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Abstract

The explosive growth of indoor traffic requires evolved wireless equipment. Smart cities and
homes led by the 5G and beyond urgently need densely distributed indoor base stations
(BSs). However, the current antennas for indoor deployment rarely consider integration
with the environment. To integrate multi-function for various applications, indoor BSs will
inevitably increase in size. To avoid the inconvenience caused by the indoor BSs in a limited
space, using transparent antennas (TAs) suitable for indoor communication to improve space
utilisation and reduce visual crowding is optimal. In the thesis, six TAs using different
materials or mechanisms are designed and verified. Firstly, the glass-integrated antenna
sandwiched by double-layer glass achieves triple band resonances for GSM, WLAN and 5G
low-frequency band. Secondly, the 4-element MM TA array achieves high gain and high
efficiency at 2.4 GHz. Thirdly, a 4-element wired MM TA firstly achieves ultra-wideband
(UWB) and multiple-input multiple-output (MIMO). A parasitic decoupling structure for
the MM antenna is proposed. The antenna achieves high isolation and comparable gain and
efficiency to the conventional metal antenna while achieving high transparency. Fourthly, a
UWB MIMO TA using transparent conductive film (TCF) is designed with low coupling.
Fifthly, a double-layer Fabry-Perot cavity (FPC) TA achieves breakthrough high gain and
efficiency of TCF antennas. Finally, the first all-dielectric transparent lens (ADTL) antenna is
proposed. The lens uses the mechanism of the optic that can provide adjustable beamforming
according to indoor environment needs, including gain enhancement, flat-top beam and
dual beam. This thesis comprehensively demonstrates the research methods of various TAs,
verifies the feasibility and provides strong guidance for the application of commercial TAs in

the future.
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Chapter 1

Introduction

Wireless mobile traffic has experienced exponential growth in the last few decades. More
than 80% of mobile traffic will take place indoors. Wireless strategies are constantly evolving
to satisfy the requirements of signal coverage and capacity of indoor communication. The
second and third generations (2G and 3G) cover indoor mobile networks by connecting out-
door cellular radio towers. In the fourth generation (4G), multi-operators with increasing base
stations (BSs) strengthen the outdoor to indoor transmission and compensate for the indoor
signal coverage. In the fifth generation (5G) and beyond higher frequency networks, massive
multiple-input multiple-output (MIMO), beamforming and reconfigurable intelligent surface
(RIS) are widely studied to address increased path loss and weakened penetration. Especially
in the indoor environment, signals are significantly reduced by extensively distributed indoor
barriers, such as glass, concrete wall and metal structures. Indoor BSs densification is essen-
tial to promote 5G and beyond development. However, using traditional high-performance
antenna arrays to construct desirable BSs will inevitably occupy considerable space. In the
future smart buildings, densely deployed indoor BSs will face severe space limitations and
aesthetic challenges. Thus, the antennas can be integrated into building structures must be
investigated [1].

The current antenna designs mainly focus on their own performance while ignoring the
combination of the building environment. To be integrated into buildings, the antenna should

have the physical characteristic of concealment. A direct way is by making the antenna



2 Introduction

transparent. In this thesis, transparent antennas (TAs) using the technologies of grid wires,
metal mesh (MM), transparent conducting films (TCFs) and transparent dielectric materials
are illustrated. This chapter presents the background of indoor communications, proposes

the objectives and summarises the contributions.

1.1 Background

1.1.1 Indoor Communication Environment

As the revolution speed of wireless communication far exceeds the architectural updating,
buildings that ignore the communication "friendly" are restricting wireless communication.
Indoor wireless environments present a unique set of challenges that can significantly limit
the development and performance of indoor antennas. In indoor environments, wireless
signals often bounce off walls, ceilings, and other objects, creating multiple paths for the
signal to reach the receiver. This phenomenon is known as multipath propagation. Multipath
can lead to signal interference, phase cancellation, and reduced signal strength, making it
difficult for antennas to effectively receive and transmit signals. The various structures like
walls, floors, and furniture can attenuate wireless signals as they pass through. Different
materials have varying levels of signal absorption and reflection, leading to signal loss and
reduced coverage. These obstacles can also create areas of shadow where wireless signals
struggle to penetrate. These shadowed areas result in dead zones where the signal strength is
very weak or non-existent. Indoor environments are dynamic; they can change over time due
to rearrangement of furniture, addition of new obstacles, and changes in building materials.
This makes it challenging to design antennas that consistently perform well under varying
conditions. Wireless communication technologies have evolved significantly to cater to the
increasing demand for high-speed and reliable connectivity in indoor environments.

Small base stations have gained prominence as a solution to address the challenges of
indoor coverage and capacity. Researchers have explored various deployment strategies,
interference management techniques, and optimization algorithms for small cell networks

in indoor scenarios. Small cells enhance network capacity by offloading traffic from macro
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cells and improving signal quality within confined spaces. Research has focused on topics
such as energy efficiency, dynamic spectrum allocation, and self-organizing networks for
small base stations in indoor environments. Techniques like cooperative communication
and hybrid architectures integrating macro and small cells have been investigated to achieve

seamless connectivity and efficient resource utilization indoors.

MIMO technology has revolutionized wireless communication by exploiting spatial
diversity to enhance data rates and reliability. In indoor settings, researchers have explored
advanced MIMO techniques such as massive MIMO to provide high-capacity links for
multiple users simultaneously. The integration of MIMO with beamforming and spatial
multiplexing has been a subject of study to mitigate interference and improve indoor coverage.
Studies have delved into the design of optimal antenna configurations, channel modeling,
and interference management for MIMO systems in indoor environments. Hybrid MIMO
architectures that combine traditional antenna arrays with smart antennas and RIS elements

have been proposed to further enhance indoor communication performance.

RIS have emerged as a promising technology to manipulate wireless propagation by
reflecting and modifying incident waves. In indoor scenarios, RIS can be deployed on walls
or ceilings to enhance coverage, extend range, and improve signal quality. Research has
investigated RIS-assisted communication techniques, such as beamforming optimization,
channel estimation, and resource allocation. The application of machine learning and
optimization algorithms to exploit the capabilities of RIS in indoor environments has garnered
attention. RIS not only complements MIMO systems but also introduces new dimensions to
indoor wireless communication design. In addition, as the windows and building materials
will cause large penetration loss for an outdoor-to-indoor (O2I) signal, RIS has been proposed
to solve the O2I problem [2]. They need to be installed on the exterior wall or windows,
which will greatly affect the aesthetics of the building. When faced with low-strength received

signals and complex indoor environments, RIS cannot effectively enhance indoor coverage.

Antenna design plays a critical role in achieving reliable connectivity and efficient
spectrum utilization indoors. Researchers have explored compact, low-profile antenna

designs suitable for indoor environments with limited space constraints. Multi-band and
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wideband antennas have been studied to cater to diverse frequency bands used in indoor
communication. Studies have also investigated diversity antennas and their impact on indoor
channel characteristics. Novel materials and structures, such as metamaterials and printed
antennas, have been considered to enhance antenna performance and mitigate interference in
cluttered indoor environments.

The evolution of wireless communication technologies has led to significant advance-
ments in providing robust connectivity in indoor settings. High-performance equipment
leads to occupy interior space and damage to aesthetics. In a prosperous city, every inch of
land has been exhausted, which is hard to divide space for these devices. To maximize the

coverage of high-speed communications using them, the space problem should be overcome.

1.1.2 Indoor Antenna Technologies

Indoor antennas hold immense significance in indoor wireless communication by optimizing
signal penetration, coverage, and strength within confined spaces. They play a pivotal role
in minimizing interference, harnessing spatial diversity, and enhancing capacity through
technologies like MIMO. By ensuring reliable connections, they elevate user experience,
enable internet of thing applications, support private networks, and facilitate location-based
services. The current indoor antennas are mainly based on printed patch antennas with opaque
conductive materials and substrates. In [3], the current indoor antennas are categorised into
linearly polarized nonplanar indoor antennas, circularly polarized nonplanar indoor antennas,
and broadband circularly polarized printed slot antennas.

1). Linearly polarized nonplanar indoor antennas: They represents a departure from
traditional planar antennas, leveraging nonplanar geometries to enhance performance. By
introducing curvature or other nonplanar shapes, these antennas can achieve unique radiation
patterns and gain characteristics. Such designs are advantageous in indoor environments
where signal reflections and multipath propagation are prevalent. They exhibit improved
spatial diversity, making them suitable for mitigating multipath fading and enhancing signal
reliability [4]. Moreover, their nonplanar structure allows for versatile installation on curved

surfaces, ceilings, and walls. These antennas find application in environments where planar
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antennas may not provide optimal coverage, making them a promising solution for demanding

indoor scenarios. [4—6] gives three nonplanar prototypes for indoor communications.

2). Circularly polarized nonplanar indoor antennas: They build upon the advantages of
nonplanar designs while introducing circular polarization, which is beneficial for mitigating
the effects of polarization mismatch and improving signal quality. Circular polarization
ensures that the antenna’s reception is less susceptible to polarization changes caused by
reflections and object orientations in indoor spaces. This property is especially important
in environments with a high degree of signal scattering. Circularly polarized nonplanar
antennas find utility in applications where consistent signal reception and transmission are
crucial, such as indoor positioning systems, RFID applications, and wireless sensor networks

[7, 8].

3). Broadband circularly polarized printed slot antennas: They address the challenge of
achieving wide bandwidth and circular polarization simultaneously. These antennas utilize
slot structures etched onto a substrate, enabling broadband performance by exciting multiple
resonant modes. The incorporation of circular polarization enhances the antenna’s robustness
against interference and polarization mismatch, ensuring reliable connectivity [9]. These
antennas are particularly suitable for indoor environments where a wide range of frequencies
is used and where circular polarization can enhance the antenna’s immunity to multipath
fading. Applications include wireless communication systems, Wi-Fi networks, and indoor

wireless backhaul solutions.

The indoor coverage can be addressed, however, using them as a part of indoor small BSs
will occupy large spaces and negatively affect visual impact. The spatial isolation between
the elements in an antenna array will be deteriorated by simply reducing the space intervals
to less than half wavelength. Using covert antenna arrays to replace LSAA for indoor BSs
is a promising approach. Thus, antenna arrays should be able to combine with building
structures and reduce occupied space and visual impact. Fig. 1.1 shows the deployment of
indoor BSs with embedded, integrated or attached antenna arrays. The transparent BSs with
TA elements can be attached to the surface of windows and walls. The array for embedded

BS relies on the steel fibres in the concrete wall. Using TAs in indoor applications is essential
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On-glass transparent BS

On-wall BS

Fig. 1.1 Deployment of indoor BSs including embedded BS, on-glass transparent BS and
on-wall BS.

due to their capacity to seamlessly blend with architectural aesthetics and preserve natural
lighting, making them ideal for modern offices, retail spaces, and smart homes. These
antennas minimise interference with interior layouts, ensure compatibility with other wireless
devices, and address privacy concerns, while also future-proofing indoor environments. With
their architectural flexibility, user experience enhancement, and ability to integrate into
surfaces, TAs offer an unobtrusive yet efficient solution that harmonizes design and wireless
connectivity in indoor spaces. Compared with TAs, the traditional indoor antennas have

serious constrains on indoor communication development as follows.

Compared to TAs, traditional opaque indoor antennas impose several serious constraints
on indoor communication development as follows. The solutions offered by TAs are illus-
trated.

1). Aesthetic disruption: Opaque indoor antennas, often characterized by bulkier and less
visually appealing designs, disrupt the aesthetics of indoor spaces by clashing with archi-
tectural elements and obstructing sightlines. This compromises the overall design harmony
and can be especially undesirable in modern and aesthetically-conscious environments. TAs
seamlessly blend with the architectural design of indoor spaces, preserving the visual har-
mony without disrupting aesthetics. They can be integrated into windows, glass panels, and

surfaces, ensuring a cohesive and unobtrusive appearance.
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2). Light obstruction: Opaque antennas can block natural light and impede the passage
of light through windows and transparent surfaces, leading to dimmer indoor spaces and
decreased visual comfort. This limitation contradicts the preference for well-lit and inviting
indoor environments. TAs allow natural light to pass through, maintaining well-lit indoor
environments. By not obstructing light, they enhance the ambiance and comfort of indoor

spaces, aligning with the preference for abundant natural lighting.

3). Limited placement flexibility: Traditional antennas require dedicated space for installa-
tion, which may not always align with the available indoor layout. This lack of flexibility
can lead to challenges in optimizing interior space and hinder efficient placement for optimal
signal propagation. TAs can be integrated into a variety of surfaces, enabling versatile place-
ment without compromising interior layout. Their adaptability allows for efficient utilization

of available space and optimized signal propagation.

4). Privacy and security concerns: The presence of conspicuous antennas can raise con-
cerns related to privacy and security in sensitive indoor settings. Traditional antennas can be
perceived as intrusive and might not align with the privacy expectations of users in locations
like corporate offices, healthcare facilities, and private residences. TAs address privacy and
security concerns by remaining inconspicuous, ensuring that users’ expectations of privacy

are respected without compromising connectivity.

5). Compromised interior design: Opaque antennas often necessitate compromises in
interior design and layout to accommodate their size and placement requirements. This
compromise can result in suboptimal arrangement of furniture, decor, and functional spaces
within indoor environments. TAs offer interior design freedom by eliminating the need to
compromise on layout due to antenna placement. Furniture, decor, and functional spaces can

be arranged optimally without the constraints of traditional antenna structures.

6). User experience impact: The presence of conventional antennas in indoor settings can
hinder the user experience by creating physical obstacles and visual distractions. In areas
where users seek unobstructed views and interactions, such as galleries, museums, and retail
spaces, the use of opaque antennas can detract from the intended immersive experience. In

settings such as galleries, museums, and retail spaces, TAs contribute to a seamless and
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immersive user experience by enabling unobstructed views and interactions while ensuring
reliable wireless connectivity.

In conclusion, the limitations of traditional opaque indoor antennas highlight the need for
innovative and adaptable solutions. TAs, with their ability to address these constraints, offer
a harmonious convergence of design aesthetics, functional performance, and technological
advancement in indoor communication systems. As innovative solutions, they pave the way
for optimizing indoor environments to meet the demands of modern wireless communication

while maintaining the integrity of indoor spaces.

1.2 Objectives

The motivation of the thesis is to propose several sets of antenna design methods suitable
for indoor BSs. The following objectives should be achieved to promote 5G and beyond
applications.

1). Propose a method of designing material-integrated antennas.

Simply embedding the antenna into the medium takes up additional space and can easily
be damaged during decoration. Metal structures used in cement, glass, doors and windows
are well protected. A slight transformation in the metal structures to make them capable of
communication is the best solution for embedding the antennas. Based on the method, the
antenna elements with different shapes can adapt to different building structures.

2). Propose TAs with comparable performance to traditional antennas.

The state of the art TAs cannot be promoted by sacrificing a lot of performance in
exchange for transparency. Most of TAs using low conductivity transparent materials have
very low gains and efficiencies. There has never been an antenna that integrates broadband,
MIMO, transparency, high gain and high efficiency. The completion of this type of antenna
can speed up the entry of indoor small BSs.

3). Optimise the efficiency and gain of TA using TCFs.
According to the characteristics of current transparent materials, better electrical con-

ductivity will inevitably reduce the transparency of the material. A few traditional metal
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antennas need to improve efficiency as their efficiency is close to 1. TA researches focus on
using materials with better conductivity but ignores optimising antenna shapes to improve
efficiency. To bridge the gap, this objective aims to propose high-efficiency and high-gain
antennas using TCFs.

4). Propose all-dielectric transparent lens (ADTL) antenna.

The dielectric lens can transmit or reflect beams, which effectively improves indoor signal
coverage. Compared with the antenna using transparent conductive materials, dielectric lens
has much lower efficiency reduction. However, ADTL has not been applied on wireless
communications. The current research prefers conductive lens as they are more sensitive to
the electric field, while dielectric lens leave a lot of gaps. Thus, we aim to obtain a transparent
dielectric lens with beamforming functions to lay the foundation for indoor BSs.

5). Satisfy the common indoor communication frequency bands.

The proposed TAs for indoor application should scatter the commonly used frequency
bands indoors. GSM at 1.8 GHz, WLAN at 2.4 GHz, a low-frequency band for 5G at 3.5
GHz, Wi-Fi at 5 GHz and ultra-wideband (UWB) are important for indoor communication.
It is more beneficial to design a single antenna to meet multiple frequency bands at the same

time, which can to replace multiple single band traditional antennas.

1.3 Contributions

By keeping exploring with firm determination according to the objectives, the contributions

of the thesis are summarised as follows.

* A multiband glass-integrated antenna is proposed using characteristic modes analysis
(CMA). It is the first multiband antenna based on a large metal grid structure in
buildings. The antenna can be easily deployed on the explosion-proof glass interlayer.
Its proposal can provide antenna design solutions for communication-friendly buildings

in the future.



10

Introduction

A high gain and high efficiency TA array (TAA) based on wired MM and glass substrate
is proposed. In the design, we analysed the effect of mesh size and density on the

current and gave references to balance efficiency and transparency.

An UWB MIMO TA based on a wired MM structure is proposed. The wired MM
structure gains advantages against other types of TA in efficiency, gain and transparency.
A novel and effective decoupling structure conformal to the MM is developed without
degrading transparency. The feasibility of developing UWB MIMO TA based on wired

MM is demonstrated.

A 4-element TA with high transparency using indium-doped tin oxide (ITO) for UWB
MIMO applications is proposed. The TA verified the feasibility of developing UWB
MIMO using TCF.

A TA integrated with an ITO based Fabry-Perot cavity (FPC) is proposed. The TA
realises breakthrough high gain and high efficiency with low conductive TCFE. This TA
demonstrates that high transparency, high gain and high efficiency can be achieved

simultaneously.

An ADTL antenna is proposed. This is the first time that antenna theory has been
applied to an ADTL. The application dramatically reduces the efficiency cost to obtain
transparency. The lenses achieve beamforming functions of gain enhancement, flat-top
beam and dual-beam. It can adjust the beam shape, angle and gain to a certain extent

according to the needs of the environment.

1.4 Organisation

The rest contents of this thesis are organised as follows.

In Chapter II, the literature related to the proposed antennas in this thesis is reviewed.

They include material-integrated antennas, TAs using transparent materials, micro MM and

wired MM, conductive and dielectric lens.
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In Chapter III, a glass-integrated antenna, a four-element TAA and a 4-element UWB
MIMO TA are presented. The glass-integrated antenna is optimised by CMA to produce triple
bands. The MM TAs are hollowed to wire MM from the solid shapes to obtain transparency.
They have comparable gain and efficiency to conventional metal antennas.

In Chapter IV, two optical TAs using ITO films for different purposes are exhibited. An
ITO TA aims to provide UWB MIMO service. Another TA demonstrates that using proper
gain and efficiency enhancement methods can dramatically improve performance without
changing materials.

In Chapter V, a TA with ADTLs for beamforming is proposed. The lens use the optics
mechanism and are fabricated by 3-D printing.

In Chapter VI, we conclude the achievements of the thesis and give instructions on the

further research direction.






Chapter 2

Literature Review

Overview

This chapter surveys material-integrated antenna, TA and transparent metasurfaces that have
the potential to support in-building communications. Following the objectives, firstly, the
author reviews the embedded and glass-integrated antennas. Secondly, TAs using TCFs,
micro MM and wired MM for various scenarios are reviewed. Finally, conductive and

dielectric metasurface antennas are stated.

2.1 Material-Integrated Antennas

2.1.1 Embedded Antennas

The antenna combined with building structures has not been applied to daily communication.
To support the building material integrated antenna design, the related works in concrete and
soil are reviewed. Before the author proposed the concept of building material-integrated
antenna, the embedded antennas were mainly used as sensors. In [10-12], the traditional
antennas are embedded into concrete layers to estimate the infrastructures’ health care which
can replace expensive manual inspection. Fig. 2.1(a) in [10] shows a model of a microstrip
patch embedded in a concrete box, where P = 70 mm and D is the thickness of the concrete

cover layer. A particular air gap between the concrete and the antenna is reserved to prevent
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Fig. 2.1 (a) Microstrip patch embedded in concrete model [10], (b) microstrip antenna sensor
for moisture monitoring [13].

a major alteration occurs in the electromagnetic characteristics of the device. The paper
compares the S1; in free space, dry and wet concrete. Their bandwidths remain the same,
but the resonant performance is reduced as the water loses over time. In [13], a microstrip
antenna is buried in the soil to measure moisture. Fig. 2.1(b) shows the buried antenna model
in [13]. The bandwidth and radiations can be affected by embedded depth.

The embedded sensor antennas concern more about the influence of dielectric rather
than the design of the antenna itself [14, 15]. They mainly work on the very low power
consumption and the stability of the resonant frequency band. They need to be embedded
during construction and have difficulties in repairing if a mechanical failure occurs [10].
The effect of building materials on embedded antennas is gradual and long-term, which is a
challenge for indoor wireless applications. When creating a material-integrated antenna for
daily networks, the characteristics of the material need to be evaluated.

Literature [16] proposes an embedded antenna on the roof for cooperative driving. As
shown in Fig. 2.2, three cavities are hollowed out from the roof’s front, middle and end of
the outer layer and the antennas are located in them. The antennas on the top can reduce
signal blockage from low obstacles. Plenty of areas in the roof benefits spatial isolation for
MIMO array, wide bandwidth and cooperative driving design. The radiation pattern of the
antenna covers all the directions of the vehicle. However, the large cavities hollowed in the

roof may reduce vehicle safety in a crash. In addition, the antennas are semi-embedded,
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Fig. 2.2 Wideband MIMO embedded antennas on vehicle roof [16].

which will be affected by a strong wind, heavy rain and snow while driving. For a practical
embedded antenna, the structure robustness, electromagnetic environment and interference

in application scenarios should be addressed.

2.1.2 Glass-Integrated Antennas

Compared to concrete and soil, the electromagnetic characteristic of glass is stable, has a low
cost of integrating and high feasibility. However, the minimisation and light transmissivity
must be considered by integrating devices. The current glass-integrated antennas have been
applied in various scenarios. In vehicles, the most commonly used communication is the
radio function. Some existing designs for material-integrated antennas are designed for
vehicular radio communications on the windows. In [17-19], the excitation sources and
a few wires are added to the defroster lines on the rear window of the saloon. Fig. 2.3(a)
exhibits the antenna structure in [17]. The mesh structure consists of horizontal defroster
metal lines and five vertical wires. The optimal structure is obtained by using the Pareto
genetic algorithm. The current distribution of the antenna is determined by connecting or
disconnecting the vertical wires and feeding location. This work uses the inherent metal
structure of the car, which expands the antenna’s physical size without occupying additional
space. Compared with the conventional car FM antenna on the roof with a smaller size, the
vertical gain is improved. In [20], the mesh wires of the antenna’s main body are printed on

the glass surface by a silk-screening printing method. The mesh wire is optimised by the
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Fig. 2.3 (a) FM vehicle antenna based on defroster lines [17], (b) 5G vehicle antenna [21].

connection-warranted filtering method. Though the antenna with large size only occupies a

little space as it relies on the glass, it affects the visual impact of the window.

In recent years, the low latency 5G has promoted vehicle-to-vehicle (V2V), vehicle-
to-pedestrian (V2P) and vehicle-to-infrastructure (V2I) communications for driving safety.
Vehicular communication cannot be limited by FM antennas, the higher frequency antennas
for vehicles are explored. In Fig. 2.3(b), [21] provides a 5G glass integrated antenna with
4x 1 monopole elements using coplanar waveguide (CPW) feeding. The antenna provides
a high gain and the phase can be adjusted. Nevertheless, simply attaching leads to the
transparency and space loss on glass. It is urgent to develop an antenna that can be hidden in

the structures with small sacrifices.

To facilitate access to information and increase work efficiency, wearable devices are
expected to play an important role. The communication system installed on smart glasses
will indeed become a fast channel for obtaining information in the future. In [22] and [23],
the antennas on wearable glasses are proposed for Bluetooth and WiFi at 2.4 to 2.5 GHz. As
shown in Fig. 2.4(a), three types of antennas are carried on the top of the lens, the side of
the lens and the side of the glasses frame, respectively [22]. The type A and B antennas are

designed along the curve of the lens. Three antennas can guarantee communication capability
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Fig. 2.4 (a) Antenna for wearable glasses [22], (b) reconfigurable slot antenna for wearable
glasses [23].

while worn by a human. In Fig. 2.4(b), the antenna aims to be a part of the glasses frame. It
comprises of the slotted L-shaped metal legs with CPW feeding. The two metal legs create

different working modes which generate perpendicular polarisations.

2.2 Transparent Antennas

Since the 21st century, there has been a steady rise in the number of transparent conducting
materials required by electronic devices such as touch screens, electromagnetic interference
(EMI) shielding, organic LEDs and solar cells. It is predicted that the trend will persist in
the foreseeable future [24]. The materials enable simultaneous electric conducting while
transmitting visible light. The transparent conductive material is made into TCFs with
a thickness of a micron scale. TCFs have been primarily applied to equipment with low
demand on electrical conductivity and must be seen through human eyes. With the emergence
of some applications that require high conductivity and transparency, highly conductive
transparent materials such as metal-doped TCFs and MM have been developed [25, 26].

As the limitation of space, the current electronic devices increase the demand for size
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reduction and concealment in order to integrate more functions. The development of TAs

can significantly alleviate the contradiction between space and equipment.

This section gives a review of the mechanism of transparent conducting materials and a
survey of the state of the art TAs. It involves the illustration of the trade-off between optical
transparency and radio frequency (RF) sheet resistance, an in-depth survey of antennas using

TCFs, metal-doped TCFs, micro MM and wired MM.

2.2.1 Transparent Conducting Films

TAs made by TCFs can transmit light as the materials offer high optical transparency and
low resistance. The commonly used transparent materials for TCFs include transparent
conductive oxides (TCOs) [27] such as ITO, fluorine-doped tin oxide (FTO), Al-doped ZnO
(AZO), and Ga-doped ZnO (GZO) and other polymers such AgHT-4 and AgHT-8 [28-30].
So far, ITO is the most popular transparent conductive material, however, due to the indium
shortage that will come soon, the indium prices are rising [31, 32]. FTO, AZO and GZO
are promising to be the alternative oxides [33, 34]. To design optical TAs, the properties of
TCFs should be evaluated. Electrical conductivity and optical transparency are the critical
properties of TCFs.

In order to satisfy the communication requirement, the electrical conductivity of TCFs
should be excited within the RF spectrum while transmitting light. The same as the common
lossy conductors, the thickness of a TCF is related to its resistance. The sheet resistance R of

the TCFs can be calculated as follows [35].

R=— 2.1)

where o is the electrical conductivity and 7 is the thickness.

The current in the thin film mainly flows within the skin depth of the sheet. It can be

found as follows [26].
1
S — (2.2)
\| ©fuoo
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Fig. 2.5 Skin depth comparison of TCFs and MM at different frequencies [26].

where f is frequency, i is the permeability of free space (47 x 10~ H/m). The skin depth &
is affected by the alternating current frequency. While the frequency rises, the current flows
toward the surface and the skin depth is reduced. In other words, the current loss increases
with frequency [36]. Compared with Cu and Ag, TCFs with larger loss should consider the
influence of skin depth. Fig. 2.5 compares the impact of skin depth on the conductivity at
different frequencies. The blue area is the conductivity range of the TCFs with common
transparent materials and the light orange area represents the conductivity for Au or Cu mesh
with the fill factor ¥ from 0.01 to 1. Within the blue area, the skin depth is above the 5 um
reference line. At the 10° S/m conductivity, the skin depths are from 6-60 pm. However, the
thickness of most of TCFs is less than 5 yum, the ohmic loss is much increased due to the
effective cross-section being further reduced. The MMs have lower sheet resistance as they

have better conductivity and their thickness is greater than the skin depths.

In the current TCEF literature, TCOs are the most popular transparent materials. Table 2.1
shows the material properties of the ITO, AZO and GZO. ITO offers comparable transparency
with lowest sheet resistant. This unique blend of properties allows ITO to maintain excellent

optical clarity while providing efficient electrical conductivity, making it well-suited for
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Table 2.1 MATERIAL PROPERTIES OF THE INVESTIGATED TCOS [27, 37-39]

Property ITO AZO GZO
N, 13.8x10%  15x10%° 14.6x10%
Band gap (eV) 53.5 47.6 31
Thin film transparency (%) 75-92 76-95 90-96
m* 0.35m, 0.24m, 0.31m,
Mobility (cm?/Vs) 50 10-22 2-8
Sheet resistance (£2/sq ) 3-10 4-15 6-17

Note: m, is the real electron mass, m,=9.11x 10731 kg.

applications where both electromagnetic performance and transparency are crucial, such
as transparent antennas. From the point of material structure, TCOs are semiconductors
produced using a metal-doped oxide compound. The conductivity ¢ of TCOs can be
calculated as follows [27]

Neget 1

== Tt (2.3)

where N, denotes the carrier concentration, ¢, denotes the unit charge, 7 is the electron
relaxation time, m* is the effective mass of an electron and f is the frequency. To guarantee

the electron flow effectively in the microwave range, the plasma frequency f), is defined as

follows [27]

Negz 1
fo=y )t _ = (2.4)

Eo.Eom* T2
where & is the optical dielectric constant, & is the dielectric permittivity in vacuum. The
rapid electromagnetic oscillations cannot act on electrons at frequencies higher than plasma
frequency, the current cannot flow through the TCO. While the film works at frequencies

lower than plasma frequency, it acts as an electrical conductor.

To be optically transparent, TCOs should be thin enough and transmit visible light.

However, the thickness 7 has an exponential impact on optical transparency. The optical
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Fig. 2.6 The optical transparency versus film thickness with different carrier concentrations
[25].

transparency Ttco can be calculated as follows [25]
TTCO = 6% = eat (2.5)

where « is the absorption coefficient. Combining (2.2), (2.3) and (2.5), it could be noted that
the optical transparency is affected by carrier concentration and film thickness. Fig 2.6 shows
the transparency changed as thickness using different carrier concentrations. As the carrier
concentration rises, the transparency is decreased. The influence of carrier concentration
on transparency is increased as thickness increases. To achieve higher transparency, the

thickness of commercial TCOs are always limited under 1 pm.

2.2.2 TCF Antennas

The discussed TCFs have been exploited to promote antenna development by researchers.
Although the TAs using TCFs are inferior to traditional antennas in performance, the current

literature demonstrates their practicality in various environments.
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Fig. 2.7 Wideband MIMO TA, (a) geometry of antenna element, (b) simulated and measured
reflective coefficient, (c) geometry and prototype of the MIMO antenna, (d) measured
S-parameter of the TA [40].

To maximise the advantage of TCFs’ glass-equivalent transparency, TCF antennas are
mainly applied on transparent surfaces. As an example shown in Fig. 2.7, the monopole TA
is made by AgHT-4 film and Melinex transparent substrate for MIMO applications [40]. For
the materials of AgHT-4, the resistance is 4 €2/sq, the conductivity is 1.4 x 103 S/m, thickness
is 0.187 mm and the transparency of a single film without substrate is about 70%. In Fig.
2.7(a), the main radiator of the antenna element comprises of a C-shape arc and a solid
circle with an adjustable connection line. The ground plane consists of a rectangle film with
a half-enclosed polyline. The function of the connection line is to eliminate the reactive
component in the input impedance of the antenna and make the resistive component close
to the characteristic impedance of the feed line. The ground plane and feed line function
together to match the input impedance. The polyline can improve the diversity while forming

an array. Fig. 2.7(b) shows that the optimal antenna element achieves wideband resonance
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less than -10 dB at 2.72-5.86 GHz. Fig. 2.7(c) shows the MIMO antenna geometry and
prototype. The Melinex substrate allows the antenna to be bent but has a frosted effect. By
the superposition of film and substrate, the optical transparency should be less than 60%. Fig.
2.7(d) shows the measured S-parameter of the MIMO TA. S| remains the wideband property
but with a notched band at 3.87-4.54 GHz. S»;, S31 and S4; show the isolation performance
between the elements, which should be limited to less than -15 dB. Within the bandwidth, a
strong mutual coupling is generated at a low frequency around 2.5 GHz and good isolation is

achieved at a higher frequency range.

Though this antenna uses a thick film for gain and efficiency enhancement, it only achieves
0.53 dBi1 maximum gain and 41 % efficiency, which is much lower than conventional metal
antennas. In the case of significantly reduced efficiency, the reflective power is reduced
before reflecting the excitation source, S1; will be reduced, resulting in a broadband false
appearance of some TCF antennas. Therefore, a TCF antenna with broadband performance
should keep S7; much lower than -10 dB. In addition, the mutual coupling will be reduced
due to large ohmic loss. Although the performance of the antenna can be further improved,
this TA is an innovation to the TCF antenna, whose bendable medium further improves the

adaptability of the antenna to various environments.

Traditional vehicle antennas have effects on the aerodynamic of the shell and aesthetics.
Designing an antenna inside the vehicle will suffer serious scattering and shadowing by the
metal shell [42]. The glass occupies a large area on the shell and provides opportunities for
many applications. So far, a part of commercial vehicles have strobe devices on the front
windshield for rear-end collision and fatigue driving warnings. In the future, the windshield
can integrate display for multiple functions [43]. Thus, it is promising to design TAs on
glass applications. In [41], a UWB MIMO TA using ITO film for vehicles is introduced. In
Fig. 2.8(a), the geometry and prototype of the UWB MIMO TA are shown. The shape is
optimised from a simple monopole with a rectangle patch and ground. The patch creates
broadband behaviour and the ground eliminates the notch band. The TA uses ITO film with
10 Q/sq sheet resistance and 1.4 pum thickness. It achieves 72% in the ITO covered area and

80% in other areas. The gains are from -2 to 2 dBi and the efficiency is 40-60%. In Fig.
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Fig. 2.8 UWB MIMO TA for automotive, (a) geometry and prototype, (b) TA mounted on
the windshield. [41].

2.8(b), the TA is mounted on the windshield. The TA with good transparency has little effect

on driving.

Though the TA has been well designed, the efficiency and gain are still low. To address
the loss issues, the direct way is to improve the conductivity of the transparent films. In
[44—47], the antennas use metal-doped TCO materials. In Fig. 2.9(a), the antenna uses
copper-doped ITO film [44]. With the space feeding metal structure, the antenna achieves
more than 65% efficiency. In Fig. 2.9(b), Ag-doped ITO films are applied on the conductive
parts [45]. It achieves 80% efficiency and about 3 dBi for a single element which is very
close to the conventional metal antennas. However, it could be noticed that the optical
transparency is degraded and the colour of the films has been affected. The metal element in
the transparent film will add additional refraction and reflection of light, which results in the

film presenting a metallic colour.

For the TAs using TCFs, the main challenge is to improve the antenna performance while
retaining transparency. Many TAs have explored the materials and geometries to enhance the
performance. In [48], a gold nanolayer has been deposited in the ITO film. As a result, the

efficiency of the single-layer monopole TA is improved compared with the ITO TA with the
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Fig. 2.9 (a) TA array using copper doped ITO film [44], (b) TA array using Ag doped ITO
film [45].

same shape. In [28], the highly conductive metal strips are embedded in the edge of the main
radiator which is made of AgHT film. The gain is improved by 5 dB and the efficiency is
improved from 35% to 70%. In [29], the TA uses a complementary split ring resonator on
AgHT-4 film to enhance the broadband performance. In [49], the TCO film is embedded in a
thick transparent polymer for the main radiator. With the metal microstrip feeding line, the

antenna size is reduced, and the antenna efficiency is enhanced.

2.2.3 Micro MM Antennas

The other category antenna with optical transparency uses MM structure. According to the
mesh size and the manufacturing processes, the MM for TAs design can be classified into
micro MM and wired MM. The micro MM uses micro-fabrication techniques such as ink-jet
printing, physical vapour deposition (PVD) and electroplating, while the wired MM can be
fabricated much more simpler such as PCB manufacturing. The micro MM is constructed
by many meshes with a micrometre scale that cannot be seen by eyes, and wired MM uses
visible wires to form the meshes. Ideally, the meshes are square, while in practice, the
meshes’ shape and size can be regular and irregular, which are determined by the fabrication
techniques [50]. Fig. 2.10 shows the ideal micro meshes, PVD processed and Ag-alloy

etched micro meshes. The optical transparency of the micro MM material depends on the fill
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(c)

Fig. 2.10 (a) Ideal micro MM for fill factor definition, (b) PVD processed micro MM under
the microscope [22], (c) photograph of diamond mesh structure fabricated by Ag-alloy
etching (Wyer=100 tm, Wio,=50 um and Wyesp=3 um) [52].

factor W, which is defined as follows [51],

w

Y=
g+w

(2.6)

where w is the width of the metal line and g is the gap between the lines. Remaining
the thickness constant, increasing the fill factor will decrease the sheet resistance and the
transparency. The optical transparency Tiyvm of the micro MM is defined by Equation (2.7).

The sheet resistance R is defined in Equation 2.8.

Tvm = (1 — )2 (2.7)

1
o= ) oY

where (1 — Tiuvm) is the area ratio occupied by micro MM. The sheet resistance of micro

MM used in the current publications varies between 0.02 and 0.4 €/sq. It is shown that the
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L7: Glass (OLED Display Panel Region)
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Fig. 2.11 (a) Antenna-on-display for mobile phone, (b) 1 x8 TA array with multilayer feeding
structure [52], (c¢) geometry and (d) prototype of the MIMO TA in [53].

average sheet resistance of micro MM is about 1/25 of that of TCFs when they have the
same transparency [26]. In addition, the light transmitted through the holes of the micro
MM material can keep the wavelength of the visible light intact. However, the micro MM
has light shadows as the metal is not transparent. When the transparency of micro MM and
TCFs are comparable, micro MM has a poorer perspective effect. In addition, the cost of
micro MM is much higher than the TCFs as the fabrication processes of micro MM are more
complex.

The micro MM is favoured by many applications in terms of better performance on

conductive and transparency. In [52], a micro MM TA array on mobile phone screen for

mmWave 5G cellular devices is proposed. High transparency enables the antenna to be
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seamless for general users. The antenna is fabricated using diamond mesh shown in Fig.
2.10(c). In Fig. 2.11(a), the antenna array is placed at the edge of the screen. Considering the
high loss that will be generated in the feeding structure as the narrow feed line has a larger
impedance, a novel multilayer structure for feeding is proposed shown in Fig. 2.11(b). The
efficiency has been improving by 17% using the multilayer structure. The TA achieves 88%
transparency, 41% efficiency and 6.7 dBi gain at 28 GHz. In [53], Ni-based embedded MM
nanotechnology has been applied on TA arrays for 5G mmWave MIMO applications. The
article evaluates the conductivity of the hexagon mesh with different fill factors. The trade-off
relationship of fill factor and conductivity has been established, which helps it choose the
most suitable fill factor for TAs. The geometry and prototype of the TA array for the 5G n79
band (4.4-5 GHz) are shown in Fig. 2.11(c) and (d). It uses a symmetric rotation shape and
CPW-fed techniques for high isolation MIMO antenna design. The TA achieves the highest
transparency (93%) in current published antenna design literature and has 85% radiation
efficiency simultaneously. In addition to these, a lot of literature shows the superiority of
micro MM in TA design. In [54], the micro MM film with 75 % transparency and 0.02
Q/sq is cut into MIMO antenna arrays. Though the long feeding lines in the design show
good radiation performance, they lead to larger loss. The TA achieves 46% efficiency. [55]
presents a 4 x 1 MIMO TA using micro MM with Lexan substrate. The high conductive micro
MM allows low loss while using the narrow line for impedance matching. Dual polarisation
and high gain that are comparable to traditional metal antenna array are generated. The
special double-sided micro MM technology has been applied to mmWave TA array in [56].
The high conductivity of double-sided film reduces the loss in the transmission line and

achieves a high gain.

Despite optimising the transparent conductive materials is the direct way to enhance the
antenna performance, antenna structure optimisation should be considered more. Usually,
conventional metal antennas barely consider efficiency issues, so copying traditional antenna
shapes is detrimental to efficiency enhancement. Modifying the antenna structure is one of

the key factors that can lead to a significant increase or decrease in efficiency. The TAs in
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[55] and [54] use micro MM with approximate sheet impedance of 0.02-0.03 €/sq, but they
have a huge gap in efficiency which are 78% and 40%, respectively.

2.2.4 Wired MM Antennas

Another transparent mesh is wired MM which is fabricated by using a traditional metal
conductor with visible wires, hollowed holes and gaps [25]. The design method can be
categorised into the meshed substrate with wired MM and the transparent substrate with
wired MM. For the antennas with meshed substrates, the meshed patches, ground planes and
substrate have a joint impact on the radiation performance, which may vary from their solid
shapes. The optimisation process of this type of antenna is more complicated. As it can be
fabricated by simple and cheap PCB processing and laser cutting, compared with TCFs and
micro MM, it has a much lower cost. For the wired MM antennas with transparent substrates,
the transparent substrates for commercial usage usually have no conductive cladding attached.
The conductive materials such as silver epoxy are deposited on the surfaces to create the
antennas [57]. This step increases the cost of fabrication.

Thick wires between the holes or gaps guarantee good conductivity of the material. In
this case, the efficiency difference between the TAs using wired MM and the traditional metal
antenna should be small. However, as the current can only flow on the meshes, the large
meshes will change the distribution characteristics of the current on the original solid antenna
and affect the performance [58]. The working mode changed as the current distribution
weakened the radiated energy of the antenna and increased the reflected energy, resulting in a
decrease in efficiency and gain. In essence, wired MM transforms the contradiction between
transparency and efficiency into a contradiction between transparency and working mode.

The transparency Tywm of wired MM is defined as [58]:

A
mesh (2.9)

Tomm = 1—
solid

where Agqlig is the occupied area of the TA in solid shape and Apesh 1S the meshed area.

Though the wires block some of the line-of-sight transmission of light, the wavelength of
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(a) - (b)

Fig. 2.12 (a) The geometry of the element and the prototype of the TA array in measuring
environment [59], (b) isometric view of the wired MM TA attaching to the solar cells with
covered glass [60], (c) TA using meshed structure for vehicle applications, (d) a triple-band
TA.

light passing through is unlimited and the light passed through the hollowed area is entirely
unobstructed. Wired MM is favoured for applications that prefer light transmission over
uniform transparency. For example, solar panels, satellites, glass and other applications with
the opaque substrate are the main applications for wired MM TAs.

In [59], a 6x6 antenna array is coated on a solar panel for high gain and X-band
operation is presented. Fig. 2.12(a) shows the TA array geometry and prototype. The TA
array is constructed by meshed patch and ground plane on both sides of the glass substrate.
The operating bandwidth and efficiency of the element decrease, and the mutual coupling
increases with the mesh gap narrowing. After the trade-off, the TA achieves 20 dBi gain
and 88% efficiency. It states that the solar cell remains its photovoltaic generate efficiency

while covered by the TA array. In addition, the solar panel has been combined with satellites
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Fig. 2.13 The reported TAs using TCFs or micro MM, where ¢7¢ denotes the figure-of-merit
[26].

[60, 61]. As shown in Fig. 2.12(b), the TAs in [60] achieves 93% transparency and are
integrated into the solar cells with glass cover. In [61], a broadside radiation pattern with 5.2
dBi gain is achieved on the solar panel. The applications on glass substrates are illustrated
in [62, 63]. As shown in Fig. 2.12(c), the wired MM can be perfectly hidden in the glass
window with UV films [62]. Based on the wired MM, the article [64] proposes an innovative
new transparent shape as shown in Fig. 2.12(d). The antenna only keeps the edges of the
original solid antenna as the current is focused on the edges. By further analysing the current
distribution, the antenna not only remains the original working mode but also creates triple-
band resonance. In addition, it hollows out the patch and the solid substrate and integrates

with the glass piece. The TA with FR-4 substrate is simple for fabrication and low cost.

2.2.5 TCFs and MM Comparison

This section compares the materials’ properties and antenna performance of state of the art.
In Fig. 2.13, we collect the sheet resistance and the transparency of the TAs using TCF
or micro MM. Wired MM is not included as the conducting mechanism and transparency

calculation of wired MM differ from theirs. It can be seen that the micro MM exhibits
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significant superiority over TCFs in terms of conductivity. The sheet resistance of micro
MM is limited below 1 €/sq, while the TCFs are within 1-30 €/sq. Additionally, the overall
transparency of TCFs is relatively higher and more TCF TAs excess 85%. The figure-of-merit
reference line classifies each material into different levels. The material closer to the lower
right corner has better transparency and sheet resistance performance. No reported TA is
below ¢7¢=10, which shows that the trade-off between transparency and conductivity has an
upper limit.

Table 2.2 comprehensively compares the reported TAs with TCFs [22, 28, 33, 40, 41, 45,
65-75], micro MM [50, 52-56, 67, 76-79] and wired MM [59, 61, 63, 64, 80, 81]. Regarding
material properties, the lowest sheet resistance achieved by TCFs is 1 €/sq [45] while that
of micro MM is 0.015 [50]. The micro MM has better average conductivity than the TCFs
counterpart. Lower sheet resistance generally results in low transparency, high gain and
efficiency. Nevertheless, [22, 40, 50, 54, 67] use the material with lower than average sheet
resistance have the efficiency or gain that is lower than the average. [55, 56, 75] achieve
higher efficiency and gain than the average with higher sheet resistance. It can be noted that
the average transparency of TCFs is the lowest, and TCFs have better visual effects as their
look more like crystals in practice. Micro MM has light metal colour, and wired MM blocks

some line-of-sight transmission.

2.3 Transparent Metasurfaces

Metasurface antennas consist of a series of conductive or dielectric scatter elements on the
surface and feeding source. The properties of the source antennas can be controllably affected
by metasurfaces. Metasurfaces are closely related to the transmitarray and reflectarray of the
antennas as many theories of the antenna array are directly applied to metasurfaces [82]. The

fundamental properties of metasurfaces are described as follows.

* The distribution and dimension of the elements of a metasurface can be homogeneous
and heterogeneous, while the traditional antennas with array surfaces consist of periodic

elements [83].
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* The elements of the metasurface should be electronically small and correspond to
sub-wavelength [82].

* Based on the source antennas, better performance or more functions should be achieved
by the metasurface, such as gain enhancement [84], bandwidth extension [85, 86],
multiple band resonance [87], frequency selection [88], radar cross section (RCS)
reduction [89], polarisation conversion [90], beam steering [91], beam formation [92]

and so on.

Metasurfaces can play an important role in future high-frequency communications. For
example, it can improve beam directivity to improve communication accuracy and reduce
BS power. At present, metasurfaces have been maturely used in antennas. However, some
features of current metasurfaces are contrary to the requirements of future indoor communi-
cation. The real indoor application environment will degrade the metasurface performance.
The disadvantages of current metasurfaces for indoor applications are summarised as follows.

* Metasurfaces will seriously affect the appearance and reduce space utilization if
installed on the ceiling, wall or glass surface. Generally, better performing metasurfaces
require more elements resulting in larger sizes.

» Although metasurfaces can be attached to the surface of objects, it is still a challenge
to realize their functions, as many metasurfaces require source antenna excitation in a
specific position. It is impractical to dedicate an area specifically for the placement of
the source antenna.

* Transmissive metasurfaces may lose effect because the metasurfaces can hardly be
placed in the air. The feed-to-surface distance must be narrow in order to reduce overall
volume.

* The properties of medium-dependent metasurfaces can be affected. Medium impact

assessment could be more conducive to the large-scale promotion of metasurfaces.

To address the disadvantages, the indoor environment should be evaluated and the
metasurfaces should be designed based on real scenarios. Designing transparent metasurface
antennas with reference to conventional metasurfaces and TA can be a way for indoor
applications. According to the material’s conductivity, conductive and dielectric metasurface

are disclosed in the following sections.
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Fig. 2.14 (a) The working pattern of the reflectarray, (b) the prototype under the experiment
[93], (c) the metasurface prototype and measuring environment [94], (d) prototype of the
transparent transmitarray [95].

2.3.1 Conductive Metasurfaces

A conductive metasurface is defined as a metasurface containing conductive materials such
as metals and TCFs. In [93], ITO film with 8 €/sq surface resistance has been applied on the
transparent reflectarray for solar applications. Fig. 2.14(a) illustrates the working pattern
of the reflectarray, and Fig. 2.14(b) shows the prototype of the antenna. The reflectarray
consists of 392 elements with different densities and is fed by a 16 dBi horn at around 26
GHz. The reflectarray achieves 6.2 dBi gain enhancement and 22.2 dBi peak gain. Similarly,
in [96], a transparent reflectarray with three-layer ITO elements is developed to improve the

gain and efficiency. It achieves 25.8 dBi gain and 37.3% efficiency at 28 GHz. In [94], a
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transparent metasurface is proposed for near-field focusing. It can provide service to wireless
harvesting and power changing systems. Fig. 2.14(c) shows the measurement setup of the
reflective metasurface prototype. The metasurface comprises two types of elements with the
cross-dipole structure and the Jerusalem Cross structure and mesh ground. All conductive
parts are made by ITO film. These transparent metasurfaces achieve high transparency,
however, they are fed by horn antennas. As a reference, a horn antenna for 10 to 15 GHz
with 15 dBi gain is around 150x60x30 mm?. Its non-negligible volume makes it difficult
for existing transparent metasurfaces to apply to indoor environments directly. To avoid
occupying large space, the source antenna and metasurfaces are integrated into a double-layer
model. In [44, 95], the transparent transmitarrays are excited by the feed arrays, which are
close to the surfaces. Fig. 2.14(d) shows the prototype of the three-layer transmitarray with

the array feeding. It achieves +30° beam steering with 25 dBi peak gain.

At present, though the researches on transparent metasurfaces are scarce, many opaque
metasurface antennas have been developed. Among them, one of the most suitable structure
for indoor installation is the Fabry-Perot cavity (FPC) structure [97]. FPC consists of double-
layer surfaces and an attached feeding structure [98]. In buildings, the double-layer structure
is widely applied on windows, doors, baffles and so on [99]. In addition to the convenience
of layout, the opaque FPC antennas can achieve many functions. Wide bandwidth is achieved
by S-shape elements on superstrate [100], two-layer partially reflective surface (PRS) [101]
and two complementary frequency selective surfaces (FSSs) [98]. High gain [102] and high
directivity [103] are one of the core features of the FPC antennas. The broadband and 5G
MIMO are combined using a single layer PRS in [104]. Beam scanning is achieved by
tunable high impedance surface of FPC [105]. Beam steering technology is achieved by FPC

leaky-wave antenna [106] and phase-modulated metasurfaces [107].

It is promising to combine the transparent metasurface with the FPC in the future. The
mechanism of the FPC with transparent materials and related technologies will be analysed

in Chapter IV with the proposed transparent FPC antenna.
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Fig. 2.15 (a) The element and metasurface geometry [108], (b) prototype and its H-plane
radiation pattern at 5.8 GHz [109].

2.3.2 Dielectric Metasurfaces

Dielectric metasurfaces are all made of dielectric materials. With the increasing precision
and popularity of three-dimension (3-D) printing, dielectric metasurfaces have become more
attractive. Transparent resin, acrylic and other materials are cheap and can be applied to
any 3-D printer. The loss of space waves through dielectric materials is much lower than
that through lossy conductive materials. Compared to TCFs and MM, the antennas using
transparent dielectric metasurfaces have the advantages of low profile, low cost and higher
radiation efficiency. Though dielectric resonators and metasurfaces exist, the transparent
dielectric metasurface has yet to be explored. In order to invent it, the previous dielectric

metasurfaces are referred to.

In Fig. 2.15(a), an ultra-broadband all-dielectric transmissive metasurface is designed
[108]. The character of the surface is determined by the dimension and shape of the raised
pillars. They are optimised using the genetic algorithm based on Snell’s Law. The metasurface
is fabricated using polyamide-12 and glass fibre by 3-D printing. The metasurface is fed by a
ridged horn and achieves 7-12 dB gain enhancement at 9-20 GHz. Additionally, literature
[110, 111] also uses metasurfaces with pillars to enhance the gain. In [109], an all-dielectric
metasurface fed by embedded monopoles achieves multiple beam creation. The antenna

prototype and its radiation pattern are shown in Fig. 2.15(b). It can produce uniform beams
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with approximately 8.5 dBi gain. In [112], an inhomogeneous all-dielectric metasurface
for diffusive reflection is provided using 1-bit and 2-bit coding unit cells. In [113], a
dielectric metasurface is used as a PRS of the FPC antenna. Combined with the metal ground
and feeding antenna, it generates a wideband near-field correlation. In [114], a lens-like
metasurface is proposed, which achieves the effect of converging beams to increase gains.
Though the above metasurface antennas exhibit good performance, they are not suitable for

being placed indoors. Thus, a transparent all-dielectric metasurface is proposed in Chapter V.

2.4 Summary

In this chapter, the author reviews the antennas that have the potential to be transformed for
indoor communications. Meanwhile, their advantages and challenges in indoor applications
are analysed. The material-integrated antennas can be easily hidden. But they need to
be more convenient to install and repair. Their performance is affected by the materials’
properties variation. TAs have good application prospects, but they must better balance the
transparency and efficiency in indoor environments. Transparent metasurfaces have great
potential due to their excellent performance in conventional opaque antennas. However, the
development of transparent metasurfaces faces great difficulties as little literature has paid

attention to this field. Especially for the ADTL, it has not been proposed in any literature.



Chapter 3

Metal Mesh Antennas

Overview

In this chapter, three TAs with mesh or grid structures are presented. In Section 3.1, a
mesh-grid structure was proposed that relied on the existing metal grid structure in buildings.
Section 3.2 develop the mesh-grid to wired MM based on glass substrate. Section 3.3 further
studies the wired MM and proves its practicality. The following paragraphs briefly introduce
the designs in each section.

Section 3.1 presents a triple-band glass-integrated grid antenna used in indoor commu-
nications. Integrating the antenna with the inherent glass structure of the buildings is a
method of optimising the deployment of indoor base station. The antenna consists of three
concentric square grid structures. By characteristic modes analysis (CMA), characteristic
current distribution can be obtained and three optimum operating modes can be excited with
a single feeding. Each operating mode generates broadside radiation, and each resonant
frequency can be tuned independently. In order not to affect the usage and aesthetic of
the building, the proposed antenna is integrated into glass as metallic grids which can also
strengthen the robustness of the glass. To demonstrate the effectiveness of the concept, a
design for GSM at 1.8 GHz, WLAN at 2.4 GHz and a low-frequency band for 5G at 3.5 GHz
is provided.

Section 3.2 presents a CPW-fed transparent antenna array (TAA) in order to reduce the

space occupation and virtual influence of the indoor base station. The TAA is comprised
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of 4 CPW-fed antenna units and a standard glass substrate. The gain is improved by array
structure to 7.6 dBi. The transparency of the antenna achieves 80%. It achieves more than
90% efficiency. The TAA operates at the bands of 2.12-2.5 GHz.

Section 3.3 presents a transparent UWB MIMO antenna based on a wired MM structure.
TAs can be integrated on various building materials with little visual impact to facilitate
flexible massive indoor wireless device deployment. The proposed antenna achieves 77%
transparency by hollowing out both metal and substrate into a mesh shape, while maintaining
more than 83% radiation efficiency. The MIMO antenna consists of 4 elements, each being
a CPW-fed UWB monopole and adjacent elements being placed orthogonally to produce
dual polarisation. The operating band of the MIMO antenna spans over 3.2-11.2 GHz. A
parasitic decoupling structure aligned with the mesh grid is designed to enhance the isolation
between MIMO elements without degrading the transparency. Within the entire operating
band, the isolation between any two elements is more than 20 dB. The peak gain varies from
3.3 dBi to 7.2 dBi within the bandwidth. The envelop correlation coefficient (ECC) is less
than 0.004. The channel capacity and time domain response are analysed. The antenna can

be easily fabricated by conventional PCB and laser cutting techniques with a low cost.

3.1 Glass-integrated Antenna Using CMA for Multiband

Indoor Network

3.1.1 Introduction

Small BSs are expected to be deployed densely indoor to enable wireless traffic increase [115].
To avoid affecting the usage and aesthetics of room, antennas should be well integrated with
building material [116]. Since glass with metal grids is widely used as shutters, explosion-
proof and burglar-proof windows in modern buildings, antennas can be integrated with
glass to provide good signal coverage. Researches show the glass-integrated antenna has
advantages of styling, light weight, security and reliable [117], and so far the glass-integrated

antennas are mainly applied in vehicles at FM/AM radio frequency band [19]. By modifying
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the metal grid integrated with glass, antenna for the indoor network at higher frequency

bands can be designed.

To obtain good radiation pattern without degrading the transparency of glass severely,
the structure and feeding of the glass-integrated antenna should be optimised. CMA is an
efficient method to determine the inherent modes of an arbitrary shape antenna, which can be

applied to design multiband and high efficiency antenna [118].

In this section, a glass-integrated grid antenna achieved multiband resonance in UHF and
SHF band is proposed. With the aid of CMA, three operating modes with vertical polarization
can be obtained by continuously optimising the structure based on simple square grid. Each
resonance frequency is determined by the length of corresponding square grid, which leads
to strong adjustability of the design. Characteristic current indicates that the three modes can
be simultaneously excited by a single feeding. Furthermore, the grid antenna is integrated

with glass and the impacts of glass are discussed.

Electric Field Integral Equation

Traditionally, the surface integral equation of can be applied to closed and open structures.
The electric field integral equation (EFIE) can be used to support characteristic mode (CM)
theory. This section formulates the EFIE of PEC bodies based on Maxwell’s equations.
Following the derivation of Maxwell’s equation in [118], the electromagnetic boundary
condition for PEC structures in homogeneous medium is obtained. For an arbitrary surface S
of PEC, we have

(E'(r) +E(r))an =0,r € S (3.1)

where E! is incident plane wave, E* is scattering field, r is observation point and the subscript

"tan" means the tangential component of the electric field.

By introducing the electric field expressed by magnetic vector potential A and electric

scalar potential @ in the source-free region, the scattering field can be expressed as:

V-A(r) = —joeud(r) (3.2)
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E' = —joA(r) — VO(r) = — joA(r) — ——V(V-A(r)) (3.3)

e
where € and u are constituent parameters permittivity and permeability respectively. A(r)
can be obtained by the integrating the closed surface after eliminating the singularity at the

observation point r. A(r) is given by:
A@r) =2 / J(t)G(r,Y)dS' (3.4)
s

where J(r') represents the current in source point r’, G(r,r’) is the free space Green’s function

[119] multiplied by 47 and is given by:

G(ry') = (3.5)

where R = |r —r’|. Combining (3.1), (3.3) and (3.4), the tangential incident plane wave can
be expressed as EFIE:
E_ (r)= fk_”( J()G(x,x)dS + ly V' J(r')G(rr)dS') (3.6)
tan - 471: 9 k2 ) tan .
S S
where k = /€l and N = \/€/u are wavenumber and wave impedance in homogeneous

medium, the report defaults the medium is free space.

Method of Moment

The EFIE can be transformed into a matrix equation by the method of moment (MoM). When
dealing with electromagnetic problems, MoM mainly expresses unknown parameters, such
as current, in the form of expansion function which is also called the basis function. This
section takes a thin wire as an example to describe the processes of discretising EFIE which
include: dividing the dipole into many small segments; using appropriate basic function to
expand the unknown current; using testing function to transfer the EFIE into a impedance

matrix [118, 120].
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A thin wire with very small radius r < L is divided into N segments and each of them
has the length of Ax. Assume the current over the length of a segment is the same, the total

current J(r) can be represented as:

J(r)= i Jufn () (3.7)
n=1

where J,, 1s unknown coefficient of the nth segment, N denotes the number of the segment

and f,(r) is a basic function.

Triangle basic function is currently a popular basic function which has good accuracy.
In PEC surface, it is known as Rao-Wilton-Glisson (RWG) basis function [121, 122]. The
currents of the thin wire in the report is using triangle basic functions represented by f,(r)
in Equation 2.7. A thin wire with N segments is divided by N + 1 points and N — 1 triangle
basic functions. Each triangle function is shared by two segments and the value of it varies
from O at starting point to unit at the dividing point between the segments. It should be
noticed that the segments are not required to have equal length. The adjacent basic functions

have the overlapped part which gives a piecewise solution. The basic function is given as:

rF—rp_

Ju(r) = r_—rnll i1 Sr<ry (3.8)
n n—
Fpel —F

fn<r):rn++11—_r rn <1< rpi 3.9)
n n

Since the EFIE derivation process of a thin wire is similar to that of an arbitrary close surface,
the EFIE of thin wire can be derived from Equation 2.6 by converting the surface to linear

and combining to Equation 2.7, it is given by:
. N J
E,,(r)= (jou Y J, / £,(r')G(rr)dr' — v Y .V / V' -£, ()G (e )dr'), - (3.10)
n—1 n—1
Jn Ja

The final step of the MoM is to use the basic function as the testing function to discretizing

the EFIE. To obtain the impedance matrix from the discretized EFIE, the vector identity
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A-(pA) =A-(A9)+ @(A-A) is applied, the matrix equation is shown:

where,

Zom = jOU / £ (r / £,(r)G(r,r dr’dr—— / V£ / V' -£,(r')G (' )dr'dr

f;ﬂ fm
(3.12)
Vip = / £, (r)E (r) (3.13)

Conventional Derivation of CM

In electromagnetic, CM theory converts the natural property of a structure to the eigenvalues
and eigenvector [118]. They describe the radiation and scattering of the structure. The
impedance matrix of a thin wire represents the natural impedance property. Given in Equation

2.12, the impedance matrix Z can be represented by real and imaginary Hermitian parts:

Z =R+ X (3.14)
Z+7*
R= 27 (3.15)
2
A A
X = : (3.16)
2j

According to the theory of Harrington and Mautz [123], R and X are real and symmetric

matrices. The generalised eigenvalues A, and characteristic currents J, can be derived as:

Since R and X are symmetric, A, and J, are real. Proved in [118], the J, is orthogonal with
R and X. Thus, the characteristic of J,, is reflected in the current polarization and the current

phase are orthogonal to each other.
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Fig. 3.1 Normalised current distribution on grid antenna, (a), (b) and (c) represent the current
distributions of mode 1, mode 2 and mode 3 at their resonance frequencies

The value of A,, describes the resonant performance of the antenna, positive, negative and
zero values corresponding to the inductive, capacitive and resonant modes respectively. To

observe the mode resonance more intuitively, model significance (MS) is defined as:

1

MS=——
|1+Jln|

(3.18)

MS provides a better visualisation on resonance frequency and bandwidth. The value of the
MS approach to 1 indicates that the mode of the antenna has a resonance at the frequency.
By applying CMA to a metal structure, the data of the MS, surface current and radiation
pattern can be obtained, which can be a guide for antenna structure modification. A multiband
antenna with good performance should have multiple resonance frequency points, which
means the values of the MS close to 1 repeatedly within the simulation frequency range.
Simultaneously, the characteristic modes with inhomogeneous radiation field at the resonance
point should be eliminated, because the homogeneous radiation field will improve the indoor
signal coverage performance. Furthermore, the optimisation of the structure targets that the
resonance frequencies of modes can be determined independently by the sizes of the grids,

meanwhile, interferences between the grids should be limited in an acceptable range.

Antenna Design using CMA

The proposed antenna utilises a grid structure obtained through the application of CMA for

guided optimisation. This grid-based design is engineered to exhibit resonant behaviour at



46 Metal Mesh Antennas

L
% g
)(L>Z

- T

(a) (b)

Fig. 3.2 Overall version of antenna design that is integrated within the glass pieces, where
a=28 mm, b =23 mm, ¢c = 17.4 mm and L = 2a, the thickness of glass is # = 5 mm, the
gap is g = 3 mm and the radius of the wires is ¥ = 0.3 mm. (a) is the front view and (b) is the
right view.

multiple frequencies. To achieve a triple-band resonance capability, the antenna employs
three grids of varying sizes, each corresponding to a distinct resonance frequency. Notably, a
key challenge revolves around efficiently exciting these three mesh grids, given their disparate
resonant frequencies. Leveraging the power of CMA, all resonant modes for the three grids
at the designated frequency range are identified. Through an intricate analysis of the current
distribution associated with these modes, three approximated resonant modes are selected, as
depicted in Fig. 3.1. These grids uniformly manifest approximate resonant currents along the
vertical orientation, facilitating the intriguing possibility of effectively exciting all three grids
using a single feed. To exploit this characteristic, we strategically positioned at the centre
of left sides of the grids. Placing the feed source at this precise connection wire location

engenders the remarkable outcome of achieving triple-band resonance.

By continuously optimising, a structure with good performance is accomplished as shown
in Fig. 3.2, as the grid-in-grid structure exhibits its superiority on multiband resonance and

homogeneous radiation. The Matlab code for CMA applying on the thin wire antenna shape
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Fig. 3.3 (a) MS of mode 1 in Figure 3.2(a) with different size of the outer frame, (b) triple-
band resonance performance in free space. The side lengths of each grid in the antenna are
a =45 mm, b = 34 mm and ¢ = 24 mm.

is shown in Appendix. Fig. 3.1 depicts the current distribution of the selected modes. Fig.
3.1(a)-(c) correspond to 2.7, 3.5 and 5 GHz at free space, they present approximate current
distributions after integrated to the glass. The radiation patterns of them are similar to that
of a pair of parallel dipoles. Fig. 3.3(a) shows the frequency adjustability of the antenna by
tuning the side length of the outer grid. Accordingly, the antenna with triple-band resonances
is tuned to satisfy the most common use frequency bands, as shown in Fig. 3.3(b), the MS

shows the resonances are at 1.8 GHz, 2.4 GHz and 3.5 GHz.

3.1.2 Feeding Refinement and Glass Integration

CMA revealed the availability of the grid-in-grid structure in free space, however, the feed
and dielectric materials limit the mode excitations and radiation efficiency. Excite multiple
modes with a single feed depends largely on the similarity between the modes. As shown in
Fig. 3.2, the selected modes of the proposed design have similar current distribution except
for dimension and the high-current location is in the connecting wire. Similar to the feed
for dipole, one side of the grids are disconnected and two connecting wires are placed to
connect the grids then feed as shown in Fig. 3.1(a). Double-layer glass with wires is one of

the popular structures of commercial explosion-proof and burglar-proof windows. As shown
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Fig. 3.4 The reflective coefficient (S11) of the antenna in free space and integrated with glass.

in Fig. 3.1(b), the antenna is sandwiched by the glass pieces, attaches to a face of a piece of
glass and have few millimetres gap with another.

The simulation results in CST Microwave Studio obtained by Time Domain Solver
indicates that the combination of glass varies the resonance frequencies and reflection
coefficients. By optimising the lengths of the grids, the dimension of the glass-integrated
antenna is shown in Fig. 3.1. Fig. 3.4 compares the reflective coefficients (S11) of the antenna
with and without the glass. The integration of glass reduces the resonance frequency and of
each mode, as the resonance frequencies in free space at 2.7 GHz, 3.5 GHz and 5 GHz are
reduced to the desired frequencies. In this case, the resonant frequency bands of the antenna
are 1.8 GHz (5.6%), 2.4 GHz (8.3%) and 3.5 GHz (20.2%). The special designed bands can
provide service for GSM, LTE and WLAN and low-frequency band for 5G and private LTE
communication.

As the radiation pattern of the antenna in free space in Time Domain Solver are generally
the same as that in Integral Equation Solver (CMA method), the single feed proves its
availability. Fig. 3.5 shows the radiation patterns of the glass-integrated antenna. At 1.8
and 2.4 GHz, the antenna exhibits broadside and uniform radiation patterns in the xz-plane

and yz-plane, while the pattern at 3.5 GHz shows strong front radiation in the xz—plane and
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Fig. 3.5 Radiation patterns of the glass-integrated antenna at the resonance frequencies of 1.8
GHz, 2.4 GHz and 3.5 GHz at (a) yz-plane and (b) xz-plane

relatively weaker front radiation in the yz—plane. As the resonant frequency increases, the
antenna radiates more power in the direction from the antenna to the glass with a gap, as a
result, the antenna attached on the inner face of the outer glass of the double-layer windows

performs better for indoor communications.

3.1.3 Conclusion

In conclusion, a tri-band glass-integrated antenna is designed and optimised for indoor
communication based on CMA. The antenna has a simple grid structure with a single feeding,
and each operating mode can be tuned flexibly. Moreover, the antenna can be integrated with
glass as metal grid. This work demonstrates the feasibility of window integrated antenna to

realize indoor multi-band communications.

3.2 CPW-Fed TAA Using Wired MM

3.2.1 Introduction

The deployment of indoor BSs constructed by large-scale antenna arrays is constrained by
many factors, including space, beauty and concealment. The antenna adapted to the indoor

base station should have the characteristics of small size, easy installation and concealment
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[124]. Therefore, using the TA that is attached to the surface of dielectric materials could be a
choice. Over the past years, the TAs are mainly using two forms: TCF and conductive meshes
[26]. In contrast, the TA using wired MM obtains optical transparency and has comparable
gain and efficiency performance to traditional metal antennas [60, 125]. In buildings, the
main material that needs to transmit light is glass. MM structure with high performance can
be a good choice.

Based on the CPW-fed antenna array, a TAA is proposed in this section by using the
MM structure. The objective of the present antenna array is to obtain the maximum light
transmittance with acceptable antenna array performance. In order to adapt to the medium
where the antenna is attached, the original CPW-fed antenna array is redesigned. By using
the MM structure to replace the ground plane, feed line and antenna body of the designed
antenna array, the light transmittance is improved. The commonly used glass is the substrate

of the proposed TAA as it allows the TAA to be deployed on many building structures.

3.2.2 Antenna Design

The principle and methods of research will be disclosed through the designed CPW-fed TAA

with MM structure at 2.4 GHz indoor wireless communications.

a. CPW-fed Antenna Unit Design

The CPW-fed antennas serving the TAA are different from the conventional CPW-fed antenna.
The substrate of the TAA units is glass with a 6.15 dielectric constant. In the CPW-fed
antenna array, the ground planes of each unit should be connected. Thus, the patch of the unit
is surrounded by the ground plane. The antenna unit is shown in Fig. 3.6(a). To satisfy the
frequency band of indoor wireless devices, the design working frequency of the transparent
antenna array is set at 2.4 GHz. As the array construction will affect the overall operating
band, the centre resonant frequency of the unit is set to 2.8 GHz. The reflective coefficients
of the unit are shown in Fig. 3.6(b). The band of S;; less than -10 dB is from 2 GHz to
3.1 GHz. The resonant frequency is mainly affected by the dimension of the patch and the

distance between the sides. The desirable resonant band is around 2.8 GHz for the element
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Fig. 3.6 (a) The top view of the CPW-fed antenna unit where /;=21 mm, /; =16 mm , the gap
dy = dr=7.5 mm, d3 =7 mm, g;=0.9 mm and the feed line width wi=1 mm, (b) the reflective
coefficients of antenna unit and opaque antenna array..

antenna. The initial shape of the patch is square so the length should close to a quarter
wavelength (around 27 mm). After forming the elements to an antenna array, the length of
each edge, gaps between patch and ground and distance between the elements are further
optimised by sweeping the parameters. In Fig. 3.6(a), the optimised dimension and distance
are shown. Increasing the distance d; and d, will decrease the resonant frequency and the
coupling. Increasing the distance d3 between the top side of the patch and the ground plane
will increase the resonant frequency dramatically. The side lengths /1 and /; of the patch are
inversely proportional to the resonant frequency. While the distance between elements dy
close to half wavelength (63 mm) and quarter wavelength (31 mm), the coupling are more
relative strong. Considering that small d4 will cause greater coupling, and the overall size of

the array should not be too large, ds4 is set to around 1/3 wavelength.

b. Antenna Array and Feed Line Design

The TAA consists of 4 CPW-fed antenna units as demonstrated in the previous subsection.
The antenna units are placed at the same height on the same plane. The range of the distances
d4 between the units is determined by the operating frequency which is set to dy = 44 mm. In

Fig. 3.7, the structure of the CPW-fed antenna array is shown. The characteristic impedance



52 Metal Mesh Antennas

g, Wy
J L,_gs
o 2 Ly 1st stage
8
2nd stage
—\ ”:== 3rd stage
|
0 L.

Fig. 3.7 The top view of the CPW-fed antenna array where g,=0.5 mm, wy=7 mm, g3=0.3
mm, w3=12 mm, g4=0.9 mm, w4=5 mm and the units distance ds=44 mm. Stage 1, 2 and 3
are the impedance matching stages.

Fig. 3.8 The current distribution of opaque antenna array.

in the third transmission stage are 75 Q, the impedance of the feed line in the second
transmission stage should be 37.5 Q. At the boundary of the first and second transmission
stages, the characteristic should be equal to half of that at the second stage which is 18.75
Q. In order to convert the characteristic impedance at the boundary to match the input
impedance, a quarter-wave impedance transformer is applied. By calculating using (3.19),

the impedance of the quarter-wave impedance transformer can be obtained,

R, =+vR| XRy (3.19)
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Fig. 3.9 The processes of the transparency treatment. (a) is the cut antenna array, (b) applying
large meshes on the ground plane, (c) applying small meshes on feed line and (d) slotting on
patches.

where R; is the impedance of the quarter-wave impedance transformer, R; is the input
impedance and R; is the characteristic impedance of the transmission line. In this antenna
array, the impedance of the transformer is 30.6 Q. The length of it is 16.4 mm. In addition, a
50 Q transmission line is connected at the end of the quarter-wave impedance transformer.
The antenna array is designed for 2.4 GHz. As shown in Fig. 3.6(b), due to the close
placement of the elements will generate coupling, the centre resonant band of the antenna
array is reduced compared with the band of the unit. The bandwidth is reduced but the S is

decreased at around 2.4 GHz.

3.2.3 Transparent Treatment of the Antenna Array

The transparent treatment aims to reduce the shading area of the antenna array. In the
traditional CPW-fed antenna array, the surface current is concentrated on the feed line,
patches and their surrounding parts. The area with weak current has very weak effect on the

performance of the antenna array. Therefore, the part where the current is low will be cut



54 Metal Mesh Antennas

off. Fig. 3.8 shows the current distribution of the opaque antenna array. (3.20) defines the

transparency [76],

Acut—
Transparency = W 100% (3.20)

total
where A ,;—our 18 the cut out area and A, is the total area. By comprehensively evaluating
the influence of the transparency on transmittance, radiation pattern, reflective coefficient
and bandwidth, the shape in Fig. 3.9(a) is obtained. The Sy; of it is similar to that of the

antenna array without cutting.

a. Transparent Treatment of the Ground Plane and Feed Line

Using mesh structure to replace the whole metal board can greatly increase light transmittance.
Under the condition that the working mode can be excited, the main purpose is to increase
the transparency as much as possible. In areas with low currents, large meshes are applied
to replace the original metal plates, while areas with high currents require small and dense
meshes. Compared with the feed line, the current on the ground plane is sparser. Therefore,
larger meshes should be applied to the ground plane while the feed line uses smaller meshes.
On the edges of the patches, feed line and some parts of the ground plane, the current
values are always higher than the other parts. Thus, the edges are using thicker wires. The
transparent treatment processes are shown in Fig. 3.9. Fig. 3.9(b) shows a meshed ground
plane using large meshes, Fig. 3.9(c) shows the transparent treatment to feed line with small
and dense meshes. Since the broken edge will affect the radiation field, the edges of the

ground plane remain connected.

b. Slotting of the Patches

Patches distribution with dense current is the key to resonance. Mesh processing will affect
the radiation pattern, resonance frequency and even change the original working mode.
Slotting the patches is better than simply using meshes as the slots can control the working
mode. Fig. 3.9(d) shows the slotted antenna which is the final step of the transparent

treatment. Each patch has 3 rectangular slots. The slots with the dimension of 17x3 mm?
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Fig. 3.10 (a) The resonant performance of the antenna array while doing the transparent
processes. The Step 1, 2, 3 and 4 correspond to the models in Fig. 3.9 (a), (b), (c) and (d), (b)
the gain and radiation efficiency of the solid antenna and TAA.

are designed based on the current distribution. It could be noticed that the horizontal current
dominates the patch, and the vertical current in Fig. 3.8 comes from the coupling effect
between the patches. The slots have the effect of gathering the horizontal current and

weakening the coupling current.

3.2.4 Results and Discussion

By simulation using a variety of meshes from small to large, the optimised meshes are
obtained. The 4 x4 mm? meshes for the ground plane and 2x2 mm? meshes for the feed
line are considered to be an optimal combination. Fig. 3.10(a) compared the reflective
coefficients of each step in Fig. 3.9. The transparent treatment can slightly increase the
resonant frequency. The resonant band of the final version of TAA in step 4 is from 2.12
GHz to 2.5 GHz. Fig. 3.10(b) shows the gain and radiation efficiency of the TAA and solid
antenna array. The maximum gain of TAA is 7.6 dBi at 2.3 GHz and 2.4 GHz. Relative to its
solid counterpart, the peak gains exhibit an approximate nature. Following the transparent
process, a downward shift of 0.2 GHz is observed in the frequency of the peak gain. The
efficiency of the TAA is remaining higher than 90% within the working band, which is

compariable with the efficiency of the solid antenna. Fig. 3.11 shows the radiation patterns
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Fig. 3.11 The radiation patterns: (a) the original CPW-fed antenna array, (b) the final version

of the TAA.

Table 3.1 COMPARISONS OF TRANSPARENT ANTENNAS

Ref. Units Technology Transparency Maximum Gain Efficiency
[41] 2  ITO MIMO 72% 2 dBi 60%
[55] 4 Micro mesh 84% 7.2 dBi 78%
[60] 1 Large mesh 93% 5.3 dBi -
This work| 4  Large mesh 80% 7.6 dBi 90%

of the opaque antenna array and the TAA at 2.4 GHz. Both of them show a broadside pattern.

The radiation pattern remains its features after the transparent treatment.

In Table 3.1, the other TAs are compared with the proposed antenna. The transparency of

the proposed TAA is less than [55, 60] but the TAA also achieves good transparency. The

maximum gain and efficiency of the TAA are better than other works. The TAA is made by

the meshes that can be seen by eyes, the minimum width of the wire between the meshes is

0.5 mm which has a very limited effect on the impedance. Thus the loss of the antenna is

much less than the TA made by micro metal mesh with nanometre scale meshes such as [55]

and TCFs [41] with poor conductivity.
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3.2.5 Conclusion

A CPW-fed TAA with four units is proposed. The TAA operates at a frequency band from
2.12 GHz to 2.5 GHz which can serve for indoor wireless applications. 80% transparency
achieved allows the TAA to be deployed on the glass surface with little impact on the light
transmittance. The transparency is obtained by hollowing out different sizes of meshes on the
opaque conducting part. The large size meshes remain good conductivity of the antenna. The
maximum gain of the TAA is 7.6 dBi and efficiency is more than 90%. High gain and high
efficiency TA met the space and communication requirements of large scale BS applying

indoors can promote the next generation communication development.

3.3 A Transparent Antenna Using Metal Mesh for UWB
MIMO Applications

3.3.1 Introduction

To satisfy the increasing traffic demand, dense deployments of indoor small BSs based on the
MIMO antenna array are expected [126, 127]. However, densely deployed small BSs have
adverse effects on the usage and the aesthetic of the room. TAs are therefore explored to
alleviate this contradiction [66, 128]. It is anticipated that TAs will be widely used in future
buildings, especially in the smart building era [1].

Compared with TCF and micro MM, wired MM is inferior in terms of transparency since
relatively thick metal wires obscure part of the light. Even so, transparency larger than 70%
can be obtained by designing the pattern of the wired mesh carefully [80]. More importantly,
wired MM has thicker strands than micro MM to realize a much lower resistance. The
efficiency of wired MM antennas is comparable to that of non-transparent metal antennas.
In addition, wired MM TA can be built on various substrates, regardless the substrate is
transparent or opaque. Therefore simple fabrication methods such as PCB technique can be

used to fabricate wired MM, which reduces the cost of wired MM antennas [64]. When the
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requirement of transparency is not very stringent, wired MM TA is a good choice since it

exhibits excellent radiation performance [57, 129, 130].

To meet the requirement of large capacity and spectral efficiency in indoor communication,
ultra-wideband (UWB) MIMO antennas are essential to enhance the data rate. The main
issue of the metal UWB MIMO antenna is the mutual coupling. High isolations in UWB
MIMO system were obtained by a tree-like structure in [131], meandered lines in [132], metal
strip in [133], a branch and a T-shaped slot in [134] and orthogonal characteristic modes
in [135]. To facilitate the deployment, it is highly desirable to develop transparent UWB
MIMO antenna. Recently, several designs of transparent MIMO antennas were presented
based on TCF [40, 41, 69, 71] and micro MM [53, 54]. However, UWB MIMO TA based on
wired MM has not been reported, as it is challenging to design a suitable decoupling structure

based on wired MM while maintaining high isolation and transparency at the same time.

This section proposes a wired MM transparent antenna with a parasitic decoupling struc-
ture for UWB MIMO applications. Compared to the current transparent MIMO antennas, it
has relative wider bandwidth, higher efficiency, higher gains, lower coupling and comparable
transparency. 77% transparency is achieved by hollowing out both metal and substrate into a
mesh shape while maintaining more than 83% radiation efficiency. The antenna consists of
four elements which produce dual-polarized radiation and a wide operating band from 3.2
GHz to 11.2 GHz. A parasitic decoupling structure aligned with the mesh grid is designed
to enhance the isolation between MIMO elements without degrading the transparency. The
isolation between MIMO elements is more than 20 dB within the whole operating band. The
proposed UWB MIMO antenna exhibits excellent diversity performance and time domain
response. The antenna is fabricated based on conventional PCB and laser cutting techniques

which make this antenna easy to be manufactured with a low cost.

3.3.2 Element Design

The proposed UWB MIMO TA is comprised of 4 elements. Each element is an independent

UWB TA. The antenna is mounted on an FR-4 substrate with a thickness of 0.6 mm, the
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Fig. 3.12 The CPW-fed UWB element and its current distribution at 4 GHz: (a) opaque
element, (b) current distribution of opaque element.
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Fig. 3.13 The transparent processing steps: (a) step 1, (b) step 2, (c) step 3 is the final version
of UWB transparent element. (d) is current distribution of the transparent element.

dielectric constant of 4.4 and loss tangent of 0.025. All simulations in this paper were

performed by CST Studio Suite 2021.

a. UWB Element

The proposed UWB element is presented in Fig. 3.12(a), in which the metal is depicted in grey
and the substrate is depicted in orange. The antenna element fed by a CPW transmission line
is designed on a single metallic layer. The ground with chamfered cut can improve broadband
impedance matching. The proposed UWB MIMO element is a variant of monopole antenna.

The radiation part of the element is an ellipse monopole which has expanded shape and
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Fig. 3.14 The reflective coefficients of the opaque, Step 1, Step 2 and transparent element
corresponding to Fig. 3.12(a), Fig. 3.13(a), (b) and (c).

relatively smooth transition from the feeding line, therefore it exhibits wideband characteristic.
The simulated S of the UWB element is shown with the red line in Fig. 3.14, the bandwidth
for S11 below -10 dB is from 3.1 GHz to 11.3 GHz. The current distribution of the opaque
UWRB element at 4 GHz is shown in Fig. 3.12(b). It can be seen that the current is mainly
distributed on the central conductor of CPW, the edge of the ground and the lower edge of
the ellipse monopole, while the current in the middle part of the ground and patch is weak.
Based on this observation, it is possible to hollow out the element into a mesh shape to make

it transparent without changing its radiation characteristics.

b. Transparent Processing

The transparent element is optimised from Fig. 3.12(a) in 3 steps. In the first step, the
metallic layer of the antenna is meshed by open squares with a size of 3.5 x 3.5 mm? as
shown in Fig. 3.13(a). In order to facilitate the fabrication, the small meshes near the edge
and corner are merged into the adjacent meshes. The widths of the metal lines in the middle

of the ground and ellipse monopole are set to be 0.5 mm since the current is weak in these

areas. In contrast, the widths of the metal lines at the edge of the ground and ellipse monopole
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Fig. 3.15 Geometry of the proposed UWB MIMO TA: (a) front view, (b) rear view. The
detail dimension is presented in Table 3.2. Grey and orange colour represent metal and FR-4
substrate, respectively.

Table 3.2 DIMENSIONS OF THE PROPOSED ANTENNA

Parameter Wg Wf Ws Wp We Hp Hg He Lm Ll L2 L3 L4 Dm D1 D2
Value (mm) || 12 1.3 0.34 20.6 2 164 11 9 3.5 70 32.8 299 16.7 0.5 0.3 0.6

are set to be 1 mm to ensure a low resistance for large current. To allow the current pass
through it smoothly, the central conductor of CPW is not meshed since it has the strongest
current. Then the substrate outside the antenna frame is cut out as shown in Fig. 3.13(b). In
step 3, the substrate inside the antenna frame is hollowed with the same mesh pattern as the
metallic layers. The final version of the transparent element is shown in Fig. 3.13(c). It is
worth noting that the substrate near the central conductor of CPW is kept intact as it has a

large impact on impedance matching.

The current distribution of the transparent element at 4 GHz is shown in Fig. 3.13(d),
which is very similar to that of the opaque UWB element shown in Fig. 3.12(b). It indicates
the operating mode of the element is kept the same before and after the transparent processing.
In Fig. 3.14, the simulated S;; of each step from opaque to transparent are shown. We can
see that despite S; varies during hollowing, especially at high frequency 6-10 GHz, the
operation band is unchanged and S1; are well below -10 dB from 3.0 GHz to 11.3 GHz.
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The transparency 7 of metal mesh can be calculated by (3.20) and the transparency of the
proposed UWB element is 73%.

3.3.3 Array Design

Four transparent elements described above are employed to construct a UWB MIMO TA,
whose geometry is shown in Fig. 3.15. The whole MIMO antenna occupies an area of 70 X
70 mm?. The dimensions of the antenna are presented in Table 3.2. The antenna elements
and feeding lines are printed on the top layer of the substrate while the parasitic decoupling
structure is on the bottom layer. The adjacent elements are placed orthogonally to produce
dual-polarised radiation. The two elements on the diagonal have the same polarisation. The
entire MIMO TA is rotationally symmetric. According to the transparency defined in (3.20),

the transparency of the four-element MIMO antenna array is 77%.

a. Connection Structure

Initially the four elements are connected by a thin outer frame shown in Fig. 3.16(a), whose
S-parameters are shown in Fig. 3.17(a). Since the antenna array is rotationally symmetric,
S41 is the same as S;1, so only S11, S21 and S31 are shown. Sy indicates that the bandwidth
of the antenna is from 2.5 GHz to 10.2 GHz. However, $71 and S3; are larger than -20 dB in
some frequency bands, especially the mutual couplings exceed -15 dB at around 3.4 GHz.
To improve the mutual coupling, a criss-crossing network is invented to replace the
initial connection frame. As shown in Fig. 3.15(a), the ground planes of the four elements
are connected by the network across the centre of the array. Based on the ground plane
connection, two additional connections are made on the edge of the patch of each element by
extending the FR-4 substrate. The extended criss-crossing network not only improves the
mechanical robustness, but also creates more design space for the decoupling structure on the
back of the array as shown in Fig. 3.16(b). S-parameters of the antenna with criss-crossing
network are shown in Fig. 3.17(b). The bandwidth is from 2.8 GHz to 10.8 GHz. The
orthogonal placement of adjacent elements not only generates dual polarisation but also

limits the coupling. Despite the distance is small between the adjacent elements, the mutual
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Fig. 3.16 The evolution of the connection and decoupling structure. (a) is the front view, (b),
(c) and (d) are the rear view. (a) to (b) is the element connection optimisation and (b), (¢)
and (d) are the parasitic decoupling structure optimisation with their current distribution at 4

GHz.
coupling between them presented by S, is lower than -20 dB over the whole band. However,

the coupling between diagonal elements presented by S3; is larger, especially in the lower
frequency band. For example, it exceeds -20 dB at around 3.3 GHz. Since the mutual
coupling will reduce the efficiency of the MIMO system, a proper decoupling network needs

to be implemented.

b. Decoupling Structure

Compact placement leads to strong coupling between elements. In our design, the coupling
between the diagonal elements is large since they are in the same polarisation. There are
a number of decoupling structures that can enhance the isolation between MIMO antenna
elements. However, the proposed meshed UWB MIMO antenna put forwards higher require-

ments on the decoupling structure. Firstly, the decoupling structure should be conformal to



64 Metal Mesh Antennas

m =)
= =
) 3)
D o}
g £
< <
8 s
™ o
78! w2
_50 i i i i i i i i
2 4 6 8 10 12 2 4 6 8 10 12

S-parameter (dB)

50
2 4 6 8 10 12 2 4 6 8 10 12
Frequency (GHz) Frequency (GHz)

(c) (d)
'E'Sll 'e'SZI +SSI

Fig. 3.17 S-parameters of the antenna evolution shown in Fig. 3.16.

the mesh wire so that no extra space will be occupied and the transparency is unaffected.
Secondly, the decoupling structure should be wideband so that the overall isolation can be
improved within the whole operating band. Furthermore, the decoupling structure should
be low profile so that it can be integrated on glass facades without affecting the aesthetic.
Considering these requirements, a parasitic decoupling structure is designed and optimised
on the bottom layer of the substrate along the meshed wire and the connection network. The

decoupling structure is simple and effective.

Fig. 3.16(b) to (d) show the evolution of the parasitic decoupling structure based on the

antenna with criss-crossing network, and the corresponding S-parameters are shown in Fig.
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Fig. 3.18 Current distributions on the MIMO antenna when Element 1 is excited at 3.5 GHz:
(a) initial structure, (b) final structure.

3.17(b) to (d). Fig. 3.16(c) and (d) also show the current distribution on the decoupling
structure at 4 GHz when Element 1 is fed. By observing S-parameters of the antenna without
decoupling structure in Fig. 3.17(b), the coupling between diagonal elements needs to be
reduced at around 3.3 GHz and 7.4 GHz. In Fig. 3.16(c), a parasitic decoupling structure
which forms a semi-encirclement for each element is attached to the back of the connection
network. In Fig. 3.17(c), although S3 is reduced, S,; increased around 3.5 GHz. The final
optimisation is to add a half-moon structure along the meshes as shown in Fig. 3.15(b) and
its current distribution is shown in Fig. 3.16(d). Compared with Fig. 3.16(c), Fig. 3.16(d)
indicates that a stronger resonance is incurred on the decoupling structure. A large amount
of energy that should have coupled to other ports are concentrated and canceled on the
decoupling structure. As shown in Fig. 3.17(d), both S>; and $31 are limited to below -20 dB

over the whole working band.

In summary, good isolation performance of the proposed UWB MIMO TA can be
attributed to three aspects. (1) Orthogonal placement. The coupling between adjacent
elements is small mainly due to the fact that they are orthogonally polarized. (2) Connection
structure. The ground of the four antenna elements is connected by a specially designed
criss-crossing network. The hollowed-out ground and substrate between elements act as

a defected ground structure [136], which can block surface waves between elements. (3)
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Fig. 3.19 The prototype of the proposed antenna: (a) front view, (b) rear view.

Decoupling structure. A parasitic decoupling structure is designed on the back of the
connection network, which can block and cancel the inductive current and thus improve
the isolation between elements. Fig. 3.18 shows the surface current on the MIMO antenna
when Element 1 is excited. By comparing Fig. 3.18(a) and (b), the difference of the current
distribution between the antenna without and with criss-crossing connection network and
parasitic decoupling structure at 3.5 GHz can be observed. In Fig. 3.18(a), a strong induced
current is generated around the feeding area of other elements. In Fig. 3.18(b), the current
on other elements is significantly reduced as a strong current is blocked by the decoupling
structure, which demonstrates the effectiveness of the proposed parasitic decoupling structure.
This phenomenon generally applies to the entire frequency band. It should be emphasised
that the proposed decoupling structure is aligned with the mesh grid completely and the

transparency of the antenna is not degraded.

3.3.4 Results and Discussion

A prototype is fabricated shown in Fig. 3.19. The wired MM is carved on an opaque
FR-4 substrate by the standard PCB technology first, and then the substrate is hollowed by
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Fig. 3.20 The simulated and measured S-parameter of the proposed UWB MIMO TA.

laser cutting technology. The whole fabrication process is a conventional method for mass
production of PCB circuit boards, so it is simple and low-cost. All the parameters of the

fabricated antenna are set as the values in Table 3.2, and 77% transparency is obtained.

The simulated and measured S-parameters of the proposed UWB MIMO TA are shown
in Fig. 3.20. The simulated band for S;; below -10 dB is 3.1-11 GHz while the measured
bandwidth is 3.2-11.2 GHz. Both the simulated and measured S,; and S3; are lower than -20
dB over the entire operating band. The results indicate good isolations are achieved among
MIMO elements. Overall, the measured results show good agreement with the simulations.
The discrepancies are caused by the fabrication error and the inaccuracy of the dielectric

properties of the substrate.

Fig. 3.21 shows the simulated and measured radiation patterns in x-z-plane and y-z-plane
at 4 GHz, 7 GHz and 10 GHz. In the measurement, Element 1 is excited while other elements
are terminated with 50 © matched loading. Due to the rotational symmetry of the MIMO
antenna, only the radiation pattern of Element 1 is presented. The radiation pattern of
Element 2 in x-z plane is similar with that of Element 1 in y-z plane, and radiation pattern

of Element 2 in y-z plane is similar with that of Element 1 in x-z plane. From Fig. 3.21,
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Fig. 3.21 The simulated and measured radiation patterns: (a) x-z plane at 4 GHz, (b) y-z
plane at 4 GHz, (c) x-z plane at 7 GHz, (d) y-z plane at 7 GHz, (e) x-z plane at 10 GHz, (f)
y-z plane at 10 GHz.

the measured results approximately agree with the simulated results. The radiation of the
proposed antenna is bidirectional, and the maximum radiation is along z-axis. As mentioned
before, the current distribution on the antenna is not altered much by the wired metal mesh.
Therefore, the antenna elements operate in the same mode before and after hollowing, and
it can be observed from Fig. 3.21 that the co-polarization component is maintained and
the cross-polarization component is about 18 dB less than co-polarization in the broadside
direction.

TAs can be a great way for indoor application due to their transparency. To show the
feasibility of the antenna for indoor application, the proposed antenna with 77% transparency
was measured while attaching to a glass window. As shown in Fig. 3.22, the antenna does
not block normal sight. The bandwidth is from 3.2 GHz to 11.8 GHz. Though S3; exceeds
-20 dB around 5 GHz, the isolation performance is excellent within the most of operating

band.
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Fig. 3.22 Measured S-parameter and picture of the UWB MIMO TA attached to an indoor
window.

Fig. 3.23 depicts the radiation efficiency and gain of the proposed antenna when Element
1 is excited. A comparison efficiency and gain of its solid shape is also included. The
simulated radiation efficiency of TA is greater than 0.83 within the whole bandwidth. The
measured gain of TA varies from 3.0 dBi to 7.3 dBi over the operating band. Though the
antenna is hollowed out, the thinnest metal wire of the antenna remains 0.5 mm width which
has very low resistance. Thus, the efficiency and gains are comparable to solid metal antennas

and much better than other types of TA.

The mean effective gain (MEG) is used to quantify the average received signal strength
of each antenna element taking into account the multipath propagation environment. It is
defined as the ratio of received power (Pg..) to the sum of average vertical and horizontal
incident power (P, + Py ) shown in (3.21). MEG can be affected by radiation power pattern,
total efficiency and propagation environment [137]. The mean incident power ratio Py /Py

represents the cross-polarization power ratio (XPR). Using XPR, MEG can be calculated by
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Fig. 3.23 The gain and radiation efficiency of the proposed antenna.

(3.22):
PRec
MEG; = 3.21)
Py + Py
2T T XPR
MEG; — [ Go(6.0)P5(6.0)
0/0/ I+ XPR (3.22)
+m6¢(9 0)P(0,0) |sin0d0d¢

where Gg(6,¢) and G4(0,¢) are the 6 and ¢ components of the antenna power gain pattern,
respectively, and Pg(6,¢) and Py(6,¢) are the 6 and ¢ components of the angular density
functions of incoming waves, respectively. In Fig. 3.24(a), MEG for Element 1 is derived
in the case of uniform multipath environment (Ps (0, ¢) = Py(6,¢) = ;7) and Gaussian in
elevation while uniform in azimuth (o6y = oy = 20°), when XPR equals 0 dB and 6 dB,
respectively. The ratios of MEG for ith element to MEG for jth element are used to quantify
the power imbalance between elements, which are shown in Fig. 3.24(b). The following

criterion is satisfied which indicates good channel performance over the whole operating
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Fig. 3.24 (a) MEG of Element 1, where M| and M, are based on Gaussian for elevation and
uniform for azimuth with 0 and 6 dB XPR, M3 and My are based on isotropic environment
with 0 and 6 dB XPR, (b) Ratio between MEGs at XPR = 6 dB, where R; and R, are
obtained by |MEG|/MEG,;| and [MEG|/MEG3| using Gaussian for elevation and uniform
for azimuth, while R3 and R4 are obtained by [MEG|/MEG,| and [ MEG,/MEG>| based on
isotropic environment.

band is obtained.

|MEG;/MEG | ~ 1 (3.23)

The channel isolation and diversity performance can be evaluated by the ECC and
diversity gain (DG). ECC for this antenna is obtained from the radiation field using the

following equation [138]:

o= [11xEi(6,9)-E;(6,9)dQ
"l Ei(8,0)E; (6,0)4Q [, E;(6,9)E}(6,6)d9

(3.24)

where E;(6,¢) and E;(6,¢) are the three dimension radiation field for port i and j. To
guarantee good isolation, the accepted limit is that ECC should be lower than 0.5. On the

other hand, DG is defined as the following equation:

DG;j=104/1 —pl?j (3.25)
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Fig. 3.25 ECC and DG calculated by farfields, where pj> and DG, represent ECC and DG
between element 1 and 2, p13 and DGy3 represents ECC and DG between element 1 and 3.

Fig. 3.25 shows the simulated ECC and DG. The ECC values are less than 0.004 and DG is
more than 9.98 dB within the entire operating band, which indicates the proposed MIMO

antenna has great diversity performance.

The channel capacity in a N x N MIMO system can be calculated by (3.26),
_ P ergH
C = log,det ( I+ NHH (3.26)

where I denotes an identity matrix, p is the average SNR at each receiving antenna and
N denotes the number of transmitting antennas. Assume the the reference propagation
environment is independent Rayleigh fading channel Hy, the channel state information is
unknown, the transmit power strategy is equal power allocation and the receiver SNR is
20 dB, the elements of Hy, are zero-mean circularly symmetric complex Gaussian random
variables. Set the proposed antenna as receiving antenna, and transmitting antenna is ideal,

the MIMO channel H including antenna effect can be expressed as (3.27) [139],

H—R!2H, (3.27)
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Fig. 3.26 Channel capacity of the proposed MIMO TA.

where R is the matrix of receive correlation coefficient of the proposed MIMO antenna, and
can be calculated by R = A'>RA/?. Here the elements of R are correlation coefficients of
the three-dimensional radiation fields, and A is a diagonal matrix whose elements are total
efficiencies of each element. For large SNR, the instantaneous capacity of (3.28) is given by
(3.26) and (3.29):

C =~ Cp + log,det(R) (3.28)

Co = log,det (1+ ]%Hwﬂg) (3.29)

where Cy is the upper limit capacity of the N x N MIMO system of the ideal Rayleigh channel
with ideal antennas. Fig. 3.26 shows the channel capacity of the 4 x4 MIMO system. Thanks
to the low ECC and high efficiency of the proposed MIMO TA, the channel capacity achieves
more than 16 bps/Hz within the whole operating band, and the peak capacity is 17.2 bps/Hz
which is very close to the upper limit of 17.5 bps/Hz.

To evaluate the time domain response, two of the proposed antennas are employed as Tx
and Rx antennas which are separated by 0.5 m. The transfer function between Tx and Rx is
measured, and the group delay shown in Fig. 3.27(a) is derived from the phase of the transfer

function. The variation of group delay is small within the whole operating band which
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Fig. 3.27 (a) Normalised transmitted and received signal pulses at 0.5 m, (b) group delay.

indicates the proposed antenna has a good phase-frequency characteristic. The transmitted
Gaussian pulse and received pulse are compared in Fig. 3.27(b). Compared to the transmitted
pulse, the received pulse has a little ringing, the fidelity factor between the transmitted and
received pulse is 0.83, which indicates the signal distortion is very limited and the proposed

antenna has excellent time domain response.

Table 3.3 compares the performances of the proposed transparent UWB MIMO antenna
with other previously reported similar designs. So far, three materials have been employed to
design transparent MIMO antenna: TCFs, micro MM and wired MM. The most common
material is TCF such as ITO and AgHT in [40, 41, 69, 71]. From Table 3.3, these designs
obtain wide bandwidths and high isolations, however, the radiation efficiencies and gains are
low. Micro MM [53, 54] has higher conductivity than TCEF, especially in [53] when Ni is
embedded, the radiation efficiency of the antenna is greatly improved while high transparency
is also obtained. However, the fabrication process of micro MM is complex and costly. This
paper presented UWB MIMO TA based on wired MM for the first time. Although the
transparency of the wired MM is inhomogeneous, the overall transparency of the wired MM

is comparable to that of TCFs. From Table 3.3, the proposed antenna achieves much higher
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Table 3.3 COMPARISON OF TRANSPARENT MIMO ANTENNAS

Ref. [40] [41] [69] [71] [53] [54] This work
Elements 4 2 2 4 4 2 4

Size (mm?) 45x66 29x50 50x120 150x70 60x60 40x40 70x70
Material AgHT4 ITO  AgHT-8 ITO Micro MM Micro MM | Wired MM
Transparency 70% 72% - 84% 93% 75% 77%
Band (GHz) 22-6  24-11 3.1-10.6 49 &26 4.4-5 245 & 5.5 3.2-11.2
Isolation (dB) 15 20 20 30 20 15 20
Gains (dBi) 0.5 -2t02 -6to0-2 2 3.8 0.74 & 2.3 3t07.3
Efficiency 41% 60% 20% - 85% 40% 83%-95%

radiation efficiency than TCF antennas in [40, 41, 69, 71] and greater bandwidth than micro
MM antennas in [53] and [54]. Furthermore, the fabrication process of the proposed antenna

is simple with a low cost.

3.3.5 Conclusion

A 4-element TA with 77% transparency and 83% radiation efficiency for UWB MIMO
application has been proposed in this section. A wideband parasitic decoupling structure
reduces the mutual coupling below -20 dB. MIMO diversity performance is guaranteed in
terms of the ratios of MEG (140.003), ECC (less than 0.004) and DG (more than 9.98 dB).
The MIMO capacity in Rayleigh channel achieves 17.2 bps/Hz. The fidelity factor in UWB
transmission reaches 0.83. Since the antenna integrated on the window can provide UWB
MIMO service with little visual influence, it is a very promising device to be applied in
the indoor wireless infrastructure, as wireless communication will become one of the most

fundamental utilities of a building.






Chapter 4

TCF Antennas

Overview

In this chapter, two TAs using ITO are proposed. Section 4.1 achieves UWB MIMO, which
lays the foundation, but the efficiency and gain are very low. Section 4.2 uses the FPC
to address them and achieves enhanced performance using the same TCF. The following

paragraphs briefly introduce the designs.

In Section 4.1, an optical TA using ITO for UWB MIMO applications is proposed. The
ultrathin ITO film is coated on a 67 x 67 mm? glass substrate and over 85% transparency
is achieved. The antenna consists of four CPW-fed antenna elements with rotationally
symmetric placement. The adjacent elements are placed orthogonally to produce dual
polarisation and reduce coupling. The MIMO antenna operates from 1.5 to 11 GHz which
covers the UWB applications. The coupling between the elements is less than -23 dB. MEG,
ECC and DG achieve excellent values which guarantee good MIMO performance. The
prototype is verified and the measured results are analysed.

Section 4.2 proposes the first fully transparent Fabry-Perot cavity (FPC) antenna using
indium tin oxide (ITO) film and glass substrates to improve the efficiency and gain of ITO
antenna. The proposed TA is composed of a high efficiency transparent monopole (TM) feed
source and two transparent partially reflecting surfaces (PRSs). The structure of the TM
and the PRSs are optimised to get a good compromise between transparency and radiation

efficiency. Multi-resonance cells on the PRSs are designed to improve the bandwidth. The
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proposed transparent FPC antenna obtains an overall optical transparency of 84% and a
peak efficiency of 70.4%. A peak gain of 11.7 dBi is achieved with an aperture size of
2.2A9%2.2A9, and the 3 dB gain bandwidth spans from 4.9 GHz to 6.3 GHz. Furthermore,
the transparent cavity structure makes the proposed antenna can be integrated with indoor

double glazing seamlessly.

4.1 UWB MIMO Optical Transparent Antenna Based on
ITO film

4.1.1 Introduction

In this section, an ITO based TA for UWB and MIMO applications is proposed. The proposed
antenna comprises 4 transparent CPW-fed elements on a glass substrate. The smooth elliptical
patches realise a resonant band of 1.5 to 11 GHz. The antenna is in a rotationally symmetric
shape and has dual polarised radiation. Meanwhile, the coupling effect between the elements
is constrained to a very low level dual to its orthogonal placement and common ground

design.

4.1.2 Antenna Design

The geometry of the antenna is shown in Fig. 4.1(a). ITO film with 4 Q/sq and 0.38 um
thickness is used as the conductive parts and the glass piece with a thickness of 1.1 mm and
dielectric constant of 6.15 is used as the substrate. The proposed antenna is designed and
simulated by CST Microwave Studio 2021. By adjusting the parameters of the antenna in the
simulation, we obtained the optimal antenna size of L = 67 mm? and an element occupies
the area of 30 x 33 mm?.

The antenna consists of 4 UWB CPW-fed elements. Each element is fed by a 50 Q CPW
line with Hg = 13 mm length and Wy = 2 mm width. The width of the slot between the

feeding line and ground is G, = 0.3 mm. The patches with ellipse shapes are beneficial

to bandwidth enhancement since the progressively increasing width of the patch allows its
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Element 4 Element 3 Element 4 Element 3

Element 1 Element 2 Element 1 Element 2

(a) (b)

Fig. 4.1 (a) The front view of the antenna, orange represents the ITO film and blue represents
the glass substrate, (b) the surface current distribution of the proposed TA, when exciting
Element 1 at 7 GHz.

impedance and radiated pattern to remain relatively stable over a wide bandwidth. The
optimal major axis Dx = 21 mm, minor axis Dy = 19 mm, the gap between patch and ground

is G; = 0.2 mm and the ground width W, = 13.7 mm. The triangle chamfer edges with sides

H; = 8 mm and W; = 3 mm of the ground planes have auxiliary effects on UWB resonance.

The chamfer edges also increase the shortest distance between the ground plane and the patch

of adjacent antenna which reduces the mutual coupling.

The proposed antenna is rotationally symmetrical in shape, which can generate dual
polarisation. The ground planes are connected by an ITO wire intercrossing at the centre of

the antenna array instead of directly connecting the ground planes of adjacent elements. The

width of the ITO wire is W, = 0.5 mm and the length of ground connection H, = 3.3 mm.

The intercrossing can not only share common ground but also benefit the isolation between

the elements by blocking the coupling energy.

Fig. 4.1(b) shows the current distribution when Element 1 is fed at 7 GHz. Though

the current distribution are different in different frequency, current distributed at 7 GHz is

y

Zi—*«\’
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Fig. 4.2 The simulated and measured S-parameter of the proposed 2x2 MIMO TA.

representative over the band. The strong current always concentrated on the edge of the
patch and feeding line and the coupling current is always stronger at diagonal element then
that at adjacent element. Element 1 is vertically polarised while Element 2 is horizontally
polarised. The main current on Element 1 is distributed along the y-axis, thus, it leads to a
strong y-axis induced current on the patches of Element 2. Since Element 2 is polarised alone
x-axis and the crossing common ground structure increases the separation between elements,
the coupling between Element 1 and 2 is reduced. Compared with Element 2, the induced
current direction of Element 3 is the same as its polarisation direction, and the coupling of

Element 1 and 3 can be strong.

4.1.3 Simulation and Measurement Results

Fig. 4.2 shows the simulated and measured S-parameters of the antenna. Since the antenna
array is rotationally symmetric, S41 is the same as S;1, so only Sy1, S21 and S3;are shown.
Both simulated and measured S; are less than -10 dB from 1.5 GHz to more than 11 GHz.

The simulated and the measured coupling effect between adjacent elements (S,1) are always
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Fig. 4.3 The simulated and measured radiation patterns
kept at less than -25 dB. The simulated S3; of diagonal elements are less than -27 dB and
measured S3; are less than -23 dB. Orthogonal polarisation and special common ground
design largely reduce the mutual coupling. Since the radiation patterns above 11 GHz have
multiple side lobes and largely deviate from the z-axis direction, this antenna is most suitable
for working below 11 GHz. The main purpose of the antenna is to provide service over UWB
which spans from 3.1 to 10.6 GHz.

Fig. 4.3 shows the radiation patterns of the proposed antenna when Element 1 is excited.
Due to the rotational symmetry of the MIMO antenna, only the radiation pattern of Element
1 is presented. In Fig. 4.3(a), (b), (d) and (e), the main lobes of the antenna point toward
z-axis. As shown in Fig. 4.3(c) and (f), the strong z-direction radiation is presented, but a
strong sidelobe appears. In practical applications in indoor environments, a slight deviation
of the main lobe and the appearance of side lobes can be tolerated. Because the abundant
scatterers in the room facilitate multipath signal propagation to cover the entire space.

The MIMO performance can be evaluated by MEG [137], ECC and DG. MEG can
be derived by Equation (3.22). The cross-polarization power ratio (XPR) is defined by

the propagation environment. MEGs of the elements are calculated based on Gaussian in
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Fig. 4.4 (a) Ratios of MEG between element i and j; (b) ECC and DG.

elevation while uniform in azimuth with 0 dB XPR. The ratios of MEG of the elements can
evaluate the power imbalance in a multipath propagation environment. A ratio approximates
to 1 can guarantee good channel performance. Fig. 4.4(a) shows the MEG ratios are limited
within 1£0.002. To evaluate channel performance, ECC is calculated using radiation patterns
as shown in Equation (3.24). The limitation of acceptable ECC is less than 0.5. In Fig.
4.4(b), ECC is under 0.1. DG is to evaluate diversity performance which can be derived from

Equation (3.25). As shown in Fig. 4.4(b), DG is larger than 9.5 dB over the operating band.

The prototype in Fig. 4.5(a) is fabricated by using magnetron sputtering and laser
engraving. The visible light transparency of the ITO antenna is 85%. As a reference, the
transparency of a pure glass substrate with the same thickness is 93%. Fig. 4.5(b) shows the
effect when the antenna is attached to an indoor window. It does not cause any obstruction to

the visual effects. The ITO films are almost invisible.

Table 4.1 compares the other transparent MIMO antenna using TCF materials. Compared
to [40, 41, 69], the proposed antenna has advantages in transparency, bandwidth and isolation
performance. Limited by ITO material properties, the peak gain of the proposed antenna
is 0.3 dBi. It is comparable to the TAs without gain enhancement. Compared with the
antenna proposed in Chapter 3.3, this TA has very similar dimension and structure, result-
ing in comparable bandwidth performance. However, a significant alteration in material

choice, utilising ITO, has led to a notable reduction in the antenna’s gain. Despite lacking a

DG
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Fig. 4.5 Photograph of proposed antenna: (a) antenna prototype and (b) the visual effect of
the TA attaching to the indoor window.

Table 4.1 COMPARISON OF TCF MIMO ANTENNAS

Ref. [40] [41] [69] TA in Chapter 3.3 | This work
Elements 4 2 2 4 4
Material AgHT-4 ITO AgHT-8 MM ITO
Transparency 70% 72% - 77% 85%
Band (GHz) 22-6  2.4-11 3.1-10.6 32-11.2 1.6-11
Isolation (dB) 15 20 20 20 23
Peak Gain (dBi) 0.5 2 -2 7.3 0.3

decoupling network akin to the MM TA, the ITO TA capitalizes on its lower conductivity.

This attribute translates to a heightened insensitivity to EM wave reflection, consequently

enhancing isolation capabilities.

4.1.4 Conclusions

A TA using ITO material for the UWB MIMO application is presented. The visible light

transparency of the antenna achieves 85%. The antenna operates over a frequency band

from 1.5 to 11 GHz. 2x2 CPW-fed elements are placed rotational symmetrically, which

can generate dual polarisation and reduce mutual coupling. The mutual coupling among
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elements is less than -23 dB. The MIMO performance is guaranteed by excellent MEG ratios,
ECC and DG values. The antenna can be easily integrated into many indoor objects with
very little virtual effect and is capable of serving the UWB MIMO application. The proposed

TA will potentially play an important role in future smart buildings.

4.2 High Efficiency and High Gain ITO TA Based on Fabry-

Perot Cavity

4.2.1 Introduction

5G communication will greatly accelerate the development of smart cities and smart homes
[25, 140]. To enhance coverage and spectral efficiency of 5G communications in complex
application scenarios, especially in buildings, densely deployed base stations and antennas
are required. Due to spatial and aesthetic constraints in buildings, increasing the number of
conventional antennas is not a preferred solution [141, 142]. Integrating transparent antenna
(TA) into the inherent facilities of the building, such as glass windows and facades, can get
the base station rid of the spatial and aesthetic limitations [143].

Most TA researches revolve around metal mesh (MM) and transparent conductive films
(TCFs) [26]. Although MM antennas have higher conductivity, they are inferior in transparent
performance. TAs with higher transparency using TCFs are preferred while integrating with
glass. The commonly used TCFs include indium tin oxide (ITO), silver-coated polyester film
(AgHT) and fluorine-doped tin oxide (FTO) [144]. In recent years, TCFs have been applied
to many scenarios, including automotive windshields [41], handset screen [71] and solar
module [68]. TCFs are made extremely thin to achieve higher transparency than meshed
metal antennas. However, ultrathin films have high sheet resistance which leads to a large
Ohmic loss. The efficiencies and gains of most TCF TAs are much less than conventional
metal antennas. To address this issue, various solutions have been proposed. [55, 56, 53]
constructed antenna arrays with MM, in which constrained feeding was used. However, the

constrained feeding is not suitable for TCFs since TCFs are highly lossy and most of the
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power can be dissipated in the complex feeding network. Copper and silver doped TCFs
materials were used to improve the efficiency of TCF TAs in [44] and [45], respectively.
Although metal doping can improve the conductivity of TCEF, the optical transmittance will
inevitably be affected. In [95] and [96], transparent reflectarray and transmitarray were
proposed to improve the gain of TCFs TAs, however, the opaque horn feed makes these
antennas bulky and less transparent.

In modern buildings, double glazing is widely used for windows, doors and partitions.
The double glazing forms a cavity structure which provides a design space for indoor antennas.
Fabry-Perot cavity (FPC) composed of partially reflecting surfaces (PRSs) can enhance the
performance of the sandwiched source antennas. In [145], FPC antennas achieved high gain
by using frequency-selective surface (FSS) based PRS. Furthermore, profile [146], bandwidth
[147] and radar cross section (RCS) [148] can also be optimised by FPC. Developing TA
based on FPC structure is potential to improve the radiation performance of TA. In [44], a
transparent FPC antenna combined ITO PRSs with a metal feeding network was designed for
solar panels. The efficiency and gain of the TA were largely enhanced, however, its opaque
metal feeding layer made the antenna not fully transparent.

In this section, a TA based on the FPC structure is proposed. The antenna is composed of
a monopole feed source and two PRSs, which are made of ITO films and commercial glass.
So the antenna is fully transparent and achieves an overall transparency of 84%. Due to the
space feeding strategy and the specially designed FPC structure, the antenna achieves a peak
radiation efficiency of 70.4% and a peak gain of 11.7 dBi, and the 3 dB gain bandwidth is
from 4.9 to 6.3 GHz (25%). Furthermore, the proposed antenna is based on double glazing

structure, which can be integrated with indoor glass facilities seamlessly.

4.2.2 Transparent FPC Antenna Design

The geometries and principles of the transparent FPC antenna are explained as follows. The
schematic of the proposed FPC antenna is presented in Fig. 4.6. In the conventional FPC
antennas, the FPC is formed by a PRS with a large reflection coefficient on the top and a metal

ground plane on the bottom. When the FPC is excited by a feed source, the electromagnetic
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Fig. 4.6 Schematic diagram of the proposed FPC antenna.

(EM) wave from the source will undergo multiple reflections in the cavity and transmissions
through the PRS. If the following resonant condition [149] is satisfied, the transmitted wave

can be superposed in phase, so that the directivity of the antenna can be enhanced.

—4mh
A

+ @1+ @y =2Na,N=0,4+1,42... 4.1)

where £ is the height of FPC, ¢ and ¢, are reflective phases of the PRS and ground plane.

The proposed transparent FPC antenna is constructed by ITO film on glass. To ensure
high transparency and efficiency of the antenna, the feed source and PRSs are specially
designed. As shown in Fig. 4.6, the feed source is a transparent monopole (TM) antenna
with a small ground plane, which is suspended within the cavity to excite it by space feeding
strategy. Space feeding eliminates the complex feeding network, which reduces the feeding
line loss greatly. Different from conventional FPC antenna, in the proposed FPC, the ground
plane on the bottom is replaced by a transparent PRS with high reflectivity to increase
the transparency, while the top layer of the proposed FPC is another transparent PRS with

low reflectivity to generate a main beam on the top. PRSs are meta structures consisting
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Fig. 4.7 Geometry of the transparent FPC antenna.

of periodic arrays of unit cells. To improve the bandwidth, the unit cells on both PRSs
are designed in a multi-resonance structure. Although the two PRSs structure may lead to
higher backlobe levels compared to the conventional FPC antenna, the proposed structure
reduces the reflection loss caused by the lossy ITO material and thus high efficiency and gain
enhancements for the ITO transparent antenna are obtained.

The geometry of the transparent FPC antenna is shown in Fig. 4.7 and the dimension
values are shown in Table 4.2. The conductive parts shown in dark orange are ITO films with
a sheet resistance of 4 /sq, and a thickness of 0.38 um. The substrates shown in purple are
made of glass pieces with a relative dielectric constant of 6.15, and a thickness of 1.1 mm.

The antenna model is built and simulated by CST Studio 2022.

High Efficiency Feeding

For ITO antennas, the feeding line is a main source of energy loss because the current is
extremely strong on the feeding line. Especially the efficiency of conventional ITO antenna

arrays is very low since most energy dissipates in the constrained feeding network. In the
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Table 4.2 DIMENSIONS OF THE PROPOSED FPC TA

Parameter I, h W g g x1 y1 Y2 di dy dy dy Ly
Value(mm) | 1.1 30 120 15 139 32 24 20 16 3.6 14 2.5 19

Parameter | L, L3 Ly Ws W. W, W, Wy Hy Hf H, H,
Value(mm) | 17 15 6 12 4 2 52 16 20 2.6 10 0.5

W

We W,

H;

Efficiency

=

PR 4 5 6 7 8
Wf Frequency (GHz)
(a) (b)

Fig. 4.8 (a) Geometry of the TM feed source, the dimensions are shown in Table 4.2, (b) the
efficiencies of the TM with different H,.

proposed FPC antenna, the space feeding is employed to excite the arrays on PRSs, which
reduces the feeding loss and improves the efficiency greatly. To obtain a transparent FPC
antenna with high performance, some requirements are put forward on the feed source design.
First, the efficiency of the feed antenna should be high since it will determine the overall
efficiency of FPC. Furthermore, the ITO footprint on the feed antenna should be small to

increase transparency and reduce the influence on the EM wave propagation within the cavity.

To address this, a high efficiency TM is designed as the feed source. The geometry of
the TM is shown in Fig. 4.8(a). A tuning-fork-shaped patch evolved from rectangular patch
is used as radiator to maximise transparency and minimise the blockage effect on the EM
wave in the cavity. Current is mainly distributed along the vertical edges of the patch and
the resonant frequency of the antenna can be tuned by the height of the fork H,. Based on
this shape, the height of the ground plane H, and feeding line Hy are optimised. A short

feeding line is designed to reduce feeding loss. In Fig. 4.8(b), the efficiencies of the TM with
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Fig. 4.9 Simulated and measured S; of TM alone.

different H, are shown. It could be seen that the efficiency is improved while using a shorter
ground plane. However, the height of ground plane and feeding line cannot be reduced
infinitely. A short ground plane may cause impedance matching issues and the connector
may affect the radiation of the antenna if the feeding line is too short. So the value of Hy
and H, are chosen to be 2.6 mm and 0.5 mm respectively to achieve high efficiency while
maintaining good impedance matching. The optimised TM achieves up to 74% radiation
efficiency at the operating band. The simulated and measured S;; of the TM alone are shown
in Fig. 4.9. The S1; below -10 dB is from 4 GHz to more than 7 GHz. The TM is connected

to a SubMiniature version A (SMA) connector by silver conductive glue for measurement.

Top PRS

The PRSs design is crucial to improve the directivity and gain. Generally, a higher directivity
can be generated with highly reflective PRS by multiple in-phase superpositions. In many
previously reported metal FPC antennas [95, 145, 148-150], the top PRS is designed to
be a double-layer structure in which both layers are etched into some patterns to improve

performances of the antennas. In the proposed transparent FPC with two PRSs, the top PRS
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Fig. 4.10 The unit cell of top PRS, (a) geometry, (b) current distribution at 5.6 GHz.
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Fig. 4.11 S-parameter of the unit cell on top PRS with different dimensions, (a) magnitude,
(b) phase.

is relatively less reflective so that the number of repeated bounces in the cavity can be reduced
and the reflection loss can be lowered. Meanwhile, most EM waves will transmit through
the low reflective PRS and form a main beam toward the top direction. Considering the
transparency requirement, the top PRS is designed in singe-layer structure and the footprint
of ITO film is minimised.

The unit cell of the top PRS is shown in Fig. 4.10(a). Since the current on the feed
antenna is concentrated on the vertical edge of the fork along y-axis, the shape of the cell
is designed to be an elliptical ring with the major axis along y-axis to obtain the strongest

coupling from the source. The inner part of the elliptical ring is hollowed out to increase
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Fig. 4.12 S-parameter of the unit cell on bottom PRS.

optical transmittance. To obtain a gain enhancement over a broad band, 7 similar elliptical
rings with different major axes are constructed. These rings are arranged horizontally and
the major axes are stepped down from the middle to both sides as shown in Fig. 4.10(a). The
outer major and minor axes of the centre ring are d; and d> =3.6 mm respectively, while the
inner major and minor axes of the centre ring are (d3=d;-2) mm and d4=2.5 mm respectively.
The difference of major axes between adjacent rings is 0.8 mm and the minor axes of all the
rings are the same. Fig. 4.10(b) shows the current distribution at 5.6 GHz, which indicates
the current is distributed vertically along the major axis direction of the elliptical ring. The
top PRS is comprised of 3x3 cells. The distance between adjacent cells in x-axis direction
is x1=32 mm, while that in y-axis direction is y;=24 mm. As the distances from the feed
antenna to the centre and edge cells are different, the edge cells are resized to compensate for
the spatial phase delay. In our design, the major axis d; of the centre ring of centre cell is 16
mm, while that of the edge cell is 12 mm. Fig. 4.11(a) shows the magnitudes of reflection
coefficients (S11) and transmission coefficients (S21) of the centre cell (d;=16 mm) and edge
cells (di=12 mm), which reveals the partially reflective effect of the top PRS. When the
EM wave incidents upon the top PRS, one part will be reflected back to the cavity to form
the resonance, the other part will transmit through the PRS to generate the main radiation

beam. Fig. 4.11(b) shows the reflection and transmission phases of cells with different major
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Fig. 4.13 Current distributions of the bottom cell at (a) 4.9 GHz and (b) 6.3 GHz.

axes, in which the reflection phase satisfies (1) at around 5.6 GHz and the phase difference

between different major axes can compensate for spatial phase delay.

Bottom PRS

Typically, the bottom layer of the FPC is a fully covered conductive plane which acts as
a reflective surface. To increase transparency, a highly reflective single-layer metasurface
composed of hollowed ITO cells is designed as the bottom PRS. The magnitude and phase
of the reflection coefficient are optimised so that most EM waves can be reflected back to
generate Fabry-Perot resonance.

A single layer with 6x6 ITO cells is designed on the bottom layer of the substrate. The
geometry of the bottom unit cell can be seen in Fig. 4.7. It consists of two concentric
hollowed out square rings. The outer and inner side lengths of the outer ring are L;=19 mm
and L,=17 mm respectively, while these lengths of the inner ring are L3=15 mm and L4=6
mm respectively. The distance between adjacent cells is y, =20 mm. The hollowed area
occupies 35% area of the bottom PRS, which increases 3% optical transparency of the TA
compared with a fully covered ITO film.

The magnitude and phase of S-parameters of the bottom cell are shown in Fig. 4.12. Large
S11 indicates high reflectivity of the bottom PRS. The reflective band of the cell (transmission
coefficient lower than -10 dB) spans a wide range from 3.3 GHz to 6.6 GHz. The wideband
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Fig. 4.14 Prototypes of the antenna, (a) components, (b) transparency comparison.

performance is attributed to the nested square rings which form a multi-resonance structure.
The resonant frequency of the bottom cell can be adjusted by the side lengths (L; and L3) of
the square rings. The phase of the reflection coefficient satisfies (1) to form the FPC. Fig.
4.13 shows the current distribution on the bottom cell at 4.9 GHz and 6.3 GHz. It can be
observed that at the lower frequency band, the current is mainly distributed on the outer ring;

while the inner ring has strong current distribution at the higher frequency band.

4.2.3 Results and Discussion

The fabricated components are shown in Fig. 4.14(a). The ITO films are printed on the

glass by magnetron sputtering and the shape is obtained by laser engraving technology. The
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measured optical transparency of the whole transparent FPC antenna is 84%. As a reference,
the transparency of the commercial double-layer window glass is up to 92%. Fig. 4.14(b) is
the comparison of the proposed TA and commercial double-layer glass pieces on a window
sill. The proposed TA shows its high transparency in the practical environment. The line of
sight is clear through the antenna and the scenery seen through the antenna does not produce

chromatic aberration.

The simulated and measured S1; parameters of the TA assembled together are shown in
Fig. 4.15. The operating bandwidth for S;; lower than -10 dB is from 4.6 GHz to more than
6.5 GHz, which fully covers the 3 dB gain bandwidth discussed below.

In Fig. 4.16, the simulated and measured gains of the TM alone and the proposed FPC TA
are shown. The gain of TM is low because of the omnidirectional radiation and large Ohmic
loss. By using FPC, a directional radiation is generated and the gain is greatly improved
from 1 dBi to 11.7 dBi around 5.6 GHz. The 3 dB gain bandwidth is from 4.9 GHz to 6.3
GHz. Compared to the TM, the FPC TA has obtained an average gain enhancement of 9.5
dB in the bandwidth.

In Fig. 4.17, the simulated radiation efficiencies of the TM and FPC TA are shown.
Compared to the TM, the efficiency of FPC TA only degrades 3%-8% within the band of 4.9
GHz-6.3 GHz due to the reflection loss of the ITO PRSs. Although the efficiency of the FPC

TA 1s reduced to 64%-70%, it outperforms most previously reported ITO antennas.

The simulated and measured radiation patterns of the FPC TA at 4.9 GHz, 5.6 GHz
and 6.3 GHz are shown in Fig. 4.18, in which an apparent directional radiation pattern is
observed. Although some EM waves can leak from the bottom PRS, a front-to-back ratio of
10 dB is achieved. The measured 3 dB beamwidths in E-plane are 20°, 17° and 15° at 4.9
GHz, 5.6 GHz and 6.3 GHz, respectively, while these values in H-plane are 16°, 14° and 14°,
respectively.

In Table 4.3, the proposed TA is compared with the other high efficiency and high gain
TAs. All the works in Table 4.3 utilised antenna arrays to enhance the gain of TAs. Micro-
MM with high conductivity is used in [56] and [53] to construct transparent antenna arrays at

millimetre wave band, however the constrained feeding network made the radiation efficiency
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Table 4.3 COMPARISONS OF HIGH EFFICIENCY AND HIGH GAIN TA

3 dB Gai Peak Radiati
Ref. Material Transparency ‘aln . ea . |Area (Ag) & 1.a ton Feeding Type
Bandwidth Gain (dBi) Efficiency
[56] MM antenna array 68% 58-61 (7.0%) 13.6 5%5 60% Constrained feeding
[53] Ni-embedded MM array 86% 24-28 (15.4%) 9.7 4x2 61% Constrained feeding
Constrained feedi
[44] ITO-copper FPC 90% 9-10.5 (15.4%) 15 |32x32| 65% onstrainec feedis
(non-transparent source)
[45] ITO-Ag microstrip array 45% 4.6-6.8 (38.6%) 5 0.9x0.5 | 70.8% Constrained feeding
S feedi
[96] ITO reflectarray - 25.5-32.5(24.1%)| 258 | 89x89 | 73% pace feeding
(non-transparent source)
S feedi
[95] MM transmitarray - 27-29.5 (8.8%) | 247 |9.9%x9.9 | 75.9% pace leecing
(non-transparent source)
S feedi
This work ITO FPC 849% 49-63(250%) | 117 | 22x22 | 70.4% pace feeding
(transparent source)

relatively low. In addition, the fabrication process of micro-MM in these works is complex
and costly compared to that of ITO film. Metal doping technology is employed in [44] and
[45] to improve the conductivity of ITO. In [44], although the PRS is made by Cu doped
ITO with high optical transparency, the feeding network is based on non-transparent metal
which makes the antenna not fully transparent. In [45], the efficiency is enhanced by silver
sandwiched ITO, however the transparency is seriously degraded which limits its application.
Based on spacing feeding, transparent reflectarray and transmitarray are proposed in [96]
and [95], in which the radiation efficiencies are greatly enhanced. However, the feed sources
in these works are non-transparent horn antenna and microstrip patch, respectively, which
affects the transparency of the whole system and the overall transparency cannot be evaluated.
In comparison, the proposed antenna is a fully transparent FPC antenna which obtains a good
compromise between transparency and efficiency, and it achieves a high gain enhancement
from 1 dBi of the feed source to 11.7 dBi of the FPC antenna with a relatively small aperture
size. In addition, the proposed TA exhibits outstanding 3 dB gain bandwidth due to the
specially designed PRSs. Furthermore, the source and PRSs of the proposed FPC antenna
are based on a single-layer ITO structure, facilitating ease of manufacturing and seamless

integration with indoor double glazing.
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4.2.4 Conclusion

In this section, a high efficiency and high gain transparent FPC antenna using ITO films
has been proposed. A high efficiency TM is designed as the source antenna and two
transparent PRSs are developed with ITO to construct FPC. The cells of the top PRS consist
of multiple elliptical rings of different sizes to enhance the gain and extend gain bandwidth.
The cells of the bottom PRS are in a hollowed-out square structure for high reflection and
transparency. The proposed TA is fully transparent with an optical transparency of 84%. The
3 dB gain bandwidth is from 4.9 GHz to 6.3 GHz which serves for the middle band of 5G
communication. The antenna achieves 64%-70% radiation efficiency within the operating
band and a peak gain of 11.7 dBi without using any metal structure. With the densification
of the wireless network deployment, reducing spatial congestion and visual obstruction are
always expected for antenna design. The proposed TA serves as an excellent candidate in
future indoor communications due to its high radiation performance and good integration

with glass facilities.



Chapter 5

All-Dielectric Transparent Lens Antenna

Overview

In this communication, an all-dielectric transparent lens (ADTL) using transparent resin for
beamforming technologies are proposed. The ADTLs are optimised from the 3-D cosine
surfaces, the conditions for beamforming can be satisfied by adjusting the wavelength and
the amplitude of the cosine surface. A transparent monopole antenna is set as the source
and overall 63-81% optical transparency is achieved. The circularly polarised incident wave
can be formed to a gain enhanced pencil beam, flat-top beam and adjustable dual-beam in
different wavelengths and amplitude. Three ADTL prototypes are fabricated by 3-D printing
and measured to verify the beamforming functions. The 1st ADTL forms a single beam to 8.6
dBi gains with 7.5 dB enhancement, the 2nd ADTL achieves about 48° flat-top beam within
1 dB beamwidth and the 3rd ADTL generates a dual-beam with maximum 90° defection

angle.

5.1 Introduction

Wireless communication happens most in buildings, where always have many obstacles
including walls and furniture [151]. The escalating demand for indoor communication
devices poses a significant challenge due to the exorbitant costs associated with limited

indoor space [143]. Nevertheless, conventional antennas that without integrating with the
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environment or customized features exclusively designed for indoor usage are incapable
of fulfilling the impending requirements. To address this, environmental adaptive antennas
with customized radiations must be valued, such as the high-gain pencil beam antenna for
corridors, the flat-top beam antenna for rectangular rooms, and the multi-beam antenna for

corners.

Lens antennas are optimally compatible for indoor environment in wireless functions.
The recent publications have reported the lenses for beamforming on radiation patterns. [152]
reports the gain enhancement and through-the-wall method using lens on Vivaldi antenna.
Beam-steering is achieved using fluidically reconfigurable lens in [153] and metamaterial
Luneburg lens in [154]. In [155, 156], dielectric materials are applied to design compact
lenses for flat-top radiation patterns. Multiple-beam are generated by dual-layer Rotman
lens in [157] and compact geodesic-lens antennas [158]. The characteristics of directionality,
interference reduction capacity, higher gain, compact dimensions and low profile endow lens
antennas with significant utility for wireless communication in indoor settings. However,
most lens antennas target to a single scene, consume significant space and detract from
the aesthetic appeal of the interior, which runs counter to the principles underlying the
advancement of smart building technology. The lens antenna with customized radiation

properties and can seamlessly integrated with indoor settings has not been investigated.

In recent year, TAs are favoured by space-constrained environments due to their high
concealment [159]. However, the application of TAs is limited primarily by low efficiency
and low gain, which stem from the high resistance of TCFs [144]. The incorporation of
a transparent dielectric as the lens body can mitigate losses while preserving transparency
[160]. Thus, a lens antenna with beamforming functions based on transparent dielectric

materials is expected to meet the requirements.

This communication proposes the dielectric cosinusoidal transparent lens antenna for
multiple-purpose beamforming techniques. Assembling with a transparent monopole source
antenna using I'TO film, it achieves 63-81% transparency. Gain enhancement, flat-top beam
and dual-beam of beamforming technologies are realised by adjusting the parameters of

the cosinusoidal surface. The lens antenna operates at around 6 GHz for middle band 5G
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communication to benefit indoor applications. The fabrication of the metasurfaces uses 3-D

printing technology with low cost transparent resin material.

5.2 Cosinusoidal Lens Mechanism

Referring to the conductive metasurfaces, when the metasurface is excited, the radiation
pattern generated by its surface current superimposes with that of the source antenna to
achieve beamforming. Similarly, the forced electric field in a dielectric material obstructs the
incident field and causes refraction. Assume a surface is represented by (1), Snell’s law on

the interface is given by [161]

dr _ nr(n)sin(6 —n)
on  1—ncos(6—n)

(5.1)

where n is the refractive index of the media, 6 denotes the angles between the incident ray
and reference plane, and 0 denotes the angles between the output ray and reference plane.
Different surface structures can act as converging, diverging or non-refracting. In optics, the
hyperbolic lens is the most effective converging lens, the inner surface, which is closer to the

feeding source, is expressed in polar coordinates as

ri(n)= Fln—1)

~ ncos(n) —1 (5-2)

where F is the focal distance of the surface. A flat plane outer surface which only increases

the angle of refraction can be expressed as

1
rn(n)= cos (1) (5.3)

The surface that is always perpendicular to incident rays, for example, the inner surface of
the elliptical lens remains the transmission direction [162].
The combination of the above three surfaces enables purposeful modification of the beam

shape. However, as a transparent metasurface, the transparent effect must be considered.
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Fig. 5.1 The 3-D geometry of the dielectric ADTL.

Simply arranging the hyperbolic and elliptic surfaces on a flat plane will leave shadows
and gaps at the boundaries. Using continuous and smooth surfaces to approximate the
combination of them is an optimal choice for balancing performance and visual effects.
A continuous curved surface constructed using the cosine function is one of the potential
surfaces to meet all conditions. Physically, the surface is continuous and smooth transition,
which does not produce shadows with clear boundaries. In the EM theory, its impedance
changes gradually with the thickness of the medium. In optics, it can approximate hyperbolic
surface and ellipsoid for ray refraction. Though the EM wave may have interference and

diffraction, the main lobes can be predicted.

The proposed ADTLs are constructed by a 3-D cosine surface (S;) from the centre
outward and a square base with thickness # = 2 mm as shown in Fig. 5.1. The surface S; is
expressed as
L pcos(ZREV XY V) 1a (5.4)

z:EAcos I +(p)—|—2

where A, k, ¢ and L denote the amplitude, period, phase and diameter, respectively. By a
comprehensive analysis of the feasibility of gain enhancement, flat-top beam and dual-beam
realisation condition, as well as parameter sweeps, L is set to 120 mm and ¢ is set to 0. A

metasurface of this size can be easily installed indoors without being crowded.
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Fig. 5.2 The geometry of transparent monopole feeding antenna, the dimension is shown in
Table I.

Table 5.1 DIMENSIONS OF THE TRANSPARENT MONOPOLE

Parameter |W, W. W, W, W, Hy Hy H, H;
Value(mm) |16 4 2 52 1.6 20 26 10 0.5

5.3 ADTLs Antenna Design

The ADTLs are made of transparent resin with a dielectric constant of 4. An optimal
illuminate distance d = 50 mm between the source and S, of ADTLs at 6 GHz is determined
by parametric sweep. All the radiation patterns are simulated in CST 2021 Microwave

Studio.

5.3.1 Feeding Antenna

To keep the overall miniaturization and transparency of the antenna with ADTLs, a transparent
monopole feeding antenna is designed. The antenna uses 4 Q/sq ITO film and glass substrate
with 6.15 dielectric constant and 1.1 mm thickness. The antenna geometry is shown in Fig. 2
and its dimension is shown in Table I. The patch in the shape of a tuning fork can generate
a broadside polarisation in yz-plane at 6 GHz. As the radiation pattern in xz-plane can be
deviated by the cable and connector and the metasurfaces are rotationally symmetric, all the

radiation pattern simulation are performed in yz-plane.
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Fig. 5.3 (a) Ray tracing schematic diagrams of ADTL 1 (A =26 mm and k = 0.33) at 6 GHz.
Red, pink and blue zones denote the radiation intensity of the beam from strong to weak and
the thin black lines represent the rays. (b) Electric field distribution on xz-plane of ADTL 1.

5.3.2 ADTL1

Fig. 5.3(a) presents the ray tracing schematic diagrams of ADTL 1 with A =26 mm and
k = 0.33. The peak of surface S; approximates the ellipsoid with a focal length F' of 52 mm
and a major axis of 60 mm. Combined (5.1) and (5.2), the path of the rays can be obtained.
In the transition from peak to trough, a large area of S; approximates an inclined plane.
Compared with the spherical surface, the inclined surface can obtain a larger radiation area.
Therefore, ADTL 1 shows converging ability in a wide radiation range. The rays within £1=
53¢ are focused, which greatly increases gain and presents a pencil beam. Fig. 5.3(b) shows
the electric field of ADTL 1 at 6 GHz. The TM generates a circular electric field on xz-plane,
it is obviously affected after entering S;. The continuous circular electric field is broken by
the low electric field in the direction of about 50° with the z axis, which is consistent with

the ray tracing diagram. A strong electric field is generated in the z-axis direction.
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(a) (b)

Fig. 5.4 (a) Ray tracing schematic diagrams of ADTL 2 (A =20 mm and k£ = 0.7) at 6 GHz,
(b)electric field distribution on xz-plane of ADTL 2.

5.3.3 ADTL2

Fig. 5.4(a) shows the rays refracted by ADTL 2 with A = 26 mm and k = 0.6. The peak
of ADTL 2 is approximate to the ellipse with a focal length of 74 mm and a major axis of
85 mm. Compared with ADTL 1, the centre of ADTL 2 is slightly less refractive, and the
refracted rays in the red zone are almost parallel to the z-axis rather than focusing on a point.
Beam power gradually decreases as the rays diverge slowly in the pink zone. The radiation
power through ADTL 2 toward z-axis direction is uniform in a wide range which produces
a flat-top beam. Fig. 5.4(b) shows its electric field on xz-plane at 6 GHz. On surface S,,
a strong and flat electric field can be observed and it spreads toward z-axis direction. The
main lobe is from concentration on S, to divergent as the transmission distance increase. The
electric field decreases slowly with blurred edges. Compared with ADTL 1, the high level
of ADTL 2 in the z-axis direction has a larger distribution angle to the x-axis direction and
decreases slower. Thus, ADTL 2 can provide a much wider beamwidth with a flat top. The

simulated electric field agrees with the ray tracing diagram of ADTL 2.
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Fig. 5.5 (a) Ray tracing schematic diagrams of ADTL 3 (A = 30 mm and k = 2) at 6 GHz,
(b) electric field distribution on xz-plane of ADTL 3.

534 ADTL3

Increasing the incidence angle using a cosine surface with a shorter wavelength, the main
beam can be split to dual-beam and the deflection angles can be adjusted by the surface
parameters. Fig. 5.5(a) presents the ray tracing diagram of ADTL 3 with A = 30 mm and
k = 2. The focus of the centre peak is inside the ADTL, the incident rays represented by
R; and R, are refracted cross the metasurface centre. Rays R3 and Ry inject at the troughs
with the small incident angle at S; and further refracted by S, away from the z-axis. At S,
the incident angle of Ry is the critical angle, thus total internal reflection will occur on the
rays with a larger incident angle than that of R4. The peaks beside the centre peak reduce
the number of escaping rays as they have a large incident angle from dielectric to air. The
rays represented by Rs and Rg are totally reflected while trying to exit the dielectric from S;.
The total reflected rays shoot out from S, and then merge into the direction of the dual-beam.
The deflection angle of the beams can be adjusted by A and k. Increasing k can have a
stronger refractive ability which increases the defection angle but decreases the irradiated

area. Adjusting A can effectively reduce the side lobe. Fig. 5.5(b) shows the electric field
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Fig. 5.6 The prototypes of (a) ADTL 1, (b) ADTL 2 and (c) ADTL 3. (d) The measurement
setup and TM prototype. (e) The application on spotlight.

through ADTL 3. Corresponding to the ray tracing diagram, the electric field is separated

after output from the ADTL 3 and radiated two ways with a similar angle.

5.4 Experiment Results

The ADTL prototypes are fabricated using transparent UV curable resin by stereolithography
(SLA) 3-D printing. The fast curing reaction by UV irradiation allows printing of high
resolution with edge accuracy of 0.1 mm. The model is then polished and sprayed UV
high-transparency oil to achieve high transparency. Fig. 5.6(a)-(c) show the prototypes of
ADTLs, ADTL 1 and 2 show good visualisation ability to the logo content. Though the

logo is distorted by ADTL 3, it is still can be read. Their optical transparency is obtained
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Fig. 5.7 (a) The reflective coefficients of the proposed antenna, (b) radiation efficiencies of
feeding and with ADTLs.

by taking the average value of multi-point measurements, which are 74% (ADTL 1), 81%
(ADTL 2) and 63% (ADTL 3). Fig. 5.6(d) shows the radiation pattern measurement setup
and the prototypes of feeding antenna. Fig. 5.6(e) shows the real time applications of the
ADTLs integrated in spotlight. In practice, the feeding and circuit can be hidden within the

lampshade to achieve real invisible antenna.

Fig. 5.7(a) presents the simulated and measured reflective coefficients of the feeding
antenna with ADTL 1. The other surfaces have almost identical S-parameter, so only the
ADTL 1’s is shown. The desirable metasurface operating band 5.6-6.4 GHz is covered by
the measured band from 5.1 to 7 GHz. Fig. 5.7(b) shows the radiation efficiency of the
feeding antenna and with the ADTLs. Low efficiency is the main problem plaguing TAs,
using transparent conductive materials such as ITO as a metasurface will greatly reduce the
efficiency. Fig. 5.7(b) shows the maximum efficiency of the feeding antenna is 75% and
the combination with ADTLs only results in about 2% reduction. The efficiency drop is
usually more than 20% while using transparent conductive film as metasurface. The radiation

efficiencies of the antennas are 67%-73% from 5.6 to 6.4 GHz.

Fig. 5.8(a), (b) and (c) shows the simulated and measured radiation pattern of ADTL 1 at
5.6 GHz, 6 GHz and 6.4 GHz. The source antenna provides uniform irradiation at this band

then the ADTL 1 forms the pattern to a sharp beam. Fig. 5.8(d) presents the gains of feeding
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Fig. 5.8 Radiation pattern of ADTL 1 and feeding antenna at (a) 5.6 GHz, (b) 6 GHz and (c)
6.4 GHz. (d) The gains of feeding antenna and with ADTL 1

and feeding with ADTL 1. The measured peak gain has been enhanced from 1.1 to 8.6 dBi.
The gains fluctuate within 1 dB from 5.6 to 6.4 GHz and it achieves 8.1 dBi at 5.6 GHz, a

maximum 8.6 dBi at 6 GHz and 8 dBi at 6.4 GHz. The simulated and measured results are

matched.

Fig. 5.9 shows the simulated and measured radiation patterns generated by ADTL 2. The
simulated 1 dB beamwidths are 54° at 5.6 GHz in Fig. 5.9(a), 50° at 6 GHz in Fig. 5.9(b) and
49° at 6.4 GHz in Fig. 5.9(c), while the corresponding measured achieves 48°, 44° and 46°.
The measured maximum gains are 2.8 dBi, 4.1 dBi and 3.8 dBi. Over the band of 5.6-6.4
GHz, ADTL 2 provides a stable flat-top effect and the spanned angle of the flat-top beam

fluctuates at 461-2°. As the frequency rises, the refractive ability of the surface is enhanced.
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Fig. 5.9 Radiation patterns of ADTL 2 at (a) 5.6 GHz, (b) 6 GHz and (c) 6.4 GHz.

It can be seen that the direction of maximum gain points deviates symmetrically from the
0° to outward. At higher frequencies, the rays are excessively refracted and the trend of
dual-beam can be seen. This means that a proper increase in the refractive capability of the

ADTL can produce dual-beam or even multiple beams.

In Fig. 5.10(a), the normalised dual-beam radiation patterns of the ADTLs with different
A and k are shown. ADTL 3a (A = 28 mm and k = 1) converts the flat top wave of ADTL 2
into a dual-beam with a minimum deflection angle +25° between the beams. By continuous
increasing k, ADTL 3b (A = 15 mm, k = 1.5) produces dual-beam with +35° at 6 GHz.
ADTL 3 (A =30 mm, k = 2) achieves the maximum angle +45° of the dual-beam polarisation.
The radiation patterns of ADTL 3 are shown in Fig. 5.10(b), (c) and (d). The simulated
and measured deflection angles of ADTL 3 are about +46° at 5.6 GHz, +45° at 6 GHz and
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Fig. 5.10 (a) Dual-beam radiation patterns of ADTL 3a (A =28 mm and k = 1), ADTL
3b (A= 15mm, k=1.5) and ADTL 3 (A = 30 mm and k£ = 2) at 6 GHz. Simulated and
measured radiation pattern of ADTL 3 at (b) 5.6 GHz, (¢) 6 GHz and (d) 6.4 GHz.

+43° at 6.4 GHz, respectively. The angle variation is limited within +-3° over the operating
band. The corresponding gains achieve 2.4 dBi, 3.8 dBi and 1.9 dBi. Moreover, a continued
increase in k will result in more beams. More peaks on the surface will lead to complex
refraction and reflection. It is not conducive to independent adjustment of the beams and the
gains are reduced.

Table 5.2 shows the comparison between the proposed ADTLs and related metasurface
research. ADTL 1 is compared with an all-dielectric metasurface for gain enhancement.
Although the EM waves in the low frequency band are less sensitive to the refraction of
the medium, the proposed ADTL 1 still achieves a good gain enhancement of 7.5 dB

compared to [108, 163, 164]. As the dielectric metasurface for flat top radiation pattern
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Table 5.2 COMPARISONS OF SIMILAR DESIGNS

Ref. Structure Bands (GHz) Enhanced gain Transparent
[108] GA optimised 9-20 7-12 dB No
[163] Comb mushroom-like 14-20 4.7 No
[164] Permittivity varies 6.3-8.2 4.7-8 dB No
ADTL 1| 3-D Cosine surface 5.6-6.4 7.5dB Yes
Ref. Structure Bands (GHz) ~ BW(ygp) Transparent
[165] 2-D leaky-wave 9.6-10.2 40° No
[166] Nonuniform leaky-wave 5.8 33° No
[167] 8x 8 array 1.7-2.7 50° No
ADTL 2| 3-D Cosine surface 5.6-6.4 48° Yes
Ref. Structure Bands (GHz) Beam span Transparent
[168] Huygens’ structure 58.5-61 12° No
[169] Spherical particles 3.2 120° No
[170] Grating 60 50° No
ADTL 3| 3-D Cosine surface 5.6-6.4 90° Yes

has not been explored beyond 10 GHz, ADTL 2 is compared with the antennas with metal
metasurfaces. ADTL 2 achieves larger beamwidth than the antennas in [165, 166] and
comparable beamwidth with [167]. The proposed work is not inferior to the traditional metal
antenna in terms of beamwidth performance. ADTL 3 is compared with other all-dielectric
designs. [168] can achieve gain enhancement and dual-beam, however, the beams can only
be separated by 12°. [169] achieves the spanned angle that increases with frequency and
reaches the maximum of 120° at 3.2 GHz. Based on the dielectric grating, [170] achieves
a fixed beam span angle of 50°. The proposed ADTL 3 achieves adjustable beams from
50° to 90° at a fixed frequency band. The angle of dual-beam controllability of ADTL 3 is
better than the others. The excellent beam adjustment capability enables ADTLSs to achieve

outstanding results in terms of gain enhancement, flat-top beamwidth and dual-beam angle
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adjustment. More importantly, the ADTLs achieve unprecedented transparency effects in the

case of multi-purpose beamforming metasurfaces.

5.5 Conclusion

A kind of ADTL using optics lens mechanism is proposed. The ADTLs based on 3-D
cosine surface realise 8.6 dBi gain with 7.5 dB enhancement, flat-top beam with 48° 1
dB beamwidth and adjustable dual-beam within 90°. The fabricated prototypes remain
at least 63% optical transparency. According to the application environment, the optimal
beamforming function can be adapted by matching the suitable phase and amplitude of the
ADTLs and the transparency effect can relieve the difficulties of deployment in compact
space. The proposed work can promote adaptive beamforming services for a variety of

complex environments, especially indoors.






Chapter 6

Conclusions and Future Work

Overview

Section 6.1 firstly summarises the achievements of each effort. Their connections, different
challenges and solutions are disclosed. Secondly, the novelties of the thesis are summarised.
Finally, the promotion of the thesis is emphasised. In section 6.2, the continuation of TA
work and the framework required to support future TAs applications are described and

envisioned.

6.1 Conclusions

In Chapter 1, the author expounds that TA has broad application prospects but faces many
challenges. The indoor wireless devices must conform to the compact space and aesthetic
requirements. Embedded, on-wall and on-glass BSs are introduced to address the problem and
correspondingly, material-integrated antenna and TAs are introduced. Thus, four objectives
are proposed: 1. propose a method of designing material-integrated antennas; 2. propose
TAs with comparable performance to traditional antennas; 3. optimise the efficiency and gain
of TA using TCF; 4. establish a theory for ADTL antenna.

In Chapter 2, the current research on material-integrated antennas, TAs and transparent
metasurfaces are reviewed. Firstly, two kinds of material-integrated antennas include embed-

ded antennas and glass-integrated antennas are introduced. Embedded antennas usually have
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strong hiding ability, but they have the following defects: 1. they may affect the stability of
the building structures; 2. it is not easy to install and repair the embedded devices; 3. the
EM characteristics of the embedded antennas are easily affected by the age of the buried
materials. The glass-integrated metal antennas degrade the transparency and may affect the
normal use of the glass. Secondly, the properties of TCFs and MM materials are analysed
and the TAs are reviewed. The TAs using TCFs commonly show high transparency and
good visualisation effect, but very low gains and low efficiencies. As a comparison, MM
sacrifices the visualisation effect to improve efficiency. Thirdly, transparent metasurfaces are
reviewed. The transparent metasurfaces using TCFs are suitable for indoor applications but
also face gain and efficiency challenges. The all-dielectric metasurface is potential, but the
dielectric transparent materials have not been attempted. Additionally, there are few theories
available for all-dielectric metasurface. This chapter summarises the current representative

TAs, paving the way for indoor friendly TAs’ development.

In Chapters 3, 4 and 5, six original works are proposed. 1. Glass-integrated antenna
based on large mesh-grid structure provides GSM, WLAN and 5G band service for indoor
applications. Based on CMA, the antenna achieves triple-band resonance with thin wires.
2. CPW-fed TAA using wired MM that developed from mesh-grid structure has excellent
performance on gain and efficiency. However, it has a high cost to spray metal straight onto
glass surfaces. 3. The first UWB MIMO TA with meshed FR-4 substrate and wired MM
structure is developed. It gains advantages against other types of TAs and achieves compa-
rable performance to the conventional metal antennas while remaining a high transparency.
The first effective decoupling structure for the MM is applied. Current and electric field
analysis is applied to determine the mesh density and size, and then the transparency and the
efficiency performance are balanced. 4. The UWB MIMO TA using ITO demonstrates the
gain and efficiency of ITO antennas in conventional. 5. Without changing the material, the
ITO TA using FPC achieves a breakthrough the gain and efficiency. It demonstrates that the
potential of the antenna shape and implementation is very important. 6. The ADTLs are the
first transparent lens for wireless communication. They realise the beamforming functions

with low efficiency reduction and improved gain. By changing the material of the antenna,
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Chapter 1 & 2: background & foundation

Chapter 3: Chapter 4: Chapter 5:

MM exploration & TCF exploration Transparent

build research processes dielectric

Fig. 6.1 The relationship between the chapters.

various forms of TAs are obtained. The functions such as multiband, UWB, MIMO, gain and
efficiency enhanced and beamforming are realised. Furthermore, prototype fabrications and
measurements bridge the gap between theory and practice.

Fig. 6.1 illustrates the relationship between the chapters. Chapters 1 and 2 are the
background and supporting research of the whole thesis. Chapter 3 explores MM TAs from
simple to complex. Following the research processes established in Chapter 3, Chapters 4
and 5 further develops TAs by changing materials and mathematics methods.

In general, the thesis:
* discusses the advantages and disadvantages of various TAs;
* proposes solutions to the defects;
* further completes the TA research and verifies the feasibility of TA applications;
* and leaving reference implementation methods for various types of TAs.
The arrival of the smart era is the general trend, and communication equipment such as

antennas have an irreplaceable position. The perfections of TA contributed by the thesis are

promoting the applications of smart devices and thus affecting the process of the smart era.

6.2 Future Work

This thesis comprehensively discusses the TA from the aspect of device design and provides
TA options with different performances and transparency. However, to promote the TA

applications, the researches on indoor beamforming, more transparent device design, antenna
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performance and transparency balance and application scenarios combination have not been
discussed. The future work can be described as follows.
1). Indoor beamforming using TA:

Using indoor beamforming technology can accurately and efficiently deliver information
to users. Precise delivery can improve information security and reduce power consumption.
The proposed FPC TA and ADTLs have beam adjustment capabilities. How to realise the
beamforming function of single or multiple TA and TA arrays should be explored. Then
designing more devices for indoor communications will not stop. Furthermore, research on
TA with dynamically adjustable gain and polarisation direction should also be taken into
consideration.

2). Design RIS using transparent material:

RIS can make the beam more flexible and controllable and have low power consumption
in short-distance communication. It is promising for the indoor environment. However, the
real-time application is also facing space limitations. Designing and fabricating transparent
RIS devices can promote the applications.

3). TA performance balance:

Different application environments have different requirements for antenna functions,
exterior and transparency. More transparent materials are worth to attempt. The suitable
method for different materials can be explored. It is important to propose a reference model
of transparency and performance for selection among the various materials.

4). TA deployment:

The purpose of indoor TAs is to integrate with structures to hide, so most TAs will
not stand alone in the air. However, different installation methods, materials and building
structures attached will have different effects on the TA. There may be a completely different
radiation effect of the TA attached to the surface with or without the gap. Power consumption
is an important factor affecting the construction of small BSs. Based on the indoor layout, the
properties of building materials and TA performance, the TA location should be calculated.
The algorithm of the deployment that meets coverage requirements and consumes minimum

power should be explored.
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The study of a single antenna has limitations. A small improvement on a single device
is not enough to drive the development of the industry because it may be replaced by other
devices at any time. Future work should pay more attention to method research, so as to
benefit multiple TAs and even have an impact on the antenna research and development

industry.






Appendix A

Matlab Code for CMA

A.1 Main Function of Sweeping Modes for Specific Band

clear all WireLength = 0.08;

WireRadius = 0.001;

NumGauss = 5;

TotalSegments = 60;

ExcitationType = 1;

Thetaln = pi;

NumTheta = 300;

Modes=zeros(TotalSegments-1);

Frequency = 0.9¢9;

forb=1:74

Frequency=Frequency+1e8;

[Zin, Current, ERadiated, A] = ATWStraightWireTriangle(TotalSegments, NumGauss,
WireLength, WireRadius, Frequency, ExcitationType, Thetaln, NumTheta);

7 =A;

[lambda,Jb,R,X,MS]= CM(Z,TotalSegments);

Jb = Normalise(Jb,TotalSegments,R);

[Track]=Tracking(TotalSegments,Modes,Jb,ranklambda,lambda,MS);
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forj=1:5

[row, col(j)]=find(j==Track(1,1:5));
[ev(j,b)]=Track(4,col(j));
[ms(j,b)]=Track(5,col(j));

end

end Hz=linspace(1,8.4,b);
plot(Hz,ms(1,:));hold on;
plot(Hz,ms(2,:));hold on;
plot(Hz,ms(3,:));hold on;
plot(Hz,ms(4,:));hold on;
plot(Hz,ms(5,:));hold on;
xlabel(’Frequency(GHz)’);
ylabel(’Modes Significance’);
legend(’Mode 1°,’Moed 2’,’Mode 3’,’Mode 4’,’Mode 5°,’Mode 6’);

save(’Modes.mat’,’ Modes’);

A.2 Function ATWStraightWireTriangle For MoM Using
Triangle Function

function [Zin, Current, ERadiated, A] = ATWStraightWireTriangle(TotalSegments, Num-
Gauss, WireLength, ... WireRadius, Frequency, ExcitationType, Thetaln, NumTheta)

¢ =299792458;

Mu = 4.0e-7*pi;

Epsilon = 1.0/(Mu*c*c);

w = 2.0*pi*Frequency;

k = w¥sqrt(Mu*Epsilon);

Eta = sqrt(Mu/Epsilon);

TotalElements = TotalSegments - 1;

DeltaX = WireLength/TotalSegments;
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for 1 x = 1:TotalSegments

x(1x) =(x - 0.5)*DeltaX - WireLength/2;

end

[GaussX, GaussW] = Igwt(NumGauss, 0.0, 1);

GaussX = GaussX*DeltaX;

GaussW = GaussW*DeltaX;

tri(1,:) = (GaussX)/DeltaX;

tri(2,:) = (DeltaX - GaussX)/DeltaX;

nds = 20;

ds = DeltaX/nds;

sx = linspace(0.5*ds, DeltaX - 0.5*ds, nds);

tris(1,:) = sx/DeltaX;

tris(2,:) = (DeltaX - sx)/DeltaX;

A = zeros(TotalElements);

mtri=1;

ms(1) =m tri; ms(2) =m tri + 1; xms(1) = x(ms(1)) - 0.5*DeltaX; xms(2) = x(ms(2)) -
0.5*DeltaX;

for n tri = m tri: TotalElements

ns(1) = n tri; ns(2) = n tri + 1; xns(1) = x(ns(1)) - 0.5*DeltaX; xns(2) = x(ns(2)) -
0.5*DeltaX;

for im = 1:2

xm = xms(im) + GaussX;

ifim==1sm=1.0; else sm=-1.0; end

for in=1:2

xn = xns(in) + GaussX;

ifin==1sn=1.0;else sn =-1.0; end

if ms(im) == ns(in)

fori gm = 1:nds

[s1, s2] = ATWTriangleAnalyticTerms(sx(1 gm), DeltaX, WireRadius, k);
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if(im==1&in==1)|(im==2 & in==2)

A(m tri,n tri) = A(m tri,n tri) + k¥k*ds*tris(1,1 gm)*s1 - sm*sn*ds*s2;
else

A(m tri,n tri) = A(m tri,n tri) + k¥k*ds*tris(2,i gm)*s1 - sm*sn*ds*s2;
end

end

else

sv =0.0;

ss =0.0;

for i gm = 1:NumGauss

for i gn = 1:NumGauss

r = sqrt((xm(i gm) - xn(i gn))2 + WireRadius?);

expterm = exp(-1*k*r)/r;

sv =sv + GaussW(i gm)*GaussW(i gn)*tri(im,i gm)*tri(in,i gn)*expterm;
ss = ss + GaussW(i gm)*GaussW (i gn)*expterm/DeltaX/DeltaX;

end

end A(m tri,n tri) = A(m tri,n tri) + K¥k*sv - sm*sn*ss;

end

end

end

end

A = toeplitz(real(A(1,:))) + i*toeplitz(imag(A(1,:)));

A = A/4/p1*11/w/Epsilon;

mids = floor(TotalSegments/2) + 1;

rhs = zeros(TotalElements,1);

for m tri = 1:TotalElements

ms(1) = m tri;

ms(2) =mtri + 1;

xms(1) = x(ms(1)) - 0.5*DeltaX;



A.2 Function ATWStraightWireTriangle For MoM Using Triangle Function 125

xms(2) = x(ms(2)) - 0.5*DeltaX;

for im=1:2

if ExcitationType ==

if ms(im) == mids

for i gm = 1:NumGauss

rhs(m tri) = rhs(m tri) - GaussW(i gm)*tri(im,i gm)*(1.0/DeltaX);

end

end

elseif ExcitationType ==

rhs(m tri) = rhs(m tri) - quad(@TriangleFrill, 0, DeltaX, [], [], xms(im), k, WireRadius,
DeltaX, im);

elseif ExcitationType ==

rhs(m tr1) = rhs(m tri) - quad(@TrianglePlaneWave, 0, DeltaX, [], [], xms(im), k, WireRa-
dius, DeltaX, im, Thetaln);

end

end

end

Ainv = inv(A);

b = Ainv*rhs;

theta = linspace(0.0, 2.0*pi, NumTheta);

for iTheta = 1:NumTheta

costheta = cos(theta(iTheta));

sintheta = sin(theta(iTheta));

ERadiated(iTheta) = 0.0;

for m tri = 1:TotalElements

ms(1) = m tri;

ms(2) =m tri + 1;

xms(1) = x(ms(1)) - 0.5*DeltaX;

xms(2) = x(ms(2)) - 0.5*DeltaX;
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for im=1:2

xm = xms(im) + GaussX;

for i gm = 1:NumGauss

ERadiated(iTheta) = ERadiated(iTheta) + GaussW (i gm)*tri(im,i gm)*b(m tri)*sintheta*exp(i*k*xm(i
gm)*costheta);

end

end

end

ERadiated(iTheta)= -(i*w*Mu/(4.0*pi))*ERadiated(iTheta);

end

Zin = 1.0/ (0.5*(b(mids) + b(mids+1)));

Current = zeros(TotalSegments,1);

for j=1:TotalSegments

ifj==

Current(j) = 0.5*b(j);

elseif j == TotalSegments

Current(j) = 0.5*b(TotalSegments - 1);

else

Current(j) = 0.5%(b(j-1) + b(j));

end

end

return

function [s1, s2] = ATWTriangleAnalyticTerms(x, DeltaX, a, k)

num = X + sqr‘[(a2 + xz);

denom = x - DeltaX + sqrt(a2 + (x - DeltaX)?);

logterm = log(num/denom);

s1 = (1/DeltaX)*sqrt(a” + (x - DeltaX)?) - (1/DeltaX)*sqrt(a® + x?) + (x/DeltaX)*logterm
- i*k*DeltaX/2;

s2 = (1/DeltaX/DeltaX)*(logterm - i*k*DeltaX);
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return;

function [e z] = TriangleFrill(z, z s, k, a, delta z, tri)

zZl=z+7zs;
b =3.0%*a;
z2 = zl.*zl;

rl = sqrt(z2 + a*a);

r2 = sqrt(z2 + b*b);

e z = 1.0/(2.0*log(b/a)).*(exp(-i*k*rl)/rl - exp(-i¥*k*12)/12);
if tri ==

t = z/delta z;

else

t = (delta z - z)/delta z;

end

ez=c¢ez%t;

return;

function [e z] = TrianglePlaneWave(z, z s, k, a, delta z, tri, theta)
Zl=z+7zs;

e z = sin(theta)*exp(i*k*z*cos(theta));

iftri==1
t = z/delta z;
else

t = (delta z - z)/delta z;
end
ez=-¢e2z.%;

return;

A.3 Function CM for Characteristic Mode Algorithm

function [lambda,J,R,X,MS] = CM(Z, TotalSegments)
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R = (Z+conj(Z))/2;

X = (Z-conj(2))/21;

[J,Jamb] = eig(X,R);

t = zeros(TotalSegments-1);
for q = 1:TotalSegments-1
t(1,q) = lamb(q,q);

end

lambda = t(1,:);

for r = 1:TotalSegments-1
MS(r)=abs(1/(1+i*lambda(r)));

end

A.4 Function Normalise For Modes Normalisation

function [NJ] = Normalise(J,TotalSegments,R)
¢ = zeros(1,TotalSegments-1);
NJ = zeros(TotalSegments-1,TotalSegments-1);
for k = 1:TotalSegments-1
c(1,k) = abs(J(:,k)’*R*J(:,k));
NJ(G:,k) =J(:. k)/sqrt(c(1,k));
end

end

A.S Function Tracking For Mode Tracking

function [Track]=Tracking(TotalSegments,J1,J2,lambdal,lambda,MS)
N = TotalSegments-1;
Nl=size(J1);
N2=size(J2);
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p1=0; p2=0; p3=0; p4=0; p5=0; p6=0; p7=0;
fori=1:N1(1,2)

for j = 1:N2(1,2)

fork = 1:N

pl = pl+N*J1(k,i)*J2(k,));

p2 = p2+J1(k,i);

p3 = p3+J2(k,j);

p4 = p4+N*J1(k,1)*J1(k,1);

PS> = p2*p2;

p6 = p6+N*J2(k,j)*J2(k,j);

p7 =p3*p3;

end

p(i.j) = (p1-p2*p3)/(sqrt(p4-p5)*sqrt(p6-p7));
c(i,j) = abs(p(i.j));

p1=0; p2=0; p3=0; p4=0; p5=0; p6=0; p7=0;
end

end

cl=c;

fora=1:N1(1,2)

M=max(max(c));
[row,col]=findlocation(M,c);
Track(1,a)=row;

Track(2,a)=lambdal(row);

Track(3,a)=col;

Track(4,a)=lambda(col);
Track(5,a)=MS(col);

c(row,:)=0;

c(:,col)=0;

end
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function[row, col] = findlocation(IM,c)
[row,col]=find(M==c);

row =row(1,1);

col = col(1,1);

end

end
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