taken as the design
objective to optimize the subarray elements excitation coefficient. A minimum DC power
threshold (P,) constraint is taken as objective function of 3D coverage maximization to
ensure harvested DC power delivery of at least P, level at all the sensor nodes within the
cluster region. The optimal location of the CH node is analytically derived to minimize
the average energy consumption of the sensor nodes within the WSN cluster.

In addition to Tx systems, Rx design for IoT devices plays a crucial role in achieving
optimal WIT and WPT performance. The following chapter delves into WPT-enabled
receiver systems tailored for ultra-low-power IoT devices. These receivers employ either
rectenna modules or SWIPT antenna systems to facilitate the powering of IoT functions.

Consequently, these designs are essential for realizing a sustainable IoT network.
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Chapter 3

Receiver Antenna for Ultra Low

Power IoT Devices

O-3: Design angular misalignment tolerant rectenna module for ultra-low-power
IoT devices.
O—4: Design a compact SWIPT antenna with wide information bandwidth for

ultra-low-power IoT devices.

The receiver systems in IoT devices utilize either rectenna modules or SWIPT
antenna systems to enable the wireless powering of various IoT functions. Rectenna
modules harvest energy from dedicated RF-ETs positioned within a WPT-enabled smart
application environment. Devices that employ rectenna modules typically integrate a
separate antenna with their communication circuitry for WIT. In contrast, IoT devices
equipped with SWIPT antenna systems do not require a separate antenna for WIT,
allowing for a more compact design.

This chapter provides an analysis of an innovative rectenna designs for angular
misalignment-tolerant WPT. Additionally, we present a novel SWIPT technique featuring

a unique antenna design, aimed at realizing a compact receiver system for IoT devices.

3.1 Angular Misalignment Tolerant Rectenna Module

The major design objective in WPT scheme is to enhance PCE at the Rx. However, to
achieve the above mentioned objective is a challenging task since a Rx can be placed in any
arbitrary orientation, resulting in polarization mismatch between the Tx and the Rx. In
a smart home application, generally the Tx is placed on the ceiling and the Rx is located
at various devices which are randomly placed inside the room as illustrated in Fig. 3.1.
Consequently, polarization mismatch between the transmitter (Tx) and receiver (Rx) is
an inherent challenge. To address this issue, a robust rectenna module that operates
with polarization insensitivity is essential for the receiver in such applications. In our
prior collaborative studies [60, 118], we established that a multisector rectenna module
necessitates eight patch antenna elements to accommodate angular misalignment in the
azimuth plane. However, this configuration proves unsuitable for the aforementioned
application scenario. Furthermore, these designs employ a cumbersome DC combining

strategy, which contributes to an overall bulky system design. In addition, these designs
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Figure 3.1: Application scenario for the proposed polarization insensitive rectenna system

are only capable of half wave rectification of the incident RF waves. This chapter first
inverstigates the validity of the eight patch antenna element requirement and a fully
integrated rectenna array utilizing parallel dc combining technique is proposed to achieve
miniaturization along with polarization insensitive operation. In addition, a novel compact
stacked multi-sector near isotropic coverage rectenna array system (iReAS) is proposed

for IoT applications.

3.2 Multi-Polarized Circular Rectenna Array (Design-O3A)

3.2.1 Single Integrated Rectenna Element

In general rectenna components utilize a matching network (MN) [119], and a dc low pass
filter (LPF) to achieve impedance matching between the rectifier and 50 Q antenna port.
However, the MN and LPF add insertion losses and also increase the overall size of the
rectenna module. Therefore, to achieve miniaturization and reduce the losses the antenna
impedance is conjugate matched with the Schottky diode to maximize the harvested DC
power. The impedance of the Schottky diode (SMS—7621 — 079LF’) is evaluated in ADS
using the LSSP technique and is found to be 25 — 592 Q for shunt diode connection
at —10 dB input RF power. The antenna simulation is carried out using Ansys HFSS
simulation software. The proposed rectenna is designed at 5.8 GHz on a low-cost dual-side
FR4 substrate (¢, = 4.4, tand = 0.002) having 1.6 mm thickness with 35 pum copper
deposition. The proposed rectenna module comprises a circular patch antenna, and two
Schottky diodes, as illustrated in Fig. 3.2. The two shunt connected schottky diodes
are placed on the opposite sides of the circular patch antenna center to realize full wave
rectification. Since each diode harvests every alternate cycles. Moreover, the circular

patch antenna works as parallel plate capacitor to provide the required LPF operation.
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Figure 3.2: Design layout of the proposed single rectenna module.

3.2.2 Circular Integrated Rectenna Array

The proposed multi-polarized rectenna array comprises eight rectenna modules placed at

45° to each other as shown in Fig. 3.3. The dc is picked from the high impedance line (dc

(@ ® ©

Figure 3.3: (a) Layout of the proposed rectenna array, fabricated prototype (b) Bottom
layer, and (c) Top layer.

line) connected in perpendicular to the feed location to achieve high isolation. The dc lines
from all the rectenna modules are connected to the via at the center to provide DC output
connection between the via and the ground plane. The simulated reflection coefficient of
a single rectenna module is evaluated at the port impedance conjugate to the schottky
diode impedance and is demonstrated in Fig. 3.4, showing good impedance matching at
5.8 GHz. In addition, the simulated elevation plane pattern of a single rectenna module
are also evaluated and are shown in Fig. 3.5, showing a tilt away from the center of the
rectenna array. The proposed rectenna achieves the maximum realized gain of 4.2 dBi at
5.8 GHz frequency. Further, the isolation between the rectenna modules is higher than
the desirable 20 dB margin with a small footprint of 1.06 x 1.06\2..

3.2.3 Results and Discussion

The prototype of the proposed circular rectenna array is fabricated and is shown in Fig. 3.3.
The performance of the proposed rectenna array is validated by measuring the RF-DC

conversion efficiency and the harvested dc power patterns at various orientations.The
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Figure 3.4: Simulated reflection coeflicient of the proposed single rectenna module for
conjugate impedance matching.
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Figure 3.5: Simulated normalized elevation plane RF radiation pattern of the proposed
single rectenna module in (a) ¢ = 0°, and (b) ¢ = 90° elevation plane at 5.8 GHz.

detailed results and their description is discussed in the following subsections.

Measurement Setup

The signal generator transmits RF power of 25 dBm through an 8.6 dBi gain horn antenna
(Tx) mounted on an antenna stand. The proposed rectenna array is affixed the turn table

at 1 m away from the Tx as shown in Fig. 3.6. The received RF power at rectenna is

Horizontal
{ Polarized Tx

Figure 3.6: Measurement setup for harvested DC power pattern in elevation and azimuth
plane.

measured using spectrum analyzer and a multimeter is utilized to measure the harvested

DC voltage. The measurement is conducted by placing Tx in both the horizontal and
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the vertical polarization to completely analyze the performance of the rectenna array.
Although, the measurements can be performed by using a circularly polarized Tx antenna.
However, due to resource constraints in the laboratory, the measurement for both the

polarization are carried out separately.

Measurement Results
RF-DC efficiency versus load

The harvested DC voltage is measured across the potentiometer to determine the optimal
load and the RF-DC conversion efficiency (n). This harvested dc power measurement is
conducted for a single rectenna module and the evaluated 7n plotted against varying load
in Fig. 3.7. The results indicate a maximum efficiency of 59.7% is achieved at an optimal
load of 650€2 with 175.8 mV harvested dc voltage.

60 180
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S 170
? 58 f«
9’57 160 &
L ©
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s — RF-DC Efficiency ]
M55, ———-DC Voltage A

54 140

500 550 600 650 700
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Figure 3.7: Measured RF-DC conversion effiency (n) versus load for a single proposed
rectenna element.

DC Pattern Measurement

The DC power pattern of the rectenna array are evaluated in the elevation as well as
azimuth plane to show the performance tolerance against angular misalignment and the
polarization mismatch between the Tx and the rectenna array, respectively. The elevation

plane DC pattern demonstrated in Fig. 3.8 confirms good tolerance against the angular
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Figure 3.8: Measured normalized DC power pattern of the proposed rectenna array for
(a) horizontal, and (b) vertical polarized Tx with Rx rotated in elevation plane

misalignment. Moreover, the harvested dc power variation due to rectenna array rotation
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in azimuth plane is shown in Fig. 3.9 for horizontal and vertical polarized Tx. The results

o

300 60 300

270 90 270

240 120 240

180 180
(2) (b)

Figure 3.9: Measured normalized DC power pattern of the proposed rectenna array for
(a) horizontal, and (b) vertical polarized Tx with Rx rotated in azimuth plane

indicate good tolerance against polarization mismatch and almost uniform harvesting
capability in the entire 360° of the azimuth plane. The slight variation in the harvested
dc power can be attributed to the fabrication and measurement errors.

The rectenna array discussed herein offers tolerance against angular misalignment in the
broadside direction. However, it does not perform effectively in scenarios where the RF
energy transmitter is oriented in the plane or end-fire direction. Therefore, to address
this issue, the rectenna system should exhibit isotropic coverage [57] with respect to the
dedicated RF power transmitter (RF-Tx) for IoT application scenarios like smart homes,
smart offices, smart farming, etc. Moreover, the isotropic coverage is suitable for such
scenarios due to the presence of multipath RF signals and distributed RF-Txs [120]. In
addition, high radiation efficiency [121, 122] with a small footprint is desired to capture

the large portion of the RF waves impinging on the rectenna aperture.

3.3 Isotropic Rectenna Array System Design (Design-O3B)

The proposed isotropic coverage ReAS (iReAS) is simulated on a dual-sided 1.56 mm thick
FRA4 substrate (¢, =4.4, tand =0.02) using Ansys HFSS. The detailed description of the
proposed iReAS is demonstrated in Fig. 3.10, and the design parameters are listed in

Table 3.1.  First, a planar ReAS comprising four radially oriented rectenna elements

Table 3.1: Dimensions of the proposed iReAS.

Parameters Wi | Wo |W3 |Wy |Ws| L1 |Lo|Ls|La|Ls|Le| L7 |d
Dimension (mm)| 3 | 3 | 1 {0.4[0.8|11.7(3.6/6.8| 6 (22| 7 [2.8(8

(ReE) is designed and simulated at 5.9 GHz. A single ReE comprises two radiators, each
having a separate reflector ground. The Schottky diode (SMS-7621-079LF) is connected
between the RF feed lines which are capacitively coupled with the radiator to obstruct
dc backflow into the antenna. Moreover, the feed lines are shorted with their respective
grounds through a A\/4 stub for extracting dc voltage across the Schottky diode to a
10 pF capacitor connected in between the reflector grounds. In addition to providing

isolation between the RF signal and the dc output, the A/4 short stub suppresses the
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Figure 3.10: Proposed isotropic spherical coverage iReAS.

even harmonic components generated by the Schottky diode. To retrieve the dc voltage
across the capacitor for dc combining, reflector grounds are connected to a through-hole
via-in-pad on the top layer. Further, 1.5nH inductors are utilized to connect the via pads
with the output dc terminals, isolating the RF signal in the reflector grounds from the dc
output. The ReEs in each ReAS are connected in parallel and the total dc output from
each ReAS are connected in series to implement the hybrid dc combining topology. The
orientation of the Schottky diode terminals in each ReE is reversed (considering circular
movement around ReAS) with respect to the adjacent ReE. The proposed scheme enabled
simple connection of the positive (+ve) and the negative (—ve) terminals of the adjacent
ReEs, resulting in two radially opposite +ve and —ve terminals. A diagonal metal trace
(+ve dc trace) integrates the radially opposite +ve terminals. Further, using a shorting
via the center point of the +ve dc trace is connected to a dc pad (ReAS +ve terminal) on
the bottom layer. On the other hand, the radially opposite —ve terminals are extended
beside the +ve dc trace and shorted to the center ground (ReAS —ve terminal) to maintain
structural symmetry. Since each ReAS harvest RF power in any random orientation, their

dc outputs are connected in series to achieve high dc output voltage.

3.3.1 Simulation Results and Discussion

The Schottky diode impedance Zq=Rgq+jXq (Rq = 209, X3 = 120Q) is evaluated
using the LSSP and HB technique in Keysight ADS software for —10dBm input power
level at 5.9 GHz. This Schottky diode is selected for its low junction capacitance,
high cut-off frequency, and excellent power threshold efficiency within a low-input RF
power range. The ReAS design is optimized to conjugate match the input impedance
(Zreas =RReas + jXRreas) of each ReE with Zq=Rgq + jXq, as shown in Fig. 3.11 (a).
In addition, the optimal output load is evaluated to 1.5k at —10dBm input power.
Moreover, the design parameters of the ReAS are optimized to realize wide beam coverage
(1dB beamwidth of ~ 90°) along the elevation planes (¢ = 0°, 45°, and 90°), as
demonstrated in Fig. 3.12 (a). On the other hand, the RF pattern in the azimuth plane
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Figure 3.11: (a) Input impedance of a ReE in the proposed ReAS and iReAS, (b) Isolation
between adjacent ReE in iReAS.

(f =90°) has a narrow 1dB beamwidth of ~ 40°, as shown in Fig. 3.12(b). Thus the
normalized gain value of adjacent rectenna elements at the overlapping angle is less than
the required —0.8 dB to achieve uniform azimuth coverage [118]. Therefore, as illustrated
in Fig. 3.10, a second ReAS (ReASy) is placed vertically in mirror position (zoy as reference
plane) and at 45° relative angular offset in the azimuth plane with respect to ReAS;.
The distance d = 8 mm is the minimum space required between the ReAS; and ReAS,
for achieving the enhanced elevation and azimuth plane coverage. Moreover, the space
between the two ReASs can be utilized for integrating power management unit (PMU),
sensors, data processing and RF communication circuitry to realize a compact wireless
sensor node. The 1dB beamwidth of a ReE in the proposed iReAS is enhanced to about

180° in the elevation plane, as demonstrated in Fig. 3.13. In addtion, the azimuth
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Figure 3.12: (a) Elevation plane (¢ = 0°,45°,90°) RF patterns of an ReE in ReAS, and
Azimuth plane (0 = 90°) RF patterns of (b) ReE; and ReEs of single ReAS, and (c) ReEq,
ReEs, and ReEj5 in the proposed iReAS.
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Figure 3.13: (a) ¢ = 0°, (b) ¢ = 45°, and (c¢) ¢ = 90° elevation plane RF patterns of

rectenna ReE1, ReEs and ReEs in the proposed iReAS.
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plane radiation patterns of ReE;, ReEy, and ReEs are demonstrated in Fig. 3.12(c),
indicating a normalized gain value of ~ 1 dB at the overlapping angle. The results validate
the capability of the proposed iReAS to achieve a near-uniform dc power pattern in the
azimuth plane. Further, the Zireas, as illustrated in Fig. 3.11(a) show a small variation
from Zgeas, indicating low mutual coupling between ReAS; and ReASs and is verified by
the isolation plots in Fig. 3.11(b). Although, the maximum gain of a single ReE (Gr.g)
reduces from 5.27 dBi for ReAS to 3.12 dBi in the proposed iReAS. However, the reduction
in gain is compensated by the additional dc output of ReASs along with the advantage of

achieving the desired isotropic spherical coverage.

3.3.2 Experimental Verification

The performance of the proposed system is measured using the experimental setup, as

demonstrated in Fig. 3.14. The iReAS is mounted on a turn table and illuminated with
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Figure 3.14: (a) Experimental setup to measure performance of iReAS, (b) wireless sensor
node operation utilizing power management unit (PMU) with iReAS.

RF waves emanated by a transmitter (Tx) horn antenna positioned at a distance of r=1m.
The RF power (P,=25dBm) is fed into the Tx, having a gain G;=11dBi, using a signal
generator through an RF cable with a loss of L. = 1.8dB. The dc voltage supplied
by iReAS is measured using a digital multimeter and the captured RF received (P,) at
the antenna aperture is evaluated using the Friis transmission equation. Initially, the
open-circuit dc voltage (V7¢) is measured at different orientations in the azimuth and
the elevation planes. The measured V¢ patterns (in dBV) are illustrated in Fig. 3.15.

The results indicate a uniform dc voltage pattern in the 8 = 90° plane, whereas in
the case of elevation plane patterns, the maximum variation in voltage is within 1.5dBV
at certain angles. The measured DC patterns corroborate the RF patterns discussed in
Section II, and any slight deviations can be attributed to fabrication and measurement
errors, indicating near-isotropic coverage. The output DC voltage (Vj.) is measured, and
the PCE is evaluated across different load values (R, = 0.25k2 to 6kS2) for both the
proposed ReAS and iReAS. The results are presented in Fig. 3.16. The measurements
are carried out by placing the Tx in (6 =0°), (6 =180°), and (6 =90°, ¢ =0°) direction
with respect to the proposed iReAS. The 6 = 0° (@ = 180°) corresponds to broadside
direction in upper hemisphere (lower hemisphere), whereas § =90°, ¢ =0° corresponds to

endfire direction. The adopted measurement scheme determine the variation of PCE and
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Figure 3.15: Normalized V¢ (in dBV) (a) § = 90° azimuth plane pattern, (b) ¢ = 0°,15°
and (c) ¢ = 30°,45° elevation plane patterns at 5.9 GHz.
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Figure 3.16: Measured PCE and V. versus Load for proposed iReAS and ReAS with Tx

placed along (a) 6 =90°, ¢ = 0° (b) §=0°, and (c) # =180° direction (d) V. at various
frequencies.

dc voltage from broadside to the endfire direction in 3D space.

The results shown in Fig. 3.16(a) specify the maximum PCE of 45.54% (60.3%) at 2.8 kQ2
(1.6kQ2) load for iReAS (ReAS) with Tx positioned in the endfire direction. Similarly,
in the upper and lower hemisphere broadside direction the maximum PCE is 23.94%
(50.6%) at 1.5k (802€2) load and 22.37% (40.6%) at optimal load of 1.4k (500€2), as
demonstrated in Fig. 3.16(b) and Fig. 3.16(c), respectively. Moreover, the variation in
harvested dc voltage of iReAS is ~1.56 dBV and corroborates the near-isotrpic harvested
V¢ results illustrated in Fig. 3.15. Further, the measurement of dc voltage at different
frequencies is also carried out and are depicted in Fig. 3.16(d). The results specify higher
harvested dc voltage at 5.85 GHz than 5.9 GHz for Tx placed in 8 = 0°,180° direction,
whereas for # = 90°, ¢ = 0° the dc voltages are almost identical at 5.9 GHz and 5.98 GHz.
The results imply close to uniform harvesting capability in 5.85 GHz to 5.98 GHz frequency
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range.

3.3.3 Performance comparison with state-of-the-art

Table 3.2: Performance comparison with state-of-the-art

Freq | Peak RF Combining| V¢ |optimal Near size
(GHz)| PCE | Input | Topology | (mV) | load | Isotropic | (mm?)
(%) | (dBm) (k) |dc pattern
[61] | 242 | 42* |-11.61*| RF |~ 1400| 5.1* No [130x130
X290
62] | 52 | 49+ | —10* DC | ~600| 1.2* No Tx T
parallel x1.56
63] | 58 | 69.1* | —10* DC | ~600 | 128 No [180x130
parallel 0.64** x1.56
Design-| 5.85 - | 61.96* |—11.26* 1.6
esign-| 5.85 - | 61.96 6 DC ~ 1103 6 Yes 60 x 60
O3B 5.98 |45.54** | —9.31** 2.8** x11.12

*single rectenna element (ReE); **complete rectenna system (iReAS)

The comparison of the proposed iReAS system (Design-O3B) with the state-of-the-art
3D coverage rectenna system is illustrated in Table 3.2. The proposed iReAS achieves
near isotropic coverage with harvesting capability in the frequency range of 5.85 GHz
to 5.98 GHz, compared to the single frequency operation of existing designs. In [61],
a five-sector rectenna system is proposed to provide 360° azimuth coverage with each
sector comprising a vertically orientated linear array of four rectangular patch antennas.
Each patch antenna is connected to a four port beamforming network (BFN) for easy
implementation of multi beam coverage in the elevation plane, resulting in a bulky 3D
system design, which makes it unsuitable for small sensor nodes. To overcome the
challenges of a large footprint, parallel dc combining designs [62, 63] have been proposed.
The parallel combining does reduce circuit losses, however, it results in low output dc
voltage and optimal load of the system, rendering it unsuitable for battery-less operation.
In contrast, the hybrid dc combining utilized in proposed design enhances the dc voltage
and optimal load with a smaller footprint. Moreover, the realized single-element efficiency
of 61.96% (P, =—11.26dBm) is close to the reported works. Although the optimal load
(1.6kQ) is less than that achieved in [61] (5.1k2). However, for the complete system
(iReAS) a maximum PCE of 45.54% is achieved at 2.8 k2 optimal load, with only ~ 5%
variation in PCE for 1kQ-5k( load range, as depicted in Fig. 3.16(a).

IoT devices integrated with rectenna modules necessitate a separate antenna for WIT,
leading to a complex receiver design that complicates SWIPT operation. To address this
challenge, we propose SWIPT antennas for ultra low power IoT devices that are capable of
concurrent WIT and WPT operations, thereby enabling a more compact receiver design.
In the subsequent sections of this chapter, we present novel SWIPT antenna designs
developed through an evolutionary design process, incorporating an innovative SWIPT
technique aimed at facilitating battery-less operation of ultra-low-power IoT devices. The
primary focus of these designs is not angular misalignment tolerant WP'T operation but

to create a highly compact system that supports SWIPT using a single antenna element.
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Additionally, the designs are engineered to attain a wide WIT bandwidth comparable to

that of access point antenna systems.

3.4 SWIPT Antenna For Ultra Low Power 10T Devices

The wireless power transfer (WPT) technique has emerged as the most popular choice [12,
119] as it provides easy integration with the existing communication circuitry. Moreover,
sensor nodes collect information related to the surrounding environment and communicate
it with a remote gateway through a wireless information transfer (WIT) antenna. However,
housing two separate antenna modules for WPT and WIT respectively, would result in a
bulky prototype. To smaller their size, several research works have recently been reported
towards implementing simultaneous wireless information and power transmission (SWIPT)
antenna to achieve concurrent data and power transfer to remote sensor nodes [4]. This
chapter proposes and investigates miniaturized integrated SWIPT antenna having high
WIT efficiency, wide WIT bandwidth and high PCE at ultra-low input RF power for WPT
in SWIPT application scenarios. A novel SWIPT technique demonstrated in Fig. 3.17

is introduced, where a SWIPT single antenna system uses frequency splitting and dual
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/j// i
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Signal | Control
WPT | UnitPMU
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Figure 3.17: The proposed SWIPT technique.

polarization techniques, resulting in an integrated, miniature, dual-purpose circular patch

antenna.

3.4.1 System Architecture

A 50 © antenna for WIT at 5.8 GHz (5.7 GHz - 6 GHz) [123], with a bore-sight radiation
pattern is targeted first. It is followed by a direct conjugate-matched, dc-combined, to
fully integrate within the same structure for WPT with optimum PCE at 5.2 GHz, since
low frequencies achieve greater transmission distances (Friis equation) [71]. High isolation
between the WIT and WPT is important since the information signal can leak power into
the rectifier circuit due to mutual coupling; low isolation reduces the information signal
strength, resulting in low communication link quality. A typical application scenario for
the proposed SWIPT antenna is illustrated in Fig. 3.18, which shows a SWIPT-enabled
IoT sensor node informing wirelessly sensed data either directly through a remote gateway

or a mobile drone communication relay. These sensor nodes can harvest RF power from a
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Figure 3.18: Application scenario for the proposed SWIPT antenna.

locally installed static or mobile drone power beacons and be used in vast IoT applications,

including smart homes, smart warehouses, smart farming, smart transportation, etc.
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Figure 3.19: Exploded view of the proposed SWIPT antenna.

3.4.2 Description of Proposed SWIPT Antenna (Design-O4A)

The proposed antenna is designed using Ansys HFSS on FR4 substrate (¢, = 4.4, tand =
0.02) having 1.6 mm thickness with 35 um copper cladding. The rectifier circuit analysis is
carried out in advanced design system (ADS) software. The final design layout is given in

Fig. 3.19, indicating various design parameters listed in Table 3.3. The equivalent circuit

Table 3.3: Dimensions of the proposed SWIPT antenna.

Parameters Wi |Wo| W3 | Wy |Ws \We|L1|Lo| L3 | La | Ls |Le| L7 |Lg|Lg|Lio| L11 | L12 | D | d |gp
Dimension (mm)| 3 | 1 |0.55/0.35/0.55[1.1|11|1.6|5.23|1.37(10.52(9.9|21.25| 2 | 2 | 30 |23.45|27.45(12.2|0.5|0.6

diagram of the proposed SWIPT antenna is shown in Fig. 3.20, detailing its working
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Figure 3.20: Equivalent circuit diagram of the proposed SWIPT antenna.

mechanism. The capacitor C), represents the proximity coupled WIT feed with 7l =
50  input port impedance which can be connected to the transceiver for WIT post
processing. Two co-polarized fringing field harvesters are capacitively coupled to the patch
and represented by capacitors C. with an input port impedance (Z5 = R, + j X, ) that
is conjugately matched to the Schottky diode impedance (Zg = Rg — j X4 §2), which acts
as an RF choke by inhibiting DC backflow to the antenna while permitting the integration
of the FWR to the circular patch. The WPT feed lines are orthogonal with respect to the
WIT feed to achieve high isolation between the WIT and the WPT signals. In Fig. 3.20,
from a transmitter RF waves impinging on the SWIPT antenna generate TM;j;9 mode
current on the circular patch surface. The current direction, denoted by J, (Fig. 3.20),
changes in each subsequent half cycle of the incident RF wave and is noted with two arrows
in opposite direction. Therefore, to convert the RF power every half cycle into usable DC
energy, the two Schottky diodes are connected in mirror symmetry (diode’s anode facing
to the circular patch) with respect to the circular patch center.

Fig. 3.21 shows the current distribution in the SWIPT antenna when diodes Dy and D5 are

) Jsurf
Forward Bias Reverse Bias [mA/m]
D1 A|;)/1 Max 137 240
/,i\\ 137 241}
CrARTESED ; = . 80.623
47.363
i 27.824
o= S 16.346
‘A 9.603
5641
N 3314
1.947
Qz . 1.144
Reverse Bias Forward Bias 0672
Min: 0.672

(a) (b) ()

Figure 3.21: Current distribution on the proposed SWIPT antenna for (a) forward bias of
D1, (b) forward bias of D2, and (c) range.

in excitation. Fig. 3.22 shows the working principle of the FWR by voltage sources Vpi_p2
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Figure 3.22: Working Principle of the FWR in the proposed SWIPT antenna.

having an internal impedance of Rp;_p2. The surface current is excited (J') in patch
antenna during the n'” half cycle of incident RF wave forward bias Schottky diode D;. In
the next (n 4 1*") half cycle, the surface current (J7*!) flows in reverse direction to J7,
forward biasing Schottky diode Dy. In reverse bias conditions, the Schottky diode does not
contribute to the dc output and acts as an open load, indicating high So; and Sy isolation
between the ports. Further, the cathode terminals of both diodes are joined together
through dc connection lines to combine output dc voltage in subsequent half cycles. This
dc terminal grounds through an output load (Ry,) using a A/4 short stub connected to the
anode of each Schottky diodes to provide necessary isolation between the RF signal and
dc output as well as suppress even order harmonics that are generated by the Schottky
diodes [124]. Unlike other literature, the proposed SWIPT antenna achieves FWR by dc
combining a dual half-wave rectification (HWR) out of the two diodes that are integrating
two co-polarized ports of a single circular patch antenna. The step-by-step design process
with a detailed explanation of the evolution of the proposed SWIPT antenna is discussed

in the subsequent subsection.

3.4.3 Circuit Simulation and Design Evolution

The analysis of non-linear rectifier circuit (SMS7621 —079LF Schottky diode) is conducted
using the HB and LSSP technique in the ADS software. These specific techniques facilitate
the characterization of the nonlinear current-voltage characteristics of the diode through
Fourier series expansion. The SMS7621 — 079LF Schottky diode was employed for the
rectifier circuit due to its low junction capacitance, high cutoff frequency, and excellent
power threshold sensitivity for low incoming RF signals [125]. The Schottky Diode SPICE
parameters from the manufacturer’s data sheet[126] allowed us to model it in ADS while
iteratively accounting for the parasitic packaging parameters (L,, Cp,) when the input RF
power was —10dBm at 5.2 GHz frequency. That set the input impedance (Z;=25—575 )
for the design. The 1 k) resistance was taken as reference load to conjugate match the
antenna’s impedance with the Schottky diode impedance [127]. Corresponding to this
impedance, the proposed SWIPT antenna was optimized in Ansys HFSS with conjugate
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impedance matching with Schottky diode impedance. This approach was selected to
reduce insertion losses and the footprint of the overall SWIPT system. The detailed

design procedure is elaborated using a flowchart in Fig. 3.23. To start the design process

Evaluate Schottky diode impedance (Z;) in ADS for FWR
— operation at frequency = 5.2 GHz, input RF power (P;,,) =
— 10 dBm, output load (R,) = 1KQ for L = L, and C = C,

l

Optimize the proximity coupled WIT feed to a circular patch
antenna for impedance matching (S33 < —10 dB) in 5.7 GHz to
6 GHz band

l

Optimize the mirror symmetric capacitively coupled WPT feeds
which are connected to achieve FWR operation with Z2 = Z;,
along with WIT feed matching

Fabricate the prototype of the optimized SWIPT antenna and
measure open dc voltage (V<) at different frequencies

No

Is Vg€ max

— Update L, and C, at 5.2 GHz?

Figure 3.23: Detailed design procedure of the proposed SWIPT antenna.

the initial value of L, is taken as 3.7nH which is the addition of packaging inductance
of the Schottky diode (0.7nH) and the series inductance due to the dc combining circuit
(~ 3nH). On the other hand, the initial value of C), is taken as 0.15pF. The considered
range for L, and C), are 3.5nH to 4nH and 0.05pF to 0.15pF, respectively, resulting in
twenty five iterations of the design process to achieve the conjugate impedance matching at
5.2 GHz. The design evolution of the proposed SWIPT antenna is illustrated in Fig. 3.24.

The proposed antenna comprises a three-layer structure implemented using two FR4

Circular Patch Antenna Substrate 1 <
Capacitive Coupled Feed
/ Shorting Pin—___&__ Substrate 2
( Proximity Feed Line \ -4 \ j ‘
[ 2 @ 4 P
\\‘ / > 1N NS S - <
Step-I
(a)

WIT Port 3

DC Connection Lines

Capacitive Co@u\pled Feed DC Output

=

|
chottky

W o o
WPT Portl Top Layer D 7 Step-Iv
ste-lll N Middle Layer «K YV o
© . N g

Ground

Figure 3.24: Design evolution of the proposed SWIPT antenna.
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substrates (substrate 1 and substrate 2) to achieve wider impedance matching for WIT.
Moreover, a circular patch geometry was preferred as the main radiator as it possesses the
natural ability to reject harmonics (nfy, n € Z) generated by diodes, since it resonates
at frequencies that are non-integer (n ¢ Z) order [128] of the fundamental frequency.
Initially (Step-I), the patch was excited with a proximity-coupled microstrip feed line for
WIT as illustrated in Fig. 3.24(a). The antenna design parameters were then optimized
to achieve the desired impedance (Z!) bandwidth (5.7 GHz-6 GHz) and is demonstrated
in Fig. 3.25 (a) for each evolution step. In step-II, a capacitively coupled WPT feed was

)
=
C;; -35 | |— — —Step-Il smwamrnene Step-1V
————— Step-IIT
-40
5 52 54 56 58 6 6.2 5 52 54 56 58 6 6.2
Frequency (GHz) Frequency (GHz)

Figure 3.25: (a) Simulated reflection coefficient (Ss3) of the WIT Port, and (b) Isolation
(S31) between the WIT and WPT ports at various design evolution stages of the proposed
SWIPT antenna.

cross-polarized with respect to the WIT feed, as shown in Fig. 3.24(c). This arrangement
achieved high isolation between information (WIT) and power signals (WPT) greater than
23dB as confirmed in Fig. 3.25 (b). Moreover, the capacitive coupling technique [129],
between the WIT and the WPT, inhibited dc back-flow into the antenna’s radiator and
enabled good conjugate impedance matching between the antenna’s radiator (Z!) and
the dc rectifier circuit (Zz). A A/4 high impedance short stub transformer [130] was
employed to choke RF signal flowing into the ground while passing dc from the rectifier

to the output load (Rp). In step-III, shown in Fig. 3.24 (c), an additional co-polarized

80 150 0

— — —Step-II — & — Step-1I — — —Step-II
— == Step-IIT —-3-—Step-III &
60 Step: - — Step- 1120

—~~ wereeesees Step-IV «-e-B--+ Step-IV “,.-"'
[ J
_Nv_, __.ssa{})

. . :__@_. 60
5 51 52 53 54 55 5 51 52 53 54 55
Frequency (GHz) Frequency (GHz)

Figure 3.26: (a) Real and Imaginary part of the WPT port input impedance and respective
(b) Si1 at various design evolution stages of the proposed SWIPT antenna.

WPT port 2 was incorporated by connecting a Schottky diode in mirror symmetry to
the one connected to WPT port 1. In the final step-IV, the dc outputs from both
WPT ports 1 and 2 (Fig. 3.24 (c)) are meticulously brought into a single DC Output

terminal using a microstrip line combiner, Fig. 3.24 (d), to achieve a FWR, as described



CHAPTER 3. RECEIVER ANTENNA FOR ULTRA LOW POWER 10T DEVICES 88

in earlier section 3.4.2. Fig. 3.26 (a) shows the real and imaginary part of the WPT
port input impedance at various design evolution stages of the proposed SWIPT antenna.
Fig. 3.26 (b) illustrates the corresponding impedance matching (S11) of the WPT port
using (3.1)

Zy - Z;

S11 = 20logy L
at 24y

(3.1)

for determining the optimal matching of the FWR network. That favored an integrated,
miniature, dual-purpose circular patch antenna operating between 5.7 GHz - 6.0 GHz for
SWIPT using the proximity coupled feed to the radiative circular patch for WIT. The
integrated capacitive coupled feeding network, with FWR, allow to regenerate the opposite
fringing fields from the radiating edges of the patch for energizing IoT sensors by means
of WPT.

3.4.4 Simulation Results and Discussion

The simulated S;; of the circular patch antenna (the WIT) is shown in Fig. 3.25 (a)
(Step-IV curve). It shows an impedance bandwidth between 5.53 GHz - 6.0 GHz for
WIT. In addition, the tailored SWIPT antenna geometry (Table 3.3) allowed the input
impedance of the WPT (29.67+569.43) €2 to optimally conjugate match the FWR network
(25 — j75) Q covering dual-purpose applications in SWIPT. Furthermore, an isolation
(S21) of 24dB at WPT frequency and > 28dB in the entire WIT band of operation
is achieved as illustrated in Fig. 3.25 (b) (Step-IV curve). This helps inhibiting the
leakage of information signal from the WIT into the FWR network for improved SNR
communications while regenerating the opposite fringing fields from the radiating edges

of the patch for energizing IoT sensors. The simulated radiation patterns (normalized)

300° 60° 300°

270° 90°  270°

o —6— WIT with FWR ° ° o
240 — x— - WIT without FWR 120 240 — x— - WIT without FWR 120
s WPT s WPT

—o— WIT with FWR

210° 150° 210° 150°
180° 180°

(a) (b)

Figure 3.27: Simulated radiation pattern (normalized) of the WIT (with and without
FWR) and WPT, for (a) ¢ = 0° and (b) ¢ = 90° elevation plane at 5.8 GHz and
5.2 GHz, respectively.

of the SWIPT antenna in the WIT and WPT modes are depicted in Fig. 3.27 (a) and
Fig. 3.27 (b), respectively. Results show 5.7dBi and 3.65 dBi, respectively for the WIT
(with and without FWR) and WPT. The ¢ = 0° and ¢ = 90° elevation plane patterns for
the proposed SWIPT antenna in the WIT mode (WPT mode) have 3dB beamwidth of 84°
and 92° (100° and 108°), respectively. That corresponded to a high radiation efficiency of
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80.97% for the WPT operation at 5.2 GHz and > 78% for the WIT operation (with and
without FWR).

3.4.5 Antenna Fabrication and Measurement

Fabrication and Measurement Setup

The proposed SWIPT antenna was fabricated using a MITS PCB prototyping machine.
The detailed description of the prototyped antenna is given in Fig. 3.28. The WIT mode

Figure 3.28: Fabricated prototype of the proposed SWIPT antenna.

performance was measured using a Keysight PNA-L (N5234B) VNA. All the measurements
were carried out in an anechoic chamber as illustrated in Fig. 3.43(a). To measure the
WPT mode performance, a horn antenna was used as a transmitter (Tx) and fed by
an RF signal generator. The proposed SWIPT antenna was mounted on the turn table
and at d distance from the Tx horn antenna. The received RF power at the antenna
aperture was measured using a Keysight spectrum analyzer (N9951A), and the harvested
dc voltage measured across the dc output terminals (Fig. 3.28) using a Keysight multimeter
(U1232A). The WPT measurements are carried out in an anechoic chamber as shown in
Fig. 3.43(b). A detailed description of the WPT link budget used in the measurements is
listed in Table 3.4.

Table 3.4: Link Budget parameters

WPT Transmitter and Propagation Parameters

Frequency (f) 5.2 GHz
RF Signal generator power (P) 25dBm
Measured Cable Loss (L_ c) 2.3dB
Transmitter antenna (horn) gain (Gy) 10.5dBi
EIRP (P + Gt — L) 33.2dBm
Distance (d) 1m

Measurement Results and Discussion
Impedance matching and Pattern measurements

The reflection coefficient (S33) of the WIT port was measured by using Keysight PNA-L

and is shown in Fig. 3.30. The measured Sss results reflect good agreement with simulation
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Digital Multimeter

I

Figure 3.29: Experimental setup in an anechoic chamber for measuring (a) the proposed
SWIPT antenna’s radiation pattern, and (b) it’s DC power pattern and PCE.
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Figure 3.30: Measured reflection coefficient (S33) port and output open dc voltage (V§S)
of the proposed SWIPT antenna.

results for the proposed SWIPT antenna that achieves an impedance bandwidth of
5.7 GHz-6.0 GHz. The conjugate impedance matching poses difficulties in measuring FWR
impedance on the Vector Network Analyzer (VNA) in the absence of a balun probe. As an
alternative to validate the conjugate impedance matching of the FWR circuit, harvested
open dc voltage (V§¢) is measured for input RF signals ranging from 5 GHz-6.2 GHz using
the measurement setup shown in Fig. 3.43. The results shown in Fig. 3.30 illustrate voltage
maxima (610.2mV) at 5.2 GHz, demonstrating precise impedance matching of the FWR at
the desired frequency and in agreement with the simulated WPT port impedance matching
(S11) given in Fig. 3.26 (b) (Step-IV curve). The measured radiation patterns of the WIT
are depicted in Fig. 3.31, revealing a commendable alignment with the simulation results

presented in Fig. 3.27. The results indicate a very insignificant effect of the Schottky

0° 0°

330° 30° 330° 30°
300° 60° 300° 60°
270° 90° 270° 90°
° with FWR ° ° with FWR °
240 — — —without FWR 120 240 — — —without FWR 120
210° 150° 210° 150°
0 180° 50 0 180° o0

(a) (b)

Figure 3.31: Measured radiation patterns (normalized) of the WIT in (a) ¢ = 0°, and (b)
¢ = 90° elevation plane at 5.8 GHz with and without Schottky diode.
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Figure 3.32: Simulated and Measured dc power patterns (normalized) of WPT in (a)
¢ =0°, and (b) ¢ = 90° elevation plane at 5.2 GHz.

diode on the radiation patterns, and gains of 5.65dBi and 5.57dBi is noted with and
without the FWR network. The measured ¢ = 0° and ¢ = 90° elevation plane patterns
(for the WIT) have 3 dB beamwidths of 66.7° and 75.6°, respectively. The slight deviation
between the measured and the simulated results can be attributed to fabrication errors.
To verify the simulated radiation patterns, open dc voltage are measured. The output dc
power is proportional to input RF power and the rectifier efficiency [60, eq. (3)] which is
also a function of the input RF power [60, eq. (4)]. Thus, simulated output dc power is
proportional to the square of the input RF power and is equivalent to the square of the
radiation pattern gain. In Fig. 3.32 comparison between the measured and simulated dc

power patterns are shown, which are in fair agreement.

PCE measurements

The harvested dc voltage and PCE of the SWIPT antenna are measured using the
measurement setup shown in Fig. 3.43(b). The received power (FP,) is evaluated using

the Friis formula given in (3.2),
A
P,(dBm) = EIRP(dBm) + G,(dBi) + 201og;, (4d> (3.2)
0

where, GG, is the receiver realized antenna gain, and A is the transmitting signal wavelength,
EIRP is the effective isotropic radiated power and d the distance (Table 3.4). The
evaluated P, is later validated through measurement by the spectrum analyzer for complete
characterization of the WPT. Using the setup of Fig. 3.43(b) and the link budget of
Table 3.4, the P, for the proposed SWIPT antenna was —9.91 dBm. Results with a varied
range between —19dBm to —9 dBm and varied output load (Ry,) of the WPT is plotted in
Fig. 3.33(a) which indicates a maximum PCE of 66.52% with 203.5 mV output dc voltage
(V?CL) at an optimal load of 610 2 corresponding to measured dc power (Py.) of 67.9 pW.

The Py, can be evaluated from the Vdng plots shown in Fig. 3.33 using (3.3) and from
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PCE plots in Fig. 3.34 using (3.4).

(vic*)
Pie(nW) = TR (3.3)
L
Pr(dBm)
Py (nW) = APCE 10( ) 103 (3.4)

Moreover, one Schottky diode was removed to compare the PCE response for a HWR
vs the FWR of the proposed SWIPT antenna. Since the SWIPT antenna was designed
for FWR, the diode removal resulted in a upshifted impedance matching frequency to
5.56 GHz, G, of 5.44dBi and P, = —8.7dBm. A maximum PCE of 41.76% at 552.7Q
load in Fig. 3.33 (a) indicates a significant PCE improvement for the FWR configuration.
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Figure 3.33: (a) Measured and (b) Simulated PCE and harvested DC voltage of the WPT
vs the load.

The simulated output dc voltage and PCE for various output load (Ry) are shown in
Fig 3.33 (b) respectively, indicating a maximum efficiency of 68.3% (30.2%) for FWR
(HWR) at 1.5k (1.75k) for an input RF power of —10dBm at 5.2 GHz. The measured
and simulated PCE with varied input RF power is given in Fig. 3.34 (a) and Fig. 3.34 (b),

respectively. The results show a non-linear increase in PCE and output dc voltage with

80
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Figure 3.34: (a) Measured and (b) Simulated PCE and harvested DC voltage of the WPT
vs input RF power at 5.2 GHz for 6102 and 1.5k{2, respectively.

respect to the input RF power. This input RF power corresponds to the non-linear I — V'
characteristics of the Schottky diode. The difference in the measured and simulated results

can be attributed to the different input RF power levels and optimal output load Rr..
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Isolation measurements

The isolation between the WIT and WPT ports is validated using a two-step measurement
process. In the first step, the proposed SWIPT antenna is incident with a 5.7, 5.8,
and 5.9 GHz RF signal using the measurement setup illustrated in Fig. 3.43 (b) and the
corresponding output open dc voltages (V¢ = 166.6,153, and 114.6 mV). That gave a P,
(—8.81,—8.92, and —9.2dBm) at the antenna aperture using (3.2). In the next step, the
WIT feed of the proposed SWIPT antenna was directly connected to the signal generator
using an RF cable of L. = 1.6 dB loss as shown in Fig. 3.35 (a). The output V)¢, generated

5.7 GHz /
— — —5.8 GHz v

o 166.6 mV, 17.44 dBm V2
O 153 mV, 12.94 dBm A [
¢ 1146 mV, 13.44 dBm |~ -

_-

9 12 15 18 21 24

Proposed Antennal, :
oPE #Hlnﬁ y : Input RF Power (dBm)

(a) (b)

Figure 3.35: (a) Experimental setup to measure isolation between WIT and WPT port of
the proposed SWIPT antenna, (b) Measured output open dc voltage vs RF power input
to WIT feed.

due to coupling between the WPT and the WIT ports was measured using a multimeter
at several frequencies. The results are plotted in Fig. 3.35(b) for effective P, ranging
from 7.94dB to 22.94dB. The results indicate 153 mV open dc voltage for 12.94 dBm RF
input at 5.8 GHz, suggesting coupling of —8.92dBm power and 12.94 + 8.92 = 21.86dB
isolation between WIT and WPT ports. Similarly, the isolation at 5.7 GHz and 5.9 GHz
were 26.25dB and 21.64 dB, respectively. The measurement results show a fair agreement
with the simulated isolation results illustrated in Fig. 3.25 (b) and the small variations

can be attributed to fabrication errors.

3.4.6 Demonstration of Proposed SWIPT Antenna For Energizing IoT

Sensors

A digital clock with voltage and current ratings of 1.1V and 10pA was set with the
proposed SWIPT antenna for demonstration of energizing IoT sensors, as illustrated in
Fig. 3.36. Since the voltage rating was set higher than the open voltage (610.2mV) of
the proposed SWIPT antenna, a power management unit (PMU) was combined with
the SWIPT antenna as depicted in Fig. 3.36 (a). The PMU is ADP5090-2-EVALZ from
Analog Devices which is a plug and play evaluation board for WPT [131]. The complete
diagram is shown in Fig. 3.36 (b) and is an ultra-low power booster regulator incorporated
with charge management and maximum power point tracking (MPPT) features to provide

efficient conversion of the harvested power from 16 pW to 200 mW range [132]. Preliminary
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Figure 3.36: (a) Demonstration of the proposed SWIPT antenna for energizing loT sensors,
and (b) Configuration of the ultra low power boost regulator.

measurements corroborated the capability of the proposed SWIPT antenna to operate

small IoT sensor nodes if integrated with an ultra-low PMU.

3.4.7 Performance Comparison with state of the art

The performance of the proposed SWIPT antenna is compared in Table 3.5 with other

Table 3.5: Performance comparison with state-of-the-art

Parameters [76] [71] [69] (78] [68] [67] [66] Design-O4A
Freq (GHz) 5.8 /6.1/0.868 / 2.4[2.4 /2.4] 24 /24 | 58 /58 [5.2&5.73 /[ 24 /24 | 52/58
WPT/WIT 5.2 & 5.73
WIT Gain (dBi) 7 7.2 5 84-9.6 |4.71 —5.15| 4.22 — 5.68 |3.64 — 4.10 5.7
WPT Gain (dBi) 7.2 1.7 6.4 25-4 |4.71 —5.15|4.22 — 5.68 |4.10 — 4.57 3.6
Total WIT Efficiency| NG 63% 41% |70% — 88% NG NG 90.5% |78% — 80.23%
Min. Port Isolation |, ¢ 30 45 | 10-16 15 15 15 21.64
(dB)
Input RE Power |5 07 | g5 3 2 0.5 5 6 —9.91
(dBm)
PCE @ —9.91 dBm NG 60% 44% 55% 33% < 30% NG 66.52%
DC Combining No No No No No No No Yes
Conjugate Matching No Yes Yes Yes No No No Yes
SWIPT Technique hybrid FS DP DP PS PS either PS | FS + DF? +
Employed or TS dc combine
Rectification half voltage | voltage | voltage half half half full
Method wave doubler |doubler | doubler wave wave wave wave
Electrical size > 0.82 0.74 0.63 0.61 2.5 > 1.57 > 0.984 0.58
(Ao @ WIT freq) x1 %x0.63 x0.63 %x0.61 x10.6 > x1.05 | > x0.432 %x0.53

Abbreviations:- NG: not given; freq: frequency; pol: polarization; PS: power splitting; DP; dual-polarization;

TS: time splitting

state-of-the-art. The designs in [76, 71] use frequency splitting for SWIPT operation, that

achieves a high port isolation (> 25dB) utilizing cross-polarization [76] and dual-mode
operation [71] for WIT and WPT. However, these prototypes have lower PCE and
WIT efficiency than the proposed SWIPT antenna (Table 3.5). Moreover, the matching
network in [76] is more bulky than the proposed one. For instance, the proposed SWIPT
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antenna is 34%-62.51% smaller than the designs presented in [76, 71], respectively. Other
state-of-the-art designs [69, 78, 68, 67, 66] deliver information and power at the same
frequency. The linearly polarized design in [69] has cross-polarized WIT and WPT ports
with isolation of 45 dB but with compromised WIT efficiency and PCE (Table 3.5).
Similarly, in [78], cross-polarized ports are used with dual polarization features. However,
the poor co-polarization and cross-polarization isolation (Table 3.5) between WIT and
WPT indicate information signal leakage into the rectifier (the voltage doubler). The
power split in [68, 67, 66] requires a directional coupler, so that one of the output
ports of the branch line coupler is connected to the rectifier with a matching network
and a dc low pass filter to achieve the WPT operation. This resulted in a large
prototype with lower isolation and PCE compared to the proposed design. Furthermore,
the reported state-of-the-art of Table 3.5 have a partial ground planes, thus, resulting
in platform dependency since the antenna performance changes with the permittivity
materials where it is placed. In summary, driven by the dual polarization [69, 78] and
power splitting [68, 67, 66] techniques for an advanced SWIPT operation, a miniature
integrated antenna having high WIT efficiency, high port isolation, high PCE (from
FWR) for ultra-low power WPT is achieved for SWIPT applications (Table 3.5); making
it suitable for integration with ultra-low power sensors.

Design-O4A can effectively operate an ultra-low power IoT sensor when integrated with
the PMU. However, the amount of power harvested by the PMU is insufficient to drive
the communication circuitry of the sensor node. In addition, the short circuited A/4 line
utilized for providing RF choke and DC connection to the ground resulted in narrrow
band WPT operation. Therefore, further improvement over the Design-O4A are needed

to achieve the complete battery-less operation of the IoT sensor nodes.

3.5 SWIPT Antenna for Dbattery-less IoT Node
(Design-04B)

The Design-O4B is evolved from Design-O4A and is simulated in Ansys HFSS, which is

subsequently fabricated on FR4 substrate (e, = 4.4, tand = 0.02) with a thickness of

1.6 mm and 1 oz copper cladding. HB and LSSP simulation in ADS software is used for
rectifier circuit analysis. The final PCB design layout is shown in Fig. 3.37, denoting

Table 3.6: Design parameters of the proposed SWIPT module.

Parameters w1 |we |ws |we | ws A lo I3 | lg |ls|lg| I7 |lg| d
Dimension (mm)| 1 [ 1 0.5 2 [3.44|11.04|2.956(2.1]4.982| 3|2 (2.35|11|12.8

various geometrical parameters and their respective values as listed in Table 3.6. The
fabricated prototype of the proposed SWIPT design is depicted in Fig. 3.38 (a), exhibiting
various design features and components. The two co-polarized WPT feeds illustrated in
Fig. 3.37 extract RF energy from the circular patch through capacitive coupling. The
input impedance (ZXV PT — R, + jX, Q) of the subsequent WPT ports (depicted as
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Figure 3.37: Design layout of the proposed SWIPT module.
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Figure 3.38: (a) Fabricated prototype of the proposed SWIPT module. (b) Equivalent
circuit diagram

port2 and port3) are conjugate matched with the shunt SBD (SMS7630-079LF) impedance
(Zg = Rg — j X4 Q, Rqg=065.127, X5 =94.421) to achieve maximum RF power transfer
from the circular patch and reduce insertion losses. In addition, the capacitive coupling
restricts backward DC flow into the patch, enhancing the PCE of the module. Moreover,
an inductor L;_s = 1.5nH along with a stepped impedance microstrip line acting as
low pass filter are utilized as a choke to restrict RF signal flow through DC load. As
illustrated in Fig. 3.38 (a), a pair of shunt SBDs are placed symmetrically about the
circular patch (anode terminal of diode connected using the defected ground structure
and a cathode terminal connected to the patch), which resembles the center-tapped FWR
implementation shown in Fig. 3.38 (b). The incident RF waves induce TM;;¢ mode current
on the aperture of the circular patch, resulting in positive voltage at each diode in the
alternate half cycle of the imparted RF waves. For example, as depicted in Fig. 3.38
(b), during the 1¢ half cycle of the incident RF wave shunt SBD D; gets reverse biased
whereas in the 2"? half cycle SBD D is reverse biased. Subsequently, parallel connection
of DC lines ensures coupling of output DC power generated in each half cycle to realize a
fully integrated FWR. For communication, a transceiver module can be connected to the

wIT
Za

proximity-coupled WIT feed having = 50Q port impedance (depicted as portl).

Further, The cross-polarized arrangement of WIT feed and WPT feed lines ensures high
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isolation between the information and power signals.

3.5.1 Results and Discussion
Measurement Setup

The WPT and WIT performance of the module is measured in the anechoic chamber. The

experimental setup shown in Fig. 3.39(a) is used for measuring the WPT performance

Proposed Module Dedicated RF Y l .
- E WPT to
im 2 nergy Tx (((0))) SWAP
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Figure 3.39: (a) Experimental setup, and (b) battery-less operation mechanism of the
proposed SWIPT Module.

parameters at 5 GHz frequency. The proposed module is placed on the turn table and
exposed to RF waves originated by the transmitter (Tx) horn antenna situated at » = 1m
distance. The RF power (P, = 25dBm) is input to the Tx having gain G; = 10dBi
from the signal generator via an RF cable having insertion loss of L. = 2dB, resulting
in EIRP (P, + Gy — L.) of 33dBm. The path loss calculated from the Friis equation is
—46.92 dBm, and the overall harvested DC voltage is measured using a digital multimeter.
In contrast, the reference transmitter and the proposed antenna are connected to a
Keysight PNA-L network analyzer N5234B integrated with the anechoic chamber for
measuring RF radiation patterns. The battery-less operation mechanism of the WSN
depicted in Fig. 3.39(b) is utilized to validate the performance of the SWIPT module.

WPT Performance Measurement

The simulated reflection coefficient (S1;) for port2 and port3 is plotted in Fig. 3.40(a).
The results imply conjugate impedance matching between the simulated ZV T = 46.79 +
J115.77 Q0 and Z; at 5 GHz frequency. This is verified by the peak open dc voltage
(Vi) of 557mV at 5GHz in the V)¢ versus frequency measurement result shown in
Fig. 3.40(a). Further, the normalized simulated and measured DC power patterns for
the WPT port are illustrated in Fig. 3.40 (b) for ¢ = 0° and Fig. 3.40(c) ¢ = 90° elevation
planes with maximum simulated radiation gain of 4.26 dBi in broadside (6 = 0°,¢ = 0°)
direction. The results suggest a good agreement between the proposed module’s simulated
and measured WPT radiation characteristics. Further, to determine the WPT capability,

the output DC voltage (Vg.) is measured using the measurement setup shown in Fig. 3.39
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for varying output loads at input RF power (P, = EIRP + G; + G, — L,) of —9.1612dBm
and 5 GHz frequency. The corresponding PCE is evaluated and the results are plotted in
Fig. 3.41 (a), revealing a maximum PCE of 74.5% at an optimal load of 700 2, providing
91.44 W maximum harvested DC power. Further, V. for varying P, is measured and the
respective PCE values are calculated. The corresponding results are plotted in Fig. 3.41
(b), suggesting a non-linear increase in PCE and Vj,. with respect to P, which is due to

the non-linear characteristics of the SBD.
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Figure 3.40: (a) S11 and V¢ vs frequency (b) normalized DC power pattern at 5 GHz in
¢=0°, ¢=90° elevation plane.
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Figure 3.41: (a) PCE and harvested DC voltage variation with load, (b) PCE and V¢
variation with input RF power

WIT Performance Measurement

The simulated and measured reflection coefficient (S;;) at portl are illustrated in
Fig. 3.42(a). The results specify (S11 < —10dB) in 5.15 GHz-5.72 GHz frequency range
with simulated S91 > 25dB at 5GHz and > 18dB in the entire 5 GHz WiFi band.
The maximum realized gain of G, = 5.37dBi is achieved at 5.42 GHz with < 1dBi
variation across the WIT operating band with radiation efficiency > 78.5% as depicted
in Fig. 3.42(b). The bit error rate (BER) as a function of SNR was measured across
different frequency channels for portl using the USRP B210. The results, as illustrated
in Fig. 3.42(c), pertain to BPSK modulation and demonstrate the effective operation of
the proposed SWIPT module within the 5 GHz WiFi band. The data indicate that the

proposed module performs well in maintaining low BER [133], confirming its suitability
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Figure 3.43: WIT radiation pattern at 5 GHz in (a) ¢=0° (b) $=90° elevation plane.

for WIT. In addition, the simulated and measured WIT radiation patterns are illustrated
in Fig. 3.43. The results indicate 3dB beamwidth of >88° (>92°) in ¢ = 0° (¢ = 90°)

plane, with almost similar radiation pattern in the entire WIT band.

Validation of Battery-less WSN Operation

A sensor beacon is integrated with the proposed SWIPT module through a power
management unit (PMU, Analog Devices ADP5092-1-EVALZ) [134] having cold start
voltage of 380mV to confirm its capability to provide battery-less autonomous WSN
operation. Due to the limited availability of low-power WSN working in 5 GHz WiFi
band, a solar-powered IoT device kit (S6SAE101A00SA1002) [135] working at 2.45 GHz is
utilized to demonstrate the design’s potential for powering low-power 5 GHz Wi-F1i sensor
beacons. The kit includes a BLE gateway and a battery-less BLE beacon. The gateway
is connected to the PC for logging sensor data received from the sensor beacon, which
requires 103 pW-158 ptW power for transmitting sensor data to the gateway in every 6s
time interval. Table 3.7 shows the BLE sensor beacon data log, exhibiting four data
frames containing temperature and humidity sensor data being transmitted in every 6s
interval after PMU boosts the input voltage to 3.3V, which takes approximately 20s
time interval. The BLE beacon again transmits four data frames containing sensor data,
and this continues until the proposed module is illuminated with RF radiation at 5 GHz.
Moreover, the sensor beacon transmits a single data frame every 35s when the module
is illuminated with RF radiation at 4.9 GHz and 5.1 GHz, confirming WPT operation in
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Table 3.7: BLE sensor beacon data for WPT at 5 GHz.

Time Type Temp | Humidity Time Type Temp | Humidity
15:03 : 26 | BLE Beacon| 23.8 52 15:04 : 59 | BLE Beacon| 24.5 52
15:03 : 47 | BLE Beacon| 23.8 52 15:05: 05| BLE Beacon| 24.5 52
15:03 : 53 | BLE Beacon| 23.8 52 15:05: 26 | BLE Beacon| 24.5 52
15:04 : 06 | BLE Beacon| 23.8 52 15:05: 32| BLE Beacon| 24.5 52
15:04 : 13| BLE Beacon| 23.8 52 15:05: 39| BLE Beacon| 24.5 52
15:04 : 33| BLE Beacon| 24.5 52 15:05: 45| BLE Beacon| 24.5 52
15:04 : 39 | BLE Beacon| 24.5 52 15:05: 52| BLE Beacon| 24.5 52
15:04 : 46 | BLE Beacon| 24.5 52 15:06: 12| BLE Beacon| 24.5 52
15:04 : 52| BLE Beacon| 24.5 52 15:06 : 18 | BLE Beacon| 24.5 52

4.9 GHz-5.1 GHz band.

3.5.2 Performance Comparison

The battery-less operation of SN has been presented in [136] for structural health
monitoring. It is designed for WPT operation at 868/950 MHz and lacks WIT capability.
The large footprint makes the design unsuitable for integration with SN. Moreover, it
harvests V;° = 431 mV for —10dBm input RF power, which is considerably lower than
the proposed work’s open-circuit DC voltage of 557mV. In contrast, portl of the proposed
SWIPT module can also be integrated with a suitable low-power 5 GHz WiFi module in

the future for information exchange.

Table 3.8: Performance comparison with state-of-the-art

Parameters [137] [138] (78] Design-O4A | Design-O4B
Freq (GHz) 418 —6.76 | 5.45—6.5 9.4 5.53 — 6.0 / 5.15-5.72/
WIT/WPT 5.2 4.9-5.1
Gain (WIT/WPT) 8.4—-9.6/ 5.7/ 5.37/
(dBi) i i 2.5—4 3.6 4.26
WIT Efficiency - - 70% — 88% | 78% — 80.23% 78.5%
PCE 53.1% 51.0% 74% 66.52% 74.5%

@ 0dBm @ 0dBm @ 2dBm @ —9.91dBm | @—9.16 dBm
Isolation (dB) < —15 < -15 < —4 < -21 < -21
Conjugate Matching No No Yes Yes Yes
Rectification Topology Half Wave Half Wave Full Wave Full wave Full wave
SBD Connection Shunt Shunt | Voltage doubler Series Shunt
Topology
Polarization Mode All Polarization| LP, CP DLP LP LP
SWIPT HC + PS PS DP FS+DP FS+DP
Technique +DC Combine | +DC Combine
Feature size (mm?2) 75 x 70 90 x 53 110 x 110 31.64 x 28.89 37 x 28.6
Battery-less No No No No Yes
WSN operation

Abbreviations-: HC:hybrid coupler; PS:power splitting; DP: dual-polarization; FS: frequency splitting, LP: linear
polarization; CP: circular polarization; DLP: dual linear polarization.

The performance parameters and design features of the proposed module have been
compared with the present state-of-the-art SWIPT modules [137, 138, 78] and Design-O4A
as listed in Table 3.8. Although the use-case scenarios for these comparative works are

in the fields of wearable rectennas and other IoT node operations, Table 3 efficiently
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provides a concise overview of the advantages of the proposed work. Most of the works
except Design-O4A are designed for high-input RF power, which is not applicable to
ultra-low-power IoT sensor node applications. The data indicates an improved working
frequency range as compared to Design-O4A for both WIT and WPT operations with
similar realized gain values. The increased WPT operational bandwidth of 200 MHz
(4.9GHz — 5.1 GHz) could be attributed to the elimination of the A/4 stub which causes
narrow-band operation [140]. A peak power of 91.441W is harvested at optimal load of
7002 in comparison to 68 tW harvested in Design-O4A with nearly the same antenna
footprint. Moreover, a substantial improvement of 8% in PCE is achieved, enabling

battery-less SN operation.

3.5.3 Relevance to Sustainability

Future 6G communication systems aim at providing energy efficient and sustainable
wireless sensor networks (WSN) [141]. Sensor nodes (including IoT) house small batteries
limiting the lifespan of WSN and their large scale deployment increases the maintenance
costs from vast battery replacements. Therefore, energy harvesting (EH) is envisioned as
the indispensable technology component of 6G networks for realizing zero-energy wireless
sensor nodes to deploy sustainable IoT applications.Therefore, the proposed SWIPT
antenna uses a WPT technology that is perceived as the most suitable choice for EH
due to its compact implementation [12] and easy integration with WIT communicating
devices; energizing IoT sensors for battery waste/carbon foot print reduction with greener

wireless communications.

3.6 Summary

This chapter explores the design of a multi-sector rectenna array system (ReAS) aimed at
addressing the angular misalignment challenges encountered in smart home environments.
In such applications, the RF energy transmitter is typically mounted on the ceiling, while
sensor nodes, each equipped with a rectenna module, are dispersed throughout the 3-D
space in various orientations. The investigation focuses on overcoming the alignment
issues between the transmitter and the sensor nodes to ensure efficient WPT and reliable
operation within the smart home context.

Initially an eight sector ReAS designated as Design-O3A comprising circular patch antenna
in each sector is investigated. The antenna elements are sequentially rotated by 45° with
each integrated with two shunt Shottky diodes symmetrically about the center point of
the patch. The antenna and Schottky diode impedance are conjugate matched to reduce
insertion loss. Moreover, the DC outputs form each rectenna element are connected in
parallel using a high impedance microstrip line perpendicular to the orientation of the
Schottky diode connection to achieve high isolation between the RF signal and DC output.
The Design-O3A provides angular misalignment tolerant WPT only against rotation in its

own plane. Therefore, an isotropic coverage ReAS (iReAS) is needed to achieve angular
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misalignment against rotation in any plane. The Design-O3B which is an eight-sector
stacked rectenna array system (ReAS), incorporates incorporates a new Schottky diode
connection strategy to simplify the integration of the rectenna elements. The system
utilizes a hybrid combining topology and conjugate impedance matching of rectenna
elements with Schottky diode impedance. This reduces circuit losses and enhances system
power conversion efficiency. Additionally, the hybrid combining scheme improves the
output dc voltage and the optimal load. Moreover, after integration with the power
management unit Design-O3B provides sustainable battery-less operation of an IoT sensor

node.

This chapter also presents two SWIPT antenna designs Design-O4A and Design-O4B.
The proposed antennas incorporate a proximity coupled feed to the radiative circular
patch for WIT and an integrated capacitive coupled feeding network, with FWR, using
regenerative opposite fringing fields from the radiating edges of the patch to energize IoT
sensors through WPT. For the realization, two co-polarized fringing field harvesters are
capacitively coupled to the radiating edges of the patch to regenerate those opposite fringes
whose currents are effectively matched to the FWR using a pair of Schottky diodes for

DC energy generation.

The Design-O4A provides WIT operation in 5.7 GHz-6 GHz band and WPT functionality
at 5.2 GHz. It can effectively operate an ultra-low power [oT sensor when integrated with
the PMU. However, the amount of power harvested by the PMU is insufficient to drive
the communication circuitry of the sensor node. The short circuited A/4 line utilized for
providing RF choke and DC connection to the ground resulted in narrrow band WPT
operation. In addition, the high impedance DC combining lines utilized for implementing
FWR and providing the necessary conjugate impedance matching affected the radiation
pattern of the circular patch. Therefore, another SWIPT antenna Design-O4B is proposed
to achieve the complete battery-less operation of the IoT sensor nodes. At first glance,
Design-O4A and Design-O4B may appear similar; however, a closer examination reveals
several key differences that contribute to the superior performance of Design-O4B in terms
of WIT and WPT. These differences, which enhance both WIT and WPT performance,
underscore the advantages of Design-O4B over Design-O4A.

The Design-O4B similar to Design-O4A comprises of a circular patch antenna explicitly
designed to efficiently operate ultra-low-power sensor nodes. It integrates frequency
splitting and dual polarization techniques to achieve high isolation between WIT and
WPT signals, resulting in negligible leakage of information signal into the rectification
circuit. It features an extended WIT bandwidth of 570 MHz (from 5.15 GHz to 5.72 GHz)
and operates WPT across a wide frequency range of 200 MHz (4.9 GHz to 5.1 GHz) with
high PCE. In contrast to series Schottky diode connection in Design-O4A, the shunt
topology incorporated in Design-O4B provided enhanced PCE at ultra-low input RF
power. In addition, an innovative DC-combining technique in coordination with a stepped
impedance microstrip line low pass filter further enhances PCE and realizes completely

integrated FWR. Moreover, the conjugate impedance matching between the antenna and
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the Schottky diode reduces the insertion losses resulting from the matching network.
Additionally, the circular patch has the inherent capability of rejecting the harmonics
generated by the Schottky diode. The high bandwidth can be attributed to the defected
ground structure utilized to integrate the Schottky diode with the antenna. The harvested
power successfully energizes a Bluetooth Low Energy module for battery-less operation
upon integration with the power management unit. Thus, Design-O4B has the potential
to be successfully deployed for autonomous sensing and communication applications in
isolated environments, such as cold storage for vaccines and food warehouses.

The QoS aware Tx and Rx antenna systems discussed thus far enable efficient SWIPT
operation in IoT networks. However, when IoT sensor nodes are positioned at significant
distances from the access point, transmitting information over such long distances can
lead to substantial power consumption in power-constrained IoT devices. Additionally,
the prevalence of multipath effects in remote locations results in degraded communication
link quality.

In these scenarios, relay nodes play a crucial role in facilitating energy-efficient
communication with high data rates and improved spectral efficiency. By employing
cooperative relaying techniques, relay nodes mitigate the adverse effects of path loss
and signal fading while enhancing overall network coverage. The subsequent chapter
will discuss a SWIPT antenna system designed for relay nodes, aimed at realizing an

energy-efficient and sustainable green IoT network.
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Chapter 4

SWIPT Antenna System For Relay
Node

O-5: Design a practical SWIPT relay node capable of wideband WIT with an access
point and IoT devices, while also supporting WPT to recharge its battery.

The 5G and beyond 5G (B5G) wireless communication networks need to achieve
energy-efficient green communication with high data rates and spectral efficiency [6].
Cooperative relaying (CoR) communication can be employed to enhance the range, and
reliability of information transmission [84]. CoR reduces the adverse effects of path loss
and signal fading, enhancing the coverage area and system capacity. WPT and SWIPT
have emerged as promising techniques to recharge battery-assisted relay nodes (RNs) in
IoT applications for achieving energy-efficient and sustainable communication [85, 86,
87, 88, 89]. The antenna systems at RNs must provide wider beam coverage to realize
wireless information transmission (WIT) with the transmitter (Tx) as well as a receiver
(Rx) [90]. Hence omnidirectional radiation pattern appears to be the ideal choice to achieve
the desired communication links. However, multi-antenna systems with beamforming
capability are highly desirable for RNs to reduce multipath fading and interference to
enhance the spectral efficiency [91]. Moreover, multiple antennas enhance the harvested

DC power due to an increase in the captured RF power.

4.1 System Architecture

The proposed SWIPT antenna array (SAA) has wide impedance bandwidth, providing
WIT operation in both the lower (5.15GHz — 5.35GHz), and upper (5.725GHz —
5.825 GHz) 5GHz WiFi band. The radiation pattern of the antenna array can be
reconfigured in the entire WIT band to achieve the desired wide beam coverage in the
application region. In addition, the RF power is harvested by each antenna element at
5 GHz through a directly integrated conjugate-matched FWR circuit. The DC outputs
from each antenna element within the array are connected in parallel to enhance the
output power with negligible combining losses. In addition, large isolation between the
WIT and WPT is highly desirable since the information signal can leak into the rectenna
circuit, reducing the strength of the received and transmitted WIT signal. To enhance

the desired isolation, frequency splitting technique along with orthogonally polarized feeds

105
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are utilized for WIT and WPT signals. A typical application scenario where the proposed
SAA can be deployed is illustrated in Fig 4.1, demonstrating multiple SWIPT-enabled RNs
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Figure 4.1: Application scenario for the proposed SWIPT antenna array.

equipped with multiple antennas having switched beam patterns to process data received
from the Tx and forward it to the Rx or vice-versa. In such a scenario to achieve robust
communication link RNs with zero information error should be activated for relaying the
information whereas the ones with errors should only be allowed to harvest RF energy to

recharge their batteries.

4.2 Proposed Reconfigurable SWIPT Antenna Array

The proposed antenna system is designed in Ansys HFSS on FR4 substrate (e, =
44,tand = 0.02) having 1.6 mm thickness and 1 oz copper deposit. The Keysight Advanced
Design System (ADS) software is used for the analysis of the rectifier circuit. The design
layout of the proposed SAA is illustrated in Fig. 4.2 and the geometrical dimensions are
recorded in Table 4.1.

Table 4.1: Dimensions of the proposed SWIPT antenna.

Parameters W1 |Wao |Ws|Wy|Ws|We| W7 | Ws | Ly | Lo |L3|Ly4|Ls| Le |L7| Ls | L9 |Lio|L11|L12| d
Dimension (mm)| 1 | 1 |0.5| 2 [0.3| 1 |1.35]0.55[10.9|1.35|2.1| 3 | 2 |2.35| 1 |36.72|27.69|13.1|5.9 |6.74|12.6

4.2.1 WIT Design Configuration

The array consists of four SWIPT antenna elements (SAE;_4) excited by a
proximity-coupled WIT feed as depicted in Fig. 4.2(a). The SAEs are arranged radially
such that each adjacent pair of SAEs has a spatial phase difference (¢spp) of 90°.
Moreover, the corresponding WIT feeds are integrated with a reconfigurable feed network
(RFN) for switching between various combinations of excited SAEs. The fusion of ¢spp

with RFN gives rise to fifteen different modes of operation. This enables the realization of
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Figure 4.2: (a) Complete design layout, (b) Top layer, (b) Middle layer, and Bottom layer
of the proposed SWIPT antenna array.

pattern, polarization, and spatial diversity for WIT, which consequently helps in improving
the communication link quality.

The various design features and circuit components utilized in the RFN are outlined
in Fig. 4.2(a) and Fig. 4.2(c). The RFN comprises a center coaxial feed that excites
four reconfigurable feed lines (RFL;j_4), each feeding an SAE. The RFL consists of two
P-I-N diodes (SMP1345-079LF) (depicted as D;2) to enable switching between different
modes of operation, and two microstrip feed lines (FL;_2) to achieve necessary impedance
matching. The P-I-N didoes are biased using a DC biasing circuit consisting of two
inductors (Lg 3 = 5.1nH), two capacitors (Ca3 = 100 pF), and two DC biasing lines for
connecting DC supply through terminals T; and T9. The L and C pairs (Lg,C2) and
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Figure 4.3: (a) Equivalent circuit diagram of an SAE in the proposed SAA for WPT
operation, and (b) Paralle DC combining of SAE;_4.

(L3, C3) are connected to DC terminals T; and Ts, respectively to provide necessary
low-pass filter operation for isolating RF signal from the biasing circuit. In addition, the
coaxial feed is connected to each RFL through a DC blocking capacitor (C; = 1pF) to
isolate the center feed from the biasing circuit. The RFL is configured to work either in
high-impedance or SAE excitation mode by switching the P-I-N diode state. It acts as a
high impedance line when D; is ON and D is OFF. This is achieved by connecting T
to the positive terminal of DC supply and shorting Ts to ground. It can be switched to
SAE excitation mode by swapping Ty and Ty terminals, which changes the state of Dy
to OFF and D5 to ON state. The P-I-N diode is equivalent to a 1.5} during ON state
and act as 0.2pF in the OFF state [67]. Since each RFL has two states, a total of 16
modes are possible, one being an idle mode where no SAE is excited resulting in a total
of 15 radiation modes. The detailed description of the reconfigurability achieved by the

proposed SAA and the corresponding performance results are discussed in Section 4.3.

4.2.2 WPT Design Configuration

The various WPT design features of the proposed SAA are shown in Fig. 4.2(b) and
Fig. 4.2(c). The RF power incident over the circular patch within an SAE is extracted
using two co-polarized capacitively coupled WPT feeds. The input impedance (Z =
R, + 37X, Q) at corresponding WPT ports are conjugate matched with the shunt Schottky
diode (SMS7630-079LF) impedance (Zg= Rq — j X4 ) for maximum RF power transfer
from the circular patch and reduce insertion losses. Moreover, the harvested DC backflow
into the patch is blocked by the capacitive coupling, eventually enhancing the PCE of the
WPT operation.

The equivalent circuit diagram of an SAE for the WPT function is exhibited in Fig. 4.3(a).
The RF wave incident over the circular patch excites TM;1p mode current which alters
its polarity in every half cycle. The two RF sources Vp, and Vp, represent respective
half cycles of the incident RF wave, exciting respective shunt Schottky Diodes SBD; and
SBDay, realizing FWR of captured RF energy. The L, and (), denote parasitic packaging

parameters of the Schottky diode, Zp, , represents the impedance of the antenna and C.
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depicts the capacitive coupling between the antenna and WPT feed. Moreover, an inductor
L1 =1.5nH along with a high impedance line is utilized as a choke to impede RF signal
flow through DC load. The DC output terminals from each SAEs are connected in parallel
as shown in Fig.4.3(b), enhancing the total harvested output DC power with negligible
combining losses. The radially opposite pairs of SAEs (SAE;, SAE3) and (SAEq, SAE,)
are vertically (¢ = 90°) and horizontally (¢ = 0°) polarized, respectively. Hence, the
proposed SAA has dual-linear polarized WPT capability, providing tolerance for angular

and polarization misalignment with the RF-ET within its plane.

4.3 Results and Discussion

4.3.1 Circuit and Design Simulation Setup

The HB and LSSP technique in ADS software is used for the analysis of the non-linear
rectifier circuit. The SPICE parameters of the Schottky diode enabled the modeling by
accounting for the parasitic packaging parameters L, = 0.7nH and C}, = 0.16 pF. The
analysis is done for an input RF power of —10dBm at 5 GHz frequency and 1 k{2 output
load, resulting in Schottky diode impedance of Z; = 29.862 — j97.177 2 for a single SAE.
The proposed SAA was optimized in Ansys HFSS with WPT port impedance matched to
7% and achieved WIT impedance matching in 5 GHz WiFi band.

The proposed SA A layout is initially fabricated using the MITS PCB prototyping machine.
Following this, the SMD components are meticulously soldered onto the board to assemble
the final prototype. The completed prototype, illustrated in Fig. 4.4, is utilized to validate

the performance of the design.

DC Combining
Circu{

i N, koo
Reconfigurable® = ==
Feed Network

Figure 4.4: Fabricated prototype of the proposed reconfigurable SWIPT antenna array.

4.3.2 WIT Impedance Matching

The proposed SAA is capable of generating 15 WIT radiation modes depending upon the

excitation state of the four RFLs as discussed in Section 4.2.1. The various modes can
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be segregated into five groups (A to E) based on the numbers and relative position of
excited SAEs. The single SAE excitation is represented by A1-A4, B1-B4 (C1-C2) denote
two adjacent (opposite) elements, three-element excitation is indicated by D1-D4 and E1
designates excitation of all four elements. The detailed description of SAEs excited in each

mode is presented in Table 4.2, where (v') and (x) represent the excited and non-excited

Table 4.2: Excited SAEs in Various WIT Radiation Modes

SAEs|A1|A2|A3|A4|B1|B2(B3|B4|C1|C2|D1|(D2|D3|D4|E1
SAEL| VvV [ X [ X [ X |V [ X | X |V |V I|X|VI|X|V |V |V
SAE2| X [V [ X [ X |V [V X | X | X |V VIV |X|V |V
SAE3| X [ X [V [ X | X |V |V | X |V [X|V IV |V |X|V
SAE4A| X [ X [ X |V [ X[ X |V |V I[IX|V I IX|V |V |V |V
=) =)
= =
V)—‘ \ V)—‘ Sim. C1-C2 —6— Meas. C1-C2
Sim. Al-A4 —©— Meas. Al-Ad -40 - - = -Sim. DI-D4 - -#- -Meas. D1-D4
- = = -Sim. B1-B4 - - -Meas. B1-B4 —————— Sim. E1 ==H---Meas. E1
-50 -50
5 52 54 56 58 6 5 52 54 56 58 6
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4.5: Reflection coefficient for various WIT modes of the proposed SAA.

state of the SAE., respectively. The simulated and measured reflection coefficient (S11)
results for all the modes are plotted in Fig. 4.5. The results demonstrate impedance
matching in the entire 5 GHz WiFi band for all the radiation modes, confirming the wide
band WIT capability of the design.

4.3.3 WIT Radiation Characteristics

The simulated WIT 3-D radiation patterns at the edge frequencies of 5 GHz WiFi band
(5.15 GHz, 5.35 GHz, 5.725 GHz, and 5.825 GHz) are plotted in Fig. 4.6 for the 1% mode
of each radiation group (A — E). In addition, the corresponding max gain, its direction

(0, »), and HPBW of the 2D pattern comprising the max gain are listed in Table 4.3.

Table 4.3: WIT radiation characteristics of the proposed SAA

Main Beam

Modes Max Gain (dBi) Direction of Max gain (0, ¢) HPBW

5.15 | 5.35 | 5.725 | 5.825 5.15 5.35 5.725 5.825 5.15 | 5.35 | 5.725 | 5.825

(GHz) |(GHz) |(GHz) | (GHz)| (GHz) (GHz) (GHz) (GHz) |(GHz)|(GHz)|(GHz)|(GHz)
455 | 5.4 | 593 | 4.7 |(12°,134%) | (4°,128°%) | (6°, 188°) | (10°,238°)| 42° | 58° | 30° | 54°
547 | 6.37 | 6,57 | 5.93 | (2°,240°) | (2°,228°) | (2°,206°) | (2°,180°) | 36° | 38 | 42° | 52°
5 | 654 | 6.77 | 6.56 |(26°,202°) ] (24°, 168°) | (22°, 186°) [ (22°,198°)| 30° | 28° | 26° | 26°
5.97 | 6.33 | 6.36 | 6.68 | (24°,14°) | (22°,358°) [ (22°,158°) [ (22°,160°)| 38° | 34° | 34° | 32°
539 | 5.4 | 5.68 | 5.89 |(32°,134°)] (32°,44°) | (30°,44°) | (30°,44°) | 42° | 46° | 40° | 40°

=D Qlw| >
=l ===

The results show maximum gain variation at each frequency (f) across all the modes
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Figure 4.6: 3-D WIT Radiation patterns in A1, B1, C1, D1 and E1 modes at various edge
frequencies of 5 GHz WiFi band.

<v Ad GLZJ;O) and maximum gain variation for each mode in the entire frequency band
moae

(AGmOde:M > is < 2dBi. In Al and B1 mode SAA radiates in the boresight direction

Vf max
with a small average elevation tilt angle of § = 8° and 2°, respectively. The 6 coverage with

¢ is uniform in case of B1 whereas gaussian pulse type variation in 6 is observed for Al with
¢. For other remaining modes, SAA radiates its main beam at a larger elevation tilt angle
direction with non-uniform 6 coverage with ¢. The C1 mode generates two radiation peaks
at an average tilt angle of § = 24.5° with 31.5° average HPBW with polarization along
¢ = 0° plane. Similarly, D1 mode emanates radiation at an average elevation tilt angle
of 22.25° with 34.25° HPBW in the boresight direction. The E1 enhances the elevation
tilt of the radiation pattern to 31° having a null along broadside direction with a wider
HPBW of 43.5°. The radiation patterns for other modes in each group are 90° shifted in

¢ from the previous mode due to symmetry in the SAA design along the azimuth plane.
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4.3.4 WPT Matching and Coverage Characteristics

The conjugate impedance matching poses difficulties in measuring FWR impedance of a
single antenna element on the VNA in the absence of a balun probe. As an alternative
to validate the conjugate impedance matching of the FWR circuit, harvested open dc
voltage (V§S) is measured for input RF signals ranging from 4.5 GHz-5.5 GHz using the

measurement setup shown in Fig. 4.7. The results shown in Fig. 4.8(a) illustrate voltage

B & | RF Tx Horn Antenna e I Proposed SWIPT

Turn Table |5

/ 4
/.

Figure 4.7: Experimental setup to measure WPT performance.
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(a) (b)

Figure 4.8: (a) Simulated reflection coefficient at WPT port, and (b) Open DC voltage
versus frequency of a single antenna element.

maxima (549mV) at 4.97 GHz, demonstrating precise impedance matching of the FWR
near to the desired frequency (5 GHz) and in agreement with the simulated WPT port
impedance matching (S11) given in Fig. 4.8(b). The SAA is incident with RF power using
a 10dBi gain horn antenna fed with a 25dBm input RF power using a signal generator.
The output DC voltage across the output load is then measured using a digital multimeter.
The measurement results are plotted in Fig. 4.9 for RF-ET polarization is along ¢ = 0°,
90°, and 45° plane. The results indicate that the measured DC pattern is close to the sum
of the DC patterns of each element. Moreover, the proposed array has a wide angular

coverage in the boresight direction making it usable in a multipath environment.
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Figure 4.9: Normalized DC patterns of the proposed SAA in (a) ¢ = 0° (b) ¢ = 90°, and
(c) ¢ = 45° plane.

4.3.5 WPT Power Conversion Efficiency

The harvested dc voltage and PCE of the SWIPT antenna are measured using the
measurement setup shown in Fig. 4.7. The received power (P,) is evaluated using the

Friis formula given in (4.1),
P,(dBm) = EIRP(dBm) + G, (dBi) + 20log,, (4Ad> (4.1)
T

where, G, is the realized antenna gain of the Rx, and A is the transmitting signal
wavelength, EIRP is the effective isotropic radiated power and d = 1m is the distance
between the Tx and the Rx. The measurements are conducted for Rx planes ¢ = 0°, 90°,
and 45° aligned with Tx polarization. This implies that for ¢ = 0° measurement Tx is
placed in horizontal polarization, whereas for ¢ = 90° it is oriented vertically. However,
for ¢ = 45° the Rx is rotated 45° from the initial orientation to align ¢ = 45° plane
of the Rx with the Tx polarization. The corresponding %PCE and harvested output dc
voltage (Vy.) are shown versus output load and input RF power (P,) in Fig. 4.10(a) and
Fig. 4.10(b), respectively. The results indicate peak PCE of 58.99%, 35.77%, and 33.26%

0.8 c D 0.5 0.8 : 0.2

0‘7‘ §=0" = = = $=90" === g=45 ‘0 4 0.7 PCEG =0’
06 T 06T 0.15 _

0.5 03 = 0.5 7 BCE g=45° >
S04 g S 0.4 | —e— vk o0’ ool Sy
X 03 0.2 > R 03 - a- Vi =00 2 >

0 0 0 e 0
0 1 2 3 4 5 40 30 20  -10 0
Load (K€2) Input RF Power (dBm)

(a) (b)

Figure 4.10: %PCE and harvested DC voltage of the SAA versus (a) output load, and (b)
input RF power.

for ¢ = 0°, ¢ = 90°, and ¢ = 45° plane, respectively. The maximum PCE is achieved
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at an optimal load of 300€2 for ¢ = 0° and ¢ = 90° plane and 2252 for ¢ = 45° plane.
The results in Fig. 4.10(b) show a non-linear increase in PCE and output dc voltage with
respect to the input RF power. This input RF power corresponds to the non-linear I — V'
characteristics of the Schottky diode. The difference in the measured and simulated results

can be attributed to the different input RF power levels and optimal output load.

4.4 Summary

This chapter introduces a hybrid technique utilizing the integration of antenna switching
(AS) with frequency splitting (FS) and dual polarization (DP) to implement a SWIPT
antenna system for relay node. The AS helps in achieving pattern and polarization
reconfigurable WIT. On the other hand FS and DP techniques make use of separate
frequency channels and orthogonal polarization, respectively for WPT and WIT to reduce
system complexity. The proposed antenna array design achieves wideband impedance
matching (5.15 GHz — 5.825 GHz) for WIT in 5 GHz WiFi band. Moreover, the excitation
of different radiation modes allows polarization-insensitive wide beam coverage in both the
elevation and azimuth plane. In addition, two Schottky diodes are conjugate impedance
matched with each antenna element within the array to achieve FWR of the incident RF
waves at 5 GHz. Further, the parallel combining of DC output from each antenna improves
the tolerance of WPT for orientation misalignment between the Tx and Rx. The design
utilizes proximity and capacitively coupled feed for WIT and WPT signals, respectively to
break off the harvested DC flow into the communication circuitry. Moreover, the respective
WIT and WPT feeds are oriented orthogonal to each other to enhance isolation between
the WIT and WPT signals.

‘CHAPTER OUTCOMES:
[1]. S. Kumar and A. Sharma, “TITLE: A system and method for designing an improved SWIPT antenna
for a relay node.” (Patent filed with Indian patent office: Application No. 202411086588).
[1]. S. Kumar and A. Sharma, “A Pattern and Polarization Reconfigurable SWIPT Antenna Array
for Battery-Assisted Relay Nodes in Cooperative Communication,” To be submitted in relevant [EEFE
Transactions/Journal.



Chapter 5

Conclusion and Future Scope

This Thesis presents a quality-aware synthesis approach for antenna systems tailored
to various network components in SWIPT enabled IoT networks and applications.
Specifically, the synthesis addresses the design requirements for key components including
access points, RF energy transmitters, IoT devices, and relay nodes. By optimizing the
performance of these antenna systems, this approach aims to enhance the efficiency and
reliability of SWIPT-enabled IoT networks.Chapter 2 discusses the synthesis of switched
beam multi-sector access point antenna systems, focusing on the integration of BER/SIR
and received signal power into the design process. Moreover, a switched beam RF energy
transmitter design is also presented for powering WPT-enabled IoT sensor nodes. The
Chapter 3 investigates an angular misalignment-tolerant rectenna module designed for
WPT-enabled IoT sensor nodes and details the SWIPT antenna design for ultra-low power
IoT devices, while Chapter 4 explores the reconfigurable SWIPT antenna array intended

for relay node operations.

5.1 Conclusion

5.1.1 QoS Aware Transmitter Antenna System

This chapter introduces QoS aware synthesis of SMB multi-sector access point antennas
for enhancing reliable communication coverage. Two antenna array designs Design-1A and
Design-1B are synthesized for maximizing the 2-D and 3-D coverage, respectively.

The analytical framework proposed for Design-O1A maximizes the effective
communication coverage area (FCA) metric which is defined based on the maximum
bit-error-rate and the corresponding signal-to-interference ratio (SIR) limits for the
modulation schemes. The required FC A performance is ensured by satisfying power and
SIR bounds on their distributions projected on the ground in the desired communication
region. As a result, the design parameters such as elevation tilt 20°, number of
sectors 10, side-lobe level SLL, = 24.77 dB, and 2 x 3 size of the patch antenna
array (PAA) are analytically optimized. To realize the optimized design parameters,
a SBA antenna is fabricated with 2 x 3 PAA showing maximum gain of 10.06 dBi at
5.8 GHz, SLL, = 23.03 dB, and impedance bandwidth of 292 MHz (5.668 — 5.960
GHz). Moreover, the rigorous measurements revealed that the proposed 10-sector SBA
antenna housing 2 x 3 PAA in each sector could achieve coverage with acceptable quality
in the maximum range of 2 — 13 m with 360° coverage for both BPSK and 64-QAM

115
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modulations. This is achieved even when all the alternate sectors contribute to the
co-channel interference. The wide reliable communication coverage, that is achieved by
the SBA antenna designed using the proposed BER~conscious approach, implies energy
saving by avoiding frequent re-transmissions. In addition, high port isolation > 45.95 dB
in the entire band of operation is observed between the PAA of the adjacent sectors
permitting their operation at adjacent carrier frequencies. This enables the operation
of 10 simultaneous beams implying improved system capacity. The study proved that
the proposed BER-conscious array synthesis process and correspondingly designed SBA

antenna is a potential candidate for an access point in densely deployed IoT applications.

Similarly, Design-O1B a switched multibeam access point array antenna is proposed
to provide 3-D coverage in the IoT applications. The proposed multi-sector antenna
is configured with eight sectors which is derived analytically by quality-aware coverage
optimization. Each sector having two MAAs to achieve 360° and 93.6° coverage in azimuth
and elevation regions, respectively. The beams can be switched among different sectors
for azimuth coverage, and the two MAAs incorporated in each sector provide elevation
coverage by employing beam switching and beam squint phenomena. The proposed design
has a maximum and minimum gain of 7.85 dBi and 4.8 dBi at 5.725 GHz and 5.15
GHz, respectively. Moreover, when the diagonally adjacent MAAs of neighbor sectors
are operated at higher (5.725 —5.825 GHz) and lower (5.15—5.35 GHz) WLAN frequency
bands, an average interference suppression of 12.65 dB or 11.94 dB, respectively, can be
maintained for the drones or crawler bots located at an extreme altitude with respect to
the access point height. This enables frequency re-use also in the adjacent sectors and
allows the generation of sixteen simultaneous beams in 3-D space resulting in increased
system capacity. Furthermore, for the IoT nodes located around the intermediate height
range, eight simultaneous beams can be formed covering 360° in azimuth by assigning
different frequency bands to any one pair of diagonally adjacent MAAs. In contrast to
state-of-the-art designs, the proposed access point eliminates the need for pin diodes or
phase shifters for beam switching in the elevation plane. This results in a lower-cost,
simpler implementation, making it an excellent candidate for access point antennas in IoT

applications that require 3-D quality coverage.

In addition to access points, this chapter introduces a dedicated RF energy transmitter
(RF-ET) utilizing the SBA technique, specifically designed to power the proposed 3-D
cluster-based WSN. This innovative approach enhances energy efficiency and network
performance, facilitating optimal operation in diverse application environments. The
proposed RF-ET Tx system comprises nine collocated subarrays, each transmitting RF
power to a separate cluster by employing beam switching operation. All the subarrays are
designed using an analytically optimized 4 x 4 microstrip patch array. The excitation
coefficients of all the subarrays are optimized using genetic algorithm based on the
harvested DC power (P,.) in the 3D coverage region, and an overall improvement of
13.86% in 3-D volume coverage (P;. > —9.5 dBm) is achieved with respect to the uniformly

excited subarray. In addition, a coverage range up to 8.7 m is attained such that there
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are no blind regions (Pz. < —9.5 dBm) in between the coverage area of neighboring
clusters. Further, The optimal location of the cluster head is determined analytically to
reduce the average power consumption of sensor nodes in the WSN cluster. Unlike the
state-of-the-art designs, the proposed collocated switched beam array design is compact
and easy to deploy. Moreover, the switched beam operation makes the proposed design
simple and cheaper than the systems using adaptive beamforming operation in a densely
deployed WSN and thus is a good candidate for smart warehouse and smart agriculture

applications.

5.1.2 Receiver Antenna for Ultra Low Power IoT Devices

This chapter explores the planar multi-sector ReAS for smart home applications, where
RF-ETs are mounted on the ceiling and IoT sensor nodes are deployed in random
orientations throughout the home. A multi-polarized circular ReAS (Design-O3A) is
proposed for WPT at 5.8 GHz comprising eight circular patch antenna elements. Each ReE
is impedance matched with two Shunt Schottky diodes intergrated in mirror symmetry
with respect to the patch center for realizing FWR operation. The RF-DC conversion
efficiency of 59.7% is achieved at an optimal load of 650 © with a small footprint of
1.06 x 1.06\2. The Design-O3A provides tolerance against polarization mismatch between
the RF-ET and rectenna, which enables flexibility in the deployment of sensor nodes at
any random orientation within rectenna plane. However, Design-O3A does not provide
any tolerance against rotation in any other plane.

To mitigate this problem another compact stacked multi-sector ReAs (Design-O3B) is
proposed having nearly isotropic coverage. The Design-O3B utilizes hybrid dc combining
of the ReE in eight sectors for WPT at 5.9 GHz, capable of operating in 5.85 GHz-5.98 GHz
frequency range. The maximum gain of a single ReFE is 3.12 dBi in the proposed system and
high isolation (> 30dBm) with other ReE. The proposed system achieves near isotropic
coverage with maximum PCE of 45.54 % at 2.8 k{2 load for —9.31 dBm input RF power (P;)
in the endfire direction. Additionally, each ReE within the system is capable of supplying
dc power with 61.96 % PCE at 1.6 k2 for P, = —11.26 dBm. Moreover, the system exhibits
~5% variation in PCE over the 1k to 5k output load range. The maximum variation
in output dc voltage is ~1.56 dBV at 5.9 GHz with change in orientation for certain output
load conditions. The proposed system can easily accommodate a power management unit,
sensors, data processing, and RF communication circuitry to realize a compact wireless
sensor node for IoT applications.

In order to realize a compact IoT sensor node, this chapter proposes two miniaturized
integrated SWIPT antenna designs, Design-O4A and Design-O4B, engineered to provide
high WIT efficiency, broad WIT bandwidth, and improved PCE at ultra low input RF
power. A novel SWIPT technique that integrates frequency splitting, dual polarization,
and DC combining is introduced to achieve high isolation between information and
power signal with FWR implementation at ultra low RF power levels, thereby enhancing

PCE. Both designs employ a circular patch antenna with a proximity-coupled feed for
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information transfer. On the other hand power signal is captured using two co-polarized
capacitive coupled feeds orthogonal to the information signal feed. Design-O4A employs
conjugate-matched series Schottky diode connections at each capacitive-coupled feed. The
DC outputs from each Schottky diode are further combined using a high impedance
microstrip line depicted as a DC connection line to achieve FWR operation. The design
achieves a PCE of 66.5% at 5.2 GHz for —9.91 dBm input RF power and operates within
the WIT band of 5.7 GHz to 6.0 GHz. It features a radiation efficiency ranging from 78%
to 80.23%, all within a footprint of 31.64 x 28.89 mm?.

The Design-O4B employs conjugate-matched shunt Schotty diode connections each
capacitive-coupled feed. The design integrates an inductor and a stepped impedance
low-pass filter to attenuate RF signal transmission through the output load, alongside a
modified DC combining network to further improve overall performance over Design-O4A.
The design achieves 557 MHz (5.15 GHz-5.72 GHz) WIT impedance bandwidth (S1; <
—10dB) with > 78.15% radiation efficiency in the entire 5 GHz WiFi band. Moreover,
the WPT operation bandwidth of 4.9 GHz-5.1 GHz with 74.5% peak PCE at 5 GHz is
achieved for —9.16 dBm input RF power at 700 optimal load. The harvested DC
power enables the operation of the BLE sensor beacon module after integration with
PMU, confirming its viability for low-power SWIPT IoT operations at 5 GHz Wi-Fi band.
Further, the miniaturized footprint of 37 x 28.6 mm? qualifies the proposed design for
battery-less operation of small ultra-lower sensor nodes. This highly optimized design,
properly integrated with miniaturized sensor beacon circuitry, facilitates autonomous
sensing and communication in isolated environments such as cold storage for vaccines
and food warehouses to ensure reliable monitoring and preservation. Advancement in the
development of ultra-low power 5 GHz WiFi modules will further allow utilization of the

WIT port and allow the proposed work to be utilized to its maximum potential.

5.1.3 SWIPT Antenna Systems for Relay Nodes

This chapter presents a 2 x 2 SWIPT antenna array for a relay node having reconfigurable
radiation characteristic for WIT and angular misalignment tolerant wide beam coverage
WPT operation. The antenna elements have an inherent 90° spatial phase difference due
to their sequentially rotated placement around the center point. The reconfigurable feed
network and the spatial phase difference enabled 15 different radiation modes for WIT
function in 5 GHz WiFi frequency band. Moreover, the array has an inherent beam tilt
for WPT, providing wide beam coverage. In addition, the sequentially rotated design
allows angular misalignment tolerant WPT function. The design achieves maximum WIT
coverage of 53° from the broadside direction in the elevation plane. Further, the antenna
offers a maximum PCE of 58.99% at an optimal load of 3002 at 5 GHz frequency. The
immediately discussed features of the design makes it suitable for battery assisted relay
node to realize energy efficient and sustainable cooperative communication relaying in IoT

network.
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5.1.4 Conclusion on Antenna System Design for IoT Network

Components

The proposed designs for IoT applications encompass a range of innovative antenna
systems that enhance communication efficiency and energy management. Design-O1A
focuses on maximizing the effective communication coverage area by optimizing parameters
such as elevation tilt, number of sectors, and side-lobe levels. The resulting patch
antenna array achieves impressive metrics, with effective performance under co-channel
interference. This approach ensures high port isolation and supports ten simultaneous
beams, making it suitable for densely populated IoT environments.

Design-O1B introduces a switched multibeam access point antenna designed for 3-D
coverage, featuring eight sectors with each comprising two series fed microstrip antenna
arrays placed in mirror symmetry to each other along the elevation plane. This design
allows for efficient azimuth and elevation coverage while facilitating frequency reuse,
thereby enabling the generation of sixteen simultaneous beams and enhancing overall
system capacity. Notably, it eliminates the need for complex components like pin diodes,
reducing costs and simplifying deployment.

Additionally, a dedicated RF energy transmitter (RF-ET) is proposed, leveraging the SBA
technique for wireless powering of 3-D distributed clustered WSN. This transmitter utilizes
nine subarrays, optimized for improved DC power harvesting and coverage without blind
spots, making it a viable solution for applications like smart agriculture.

Furthermore, two rectenna arrays systems (Design-O3A and Design-O3B) are introduced
to achieve the angular misalignment WPT. Moreover, two miniaturized integrated SWIPT
antennas (Design-O4A and Design-O4B) are introduced, combining advanced techniques
for high efficiency and broad bandwidth. These antennas demonstrate impressive power
conversion efficiencies, suitable for ultra-low power applications, including vaccine storage
monitoring.

Overall, these designs highlight significant advancements in antenna technology, addressing
the growing demands for efficient and reliable communication in IoT ecosystems, and

paving the way for future developments in smart, energy-efficient sensor networks.

5.2 Future Scope

The present work offers significant opportunities for further advancement in the design
of antenna systems for IoT network components. The following points provide a detailed
discussion on the areas where improvements can be made in each network component

antenna system to enhance performance and efficiency.

5.2.1 Access Point

e The current analysis is limited to single-band and linearly polarized antenna designs.

Consequently, future investigations should explore the incorporation of multiband
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capabilities and various polarization schemes, such as dual-linear and circular

polarization, into the antenna synthesis process.

o Additional research focused on integrating the propagation channel into the antenna
design process may help alleviate the detrimental effects of multipath fading on

communication link quality.

e The analysis and optimization of switching circuits to minimize the power

consumption.

5.2.2 RF Energy Transmitter

e Further research could be conducted related to the lifespan enhancement of the 3-D
clustered WPT enabled WSN.

e Future work could focus on developing localization algorithms to optimize the time
intervals of WPT to individual IoT sensor nodes in the application region for the
proposed switched beam RF-ET.

e The parametric analysis of WPT systems to maximize the rectification efficiency

and minimize the losses.

5.2.3 Rectenna Module

e To reduce the overall footprint of IoT devices, the rectenna module should be
designed to be as small as possible. Continued research is needed to further
miniaturize the rectenna while preserving the required power conversion efficiency

(PCE) and robustness against angular misalignment.

e The proposed iReAS exhibits sensitivity to angular misalignment when the RF
energy transmitter is vertically polarized, owing to the use of linearly polarized
end-fire elements. This limitation underscores the need for an innovative rectenna
module with isotropic polarization coverage to facilitate the seamless deployment of

IoT devices.

e In the proposed iReAS, only half-wave operation is achievable within a single
rectenna element. To enhance power conversion efficiency, future innovations could

explore designs that enable full-wave rectification.

5.2.4 SWIPT Antenna Design

e The SWIPT antenna work presented in this thesis can be further advanced to achieve

orientation-insensitive isotropic coverage for WPT operations.

e Future research could focus on developing miniaturized SWIPT antenna designs

that are fully integrated with the PMU and transceiver modules. This integration
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would minimize the overall footprint of the sensor node, potentially enabling novel

applications such as endoscopy capsules.

The research presented in this thesis primarily serves as a demonstration, providing a

foundation for further detailed analysis and optimization in future works.
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