Novel Approach for Designing Dual-Band 5G
Antenna Integrated Reflector

By

Mohammad Faridani

A thesis presented to the Ottawa Carleton Institute for Electrical and Computer Engineering

in partial fulfillment to the thesis requirement for the degree of

Doctor of Philosophy

in
Electrical and Computer Engineering

TN

[

uOttawa

L’Université canadienne
Canada’s university

University of Ottawa

Ottawa, Ontario, Canada

© Mohammad Faridani, Ottawa, Canada, 2023



Abstract

As the world continues to adopt the next generation of mobile technology, dual-band 5G wireless
communications are becoming increasingly significant. 5G technology operates on two different
frequency bands, the sub-6 GHz Frequency Range (FR1) and the millimeter wave (MMW)
Frequency Range (FR2).

The special features in each band enable 5G dual-band communication to provide better coverage
and capacity than previous generations of wireless networks. This is especially essential for
applications that need high-bandwidth and low-latency connections, such as virtual and augmented
reality, autonomous vehicles, and industrial automation. Furthermore, dual-band 5G can help
alleviate network congestion in urban areas by redirecting traffic to the MMW band, which has
considerably greater capacity. As a result, dual-band 5G is expected to play a critical role in
facilitating the next wave of technological innovation and revolutionizing the way we live and
work. A dual-band antenna with a large frequency ratio (FR) is required due to the significant

difference between each frequency band in 5G.

Research on dual-band antennas is facing challenges such as low FR and a lack of a specific design
methodology. Despite attempts to develop dual-band antennas with large FRs, there are still issues

with low performance and limited bandwidth.

This study introduces a novel approach for designing a dual-band antenna with a large FR. The
proposed solution draws inspiration from a hybrid design of a dual-band antenna to achieve a large
FR, and from the parabolic reflector antenna design to significantly enhance gain in the upper
band. The lower band antenna in this design serves as both a radiator for the lower band and a
reflector to align the beam in the upper band. This approach can be used to design dual-band

antennas for various frequencies.

In this thesis, we present a comprehensive model and framework for designing an antenna
integrated reflector that offers a large FR. The proposed model is capable of producing an antenna
that meets the requirements of the targeted application, namely 5G. This antenna exhibits

wideband characteristics and high gain.



Two different antenna integrated reflectors, named AIR-1 and AIR-11, were designed based on the
proposed model. AIR-1 has a FR of 10.1. As for AIR-II, due to the presence of dual-band upper
antennas, it has a lower band at 1.35 GHz and two upper bands at 13 GHz and 24 GHz thus, a FR
of 9.5 and 18, respectively.

The above design followed a specific purpose. It uses a 24 GHz/1.35 GHz frequency ratio of 18 to
showcase the antenna performance in the context of dual-band 5G. However, the measurement
facilities being limited to 20 GHz, a frequency ratio of 9.5 at 13 GHz/1.35 GHz was measured for
the AIR-1I, as proof of concept. Then, two prototypes were fabricated from AIR-11 namely,
Prototype-I and Prototype-I1. While it would have been possible to demonstrate a proof of concept
from a single prototype, it has been decided to produce and test two samples to enable a more
exhaustive examination of the subject and obtain additional data that would lend greater support

to the model outlined in this thesis.

Prototype-I had the same structure as AIR-11 and had an operational bandwidth of 0.69 GHz-1.74
GHz / 6 GHz-18 GHz and a FR of 9.9. On the other hand, Prototype-1l had an operational
bandwidth of 0.69 GHz-1.74 GHz / 13 GHz-18 GHz and a FR of 12.8. These prototypes exhibited
maximum bandwidths of 100% and 86%, respectively. Furthermore, at the upper band, Prototype-
| achieved a peak gain improvement of 12.6 dB, while Prototype-11 achieved an improvement of
8.7 dB. These results demonstrated the significant advantages of our proposed methodology in

dual-band antenna design.
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Chapter 1 - Introduction

1.1 Motivations

As antennas remain one of the key elements in transmitting/receiving data, their design is critical
to enhance the whole communication system performance. A dual-band antenna is an antenna that
has been specifically designed to operate across two different frequency ranges. This type of
antenna is capable of transmitting and receiving signals at two distinct frequencies, which can be
particularly useful for communication systems that require access to different frequency bands
such as 5G systems [1].

Dual-band wireless communication systems are those that utilize two distinct frequency bands for
wireless communication. The purpose of incorporating two distinct frequency bands is to enhance
the effectiveness of wireless communication systems. Each frequency band possesses its unique
set of advantages and disadvantages.

These systems are in demand because firstly, there is an increased bandwidth as two frequency
bands are available for communication. This leads to the transmission of more information at once,
resulting in faster communication speeds [2].

Secondly, dual-band communication improves reliability by reducing interference and signal
degradation, which may cause dropped calls and poor connection quality [3]. Using two different
frequency bands allows the system to switch to the other band if one band experiences interference,
improving overall reliability [4].

Thirdly, dual-band communication increases flexibility in terms of network design and
deployment. For instance, a system can use one band for short-range communication and the other
one for longer-range communication, enabling more efficient use of resources [5].

However, while talking about dual-band antennas, their frequency ratio (FR), defined as the ratio
of the upper band frequency central frequency divided by the lower band frequency, is one of the
key parameters to consider. In fact, FR plays a significant role in the development of dual-band
antennas as it sets the distance between the resonant frequencies of each frequency band.

If one of the early applications of a dual-band antenna was to cover the 2.4 GHz/5 GHz bands [6],
which did not require a high frequency range (FR), recent applications for dual-band microwave
and millimeter-wave (MMW) wireless communications [7], as well as 5G applications at sub-6
GHz and above 24.5 GHz [8, 9], have spurred extensive research into designing a dual-band
antenna with a large FR [10].



1.2 Problem Statement

There exist different techniques to design a dual-band antenna such as hybrid structure [11],
aperture-coupled patches [12], dual-feed designs, and fractal antenna design [13]. Hybrid structure
has a higher radiation efficiency compared to other methods [14].

A hybrid structure in a dual-band antenna refers to a design that enables the antenna to operate
effectively on two distinct frequencies. The high radiation efficiency of this method is because
each of the two radiation elements oversees a different frequency band [14].

Typically, this involves the integration of two different types of radiating elements within the same
antenna structure, each of them being optimized for a specific frequency band to ensure good
performance characteristics [15].

Raising the FR, however, poses a challenge to antenna designers, as it necessitates a clear
separation between the resonant frequencies of each band and the inclusion of multiple resonant
modes. The antenna’s structure and design techniques will be determined by the desired FR and
the particular application’s demands [14]. However, even if the hybrid structure remains one of
the best approaches to achieve a high FR, achieving an FR higher than 3 is still challenging, as
highlighted in [16].

In [12], the authors presented a single-feed dual-band aperture-coupled antenna designed for 5G
applications. The antenna utilizes the aperture slot to operate as a dual-band radiator, providing
independent resonators that allow for flexible frequency scaling. The first band operates at 28 GHz,
while the second band operates at 38 GHz.

Upper and lower band antennas were designed separately in [17], and each one was fed directly
by a microstrip feed line. Separate array antennas for dual-band LTE and 5G were designed on the
same substrate, and each of them was fed separately [18]. A large fractional bandwidth of 6.2 was
achieved in [19] by employing a vertical stack of frequency selective structures (FSS).

In [20], an FR of 1.6 for X and Ku band applications was achieved by using a square ring and a
patch with slots on it. [21] achieved an FR of approximately 4 for Offset-Fed X and Ka Band
Reflectarray using thin membranes. [22] achieved an FR of around 2 by utilizing a separated feed
and constructing the element from a split ring with two phase delay lines and a phoenix patch.

Although the current methods have achieved a FR of around 4, they do not meet the required FR
for dual-band applications in 5G FR1/FR2 bands, i.e., a FR > 8 (i.e., with FR1 n78 band at 3.5
GHz and FR2 band n261 at 28 GHz, leading to a f1/f2 = FR > 8 [23]).

So, one of the main challenges in designing a dual-band antenna for 5G systems remains achieving
the desired bandwidth for frequency bands that have a high FR [24, 25]. This challenge arises



because the bandwidth of each band often differs, and creating an antenna that operates efficiently
over a wide frequency range can be a difficult task. Consequently, dual-band antennas often suffer
from low bandwidth [26].

A Co-Aperture Planar structure was employed in [27] to achieve a maximum bandwidth of 9%.
However, only a bandwidth of less than 2% was attained using 8 Loop Antenna Elements in [28]
and the metasurface-based decoupling technique in [24].

A sub-6 GHz antenna with a filtering structure, described in [29], was able to achieve a bandwidth
of 9%, while a waveguided metamaterial (WG-MTM) antenna in [25] achieved a bandwidth < 2%.

One of the challenges in a hybrid structure, where each antenna is separately designed, is how to
ensure efficient operation in close proximity. Consequently, the presence of the other antenna can
decrease the performance of each antenna, including gain and bandwidth [30].

When designing an antenna, the radiation pattern is another crucial aspect that must be taken into
consideration. In a stacked configuration, the interaction between antennas can result in a complex
radiation pattern. To ensure that the desired pattern is achieved, designers must meticulously
analyze the radiation pattern of each antenna and factor in the effects of mutual coupling [31].

1.3 Proposed Design Approach

To address the issues listed above and achieve high gain, reflector antennas have been first
considered.

A reflector antenna is a type of antenna that utilizes a metal surface (known as a reflector) to
concentrate or redirect radio waves onto a single point, where a transmitter or receiver is
positioned. A reflector can effectively increase antenna gain by redirecting energy that would
otherwise be radiated in unwanted directions, thereby improving the antenna’s efficiency. The use
of a reflector also reduces the amount of energy that is radiated towards the ground or into the sky,
which are not of interest. As a result, more of the radiated energy is directed towards the desired
location, such as a distant receiver or satellite [32].

There are different configurations of reflectors, including the flat reflector, which is a simple planar
surface placed behind the antenna’s radiating element. This reflector is easy to manufacture and
commonly used in applications where a relatively simple radiation pattern is desired [33].

Another type of reflector is the corner reflector, consisting of two flat reflectors that meet at a 90-
degree angle, forming a corner. The radiating element is located at the corner’s apex. This reflector
is often used in radar and communication systems that require high gain and wide beamwidth [34].



Parabolic reflectors are also commonly used and they are the most popular ones [35], consisting
of a curved surface shaped like a paraboloid of revolution. The radiating element is located at the
reflector’s focal point. This reflector is often used in high-gain antennas [36].

To obtain a dual-band reflector antenna, the feed must be able to support two frequency bands.
One option is to use a dual-band antenna as the feed for the reflector. However, this approach still
has the same drawbacks as dual-band antennas.

Another option is to use separate feeds for each band. In this case, two feed antennas are placed at
the reflector's focal point. However, adding another antenna to the feed system would block the
reflector surface and reduce the reflector antenna's gain, which is known as feed blockage.

Other disadvantageous of the parabolic antenna is the size, weight, and high fabrication cost. The
parabolic reflector is a solid piece of metal which has a significant weight and this can make it
difficult to install or use in certain applications. Also because of the manufacturing process of the
parabolic dish they can be costly compared to other antennas.

So, to solve some of the issues raised by reflector antennas, a new type of antenna called the reflect
array antenna was introduced [37]. While both antennas use reflection to direct electromagnetic
waves, they differ in their design and construction.

A reflectarray antenna utilizes a flat surface consisting of an array of small reflectors, typically
metal patches or dipoles, to reflect and concentrate electromagnetic waves. The elements within
the array can be controlled electronically to adjust the phase and amplitude of the reflected waves,
which, in turn, creates a desired radiation pattern that can be directed in various directions [38].

To achieve dual bandwidth in a reflectarray antenna, both the feed and the reflectarray elements
must have dual bandwidth capability. This can be accomplished through the implementation of
two methods. The first method involves using two sets of reflectarray elements for dual-band
operation [21]. The second method involves utilizing dual-band reflectarray elements [20].

The proposed approach will use a reflector to function as the lower band antenna. This is because
the reflector is larger in size than the feed, and the physical size of the lower band antenna is larger
compared to the upper one. The substantial difference in size between the reflector and feed should
enable our model to achieve a large FR.

1.4 Contributions

The research described in this thesis focuses on providing methods to design a new type of dual-
band antenna. This novel antenna could offer a solution for applications that require a large FR.

The proposed approach is inspired by the hybrid dual-band antenna structure, which enables the
creation of a dual bandwidth. It is also inspired by the reflector/reflectarray antenna structure,
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which allows for achieving high gain at the upper band. Our antenna will be specifically designed
for 5G dual-band FR1 and FR2 applications.

Here are the lists of PhD contributions and significant achieved results:

1. The development of a new dual-band antenna design approach that involves combining a
hybrid dual-band antenna structure with a reflector/reflectarray structure. Similar to a
hybrid structure, there is one distinct antenna that is responsible for radiating at each
frequency. However, like a reflector antenna, it includes both a reflector and feed. In this
case, the lower band antenna is similar to a traditional parabolic reflector, while the upper
band antenna is a feed. The large FR is a result of the hybrid structure, while the directive
gain at the upper band is due to the reflector properties.

Note that the proposed technique with an integrated reflector could be adjusted to operate
at any desired frequency with large FR.

2. The exceeding of the FR forecasts (i.e., FR > 8) by designing two antenna integrated
reflectors with a FR of 10 and 18.

3. The development of a step-by-step approach that allows improving the antenna
performance and structure through a series of steps supported by calculations and theory,
from the basic model to the final prototype, suitable for 5G dual-band applications.

This work has resulted in the following publications:

1. M. Faridani, G. Xiao, R. E. Amaya, N. Javanbakht, and M. C. E. Yagoub, “A Kapton-
Based Flexible Wideband Antenna with Metamaterial Resonators for Millimeter-Wave
Wireless Applications,” IEEE International Symposium on Antennas and Propagation
and USNC-URSI Radio Science Meeting (APS/URSI), 2021, pp. 1055-1056.

2. M. Faridani, G. Xiao, R. E. Amaya, and M. C. E. Yagoub, “A Compact Beam-Steerable
Integrated Reflectarray Antenna for LEO Applications,” IEEE 19th International
Symposium on Antenna Technology and Applied Electromagnetics (ANTEM), 2021,
pp. 1-2.

3. Y. Liu, M. Faridani, and M. C. E. Yagoub, “Compact Wideband Linear Antenna Array
Using Substrate Integrated Waveguide Cavity for 5G Communication Systems,” IEEE
MTT-S International Conference on Numerical Electromagnetic and Multiphysics
Modeling and Optimization (NEMO), 2020, pp. 1-4.

4. M. Faridani, M. C. E. Yagoub, and R. E. Amaya, “Novel Body Matched Millimeter-
Wave Sandwiched Antenna for Advanced Medical Communications,” in 2020
International Conference on Microwave and Millimeter Wave Technology (ICMMT),
2020, pp. 1-3.

5. M. Faridani and M. C. E. Yagoub, “12-Element Wideband Microstrip Array Antenna
for High Data Rate Terahertz Communications,” Optik (Stuttg)., vol. 171, 2018.

6. M. Faridani and M. C. E. Yagoub, “Novel Planar Wideband Antenna Integrated with
Compact Flat Reflector for Millimeter-wave Communications,” Fifth International



Conference on Millimeter-Wave and Terahertz Technologies (MMWaTT), 2018, pp.
31-33.

1.5 Thesis Outline

Chapter 2 first broadly reviewed the subject of 5G and the new applications of this technology.
The chapter discussed why it is important to have a large FR for 5G dual applications and delved
into the different categories of 5G and the unique specifications of each frequency band. By
gaining an understanding of the target applications and specifications of these frequency bands,
the research can proceed.

Next, the chapter introduced the basic concepts and formulas of the parabolic reflector antenna.
This antenna structure will be used in our antenna design to mimic the parabolic reflector shape
and achieve a high gain. Subsequently, the chapter goes through the patch and monopole antennas,
which will be utilized in our final antenna design for each band. The chapter then presents a broad
review of the state of the art of dual-band antennas, with a focus on those with a large FR. This
study helped us to understand the different techniques used to design a dual-band antenna, and
enabled us to choose the most appropriate one for our model.

Chapter 3 focuses on the theory behind the proposed antenna. It begins by presenting the first
model of our dual-band antenna with an integrated reflector, and then goes through a series of
steps to improve its performance and structure towards the application goal. Each improvement
step is supported by calculations and basic electromagnetic theory, until the proposed antenna
structure with an integrated reflector is designed for any desired frequency.

Chapter 4 is centered on implementing our model, where a lower-band and upper-band antenna
are designed for specific frequency bands. They are then placed in the model presented in Chapter
3 to create the final dual-band antennas. The performance of the last designed antenna is optimized
for frequencies under 20 GHz in preparation for fabrication.

Chapter 5 discusses the fabrication and measurement of two prototypes in the antenna labs. A
comparison is presented between the simulation and measurement results, and the performance of
our antennas is also compared with those of existing antennas in the literature.

Chapter 6 discusses potential future extensions to the present work. It argues that the thesis
contributes to the development of new dual-band wireless systems that require a large FR.



Chapter 2 — Background and Literature Review

In this chapter, we present the basic background concepts and calculations that are essential for
understanding the proposed dual-band system model. It begins by introducing the basics of 5G
wireless technology and its practical applications. From there, the discussion delves into the topic
of reflector antennas, exploring their structures and the effects of some parameters on their
performance.

Next, the chapter covers the operation of patch antennas and they use in wireless communication
systems. This is followed by an in-depth exploration of microstrip antennas, another key area of
study in wireless communication technology. Finally, dual-band antennas are introduced, with a
focus on large frequency ratio (FR).

Then, a literature review on dual-band antennas was conducted while comparing our proposed
antenna with state-of-the-art antennas. This allowed comprehending the techniques utilized in
designing dual-band antennas and how to address the current drawbacks to increase their FR.

2.1 Fifth-generation mobile network (5G)

The fifth generation of mobile network technology, 5G, is anticipated to deliver faster and more
dependable wireless connectivity, lower latency, and greater network capacity in comparison to
earlier generations. Its potential to revolutionize a variety of industries, including healthcare,
transportation, and entertainment, has been widely acknowledged [39].

Two major bands, MMW (millimeter wave) and Sub-6 GHz (low-band and mid-band frequencies),
form the basis of 5G technology. The MMW frequency band, with its high speed, high capacity,
and low latency, is accompanied by a shorter range and susceptibility to obstacles. On the other
hand, the Sub-6 GHz frequency band has a longer range, greater coverage, and better obstacle
penetration. However, it offers lower speed and capacity [40].

5G technology offers numerous advantages over previous wireless technologies. Faster download
and upload speeds, greater network capacity, and lower latency enable the creation of new and
innovative applications in fields such as enhanced mobile broadband, Internet of Things (1oT) [41],
and mission-critical communications [42]. For example, 5G's high bandwidth and low latency
make it possible to stream 4K and 8K videos and support virtual and augmented reality
applications. Additionally, it allows for real-time communication between connected devices,
which is critical for mission-critical applications such as autonomous vehicles and remote surgery.



The implementation of 5G technology is not straightforward. One of the most significant obstacles
is a lack of infrastructure. The MMW frequency band necessitates a denser network of small cells
and antennas to provide sufficient coverage and capacity, necessitating significant infrastructure
and technology investments. Furthermore, the shorter range of the MMW frequency band makes
deployment in rural areas challenging [43].

Another challenge is the security and privacy of data transmitted over 5G networks. The increased
connectivity and data transfer rate of 5G networks make them more vulnerable to cyberattacks.
Therefore, robust security and privacy protocols are required to protect sensitive data [44].

In wireless communications, 5G has significant advantages over 4G [45]: it is a new global
wireless standard supposed to be up to 100 times faster than 4G and not limited to cellular phones
and laptops like 4G. As Ericsson claimed, 5G will transfer industries and significantly improve
day-to-day activities [46], as schematically shown in Fig 2-1. It will make some wireless
communications more practical, e.g. Vehicle-to-Infrastructure (V2I) [47], Vehicle-to-Vehicle
(V2V) [48], and Machine-to-Machine (M2M) [49]. Compared to the previous generation, 5G has
more advantages in channel access method to cover multiple access. It supports not only Code-
Division Multiple Access (CDMA), the same as 3G and 4G, but also Beam-Division Multiple-
Access (BDMA), which simultaneously transfers data to various users by multi-separated based
station antenna beam. As shown in Fig. 2-2, each user (mobile station) communicates with the
base station separately when they are in the Line-of-Sight (LoS).

5G has an advantage over 4G in terms of lower latency, which is the time it takes for data to travel
from one point to another. Low latency is crucial for applications like gaming, virtual reality, and
remote surgery. While 5G can reduce latency to as low as one millisecond, 4G typically has a
latency of around 50 milliseconds. This reduced latency enables real-time communication between
devices, which is essential for applications such as autonomous vehicles or industrial control
systems [50, 51].

Additionally, 5G can support a significantly larger number of connected devices per square
kilometer compared to 4G. With 5G, up to one million devices can be connected, while 4G can
only support up to 100,000 devices. This increased capacity is particularly useful in wireless
applications where there may be a high density of devices, such as in a shopping mall or factory
[52].

Finally, 5G operates at higher frequencies than 4G, enabling it to transmit more data in a shorter
amount of time. However, 5G's higher frequency also results in a shorter range than 4G, making
it easier to block by obstacles like buildings or trees. Nevertheless, this can be advantageous in
wireless communications as it allows for more precise and targeted communication between
devices and creates greater security in point-to-point communications [53, 54].



Best Super real-time {
experience and reliable
follows you connections

Great Service -y .
Amazingly = inacrowd Ubiquitous things
fast ((( ))) communicating
\

3

b Shopping ~ . Mobile cloud En
i mall Pené processing

)

Massive

= deployment of

e Em fgengy = sensors and
v communications Teleprotection in actuators

Traffic &&= . smart grid

. m ) networks
bit-rate, dccaiiibility Blind spots t many simple devices,
delay " accessibility delay, reliability, coverage (redundancy)

large crowds (Coverage) new industrial

mobility applications

Figure 2-1 Some applications and advantages of 5G wireless systems [55]

= ANTENNA

\ BEA\ MOBILE
- \ STATION
STATION |

_; \ @.
MOBILE BASE \ =0

STATION STATION MOBILE — MOBILE
STATION STATION

- /BEAM2
MOBILE

Figure 2-2 5G BDMA multiple access [56]

2.1.1. 5G Frequency Range 1 (FR1)

FR1 is the lower frequency spectrum employed in 5G wireless communication. This frequency
range spans frequencies from 410 MHz to 7.125 GHz and is also known as sub-6 GHz spectrum.
Despite the fact that the 5G FR1 frequency is not significantly higher than 4G - for example, 4G



operates at 2.5 to 2.69 GHz [57] - it still offers faster connection speeds due to its wider bandwidth,
which is approximately 6.5 GHz.

As the frequency of wireless connections increases, the coverage area decreases while the
connection speed improves. This frequency range provides a favorable balance between coverage
and capacity, rendering it appropriate for both urban and rural areas [58].

One of the key advantages of 5G FR1 is its ability to employ advanced technologies like
beamforming and Massive MIMO. Beamforming is a technique that focuses radio waves in a
specific direction, thereby enhancing signal strength and minimizing interference [59]. This is
especially valuable in densely populated urban areas where buildings and other obstacles can
obstruct or reflect radio waves.

2.1.2. 5G Frequency Range 2 (FR2)

The 5G FR2 band covers the frequency spectrum from 24.25 GHz to 52.6 GHz. It operates at a
higher frequency than the FR1 band, which results in a higher available bandwidth but shorter
range [23].

The first sub-band, n257, operates in the frequency range of 26.5 GHz to 29.5 GHz and is
particularly useful in densely populated areas, such as urban environments, where it can provide
high-bandwidth connections. It is also ideal for supporting high-speed mobile broadband services,
such as 4K video streaming and virtual reality applications [23].

The second sub-band, n258, operates in the frequency range of 24.25 GHz to 27.5 GHz and is
suitable for providing high-bandwidth, low-latency connections in indoor environments. This sub-
band is particularly advantageous in smart homes, where it can facilitate the rapid transfer of large
volumes of data between devices [23].

The third sub-band, n260, operates in the frequency range of 37 GHz to 40 GHz and has a wider
bandwidth than the other sub-bands in FR2. This makes it well-suited for applications that require
ultra-high-speed data transfer like augmented reality and 8K video streaming. However, its shorter
range and higher susceptibility to interference make it more suitable for outdoor use [23].

The fourth and final sub-band, n261, operates in the frequency range of 27.5 GHz to 28.35 GHz
and is particularly effective in small indoor areas, such as offices or homes. It provides high-
bandwidth, low-latency connections and is suitable for supporting applications that require low
latency, such as gaming and virtual reality [23].

Collectively, the FR2 sub-bands offer a range of capabilities that are suitable for diverse
applications. These sub-bands play a crucial role in the development of 5G technology, supporting
high-speed broadband in urban environments and low-latency connections in indoor settings. As
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the rollout of 5G continues to expand, it is expected that these sub-bands will play an increasingly
important role in facilitating a wide range of applications and use cases [60, 61].

2.2 Millimeter-Wave (MMW) Band

As the 5G FR2 operates at the millimeter-wave (MMW) frequency band, it is beneficial to become
familiar with this band. [62]. The MMW frequency spectrum, depicted in Fig. 2-3, ranges from 30
to 300 GHz [63]. This type of electromagnetic wave has a wavelength in the millimeter range,
specifically between 1 and 10 mm, which is why it is called a millimeter wave [62]. Some studies
named slightly lower than 30 GHz as a MMW band such as 24 GHz [64] and 28 GHz [65]. The
MMW is located in the Ka, V, W and G radar-frequency bands according to IEEE standard [66].

Wavelength
(Meter)

(333
Designation

Figure 2-3 MMW in microwave spectrum bands [67]

This significant bandwidth can support interesting services such as High-Definition Television
(HDTV), High-Definition Multimedia Interface (HDMI), High-Definition (HD) and Full High-
Definition (FHD) streams [68]. MMW high-data-rate Wireless Personal Area Network (WPAN)
is not only proposed for having direct communication between notebooks and related devices but
also to replace cables via a wireless connection. The IEEE 802.15.3c industrial standard has been
introduced to the MMW WPAN [69].

MMW has lots of applications in different areas from medical for cancer treatments [70] to police
radar [71]. In security screening and microwave imaging, the MMW scanner has higher accuracy
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compared to the lower frequency bands. It can pass through clothes and thus, is used in airports to
detect weapons and other dangerous objects [72].

The market demand for 5G to support around 100 to 1000 x higher system capacity than 4G,
requires increasing the current operating frequency up to the MMW band in other word, using the
5G FR2 frequency band [73], around Shannon limit in point-to-point communications [74]. The
MMW is set as an operation band for 6G communications too. However, even if there is no
restricted separation between 5G and 6G communications bands, frequencies above 94 GHz are
usually considered for 6G (F band).

Up to 7 GHz unlicensed bandwidth with the central frequency of 60 GHz is allocated for industrial,
scientific and medical (ISM) band [75]. It is one of the largest unlicensed bandwidths in history.
Meanwhile compared to the unlicensed bands in under 20 GHz such as UWB, it has less power
limit restrictions and existing users. The 60 GHz high data transfer rates (e.g., 20 Gbit/s, IEEE
802.11ay) is attractive for gigabit wireless applications [76]. Wireless Gigabit Alliance (WiGig)
gets benefit from this wide bandwidth to present wireless access with multi Gbit/s speed, as a new
generation of WiFi for indoor communications [77].

Considering the reverse relation between operation frequency (f) and wavelength (1), increasing
frequency leads to shrinking wavelength to a smaller size [78]. This paves the way for compact
and lightweight wireless devices at higher frequencies. On the other side, such compactness and
small size make fabrication and design processes more complex and expensive [62].

Let fy, f1, and £ be, respectively, the highest, the lowest, and the center operating frequency of a
given bandwidth (BW). The fraction BW can be defined (in %) as the absolute bandwidth (Af =
fu - f) divided by the center frequency

. fH-SL )
BW = ((fu+fL)/2) x 100 (2-1)

Referring to this equation, one percent of the bandwidth in the MMW band has a much wider
frequency band than the frequency band under 20 GHz. Therefore, the interference is lower. Note
also, that despite interesting advantages at MMW frequency range, high attenuation is a
challenging part [79], Fig. 2-4. Lots of factors that do not have a significant impact below 20 GHz
show high attenuations and losses at MMW such as rain and fog [73].

Considering the Friis equation, the path loss goes up with the square of the carrier frequency.
Furthermore, the average atmospheric absorption generally increases by increasing the operation
frequency [80], Fig. 2-4. This trend is further accelerated by other factors such as the resonance
of oxygen molecules at 60 GHz [81]. The presence of oxygen molecules in water makes the water
highly absorbent to MMW signals. In rainy weather, the high humidity and small water droplets
obstruct the wireless pathway, can disturb the MMW connection [82].
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Figure 2-4 Average atmospheric absorption at millimeter-wave [83]

2.3 Parabolic Reflector

In this thesis, one of the two antennas will be used as reflector. Hence, it is desirable to introduce
the parabolic reflector antenna, which employs a reflective surface to focus the signal. A reflector
antenna is a type of antenna that is utilized in telecommunications and radio communication to
focus or direct radio waves in a specific direction by using a reflective surface [78].

The fundamental principle of a reflector antenna involves the use of a curved reflective surface to
redirect radio waves in a specific direction, akin to the way a concave mirror focuses light. The
reflective surface is usually constructed of metal and can be shaped in different ways to achieve
different directional properties, such as a parabolic shape, which is frequently employed in satellite
dishes [84].

One of the most useful reflectors is the parabolic reflector antenna, a type of reflector antenna that
utilizes a reflective surface with a parabolic shape to direct and concentrate electromagnetic waves.
The parabolic shape of the reflector causes the incoming waves to reflect off the surface and
converge at a single point, called the focal point. This produces an extremely directional beam of
energy that can be employed for long-range communication or other purposes.

The primary element of a parabolic reflector antenna is the dish, which is a concave reflective
surface made of conductive materials such as metal. The dish is designed with a parabolic shape,
which is achieved by rotating a parabolic curve around its axis. The focal point of the parabolic
reflector is positioned at the center of the dish [78]. Fig. 2-5 shows the parabolic antenna sketch in
the two transmitting and receiving modes [85].
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From Fig. 2-6 [85], the parabolic surface equation is made from the required condition of having
a constant distance for the OP + PQ path. Therefore, in polar coordinates, we have [85]:

_ _2f
14+cosf

(2-2)

(a) Receiving (b) Transmitting

Figure 2-5 Focusing effect of a parabolic reflector in receiving and transmitting conditions [85]

Figure 2-6 Geometric of a parabolic reflector with parameters [85]

For the subtended angle 0o, measured from the centerline to the edge of the parabolic reflector, one
can observe that [85]:

f/d

0 =tan_1 e
" [ 2((f/d)2‘%)

] (2-3)
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In a cartesian coordinate system, the generic parabolic equation is given by:
y=ax*+bx+c (2-4)
Here, the second derivative of y (y'’), represents the curviness of the shape:
y' =2ax+b (2-5)
y'"' =2a (2-6)
Therefore, the focal point, defined as the parabolic feed point, is [86]:
Focal point = ﬁ (2-7)

Note that the second derivative that shows graph curviness only depends on the “a” parameter: it
is the only parameter that changes the structure curvature, as well as the focal point distance from
the reflector, in reverse relation. Fig. 2-7 illustrates this parameter effect on the physical shape of
the reflector: as approaching zero, the reflector shape reaches a flat structure, and the focal point
goes to infinity.

Figure 2-7 Effect of “a” parameter in (2-4) on the parabolic curviness

Using a flexible substrate for the Lyang antenna (to build a parabolic reflector) will make the design
of the antenna more complex [87]. It also adds a constraint [88] since bending a flexible antenna
can significantly affect the key antenna parameters like bandwidth [89], gain, and radiation pattern
[90]. On the other side, one can get benefit from a parabolic reflector.

15



2.4 Patch Antennas

Patch antennas are a type of planar antennas that have gained widespread popularity in recent years
due to their low profile, low cost, and ease of fabrication [78]. Patch antennas are composed of a
flat metal patch that is usually mounted on a grounded dielectric substrate. The metal patch may
take on a variety of shapes, such as rectangular [91], circular [92], or elliptical [93], and may be
fed by a variety of methods, such as coaxial probes [94], microstrip lines [95], or aperture coupling
[96]. Patch antennas are particularly well-suited for applications where low profile and low weight
are important, such as in satellite communication systems, wireless communication devices, and
RFID systems [97]. Additionally, their simplicity and ease of integration make them a popular
choice for applications where large arrays of antennas are required, such as in radar systems and
base station antennas [98].

2.4.1. Microstrip Antenna

Microstrip antennas belong to the family of patch antennas. These antennas can be designed to
operate at various frequencies and polarizations, and their radiation pattern can be manipulated by
altering the shape and size of the patch. A microstrip antenna consists of a thin, flat metal patch
that is mounted on a ground plane, separated by a dielectric substrate. The metal patch serves as
the radiating element of the antenna. The ground plane underneath the patch provides a conductive
surface that reflects the radiated energy and helps to direct the radiation pattern [99]. The dielectric
substrate separates the patch from the ground plane and supports the patch, allowing it to maintain
its position and shape. The feed line of the antenna is typically connected to the patch through a
small aperture or gap in the ground plane [78].

The various operating modes of a microstrip antenna are generated by exciting diverse
electromagnetic field patterns within its structure. These modes are identified based on the
interplay between the electric and magnetic fields, as well as the antenna geometry’s boundary
conditions.

The transverse magnetic (TM) mode is the most prevalent mode of operation for a microstrip
antenna. It is triggered by applying voltage to the antenna’s radiating element, which generates an
electric field perpendicular to the direction of propagation. Consequently, a magnetic field is
induced around the radiating element, which interacts with the ground plane to produce the
intended radiation pattern.

Applying voltage to the antenna can also induce the transverse electric (TE) mode but, in this case,
the electric field is parallel to the direction of propagation. This generates a magnetic field
perpendicular to the direction of propagation, which produces a radiation pattern with a null in the
broadside direction [78].
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In the realm of rectangular microstrip antennas, the TMo1o mode is extensively employed, and it
emerges when the antenna resonates at its fundamental frequency. In this mode, the electric field
aligns mainly with the length of the antenna, while the magnetic field aligns mainly with the width.
This yields a broadside radiation pattern, whereby the maximal radiation transpires perpendicular
to the antenna’s surface.

The fundamental mode of a microstrip antenna carries substantial importance as it establishes
numerous critical performance attributes such as resonant frequency, radiation pattern, and
impedance matching. While the other higher-order modes of the antenna are feasible, they usually
yield more intricate radiation patterns and can lead to decreased antenna performance. Therefore,
designers generally refrain from exciting higher-order modes and instead concentrate on enhancing
the antenna's fundamental mode of operation.

2.4.2. Rectangular Microstrip Antenna

In order for the antenna to operate at the fundamental mode, the rectangular patch antenna should
have specific dimensions. Therefore, the antenna size should be calculated (Fig. 2-8)

For the radiation patch width W [78]:

c 2
W=—
2fo &rt+1

(2-9)

where f;, represents the frequency and &, the relative permittivity. The effective dielectric constant,
ge55, for microstrip section with W, width and thickness of h, can be expressed as [78]:

1

it (14120) F for 1> 1
Eeff = : +1 ; 1 " h w w ! (2-10)
Er Er— M N-1/2 _YiN2 M}
i ((1+12Wl) +0.04(1 h)),forhs1

Because it refers to the radiation path, the W/h > 1 condition is met. The physical length of the

antenna, L, is determined by [78]:
c 0.412h(gof5+0.3)(W/,+0.264)

L=———-2X% 2-11
2fo\[Eerr (gerr—0.258)(W/p, +0.8) (2-11)
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Figure 2-8 Sketch of a single layer rectangular microstrip antenna [67]

2.4.3. Monopole Microstrip Antenna (Half-Ground)

A monopole half-ground microstrip antenna has a partial ground plane beneath the patch. The
ground plane is smaller than the patch, leaving one side of the antenna open. The unbalanced
configuration of the antenna allows it to radiate energy, resulting in better radiation patterns and
efficiency than a full ground microstrip antenna. The half-ground microstrip antenna also has a
lower profile and can be more compact, making it suitable for use in smaller devices [100]. A
sketch of a monopole patch antenna with half-ground is presented in Fig. 2-9.

On the other hand, a balanced configuration in a full ground antenna provides a symmetric
radiation pattern but may suffer from reduced efficiency due to the ground plane’s presence.

In terms of bandwidth, a half-ground microstrip antenna can have a wider range compared to a full
ground microstrip antenna. This is because the partial ground plane in the half-ground microstrip
antenna can introduce additional resonances, thereby increasing the antenna’s bandwidth [99].

radiation patch

dielectric substrates

ground planes

Figure 2-9 Structure chart of a monopole patch antenna (half-ground) [101]
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Because of their significantly wider bandwidth, monopole antennas have been used in wideband
wireless applications such as UWB [102], GSM [103], cognitive radio [104], and MMW [105].

2.5 Dual-band Antennas

The proposed novel design in this study aims to serve as a model for designing a dual-band
antenna. Before proceeding to the actual design phase, conducting a study on dual-band antennas
is highly beneficial. The use of dual-band antennas has become increasingly common in
telecommunications applications, such as cellular and wireless networks [106]. By enabling
simultaneous transmission and reception on two distinct frequency bands, dual-band antennas can
help alleviate bandwidth congestion and improve network capacity. Additionally, they can
mitigate interference from other wireless devices and enhance signal quality, resulting in better
overall network performance.

2.5.1. State-of-the-Art

There are several ways of designing a dual-band antenna. One of the most popular methods is
using a hybrid structure. The hybrid structures refer to the utilization of two or more types of patch
antennas in a single design to achieve dual-band performance. In practice, it is constructed with
two distinct radiating elements that are capable of resonating at different frequencies [107]. The
radiating elements can be designed with various shapes and configurations, such as dipole [108],
patch, or slot antenna types. For instance, a dual-band patch antenna may comprise two patches of
different sizes, shapes, or orientation, each tailored to resonate at a specific frequency band [109].

Another approach to designing dual-band antennas, as discussed in [110], is to utilize a single
radiating element that can operate in multiple modes. This involves designing the shape and
structure of the radiating element in such a way that it can resonate at multiple frequencies and
support various electromagnetic modes. The resonant frequency of an antenna is dependent on its
physical dimensions, such as length, width, and thickness. By carefully selecting these dimensions,
the radiation patch can resonate at multiple frequencies.

One of the most important applications of the dual-band antenna studied in this thesis is 5G
wireless communication. One practical example of this application is the use of 5G technology in
modern smartphones, such as the iPhone 13. In fact, referring to the Apple website (Table 2-1
[111]), in order to have a dual-band wireless host to cover the LTE and 5G frequency bands in
iPhone 13, A central frequency radio of around 12 is required. The ratio was calculated by
estimating the lower band between 0.6 — 4.7 GHz and the higher band in 26 — 39 GHz. This is a
practical example to show the importance of having a dual-band wireless system with a large
central FR.
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Table 2-1 iPhone 13 5G and LTE frequency bands [111]. Here DD and TD stand respectively for
Frequency Division Duplexing and Time Division Duplexing, AWS for advanced wireless services APT
for Asia-Pacific Telecommunity, and PS for Public Safety.

5G Bands Frequency 5G Bands Frequency | LTE Bands Frequency
nl 2100 MHz n79 TD 4700 20 800 DD
n2 1900 MHz n258 26 GHz 21 1500 MHz
n3 1800 MHz n260 39 GHz 25 1900 MHz
n5 850 MHz n261 28 GHz 26 800 MHz
n7 2000 MH; [T 28 700 APT
n8 900 MHz LTE Bands | Frequency 29 700 MHz
ni2 700 MHz 1 2100 MHz 30 2300 MHz
n20 800 DD 2 1900 MHz 32 1500 L-band
n25 1900 MHz 3 1800 MHz 34 TD 2000
n28 700 APT 4 AWS 38 TD 2600
n29 700d MHz 5 850 MHz 39 TD 1900
n30 2300 MHz 7 2600 MHz 40 TD 2300
n38 TD 2600 8 900 MHz 41 TD 2500
n40 TD 2300 11 1500 MHz 42 TD 3500
n4l TD 2500 12 700 MHz 46 TD Unlicensed
n48 TD 3600 13 700 MHz 48 TD 3600
n66 AWS-3 14 700 PS 66 AWS-3
n7l 600 MHz 17 700 MHz 71 600 MHz
n77 TD 3700 18 800 MHz

Due to the fascinating applications of dual-band antennas, they have attracted a lot of recent
research attention. In [112], the antenna was optimized for consistent radiation pattern and
efficiency at GSM, Long Range (LoRa), and Bluetooth Low Energy (BLE) bands. The design was
based on a modified split ring that provides two radiating modes with a FR of 2.7.

In [27], a dual-band co-aperture planar array antenna design is presented. It reuses radiating
elements operating at a higher frequency band for the lower frequency band using segmented
patches. The design utilizes 4x4 H-shaped patches, used as 4x4 for the upper band and 2x2 for the
lower band as illustrated in Fig. 2-10. The antenna has a working bandwidth of 8.8% from 5.4 to
5.9 GHz and another bandwidth of 7.3% from 13.2 to 14.2 GHz.

In [24], by metasurface-based decoupling method, two rectangular dual-band antennas operating
close to each other (with ~1.4 FR) are described. In [28], a compact dual-band antenna system for
5G smartphones with 8 loop antenna elements operating at 3.5 GHz and 5 GHz bands is shown.
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Each antenna has a small size of 6.9 x 6.6 mm? and consists of two folded stubs embedded on the
phone frame. The antennas were excited by coupling with an inverted L-shape microstrip probe.
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Figure 2-10 Designing steps of the co-aperture planar array antenna, (a) antenna made out of four square patches (b),
the antenna is improved to eight rectangular patches, and (c) antenna design features four “H”’-shaped patches.

In [113], the design and analysis of a dual-band and broadband slow-wave substrate integrated
waveguide (SW-SIW) structure antenna is presented. The proposed antenna geometry consists of
a SIW cavity structure and fractional slots, including one ring slot and three rectangular slots
etched on the radiation patch. The simulated results showed that the antenna has a -10 dB
impedance bandwidth of (12.04 GHz-13.88 GHz) and (14.15 GHz-14.58 GHz) with FR = 1.1.

2.6 Dual-band Antenna with Large Frequency Ratio (FR)

A dual-band antenna with a large FR is a specialized antenna that can operate over two frequency
bands with a significant difference in frequency. These antennas are commonly used in various
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telecommunications and wireless systems, where high FRs can provide increased flexibility and
versatility in operation.

In practice, a dual-band antenna with a large FR is designed with two distinct resonant frequencies,
one of which being typically much higher than the other [114]. This design allows the antenna to
operate over a wide frequency range while maintaining a compact form factor. The large FR
between the two resonant frequencies enables the antenna to function over a broader frequency
range, providing increased spectral efficiency and enhanced system performance. For increasing
the dual-band antenna gain, one of the practical methods used is the array structure. There are two
main design approaches for dual-band array antennas [115]: assigning a single frequency array set
for each band or using dual frequency elements.

2.6.1. Dual-band Antenna with Large FR State-of-the-Art

[116] used a large size printed dipole for a lower band. The dipole bandwidth was enhanced by
parasitic elements. Two pairs of small folded dipoles radiate in upper band. To shrink the
structure’s total size, the smaller dipoles are nested inside the lower band, as shown in Fig. 2-11.

A single-layer gap waveguide (GW) with an embedded diplexer was designed to operate at k and
ka bands [117]. The dual-band GW antenna is fed by a wideband corporate network. However,
such dual-band shared-aperture GW antenna has a complicated structure and is challenging to
fabricate.

A dual C/X band shared-aperture array antenna has been demonstrated in [118], Fig. 4-12. Four
larger size C-band patches were set at the top of the substrate while 4 x 4 circular elements X-band
patches were placed behind the substrate. These radiation patches are fed by a feeding network on
the other side of the foam . The antenna lower band center frequency is at 5.3 GHz and the upper
one at 8.2 GHz.

In [119], a nested dual-band array has 4 x 4 parallel-fed patches for WLAN 2.4 GHz and 8 x 8
hybrid-fed printed dipoles for WLAN 5.8 GHz applications. The side lobe level (SLL) was
suppressed by a quarter-wavelength transformer and an adjustment in the antenna shape.
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Figure 2-11 Dual-broadband planar antenna unit (a) geometry, (b) prototype front view, and (c) prototype
perspective view [116]

The same method is observed in [17] to design a dual-band antenna. Two sets of 16 elements single
frequency antennas are placed for the lower and upper bands. In Fig. 2-13, patch 1 works at X-
band, and patch 2 at Ku-band.

Using an array antenna instead of a reflector one has some disadvantageous [120]. There are more
parameters to control in the array. Also, the signal-to-noise ratio (SNR) drops in the array antenna
due to loss of coherence in signal combination. Furthermore, the array antenna suffers from low
bandwidth compared to the large bandwidth of a parabolic antenna.
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Figure 2-12 Dual C/X band shared-aperture array antenna (a) configuration, and (b) prototype [118]

[16] discusses the trend towards the coexistence of different technologies in future wireless
communication systems. However, since most existing dual-band antenna configurations have
difficulty achieving a FR larger than 3, [16] proposes a novel topology that uses a signal routing
approach to guide microwave/MMW signals to specific elements. The classical aperture coupling
mechanism is utilized to block the MMW signal from feeding to the microwave antenna element
and route it into the MMW antenna element. The substrate integrated waveguide (SIW) based
MMW antenna element has a high-pass nature to reject the microwave signal, allowing for separate
design of antenna elements for microwave and MMW bands with high flexibility. A dual-band
antenna was implemented to support 5.8 and 30 GHz simultaneously thus, to achieve a FR of 5.2.
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Figure 2-13 Dual-band dual-CP shared-aperture array antenna (a) with conventional feed network and (b) with
sequential rotation feed network [17]

In [121], a two-port dual-frequency substrate-integrated antenna with a large frequency difference
is discussed. The antenna includes a slot antenna and a dielectric resonator antenna for low- and
upper-frequency radiation, respectively. Slot-coupled sources for the two antennas were printed
on a second substrate below the antenna. The antenna was designed for the 5.2-GHz WLAN band
and 24-GHz ISM band.

A dual-band array antenna for 5G base station use was introduced in [122]. The array consists of
a 4x4 MIMO array operating in the upper band (3.3-5.0 GHz) and a single antenna element
working in the lower band (0.69-0.96 GHz).

The structure in [123] includes a two-elements array antenna for sub-6 GHz 4G bands and a MIMO
antenna system for 5G mm-wave frequency band. The design has overall dimensions of
135x77x1.575 mm3, with the 4G antenna module at the top and the four 5G MIMO antennas on
the longer edges. The 4G band covers 2.2-4.9 GHz, and the 5G antennas cover 26-28.8 GHz. The
peak gain is 7.31 dB for the 4G antenna module and 9.21 dB for the 5G antennas. It has a FR of
around 8.

An antenna solution was investigated in [18] for LTE and 5G MMW wireless communication
services. The solution comprises a two-element LTE MIMO antenna and a four-element 5G
MIMO configuration, Fig. 2-15. The proposed structure is capable of operating at 5.29-6.12 GHz
and 26-29.5 GHz frequency bands.
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(a) (b)

Figure 2-14 Dual-band 5G/4G antenna sketch [123]

@ (b)

Figure 2-15 [18] The Sketch of the dual-band LTE and 5G MIMO antenna system (a) top view (b) bottom view

In [114], an integrated antenna system with defected ground structure (DGS) for 4G and 5G
wireless applications on handheld devices is described. The prototype exhibits a peak gain of 5.41
dBi and 10.29 dBi for 4G and 5G, respectively while the FR reached 7.

[124] reported on a new dual-mode composite microstrip line (DMC-MSL) for designing dual-
band antennas and devices with a large FR. The DMC-MSL structure combines the advantages of
the microstrip line and the SIW, and by adjusting the permittivity of the dielectric laminate, the

FR of the two operating modes can be varied. a novel dual-band leaky-wave antenna based on the
DMC-MSL structure having a 5.4 FR.
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2.6.2. Discussion

As discussed earlier, achieving a large FR can be challenging, particularly when aiming for a value
greater than 3. Some researchers have attempted to design antennas with an FR higher than 3 to
make them suitable for microwave/MMW and 5G applications. The highest FR reported in the
literature reviewed in the above section was approximately 8. The hybrid model, which uses
separate patches for each band, yielded the best results in terms of achieving a large FR.

2.7 Conclusion

In this chapter, the 5G technology was introduced, including its advantages and limitations. We
went through two classifications of 5G: FR1 and FR2. Next, due to the parabolic reflector structure
of our antenna, the parabolic antenna was introduced and some practical formulas presented.

Next, the patch antenna was introduced, followed by the dual band antenna. A literature review
over previously designed dual-band antennas was presented while focusing on those with large
FR. This will help establishing the theory behind designing our proposed dual band antenna.
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Chapter 3 — Methodology and Theory

This chapter introduces the methodology used to design the final dual-band antenna structure.
First, the fundamentals of an infinitesimal dipole antenna and planar reflector are introduced to
study the effect of a planar reflector on the dipole gain and radiation pattern. Next, the fundamental
of a parabolic reflector is introduced and compared with the planar one to choose the efficient
shape of the reflector; in our structure, the reflector is the lower band antenna. The theory of radar
cross section areas is also presented to help understanding the interaction between the lower/upper
band antennas and the power received in each antenna from the other one.

These fundamental sections will set the stage for the implementation of the proposed dual antenna
system. To do so, four models are introduced sequentially to help demonstrating this novel concept
while continuously improving its performance. The first model (Model 1) is inspired by the dipole
planar reflector antenna and the new idea of replacing the reflector with a microstrip antenna of
same size. Both antennas are very popular, but they have never been used in such structure.
However, despite some improvement, the planar reflector in Model | only reflects the radiated
wave on one side of the antenna. Therefore, Model 11 is introduced to collimate the reflected wave,
leading to a theoretical gain improvement of about 15 dBi, compared to Model 1. Now, because of
the omnidirectional radiation pattern of the dipole, this type of antenna is not appropriate to use as
feed. Thus, the dipole feed is replaced by a microstrip antenna (Model 111). Finally, in Model IV,
the full-ground microstrip antennas are replaced by a similar shape antenna having a wider
bandwidth (half-ground antenna). With that, Model IV is demonstrated to have a higher gain of
parabolic antenna and wider bandwidth than Model I11.

3.1 Infinitesimal Dipole Antenna

Wire antennas are the simplest configurations of antennas. Their three popular shapes are shown
in Fig. 3-1. The dipole one is made out of two straight wires; applying a time-varying current to
each rod leads to the radiation of these antennas.

(a) Dipole (b) Circular/Square loop (c) Helix

Figure 3-1 Most common wire antenna configuration [78]
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An infinitesimal antenna is a dipole antenna, with a very short length [ compared to the
wavelength, and made out of a thin wire of diameter a, i.e., [l < A and a < A. An infinitesimal
antenna located symmetrically at the center of coordination is shown in Fig. 3-2 (a).

(@) (b)

Figure 3-2 infinitesimal dipole (a) dipole orientation (b) electric field orientation [78]

Such infinitesimal antennas are very popular in theory because they can be utilized as a building
block of more complex structures [78]. Because the antenna length is very small compared to the
operational wavelength, the electric current (I) is constant and exists solely in the antenna
orientation, z-direction in Fig. 3-2 (a). For spatial variation of current, we can set [78]:

I(z") = a1, 3-1)

where lo is a constant electric current and @, the unit vector in the z-direction. The antenna
electrical component on a spherical surface is represented in Fig. 3-2 (b). In region where kr > 1,

with k = 27T/)L and r the distance, the electric (E) and magnetic (H) fields of the small dipole in
far-field area can be approximated as [78]:

—jkr
Eg = jn —kloi;rj sinf (3-2)
Er=E9=Hr=H9=0 (3'3)
L klgle kT .
Hy = j————sinb (3-4)

wr
Here the antenna radiation intensity (U) is equal to [78]:

U= guzg 0, )|2 = I KYy2gin2g (3-5)

2 4m
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the short dipole antenna gain (Guipole) is calculated by:

3 .
Gaipote 6,¢) = Esmz (6) (3-6)
while the antenna normalized radiation pattern can be set as [125]:

p(6,$) = sin* () 3-7)

3.2 Planar Reflector

The schematic view of a short dipole antenna with a planar conductive reflector is shown in Fig.
3-3 () (Oconductivity > W€, Where € is the permittivity of the medium and w = 27 f,;gnqr, With
foianar the operating frequency). Fig. 3-3 (b) shows the image model of it. The planar reflector
makes an image of the dipole on the other side of y-axis. As a result, the dipole and its image create
a two-element array antenna. The total radiation pattern and gain are defined by vector addition of
the fields radiated by each element. The total field of the array is calculated by the field of a single
element (here a dipole) multiply by a factor, called the array factor (AF). The array factor of two
dipole antennas (AFry, qips) is equal to [125]:

4sin?[ka sin(8) cos(¢)] for <"/

0  for T/, < ¢ <37/, 58

|AFTWO dips(er ¢)| = {

ys y A
7] dipole )
l o image
N \¢ dipole
& x‘ -
a
y\__

(a) (b)
Figure 3-3 Short dipole antenna with planar reflector (a) sketch, and (b) image model [125]

For the antenna maximum gain (at 6 = 7T/Z,qb = 0), sin(8) = cos(¢) = 1 in equation (3-8), the
AFry0 aips has its maximum value when sin?[ka sin(6) cos(¢)] = 1. Thus, ka is:

ka = ng forn=1,3,5, .. (3-9)
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Similarly, the antenna gain is [125]:

. 2
Gptanar (0, ) = > 5in?(0)|AFrwo aips (6, B)| (3-10)

and the antenna radiation pattern is:

1 . 2
Pplanar (6, ) = 5 5in* (0)|AFruo aips (6, $)| (3-11)

The plan reflector has increased the maximum dipole gain by a factor of 4 (equation (3-6) vs. (3-
10)); Fig. 3-4 (a) shows the gain of the dipole with and without the planar reflector. Meanwhile,
the reflector makes the dipole antenna radiation pattern more directive with a main beam at 0°,
calculated from equations (3-7) and (3-11), Fig. 3-4 (b).
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Figure 3-4 Dipole with/without planar reflector (a) Gain, and (b) Normalized radiation pattern

The maximum dipole antenna gain (equation (3-6)) is 1.5 when sin?(8) = 1, while the maximum
planar reflector antenna gain (equation (3-10)) is equal to 6 [125]. Therefore, using a planar
reflector increases the dipole antenna gain by a factor of 4 [125]. Let us name this first enhanced
configuration (by replacing the planar reflector by a planar antenna) as Model I, Fig. 3-5.

Therefore, if we chose the lower-band antenna as a patch antenna with a solid full-ground plane
equal to the total size of the antenna, and the upper band one is a dipole antenna, the lower-band
antenna in Fig. 3-5 can increase the upper band gain by a factor of 4.
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Lower band | Upper band
Ant [ Ant

Figure 3-5 Antenna integrated reflector having planar lower-band antenna and dipole upper band one, Model |

3.3 Parabolic Reflector

The next step is to see how to further increase the performance of the system of the two antennas.
A planar reflector reflects the radiated wave toward its plane, i.e., the x-direction in Fig. 3-3 (a). If
the reflector surface is big enough, there is no radiation behind the reflector. But this type of
reflector does not collimate the radiated wave. To achieve a higher gain, a parabolic reflector can
be considered, because this well-known structure collimates the feed antenna radiations [126] thus,
improving the upper band gain.

A shaped reflector such as parabolic or cylindrical increases the total gain more than a planar one;
e.g., a corner reflector increases the maximum gain by a factor of 16 [125]. However, gain increase
in parabolic reflector depends on the device’s size. In our system, this size depends on the center
frequency of the lower band. The parabolic antenna maximum gain Gy grqpoiic (6, ) occurs in its
axis of symmetry of a parabola [127], the z-axis in Fig. 3-6. The parabolic antenna gain is then
equal to [125]:

4TTA D
Gparabolic = %eA = (%)ZeA (3-12)

where A is the area of the antenna aperture, D the reflector diameter and A the wavelength.

Figure 3-6 Parabolic antenna with focal point [128]
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The quantity e, is a dimensionless parameter, called aperture efficiency, which depends on variety
of factors such as resistive or ohmic losses, surface deviations, spilled energy over the edge of the
reflector surface, etc. This parameter is between 0 and 1 [129, 130]. The practical average value
of e, isin the range of 0.5-0.7 [130]. So, for the rest of the calculations, this parameter will be set

to e, = 0.6. Referring to equation (3-12), the parabolic antenna gain depends on the D//1 ratio.

Let us take a practical example to illustrate the dependence of the gain over D and A. The
wavelength /1 in equation (3-12) refers to the upper band frequency. With a targeted frequency of
25 GHz, this value is equal to 0.012 m. As for D, it refers to the lower-band antenna size. From
equations (2-9) and (2-11), for a frequency of 2.4 GHz, we have D = 0.07 m. This leads to a gain
of 201 or 23 dBi. The substrate is considered as a PF-4, thickness of 1.6 mm, dielectric constant =
1.06, and loss tangent = 0.0001.

Therefore, if the planar antenna is shaped as a parabolic one (Fig. 3-6), the antenna gain at upper
band is expected to significantly increase. Let us call this new configuration as Model 11 (Fig. 3-
7), in which the lower-band planar antenna is now replaced by a parabolic-shaped antenna.

Figure 3-7 Antenna integrated reflector having parabolic lower-band antenna and dipole upper band one, Model 11

3.4 Radar Cross Section (RCS)

Radar cross-section (RCS) is a good indicator to investigate the interferences and interactions
between two antennas [5]. In our work, the RCS parameter will be used to evaluate the ability of
the lower-band antenna as reflector.

In each band, when one of the antennas works, the other antenna acts as an obstacle. The RCS at
the upper band indicates the amount of power density that the reflector reflects, i.e., the same
concept in radar for detecting an object [131].
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Electromagnetic (EM) waves, regardless of their polarization, are diffracted or scattered in all
directions when incident an object in their pathway. The scattered waves are classified into two
kinds: the first is when the wave has the same polarization as the receiving antenna. The second is
when the wave and the receiving antenna have different polarization. These two polarizations are
named respectively Principal Polarization (PP) and Orthogonal Polarization (OP). The intensity of
the backscattered energy with the same polarization as the antenna is used to determine the Radar
Cross Section (RCS). RCS is the measure of an object's ability to reflect the radiated wave toward
the radar direction [132]. The higher the RCS, the more signal is reflected from the object. In our
dual-band antenna system, the lower-band antenna is expected to reflect most of the radiated EM
wave from the upper band one. Therefore, the higher the lower-band antenna RCS, the higher the
reflected wave toward the upper band antenna; also, the more the reflected wave from a parabolic
dish, the greater the parabolic antenna gain. So, the RCS is a helpful parameter for finding an
adequate lower-band antenna structure in order to have high gain.

When the object is exposed to EM radiation, it acts like an antenna. Same as the antenna, it has
near and far scattered fields. The near-field wave is spherical, and the far-field is mostly linear
[131]. Assuming the target is located at a distance R from the radar antenna, Fig. 3-8, let us call
the power density of the EM wave incident on an object as Pp;.

%

R scattering object

radar

Figure 3-8 Object located at range R from radar [131]

For the received power [131]:
PT' = O—PDl (3'13)

where ¢ is the object RCS and P. the received power. Then, the power density of the scattered
EM wave at the receiving radar, Pp,., is

B
Pp, = r/(4ﬂR2) (3-14)
The RCS is thus given as

o = 4TR?(22) (3-15)
Di

34



A target with high RCS is very visible by a radar because it reflects most of the radiated signal
from the source antenna [133]. Similarly, high RCS means high reflected signal in the direction of
the source [134], So, higher the RCS when the source antenna is placed at the parabolic focal point,
higher will be the total antenna gain [129].

3.4.1 Rectangular RCS

The RCS of an object depends on the object’s shape and the incident angle of the radiated wave to
it. Let us consider a perfectly conductive rectangular plate in the x-y plane, Fig. 3-9. The plate has
a total size of 2a x 2b with a very thin thickness.

z

radar

Direction to
receiving radar

(@) (b)
Figure 3-9 (a) Receiving radar (b) Rectangular flat plate [131]

For an incident (8, ¢) EM wave, the RCS of the rectangular plate can be expressed as [131]:

__4ma?b? (sin (ak sinBcose) sin (bk sin sing) 2 2
7= A2 ( ak sinf cos¢ bk sin6 sing ) (COSH) (3'16)
k = 27‘[//1
If
__ (sin (ak sinfcos@) sin (bk sinf sing) )
h= ( ak sinf cos¢p bk sinf sing ) (COSQ) (3 17)
then,
4ma?b?h?
0=—7F (3-18)

From this equation, the RCS of a rectangular shape increases with the object's surface and
decreases by increasing the wavelength. In our design, at lower frequency band, the upper band
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antenna is considered as a scattering object. Further, when it operates at the upper band, the lower
band one is the scattering object. So, at the lower band, lower the RCS, lower the signal reflected
by the upper band antenna. Equivalently, less reflected wave from the upper band antenna, less
radiation pattern variations. In this case, the lower-band antenna is considered as the radar and the
upper band antenna is a rectangular object on its radiation path.

On the other hand, having a high RCS at the upper band frequency is suitable. A high RCS at this
frequency represents more power density scattered from the reflector, i.e., the lower-band antenna
thus, higher gain [135, 136]. As discussed in section 3.3, a parabolic reflector collimates the
radiated EM wave from its focal point.

After improving the lower-band antenna structure, we could replace the upper band dipole antenna
by a microstrip patch antenna. In fact, a microstrip antenna has a higher gain and more directive
radiation pattern than an omnidirectional dipole antenna; thus, a better choice for the feed in
parabolic structure [137, 138]. Also, microstrip antennas are well known for their small size,
simple design, and ease to manufacture [139]. This would be our Model 111 (Fig. 3-10).

Figure 3-10 Antenna integrated reflector having parabolic lower-band antenna and patch upper band one, Model 111

However, full-ground microstrip antennas have some well-known limitations such as low
bandwidth, typically in the range of 1-2% [140] thus, not suitable for the targeted 5G applications.
Therefore, in Model 1V, Fig. 3-11, the microstrip antenna should be replaced by a half-ground
monopole antenna, which has a wider bandwidth [141]. In fact, Model 1V should exhibit desirable
specifications for the dual-band 5G applications [142]. Thanks to the monopole structure, the
antenna has the potential to be wideband in both frequency bands. The upper band antenna has a
parabolic reflector. Therefore, it has a high gain and stable radiation pattern at the upper band.
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Lband

Figure 3-11 Antenna integrated reflector having monopole wideband upper/lower-band antennas, Model 1V

Furthermore, the monopole antenna usually exhibits a low RCS because of its smaller surface area
(represented by a?h? in equation (3-18)). However, a low RCS decreases the upper band gain. To
address this issue, a monopole antenna with high RCS is therefore required, which will be
discussed in chapter 4.

3.5 Conclusion

In this chapter, the design methodology behind the dual-band antenna design was investigated. It
started from a first model (Model I) having a structure inspired by planar reflector antennas. The
lower band antenna is a microstrip one having a same size of the planar reflector; a dipole feed
being operating at upper band. The conductive ground of the microstrip antenna acts as the
previous planar reflector for the dipole antenna and increases the gain by a factor of 4.

The planar reflector reflects wave at the same angle that it hits the surface. To collimate the
reflected wave for higher gain, the planar reflector was bent in a parabolic shape, and the dipole
was placed in the focal point. Therefore, the full ground can be seen as a parabolic reflector (Model
I1), leading to a higher gain.

Further, because a parabolic antenna needs a feed with a directive radiation pattern toward the
reflector to give a high gain, the dipole antenna was replaced by a microstrip one, which has a
higher gain compared to the dipole (Model 111). However, replacing a thin dipole antenna by a
microstrip one has some disadvantages. In fact, because instead of thin wire, there will be a
rectangular antenna having a noticeable length and width near the antenna, the upper band antenna
could reflect the radiated signal from the lower-band one. It thus required to investigate the power
reflected from the upper band antenna in terms of RCS.

Our target application (5G) requires also high bandwidth. To satisfy this requirement, the full-
ground microstrip antennas in upper and lower-bands should be replaced by a monopole half-
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ground antenna. In fact, the half-ground antenna has significantly lower RCS compared to the full-
ground one.

The next chapter focuses on designing such monopole antenna with high RCS, with the objective
to further improve the antenna gain and bandwidth. Also, the effect possible interactions between
the two antennas will be also investigated.

38



Chapter 4 — Implementation of the Design Method

In the previous chapter, the design methodology behind the dual-band antenna design was
investigated. Different configurations were considered, leading to the choice of Model 1V, to be
used for dual-band applications that require high frequency ratio (FR). The model could specify
certain requirements for the 5G applications under consideration, such as a wide bandwidth and
high gain.

In this chapter, the structure and performance of this last configuration will be discussed. To do
so, and since it is a 3D configuration, the Lrand half-ground antenna will be designed by selecting
a suitable substrate and a bending position that allow having a parabolic reflector. In designing the
antenna, all of the determined specifications in the previous chapter will be applied to the antenna.
Such Lpang antenna will be named “LB antenna-1”. As such, various flexible substrates and
conductive materials are being studied to identify the optimal candidates for the antenna. In fact,
when a flat flexible antenna is bent, it can negatively impact its performance. Consequently,
different bending types and radii will be investigated to determine a suitable configuration for the
targeted application.

To better fit Model 1V, the structure of antenna mentioned in the previous chapter will be improved
by focusing on increasing its RCS and reflectivity. This improved version of the antenna will be
called "LB antenna-11". Thus, the bend position of LB antenna-I1 will be determined based on the
study of LB antenna-I. In fact, LB antenna-11 will be designed to be bent using the same substrate
that identified in the study. However, it is important to note that the substrate datasheet is only
valid for a flat application, and any bending during fabrication may alter the material's parameters
and affect its performance. Therefore, the impact of this on the antenna's performance will be
studied for different substrate parameters.

Then, the LB antenna-Il will be inserted in the dual-band structure introduced in the previous
chapter (referred to as Model 1V) to evaluate the reflector performance in the upper band. A
reference horn antenna will be used as feed and reflectarray elements placed behind the antenna
patch (used as ground). Several reflectarray shapes will be studied to select the suitable one.
Finally, two proposed dual-band antenna integrated reflectors will be presented.

4.1 Lband Flexible Antenna Design

In the previous chapter, the study was focused on determining what type of antenna characteristics
are suitable for building our model (Model 1V).
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Here, the lower band antenna will be designed to operate within the defined frequency range of
410 MHz to 7.125 GHz for our 5G FR1 application.

Before adopting it, we have to evaluate its performance vs. different parameters. Note that, due to
limitations in the manufacturing and measuring facilities, the parabolic bent antenna will be
approximated by a cylindrical one.

First, a suitable substrate and curvature radius should be determined to reach a wide bandwidth:
this will be the focus of the prototype “LB antenna-1”. Next, a second prototype called “LB
antenna-II"” will be designed while improving its RCS and reflectivity.

4.1.1. Half-Ground Lband Antenna (LB Antenna-I)

LB antenna-I is shown in Fig. 4-1. It has a half-ground structure and was designed on a flexible
substrate. Two square resonator elements are placed close to the main microstrip feed line similar
to [143]. Preliminary simulations helped determining the following physical parameter values: Ws
=8.7cm, Ls =13 cm. Wg=3 mm, Lf =51 mm, Wg =73 mm, Lg =44 mm, Wp =78 mm, L, = 77
mm,a=20mm, b=10mm, c=16 mm, d =23 mm, and e = 8 mm.

Figure 4-1 Lpang half-ground antenna with square resonators, “LB antenna-I"

4.1.1.1. Selection of Substrate and Conductive Material

Organic flexible substrates and conductive materials have different effects on the performance of
flexible antennas with respect to the operational frequency, antenna structure, and bendability
[144, 145]. Before incorporating the antenna into our model as the lower band one, it is crucial to
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ensure that the antenna exhibits stable and reliable performance, and a suitable substrate has been

selected for it.

Two substrates were considered (Table 4-1). As shown in Fig. 4-2, The low dielectric constant of
substrate PF-4 led to a thick microstrip feed line having a 50 ohm impedance [78]. In fact, the
width of the microstrip line, Wy, is close to the SMA connector width. Therefore, if the SMA pin
is soldered, the ground of the connector will be electrically connected to the line too.

Table 4-1 Lyana antenna substrates specifications

Substrate Dielectric constant Loss tangent Thickness
PF-4 1.06 0.0001 1.6 mm
PET 3.2 0.08 15

Figure 4-2 SMA connector and LB antenna-I feed line, diameter comparison

Therefore, a small gap was added between the SMA connector and the antenna substrate during
the soldering process to overcome such an issue, as shown in Fig. 4-3. The antenna bandwidth is
not degraded by this gap due to the fact that the substrate's dielectric constant is very similar to

that of air. The gap was not added to the PET antenna because of its dielectric constant of 3.2.
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Figure 4-3 Soldered SMA connector to PF-4 LB antenna-I

However, it should be noted that if the PET substrate is preferred to the PF-4 in terms of feed line
size and transparency, it is less flexible, an issue in curved structures (Fig. 4-4 and 4-5). So, a
comparison of their respective performance as antenna substrate should be performed.

Figure 4-4 Fabricated PF-4 based LB antenna-I

/

Figure 4-5 Fabricated LB antenna-1 on PET substrate
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The bandwidths of two fabricated LB antenna-I, one on a PF-4 substrate and one on a PET, was
measured using a NanoVNA [146].

PF-4 LB antenna-I demonstrated a bandwidth ranging from 760 MHz to 1735 MHz, as shown in
Fig. 4-6. Meanwhile, PET LB antenna-1 covered a bandwidth of 760 MHz to 1654 MHz, for S11 <
-10 dB (Fig. 4-7). Both antennas showed a wide bandwidth exceeding 70%. Next, it should be
compared how apt they are to curvature.
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Figure 4-6 PF-4 LB antenna-I, bandwidth measurement, (a) overall view, (b) lowest frequency point, (c) higher
point
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(b) (©

Figure 4-7 PET LB antenna-I, bandwidth measurement, (a) overall view, (b) lowest frequency point, (c) highest
point.

41.1.2. Curvature Effects

Because the parameters of flexible antennas are very sensitive to bending and folding [147, 148],
the LB antenna-1 performance was evaluated under different bending situations. Note that a
positive bending is when the object, in our case the antenna, is bent concave upward. In contrast,
a negative bending happens when the antenna concaves downward (or towards the negative
direction) [149], Fig. 4-8. So, the two LB antenna-I antennas (PF-4 and PET) were studied when
the whole antenna is bent (full-bent), as displayed in Fig. 4-8 (a) and (c), and when only the
radiation patch is curved (semi-bent), Fig. 4-8 (b) and (d).

(b)
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(c) (d)
Figure 4-8 LB antenna-I view at four different positions, (a) positive full bending, (b) radiation patch positive
bending, semi-bent (c) negative full bending, and (d) radiation patch negative bending, semi-bent.

For positive full bent with a bend radius from 200 mm downward to 80 mm over an imaginary
cylinder, as in Fig. 4-8 (a), the Si1 variation is shown in Fig. 4-9. The PET antenna keeps the
integrated bandwidth for the harshest bending.

The PF-4 antenna is more sensitive to positive full bending, and for around the central frequency
of 1250 MHz, the antenna S11 parameter goes slightly higher than -10 dB. However, the lower and
upper frequencies are not really affected by the bending, Fig. 4-9 (b).
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Figure 4-9 LB antenna-I positive full bending effect on S-Parameters, (a) PET and (b) PF-4.

Compared to a positive full bent, the negative curvature diminishes the PET antenna bandwidth
by impacting the lower frequency. Despite one bending case (bend radius = 120 mm), the antenna
generally keeps its integrated bandwidth secure for negative full bent, Fig. 4-10 (a).

For the PF-4 antenna, unlike full positive bending, the antenna keeps its wideband bandwidth in
full negative curvature except for the lowest bend radius = 80 mm, Fig. 4-10 (b). The lowest
curvature, 200 mm, has the minimum Sy (around -50 dB at 1.6 GHz) with one extra resonant
frequency at 1.75 GHz. Generally, the resonant frequency value rises by increasing curvature at
both antenna's resonant frequencies.
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Referring to Fig. 4-11 (a) for semi-bent, a distinguishable trend is observed for the PET antenna;
by increasing the curvature of the antenna, the bandwidth shifts toward higher frequency and the
main resonant frequency. The Si1 value at the resonant frequency increases from -32 dB at 1324
MHz to -21 dB at 1466.5 MHz.

The PF-4 S11 parameter is almost immune toward semi-bent effects. Even the harshest 80 mm
bend radius does not affect the operational frequency, Fig. 4-11 (b). Studies with similar findings
suggested that utilizing PF-4 substrate is a viable option for creating flexible antennas [150, 151]
and achieving high efficiency in the non-planar situation at 5.8 GHz [152].
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Figure 4-10 LB antenna-I negative full bending effect on S-Parameters, (a) PET and (b) PF-4.
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Figure 4-11 Sy, variation semi-positive bending; (a) PET and (b) PF-4.
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Figure 4-12 Sy; variation for antenna semi-negative bending; (a) PET and (b) PF-4.

The PET antenna has a stable bandwidth for semi-negative bending in contrast to its bandwidth
shifting trend in positive bending, Fig. 4-11 (a) vs. Fig 4-12 (a). The main resonant frequency
firmly locates at 1.3 GHz with a S11 lower than -45 dB in all positions.

The same behaviour is observed for PF-4 bandwidth in semi-negative bending. The antenna
bandwidth is secure to bend without degradation, Fig. 4-12 (b). The 80 mm bend radius has the
lowest S11 (-60 dB). Compared to other bending scenarios, the antennas have the lowest bandwidth
variation for semi-negative curvatures.

Because the 100 mm curvature has the least destructive effect on the antennas' bandwidth for all
positions, this specific value was retained for future fabrication.

After reviewing the curvature effects on different substrates, and to further investigate the design
of the two LB antenna-1 (one on PET another on PF-4), two conductive materials were considered
in fabrication process: copper and aluminum. These two conductive materials have been chosen
due to their many applications in textile and flexible electronics [153]. The aluminum sheet is
significantly more flexible than copper [154], and this specification is very interesting in flexible
circuits [155]. On the flip side, aluminum requires a very specific type of flux and soldering
techniques [156], which can damage the organic substrate due to high temperatures. Also, using
copper or aluminum sheets in flexible circuits have unneglectable resistivity [157].

Some researchers have studied the behaviour of such conductive material at high frequencies
[158]. However, to the best of our knowledge, there is no specific comparison between aluminum
and copper performance in monopole antennas with the substrates used in this thesis. It is then
worth to conduct some tests to highlight their respective advantages and disadvantages. Yet, since
it is not the focus of this thesis, only S-parameters comparisons will be presented and the most
suitable conductive material retained for the next prototype, i.e., LB antenna-II.

To measure the antenna S11 parameter in a curved status, a quarter cylinder made out of cardboard
and with a radius of 100 mm, was fabricated. To reduce the effect of the cylinder on the
measurement results, a circular slot mesh pattern was cut out from the cylinder (Fig. 4-13).
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Antenna under test
A quarter of a cylinder

(r =100 mm)

Tape

Figure 4-13 Measurement setup at 100 mm bend radius position

S11 parameter of the flexible antennas was measured in 100 mm bend radius, Fig. 4-14 to Fig. 4-
17. The measured data exhibit a good agreement with the simulated ones. Compared to the copper
antennas, the aluminum ones are more flexible. However, on the flip side, soldering a SMA
connector to the aluminum requires much higher temperature (compared to copper) [159]. This
high temperature melts and burns the antenna substrate. To avoid this, the aluminum was soldered
at a lower temperature and a small holder was used to support this joint, as shown in Fig. 4-15 and
4-17.

As a result of soldering at an insufficient temperature, the SMA connection in the aluminum
antenna deteriorated, affecting the antenna's performance, as some measured S11 of the aluminum
antennas are above - 10 dB reference dashed line (Fig. 4-17) for the semi-negative bending case.
The copper-based antennas have a more stable measured wide bandwidth for all bending positions,
Fig. 4-14 and Fig. 4-16.

The minimum S11 < -50 dB was measured for the copper — PF-4 antenna. Note that if the antenna's
lower and higher frequencies changed vs. the antenna position, the antenna covers some absolute
wide bandwidth in all statuses. The copper PET antenna measured bandwidth covers from 840
MHz to 1630 MHz, i.e., a fractional bandwidth percentage of 64%. The copper PF-4 antenna
covers the band 830 MHz — 1930 MHz (fractional bandwidth of 80 %).

The copper-based antenna exhibits a more stable single bandwidth, whereas some measurements
of the aluminum antennas have shown that the bandwidth is divided into two parts. The measured
bandwidth of the PF-4 antenna was wider compared to that of the PET antenna. Additionally, the
PF-4 substrate is physically more flexible than the PET substrate.

Therefore, based on these investigations, the PF-4 substrate was chosen, and copper sheet was
selected as the conductive material.
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At 0.97 GHz, the measured bandwidth during semi-negative bending is almost equal to the Si1
margin of -10 dB . On the other hand, during semi-positive bending, the bandwidth is maintained,
but the antenna takes on a semi-bent shape that is not well-suited to our Model 1V. As a result,
opting for the full-bent configuration would be a better choice.

Also, the negative full bending exhibited a superior bandwidth performance at various bending
radii when compared to positive bending for the copper—PF-4 antenna. Additionally, the
measurement data revealed that the full positive bending configuration approached a return loss of
-10 dB within the frequency range of 1.5 GHz to 1.8 GHz, as illustrated in Fig. 4-16 by the blue
dash dot graph. Therefore, when considering the full bending scenario, the negative bending
configuration appears to be the better option.
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Figure 4-14 Measured Si; of PET — copper LB antenna-I
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Figure 4-16 Measured Sy: of PF-4 — copper LB antenna-I
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Figure 4-17 Measured S1; of PF-4 — aluminum LB antenna-I

4.1.2. High RCS Lband Antenna Design (LB Antenna-I1)

By evaluating the initial prototypes (LB antenna-I) in the previous section, it was found out that
the PF-4-based antenna keeps a wider bandwidth under virtually all studied bending conditions.
Meanwhile, the fabrication process and the measurements showed the advantage of using PF-4
substrate instead of the PET one, in terms of flexibility and lightweight. The foam structure of the
substrate helps to shape the antenna as close as the required cylindrical reflector. On the other
hand, the low loss tangent of this substrate (0.0001) [160] is desirable for designing the upper band
dielectric-metal reflectors with low losses. As for the conductive material of the antenna, copper
works more reliably than aluminum.

The obtained conclusions from section 4.1.1 are thus used in designing the prototype LB antenna-
II: the antenna substrate is PF-4, the conductive part is copper, and the bending position is a full-
negative one.

The LB antenna-11 (Fig. 4-18) is equipped with metamaterial, backside plate resonators and 9 x 9
rectangular elements. The designing process is sketched in Fig. 4-19.
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Figure 4-19 LB antenna-II design steps

The first step, illustrated by the sample “ANT-1", was designed based on the specifications of the
Lband @antenna (Model 1V), a half-ground patch antenna on the 1.6 mm PF-4 flexible substrate. Its
dimensions are those of LB antenna-I, except for the substrate length: W, = 78 x L, = 77 mm?,
Other antenna parameters are Ws = 87 mm, Wr =7 mm, a2 = 12 mm, L¢ = 51 mm, t; = 2.25 mm,
Ls =179 mm, g2 = 7.15 mm, g3 = 2.95 mm, az = 5.9 mm, a4 = 3.88 mm, g4 = 1.94 mm, a1 = 20
mm, and g1 = 2.5 mm.

By adding four rectangular metamaterial elements, “ANT-2" was obtained. These elements were
added to slightly enhance the higher frequency and to improve the minimum return loss at the
resonant frequency (Fig. 4-20 (a)), a similar approach was carried out in [105]. As can be seen
from the figure, the resonators improve the antenna's higher frequency by 135 MHz (increased
from 1927 to 2062 MHz) as well as obtaining a S11 < - 40 dB at the antenna's second resonance
frequency.
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In fact, metamaterials can improve antenna bandwidth by enabling the design of antennas with
unique electromagnetic properties that are not found in naturally occurring materials.
Metamaterials are engineered materials with a structured composition that can be designed to
exhibit specific electromagnetic properties, such as negative permittivity or permeability [161].
These properties allow metamaterials to control the flow of electromagnetic waves in unique ways,
enabling the design of antennas with improved bandwidth compared to antennas made from
conventional materials.

Overall, the use of metamaterials in antenna design offers the potential for significant improvement
in antenna performance, including increased bandwidth [162], improved gain [163], and reduced
size [164]. Several studies on metamaterial antennas [165] and resonant metamaterial antennas
[166] have been done. However, a thorough analysis of their behaviour is beyond the scope of this
thesis. Nevertheless, to exploit the benefits of these studies and enhance the bandwidth of “ANT-
17, a similar approach as the one used for the flexible Kapton-based MMW antenna [105] was
applied here.

Next, in “ANT-3", a rectangular plate, of same size as the ground, was added to the back of the
antenna to establish symmetry in the reflector structure and, subsequently, to enhance the RCS of
the reflector by increasing the number of reflective areas. Finally, in the final prototype, “ANT-
4”9 x 9 rectangular reflectarray elements located on the back side of the radiation patch were
included, resulting in an improvement in the Upang gain (Fig. 4-20 (c)).

In fact, these elements will act as reflectarray elements for the Upang antenna. The patches were
designed to resonate at 25 GHz as mentioned in Chapter 3 (FR2 5G band). However, it is important
to not interact destructively with the Lyang antenna performance and not reduce the bandwidth. As
shown for ANT-4, these elements improved slightly the Lpand antenna lower frequency (> 10
MHz).

As mentioned above, the RCS of the designs displayed in Fig. 4-19 increases from ANT-1to ANT-
4 (Fig. 4-21). Here, the upper band antenna is placed in the center axis of the lower one. Ant 1 has
a43% lower RCS compared to a full ground-size microstrip antenna while ANT-4 has 55 % higher
RCS compared to the full ground microstrip antenna (Model I11). The drop in the antenna RCS has
a damaging effect on the antenna upper band gain. In fact, the rectangular plate designed on the
back of Ant 3, of same size as the antenna ground, has greatly improved RCS of the antenna.
Adding this conductor plate to the antenna made the structure symmetric to the horizontal axis.
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Figure 4-20 S-Parameters of proposed LB antenna-II design stages; (a) ANT 1 and 2, (b) ANT 2 and 3, (c) All
ANTSs
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Figure 4-21 RCS of LB antenna-1I variants as compared to this of a microstrip antenna with full ground
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4.1.2.1. Antenna Blockage

Signal blockage in antenna refers to a situation in which an object or obstruction physically blocks
or obstructs the path between the antenna and the source/receiver of the signal, causing a reduction
or interruption of the signal strength or quality. This obstruction can be caused by a variety of
factors, such as buildings, mountains, trees, vehicles, or any object in the way of the antenna
radiation path. The antenna blockage is not solely limited to large objects, as even the presence of
small objects near the antenna can cause a blockage [167].

Signal blockage can result in signal attenuation, which refers to the weakening or reduction in the
strength of the signal due to the obstruction. This can lead to a degradation in the quality of the
signal, which can manifest as dropouts, distortions, or complete loss of radiated signal form
antenna.

For instance, an antenna that receives signals from geostationary satellites in orbit, can experience
signal blockage due to small objects such as leaves, branches, and bird nests. Unpredictable signal
blockages represent an inherent aspect stemming from the interaction of users with handheld [168]
and MMW wireless devices [169].

In Model 1V, the Upand antenna is an obstacle while the Lpand radiates. The attenuation of radiated
waves caused by the obstruction of multiple transmission paths arriving from the direction of an
obstacle can be interpreted as a modification in the radiation pattern of the antenna [167].

Therefore, the next step will be to focus on the signal blockage issue when this antenna will be
part of the Model IV structure configuration.

An isotropic antenna is a theoretical antenna with an equal radiation pattern and intensity in all
directions. The antenna efficiency is theoretically of 100%. In this case, the isotropic antenna
directivity is constant to 1 (0 dBi) all around the antenna [124].

Same Antenna
Capture Are;

Range1 mm Range2

Received Signal m ReceivedSignalH o

Figure 4-22 Power density of the antenna at different distances [170]
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For the isotropic antenna, the power density at distance R from the radiating antenna is [170]:

_ _Pt
" 4mR2

(4-1)

Pp

Where P; is the transmitted power (Fig. 4-22). In general, for an antenna with gain Gy, the power
density from the radar antenna Py, is:

PG
D~ ﬁ (4-2)
The power density drops by increasing the distance from the antenna (1/R? in the above equation).
In our models, at Lrand Operation, the power density at the Unang antenna depends on the gain of the

lower-band one (G, in equation (4-2)), and on the distance (R in equation (4-2)).

As illustration, if the power density at the Upang antenna versus the distance from the Lpand ONe is
plotted in Fig. 4-23, it can be seen that, at a frequency of 2.4 GHz for instance, the received power
density at the upper band antenna drops significantly after around a distance of 5 cm between the
two antennas. Increasing this power means more radiated signal will be blocked by the upper band
antenna. Thus, from here, the minimum distance between the two antennas will be set as > 5 cm.
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Figure 4-23 Received power at upper band antenna versus distance (according to Equation 4-2)

4.1.2.2. LB antenna-ll Parameters

Because of using an organic substrate, flexible antenna dielectric properties may change by
bending and applying tension to the antenna [171]. If pressure is applied, it will make the substrate
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denser and change the substrate thickness, dielectric constant, and loss tangent. Note that the
substrate data sheet was setup in a flat situation by the company [160].

Therefore, these changes are studied on the PF-4 substrate to check their impact on the antenna
response. If these changes cannot decline the antenna performance, then the proposed LB antenna-
Il design is a good candidate for the final prototype.

First, the substrate thickness was investigated. The flexible foam-based substrate has a soft
structure and air cavities; its thickness being not rigid, it can change under bending.

LB antenna-Il return loss and gain were studied for a wide variety of substrate thickness (h), from
1.4 mm up to 1.8 mm by 0.05 mm step size (9 samples). The results are presented in Fig. 4-24 and
2-25, respectively. The antenna has two resonant frequencies. By reducing the thickness of the
substrate, the first resonant frequency Si: decreases from -20 to -40 dB and the second increases
from -30 to -15 dB. The most important values here are the lower and upper frequencies that define
the bandwidth. The lower frequency remains fixed at ~ 0.71 GHz. But the upper one slightly shifts
to the lower values as the thickness is decreased. This is a negligible variation since the upper
frequency is located at > 2 GHz for the thinnest studied substrate.

Thickness = 1.8 mm
— — =Thickness = 1.75 mm

Thickness = 1.7 mm
Thickness = 1.65 mm

—— Thickness = 1.6 mm
Thickness = 1.55 mm
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Figure 4-24 Sy; of the LB antenna-I1 for different substrate thicknesses

Globally, the antenna maximum gain increases by decreasing the substrate thickness, Fig 4-25. In
the second half of the bandwidth, this change is more noticeable. However, this is a very low
fluctuation, e.g., at 2 GHz, the deviation observed in the gain is less than 3 % compared to the 1.6
mm thickness substrate.
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Figure 4-25 LB antenna-I1 gains for different substrate thicknesses

The dielectric constant value was also varied from 1 to 1.3 to analyze its effect on LB antenna-II
performance. As illustrated in Fig. 4-26, for the first resonant frequency, Si11 goes down while for
the second one, it jumps up to a higher value by soaring dielectric constant. However, even if
increasing this constant will reduce the higher frequency, this latter reminds > 2 GHz. The aim of
this graph was to verify that the antenna bandwidth does not shrinks if the substrate density changes
by applying pressure or by bending it during fabrication. In fact, changes in substance density
result in changes in the epsilon value [172]. J. Bor investigated the changes in the dielectric
constant and tangent loss of a foam substrate by compressing and decompressing it while applying
gas pressure. The results showed that changes in the dielectric properties could be observed and
measured. By varying the density of the foam substrate, J. Bor was able to explore how changes
in its physical structure affected its dielectric properties [172].

For the H-Divinycell foam, a density range of 30 to 250 kg/m3 was tested by applying pressure,
resulting in a change in dielectric constant from 1.05 to 1.3. For another foam, i.e., the HCP-
Divinycell foam, a density range of 200 to 400 kg/m3 was tested, and a dielectric constant change
from around 1.2 to 1.45 was observed [172].

A similar study was performed by V.T. Morgan, who investigated the dielectric dispersion of a
flexible substrate in relation to mechanical pressure and presented experimental results [173].
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Figure 4-26 LB antenna-Il Sy, for different substrate dielectric constant

The dielectric constant has more effect on the gain than the thickness, especially after 1.6 GHz,
Fig. 4-25 vs 4-27. The gain drops by increasing epsilon from 1 to 1.25. After that, starting for 1.3,
the gain does not change with this trend. The maximum gain fluctuates less than 1%.
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Figure 4-27 LB antenna-I1 gain for different substrate dielectric constant

The loss tangent was varied from 0 to 0.005, step size of 0.001, and its effect on the return loss
and gain is shown in Fig. 4-28 and 4-29, respectively. The loss tangent change has the lowest effect
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on LB antenna-Il performance, compared to the thickness and dielectric constant. The antenna
performance is immune to the loss tangent variation. The resonant frequencies remained constant
at around 840 MHz and 1550 MHz. The gain changes insignificantly in the higher and lower
frequencies.
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Figure 4-29 Changes in gain over various loss tangent, LB antenna-II
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4.1.23. Cylindrically Curved LB Antenna-II

For simplifying the design and focusing more on the research goal, LB antenna-Il was shaped as
a cylindrical reflector, instead of a parabolic. However, the fundamental of this study could be
extended to other reflector shapes: parabolic, flat, corner, etc. Based on the studies presented in
section 4.1.1.2, the bending condition of the reflector (here the LB antenna-11) was selected as a
complete negative bend, i.e., the case c in Fig. 4-8. In this case c, the reflector is symmetric and
the LB antenna-I1 microstrip feed line is protected from the Upang antenna interface and noise by
its ground, which is, from the Upana View, a cylindrical reflector. The 4-element metamaterial
resonators are not supposed to work at Unang frequency band, so hiding them behind the copper
plate is advantageous.

LB antenna-Il is shaped as a cylindrical reflector over an imaginary cylinder, Fig. 4-30. The
cylinder radius determines the reflector curvature and, as discussed in section 2.2, the focal feed
point location. Generally, by increasing the radius, the Lnang antenna performance is closer to its
flat design. The microstrip feed line transfers the input signal with lower distortion.

On the other hand, a larger radius increases the reflector effective area and the D parameter. But
on the flip side, it increases the focal point distance and makes the proposed antenna physically
large. Moreover, it helps reducing the two antenna interfaces.

Bandwidth over a wide range of bending radii from 100 mm to 200 mm with a step width of 10
mm was studied in Fig. 4-31. There were no changes observed in the studied bandwidth as the
bending radius was varied. The presented Si1 graphs in Fig. 4-31 have a similar shape with a slight
change in the amount of the resonant frequency. LB antenna-11 lower and upper frequencies are
set at ~770 MHz and ~1925 MHz, respectively. Within the range of bending radii examined in this
study, the bandwidth of the antenna remains relatively stable and exhibits no significant alterations,
Fig. 4-31. This outcome can be attributed to the findings in section 4.1.1, where suitable antenna
substrate and bending position were identified as the factors that contribute to bandwidth stability,
regardless of the degree of bending radius. In fact, in that section, we studied different possible
bending positions and two substrates. We chose the substrate and the bending position that show
the lowest effect on the bandwidth. Then we used that bending position and substrate to design the
LB antenna-I11.

As a matter of fact, a small radius causes a severe bending of the cylindrical antenna, whereas a
larger radius results in a bigger overall size of the reflector antenna due to the direct relation
between feed location and bending radius [174].

In fabrication and measurement process, when a sheet of flexible material is bent hard, the outside
top and bottom surfaces experience elongation and compression, respectively. This is because the
material on the outside of the bend must stretch to accommodate the change in shape, while the
material on the inside of the bend is compressed [175]. Severe bending of the Lbang antenna can
cause the top and bottom conductive material to detach and shift from their original positions.
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Therefore, the four top and bottom values of the bending radius range were excluded during the
selection process. Among the left radii values, i.e., 140mm, 150mm, and 160mm, the latter exhibits
a slightly lower minimum return loss at the resonant frequencies. Additionally, it has the lowest
frequency within the bandwidth. So, the 160 mm was selected.

Table 4-2 summarizes all the antennas presented and studied in Section 4.1 for the Lpang and the
rationale behind their design. Finally, the LB antenna-Il having bending radius of 160 mm was
selected for the Lpand, from here this antenna will be used for Lyang.

(@) (b)

Imaginary Cylinder \
. \
Radius \

©
Figure 4-30 Curved LB antenna-Il, (a) 3D top view, (b) 3D bottom view, and (c) displayed imaginary radius
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Figure 4-31 Bending LB antenna-I1 effect on the S1; parameter.
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Table 4-2 Summary of the presented lower band antennas

Bandwidth .
Lower Band Antennas [MHZ] Study's Rationale Study Output
LB antenna-I, Copper-PET 850 - 1660 Searching for the optimal PF-4 as substrate and
LB antenna-1. Aluminum-PET | 720 - 1490 substrate and.conductlve copper as conductor
materials. were selected.
LB antenna-I, Copper-PF-4 750 - 1940 | Identifying the ideal curvature, | Full-negative bend
LB antenna-I, Aluminum-PF-4 | 750 - 1830 e.g., full-positive, ... was chosen.

Examine the potential impact of The antenna's
fabrication on the antenna's performance is not

LB antenna-Il Flat 711 - 2100 performance by studying any affected by
changes that may occur in the fabrication
substrates. tolerances.

A bending radius of

LB antenna-Il Curved 770 - 1925 Find the bending radius.
160 mm was chosen.

4.2 MMW Horn Antenna Design

Once the design of the LB antenna-11 was completed and the 160 mm bending radius selected, its
reflectivity as a Ubang reflector should be investigated. To study the reflectivity, having a horn
antenna as far field reference is a widely used method [176].

So, it is first necessary to design a standard horn antenna at the Upang frequency. CST Microwave
Studio software has a standard horn antenna in its library [177]. The horn antenna from CST
software library was the used as the reference horn antenna in this section. The horn antenna has
the following dimensions (Fig. 4-32): an1 = 23.7 mm, br1 = 19.7 mm, an2 = 9.6 mm, bn2 = 5.6 mm,
Ih1 = 15.77 mm, and ln2 = 2.19 mm.

The Upand horn antenna bandwidth and gain simulated in free space are presented in Fig. 4-33. The
antenna bandwidth covers the studied frequency range, from 20 GHz up to 30 GHz with Sy1 <-15
dB. It has a 12.4 dB gain at 20 GHz. The gain increases almost linearly, reaching 14.9 dB at 30
GHz.
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Figure 4-33 The Upang feed horn antenna, bandwidth, and maximum gain

4.3 LB Antenna-Il Reflectivity

The standard horn antenna bandwidth and gain were shown in free space. Now, by using the
antenna as the reflector feed, the effectiveness of the reflector should be studied. The reflector
efficiency is determined by the difference between the gain of a standalone antenna and the gain
of a reflector antenna. This approach has been used to study metamaterial reflector [178] and
reflectarray [179].

The gain improvement of the reflector is determined by studying the changes in gain when the
standard horn antenna is placed as reflector feed. In our model, the reflector is the Lpana antenna,
thus the entire model constitutes a dual-band antenna. The aim is to improve the Upand gain while
maintaining its wide bandwidth and equivalent performance in the Lpang.
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4.3.1. Upand Antenna Location

The horn antenna was placed at a distance F, = Radius/z + k, far away from the curved Lpand

antenna, Fig. 4-34. Here, the term ™ RadiuS/z " came from calculating the cylindrical focal point
as the focal length of a concave spherical mirror [174]. The cylindrical reflector is obtained by
cutting a spherical mirror through its axis. However, in our design, some sections of the reflector
are cylindrical, while others are reflectarrays. Therefore, a parametric study is conducted on the
Radius/z distance across a range that is at least as large as the distance used in the reflectarray
antenna designed by P. Jiang [180]. So the k is studied in arange of k = +12 mm = +A,5¢uy.
to have an optimized location of the feed point.

Figure 4-34 Geometry of the LB antenna-11 with standard horn antenna feed

First, the bandwidth was studied as depicted in Fig. 4-35. All the studied k values giving a S11
lower than -10 dB. Therefore, the suitable value of k was chosen based on the maximum gain.

Referring to Fig. 4-36, decreasing the k value reduces the antenna gain. The lowest k = -12 mm
has the lowest gain = 20.2 dB at 30 GHz. However, k = 4 mm has the highest maximum gain
(24.7 dB) but the gain drops by more than 15 % (~ 4 dB) at the beginning of the bandwidth.

High gain was achieved with k = 12 and 8 mm as shown by the highlighted lines. Despite having
a higher maximum gain in k = 8 mm, the value k = 12 mm shows less fluctuations, so it was
retained. Therefore, the Upand antenna was placed at a distance of F,, =80 + 12 = 92 mm far
away from the curved cylindrical reflector.
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The antenna integrated reflector (designed from Model 1V in chapter 3) increases the Upand antenna
minimum gain by around 8.5 dB (20.84 dB) and the maximum gain by 9.33 dB compared to the
single antenna. The gain jumps from 14.9 dBi up to 24.23 dBi. Also, the proposed structure did
not decrease the antenna bandwidth. It should be noted that the antenna gain without the
reflectarray elements is presented in Fig. 4-37 with a dashed red line.

The designed Ubpand reflectarray elements on the Lyang antenna allow a significantly improved gain.
Without these elements, the Lpand antenna is a cylindrical reflector with D = 170 mm and excited
by the Upand feed. Note the PF-4 1.06 dielectric constant, the substrate does not interact with the
incident and reflected waves since it acts more like air. Adding the reflectarray increases the Upand
antenna maximum gain by 3.4 dB (Maximum gain of simple reflector 20.81 dB vs. 24.23 dB).
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Figure 4-37 Upang antenna gain, single antenna, with/without reflectarray elements

4.3.2. Various Upand Reflectarray Elements

Four different elements were studied as reflectarray elements. The first one, Fig. 4-38 (a), was

calculated by the rectangular microstrip antenna formulas (2-9) and (2-11). Another one, Fig. 4-
38 (b), is a circular microstrip patch element.
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The elements were designed as a circular microstrip antenna in which the patch radius R,= 2.52
mm is calculated by [78]:

F
a= 4-3
{1+niﬁp[ln(%)+1.7726]}1/2 (*+3)
F= 8.7;;;09 (4-2)

where f,. = 25 GHz, &. = 1.06, and h is the substrate thickness (in cm). The space between
elements has been designed to replicate the technique employed by R. Deng [181] at a particular
distance of ~ 0.2 A,5 ¢y, Therefore, the distance a; was set to 7.56 mm.

Fig. 4-38 (c) represents closed ring circuits (CRR) reflectarray elements. The CRR radius R, was
calculated with the following equation given by [182]:

c

T (5

In this equation, fqgg IS the CRR element resonant frequency, and c is the speed of light in free
space ~ 300,000,000 m/s. R, = 1.86 mm at 25 GHz and the CRR are placed at distance a, =
R, x 3 = 5.58 mm from each other in order to have a similar gap between elements same as in
[181]. The CRR is smaller than the microstrip patch because it is not related to the substrate
thickness. In this case, the substrate thickness is relatively thick.

The last studied reflectarray shape is a split ring resonator (SRR) made out of inner and outer rings,
Fig. 4-38 (d). With calculated parameters from the equations provided in [183], we get R4 =4 mm,
Rz =2.85 mm, and W> = 1.15 mm; the SRR resonates at fsgr = 25 GHz.

_ _c ’3(R4—R3—W2) )
f.;'RR - 2772 £r(R3)3 (4 6)

The other parameters are W1 = 0.8 mm and a3 = 2 x R4 + 2 = 10 mm, following [181].

~ Circular Microstrip

(a) (b)
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Figure 4-38 Reflectarray elements, (a) rectangular patch, (b) circular patch, (c) CRR, and (d) SRR

Choosing the right reflectarray has an important effect on the Upana gain; Fig. 4-39 displays this
effect. In the first half of the bandwidth, the CRR has a lower gain than the circular microstrip
elements. But for the second half, the CRR gain goes notably higher than the other one and reaches
23.5 dB at 29.3 GHz. Nevertheless, the circular microstrip gain slight fluctuates between ~ 19 dB
and ~ 22 dB, in contrast to the ~ 20 % CRR gain drop. The lowest gain is for the SRR for the
whole bandwidth, compared to the other ones.

The rectangular microstrip elements fit well into our design with a significantly higher gain than
the other options. Furthermore, it has the lowest fluctuation between ~ 23 GHz and 29 GHz.

Afterwards, the number of the nxm reflectarray elements was increased as far as possible on the
backside of the Lyang radiation patch. The size of the elements and the distance between them are
the same as before. In this case, 9 x 15 rectangular patches, 13 x 11 circular microstrip patches,
15 x 15 CRRs, and 9 x 7 SRRs, with 18 inner ring resonators are placed as reflectarray elements.
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Figure 4-39 Gain variation for the different studied reflectarray elements

69



By looking at their gain in Fig. 4-40, it can be seen that the rectangular and circular microstrip
patches have the same gain chart fluctuations. But unlike before, the circular patch has a higher
gain and almost the highest value among all of them. The SRR has the greatest gain at the starting
of bandwidth but the gain falls after, placing the SRR graph below the other ones and shows the
lowest gain among all others.

Increasing the number of elements can enhance the gain for the circular microstrip patch shape but
not so much as the 9 x 9 element rectangular ones. The antenna gain does not have a direct relation
with the reflectarray elements and increasing the number of elements does not give out a higher
gain. The 9 x 9 rectangular elements were selected.
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Figure 4-40 Gain variation for the fully filed Lyang antenna by reflectarray elements

4.4 Proposed Upand Patch Antenna Designs

This chapter will present two final dual-band antenna integrated reflectors. Before introducing
these final dual-band antennas, two Unang antennas will be designed for each of them. These Uband
antennas are named UB antenna-1 and Il. Then, each of these UB antennas will be paired with LB
antenna-11 to create the two final antennas.

4.41. UB Antenna-I

According to Chapter 3, a half-ground monopole patch antenna is required for the Upand (i.€., the
Model V). The first planar Unang antenna, designed as feed, was a monopole antenna with the
exact structure as the Lpand antenna. The Lyand antenna was rescaled by a factor of x 1/10 to exceed
the minimum FR of 8, which is claimed as one of the objectives of this study.
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In fact, in antenna, it is usual to design a model of an antenna that is similar in size, shape, and
material properties to the original one, in order to accurately predict its performance. The theorem
states that the performance of the model should be proportional to the performance of the actual
antenna, with the model's dimensions being scaled down by a factor known as the similitude factor
[78] or, as designated in this context, the scale factor.

As a result, the antenna is based on a 0.16 mm thickness PF-4 substrate. It has a total size of 1/10
of the Lpana ONe and named as UB antenna-1. LB antenna-1 has the same Si1, gain and radiation
pattern as the Lpang antenna (LB antenna-I1). The only difference is that the operating frequency is
multiplied by 10. It operates in the 7.2 GHz — 20.4 GHz frequency band. The reflectarray elements
were deleted in the rescaled Uband antenna because they were designed to improve the Upand
reflector performance. Having them in the rescaled Upang antenna only increases simulated model
details and edges. However, due to the limited number of meshes, it is possible that two
geometrical elements close to each other could be part of the same mesh. This might generate
inaccurate results [184]. The statement implies that the software used to create meshes may not be
able to generate enough meshes to accurately represent all the features of a complex geometry. In
fact, when two different elements of the antenna are represented as a single mesh, the software
assumes that they are electrically connected and that the fields in the two parts are identical.
However, this assumption may not be valid if the parts have different electromagnetic properties
or if the mesh does not accurately represent small features. Inaccuracies in the simulation can result
in incorrect predictions of the behavior of the electromagnetic fields in the system being modeled.

To minimize such inaccuracies and prevent simulation errors to occur, it is recommended to
remove unnecessary details from the model [184].

4.42. UB Antenna-ll

While microstrip antennas can be a good choice at high frequencies, for MMW [143], 5G [185],
or even Terahertz [186] applications, there present some disadvantages; in particular, for MMW
frequencies [78], they exhibit low efficiency [187], especially when fed by a microstrip line. This
issue is important in the present work, since it disturbs the radiation pattern at the upper band [78].
In a microstrip line, the EM waves travel along the dielectric substrate that is placed between the
conductive strip and the ground plane. Ideally, all of the energy should be confined within the
dielectric substrate, and no energy should be radiated outside of the microstrip line. However, in
reality, some of the energy is inevitably radiated away from the microstrip line, which results in
radiation loss (primarily caused by the fringing fields that extend beyond the edges of the
microstrip conductors). These fringing fields create an electromagnetic wave that radiates
outwards from the microstrip line, which leads to energy loss [78].

Some research has been conducted using different feed techniques in order to excite the patch in
microstrip monopole antennas. For instance, to avoid this problem in 5G applications, C.-Z. Han
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used a CPW to feed the microstrip antenna at 28-39 GHz [188]. Also, in [189], a conductor-backed
coplanar waveguide (CBCPW) or coplanar waveguide with ground (CPWG) fed microstrip
antenna was reported to get high efficiency at 77 GHz. Therefore, a CPWG structure was selected,
to fed the patch of the Upand antenna.

The physical structure of CBCPW is analogous to the addition of a CPW ground to a microstrip
line, but it has distinct specifications and equations that set it apart from both. This similarity is
shown in the Unang antenna designing steps in Fig. 4-41.

CBCPW is a type of coplanar waveguide (CPW) where the signal conductor is sandwiched
between two ground planes, while microstrip line consists of a signal conductor placed on a
dielectric substrate with a ground plane underneath [78]. Therefore, the CBCPW has some
advantageous over a microstrip line at MMW frequencies, the most significant being less
dispersion and radiation losses [190, 191].

A CBCPW line fed the radiation patch of the Upang antenna, UB antenna-I1. Its design is shown in
4 steps in Fig. 4-41 (MMW-Ant-1 to MMW-Ant-4). The UB antenna-Il is fabricated ona h = 0.5
mm thickness Rogers RO 4003C having relative dielectric constant of 3.38 and loss tangent of
0.0027. The total size of the antenna is Ls x Ws = 19 x 11 mm2. MMW-Ant-1 has a microstrip feed
line to excite the circular radiation patch with a radius of Rp = 4.8 mm. Its S11 parameter is shown
in Fig. 4-42: it represents three bandwidths. The middle one has the widest bandwidth, around 62
%. MMW-Ant-2 is excited by a CPW feed line having a Wq1 X Lg1 = 4.45 x 7.7 mm? ground. The
number of bandwidths decreased to two and the largest bandwidth was increased to 98 %. The
CPW antenna supports the frequency range that the microstrip antenna cannot operate and vice-
versa.

The microstrip and CPW structures were merged into MMW-Ant- 3 in such a way that they make
a CBCPW feed line. As a result, MMW-Ant-3 has three grounds. The antenna has dual bandwidth,
above and below 20 GHz. The main one is 111 %. It has the lowest minimum S11 <-50 dB at 23.3
GHz. At 11.3 GHz, the main bandwidth S11 is very close to the -10 dB reference line. Although it
is not a problem in the simulation model but for the measurements, it can be problematic. A tiny
fabrication error can separate the main bandwidth into two.

MMW-Ant-4 has two g1 x g2 = 1.7 x 0.5 mm? slots in the top grounds. As shown in Fig. 4-42, the
S11 near 11 GHz goes lower than -11 dB. MMW-Ant-3 and -4 have the same bandwidth. The
proposed CBCPW UB antenna-ll has a main bandwidth from 5.67 GHz to 19.94 GHz. The
calculated fractional bandwidth is 111.44 %. The UB antenna-Il operates at another band above
20 GHz in the range of 22.19-26.14 GHz (FBW = 16.35 %).

Fig. 4-43 represents the surface current density at 11.3 GHz for MMW-Ant-3 and MMW-Ant-4
with the lower S11. MMW-Ant-3 has an eddy surface current on the top side grounds. The gap
slots on the group are placed in the center of this vortex. Two eddy currents are formed with
opposite rotation directions near the gap. These results highlight a better S11 in MMW-Ant-4.
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The other antenna parameters are: Lg> = 7.9 mm, Lf = 8.21 mm, and W = 0.7 mm. The proposed
CBCPW antenna design by itself has superior performance over literature antennas. The bow tie
antenna [192] boasts a maximum gain of 4 dB and an impressive bandwidth of 96%. The antipodal
Vivaldi antenna [193] is also noteworthy, with a bandwidth of 90% and a maximum gain of 5.2
dB. Additionally, the leaf-shaped monopole antenna [194] offers a respectable gain of 3.05 dB and
a bandwidth of 53%. The proposed CBCPW antenna here has the maximum gain of 6.1 dB at 26.1
GHz and maximum bandwidth of 111.44%.

Two of the designed Unand antennas were summarized in Table 4-3 with regards to bandwidth,
structure, and gain.

Rl’
TR

Figure 4-41 The CBCPW UB antenna-I1 design steps
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Figure 4-42 S-Parameter variation in the UB antenna-I1 designs
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Figure 4-43 Surface current of the CBCPW UB antenna-1l at 11.3 GHz (a) MMW-Ant-3, and (b) MMW-Ant-4

Table 4-3 Summery of the upper band antennas

Uband antenna name Structure Bandwidth Maximum Gain
[dB]
UB antenna-1 Rescaled LB 7.2-20.4 GHz 454
antenna-II
UB antenna-II CBCPW Monopole 5.67 -19.94 GHz & 22.19 — 6.1
26.14 GHz

4.5 Proposed Dual-Band Antenna Integrated Reflector-1 (AIR-1)

In the section 4.3, the Upand gain was investigated in our model. The Lpand antenna is LB antenna-
I1 with the 160 mm bent radius. The effectiveness of using this antenna as a reflector with a horn
feed was also discussed. In this section, the proposed dual-band antenna integrated reflector is
presented; it will be called “AIR-I" (same structure as Model 1V, chapter 3). The aim is to
demonstrate the approach proposed.

AIR-I is fed at the Upana by UB antenna-I. Note that our final design will be later slightly adjusted,
based on available equipment and facilities at the uOttawa microwave lab (it will be referred to as
antenna integrated reflector-II, “AIR-11").

UB antenna-I was placed at the optimal feed location, determined by studying the reflector using
a reference horn antenna. The sketch of the dual-band AIR-I is presented in Fig. 4-44.
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Figure 4-44 Dual-band antenna integrated reflector-1 (AIR-1)

The Upand antenna in the proposed model has 7.2 GHz — 20 GHz bandwidth. No difference from
the standalone antenna bandwidth in free space, Fig. 4-45. This is a very favorable outcome.
Because the reflector reflects the radiated signal back to the feed antenna, causing a change and
thus, reducing of the antenna’s bandwidth [143].

The Unand antenna performance in free space (UB antenna-I) is shown in Fig. 4-45 and Fig. 4-46.
The antenna has an omnidirectional pattern with a maximum gain of 4.6 dB at 16.6 GHz. After
implanting our model, the Unand gain jumps up significantly. The maximum gain was enhanced by
more than 10 dB and goes to 15.15 dB at 19.6 GHz.

The Loand antenna exhibited favorable results and has the same S11 and gain in free space as the
proposed design, Fig. 4-47.

The AIR-I has FR = 13:6/, = 10.1, maximum Usang gain of ~15.2 dB and Luana gain of 5.6
dB. It has a 86% bandwidth in Lpand and 94% in Ubang.

It fulfilled all the objectives stated in chapter one, including gain improvement, a FR of at least 8
is targeted while keeping wideband capabilities. Some existing designs focused on gain
improvements [195] by utilizing an I-shaped resonator (ISR), reporting a maximum gain
improvement of 3.3 dB. Similarly, in [196], H-shaped resonator elements were used along with
metamaterials to improve a vertical planar antenna, resulting in a gain improvement of 3.4 dB. In
[197], a partially grounded printed monopole antenna loaded with a split ring resonator was able
to achieve a gain improvement of 4.3 dB through the use of a metallic reflector. Additionally, a
frequency selective surface (FSS) reflector in [198] improved the slotted ground antenna by 4 dB.
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4.6 Proposed Dual-Band Antenna Integrated Reflector-11 (AIR-I11)

The AIR-1 showed that our proposed method works correctly. The Upand antenna gain was
improved significantly. It made the final Upana antenna more directive, without having any adverse
impact on the antenna bandwidth. At the same time, the Lpana antenna has its own performance
like before.

The AIR-I antenna, Fig. 4-44, has a central frequency of approximately 13.5 GHz for its Upang.
However, our antenna lab is capable of measuring up to 20 GHz. To demonstrate the model's
ability in the 5G band and to measure the antenna as a proof of concept, AIR-11 was designed with
a special design compared to the first one. This antenna features a dual-band upper antenna, UB
antenna-1l, with one bandwidth below 20 GHz and another band above 20 GHz. AIR-I1I has the
same bandwidth as AIR-I in the Lpand, Which ranges from approximately 0.75 to 1.9 GHz.

So, AIR-II, Fig. 4-50, was studied as a dual-band antenna with a large FR for 5G applications,
utilizing its Lbang at 1.3 GHz and the Upang Operating above 20 GHz at 24.5 GHz. On the other side,
as a proof of concept, AIR-11 was fabricated and measured as a dual-band antenna with its Loang at
1.3 GHz and the Unang Operating below 20 GHz, specifically at 12.8 GHz, in order to use our
facilities.
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Subsequently, the antenna was positioned in the proposed design with the same orientation as the
rescaled Upand antenna depicted in Fig. 4-44. Both Lband and Uband antennas are excited from the
—u direction.

The gain at the Upang is dependent on the Unang antenna main lobe direction. In the ideal situation,
it should be situated precisely at the center of the reflector [35], as demonstrated in Fig. 4-34.
However, because of operating in a very wide range of frequencies, > 20 GHz, different modes
are excited inside the patch antenna [78]. As a result, the radiation pattern changes at each mode.
The antenna has a monopole structure and an omnidirectional radiation pattern at most frequencies.
Rotating the feed antenna enables the identification of an optimized one with the highest average
gain.

Ubana CBCPW antenna was rotated in the w — u plane counter clockwise. The effect of this
orientation on the antenna bandwidth is shown on the Si1 parameter in Fig. 4-48. At 11.1 GHz,
two orientations at 0° and 45° have a Sii slightly higher than -10 dB, close to -9 dB. The Upand
antenna has the same bandwidth. Rotating the antenna in w — u plane, Fig. 4-50 (a), does not
change operational frequencies. Unlike bandwidth, this rotation has a significant impact on the
antenna gain, Fig. 4-49.
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Figure 4-48 S-Parameter for Upang antenna at different orientations in w — u plane
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Figure 4-49 Maximum gain of Ueang antenna at different orientations in w — u plane

At 270 degrees, on the upper side of the operating frequency range, the antenna has the highest
gain in the operational bandwidth (15.3 dB), but on the other side, it has the lowest gain around 3
dB. The focus is to obtain a relatively high average gain with low fluctuation. In this case, at 0 and
180 degrees, the antenna has desired gain with a maximum amount of ~ 13 dB and a minimum of
> 5 dB in the first bandwidth. But on the second Upand bandwidth, > 20 GHz, these two orientations
have a low gain at 25 GHz, < 5 dB, compared to others.

The low gain of the antenna above 20 GHz is not desired. For finding out a better orientation, let
us look at the antenna structure. The Upnana CBCPW antenna has a monopole structure [199]. When
considering the radiation pattern, a comparison can be made with a monopole wire antenna [200]
for the purpose of simplifying the problem. The three antenna grounds are similar to the monopole
ground and the circular radiation patch is like a monopole antenna. Therefore, it is expected to
have an omnidirectional radiation pattern at most frequencies [201]. The doughnut-shaped
radiation pattern has an axis along the length of the antenna. So, the Unand antenna should be rotated
90°in u — v plane. With that, the cylindrical reflector can receive most of the radiated power along
its length and reflects them in a more directive pattern. The proposed Upand feed antenna was
rotated by 90 ° as shown in Fig. 4-50 (b). To find an optimized orientation, the Upand antenna was
rotated in w — v plane counter clockwise as displayed in Fig. 4-50 (c).
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Figure 4-50 3D sketch of the proposed Dual-Band AIR-II, (a) top view rotating in w — u plane, (b) rotated 90
degrees in u — v plane, (c) rotating in w — v plane, and (d) bottom view.
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Figure 4-51 Maximum gain of Upang antenna at different orientations in w — v plane

Alongside this plane, the Upang antenna gain is higher than the previous, Fig 4-49 vs Fig. 4-51.
Significant gain improvement is observed at 25 GHz, which is a result of the reflectarray element
resonances. The maximum gain is located at this frequency with a value of 16.1 dB for the 180°
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rotated one. The gain increases significantly from 5.6 dB for the single antenna to 16.1 dB at 25
GHz when it is mounted on the proposed model.

The gain of a patch antenna operating at the same frequency was calculated using numerical
methods in MATLAB, and the results show an increase from 10.1 dB to 18.4 dB. In Chapter 3,
the calculated gain using a dipole antenna for the Upand and a parabolic shaped for the Lband, was
increased to 23 dBi.

The calculated gain has the highest value because it assumes a perfect antenna without any losses,
such as dielectric loss, conductor loss, or mismatch. In numerical methods, the mismatch is taken
into account, but the conductor and dielectric losses are not considered, which gives a gain lower
than the calculated one but closer to the simulated one. Finally, in the simulations, all of the
mentioned losses are taken into account, and as a result, the gain is expected to be lower than the
numerical methods.

Table 4-4 presents a summary of the proposed dual-band antenna with a large FR in this thesis.
The AIR-II has the maximum FR of 18, which is higher than all of the dual band antennas studied
here in the literature. The antenna has a wide bandwidth of 86% in the 5G FR1 frequency bands
in its Loand. In the Upang, there are two bandwidths, one of which has a 16.4% bandwidth in the 5G
FR2 frequency band. The AIR-II's bandwidth is well-suited for 5G wireless applications, with one
bandwidth in FR1 and another in FR2.

The next chapter will present a comparison between these simulations and measurements.

Table 4-4 Summery of the proposed antenna integrated reflectors

Proposed
Dual-Ban Lower r r
ual-Band 0 ? Uppe_ Lower Band Uppe
Antenna Bandwidth Bandwidth Antenna Band FR
Integrated [GHZ] [GHZ] Antenna
Reflector
AIR-| 077-1925 |  7.2-20 LB Antenna-ll | Resealed LBy
Antenna-ll
5.67-19.94 &
AIR-II 0.77 - 1.925 9919 26.14 LB Antenna-ll CBCPW 95&18

The study of performance is limited to 20 GHz as the University of Ottawa antenna microwave
lab, equipped with an Anritsu 37347A vector network analyzer capable of measuring only up to
20 GHz [202].

The 0-degree rotated antenna has the second highest gain at 25 GHz (15 dB). In the first bandwidth,
<20 GHz, the 0-degree has a higher gain than 180° with fewer fluctuations. At 10 GHz the gain
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at 0° is more than 3.5 dB higher than the 180°. At 13.7 GHz the antenna gain reaches 14.4 dB (red
graph). Therefore, despite having the highest maximum gain at 180°, the 0° rotated one is chosen.
Also because of some measurement limitations in our antenna lab.

The CBCPW antenna was placed as an Upang feed, same as the one shown in Fig. 4-50. Changing
bandwidth and using an antenna without a stable main lobe can change this optimal point, so in
Fig. 4-52, the Fn parameter was studied again with a 5 mm step width. Approaching the antenna
to the reflector would increase the gain, because of the omnidirectional radiation pattern. The value
Fh =77 mm (Fn = 6.4 1) gives the highest gain, The achieved distance in this study is very close
to the distance of approximately 6 A in spoof surface plasmon polariton (SSPP) reflectarray antenna
by P. Jiang [180]. It is recommended to maintain a minimum Fr of 77 mm to preserve antenna
bandwidth, as reducing the Fr below this threshold will result in a decrease in bandwidth.
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Figure 4-52 Parametrical study of F, up to 20 GHz frequency

Before the fabrication step, the final model was simulated with a maximum number of meshes that
our system is capable of handling (to assure a good accuracy). The whole model created ~ 60
million mesh cells in CST microwave studio 2022. An AMD Ryzen Threadripper 2990WX 64-
core logical processor with 128 GB RAM computer was used. The results are highly consistent
with previous findings, indicating the absence of simulation errors resulting from inadequate mesh
guantities.

The accuracy of simulation results in the CST Microwave Studio software relies on the mesh size
of the cells used to discretize the simulated structure's geometry. The mesh size refers to the size
of the individual cells or elements that comprise the mesh [177].

In general, using a finer mesh with smaller cell sizes can produce more accurate results. This is
because it allows for a more detailed representation of the geometry and a more precise modeling
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of the electromagnetic fields, especially for structures with fine details or high-frequency
structures.

In simulating electromagnetic structures, it is crucial to ensure that the mesh size is small enough
to capture the wavelength of the electromagnetic waves accurately. This is because the mesh's
ability to represent the electromagnetic field behavior affects the simulation results' accuracy.

Hence, using high mesh cells for a similar model in CST Microwave Studio software can lead to
more accurate results due to the more detailed geometry representation and precise modeling of
the electromagnetic fields. However, it is essential to balance the results’ accuracy with the
required computational resources, as a finer mesh can increase the simulation time and
computational requirements. The subsequent chapter will feature a comparison between these
simulated results and measurement data.

4.7 Conclusion

This chapter details the implementation of the design method in order to fabricate the final dual-
band antenna. To attain the stated objective, the design process commenced by creating a Lband
antenna with a half-ground configuration. The specifications of this antenna were established in
Chapter 3. To create the Lband antenna with the necessary bending, a study was conducted on the
performance of the antenna in various bending positions. The negative full bending position, LB
antenna-1, was selected. The reflectivity of LB antenna-I was then improved to enhance antenna
gain when functioning as a reflector in the Upang, resulting in LB antenna-11. A bending radius of
160 mm was identified as having the least impact on the performance of LB antenna-Il, and thus
was selected.

The subsequent experimental procedure involved utilizing a reference horn antenna at the Upang t0
examine the reflector's efficacy and determine the suitable feeding distance. Upon determining the
adequate parameter values for the LB antenna-II, such as curvature radius and feed location, the
next step was to start the design of the final antenna.

The novel dual-band AIR-1 was introduced, which exhibits a distinct structural composition,
wherein the Upand antenna is proportionally resized to that of the Lpana One. Notably, the
implementation of the theorem of similitude has enabled the proposed AIR-I to attain a FB of 10.

The final model was presented and named dual-band antenna integrated reflector-11 (AIR-11). The
antenna was designed utilizing the available substrate and laboratory resources. Notably, due to
the presence of higher order mode excitation in the Upang antenna, the main beam direction of the
feed antenna was found to be unstable while being directed towards the reflector. To determine
the most adequate orientation of the Upang antenna, a study was conducted wherein the antenna was
rotated in its feed location.
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In conclusion, AIR-11 was successfully improved for operation below 20 GHz, and underwent
subsequent fabrication and measurement, as discussed in the forthcoming chapter.
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Chapter 5 — Fabrication and Measurement

This chapter deals with fabricating the prototype, measuring its performance, and validating the
proposed approach.

To ensure a robust proof of concept, two prototypes were manufactured. They have a similar
structure, albeit with some minor differences, and were designated as Prototype-I and Prototype-
1.

Prototype-I, referred to as AIR-II, was optimized in Chapter 4 for frequencies under 20 GHz.
Prototype-I1 is similar to Prototype-I, but it features a different Upang antenna to further validate
the proposed concept. Note that its Uband antenna still meets the claimed requirements and has a
monopole structure. Due to the potential disadvantages of microstrip antennas in high frequency
mentioned in the previous chapter, the radiation patch is fed by a CPW feed line.

The Upana for prototype-Il was designed on a flexible substrate to enable printing with screen
printing technology. This thesis work was supported by The National Research Council Canada
(NRC) for their organic material project, so it is worth mentioning that the flexibility of the antenna
was a requirement for the NRC project.

Finally, the two prototypes were measured in an antenna chamber, and both of them satisfied the
requirements for large FR dual-band antennas. A comparison between simulations and
measurements was done and showed a good agreement with each other.

5.1 Prototype-I|

5.1.1 LB Antenna-Il

The fabrication and measurements of LB antenna-1 demonstrated the reliability of the Cricut
accuracy in producing Lnand antennas. The 3D printed PLA structure was utilized to create an
antenna holder and shape the reflector with the appropriate curvature.

We therefore used the Cricut Maker machine via fine-point blade to fabricate the LB antenna-II
on a PF-4 1.6 mm thickness substrate having a dielectric constant of 1.06 and loss tangent of 0.001,
Fig 5-1. The copper foil was stuck on its top side to the Maker pad. The copper parts were cut out
of this foil. Next, the extra parts were removed. After removing the white cover from the copper
cut sections, we stuck the copper to the PF-4 substrate, Fig. 5-2.
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A 40 MHz - 20 GHz Anritsu 37347A vector network analyzer was used to measure the antenna
return loss [203]. The antenna was suspended from its input port during testing to maintain a flat
position and to prevent the influence of body tissues on the test results, as illustrated in Fig. 5-3.
The measured LB antenna-11, in a flat configuration, exhibits a bandwidth of 0.74 GHz to 2.1 GHz
with a minimum return loss of -40 dB, Fig. 5-4.

Sticky Area

(@) (b)

Figure 5-1 LB antenna-I1 fabrication process via Cricut, (a) Cricut machine, and (b) cut copper section
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Figure 5-2 Flexible LB antenna-11 fabrication process and the prototype
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Figure 5-3 LB antenna-11 measurement setup in a flat situation
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Figure 5-4 Measured LB antenna-11 bandwidth in a flat situation

LB antenna-1l was formed into a cylindrical shape with the desired radius of 160 mm. The 3D-
printed PLA holder kept the antenna in an accurate curvature during the tests. The next step was

to design the UB antenna and build the prototype-I.
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5.1.2 CBCPW Antenna Prototype

The prototype of the MMW CBCPW antenna, which was introduced in chapter 4, Fig. 4-41, has
been printed on 0.5 mm Rogers RO 4003C with & = 3.38 and loss tangent = 0.0027. This antenna
is the Upang antenna in prototype-1. A male SMA connector is attached to the antenna, as depicted
in Fig. 5-5.

Figure 5-6 160 mm radius curved LB antenna-I1 bandwidth measurements, (a) without Upang antenna (b) with Upang
antenna

The LB antenna-I1, formed into the desired shape and placed in our model, is shown in Fig. 5-6.
Referring to Fig. 5-7, it can be observed that the Lpang S11 Of prototype-1 (i.e., with the LB antenna-
Il and the UB antenna CBPW) remains unchanged in both the presence and absence of the Upand
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antenna. In the measurement, one resonant frequency was lost in the presence of the Upand antenna.
However, the bandwidth remained consistent, which is an important result for our design.

The slight difference observed between the measurements and simulation in the Si1 graph, along
with the appearance of some resonant frequencies, can be attributed to the effect of the PLA holder
near the antenna. This effect was not taken into account in the simulations, because its dielectric
constant changes at each frequency. PLA has a dielectric structure with a dielectric constant,
approximately 2.72, and a loss tangent of 0.008 (at 2.4 GHz) [204]. This dielectric, located near
the antenna, can act as a dielectric resonator (DR), similar to a DR antenna. It can alter the S11 and
add a resonant frequency [205].
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Figure 5-7 Curved LB antenna-Il measured S11, With/without Upang antenna

5.2 Prototype-IlI

52.1. MMW PET Antenna Prototype

A MMW PET antenna was fabricated for use as a Unang antenna in Prototype-11, which is a second
proof of concept for the proposed antenna, AIR-11. The antenna patch is fed by a CPW line, similar
to the one described in [206].

CPW is a transmission line structure that is relatively easy to fabricate using standard lithography
and screen-printing techniques. Given that our screen-printing facility excels in fabricating single-
layer circuits, CPW is a more feasible option as compared to CBCPW. Additionally, CPW can
offer a higher quality factor, which results in lower signal loss and higher efficiency [78].

The antenna was designed on a 0.125 mm thickness transparent PET substrate of dielectric
constant = 3.2 and loss tangent = 0.08. The antenna has a compact size of 20 x 11 mm?. At NRC
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Advanced Electronics and Photonics Research Centre (AEP) in Ottawa, screen printing technology
was used for fabrication, providing a good level of accuracy for single layer circuits due to its low
misalignment error. In fact, a CPW transmission line has only one-layer conductive part, so it is
an appropriate structure in the MMW range. The circular radiation patch of the monopole MMW
antenna was fed by a CPW line. The CPW MMW antenna structure and prototype are shown in
Fig. 5-8.
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Figure 5-8 Geometry of the Unama CPW antenna on PET substrate, (a) schematic view, and (b) prototype picture

The CPW antenna will be used as the Unang antenna in prototype-I1. Additionally, it is important
to note that the gap of the CPW feed line was set to 0.2 mm, which is equal to our lowest screen
printing accuracy. The CPW antenna parameters are Wr = 0.61 mm, L =8.01 mm, Wy =4.5 mm,
Lg=7.7mm, Ry =5mm, and R2 = 1.6 mm.

The antenna was printed via conductive ink on the PET organic substrate as shown in Fig. 5-9.
The other antennas on the substrate are not related to our study and are part of the NRC project.

Note that, as a result of using conductive ink and a low melting point of PET, the SMA connector
cannot be soldered to the antenna. To eliminate the need for soldering, a non-soldering SMA
connector was used.
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Figure 5-9 Screen printed antennas on transparent PET substrate via conductive ink

Fig. 5-10 shows the two fabricated prototype MMW antennas under the microscope. The accuracy
of screen printing technology is lower compared to that of milling machines. This difference in
fabrication accuracy is evident when comparing the two methods. For example, the screen-printed
antenna has a wobbly edge, while the PCB antenna has a sharp one.

The antenna CPW line is very sensitive to the gap width which is presented in Fig. 5-10 (b). The
wobbly edge of the CPW line causes an increase in line loss at higher frequencies. This is another
reason why the operational frequency for measurements was chosen to be under 20 GHz.

5.3 Proposed Antenna Integrated Reflector Prototype Sketch

A 3D view of the antenna integrated reflector with a holder is shown in Fig. 5-11. The two reflector
shapers bent the Lyang as a cylindrical reflector with a 160 mm radius. Because of the flexible foam
structure of the LB antenna-11, back holders were added to keep the antenna physically sturdy. A
small gap of ~10 mm was introduced between the back holder and the antenna to prevent physical
contact between the metal and the antenna. This helps reducing the resonant effect of the PLA
dielectric on the L-band antenna's performance. This effect is similar to that used to radiate in DR
antenna.
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Figure 5-10 The MMW prototype antennas under a microscope left milling machined CBCPW, right screen printed
CPW; (a) Feed line — patch connection, and (b) transmission line

10 mm spacers were added to reduce the effect of the 3D printed back holder on the RF antenna,
especially to avoid shifting frequency (Because it can act like a dielectric resonator element or
disturb the Quasi-TEM mode of the input signal in the microstrip feed line) [205].

A 3D printed structure was used to make the MMW feed holder. Additionally, it was used to shape
the LB antenna-Il as a cylindrical reflector with a 160 mm radius. Our 3D printer has an accuracy
of approximately 0.3 mm, which is equivalent to around 1% of the wavelength at the central
frequency of the CBCPW antenna. This level of precision should be sufficient to determine the
location of the feed.

To avoid setting the feed point manually a 0.5 mm x 1.5 mm slot was created on the feed holder.
The CBCPW MMW antenna was then inserted in this slot. The design of the MMW antenna holder
was inspired by the NASA 70-meter dish model [207]. The 3D model is licensed free for
educational and research purposes. The antenna body part was printed with PLA material. An
Ultimaker 2* 3D printer at the niversity of Ottawa MakerSpace was used to print the structure, Fig.
5-12.
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Figure 5-11 3D sketch of the proposed dual-band antenna integrated reflector with 3D printed holder; millimeter-
wave (MMW) antenna refers to Upang antenna and microwave (MW) one refers to Lyang ONe , (a) front view, and (b)

back view
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Figure 5-12 3D printing the antenna integrated reflector holder at uOttawa

Two proposed antenna integrated reflectors, which structure is shown in Fig. 5-11, were fabricated
as prototypes I and Il. The only difference between the two prototypes is their upper band antennas.

Prototype-I has the exact same structure as AIR-II, the LB antenna-I1 is used for the Lpand and the
CBCPW MMW antenna for Upand.

Prototype-I1 also has LB antenna-11 for the Lyand, but the PET CPW antenna was selected for the
Uband.

5.4 Prototype-1 Bandwidth Measurements

The prototype-I, Fig. 5-13, was tested up to 18 GHz, according to the measurement facilities. To
eliminate long cable loss between the VNA and the antenna chamber, as well as to reduce
measurement errors, the antenna was connected to the VNA using the shortest possible cable and
measurements were taken outside the antenna chamber.

The prototype-1 Unand S11 is presented in Fig. 5-14. A strong agreement can be observed between
the measured and simulated bandwidths, which both cover the range of 6 GHz to 18 GHz.
Furthermore, the measured BW is 100%, indicating a broad frequency range.

The simulation results for the Upang antenna (CBCPW) in both free space and within our AIR-II
structure show no reduction in bandwidth. Additionally, the measurement results for the CBCPW
antenna's bandwidth were found to be very close to the black dotted graph, rendering it
unnecessary to plot. Note that the bandwidth of the CBCPW antenna outside our model is not
considered to be highly significant for our purposes.
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Figure 5-14 Measured Si; of the prototype-1 Upang

5.5 Prototype-I Fairfield Measurements — Antenna Chamber

The schematic view of the antenna under test (AUT) gain measurement is shown in Fig. 5-15. The
gain measurement is done in two steps. Initially, the Tx antenna is positioned. This antenna
operates within the desired frequency range and has a linear polarization. Its gain is unknown, but
as long as it has sufficient bandwidth at the test frequency, it does not impact the measurements.
The Tx antenna is fixed in position and serves as the transmitter antenna, pointing towards the
opposite side.
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The network analyzer's first port is linked to an amplifier that enhances the VNA's output signal
to compensate for any losses in the lines or connections. This increase in the transmitter signal
results in a better signal-to-noise ratio, which ultimately leads to more accurate results. The second
port of the network analyzer is linked to the receiver antenna located on the opposite side, which
is rotated using a positioning system. This rotation allows for the measurement of the receiver
antenna's two-dimensional radiation pattern over a 360-degree angle. The network analyzer's Sx:
measures the power transmitted from port one to port two, or the power received by the receiver
antenna. At the cut plate, the main antenna lobe has the highest amount of power transmitted.

To conduct this test, the reference antenna is used as a receiver once, and then, the AUT is set as
the receiver. The maximum received power by the reference antenna is denoted as Py, while the
maximum received power of the AUT is denoted as Pa. The AUT gain can be set as:

Gaur = Gy + Py — P> (5-1)

where Gaut is the gain of the reference antenna in dBi, which is provided by the manufacturer
company. Payt and Py are in dB scale with the same sign that is readable from the network analyzer
(negative). Generally speaking, the received power by the reference horn antenna is higher than
Paut, because the AUT has a lower gain than the reference one.
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Figure 5-15 Schematic view of the AUT gain measurement setup

The antenna gain was measured twice: first by using a H-1498 broadband linearly polarized horn
antenna as a standard one. This antenna has an operational frequency from 2 to 18 GHz. Then, by
using a wideband dual polarization RCDLPHA2G18 horn antenna (2-18 GHz) for the reference
antenna. This antenna has two ports, the second one was connected to a 50-ohm load during the
measurements. The 3dB difference was considered in the gain calculation because of the circular
polarization of the RCDLPHA antenna.

The gain of the proposed antenna in the Upand Was measured twice: once in our model and a second
time separately. The port one of the VNA was connected to the ZVA-02443HP+ 2-43.5 GHz RF
amplifier (Fig. 5-16).
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Figure 5-16 Far-field measurement setup, 37397 VNA and ZVA-02443HP+ amplifier

The setup for measuring the gain of prototype-I is depicted in Fig. 5-17. The CBCPW Upand antenna
was fed from the top, and a yellow printed stand was used to hold it at the focal point.

The measured gain for Fig. 5-17 setup shows a gain drop in the whole antenna bandwidth. This
drop is a result of the existence of the antenna holder and coaxial feed in front of the reflect, which
is also known as feed blockage [78]. The antenna feeding position was rearranged, and the Upand
antenna was rotated by 180 degrees to reduce feed blockage. Because of the symmetrical shape of
the LB antenna-1l which is the reflector, the radiation pattern of the proposed antenna is
symmetrical, and the gain is the same after rotating the CBCPW antenna by 180 degrees. The new
setup in Fig. 5-18 has half of the feed blockage compared to the previous. In this case The Upand
antenna is fed and held from below.
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Figure 5-17 Prototype-I in the antenna chamber; first set up, (a) front view, and (b) back view

The measured gain of the Unang antenna in our design (versus the single element CBCPW antenna)
represented a significant gain improvement over the whole frequency, same as simulation, Fig. 5-
19. The unavoidable aperture blockage of the coaxial feed put the measured gain slightly lower
than the simulated one. But the measured gain follows the simulation results trend.

There are several factors that can impact the gain measurement of an antenna. One such factor is
the signal-to-noise ratio (S/N) of the antenna chamber, which can vary with different frequencies.
Additionally, the cable and connectors used in the measurement setup can exhibit different
responses at different frequencies. Another factor to consider is the loss tangent of the PLA, which
may not remain stable or show an expected upward trend as the frequency increases [208].

In this thesis, we are interested in the difference between the measured prototype and the CBCPW
received power. Comparing these two together is a like-for-like analogy. Any external factors that
can increase or decrease the antenna gain in the measurement are the same for each of them.
Referring to equation (5-1) P: indicates the antenna gain. Subtracting them, AP, gives the
difference between gains.

The gain improvement in percentage is shown in Fig. 5-20. The linear amount of the gain was used
to calculate the enhancement. The gain of the Unana antenna was considered as a reference and the
AP as an increased one. Our method resulted in a significant gain improvement, with the gain
increasing by more than 350% across the entire bandwidth. The maximum gain improvement is
1900% at frequencies of 12 GHz and 13.5 GHz.
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Figure 5-19 Measured gain of the prototype-1 antenna vs. single element CBCPW antenna in 6 GHz — 18 GHz
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5.6 Prototype-l1 Radiation Pattern Measurements

The proposed method changed the upper band antenna radiation pattern from omnidirectional to
directive. In contrast to the single element antenna out of our model, now it has a main stable lobe.
Meanwhile, the proposed antenna's main lobe does not change at different modes.
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Figure 5-21 The radiation pattern of the single CBCPW antenna vs. while included in the prototype-1, (a) 6 GHz, (b)
9 GHz, (c) 12 GHz, (d) 15 GHz, and (e) 17.5 GHz
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Figure 5-22 Received power by the prototype-I in 360 degrees in 20 log scale

The comparison between the radiation pattern of the single Upand antenna, the CBCPW one, and
the proposed prototype-1, the CBCPW in our design, is presented in Fig. 5-21. The single CBCPW
antenna has omnidirectional to bidirectional radiation pattern in the 6 GHz — 18 GHz bandwidth.
The main lobe of the radiation pattern for a CBCPW antenna shifts direction with varying
frequencies. This phenomenon is due to the antenna's wide bandwidth, which causes the radiation
pattern to be excited by different modes [78].

At the beginning of the bandwidth, at 6 GHz, it has the main lobe at 150 degrees, and at 9 GHz it
shifts to 0 degrees. Regarding the single antenna main lobe direction, our proposed method shows
a directive radiation pattern. The proposed prototype antenna has a stable radiation pattern that
remains constant at 0 degrees. The comparison of the main lobe levels between our model and the
CBCPW antenna reveals that our model not only improves the CBCPW antenna gain, but also
stabilizes its main lobe and radiation pattern. This phenomenon occurs due to the parabolic shape
of the Lband antenna, which is similar to what was reported in [35]. The received power pattern in
scale of 20 log x in 360 degrees around the proposed antenna is shown in Fig. 5-22. It represents
the fixed main lobe and high directivity in the studied areas with a step width of 1 GHz.

5.7 Prototype-11 Bandwidth Measurements

As for prototype-Il, Fig. 5-23, the LB antenna-Il is for Lband, While the CPW PET antenna is for
Uband. The process of measuring its S-parameters was similar to the one used for prototype-I.
Prototype-11 Uband S11 is shown in Fig. 5-24. The blue line refers to the single element CPW antenna
and the red one when this CPW antenna is placed as a Ubang in our model.
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Figure 5-23 Prototype-Il in antenna lab

The reflector does not change the antenna bandwidth, the antenna has a single resonant frequency
at 15.4 GHz, and the prototype-I1 simulated bandwidth starts from 13 GHz up to 18 GHz (BW =
32%). Same as simulated data, measurement data showed wide bandwidth. Measured S has the
same single resonance frequency as simulation with a small shift to a higher frequency. The small
ripples are mainly because of the cable losses at such a high frequency. The measured single CPW
antenna represented the same bandwidth as the black dashed line on the graph. We avoided
including unnecessary plots and did not plot the graph because the bandwidth of the CPW in our
structure is our subject.
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Figure 5-24 Measured Si; of the prototype-I1 upper band
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5.8 Prototype-11 Fairfield Measurements

Fig. 5-25 illustrates the experimental arrangement utilized to determine the gain and radiation
pattern of prototype-11. During the initial measurements of prototype-I, the gain of prototype-II
was evaluated utilizing the configuration depicted in Fig. 5-25 (a). The antenna was secured in its
feed position by a 3D printed holder and excited by a coaxial cable from behind. However, due to
the high feed blockage, as explained in detail in section 5-4, the gain obtained was very low. In
the subsequent setup, shown in Fig. 5-25 (b), the antenna feed holder was removed, and the coaxial
feed line was used to hold the antenna in place.

The prototype-11I gain in Fig. 5-26 follows the simulation gain trend with a lower value; this drop
can be compensated if we add the estimated aperture blockage to this value so that it will reach the
simulated one, e.g., at 17 GHz, we have a measured 2.5 dB gain drop for Fig. 5-25 (a) vs (b) setups.
Please note that the feed blockage in Fig. 5-25 (a) is twice as severe as the one seen in the Fig. 5-
25 (b) configuration (the holder width and coaxial cable width are assumed to be the same in the
wave path.). Therefore, this indicates that there is a reduction of approximately 2.5 dB in the
measured results due to the feed blockage caused by the coaxial feed line. The agreement between
the simulated and measured gain of the CPW antenna, using the setup depicted in Fig. 5-25(c), is
demonstrated in Fig. 5-26.

The percentage improvement in measured gain, by considering the CPW single element antenna
gain as a reference, is presented in Fig. 5-27. The measured gain improvement in percentage by
considering the single element one as a reference is presented in Fig. 5-27. The percentage was
calculated using a linear scale for the gain, and a significant increase can be observed. Specifically,
the Uband gain has improved by at least 230 % and up to 760 %.

5.9 Prototype-Il1 Radiation Pattern Measurements

The CPW antenna based on PET has a bidirectional radiation pattern because of its monopole
structure. The radiation pattern changes slightly in the antenna’s wide bandwidth due to exciting
different modes. But the proposed method changes its radiation pattern to a directive one with a
single main lobe as presented in Fig. 5-28. The value of the main lobe in Prototype-Il is
consistently greater than that of CPW antenna due to Prototype-1I's higher gain in comparison to
CPW.

The power received by Prototype-I1 at various frequencies in dB scale (20 log x) is illustrated in
Fig. 2-29. The antenna maintains a constant main lobe direction throughout the operational
bandwidth.
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Figure 5-25 Far-field measurement in antenna chamber (a) prototype Il — first setup (b) prototype 11 — final setup,
and (c) single element CPW PET antenna; left front view, right back view
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Figure 5-26 Measured gain of prototype-Il antenna VS single element CPW PET antenna in 13.5 — 18 GHz
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Figure 5-27 The gain improvement in our method compared to single element VS frequency; prototype-II
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Figure 5-28 The radiation pattern of the single PET antenna VS in the proposed design Il, (a) 13.5 GHz, (b) 14 GHz,
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5.10 Prototypes Comparison

Both prototypes have fulfilled the aim and goal of this thesis work, as both antennas have recorded
a measured FR that exceeds 8 and possess a wide bandwidth. They have dual bandwidths while
prototype-I has a maximum bandwidth of 100%, and prototype-11 has a bandwidth of up to 86%.

It was asserted that a significant gain improvement was achieved at Upang. Prototype-1 showed a
measured gain improvement of 12.6 dB, while prototype-11 demonstrated a gain improvement of
8.7 dB.

The superior performances of our prototypes over existing dual-band antennas are shown in Table
5-1 in terms of bandwidth and FR. Table 5-2 compares the achieved gain improvement in our
proposed method with published works.

5.11 Conclusion

Two antenna integrated reflector prototypes were fabricated and measured. Both prototypes
proved the effectiveness and advantages of our proposed method to design a high-performance
dual-band antenna with large FR. The prototype-I has a flexible Lyand antenna (LB antenna-11) that
operates around 1.4 GHz central frequency. The Upang antenna was fabricated on Rogers 4003
substrate and the antenna has a CBCPW planar structure. Prototype-l1 Upand has a measured
bandwidth of 6 GHz — 18 GHz and -40 dB minimum Sya.

The prototype-I1 has the same LB antenna-Il for its Lpana With 32.3% measured bandwidth. The
CPW antenna was used for the Upang antenna. The antenna was fabricated on transparent PET with
conductive ink. The prototype-Il upper bandwidth has a central frequency at 15.5 GHz. The
prototype-Il dual-band antenna achieved the maximum gain of 12.9 dB in measurement. The
antenna Upang gain jumped significantly in the bandwidth, e.g., 760 % at 17.5 GHz.

Both prototype antennas have an omnidirectional radiation pattern at the Lpand and a directive
radiation pattern at the Upang as they were designed to work. The Upand antenna does not deteriorate
the antenna performance in the Lpand and vice versa. The Lpand antenna acts as an microwave
antenna and at the same time a reflectarray/cylindrical reflector for the Upang One.

Both prototypes have a very lightweight, compact size, and was made by a low-price fabrication
method. It was easy to assemble the antenna, so they are good candidates for remote areas too.
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Table 5-1 Comparison between our antennas and literature dual-band antennas

0.91 GHz / 2.41 GHz

0.69 GHz - 0.96 GHz
/3.3GHz-5GHz

5.4 GHz -5.9 GHz /
13.2 GHz - 14.2 GHz

2.6 GHz /3.5 GHz

2GHz-4.9GHz /26
GHz - 28.88 GHz

3.5GHz /4.9 GHz
5.29 GHz - 6.12 GHz

/26 GHz — 29.5 GHz

12.04 GHz - 13.88
GHz / 14.15 GHz -
14.58 GHz

3.42 GHz - 3.6 GHz /
4.7GHz -5.1 GHz

25.2 GHz — 34.3 GHz
[37.4GHz —-415
GHz

8.2GHz-9.4GHz/
13.2 GHz - 15.2 GHz

3.38 GHz / 4.96 GHz

3.73 GHz — 3.89 GHz
/5.4 GHz — 5.85 GHz

24.4 GHz - 29.3 GHz

2.43

1.4

1.4

4.86

1.1

~14

~13

1.6

1.5

Max 7

<2%

41 %

9%

<2%

84 %

<2%

14 %

14 %

8 %

31%

14 %

<2%

18 %

Modified Split Ring

UB-FSS-LB and FSS

Co-Aperture Planar

metasurface-based
decoupling method

Microstrip

8 Loop Antenna
Elements

Microstrip

SW-SIW

Electromagnetic
Bandgap (EBG)

CPW-Fed

leaky-wave antenna
(LWA) based on

substrate-integrated
waveguide (SIW)

waveguided
metamaterial (WG-
MTM)

Defected Ground
Structure (DGS)

2021

2020

2020

2020

2020

2020

2020

2020

2019

2019

2019

2019

2019
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5.8 GHz - 8.5 GHz /
35 GHz - 41.5GHz

3.3 GHz - 3.6 GHz

0.69 GHz-1.74
GHz /6 GHz - 18
GHz

0.69 GHz -1.74
GHz /13 GHz - 18
GHz

2.5GHz -2.69 GHz /

5.3 38 %
1.32 9%

9.9 100 %
12.8 86 %

dual-mode composite
microstrip line (DMC-
MSL)

Filtering Stubs

Novel Antenna
Integrated Reflector

Novel Antenna
Integrated Reflector

Table 5-2 Comparison between gain improvement in our method and literature

Actificial Magnetic
Conductor (AMC)
Reflector

Flat Metal Reflector

Frequency Selective

Surface (FSS) Array

Frequency Selective
Surface (FSS) Reflector

Antenna Integrated
Reflector

Antenna Integrated
Reflector

Monopole Patch
Antenna

Partially Grounded
Monopole Antenna

Monopole CPW
Antenna

Slotted Ground
Microstrip Antenna
CBCPW Monopole

Antenna

CPW Flexible
Monopole Antenna

Microstrip

CPW

Microstrip

CBCPW

CPW

2018

2018

2023

2023

4.3

18

12.6

8.7
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Chapter 6 — Conclusions and Future Work

6.1 Summary of the Work Achieved

This thesis study was motivated by the need to have dual-band wireless communications with a
large center FR. It is capable of working in both lower and upper bands, targeting 5G applications
in 5G FR1 and FR2, respectively. Another advantage of our method for proposing a dual-band
antenna is its ability to offer a wide bandwidth and achieve significant improvements in gain at the
upper band.

To the best of the author’s knowledge, none of the existing published approaches showed such a
large central FR, wide bandwidth, and gain. Meanwhile, most of them suffer from a lack of a
specific method to design a dual-band antenna.

In this thesis, a novel method to design a dual-band antenna with a large FR meanwhile
significantly improve the Upang antenna gain was proposed. Meanwhile, the final dual-band
antenna has an integrated structure. Out of this method, two antenna integrated reflectors were
studied, and two prototypes showed the proof of concept.

First, a general model for the dual-band antenna integrated reflector was proposed and named
Model IV based on theory and calculation. This model does not cater to a specific frequency and
has the potential to generate a variety of antennas for different frequency ranges.

Subsequently, a Lbana antenna named LB antenna-11 was developed to meet the specific
requirements of Model IV. Two antenna integrated reflectors (AIR-I and AIR-II) were then
proposed, utilizing LB antenna-11 along with different Upang antennas. It is noteworthy that these
AIR-1 and AIR-II structures are identical to that of Model 1V, but were specifically simulated for
distinct frequency bands.

Finally, the AIR-Il was optimized to meet the measurement limits in our antenna chamber, and
two prototypes, named prototype-1 and prototype-Il, were fabricated. Prototype-1 was created
based on the AIR-I1 design, while in prototype-I1, the Unand antenna was replaced with another one
that we have strong evidence to support as a viable concept in our methodology.

Prototype-I has a measured central FR of 9.9, while prototype-I1 has a ratio of 12.8. Both antennas
exhibit a wide bandwidth and significant gain improvements. Prototype-l boasts a maximum
bandwidth of 100%, while prototype-1I has a bandwidth of 86%. The peak gain improvement for
prototype-l was 12.6 dB, and for prototype-1I it was 8.7 dB. In comparison to approximately 20
similar works in literature, both prototypes demonstrated superior performance.
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6.2 Key Contributions

A new method for designing a dual-band antenna with a large FR has been proposed. The proposed
model has a unique structure that achieves the large FR through the hybrid dual-band antenna
design techniques, and the gain improvement in the Upang is achieved by using a parabolic reflector
design for the antenna.

An Lpand antenna has been designed to function both as a radiator and a reflector for other antennas.
The back side of the Lnand antenna consists of a combination of reflectarray elements and parabolic
reflector structures. This design allows for a significant improvement in gain at the Upang at the
frequency of the reflectarray elements, and also improves the Upand gain outside of the operational
frequency of the reflectarray, thanks to the infinite bandwidth of the parabolic reflector. The
radiation patch of the Lyand antenna functions as both a Lpang radiator and Upang reflectarray ground
simultaneously.

Two antenna integrated reflectors were designed out of the method. They got simulated FR of 10.1
for the first one named AIR-I, 9.5 and 18 for the second one named AIR-II. The AIR-II Upand
antenna was designed as a dual-band antenna with two upper bands: one located above 20 GHz
and another below 20 GHz. The 20 GHz limit was due to our measurement facility in the antenna
lab. Therefore, in this case, AIR-1l FR = 18 (24 GHz / 1.35 GHz) was used to demonstrate the
antenna's applications towards 5G. On the other hand, the FR = 9.5 (13 GHz / 1.35 GHz) was
measured in the lab to serve as proof of concept for the AIR-II.

While one sample would have sufficed for the proof of concept, two samples were created and
tested to allow for more comprehensive investigation and to produce additional data that would
provide stronger support for the model presented in this thesis. Their Si1, gain, and radiation
patterns were measured and found to closely match the simulation results. The model was designed
in a way that allowed for low-cost fabrication using inexpensive 3D printer materials and a Circuit.
The proposed antenna features a portable structure and can be assembled manually, as was done
in the fabrication of prototypes I and II.

6.3 Future Work

The work presented can be further improved in different ways:

e Development of a generic method for multiband antenna design. The proposed method was
provided for dual-band applications. However, further study can focus on obtaining several
bands for multi-band communications, e.g., satellite and LoT applications. One method
that can be achieved is by using a dual-band antenna for upper band, a similar approach to
the one used in designing the AIR-11. An alternative approach could be to use three layers
of antennas that work in tandem with one another. This would involve having separate
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antennas for the lower, middle, and upper bands, with the lower band antenna also acting
as a reflector for the middle band antenna, and the middle band antenna serving as a
reflector for the upper band antenna.

Studying the miniaturizing of the antenna integrated reflector to make the whole structure
planar and decrease the distance between the upper band and lower band antennas. This
one can be quiet challenging because approaching the feed to the reflector will disturb the
reflector performance and put the dish in the antenna near field. Meanwhile, approaching
these antennas too closely together would decrease the upper band antenna’'s bandwidth.
Using a flat reflector can make the structure planar, but on the flip side, this type of reflector
cannot significantly increase the antenna gain. This type of antenna will be well-suited for
applications where sacrificing gain in exchange for a smaller overall size is advantageous
such as in portable devices.

Finally, designing a flat lower band antenna as a planar reflectarray plate for the upper band
feed antenna. Because of eliminating the parabolic reflector here, this approach eliminates
the need for flexible antennas, simplifying the fabrication process. On the flip side,
reflectarrays have limited bandwidth, and designing them to cover the wide bandwidth
required for 5G FR2 is challenging. Additionally, the reflectarray elements can negatively
impact the performance of the lower band antenna. This study provides a brief overview of
reflectarrays used in conjunction with parabolic reflectors to increase antenna gain.
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