ANALYSIS AND DESIGN OF HIGHLY TRANSPARENT AND EFFICIENT
ANTENNA

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MEHMET EMRE ERALP

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

JANUARY 2025






Approval of the thesis:

ANALYSIS AND DESIGN OF HIGHLY TRANSPARENT AND EFFICIENT
ANTENNA

submitted by MEHMET EMRE ERALP in partial fulfillment of the requirements
for the degree of Master of Science in Electrical and Electronics Engineering De-
partment, Middle East Technical University by,

Prof. Dr. Naci Emre Altun
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Ilkay Ulusoy
Head of Department, Electrical and Electronics Engineering

Prof. Dr. Ozlem Aydin Civi
Supervisor, Electrical and Electronics Engineering, METU

Assoc. Prof. Dr. Reyhan Baktur
Co-supervisor, Electrical and Computer Eng., USU, UT, USA

Examining Committee Members:

Prof. Dr. Sencer Kog
Electrical and Electronics Engineering, METU

Prof. Dr. Ozlem Aydin Civi
Electrical and Electronics Engineering, METU

Prof. Dr. Giilbin Dural
Electrical and Electronics Engineering, METU

Assoc. Prof. Dr. Lale Alatan
Electrical and Electronics Engineering, METU

Prof. Dr. Vakur B. Ertiirk
Electrical and Electronics Engineering, Bilkent University

Date: 08.01.2025



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Surname: Mehmet Emre Eralp

Signature

v



ABSTRACT

ANALYSIS AND DESIGN OF HIGHLY TRANSPARENT AND EFFICIENT
ANTENNA

Eralp, Mehmet Emre
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ozlem Aydin Civi
Co-Supervisor: Assoc. Prof. Dr. Reyhan Baktur

January 2025, 64 pages

This thesis investigates the analysis, design, and fabrication of optically transpar-
ent antennas, addressing the trade-offs between transparency and radiation efficiency.
Transparent monopole and patch antennas are explored, focusing on their potential
applications in beyond 5G and vehicle-to-everything (V2X) communication systems.
The transparent planar monopole antenna features a single-sided geometry on flexible
PET substrates coated with silver nanowires (AgNW). The fundamental factors limit-
ing the efficiency of the monopole are analyzed, and effective antenna topologies and
methods to enhance efficiency are presented. The study demonstrates that widening
the monopole geometry and strategically adding highly conductive strips can signifi-
cantly improve radiation efficiency without substantially compromising transparency.
Fabricated prototypes operate over a wide frequency range, covering 3.5 GHz and
5.9 GHz, achieving efficiencies of 50.4% and 76.3%, respectively, with optical trans-
parency reaching 80%. Additionally, the primary factors limiting the gain of optically
transparent patch antennas are analyzed, and strategies for gain enhancement are out-

lined. The research introduces a circuit model predicting further improvements and



proposes an efficient patch antenna design. The patch antenna is fabricated using
AgNWs with low-cost manufacturing methods and validated through measurements.
The proposed patch antenna achieves a gain of 3.58 dBi and an efficiency of 44% at
8.9 GHz.

Keywords: Transparent Antenna, Silver Nanowires, Optical Transparency, Surface

Resistance, Optically Transparent Conductors.
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0z

YUKSEK SEFFAF VE VERIMLI ANTENLERIN ANALIZI VE TASARIMI

Eralp, Mehmet Emre
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Ozlem Aydin Civi
Ortak Tez Yoneticisi: Dog. Dr. Reyhan Baktur

Ocak 2025 , 64 sayfa

Optik olarak seffaf antenlerin analizi, tasarim1 ve iiretimi iizerine ¢aligilmis ve seffaf-
lik ile radyasyon verimliligi arasindaki denge ele alinmustir. Seffaf tekkutup ve yama
antenler, 5G sonrasi ve aragtan her seye (V2X) haberlesme sistemlerindeki potan-
siyel uygulamalarina odaklanilarak incelenmistir. Seffaf diizlemsel tekkutup anten,
glimiis nanotel (AgNW) ile kaplanmis esnek PET alt tabakalar tizerinde tek tarafli bir
geometrik yapiya sahiptir. Tekkutup antenin verimliligini sinirlayan temel faktorler
analiz edilmis ve verimliligi artirmak i¢in etkili anten topolojileri ve yontemleri su-
nulmustur. Calisma, tekkutup geometrisini genisletmenin ve stratejik olarak yiiksek
iletkenlige sahip seritler eklemenin, seffafliktan biiyiik 6l¢iide 6diin vermeden radyas-
yon verimliligini 6nemli dlgiide artirabilecegini gostermektedir. Uretilen prototipler,
3.5 GHz ve 5.9 GHz bantlarin1 kapsayan genis bir frekans aralifinda calisarak sira-
styla %50.4 ve %76.3 verimlilik degerlerine ve %80 optik seffafliga ulagmistir. Ay-
rica, optik olarak seffaf yama antenlerin kazancini sinirlayan birincil faktorler analiz
edilmis ve kazang artirimu i¢in stratejiler sunulmustur. Arastirma, kazangta daha fazla

tyilestirme ongoren bir devre modeli tanitmakta ve verimli bir yama anten tasarimi

vii



onermektedir. Yama anten, diisiik maliyetli tiretim yontemleri kullanilarak AgNW ile
iiretilmis ve olciimlerle dogrulanmistir. Onerilen yama anten, 8.9 GHz’de 3.58 dBi

kazang ve %44 verimlilik degerine ulagmugtir.

Anahtar Kelimeler: Seffaf Anten, Giimiis Nanotel, Optik Seffaflik, Yiizey Direnci,
Optik Seffaf Iletkenler.
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CHAPTER 1

INTRODUCTION

In today’s hyper-connected world, the demand for seamless communication and effi-
cient data transmission is more critical than ever. The concepts of multi-point connec-
tivity, low latency, and massive device connections are at the forefront of this techno-
logical evolution. Optically transparent antennas represent an emerging and versatile
technology with applications in various domains such as vehicle-to-everything (V2X)
communication, smart buildings, urban networks, and medical systems. Their ability
to seamlessly integrate into glass surfaces, such as vehicle windshields, architectural
glass, and displays, makes them highly desirable for modern, unobtrusive wireless
communication solutions. These antennas enable V2X systems to facilitate commu-
nication between vehicles, infrastructure, and even satellites without compromising
visual aesthetics or clarity. They hold potential for deployment on solar panels in

CubeSats and in indoor relay networks for future technologies like 6G [2], [3].

The transparency of antennas is typically achieved through two main approaches:
meshed conductors or transparent conductive film materials. While meshed conduc-
tors are relatively straightforward and effective, they remain visually perceptible. On
the other hand, transparent conductive materials, such as indium tin oxide (ITO), in-
dium zinc tin oxide (IZTO), and silver nanowires (AgNW), offer a better balance
between optical transparency and electrical conductivity. However, these materials
often face challenges in optimizing antenna efficiency, design complexity, and fabri-
cation methods. Transparent patch antennas, in particular, encounter significant effi-
ciency losses when both the radiator and ground plane are made transparent. Besides,
majority of the prior transparent conductive film antenna designs have less than 50%

radiation efficiency [2].



Meshed-type transparent antennas have been a subject of research since their early
studies in 2004 [4], with significant advancements made in recent years. A high-gain
optically transparent grid array antenna for millimeter-wave frequencies has been
introduced [5], while a slot loop antenna utilizing a metal-mesh-based transparent
film for wearable glasses operating at 2.4 GHz has been developed [6]. A patch an-
tenna with filtering capabilities for sub-6 GHz 5G applications has been proposed
[7], and antennas embedded in active display panels, such as OLEDs and LCDs, for
millimeter-wave 5G devices have been investigated [8]. Refined meshed patch anten-
nas integrated with solar panels have also been explored, highlighting their potential
in energy-sustainable systems [9]. An optically transparent right-handed circularly
polarized reflectarray featuring fine metal line meshes for Ka-band satellite commu-
nication has been proposed [10], and a meshed transparent transmitarray operating
at 28 GHz for 5G systems has been designed [11]. Additionally, a flexible and ro-
bust passive UHF circularly polarized tag antenna using a mesh conductor polymer
has been demonstrated [12]. These studies present the versatility of meshed-type
transparent antennas with their applications across wearable devices, smart displays,
high-frequency communication systems, and energy-integrated platforms, while ad-

dressing challenges related to transparency and efficiency.

Transparent conductive film antennas have attracted considerable attention due to
their potential for combining functionality with optical clarity. ITO has been ex-
tensively utilized, with designs such as an optically transparent MIMO antenna for
automotive applications [13] and a similar MIMO antenna for 5G smartphones op-
erating in the microwave and millimeter-wave bands [14]. Significant progress has
also been made in wearable device applications, including a study on glasses-based
antennas using [ZTO, achieving an efficiency of 46% [15]. Reflectarray antennas
made from ITO have been proposed for various applications, including integration
into windows, transparent media, and electronic casings, offering aesthetic and secu-
rity benefits [16]. Material-focused studies have introduced highly transparent ultra-
wideband antennas constructed from multilayered ITO/Ag/ITO electrode films [17].
Gallium-doped zinc oxide (GZO) has also been explored, with antenna arrays exhibit-
ing high transparency, intended for 5G networks in smart cities [18]. Beyond transpar-

ent oxides, silver nanowire (AgNW) antennas have demonstrated promise, including



screen-printed bowtie antennas with efficiencies around 50% [19], and patch antennas
achieving transparency levels of 51% at 24 GHz and 61 GHz, though with simulated
efficiencies of 8.9% and 49.4%, respectively [20]. These studies collectively highlight
the advancements in transparent conductive film antennas, emphasizing their appli-
cability across automotive, wearable, and urban communication technologies, while
addressing the ongoing challenges of efficiency and fabrication. Notably, the above-
mentioned works often involve more complex fabrication cycles, such as clean room
operations, sputtering, photolithography, and screen printing. In contrast, a simpler
and lower-cost method—air spraying AgNW-—has been utilized in this thesis work
for antenna fabrication. Furthermore, when compared to the AgN'W bowtie and patch
antennas mentioned above, the monopole and patch antennas designed in this work

achieved higher measured efficiencies of 76.3% and 44%, respectively.

1.1 Scope of the Thesis and Main Contributions

This thesis research explores the fundamental trade-offs in achieving optically trans-
parent antennas, focusing on efficiency improvement, design simplicity, and cost-
effective fabrication. It presents promising solutions for both transparent monopole

and transparent patch antennas.

Transparent Monopole Antenna:

e The monopole is designed as a single-sided planar geometry on flexible sub-
strates like polyethylene terephthalate (PET), utilizing a coplanar waveguide
(CPW) feed. The design eliminates the need for a ground plane, making it

suitable for flush mounting or integration as a sticker on surfaces such as glass.

e The study explores the fundamental factors that limit radiation efficiency and
reduce gain in transparent planar monopole antennas. It proposes strategies to

mitigate these challenges.

e Gain improvement methods are proposed, such as widening the antenna geom-
etry and strategically placing thin, highly conductive strips where the current is

induced densely.



e Simulation methodologies for studying extremely thin conductive films, in the
range of tens of nanometers, using both 3D meshing of thin solid geometries
and 2D impedance boundary surfaces are stated. These methods provide con-

sistent and accurate results.

e Two monopole prototypes are fabricated using AgNW-coated PET films. The
monopole with good conductor strips achieves high radiation efficiency while

maintaining good optical transparency.

Transparent Patch Antenna:

e A fully transparent patch antenna is introduced, with both the radiator and
ground plane fabricated using a AgNW applied via airbrushing onto PET sub-

strates.

e The research identifies the primary factors contributing to the reduction in ra-

diation efficiency and gain for transparent patch antennas.

e Several strategies are proposed to enhance antenna performance, including the

use of thicker substrates and operation at higher frequencies.

e A closely layered structure is introduced to further minimize loss resistance,
achieved by coating both sides of the PET films with AgNW to create a double-

sided conductive surface.

e Multiple prototypes of the patch antenna are fabricated, successfully achieving

a balance between antenna gain and optical transparency.

By addressing the efficiency limitations of transparent antennas and proposing re-
liable fabrication techniques, this work contributes to advancing the integration of

optically transparent antennas across a range of innovative applications.
This thesis is organized into five chapters.

Chapter 2 provides an overview of transparent antenna classifications, focusing on
meshed conductors and transparent conductive film materials. The challenges arising
from the trade-off between transparency and efficiency are discussed in detail. Sur-

face resistance is introduced as a practical metric to evaluate this trade-off. Materials

4



such as AgNW and CuNW are briefly described, including their preparation methods

and key properties.

Chapter 3 outlines the analyses and design procedures for transparent monopole an-
tennas. It presents the theoretical underpinnings of the designs, simulation results,
and fabrication techniques. Moreover, measurement results for the fabricated proto-

types are reported and discussed.

Chapter 4 states the analyses of transparent patch antennas. It details the design
methodologies, the materials and techniques employed, and the results of experi-
mental measurements. The findings highlight the performance characteristics and

trade-offs specific to AgNW transparent patch antennas.

Finally, Chapter 5 concludes the thesis by summarizing the key findings and contri-
butions of the research, providing insights for future work in the field of transparent

antenna technologies.






CHAPTER 2

DISCUSSIONS ON OPTICALLY TRANSPARENT ANTENNAS AND
TRANSPARENT CONDUCTIVE MATERIALS

2.1 Introduction

Optically transparent antennas are designed to be visually unobtrusive by ensuring
that their radiating elements allow light to pass through while maintaining their abil-
ity to efficiently transmit and receive electromagnetic waves. Achieving this optical
transparency requires careful material selection and design strategies to balance elec-
trical conductivity with visual transparency. As stated in Ch. 1, there are two primary
approaches to making antennas optically transparent: employing meshed conductors

and using transparent conductive films, as illustrated in Fig. 2.1.

Optically Transparent Antennas
|

Meshed Conductors Thin Conductive Films

= Copper, Silver, Aluminum = Transparent Conductive
Oxides (TCO):
= Grid structures or patterns ITO, FTO, AZO, GZO
= Square, hexagonal ... = Multilayer Films:
ITO/Ag/ITO, ITO/Cu/ITO,
IZTO/Ag/IZTO

= Nanowire Films:
AgNW, CuNW

Figure 2.1: Optically transparent antenna classification and materials.



Meshed conductors are thin metallic grids or lattices that cover only a small portion
of the antenna’s surface as depicted in Fig. 2.2a. By creating openings in the grid
structure, a significant amount of light is allowed to pass through, achieving optical
transparency. The geometry of the grid, including the width and spacing of the mesh,
is optimized to maintain good electrical conductivity while reducing visual obstruc-
tion [4], [21]. Copper and silver meshes are commonly used for such grid structures
due to their ability to achieve a reasonable balance between transparency and con-
ductivity. However, when these meshes are densely placed or the line width is large
enough to enhance conductivity, the antenna becomes visually perceptible as shown
in Fig. 2.2b. This visual perceptibility can compromise the aesthetic appeal, particu-
larly in applications that demand near-invisible designs. Although copper meshes are
effective in providing good conductivity and transparency, their appearance poses an

issue to be considered by a designer in achieving the desired level of clearance.

T fsnsnn e
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(a) b)

Figure 2.2: Meshed conductor antennas: (a) a visual for meshed antenna geometry,

(b) wired metal mesh MIMO antenna example [1].

Transparent conductive films, on the other hand, are materials that have inherent
transparency in the visible spectrum and provide electrical conductivity to support
electromagnetic radiation. These materials achieve transparency because of their abil-
ity to interact minimally with visible light, either through a high optical band-gap or
nanoscale structural properties that allow light to pass through. However, the conduc-
tivity they provide is significantly lower than that of traditional antenna conductors

such as copper or silver. This reduced conductivity introduces trade-offs in antenna



performance, particularly in terms of radiation efficiency and gain, which must be
carefully addressed in the design process. Despite these limitations, their ability to
achieve a high degree of transparency makes them a compelling choice for optically

transparent antenna designs.

a*§:§<;‘?’:§§3g i s L
;’*’Eé’:ﬁ‘”gé‘% A+
B ACCELERATE
3 e te Computational
ig i Q aEng‘meﬁ[‘mg

(a) ITO [13] (b) FTO [22] (c) AZO/Ag/AZO

(d) IZTO/Ag/IZTO [15] (e) AQNW

Figure 2.3: Transparent conductive film examples.

Transparent conductive oxides (TCOs) are the most widely studied optically transpar-
ent conductors. These materials are wide-bandgap semiconductors, typically oxide
compounds doped with metals. They operate within the physical limitations defined
by the plasma frequency, a concept derived from the Drude free-electron model [23].
Unlike metals like copper, which reflect most incident electromagnetic waves due to
their plasma frequency in the X-ray region, TCOs have plasma frequencies in the
infrared (IR) range, making them transparent to visible light while remaining electri-

cally conductive [24]. Some examples can be seen in Fig. 2.3.

Indium tin oxide (ITO) is the most common TCO, with a large industrial base. It can
offer a reasonable conductivity around 10° S/m and optical transparency between

75% and 92% at 550 nm. It is widely used in transparent antenna designs, whose one

9



example is shown in [13], due to its mature manufacturing processes and deposition
on rigid substrates (e.g., glass or plastic). However, ITO is brittle and poses chal-
lenges, such as the toxicity of indium during manufacturing and supply-chain issues
due to indium’s rarity as a resource. Besides, aluminum-doped zinc oxide (AZO)
has emerged as a promising alternative to ITO, providing similar transparency and
lower resistance. It is non-toxic and relies on abundant raw materials, making it envi-
ronmentally friendly and cost-effective. However, its adoption is limited by the lack
of large-scale deposition techniques and industrial support compared to ITO. Other
TCOs include fluorine-doped tin oxide (FTO) and gallium-doped zinc oxide (GZO),
along with various multilayer TCO films. These materials exhibit similar perfor-
mance to ITO and AZO but lack significant advantages in conductivity, transparency,
or scalability. Consequently, they remain underexplored compared to the dominant

TCOs [2].

Multilayer films, such as ITO/Ag/ITO, ITO/Cu/ITO, indium-zinc—tin oxide layers
(IZTO/Ag/TZTO) and AZO/Ag/AZO, represent a sophisticated approach to balanc-
ing transparency and electrical conductivity in optically transparent antennas. These
multilayer films combine the transparency of oxides like ITO or AZO with the excel-
lent conductivity of very thin silver or copper films. For example, ITO/Ag/ITO [17]
or IZTO/Ag/TZTO [15] films exhibit lower resistance and high transparency, making
them a good choice for efficient antennas. Similarly, AZO/Ag/AZO structures pro-
vide comparable performance while utilizing non-toxic and abundant materials like
AZ0O, offering an environmentally friendly alternative. However, these multilayer
configurations come with notable challenges. Their fabrication is often complex and
costly, requiring precise deposition techniques like sputtering or thermal evaporation

to ensure uniformity and avoid defects.

Silver nanowires (AgNWs) and copper nanowires (CuNWs) shown in Fig. 2.3e and
Fig. 2.3f are emerging materials in a range of electronic applications as transparent
conductive films. With their electro-optical and mechanical properties, AGNWs offer
promising performance with electrical conductivity and high transparency as well as
mechanical flexibility. CuNWs, while providing similar transparency and conductiv-
ity, stand out as a cost-effective alternative due to the lower cost of copper and simpler

fabrication processes [25]. Both materials are compatible with various substrates and
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deposition methods, though their durability can be enhanced through protective coat-
ings to mitigate oxidation and mechanical instability. With these material properties,
they are advantageous in transparent antenna designs. By optimizing the design and
using strategic approaches, these nanowires contribute to antennas that maintain high
transparency while offering improved radiation efficiency for transparent monopole

[26] and patch antennas [27].

In conclusion, the transparency of these materials, in addition to their structural and
nanoscale properties in the visible spectrum, is achieved by reducing their thickness
to the scale of tens of nanometers. However, such thin conductors, with lower conduc-
tivity compared to traditional materials like copper or silver, present a considerable
challenge in antenna design. This creates a critical trade-off between achieving high
optical transparency and maintaining acceptable radiation efficiency. A detailed ex-
ploration of this trade-off and its implications for antenna performance is presented

in the next section.

2.2 Challenges in Transparent Antenna Design Regarding Transparency and

Radiation Efficiency

Transparent antenna design faces a critical trade-off between achieving high optical
transparency and maintaining effective radiation efficiency. This challenge arises due
to the skin depth phenomenon, which has an impact in both the visible and RF spectra.
In the visible spectrum, optical transparency (or the transmission coefficient, 7) is
exponentially related to the material’s thickness (¢) and the skin depth for visible

light (¢,) through the equation [28]:

T=e . 2.1

This relationship indicates that higher transparency requires thinner conductive ma-
terials with today’s technology and the known materials. The skin depth for visible
light is primarily determined by material properties, such as electron relaxation time
and electron concentration. Consequently, unless there is a breakthrough in material
science, achieving higher transparency necessitates thinning the conductor, often to

the nanoscale. Transparent conductors typically have thicknesses in the range of a
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few tens of nanometers; for example, silver nanowire films achieve approximately

80% transparency at a thickness of around 200 nm.

In RF spectrum, effective radiation needs good conductivity, which requires a material

thickness significantly greater than the skin depth (0) for RF, which is given by

1
5= /- o (22)

where f is the operating frequency, y is the magnetic permeability, and o is the con-

ductivity. For RF applications, even the skin depth of highly conductive materials
like silver is much greater than the thickness of typical transparent conductors. To
illustrate, the skin depth for solid silver (o ~ 63 x 10° S/m) at 3.5 GHz is around
1 wm, while the one for ITO (o ~ 10° S/m) at 3.5 GHz is approximately 8.5 um,

which indicates the substantial disparity compared to 200 nm.

Since transparent conductors generally have lower conductivity than bulk silver, their
limited thickness further exacerbates their loss resistance. This significant loss re-
sistance negatively impacts antenna radiation efficiency, presenting a fundamental

challenge for designing efficient transparent antennas.

2.3 Surface Resistance

In practice, determining the precise conductivity or thickness of transparent conduc-
tors can often be challenging. This difficulty is particularly pronounced in materials
such as multilayer TCOs or randomly distributed silver nanowire networks, where
structural inhomogeneity complicates direct measurement. To address this, the sur-
face resistance parameter, which accounts for both conductivity and thickness, is

widely used as a practical metric to characterize transparent conductor films.

Surface resistance () quantifies the resistance encountered by electric current flow-
ing along the surface of a material. It is particularly relevant for thin conductive
films and two-dimensional materials, which are often used in applications such as
frequency selective surfaces, transparent conductive films (e.g., touchscreens), trans-

parent antennas, and other technologies employing thin metal layers.
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Figure 2.4: Sufficiently thin conductor geometry.

For a sufficiently thin conductor depicted in Fig. 2.4, which has a thickness smaller
than the skin depth, the resistance (R) along its length (L) can be calculated using

the well-known Ohm’s law as follows:

L
R=p— 2.3
where p (€2.m) is the resistivity, W (m) is the width, and ¢ (m) is the thickness of the

conductor sheet. Here, surface resistance is defined as

Ro=0=2 (2.4)

It should be noted that R, has the same unit as resistance (). Therefore, to dis-
tinguish it and specify that it is a surface-related quantity, by adding a square, the

notation 2] is used as the unit of surface resistance.

For the sake of generality, considering that the effective thickness is the skin depth at

high frequencies, R, definition can be extended to:

1
—, t<$

R,={ ot . (2.5)
1
5, t>9



It should be noted that surface resistance is independent of frequency in the RF spec-
trum since the typical thickness of a known transparent conductor film is smaller than

the skin depth, as mentioned earlier.

2.4 Transparent Conductive Nanowires: Material Preparation and Character-

ization

Conductive nanowire networks, particularly silver nanowire and copper nanowire
networks, offer advantages in cost, speed of development cycle, and ease of depo-
sition compared to conventional transparent conductors like ITO or multilayer IZ-

TO/Ag/IZTO.

While the production of transparent metal oxides like ITO is well-developed, it typ-
ically requires specialized facilities, such as clean rooms and magnetron sputtering
devices. Additionally, the conductivity of the transparent coating can be affected by
factors like processing temperature, which restricts the types of materials on which
it can be deposited. For instance, flexible substrates like polyethylene terephthalate
(PET) may not tolerate the high temperatures needed for ITO deposition to achieve
low surface resistance. Lowering the temperature to accommodate these substrates
can reduce the conductivity of ITO, making it unsuitable for antenna applications on

such substrates.

AgNWs and CuNWs, on the other hand, offer a significantly simpler production pro-
cess. CuNWs are especially cost-effective due to the lower price of copper compared
to silver and the use of water as the solvent during their preparation. These nanowires
can be applied to various substrates, such as glass, plexiglass, and PET, using tech-

niques like inkjet printing, screen printing, or even simple spray painting.

AgNWs are synthesized using a modified polyol method as described in prior re-
search, [29]. In this process illustrated in Fig. 2.5, ethylene glycol (EG) serves as
both the solvent and reducing agent, silver nitrate (AgNO3) provides the silver source,
sodium chloride acts as the nucleating agent, and polyvinyl pyrrolidone (PVP) stabi-
lizes the system to ensure unidirectional growth of the nanowires. The resulting Ag-

NWs are purified through centrifugation and applied to substrates via spray coating
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Figure 2.5: AgNW material preparation cycle.

with an airbrush. Post-deposition treatments are conducted to enhance the surface

resistance of the AgNW networks.

CuNWs are synthesized using a hydrothermal process, as outlined in [30]. In this
method, water acts as the solvent, CuCl, serves as the copper source, glucose func-
tions as the reducing agent, and hexadecylamine is used as the stabilizing agent. The
resulting CuNWs are purified through centrifugation and the removal of byproducts
via decantation. Similarly, these nanowires are deposited using the spray coating

technique, followed by a post-deposition treatment to lower the surface resistance.

Once AgNW or CuNW coatings are applied to a substrate, they are typically encapsu-
lated with thermoplastic polyurethane (TPU) to enhance scratch resistance and extend

their shelf life.

The surface resistance of AgNW and CuNW samples is determined using Signa-
tone Pro4 based on 4-point probe method, which is connected to a Keithley 2400
sourcemeter. Their optical transmittance (or transparency) is measured using the Shi-
madzu UV-3600 UV-Vis-NIR spectrophotometer. Fig. 2.6 shows the optical trans-
parency measurements, where the terms "thin" and "thick" correspond to the coating

thickness of the samples. The thickness of AgNW networks is not easily determined
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Figure 2.6: AgNW and CuNW films: (a) measured optical transmittance, (b) fabri-

cated samples.

or measured due to their microstructure as seen in Fig. 2.5 but is given approximately.
A thicker AgNW (approximately 350-400 nm) coating can achieve a surface resis-
tance of 6 Q2] with 60% transparency at 550 nm, while the thinner (approximately
200 nm) provides more than 80% transparency with a surface resistance of 10-12 Q1.
On the other hand, dense CuNW networks can achieve surface resistances of less than

10 QO while maintaining an optical transmittance of 68% in average.

Silver nanowire films offer superior transparency compared to their copper nanowire
counterparts, making them ideal for applications where optical clarity is a priority.
However, CuNW films stand out for their lower cost and environmentally friendly
production process, often referred to as a "green" alternative. Despite these advan-
tages, CuNWs are prone to rapid degradation, which results in increased surface re-
sistance and unstable radiation efficiency over time. Even though they are covered
with TPU to avoid oxidization, remaining air under TPU during preparation leads to
a degradation up to some extend; and then saturates. This shorter shelf life limits
their long-term reliability. Encouragingly, advancements in material science are be-
ing made to address these limitations, focusing on methods to enhance the stability

and durability of CuNWs.
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The transparent monopole and patch antennas designed in this thesis work are proto-
typed using AgNW coated PET films. They are fabricated with the production process
stated above by Nanovatif Materials Technologies and the Department of Metallur-
gical and Materials Engineering, METU. AgNWs are airbrushed on 0.127 mm-thick
PET films and covered with TPU. The samples are scratch resistant and mechani-
cally flexible. Most significantly, they have more than 80% optical transparency with

approximately 10 (] surface resistance.
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CHAPTER 3

ANALYSIS AND DESIGN OF HIGHLY TRANSPARENT AND EFFICIENT
FLEXIBLE MONOPOLE ANTENNA

3.1 Introduction

The seamless integration of transparent antennas into surfaces such as windshields
or glass frames has gained significant attention in recent years due to their potential
applications in vehicular communication systems, smart windows, and wearable de-
vices. However, achieving an optimal balance between optical transparency, antenna
efficiency, design simplicity, and cost-effective fabrication methods remains a consid-
erable challenge. Transparent antennas, typically made from conductive films, often
exhibit low efficiency unless enhanced through multilayered structures or increased

film thickness, which can compromise transparency or raise manufacturing costs.

This chapter explores these challenges by addressing the fundamental trade-offs in
designing a highly transparent monopole antenna and proposes solutions to overcome
these limitations. Specifically, it introduces a simple yet effective monopole antenna
topology, identifies key factors affecting antenna performance, and demonstrates re-
liable, low-cost fabrication techniques. The main contributions of this research are

summarized as follows:

1. The proposed antenna is designed for deposition on thin, flexible substrates
such as Parylene C or polyethylene terephthalate (PET). Its single-sided geom-
etry incorporates a monopole antenna excited by a coplanar waveguide (CPW),
eliminating the need for a ground plane typically required by microstrip patch
antennas. This configuration enables convenient integration onto various sur-

faces, including glass, as a flush-mounted or sticker-like solution.
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2. Conventional transparent antennas often rely on fabrication methods such as
photolithography or sputtering, which are costly and impractical for large-scale
production. In contrast, the antennas developed in this chapter utilize silver
nanowire networks and are fabricated using accessible methods stated in Ch. 2.
These approaches bypass the need for clean room operations, significantly re-

ducing production costs.

3. A comprehensive study is conducted to identify and address the limiting factors
affecting antenna efficiency. Strategies for improving performance while main-
taining transparency are discussed in detail, ensuring practical applicability for

real-world deployment.

4. The conventional approach to achieving optical transparency involves using
extremely thin conductive films (e.g., < 200 nm). Thus, simulating such thin
films accurately in electromagnetic (EM) simulation software can be challeng-
ing. This chapter also presents two methodologies: one employs setting mesh
resolution for 3D thin solid geometries, while the other utilizes a 2D impedance

boundary surface. The two methods yield matching results.

After these discussions and analyses, the finalized transparent monopole designs are
fabricated and measured to validate the proposed methods and designs. The chapter
concludes with the presentation of key performance metrics, including S-parameters,
gain, and radiation pattern measurement results, providing an evaluation of the pro-

totypes’ practical performance.

3.2 Planar Monopole Antenna Geometry

As stated in Ch. 2, thin transparent conductors inherently exhibit limited electrical
conductivity. To address this limitation, one effective approach can be to minimize
reliance on such materials in the antenna design. For instance, patch antennas require
both the radiator and the ground plane to be transparent, which means that this con-
figuration brings more losses associated with the thin conductive films, as addressed

in Ch. 4.
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Figure 3.1: Design parameters of the antennas: (a) narrow monopole, (b) wide

monopole and (c) the geometry of transparent conductor part.

In this research, a planar monopole antenna geometry is proposed, as illustrated in
Fig. 3.1. Unlike patch antennas, this design eliminates the need for a transparent
ground plane, significantly reducing the associated losses. The monopole antenna is
fed via a coplanar waveguide (CPW), which does not need to be transparent and can

conveniently be concealed within the frame of a windshield, window, or glasses.

The key geometric parameters under consideration are the monopole’s length (L),
width (W), and thickness (%), as depicted in Fig. 3.1. The CPW feed line, constructed
from copper and FR4 substrate, introduces a potential gap (g) when the antenna width
exceeds the CPW’s line width as in Fig 3.1b. Transparent conductor is placed on PET
film, which has a thickness of 125 um, providing a support for the antenna.
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3.3 Radiation Efficiency and Gain Reduction in Planar Monopole Antennas

Directivity (D) refers to the ability of an antenna to concentrate radiated power in a
particular direction, while gain () accounts for both directivity and the efficiency
of the antenna in transforming input power into radiated power. The relationship

between these two parameters is given by
G =e.D, (3.1)

where e, is the radiation efficiency. It is calculated from

Rr‘ad

S o 3.2
Rrad + Rloss ( )

€r =

where R, .4 18 the radiation resistance and R, is the loss resistance which includes
all dielectric, conductor, and surface wave loss in the antenna. For optically trans-
parent antennas, the majority of the loss comes from the lossy transparent conductor.
Particularly, in transparent conductor part of the monopole antenna in Fig. 3.1, di-
electric loss is ignorable and the surface wave loss is irrelevant. Considering that the

monopole has a geometry shown in Fig. 3.1c, the loss resistance can be calculated as

Rioss = kR (3.3)

W
similar to (2.3). Here, k is a unitless constant which can be taken as 0.5 for a si-
nusoidal current distribution at RF frequencies [31]. To validate the loss resistance
calculation and thus the efficiency, regular planar monopole antennas over a finite
ground plane shown in Fig. 3.2 are examined at 3.5 GHz and 5.9 GHz. The dimen-
sions of the interested monopoles are L = 19.9 mm, W = 1 mm at 3.5 GHz and
L = 11.65 mm, W = 1 mm at 5.9 GHz. Both antennas are simulated using full

wave EM simulator for a range of possible surface resistances up to 10 2L

Directivities of the planar monopoles are simulated and found to be 2.5 dBi at 3.5
GHz and 2.67 dBi at 5.9 GHz. Radiation resistance is 36 2. Fig. 3.3 shows the gain
simulated and calculated by (3.1-3.3) for both operational frequencies. It is seen that
the basic loss resistance calculation can well predict the radiation efficiency and gain

reduction for a thin planar monopole antenna.
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Figure 3.2: Generic planar monopole geometry over a finite ground.
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Figure 3.3: Calculated and simulated antenna gains of two generic planar monopoles

at 3.5 GHz and 5.9 GHz.
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The surface resistance has an impact that it can significantly reduce the antenna gain
at 3.5 GHz by approximately -5.5 dB resulting from the radiation efficiency of 28%
when it is 10 QU At 5.9 GHz, the gain reduction is around -4 dB with the radiation
efficiency of 39%, which is higher than the one at 3.5 GHz. This is naturally because
the conductor length is shorter, making the loss resistance smaller when the width is

kept the same. This also shows that the antenna is less efficient at lower frequencies.

To improve the gain and to have an efficient antenna, surface resistance should be
lowered, the operational frequency can be increased, leading to a shorter conductor
generally. However, R, depends on the material and it is usually a fixed number
once the thin film or coating is produced. The frequency might be limited to the
requirements of antenna applications. At this point, it is clear from (3.2) that making
W wider improves the efficiency, and accordingly this research proposes a wide flat

monopole as shown in Fig. 3.1b.

3.4 Simulation Environment and Reliable Modeling

The monopole antennas in this research are analyzed using a FEM based solver.
Firstly, all the structure is created as 3D solid objects. Since the transparent part
has a thickness of 200 nm or less, which is very thin compared to the rest of the FEM
solution space, it may not be meshed effectively. For a better meshing and more accu-
rate solution, mesh operation is assigned to the transparent conductor by adjusting the
model resolution as in the order of nanometers, which may lead to a larger numbers

of mesh elements and more memory needed.

Another method is to use impedance boundary condition (IBC). The transparent part
is created as a 2D sheet and the surface resistance, which can be measured or calcu-

lated considering the thickness and bulk resistivity, is assigned to it.

It is observed that both 2D and 3D solutions of a transparent planar monopole antenna
yield the same reflection coefficient (Fig. 3.4), input impedance and gain results for
100, 50, and 20 nm thick conductor with a 10 S /m conductivity, which means the

surface resistances are 10 2], 20 Q0J, and 50 201, respectively.
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Figure 3.4: Simulated S parameters of transparent planar monopole antenna when
represented by a 3D solid object with very thin thickness and 2D sheet on which its

surface resistance is assigned.

In some fabrication processes, unlike ITO films, the thickness of silver nanowire coat-
ing is more difficult to determine due to the surface roughness or complex alignment
of the nanowires. In this case, for 3D solution method, an average thickness value
and the bulk conductivity can be considered but the simulation results might differ
from the measurement. Instead, it is more convenient to use the 2D method since
the surface resistance of silver nanowire can be measured easily. Accordingly, all the

analyses are performed by using 2D method throughout the research.

3.5 Effects of Design Parameters

In this section, design parameters of CPW-fed planar monopole antenna in Fig. 3.1 are
examined in terms of input impedance and radiation efficiency focusing on the oper-
ational frequency of 5.9 GHz. Simulations are carried by using impedance boundary
for the transparent part as outlined above. The line width of the CPW line on 1.5

mm-thick FR4 is 2.8 mm, which constitutes to 50 €2 characteristic impedance.
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Figure 3.5: Reflection coefficients for various monopole width L. when R, = 10 QL.

Since the direction of currents is in alignment with the longitude of the monopole, the
length L is effective on the operational frequency, and it is at the vicinity of a quarter
wavelength. As L is increased, the resonance frequency shifts to lower frequencies
as expected and seen in Fig. 3.5. Keeping the width (W = 2.8 mm) and the gap
(g = 0.7 mm) constant, the same monopole antenna is simulated when it is assigned
separately as PEC and transparent (2, = 10 20J) at 5.9 GHz. The input impedance
of the monopole is given in Fig. 3.6, where one can see the difference in the real parts
as the loss resistance. Naturally, a greater length gives rise to a higher loss resistance
(3.3) and the monopole becomes inductive at the chosen operational frequency. This

also shows that the antenna is less efficient at lower frequencies.

As the width W of the transparent monopole is increased keeping the length (L =
9.5 mm) and the gap constant, a better reflection coefficient is obtained as seen in
Fig. 3.7. Similarly, the same monopole is simulated for both the PEC and the trans-
parent cases at 5.9 GHz. The input impedance is given in Fig. 3.8. The loss resistance,
inferred from the difference in the real parts of the both cases, is reduced with a larger
width as expected from (3.3). Particularly, increasing the width from 2.8 mm to 9.5
mm elevates the radiation efficiency from 68% to 77%. Thus, widening the antenna

structure can improve the efficiency without sacrificing optical transparency when
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Figure 3.6: Input impedance of transparent and PEC monopoles with respect to the

length L at 5.9 GHz.
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Figure 3.7: Reflection coefficients for various monopole width W when R, = 10 0.
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Figure 3.9: Input impedance of transparent monopole for different g values.
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considered as percentage only on the conductor region. Moreover, within this range
of I, the imaginary part of the input impedance tends to approach 0, which also ex-
plains the better resonance behavior. In general, a fat planar monopole antenna lifted
off its ground can have wide-band operation when its width and the gap are designed

for impedance matching [32].

In addition to the length and width, the gap (g) is studied because it affects the reac-
tance of the antenna’s input impedance. A larger gap moves the resonance to lower
frequencies as it makes the overall length of the antenna longer. A smaller gap adds a

capacitive effect, which reduces the reactance as seen in Fig. 3.9.

3.6 Further Improvement in Gain and Radiation Efficiency

It is presented that the efficiency of the flat monopole antenna designed from transpar-
ent conductor can be improved by increasing the width. The current on the transparent

monopole is strongly distributed on the bottom and side edges as shown in Fig. 3.10a.

| w w

Lstrip

*Wstrip
19 19

(a) (b)

Figure 3.10: For the square-shaped transparent monopole antenna, (a) current distri-
bution at 5.9 GHz, (b) the geometry of good conductor strips on the bottom and side
edges.

The following study is to creatively place better conductors on the monopole to im-
prove its efficiency, similar in nature [33]. Copper strips are placed on the edges of
monopole (Fig. 3.10b) where the current density is the highest. The copper strips have
a thickness of W,.;,, and the length is L, on the vertical edges. The bottom edge is
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fully framed with the strip. When the vertical strips are extended to half of the trans-
parent monopole (L, = L/2) and have a 0.1 mm width, the optical transparency
is reduced by 3.5%. The radiation efficiencies at 5.9 GHz for both narrow (W = 2.8
mm) and wide (W = 9.5 mm) monopole are obtained as 80% and 87%, respectively.
Thus, around 10% improvement compared to transparent monopoles without copper

strips stated above is achieved by adding tiny strips.

For several vertical strip lengths, the radiation efficiency of the transparent monopole
antenna at 5.9 GHz is tabulated in Table 3.1. In general, as the strip length is ex-
tended, the efficiency increases. After half of the vertical edge, the rate of the increase
is slower. Besides, since the bottom edge has the strongest current distribution, the
efficiency improvement due to placing strips only on the bottom edge is greater than
the one for extending it in vertical direction. Additionally, the S;; parameter does not
significantly change when the strip is placed on the bottom edge for this particular
monopole, as seen in Fig. 3.11. Thus, one can consider that it is reasonable to de-
sign wide transparent monopole antenna by adding a tiny horizontal strip only on the

bottom edge to have a minimum sacrifice of optical transparency.

= =Without Strips
—With Strip
-50 . : : : -
3 4 5 6 7 8 9
Frequency (GHz)

Figure 3.11: Sy for the monopoles with and without the bottom strip.
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Table 3.1: Radiation Efficiencies for Different Lengths of the Vertical Copper Strips
at 5.9 GHz

Strip Length, L, \ 00L 02L 04L 06L 08L 1.0L

RadiationEfﬁciency‘84.1% 852% 86.8% 87.5% 88.8% 88.9%

3.7 Cross Polarization

The radiation patterns of the transparent square monopole antenna at 5.9 GHz are
similar to that of a dipole antenna except the cross-pol pattern in H plane (Fig. 3.12).
The cross-polarization level has been observed to be below -20 dB in all planes ex-
cept for H plane on which there is a lucky clover-shaped cross polarization and it is
affected by the ground width W, ,,q. This is due to the horizontal current induced
on the top edges of the CPW grounds. Cross polarization patterns on H plane for dif-
ferent ground widths can be observed in Fig 3.13a. The cross-pol levels normalized
to the maxima of the co-polarizations are given in Table 3.2. As W4 1S increased,
the cross-polarization level gets larger. After the ground is increased to a significant
value when it is effectively seen as infinite, the cross-pol component disappears as in

the case of quarter wavelength monopole.

Tapering the grounds of CPW as depicted in Fig. 3.13b alters the current distribution
on the grounds of CPW line, and consequently reduces the cross polarization. For 30
mm ground width, the tapering results in -16.3 dB cross-pol level. Therefore, a 5.4

dB improvement (compared to Table 3.2) in cross-pol can be achieved.

Table 3.2: Normalized Cross-Polarization Levels at 5.9 GHz

Ground Width (Woung) | 20 mm 30 mm 40 mm
Cross-Pol Level —19.1dB | —10.9dB | —5.6dB
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Figure 3.12: Radiation patterns of the transparent square monopole antenna at 5.9

GHz: (a) E plane, (b) H plane.
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Figure 3.13: (a) Cross polarization patterns in H plane for different ground widths at

5.9 GHz, (b) tapered ground geometry to enhance the cross-pol level.
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Figure 3.14: AgNW monopole antennas fed by CPW line: (a) Prototype I without
silver strip, (b) Prototype II with silver strip at the bottom.

3.8 Proposed AgNW Transparent Monopole Antennas, Fabrication, and Mea-

surements

Following the studies discussed in this chapter, two wide planar monopole antennas
(L =18 mm, W =21 mm) are designed at 3.5 GHz. Prototype I has the same geometry
as seen in Fig. 3.1b. Prototype II consists of a thin silver (highly conductive) strip on
the bottom edge. Since the width and the gap have impact on the impedance matching,
the antennas have wideband behavior covering both 3.5 GHz and 5.9 GHz, which are

allocated for 5G and V2X communications, respectively.

AgNW films are prepared as outlined in Ch. 2. While preparing them, a contact point
is placed for the connection between AgNW and the feed line. Besides, the bottom
strip of Prototype II is also created similarly to the contact point. On the other hand,
the CPW line is fabricated with 1.5 mm-thick FR4 substrate by using LPKF machine.
Its line width is 3 mm and the gap between the line and the ground is 0.3 mm. AgNW
monopoles and the feed line are connected to each other through the contact points by
using a low temperature silver paste, which is cured at around 100°C for 30 minutes.

The final prototypes are as shown in Fig. 3.14.

The measured S;; results of the two transparent monopole prototypes are given in

Fig. 3.15. Measured S1; of the monopole without strip is in line with the simulation.
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Figure 3.15: Simulation and measurement results of Sj;: (a) Prototype I without

silver strip, (b) Prototype II with silver strip at the bottom.
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Although the bandwidth is similar, the measured S;; of the monopole with the bottom
strip slightly differs from the simulation. This might be due to reasons related to the

fabrication such as misalignment or the distribution of silver paste.

Table 3.3: Simulated and Measured Antenna Gains for the AGNW Monopole Antenna
Prototypes Fed by CPW Line at 3.5 GHz.

Prototype | oIm. e 645
yp Meas. -1.39 50.4%

Sim. 0.79 84%
Prototype Il Meas. 0.36 76.3%

Gain and radiation pattern measurements are conducted in the anechoic chamber to
evaluate the performance of two antenna prototypes. As seen in Table 3.3, for Pro-
totype I, the measured gain is -1.39 dB, with an efficiency of 50.4%. In contrast,
Prototype II demonstrates a significant improvement, achieving a measured gain of
0.36 dB and an efficiency of 76.3% with only 5% loss of optical transparency. It
should be noted that the simulated results slightly differ. This is mainly because the
low-temperature silver paste used to connect the AgNW to the CPW line is not stable

in homogeneity and conductivity when it is not properly cured.

The radiation patterns in the principle planes are given in Fig. 3.16. In general, the co-
polarization patterns for both antennas are approximately the same as the simulations.
On the other hand, although there are slight differences, the lucky clover shape can
be observed in the cross-pol patterns in H plane. The cross-pol patterns in E plane
has a difference from the simulations in ¢ = 0° cut. This is due to the misalignment
of the monopoles when measured in the chamber. Indeed, the simulated patterns in
the neighboring ¢ = £10° display a larger cross-pol level as well. Thus, the angle of

placement during the measurement leads to this difference in E plane cross-pol level.

In conclusion, the developed AgN'W monopole antennas demonstrate remarkable per-
formance in terms of efficiency and optical transparency. Prototype II achieves a
significant improvement with an efficiency of 76.3%, while maintaining an optical

transparency exceeding 80%.
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Figure 3.16: Simulation and measurement results of radiation patterns in principle
planes at 3.5 GHz: (a) Prototype I without silver strip, (b) Prototype II with silver

strip at the bottom.
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CHAPTER 4

ANALYSIS AND DESIGN OF OPTICALLY TRANSPARENT AND
EFFICIENT PATCH ANTENNA

4.1 Introduction

Microstrip patch antennas are desirable in many applications where seamless inte-
gration is demanded. The properties that traditional patch antennas provide, such as
unidirectional pattern and conveniency in array configurations, make them preferred.
However, the challenge in balancing transparency and radiation efficiency still exists.
Previous studies have shown different methods to achieve optical transparencies [2],
but all of them either involve a visually perceptible meshed conductor or have very
low gain. The latter is particularly accentuated when a patch antenna is made trans-
parent for both the radiator and its ground plane, which puts more difficulty when
compared to a transparent monopole antenna as designed in Ch. 3. The study pre-
sented in this chapter examines the underlying principles contributing to the radiation
efficiency and subsequently proposes methods to improve the gain of a transparent

conductive patch antenna made of AgNW films.

4.2 Analysis of Loss Factors in Transparent Patch Antennas

An antenna made from any transparent conductor suffers from reduced efficiency.
This is because a conductor is processed to be very thin (e.g. less than 0.05 of a mi-
crowave skin depth at 10 GHz) in order to achieve optical transparency, and therefore
it presents a relatively high Ohmic loss. In order to propose methods for improve-

ments, main factors contributing to a gain reduction for a patch antenna are analyzed.
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The geometry of the antenna under examination is shown in Fig. 4.1.The patch con-
ductor is very thin (smaller than the skin depth), and represented by a surface resis-

tance R (Q20J). It is placed above a PEC ground plane with a dielectric spacer.

X

y

Figure 4.1: Lossy conductor rectangular patch antenna geometry.

4.2.1 Attenuation Due to Surface Resistance of a Radiating Patch

This study follows the transmission line model of a patch antenna. Treating the an-
tenna as a parallel plate transmission line, the complex propagation constant is written

as

v = V(R + jwl)(G + jwC") = a + jB, 4.1)

where « and [ are the attenuation and the phase constants, and R/, L/, G, C’ are
the unit length resistance, inductance, conductance, and capacitance, respectively.
The loss tangent of the dielectric substrate is assumed to be low to allow G’ ~ 0,
and the rest of the unit length values can be readily written using the parallel plate

transmission distributed element as
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. L =p 4.2)

where R, is the surface resistance of the radiating element, / is the substrate thick-
ness, W is the width of the patch, and e, i are the permittivity and permeability of the

substrate. Then, the attenuation constant can be found as

R,
~ — 4,
a 2hn 4.3)

where 7 is the intrinsic impedance of the substrate. Over the length of the patch L,

the fields are exposed to a conductor loss by e =%,

4.2.2 Directivity Analysis of Lossy Patch Antenna

A traditional rectangular patch antenna can be modeled as a two-element array of
magnetic dipoles above a ground plane as shown in Fig. 4.2a. In ideal case, since
the rectangular radiator patch is a perfect conductor, both magnetic dipoles can be
excited strongly. If the patch is a lossy or extremely thin conductor as in the case
of transparent conductors, the second dipole is weakly excited when the antenna is
fed from one edge. Thus, the transparent patch antenna might be regarded as a lossy

two-element array to investigate the effect of transparent conductors in the directivity.

e W

(a) (b)

Figure 4.2: (a) Magnetic current densities and (b) the lossy two-isotropic-element

array configuration.
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To be more general, the array configuration (Fig. 4.2b) under investigation is formed
by two isotropic elements separated by a distance d along z — axis. The second
element is lossy, which constitutes a reduced amplitude constant e~¢. Also, the

elements might be excited with a phase difference. For this case, the array factor is

AF =1+ e eV, (4.4)

where ¢ = kdcosf + . Assuming no phased excitation § = 0, the maximum of

|AF| occurs at § = 90°. Then, the normalized array factor is

|AF| |1+ eded?|
AF, = = : 4.5
|AF | max 1+ e od (4.5)
The radiation intensity can be written as
e [T emdetp?
U0) = AF; = —<1 o)z (4.6)

whose maximum at § = 90° is U,,,, = 1. Then, the directivity of the array can be

evaluated using

47TUmax o Umaac
P’rad B UO ’

D = 4.7)

where Uj is the average radiation intensity and it is given by

Up = Lrad _ / / U(6) sin 0d6do
7T

= /U(@)smGd@
“ 2o

/ |1+ e~ dehdcos?)2in 0dp

W
1 m
B ETEsE / [1+ e 2% + 2¢74 cos (kd cos 0)] sin 0df
0
1 + €—2ad

- (48)
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Figure 4.3: Directivity of a rectangular patch antenna at 3.5 GHz with respect to

surface resistance.

Using (4.8), the directivity is found to be

1 —ad\2 2—ad
D:&:1+ €

_ 49
1 + €f2ad 1 + 672ad ( )

For the lossless case (o = 0),

which is the directivity of a 2-element array with uniform amplitude distribution. If
the second element has infinite loss, which means that it has no contribution to the

radiation

D(a — o0) =1,
which is expected for a single isotropic element.

For a regular rectangular patch antenna designed to operate at 3.5 GHz on 1.5 mm-
thick air substrate, the directivity calculated using (4.9) with respect to the surface
resistance is shown in Fig. 4.3, where the attenuation constant is from (4.3) and the
length is L ~ \/2. Since the surface resistance of a transparent antenna is achievable

to be less than 10 2L, the directivity does not significantly reduce in this range.
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4.2.3 Radiation Efficiency and Gain Reduction

It has been shown in [31] that a rectangular microstrip antenna can be modeled rea-
sonably well by a dielectric-loaded cavity with two perfectly conducting electric walls
and four perfectly conducting magnetic walls. However, it should be noted that this
model is a good approximation when the height is very small and the metal has a

sufficiently good conductivity.

Assuming that the dominant mode within the cavity is TMj;,, and considering the

patch geometry in Fig. 4.1, the electric and magnetic field components are [31]:

T

L
. T

H, = Hysin (Zy), (4.10)

E, = Eycos (=y)

where E() = —jWA()lO and HO = (W/ML)AQH).

According to the equivalent current densities, this model also states that there are two
radiating slots which account for most of the radiation. The far-zone electric fields

radiated by one slot are

E.=FEy=0
B, = jkohwzji(;e_jko’" (Sinesir)l(X siréZ% @11)
where
X = k;—h sin 6 cos ¢
Z = kOQI/V cos . (4.12)

Ideally, the two radiating slots are separated by a very low-impedance parallel-plate
transmission line of an effective length L. and they are of the same magnitude and
phase. However, it is suspected that one of the slots has a reduced magnitude due to
the conductor loss in the transmission line. Accordingly, the array factor for the two

radiating slots is arranged as
AF =1 + e—aLejkoLe Sin@sind)7 (413)
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Then, the total far-zone electric fields radiated by the antenna become

kohW Ege~Jkor gsinX sin Z
=]

B (sin 6 —7~"—")(AF). (4.14)

27r
The total radiated power is

1
Pmd:—// B 2ds
210 JJs

2|Eol?
=l (4.15)

where the integral is

|?|AF|*sin® 0d0de.  (4.16)

I: /Tr/2 /” |sin(’“°7h sin 6 cos ¢) sin(k°2w cos 0)
0 sin 6 cos ¢ cos 0

—m/2
Here, it should be noted that |AF'| is not significantly effective inferred from the

directivity analysis.

When the patch conductor is very thin (smaller than the skin depth), some power is
lost on the surface, which leads to a significant reduction in the radiation efficiency.

To determine the reduction, the antenna geometry shown in Fig. 4.4, is investigated.

X

Figure 4.4: Antenna geometry and the surface current vector on the patch.
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Power lost on the patch P, is
1 2
Ploss = 5 RS|JS‘ d37 (417)
where J; is the surface current density and defined as
. R . T
Js=txH=4H, sm(zy) (4.18)

using magnetic field intensity vector H for the dominant mode TMy,, in the cavity

as found in [31].

Then, the power loss can be calculated as

H2
lezR‘ 0‘/ /|sm dyde’

™R, W

_ 2
N 4w2,u27 Eol
TR W
- WL . (4.19)

Using the radiated power (4.15) and the power loss (4.19), radiation efficiency of the

antenna can be calculated as

Prad
€= ——— 4.20
Prad + Ploss ( )

2 2
ol
B 7707T2k2
©2|E)? ™R, W

I E
N2k} * 4k2n? L’ ol?

1
- R 4.21)

8nmop2 L 1

To have a better view in the radiation efficiency in terms of the design parameters,
I can be evaluated in the boresight direction (¢ = 7/2). Then, it is found that the
integral I depends on the operational frequency f, the substrate height 4 and the
surface resistance R;. As f and h increase, I also increases, which improves the
efficiency. On the other hand, as R, gets larger, / reduces and R/ increases, which

in turn yields a worse efficiency as expected.
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Figure 4.5: Radiation efficiency vs R, for the patch antennas on 1.5 mm-thick air

substrate at different frequencies.

To validate the radiation efficiency derivation, several rectangular patch antennas have
been designed using the design guidelines (formulas for W and L) in [31] at different
frequencies. The antennas have been simulated in HFSS to find radiation efficiency
for a range of R, between 0.01 and 10 Q2[J. For the same configuration, the efficien-
cies are also calculated in MATLAB using 4.21. Fig. 4.5 shows the simulated and
calculated efficiencies of the patch antennas (1.5 mm-thick air substrate) at several
frequencies. The results are quite consistent at 2 GHz and 3.5 GHz. As the frequency
increases, calculated efficiency deviates from the simulated one. Fig. 4.6 shows the
efficiencies of two patch antennas with 0.5 mm- and 1.5 mm-thick air substrates at
10 GHz. For the thinner substrate, the efficiency estimation is nearly the same as the
simulation result. When the substrate height is increased, the physical length (L) of
the radiating patch decreases relatively. The fringing fields increase, and the antenna

becomes a more effective radiator, which in turn increases the radiation efficiency.

In conclusion, the analytical derivation yields reasonably good results for the radia-
tion efficiency of a lossy rectangular patch antenna having a sufficiently thin dielectric
substrate in terms of height-to-width ratio or wavelengths. When the substrate is rela-
tively thicker, the cavity model fields used in the derivation might become insufficient

to represent the actual fields required for the correct efficiency.
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Figure 4.6: Radiation efficiency at 10 GHz vs R, for the patch antennas on 0.5 mm-
thick (L=14.3 mm) and 1.5 mm-thick (L=12.9 mm) air substrates.

4.3 Methods for Gain Enhancement

In this section, methods to improve the gain of transparent patch antennas are pro-

posed by considering the analysis of loss factors, which are summarized as follows:

e For a transparent conductive patch antenna, whose radiating patch has a surface
resistance less than or in the vicinity of 10 €20, the directivity does not change

significantly.

e The major contribution to the gain reduction comes from the conductor loss.
Accordingly, a transparent conductor with a low surface resistance and a higher

optical transparency is always preferred.
e The antenna radiates more efficiently at a higher operational frequency.

e A thicker substrate or spacer leads to a higher efficiency as long as it is kept
within the range of radiating patch antenna conditions and where the surface

waves are not significant.
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Figure 4.7: Radiation efficiency and gain with respect to surface resistance for a
rectangular patch antenna on air slab and on RT5880 with the same thickness h =

1.5 mm (Ground plane is PEC).

4.3.1 Operational Frequency and Choice of Material

The radiation efficiency analysis indicates that an increase in frequency and substrate
height results in a significant loss reduction. Accordingly, HFSS studies were set up
for verification. Several patch antennas, whose patches are assigned to surface resis-
tance from O to 10 2] and ground planes are PEC, are designed on 1.5 mm-thick air
spacer and 1.5 mm-thick RT5880 at 3.5 GHz and 10 GHz. The results are summa-
rized in Fig. 4.7 and Table 4.1. Fig. 4.7 shows that the efficiency of a patch antenna
is improved by choosing a conductor with low R, (limited by the material science
[28]), and by operating at a higher frequency. Besides, it is seen that the antennas
on air and RT5880 have the same radiation efficiency at the same frequency. Since
a substrate with lower e gives a higher directivity, an air substrate may be the most
desirable choice to have a higher gain. Table 4.1 verifies the gain and radiation effi-
ciency improvement with a thicker substrate. It should be noted that when a dielectric

is used instead of air, then A is bounded by the rise of surface wave [34].
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Table 4.1: Transparent Patch Antenna on Air Slab at 10 GHz

h Directivity Gain Efficiency
1.5 mm 10.5 dBi 6.76 dBi 42.6%
1.0 mm 10.5 dBi 4.63 dBi 26.9%
0.8 mm 10.5 dBi 3.20 dBi 19.6%

Transparent patches (R;)

(a) (b)

Figure 4.8: (a) Closely layered patch geometry and (b) its impedance model.

4.3.2 Close Layering of Conductive Films

It is known that the surface resistance of a thin transparent conductive film is subject
to material preparation. For higher optical transparency, a thinner film is needed,
which leads to a higher ;. A typical R, for an 80% transparent AgNW film of 200
nm-thick is about 10 QL. Attempts to reduce R, to half by increasing the AgNW
thickness lead to a darker film where the optical transmittance is less than 60%. In
addition, a thicker AgNW film might face some structural problems, such as cracks.
Alternatively, coating both sides of a PET film with thin AgNW or closely laying
multiple such PET films on top of each other are proposed. In this way, the reduction
in the optical transparency is less than the one when the thickness of a single AgNW

film is increased.

Two layered thin films (such as PET) coated with AgNW as radiating patches are
modeled as in Fig. 4.8. When the bottom patch is excited with a probe, it couples to
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Figure 4.9: Radiation efficiency with respect to layering distance d for a layered patch

antenna on air slab with the thickness 2~ = 1.5 mm at 10 GHz (Ground plane is PEC).

the film above it, making it into a radiating element as well. The loss resistance in the

circuit model of close layering as shown in Fig. 4.8b is

RG{Z} = Rioss

1 (4.22)
- (5 5 |

where R is the total loss resistance, R, is the loss resistance due to a single AgNW
layer and C' is the capacitance between the layers. Since the layers are placed very
close, the array factor is nearly 1 and therefore the total radiation resistance 2, re-
mains the same. The loss resistance, however, is affected by the capacitive coupling
C. When the films are close as d = 0 (Fig. 4.8a), the total loss resistance is reduced
to half of the loss resistance of one patch antenna, R /2. Therefore, it yields an
improved antenna efficiency. To observe the effect of the distance (d) between the
layers, a second AgNW layer is added to the single layer patch antenna on 1.5 mm-
thick air slab with PEC ground. This layered patch antenna is simulated for various
d at 10 GHz. The efficiency results are given in Fig. 4.9. It follows a similar curve
estimated by (4.22) as d is increased. For the single layer case, the antenna efficiency
at 10 GHz is 42.6% as reported in Table 4.1. When d < 0.025), the efficiency for the
layered patch is higher than that of the single patch.
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Figure 4.10: Transparent patch antenna geometries: top view and side views.

4.4 AgNW Transparent Patch Antennas, Fabrication, and Measurements

Following the analysis of loss factors and gain improvement methods, several patch
antenna prototypes, which are fed by coaxial probes, in different configurations are
fabricated. The geometries of these AgNW patch antenna configurations are illus-
trated in Fig. 4.10. In all configurations, antenna dimensions are the same, where
L =13 mm, W = 14 mm, Ground Size= 50 mm, and the air substrate thickness

h =1.5mm.

AgNW samples are prepared as described in Ch. 2. Examples of the samples includ-
ing single-sided and double-sided patches, and double-sided patch antenna assem-
blies, are as shown in Fig. 4.11. The single-sided patch sample is created by coating
one side of a PET film (127 pm-thick) with AgNWs and protecting it with a TPU
(approximately 127 pm-thick) protection layer. On the other hand, the double-sided

50



(a) (b) (©

Figure 4.11: AgNW patch antenna samples: (a) Single-sided sample, (b) double-

sided sample, and (c) double-sided patch antenna assembly.

patch involves coating both sides of the PET film with AgNWs, with TPU covering all
areas exposed to air for protection. This design implements the closely layered trans-
parent conductor approach proposed in the previous section. The transparent patch
antenna is then assembled using a plastic frame to maintain a 1.5 mm-thick air spacer
between the patch and the ground plane. Connections to the SMA connector are es-
tablished using low-temperature silver paste. For comparison, a reference antenna is
also constructed by replacing the AgNW-coated layers with aluminum tape pasted to
the PET film, following the same assembly process and using the same frame and

SMA connector.

The three patch antenna configurations from single-sided or double-sided AgNW
samples and the reference antenna fully made of aluminum are measured with vector
network analyzer. Measured S parameter results are given in Fig. 4.12 together with
the simulation results performed in HFSS. Even though the analyses in the previous
sections focus on 10 GHz, it is seen that the resonances of the prototypes are shifted to
around 8.9 GHz. This is expected because the multiple PET and TPU films extend the
effective length of the patch by increasing the effective dielectric constant compared
to air. Slight differences between the resonance frequencies of simulation and mea-
surement data might be due to the misalignment of the pin locations during prototype
assembly. Besides, all Sj; results exhibits losses in out-of-band regions compared

to the simulations. This is likely caused by the pin connections to the patch and the
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Figure 4.12: Measured and simulated S parameters of four patch antenna prototypes.

ground via the low-temperature silver paste. Nevertheless, all S;; measurements are

consistent with the simulations, confirming the reliability of the results.

Gain and radiation pattern measurements are performed in the anechoic chamber to
evaluate the performance of the antenna prototypes. Table 4.2 presents the measured
gain and radiation efficiency (er) at 8.9 GHz alongside the simulation results. The
aluminum patch with an aluminum ground achieves 7.14 dBi gain and serves as the
reference. Using a single-sided AgNW patch with an aluminum ground significantly
reduces the gain to 2.81 dBi. When it is replaced by the double-sided AgNW patch

with an aluminum ground, the gain increases to 4.31 dBi, while changing both the
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Table 4.2: Measured Radiation Efficiency and Gain of Patch Antenna Prototypes at
8.9 GHz

Max. Gain Max. Gain Efficiency (er) Efficiency (er)
Patch Tt T
EEHE (Simulation) (Measurement) (Simulation) (Measurement)

Aluminum Aluminum 9.94 dBi 7.14 dBi
Single AgNW Aluminum 5.55 dBi 2.81 dBi 37.8% 36.9%
Double AgNW Aluminum 7.17 dBi 4.31 dBi 54.7% 52.1%
Double AgNW Double AgNW 6.08 dBi 3.58 dBi 43.7% 44.0%

patch and ground with double-sided AgNW films have the gain of 3.58 dBi. Since
making the ground transparent with AgNW further reduces the gain, it should be
noted that a single-sided patch with a single-sided ground would result in a gain lower

than 2.81 dBi.

A common trend between the measured and simulated gains is evident, with mea-
sured gains consistently lower by at least 2.5 dB. This loss is attributed to factors
unrelated to transparency or the loss in AgNW, such as connection quality and the
use of low-temperature silver adhesive. The efficiency denoted as e is the radiation
efficiency which is only related to the loss on the AgNW films so the transparency.
It is calculated from the measured gain reduction compared to the reference antenna
gain. For instance, the double AgNW patch with aluminum ground prototype has a
measured gain of 4.31 dBi, which is 2.83 dB less than the reference gain of 7.14 dBi.
Thus, e is found as 52.1%. Accordingly, the efficiencies (er) of the single AgNW
patch with aluminum ground and the double AgNW patch with double AgNW ground
prototypes are also calculated as 36.9% and 44.0%, respectively.

In simulations, where connection losses and adhesive effects are absent, simulated
er represents only transparency-related losses caused by the AgNW films. Con-
sequently, simulated and measured e values closely align, confirming that the ob-
served efficiency losses are primarily due to the transparency-related properties of the
AgNW layers. This consistency between simulation and measurement underscores

the reliability of the design and performance evaluation process.
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Table 4.3: Optical Transmittance and Efficiencies at 8.9 GHz for Different Transpar-

ent Patch Antenna Configurations

Conductive Films Surface AgNW Patch Ground Efficiency (er) Efficiency (er)
Resistance | Transparency Type Type (Simulation) (Measurement)

Single AGNW 1000 80% Single Aluminum 37.8% 36.9%
(200 nm) Single Single 29.5%
Thicker Single Single Aluminum 49.7%
AgNW ~6 Q0 60%
~ = ingle ingle .0%
(~350 — 400 nm) Singl Singl 41.0%
Double AgNW 10 QO Double Aluminum 54.7% 52.1%
64%
(2 x 200 nm) For Each Double Double 43.7% 44.0%

Considering transparency, Table 4.3 highlights the trade-off between optical trans-
mittance and radiation efficiency (er) for various patch antenna configurations using
AgNW films. The single 200 nm AgNW film achieves the highest optical trans-
mittance (80%), making it the most transparent option, but it results in the lowest
radiation efficiencies, with the measured 36.9% efficiency when paired with an alu-
minum ground and the simulated 29.5% with a single AgNW ground. On the other
hand, the thicker single AgNW film (350-400 nm) reduces optical transmittance to
60% or even lower, but it improves the efficiency, achieving 49.7% with an aluminum
ground and 41.0% with a single AgNW ground. This suggests that increasing the
AgNW thickness enhances electromagnetic performance by reducing losses but com-
promises transparency. However, thickening the AgNW layer to 400 nm might lead

to structural challenges such as possible cracks.

Instead of increasing the thickness of a single AgNW layer, using two closely layered
single AgNW films (200 nm each) has been proposed and provides a balanced solu-
tion. This configuration achieves a moderate optical transmittance of 64%, while the
radiation efficiency reaches 52.1% with an aluminum ground and 44.0% with a dou-
ble AgNW ground as measured. The layered structure might mitigate the mechanical
challenges associated with thicker AgNW films, making it advantageous unless those
issues are resolved. This approach maintains a reasonable level of transparency while
significantly improving the radiation efficiency compared to a single sided AgNW
(200 nm) film. It should also be noted that the transparency values given above are

for the AgNW films without TPU cover, which might reduce the overall transparency
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Figure 4.13: Radiation patterns of proposed transparent patch antenna (double-sided

patch + double-sided ground) at 8.9 GHz: (a) E-plane and (b) H-plane.

as well. The transparency of TPU cover might differ with its production cycle. That’s

why it is kept out of the discussion.

The radiation pattern measurements of the proposed double AgNW patch antenna
at 8.9 GHz (Fig. 4.13) show good agreement with the simulation results. The co-
polarization (Co-Pol) patterns in both the E-plane and H-plane align well with the
simulated results, demonstrating the accuracy of the design and modeling process.
The discrepancy in the Cross-Pol patterns between the measured and simulated results
can be attributed to non-idealities in the measurement, including potential effects of

holders, cables, or other equipment that could introduce undesired reflections.

In conclusion, the proposed double AgNW patch antenna demonstrates a gain of
3.58 dBi and an efficiency of 44% at 8.9 GHz, making it a promising candidate for
applications requiring optical transparency and acceptable electromagnetic perfor-
mance. Its radiation patterns exhibit characteristics expected of a patch antenna, with
good agreement between simulations and measurements in the co-polarization com-
ponent. The antenna effectively balances transparency, electromagnetic performance,

and structural concerns related to material science.
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CHAPTER 5

CONCLUSION

This thesis explores the analysis, design, and fabrication of optically transparent an-
tennas made of nanowire networks, addressing the critical trade-offs between optical
transparency and radiation performance. The research focuses on two primary types
of transparent antennas: monopole and patch designs, each with distinct design con-

siderations and performance characteristics.

The transparent monopole antenna is designed for sub-6 GHz 5G and V2X applica-
tions. The effects of various geometric parameters, such as length, width, and surface
resistance are thoroughly studied using reliable analytical methods. It is shown that
these parameters significantly impact radiation efficiency, as inferred from the loss
resistance formula, which effectively estimates gain reduction. The antenna’s length
is primarily associated with the operational frequency, while surface resistance is
determined by material preparation. It is demonstrated that improving radiation effi-
ciency can be more effectively achieved by widening the monopole and adding highly
conductive strips to regions with densely induced current, rather than modifying ma-
terial properties or layering transparent conductors. This approach not only enhances
efficiency but also results in a wide-band frequency response with minimal impact
on optical transparency. Furthermore, methods for reducing cross-polarization levels
have been presented. Transparent monopole antenna prototypes are fabricated with
spraying of silver nanowires on a flexible substrate, PET. They are fed by CPW line
which can be hidden inside the frames of the windows or windshields. It is demon-
strated that the fabricated antenna prototypes have optical transparency as high as
80% and efficiencies of 50.4% for the monopole without a solid conductor strip and

76.3% for the one with the bottom strip, which is higher than reported prior art.
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A transparent patch antenna is introduced, with both the radiator and ground plane
fabricated using AgNW networks applied via airbrushing onto PET substrates. The
research explores key factors contributing to reduced radiation efficiency and gain
as done for the monopole antenna. Several approaches are proposed, including the
use of thicker substrates, operation at higher frequencies, and the introduction of a
closely layered structure. This layered design, achieved by coating both sides of the
PET substrate with AgNW, is considered with a circuit model and achieves a lower
loss resistance when the distance between the two layers are within the limit set by
the single layer patch antenna. For validation purposes, prototype configurations in-
clude a single-sided AgNW patch antenna, where PET film is coated on one side
with AgNWs and protected by TPU; a double-sided AgNW patch antenna, where
both sides of the PET are coated with AgNWs and fully covered with TPU; and a
reference antenna, fabricated using aluminum tape on PET film. Performance analy-
sis reveals that the aluminum reference patch achieves a gain of 7.14 dBi, while the
single-sided AgNW patch attains a gain of 2.81 dBi and an efficiency of 36.9%. The
double-sided AgNW patch with an aluminum ground shows improved performance
with a gain of 4.31 dBi and an efficiency of 52.1%, whereas the fully AgNW patch
and ground structure achieves a gain of 3.58 dBi and an efficiency of 44%. In addi-
tion, thinner AgNW layer (200 nm) on aluminum ground provides high transparency
(80%) but lower efficiency, whereas the layering approach using two 200 nm AgNW
layers achieves a balance of 64% transparency. Radiation patterns exhibit good align-
ment with simulations, confirming that the double-layered AgNW design offers an
effective balance between optical transparency and radiation performance, making it

suitable for various applications like smart displays and architectural glass.

In this research, AgNWs were selected as the primary material for fabricating trans-
parent conductive layers due to their ease of deposition and cost-effectiveness com-
pared to other alternatives like ITO. While ITO has been extensively studied for its
transparent conductive properties, fabrication of such materials often involves com-
plex processes such as magnetron sputtering, photolithography, and clean-room oper-
ations, which increase production costs and complexity. In contrast, AgNWs can be

deposited using simple techniques like airbrushing, making them more practical for

prototyping.
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The broader implications of this research are significant, contributing to the advance-
ment of technologies in areas such as V2X communication, smart buildings, wearable
devices, and transparent displays for 5G and beyond. The methodologies and findings
presented in this thesis pave the way for further innovations in optically transparent

antenna designs.

Future research directions could include exploring the performance of the designed
AgNW antennas when applied to windows, windshields, or other transparent sur-
faces specific to chosen applications. The positioning of these antennas and their
feeding structures can be studied and optimized for the best functionality. For ex-
ample, a study on positioning could investigate how the radiation pattern is affected
and determine the optimal placement on various transparent surfaces. Additionally,
the feeding structures, such as connectors, pose another challenge. A mechanically
flexible monopole antenna, for instance, may require more suitable connectors for
integration into the application. In this research, the use of low-temperature silver ad-
hesive for connecting the feed to the antenna leads to significant losses, which might
be undesirable. Therefore, exploring better adhesives or alternative methods for feed

connection could be an important aspect of future work.

In conclusion, this thesis presents a foundation for the development of optically trans-
parent monopole and patch antennas made of AgNw networks, addressing both theo-

retical challenges and practical implementation.
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