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ABSTRACT

In the era of fifth generation (5G) mobile communication, higher data rates are
expected, along with better link reliability and lower latency than the previous
generations. The utilization of multiple-input multiple-output (MIMO) technology is vital
in meeting the increasing demands of higher data rates. This is the most popular approach
adopted in 5G mobile communications. However it is a daunting job to install multiple
antennas into the confined spaces of mobile phones as doing so can lead to performance
degradation of MIMO antenna system. Hence, it is crucial to take this point into
consideration while designing any MIMO system for 5G smartphones.

In this work, MIMO antenna systems resonating at single band as well as multi bands
are presented for 5G smartphone applications. Firstly, a 12-Element compact dualband
MIMO antenna system is presented as a possible solution for 5G mobile applications. In
this approach adding multiple antennas in the confined space of mobile-phone is used to
increase the data-rate. Exciting T-shaped slots that are etched on the ground plane with a
special U-shaped arrangement were two main design aspects that were used to design and
realize this dual-band compact, 12-element MIMO antenna system. Experimental
validation of the antenna element asserted its suitability to be used as 12x12 Massive
MIMO antenna for future 5G smartphones. Another design is developed for full screen
ultra-thin smartphone by exploring a new space to install antenna. Ultra-thin smartphones
are the new trend now a day which can lead to a lot of problems for antenna designs as
the space needed to install antenna reduces. This research work also deals with designing
of a small loop based MIMO system to fit into the ultrathin smartphone. The novelty of
this proposed design lies in the size of the side-frame that is required to install elements
of antenna. It has a small footprint of 9.5x3 mm?. Which means it can fit in the 3 mm
high side frame and it is the minimum size achieved so far when compare to the design
presented in open literature. The structure resonates at 3.5 GHz covering the LTE-42
band with decent isolation of 14.8 dB. Another characteristic that is highly desirable for
MIMO performance is ECC and it is less than 0.1 achieved through this design. To
determine the data rate that can be achieved through these designs, channel capacity is
calculated and it comes out to be 41 b/s/Hz. This method utilizes side-frame area
optimally. Now to extract the capability of operating at multiple bands from a single

resonant antenna, that also provides high isolation, a T-shaped MIMO antenna system has

xiii



been proposed. Finally to compete with the recent trend of using mobile-phones with
metal body, a metal-rim compact MIMO antenna system has been designed. Combination
of inverted F-antenna (IFA mode) and slot antenna is used for the composition of single
antenna element. Total eight such antennas have been arranged on the single printed
circuit board (PCB). This design was able to cover three 5G bands assigned in the sub-
6Hz range. By this approach a compact, high efficiency antenna solution for 5G
smartphone applications was obtained. It is essential to check the behaviour of this
MIMO system in the hand of user to fully understand its performance in the real life
scenario. Therefore this study also includes effect of hand on the individual antenna
performance.

The fabrication had been done for all the proposed designs and validation of the S-
parameters is done using vector network analyzer and radiation pattern was done using

anechoic chamber.
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INTRODUCTION




1.1

CHAPTER 1

INTRODUCTION

EvoLUTION OF MOBILE COMMUNICATION

The first generation (1G) of cell phones was analog in nature introduced in 1980. It
is also worth mentioning that the 1G cell-phone had electrically small antenna because
of which they had poor radiation efficiency. Second generation was 2G and it was
deployed with digital ecosystem. Figure 1.1 provides the progression of different
generations in mobile communication. Since the introduction of there was a constant
growth in the next generation after every decade. Due to the lack of signal processing
system for analog data the data rates in 1G were very limited. Front-end transmission
has always been analog, even in the 2G era, even while back-end devices enabled

digital signal processing [1-2]

1G 2G 3G 4G
1980s 1990s 2000s 2010s

Figure 1.1 Evolution of mobile communication

Front end transmission included antenna which was not able to transmit digital
signal per se and therefore there was a need to convert digital to analog signal so that
antenna can transmit this signal. Since mobile phones were not as tiny in size during
the 2G period, the requirements for antenna designs were also less crucial. In actuality,
they were 30% bigger than smartphones from this decade. The monopole and helical
antennas used in the first cellphones with internal antennae had to fit within the
phones, but in order to achieve the necessary operating frequency, their length had to
be double that of the mobile phone. When the user called someone else, these antennas
needed to be extended. Smartphones were evolving into multi-featured,
multifunctional devices that could fit many wireless chipsets in addition to traditional
cellular chipsets into a very small mobile terminal. Along with conventional cellular

standards, chipsets for WiFi, Bluetooth, and GPS were developed [3].



The development in the mobile communication field has led to the growth of
antenna designs research this is covered in the following chapter. Antenna design
analysis attains the changes in the design that occurred for different generations for
effective data rate enhancement which cannot be done effectively using traditional
design used in previous generation. Printed circuit antennas were used in the 2G
mobile phone era and were commercially feasible. Typically, a system ground coupled
to various printed lines that meandered and had parasitic structures leading to enable
dual band operation. The majority of these antennas, which are a trend even in
commercial devices that are already on the market, exhibited nearly omni-directional
patterns and low radiation efficiency in 2G devices.

When data rates requirement increased that manufacturers and service providers
needed to support as wireless standards, the transition from 2G to 3G happened
(around year 2000). As there is a geographic dependence of carrier operating
frequencies, it was customary to support numerous bands. The main factor behind
4G's remarkable data growth and commercial success was the introduction of video
streaming services. Mobile phones with 4G capabilities included several printed
multiband antennas, or multiple input multiple output (MIMO) technology.

Mobile users are continually rising throughout the world and mobile applications
are becoming more and more data-intensive, the usage of mobile devices has been
expanding quickly over the past several decades and is expected to do so in the near

future.

1.2 CLASSIFICATION OF 5G BANDS

A significant advancement has been made in Third Generation Partnership Project
(3GPP), in both network and device technology as there isn't a single solution or
technology that can perfectly fit all the many possible 5G applications. The two main
technologies of 5G are thought to be MIMO technology and millimeter wave (mm-
Wave) communication [4]. Current research and design of 5G smartphone antenna
relies on MIMO technology for efficient data-rate enhancement. There are mainly two
different bands assigned to 5G communication: Sub-6 GHz band and Millimeter wave
band. In Millimeter wave band frequency ranges from 10 to 300 GHz. For early

deployment of 5G communication sub-6 GHz band is very crucial. In sub-6 GHz 3.3-



3.6 GHz, 3.6-3.8 GHz, are the two main bands assigned for 5G. Other than these
bands an unlicensed band ranges from 5.15-5.925 GHz. These three bands are
popularly known as Long term evolution (LTE) 42, 43 and 46 bands respectively. In

this work the antennas that are designed are working in sub-6 GHz range.

1.3 PERFORMANCE INDICES

Quantitative evaluation of antenna after designing an antenna is important to judge
the performance and suitability of antenna. The reflection coefficient, total efficiency,
ECC (envelop correlation coefficient), radiation pattern, channel capacity, and
bandwidth are often used metrics in cellular antenna designs. The contents of this

section are only a brief review of frequently used parameters [5-8].

» Total Efficiency: The total simulated efficiency is an efficiency which take

accounts of the losses and may be estimated using equation 1.

Total Efficiency =n_, * (1 — [r|*) (1.1)

where, r = is the reflection coefficient and, n__, denote the radiation efficiency.

> Envelop Correlation Coefficient (ECC): ECC value is an indicator of the
correlation between MIMO antenna radiation patterns. The most important factor in
determining the diversity gain of MIMO antennas is thought to be the ECC. For 5G
MIMO, ECC values less than 0.5 indicate strong diversity performance. Higher ECC
value (i.e > 0.5) degrades MIMO performance because there is a substantial
correlation between the antenna elements and the channel routes. Since MIMO
systems execute finest when there is independence between the signals they receive.
Using far field radiation patterns, the ECC between antenna i and j is computed using
the formulas provided below [6].

2n m * * . ’ (12)
Jo " Jy (XPR.Ey;. Eg;. Py + XPR. Ey;. Ej; Py )sin(6)d0dd

ECC =

2 N " .
J Meeij o Jy (XRPEqy.Ej,. Py + XRPE .. Eg, Py )sin(0)d0dd



Here,Ey;, Eq;, Egi, and Eg;, are the far-field radiation components. i and j are two

antenna element , while 6 and ¢ indicate the vertical and horizontal polarizations.

The cross polarization ratio in between the horizontal and vertically polarized
components is known as XPR. The propagation environment's angular power

spectrum that satisfies the subsequent conditions is represented by Py, and F,.

fozn fon(Pd,)dQ =1 (3)

jo i jo n(Pe)dQ =1 L4

Since most works use the assumption that the environment has a uniform distribution
(i.e., an isotropic environment), this scenario can be compared under the same
assumptions. When MIMO systems are operating in rich multipath settings, this

environment is frequently employed.

|1, E:(6,d)  E; (6, d)* 00| (L5)

ECC = !
11, |E: (6, p)I200 [f, |E; (6, )| 00

where E; (6, ¢) and E; (8, )are two radiation field, 0 and ¢ are direction coordinates

and i and j are the two ports being excited.

Equation 1.6 is based on S-parameters

Si Sy +Si Sy
> : : (1.6)
<J1 — 1812 = |Sj: | )(Jl — 151" = 1Sy )Wradi Nradj

Where two elements under observation are represented by symbol i and j and n

ECC =

radi

and n_ .. are the radiation efficiency of element i and j.

radj



Channel Capacity: It find its use in assessing the performance of multiplexing for any
MIMO system. Instantaneous channel capacity C, assuming that the assigned power of each

antenna is the same is stated as

P
Co = lng (IN +N_TLTHHH)

1.7

The channel (H) used for rayleigh fading environment is independent identically
distributed (iid)

H = RY?H, (1.8)

Where R signifies the the receive correlation matrix which completely characterizes
correlation among the receive antennas, as well as the impacts of the antennas on the
channel.

MIMO performance can be estimated using equation (1.9) that is obtained by

averaging large number of channel realization.

C = E{logz [det (IN +NLnTHHH>]} (1.9)

Where E stands for expectation, channel matrix is H, (NxN), and average SNR is p/N,
identity matrix is ly, and transmitting antennas is ny. and SNR of 20 dB in the

receiver is considered.

14 SOFTWARE AND HARDWARE PLATFORM

The HFSS (HFSS 2015b) environment is used for all of the experimentation
completed for this thesis. To evaluate how the user's hand influences antenna
performance, simulations were carried out in CST Microwave Studio. To test the S-
parameters vector a Rohde and Schwarz ZVL vector network analyzer (VNA) is used.

It is suitable for all constructed antennas and operates between 9 KHz and 13.6 GHz.
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Figure 1.2 Image of the VNA used for testing

For radiation pattern testing anechoic chamber was used.

1.5 PRACTICAL CONSIDERATION

1.5.1 User Hand Effect

The dielectric properties of human hand are presented in table 1.1. It includes the
relative permittivity and conductivity values at different frequencies (0.3 GHz to
6 GHz).

Table 1.1 Dielectric properties of hand phantom

Frequency (MHz) | Conductivity | Relative
(6 ,S/m) Permittivity (s,)
300 0.36 37.1
450 0.43 33.9
835 0.59 30.3
900 0.62 30.0
1450 0.85 27.9




1575 0.90 21.5
1800 0.99 27.0
1900 1.04 26.7
1950 1.07 26.6
2000 1.09 26.5
2100 1.14 26.3
2450 1.32 25.7
3000 1.61 24.8
4000 2.18 235
5000 2.84 22.2
5200 2.98 22.0
5400 3.11 21.7
5600 3.25 214
5800 3.38 21.2
6000 3.52 20.9

1.5.2 Environmental effect

The impact of temperature fluctuations and moisture on antenna performance
can lead to changes in material properties, such as shifts in the dielectric
constant or conductivity. In order to mitigate these effects, the following
strategies should be considered:

o Material Selection: Choosing materials with stable dielectric properties across
a range of environmental conditions is crucial. Engineers can conduct
simulations and experimental measurements to determine the ideal material for
specific conditions, ensuring that the antenna maintains optimal performance.

e Hydrophobic Coatings: Moisture can degrade antenna performance by
altering the conductivity and dielectric properties of the materials used.
Applying hydrophobic coatings to antennas can reduce moisture absorption,

thus minimizing the impact of environmental moisture.



e Robust Mounting Structures: A well-designed mounting structure ensures
that antennas maintain their optimal position and minimize exposure to stresses
caused by environmental factors. This can be achieved by using durable
materials and providing sufficient protection from physical and environmental
wear.

« Sophisticated Signal Processing Techniques: To neutralize the degradation
caused by environmental factors, advanced signal processing algorithms can be
employed. These techniques can help compensate for performance loss due to
changes in the antenna's characteristics, improving the overall system
reliability in variable conditions.

The negative effects of different environmental factors on antennas can be

minimized with these methods.

1.6 MOTIVATION

Mobile communications have advanced dramatically in recent years. This progress
led to advancements in the design of base station and smartphone antennas. Although
various researches have been done on mobile-phone antenna design, new antenna
solutions are constantly needed to keep up with the current and upcoming generations
of wireless technology.

In addition, there is a desire for providing simultaneous high-quality mobile
communication services (5G) in compact sizes and with fewer aerial platforms.
Despite the fact that several work have already been done, on the design of MIMO
mobile-phone antennas, still, designing compact, inexpensive, multi-element, multi-
standard (wideband or multi-band), antennas for smartphones is still a difficult

problem.

MIMO can meet several additional 5G requirements in addition to satisfying user’s
needs for high data speeds. By adding more antennas to the mobile phone, the wireless
communication system's channel capacity may be efficiently expanded. Nevertheless,
because mobile phones have a limited amount of space, it is challenging to install
more antennas there while still preserving effective isolation with low envelope

correlation coefficient (ECC).



Each design has been validated by fabricating and measuring its prototype. The
performances of MIMO system with various mobile-phone components (antenna
performance with battery, side frame and with user’s hand) have been considered.

The inadequacies of the current antenna designs is addressed by the suggested designs
1.6.1 Challenges in antenna design

MIMO system can enhance the channel capacity so ideally it would be better to
install more number of antennas in the printed circuit board of mobile phone.
However, practically it is not possible as increasing the antenna elements can lead to
bad performing MIMO system with high mutual coupling [9-10]. Hence, it is
important to install only that number of antennas element such that it should not
severely affect the working of the other antenna elements. Additionally, researchers are
looking for new locations to attach antennas due to the growing need for thin mobile phones.

Decoupling techniques need to be installed [11-12].

The side-frame of the smartphone is being considered as a new space where
antenna can be installed [13]. But this could result in a bulky smartphones if not
designed properly. Hence the size of the side-frame must be reduced so that it would
not impact the appearance of the device and also must work properly despite such
space constraints. Another aspect is to miniaturize and add multiband antenna in the
mobile phone so as to cater the two or more bands simultaneously. Various literature
are providing dual band but they are only focused on improving one or two
components of 5G smartphones. To compete with the recent trend of using mobile-
phones with metal body a metal-rim compact MIMO antenna system has been

proposed

Some research gaps have been identified and are addressed in the section that
follows. These were formed in light of this motivation and the extensive literature

survey that was given in Chapter 2.

1.7 RESEARCH GAPS

Several research gaps are identified based on a thorough analysis of several 5G
antenna design methodologies. These gaps serve as the basis for the objective

structuring of this research project.

10



Research Gap 1: Data rate enhancement

One key challenge in densely packed MIMO antenna systems is the interference
caused by mutual coupling between antennas. One way to remove this is to use any
decoupling structure. But it will need extra space and increase the design complexity
hence, a multiband structure is requires that avoid mutual coupling among the

antennas that are tightly arranged.
Research Gap 2: Space Restriction

The printed circuit board is cluttered with tons of electronic circuitry. This makes it
difficult to install any further antennas in it and now with the demand of slim mobile
phones. It is important to achieve an ultrathin smartphone with decent MIMO

performance.
Research Gap 3: Focusing on one parameter at a time

Another challenge is to extract multibands from single resonant antenna element. To

achieve this T-shaped resonating structure is used.

Research Gap 4: Performance degradation due to the presence of metal-rim

The new trend of metal body smartphone is imposing new design challenge on
antenna designers. Metal bezel smartphone will improve the durability of the
mobilephones. But antenna radiation is affected with the presence of metal element in
the side-frame. Some of these limitations are have been workedon in this research

work.

1.8 OBJECTIVES

This research focuses on designing antenna solutions tailored for modern 5G
smartphones. The design of compact MIMO systems with robust MIMO performance
for 5G devices, which this research endeavors to achieve, is guided by the following

objectives
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Objective |

To design a compact, 12-element dual-band MIMO antenna with high isolation for 5G

mobile applications.

Objective 11

To design a compact side edge printed eight-element MIMO system for 5G
smartphone applications.

Objective 111

To design a t-shaped, multi-band MIMO antenna system for 5G smartphone

applications.

Objective IV

To design a tri-band MIMO antenna system for 5G metal frame smartphone

applications.

1.9 MAJOR CONTRIBUTION OF THE THESIS

This work is novel and highly beneficial to the scientific community, particularly in
the field of 5G communication. As discussed, MIMO antenna systems are the key
solution for the sub-6 GHz range. To maximize the performance of any MIMO
system, the antennas must provide uncorrelated communication paths with optimal
signal orthogonality.

Table 1.2 :Contributions of Proposed Work

S. No Contributions

Design 1 | A novel compact twelve-element MIMO antenna system using a slot antenna is
presented. Optimal placement of MIMO antenna elements to minimize mutual

coupling. A unique feeding system is designed to take up less space on the PCB.

Design 2 | A compact-sized MIMO antenna system for ultra-thin smartphones based on a loop
antenna is proposed. The MIMO system is installed on a 3 mm high side frame, the
smallest size in current literature. Despite the low-profile design, the system

maintains a high isolation of 14.8 dB, which is rare for such compact designs in the

12



literature.

Design 3 | A T-shaped structure installed on a 3.6 mm high side frame is proposed. An 8x8

MIMO antenna system is developed using this antenna unit. This design provides a
unique combination of compactness, multiband coverage, and high isolation,

features not offered simultaneously by any current state-of-the-art designs.

Design 4 | A novel octal-element MIMO antenna for metal-rim smartphones is introduced.

The design excites IFA and slot modes from the metal rim and ground plane slot,
respectively. A feeding technique with a stub and meandered structure is presented
for fine-tuning the two modes. This design improves antenna efficiency, addressing

a major drawback in metal-rim-based antenna designs.

However, smartphones have practical limitations, such as limited space for antenna

installation, as many other components are placed close to the antenna. These

components can negatively affect antenna performance. Therefore, the primary focus

of the designs presented in this thesis is achieving better isolation between antenna

elements.

Impact of Physical Components: The physical components around the antenna,
such as the human hand, battery, and frame, can affect electromagnetic (EM)
interactions if they are in close proximity to the antenna. These factors must be
incorporated into MIMO antenna designs to ensure realistic and practical MIMO
system performance. This thesis addresses the effects of the human hand, battery,
and frame on the MIMO system's performance.

Compact Antenna Design for Ultra-thin Smartphones: With antennas
increasingly placed in the side frames of smartphones to optimize space without
compromising functionality, there is a risk of making the device bulky. This thesis
proposes a compact MIMO antenna for ultra-thin smartphones, overcoming the
bulkiness that is typically associated with side-frame-based antenna structures. The
proposed loop antenna-based MIMO system is installed on a 3mm-high side
frame, which is the smallest side-frame size reported in current literature.
Multiband Coverage: To reduce the number of required antennas, this work
introduces a compact MIMO antenna system with multiband coverage, offering

efficient functionality while minimizing antenna size.

13



¢ Mitigating Mutual Coupling: Mutual coupling remains a significant challenge in
MIMO systems, especially within the confined space of smartphones. Since space
is already limited, adding decoupling structures would further reduce available
space for other circuitry. Each proposed design in this thesis provides adequate
isolation between adjacent antennas without any extra decoupling structures,
leading to a cost-effective solution.

e Aesthetic Considerations: Keeping in mind the aesthetic preferences of
consumers for metal-rim structures, this thesis also presents a metal-rim-based
MIMO system.

In summary, this thesis highlights how to effectively utilize the available space in
smartphones to install antennas, achieving substantial MIMO performance while

maintaining the device’s compact size and modern aesthetics.

1.10 OUTLINE OF THE THESIS

There are seven chapters in this thesis, starting with chapter 1. Chapter 1 contains
the basic introduction along the preliminaries related to this research work. The

remaining thesis is arranged in the chapters that follow.

Chapter 2 discusses a brief assessment of the past work in the field of 5G antenna
design for smart phones. It also provides specifics on the research gaps found after
reading the recent literature as well as the objectives that established for this

investigation.

Chapter 3 deals with the design simulation, fabrication and experimental measured
carried out for compact twelve antenna element system using slot antenna. This design
was proposed to improve channel capacity while maintaining a decent isolation

between antenna elements.

Chapter 4 addresses the issue of bulky designs while exploring the side-edge for
the installation of antenna elements. An effective solution is presented for ultrathin
smartphones with full screen. The comparisons between the theoretical and

experimental results on these MIMO antenna configurations are also presented.
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Chapter 5 presents dual-band T-Shaped compact MIMO antenna system. The
simulated S-parameters have been presented along with different performance
measures of MIMO system. The validation of the simulated results is done after

fabricating the design and testing it under anechoic chamber.

Chapter 6 deals with the implementation of antenna design for the metal-rim
smartphones. The designing of structure is done using combination of slot and
inverted F-antenna (IFA) based antenna element. Design is supported by presenting all
the design steps followed. Comparison between simulated and measured results is

illustrated.

Chapter 7 summarizes the key outcomes of this thesis. The conclusion derived
from the theoretical and experimental studies are described. Salient features of the
proposed antenna systems and the scope of further extension of this research work is

also outlined.
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CHAPTER 2

LITERATURE REVIEW
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CHAPTER 2

LITERATURE REVIEW

Fifth generation (5G) has become the research hotspot after the announcement of
the bands assigned for 5G communication. From design point of view, investigation of
different antenna solutions is getting more and more important nowadays. This chapter
provides a broad review of the several antenna design techniques that have been
developed recently to address the difficulty of placing a number of antennas in tight
locations. Even though many academics have tackled this difficult task in a variety of
ways, it remains a daunting task that needs more effort to establish a reliable strategy

for effective antenna design.

This chapter comprises of a brief findings of the present state of research in the
subject of 5G antenna design for smartphones, which motivated the authors to develop
compact antenna solutions for the different challenges faced by antenna designers. The
main advantages of 5G will include high data rates than previous generations, shorter
time latency and increased channel capacity. Two new spectrum bands in the
millimeter-wave (mm-wave) and sub-6 GHz ranges have been allocated for 5G. The
two bands assigned to 5G are LTE 42/43 (3400-3800 MHz) [4].

MIMO technology was very popular technology for providing higher data rate and
hence it was adopted in the antenna design field. It has been extensively being used in
vehicle communication applications [14], wearable antennas [15]. In latest designs
also existence of mutual coupling was inevitable with the MIMO system if used in
confined spaces. Various techniques are presented in the latest researches to improve
isolation. In vehicle communication a cross-shaped substrate is used instead of a
square one. The purpose of changing the substrate was to enhance isolation [14]. In
another design, a frequency-selective surface (FSS) based superstrate is used to
improve isolation [16]. Another methods to improve isolation includes designing of an
array of metamaterial unit cells to improves isolation[17], or surround a cavity wall
made up of copper [18] with antenna elements, use defective ground structure [19] and
Band-Gap (EBG) [20].
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2.1 MIMO ANTENNA SYSTEMS

For 5G smartphone application this MIMO technology played very important role

in initial deployment of 5G communication in sub-6 GHz range.

2.1.1 MIMO system based on slot antennas

Slot antennas are already popular in designing for WLAN/WIMAX applications. In
one design a defective ground plane and F-shaped slot radiators are used to design an
antenna for WLAN/Wimax applications. Three separate bands are covered by the
antenna these are: band one if from 2.0 to 2.76, second is from 3.04 to 4.0, and third is
from 5.2 to 6.0 GHz [20]. The first antenna types preferred for 5G cellphone
applications is the slot antenna. This is due to the fact that the quarter-wavelength-long
open slot resonance mode is readily excited, enabling a significant decrease in the slot

antenna’s real size [21-27]. These designs can improve bandwidth.
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Figure 2.1: Geometry of 10-element MIMO system based on slot antenna [21]

As can be seen from Figure 2.1 that slot antennas are present on system ground that
are fed by feeding line of L-shaped [22]. The drawback of using a slot design is that it
must be embedded or integrated into the smartphone system ground, which requires

reserving a large portion of the ground plane to place antennas.
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2.1.2 MIMO system based on Inverted-F antenna

Inverted F-antenna is also an antenna that is of quarter wavelength. For designing
MIMO system for 5G smartphone applications various researchers have used this
antenna [28-33]. In one design the planar inverted-F antenna (PIFA) is constructed by
attaching a vertical metallic patch to it, and then adjusting a different PIFA to excite
the antenna. MIMO system of eight elements is then created using this structure (see
Figure 2.2).
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Figure 2.2: (a) Geometry of single antenna element (b) MIMO system [28]

This type of antenna is compatible with various platforms as it effectively suppress
ground current effect [28]. In the next approach several inverted-F antennas (IFASs) are
positioned on an artificial magnetic conductor (AMC) ground to create the antenna
design. The local resonant mode and the TMy surface-wave mode are the two different
modes that the IFAs excite on the AMC [31]. Another design for 5G phone provides
controllable electric field (E-field) null. A basic feeding network and inverted-F
antenna (IFA) make up the suggested antenna pair [32]. Wider impedance bandwidths
may be achieved by the stub-loaded IFA. Excellent isolation performance may be

achieved by this approach.
2.1.3 MIMO system based on monopole antenna

In addition to using the slot and IFA antennas, the monopole antenna design is
another simple way to achieve a single resonance mode (with quarter-wavelength)
[34-40]. The mutual coupling is reduced by exciting two separate bands [34]. In

another design as well antenna pairs are made up of a monopole and a loop antenna
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that co-locate and have a small combined size [37]. There is a technique of couple
feeding the monopole antenna element instead of using direct feeding. By this couple
feeding monopole resonates at half wavelength instead of quarter wavelength [39]. In

another design monopole antenna is used to excite higher order modes [40]

2.1.4 MIMO system based on loop antenna

Any form of traditional loop antenna, including square, circular, and folded-dipole
loops, resonates at full wavelength resonance mode with its current null (Inull) or
voltage maximum point situated on the two sides, and its maximum current (Imax)
position usually dispersed at the top section and bottom part (feeding point) as

revealed in Figure 2.3 [41].

FIILI.I.\.

Tou
Faunn Tosait Foull ot
X
’Tﬂ“ ’
A

Circular loop Square loop
i Toull
¥ NI P 1
- i Coupled-fed
| Jrma Jiax
II'I'NI‘.
Folded dipole Modificd folded dipole with coupled-fed

Figure 2.3: Fundamental loop antenna structures [40]

There are various MIMO antenna designs in 5G communication that are based on
loop structure [42-52]. A slot mode and double coupled-fed loop modes are effectively
stimulated with the help of connection of feed line with tuning strip [34]. Folded
monopoles and gap-coupled loop branches make up an antenna unit and used to create
a MIMO system [48]. In another design it is suggested to use a building block made
up of a loop and a slot antenna. Interestingly single antenna element compactness is
successfully enhanced by the rectangular clearance shared by the slot and loop

antennas. The suggested construction block shows better isolation (> 19 dB) [49].
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2.1.5 Multiband and wideband MIMO antenna system

This section discusses antenna with dual band or wide band coverage. To provide the
seamless connectivity globally multiband and wideband antenna were proposed [53-
73]. A MIMO antenna system is created by using metal rims of a mobile phone [56].
In the next design it is suggested to use a unique design strategy to excite many useful
modes beneath an inverted-L antenna (ILA) for bandwidth augmentation. Using an
analogous transmission line model as a basis, the operating idea of exciting numerous
modes with the same order/electrical-length is first studied theoretically. The antenna
theoretically overcomes the restrictions on the number of suitable resonances and
available operating bands using this manner. In order to attain expanded bandwidth in
different working bands, the second step involves investigating how to load a parallel

capacitor in order to shift resonant modes to the appropriate band [53].

2.2 RESEARCH PROBLEM FORMULATION

Various researchers have utilized MIMO technology in 5G mobile communication
[74-82]. By including more antennas in the mobile handset, the data-rate can be
improved [76]. However, due to the limited space inside the cell phone, it is
challenging to add more antennas while still maintaining good isolation [77]. An eight
element antenna system is created with slot and monopole with 12 dB isolation [78].
In another design [79], a tri-band 12 element MIMO is revealed, of which 2
components operate at both bands while the remaining 6 elements operate at 3.6 GHz
as well as LTE band 46 (5.15-5.925 GHz). Therefore, to enhance the channel
capacity, this design does not completely utilize all the 12 elements. In one of the
designs parasitic structure [81] is used as a method to achieve 15 dB isolation. In [61],
balanced antenna elements are utilized to achieve improved isolation.

It is important to focus on the compactness of the smartphone also as, ultra-slim
phones are in high demand. Recently antenna researchers are searching for different
locations to install antenna on smartphones. The main circuit board of the smartphone
is full of electronic circuitry and as already discussed that in 5G multiple antennas need
to be installed. Hence recently many literatures are exploring side-frame of the

smartphones to install antennas [83-89]. One of the effects of using side-frame is that it
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can make the overall design of smartphone bulky if not designed properly and it might
not be suitable for ultrathin smartphones. The height of the side frame is important to
take into consideration while designing the antenna that will be installed on the side-
frame. Although the designs mentioned in [83-89] are proving to provide reasonable
MIMO performance, however, side-frames height is 6 mm or more in these designs and
after installation of smartphone’s actual frame (outer body of the smartphone) this
height will increase further. This might limit their use in the ultra-thin smartphones.
Hence there was a need to design a MIMO system wherein if the side-frame was being
used to install antenna than overall design must be miniaturized such that the
smartphone does not become bulky. Taking these points in consideration in reference
[13] a MIMO system was presented where the antennas were mounted on the side-
frame of height 3 mm. This was the lowest height achieved till now and is appropriate
for thin smartphones. The isolation achieved was 10 dB. But still there is a need to
design an MIMO system that is suitable for ultrathin smartphones and also provide
decent isolation.

Another aspect of designing MIMO systems for 5G communication is that the there
must be seamless internet access globally. Hence to achieve this MIMO systems should
be designed to operate on multiple bands simultaneously. Many researchers were also
interested in working in this direction as well therefore designs in [90-98] realized to
work on dual or multiband. In one of the design [90] use of multiple branch based
monopole antenna was done to construct the eight element complete MIMO system.
Another design [60] used loop antenna and monopole antenna to work on two different
bands. To reduce mutual coupling, decoupling stubs and neutralized lines are
employed between parts in these systems. The isolation offered by the aforementioned
MIMO antenna designs is 11.5 dB and 10 dB, respectively, and may be enhanced.
However, LTE 46 band was not taken into account by the design. An array of self-
decoupled antenna elements is formed [91], using two radiating branches of varying
lengths are combined to produce two resonances. An identical antenna is also
positioned close to this one, sharing a single shared ground between both. Using this
method, isolation has increased to 17.5 dB.

Additionally, wide band antennas covering all 5G channels in the sub-6 GHz range
are being built, according to recent research [95-100]. Their ability to operate across
all sub-6 GHz 5G band frequencies is a benefit. Nonetheless, in these designs, the
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antenna components are mounted using side frames that are 5 mm in diameter or
larger. The use of these structures in incredibly thin cellphones may be restricted as a
result. Every design that was previously discussed is geared more toward enhancing
one of the MIMO array's properties; for example, some designs prioritize enhancing
isolation, others offer dual band coverage, while yet others are more concerned with
downsizing. However, very few solutions take into account simultaneous

improvements in isolation, compactness, and working on LTE 42/46 bands.

For meal rim antennas, researchers have developed a number of intriguing designs.
Creating an antenna radiator out of the metal rim is a common move towards getting
adequate bandwidth and efficiency. Based on the usage of metal frames as a radiator,
it can be separated into two categories: those that exploit the full metal rim as a
radiator [101-106] and those that only use a section of metal rim [107-116] as
radiator. Metal rims with no gaps between them typically have greater mechanical
stability. Though, each of the aforementioned concepts has its own drawbacks. Every
antenna design exhibits -6 dB impedance bandwidth, which impact the efficiency.
Design has 7.49 dB isolation in [105]. In the most recent studies [117-120], various
designs for the 5G smart phone antenna arrays were put forth. A capacitive-decoupler
based MIMO system is suggested [117]. It is compatible with both the frequency
ranges of 3.3-3.69 GHz and the 3.42-3.73 GHz. A high level of 24 dB isolation
between antenna elements is provided by the design. The design in [118] is centered
on supporting the wide bandwidth. Additionally, the designs in [121-123] are not
appropriate for smart phones with metal rims. In the most recent literatures [124-126],
numerous efficient decoupling techniques are suggested. Antenna interference
cancelation utilizing LTCC technology [125], ceramic superstrate-based [126], and
meta-surface-based [123] have all been suggested. However, because these methods of
decoupling are multi-layer based, fabrication challenges are increased. In order to
include these technologies into the metal-rim smart phone, it is also necessary to
notice their decoupling capabilities in such environment. Another design [127] is able
to e attain the high isolation of 18 dB. The design combination does not, however,
cover LTE 42/43.

23



2.3

RESEARCH GAPS

There exist many attempts by the researchers towards devising loop antenna based

techniques for designing 5G smartphones. The exhaustive literature survey of various

antenna systems for 5G Smartphone carried out in this work leads to the formulation

of the following research gaps. Mutual coupling between densely integrated antennas

used in MIMO setup is the primary drawback. One way to remove this is to use any

decoupling structure. But it will need extra space and increase the design complexity

hence, a multiband structure is requires that avoid mutual coupling among the

antennas that are positioned in near vicinity with each other.

1.

3.

There is a need to install multiple antennas in the smartphones in order to
achieve the user’s demand of higher data rates. The main set back in achieving
higher data rate was low isolation between antenna elements. There is a need
of a MIMO system that can enhance the data rate without getting much

affected by mutual coupling.

The printed circuit board (PCB) of a smartphone is filled with many electronic
components. Hence it is challenging to find space for installing multiple
antennas in it, because of the space restrictions. As the demand of ultra-thin
smartphone is increasing it made it even more challenging for an antenna
designer to find space to install antennas. This problem can be resolved by
utilizing a different place to install antenna, other than the main PCB of
smartphone. But doing so can make the overall design of smartphone bulky.
Hence the size of the side-frame must be reduced so that it would not impact
the appearance of the device and also must work properly despite such space
constraints. Keeping in mind the user demands there is a need to design a
MIMO system that is compact, and also provide decent isolation.

Another challenge is to extract multiple performance parameters
simultaneously from a single resonant antenna structure such as multiband
coverage, good isolation and compact size. Hence, there is a need to design a
structure that is compact, operates on multiple bands and provide high

isolation as well.
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4. The new trend of metal body smartphone is imposing new design challenge on
antenna designers. Metal bezel smartphone will improve the durability of the
mobilephones. But antenna radiation is affected with the presence of metal
element in the side-frame. Some of these limitations are being addressed in

this work.

Based on the research gaps following research objective have been framed.

Objective |

To design a compact 12-element dual-band MIMO antenna with high isolation for 5G
mobile applications

Objective 11

To design a compact side edge printed eight-element MIMO system for 5G
smartphone Applications

Objective 111

To design a T-Shaped multi-band MIMO antenna system for 5G smartphone
applications

Objective 1V

To design a tri-band MIMO antenna system for 5G metal frame smartphone
applications

The four objectives outlined for this study have led to the division of the research
approach into four stages for this thesis that are presented in the following chapters

The suggested MIMO antenna system employs a strategic placement of antenna

elements that ensure optimum isolation, contributing to improved performance.

25



CHAPTER 3

DESIGN AND DEVELOPMENT OF
A COMPACT 12-ELEMENT DUAL-
BAND MIMO ANTENNA WITH
HIGH ISOLATION FOR 5G
MOBILE APPLICATIONS
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CHAPTER 3

DESIGN AND DEVELOPMENT OF A COMPACT 12-

ELEMENT DUAL-BAND MIMO ANTENNA WITH HIGH

3.1

ISOLATION FOR 5G MOBILE APPLICATIONS

INTRODUCTION

The fifth generation (5G) of mobile communication is now seeing very great
interest from the researches as it is on the horizon in today's technologically dynamic
world of communication. The mobile communication standard is moving into its next
phase, which will offer numerous enticing improvements over earlier iterations. The
main advantages of 5G will include high data rates than previous generations, shorter
time latency and increased channel capacity [74]. Two new spectrum bands in the
millimeter-wave (mm-wave) and sub-6 GHz ranges have been allocated for 5G. The
researchers have utilized multiple-input multiple-output (MIMO) technology in 5G
mobile communication. By including more antennas in the mobile handset, the data-
rate can be improved [76]. However, due to the limited space inside the cell phone, it
is challenging to add more antennas while still maintaining good isolation [77]. Recent

research [78-152] is based on MIMO antenna arrays.

In the literature review, although various MIMO system for 5G smartphones are
reported, but these methods do possess certain limitations in improving data-rate along
with decent isolation. Hence a twelve-element MIMO system is designed for the
forthcoming 5G smartphone in sub-6 GHz applications

This research aims to address the inadequacies of the current methodologies by
offering potential resolutions for each problem. This chapter's goal is to maintain a
trade-off between isolation and datarate improvement.
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3.2  ANTENNA DESIGN

Figure 3.1 demonstrates the construction of the suggested slot antenna based
MIMO system. The circuit board of the design has dimensions of 150x80x0.8 mm®,
which is appropriate for most 6-inch mobile phones.

| 80.0 |

Ground plane on
= the hottom surface

Metal on the top

O
surface

@ Feeding Point

\_ FR4 substrate

b0 150X 800.8 mm°

(b)

Figure 3.1 (a) Overall view of the geometry (b) single antenna

The substrate is made of FR4 and has a thickness of 0.8 mm (loss tangent is 0.02
and dielectric constant is 4.4). Antenna structure is composed of slot antenna along
with the feeding strip. We take advantage of two orthogonal slot sites to lessen mutual
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coupling. Four antenna components (antenna 1, 6, 7 and 12) are positioned along the
ground plane's shorter edges, and eight antennas (antenna 2, 5, and antenna 8 to

antenna 11) are mounted along the ground plane's longer edges.

3.2.1  Antenna Unit

Single antenna elements complete structure is exhibited in Figure 3.1 (b). The
defect at the bottom (slit antenna) can be divided into different parts, first is the three
horizontal slots of length L;=6.1 mm, L, =6 mm, L3=6.1 mm, and one Slit antenna of
length L=1.5 mm. Width W is 2 mm. The slot L, exhibits extra width of W5. It is
included in order to shorten the slot, just as it was in the reference [89]. This slot is fed
by a feeding strip. This feed line's C-type design helps to minimize the size of the
single antenna element overall. Thus feeding strip has three sections of length F1=7
mm, F, =10 mm, and F3=7.5 mm with a width of 1.5 mm. The width W, for different
antennas is varied to precisely tune the antennas regarding their locations. Therefore
antenna-1, 2, 5, 6, 8, L, and L, have width W,=3 mm. The rest of the antennas (3, 4,
9, and 10) have width W,=2.5 mm.

3.3 PARAMETRIC ANALYSIS

To study the overall performance of this MIMO system it is significant to know the
effect of each parameter on the antenna performance. Hence, few of the important
parameters that severely effect antenna performance have been discussed in this
section. After altering the width W, and length L,, the antenna's Si; characteristic is

examined in Figures 3.2(a) and 3.2(b), respectively.
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Figure 3.2 Reflection coefficient of varying (a) width W, (b) length L, when W,=2.5 mm

The effect of changing the width W, on frequency is indicated in Figure 3.2 (a). As
the width increases frequency decreases. The length L, also change the resonant
frequency as revealed in Figure 3.2 (b). The raise in frequency can be seen when

length L is reduced.
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Figure 3.3 Simulated reflection coefficient of the proposed array

Hence, to get desired resonant frequency W, and length L, can be adjusted. As shown
in Figure 3.3(a) and 3.3(b), LTE bands 42/43 (10 dB impedance bandwidth) can be
supported by the suggested antenna system. Isolation of nearby antennas is shown in
Figure 3.4. The design offers greater than 15 dB isolation among any two antennas.
The two major cause for obtained isolation are orthogonal antenna placements and
spatial variety (feeding points of adjacent elements are not facing each other; therefore
spacing between the two ports is greater). With these fair reflection and isolation

performance, MIMO can achieve better diversity and multiplexing performance.
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Figure 3.4 Simulated isolation of the proposed MIMO
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3.4 RESULTS AND DISCUSSION

A prototype was fabricated as revealed in Figure 3.5. With the help of this prototype
the simulated results can be verified. A vector network analyzer (VNA) had been used

to determine the S-parameters as shown in Figure 3.6 and 3.7.

(b) (©

Figure 3.5 Fabricated prototype of proposed antenna (a) Front view (b) Back view (c) MIMO Antenna
placement in anechoic chamber for radiation pattern testing*
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* The fabrication has been performed in School of Computational and Integrative Sciences, JNU, Delhi, India
Measurement has been performed in Electronics and Communication Engineering Department, Shri Mata Vaishno Devi University,
Katra, J&K, India and Jaypee Institute of Information Technology. Noida, India

32



'
[N
o

—=—S77 —— Sgg

W
S

Reflection Coefficients (dB)
)
o

——Sg9 —v—S1010

——Spu—Spw

A
IS

3.0 35 4.0 4.5
Frequency (GHz)

(b)
0 T T g T T T T

N
v

N
o

—8— S, (Simulated)
® S, (Measured)
—A— Sgg (Simulated)
¥ Sgg (Measured)|
—&— Sy, (Simulated)
» Sy (Simulated)

)
o

Reflection Coefficients (dB)

o)
S

3.0 35 4.0 4.5
Frequency (GHz)
(c)

Figure 3.6 Measured (a) Reflection coefficient of Ant 1 to Ant 6 (b) Reflection coefficient of
Ant 7 to Ant 9 (c) Comparison of few measured and simulated results
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The measurement results are revealed in Figure 3.7. Measured reflection
coefficients are represented in Figure 3.6 (a) and 3.6 (b). Antennas still cover the
complete LTE 42/43 (3.4 GHz-3.8 GHz) bands. Figure 3.7 represent the Mutual
coupling of antennas where Si2, S2s, Sas, Ss6, Se12, Ss2, and Sy; are better than 17 dB
and Sz, is superior than 14.8 dB. The results are consistent with the simulated
results; connection and manufacturing loss may be the cause of the discrepancy in

the results.
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Figure 3.7 Measured isolation of proposed array.

3.4.1 Radiation Performance

Given that every antenna is symmetrically positioned and has the same size, for
that reason results of the only Antl to Ant 3 and ant 6 are shown for brevity. The
acceptable total efficiency of the suggested array is obtained as given in Figure 3.8.
Efficiency varies between 74-89%. In order to save space, only the radiation
performance of antenna 1to 3 and antenna 6 is displayed in Figure 3.9. The
radiation pattern resembles Omni-directional radiation pattern. Peak gain of antenna

elements ranges
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Figure 3.8 Simulated total efficiencies Ant1-Ant6
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Figure 3.9 Simulated and Measured radiation pattern of (a) Ant 1 E-plane (b) Ant 2 E-
plane (c) Ant 3 E-plane (d) Ant 6 E-plane (e) Antl H-plane (f) Ant 2 H-plane (g) Ant 3
H-plane (h) Ant 6 H-plane

between 0.8 to 2.5 dBi. As the antenna element exhibit omnidirectional radiation pattern
it is focused on coverage rather than the directional properties hence lower gain can be
expected

3.4.2 MIMO Parameters

A MIMO system's diversity and multiplexing performance will be determined by two
different performance characteristics that must be studied. The diversity performance
of MIMO can be depicted from its ECC curve, which is revealed in Figure 3.10. Using

equation 3.1.

|, E:(6,4) = E (6, d)"00|” (3.1)
II, |6, ®)1200 ff, |E 6, d)| 00

ECC =

ECC value is 0.05 which is well below than the desired ECC value of 0.5. The

proposed MIMO array shows decent diversity performance.
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Figure 3.10 (a) ECC (b) Channel capacity of proposed 12 element MIMO system

The ideal channel capacity of 12 elements MIMO and the proposed array are 69
b/s/Hz and 61.9 b/s/Hz respectively as shown in Figure 3.10. It provides higher
channel capacity compared to 2x2 MIMO.
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35 USER HAND EFFECT FOR PRACTICAL APPLICATION OF PROPOSED
MIMO SYSTEM

Since the human body is a lossy dielectric medium, the user's hand may have an
impact on a MIMO system. Living tissues have a higher relative permittivity than the
air. The human hand's relatively high permittivity (while holding a cell phone) may
result in an impedance change in the near field zone of the antenna. The tissues of
human are also relatively conductive due to their high water content. Microwave
frequencies cause losses because of the electrical properties of the human hand.
Consequently, antenna performance is significantly affected by the inclusion of the
hand model. The user hand impact on the proposed MIMO system (see Figure 3.11).
Although user can hold the mobile phone in variety of ways but single hand mode
(SHM) case is considered here. The simulation for this was done in CST software.
This hand phantom considered is in compliance with the Cellular telecommunication

industry association (CTIA) standard [153], which resemble real hand of the user.

Figure 3.12(a) makes it clear how negatively SHM affects the reflection
coefficients of antennas 2 and 3. This occurred as a result of the thumb coming into
contact with these two antennas. All of the other antennas are functioning effectively.

The isolation is better than 13 dB, as Figure 3.12(c) shows.

Figure 3.11 Proposed design in Single Hand Mode
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3.6 COMPARATIVE ANALYSIS OF PROPOSED MIMO SYSTEM

Table 3.1 presents a comparison between the recommended array and the reported
literature to evaluate the performance of the suggested MIMO antenna system.
Important factors including frequency bands, element count, efficiency, ECC, and
isolation are examined. Table 3.1 shows that it is doing quite well in terms of isolation
and efficiency.
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Table 3.1: Comparison of proposed design and state of the art designs

Ref. Number of Frequency band Efficiency Channel Isolation ECC
Element capacity
(GH2) (%) (dB)
(b/s/Hz)
[75] 12 (8 (LB), 3.4-3.8, 41-82(LB) 37 (LB) >12 <0.15(LB),
5.15-5.92 29.5(HB) <0.1(HB)
6 (HB)) 47-79(HB)
[13] 8 3.4-3.6, 41-72(LB) 38.5(LB) >115 | <0.08(LB),<O0.
38(HB) 05(HB)
4.8-5.1 40-85(HB)
[61] 10 3.4-3.8, 42-65(LB) 40(LB) >11 <0.15(LB)
5.15-5.925 62-82(HB) 51.4(HB) <0.05(HB)
[82] 8 3.4-3.6 62 40.8 >17.5 <0.05
[89] 8 3.3-3.8, 55-72 37.6 >10.5 <0.12
4.8-5,5.15-5.925 50-6543-73
[152] 8 3.26-4.48 >60 40 >14.5 <0.03
Proposed 12 3.3-3.8 74-89 61.9 >14.8 <0.05
Antenna
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3.7

CONCLUSION

For the LTE 42/43 bands, proposed MIMO antenna system (twelve element) with a
slot antenna as a building block has been successfully studied. The isolation of the
proposed antenna array is 14.8 dB. This is accomplished by using spatial diversity and
placing the antenna elements orthogonally. Good MIMO performance is obtained at
high channel capacity (61.9 b/s/Hz) with ECC < 0.05. Even when the user is nearby,
the proposed MIMO system exhibits acceptable isolation of greater than 13 dB. Its
decent performance, high channel capacity, and reliable isolation pave the way for
enhanced user experiences and improved connectivity. Thus, the suggested antenna
system satisfies the demanding requirements of 5G cellphones. This work is focused
on improving the channel capacity of the 5G smartphone by installing antennas on the
four sides of the PCB. However the antennas were installed on the ground plane, and
hence utilized space that can be used to install other electronic circuitry. Therefore
different locations can be explored to utilize the smartphone’s PCB space efficiently.
The next chapter utilizes side-frames of the smartphone to install antennas. This small
change can help in utilizing the ground plane to mount some other smartphone

components.
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COMPACT SIDE EDGE PRINTED
MIMO SYSTEM 5G
SMARTPHONE APPLICATIONS
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CHAPTER 4

COMPACT SIDE EDGE PRINTED MIMO SYSTEM 5G
SMARTPHONE APPLICATIONS

4.1 INTRODUCTION

The researches have witnessed a sharp inclination towards 5G of mobile
communication, as it is one of the most recent technologies [129-137]. An 8x8 MIMO
array balanced slot antenna is employed and thereby a good isolation (>17.5 dB) is

achieve. Method of orthogonal mode are used to avoid mutual coupling [131].

Now that compact phones are in demand, antenna researchers are looking into
alternative locations besides the mobile main circuit board to mount antenna. As a
result, many studies [86-89] are currently looking into the antenna mounted on the
side-frame of smartphones. These all have good MIMO performance. However, the
height of the side frame is always greater than or equal to 6 mm in all of these designs.
Therefore, it might limit those made for ultrathin smartphones. To overcome this, a
MIMO system is presented [89] where, the antennas are mounted on 3 mm high side-
frame. This was the lowest achieved side frame till now and is appropriate for

extremely tiny cell-phones. However isolation is 10 dB, and it can be increased.

A compact MIMO system is proposed here, in response to the difficulties
experienced by antenna designers when highly isolated antenna system for ultrathin
smartphone application. Individual antenna is made up of loop like structures that
covers LTE-42 band. As it is essential to check the behaviour of this MIMO system in
user hand to fully understand its performance in the real life scenario, hence this study
also includes the user hand effect on the individual antenna performance along with

this, effect of installing few parts of the mobile-phone body are also discussed.

4.2 GEOMETRY DETAIL

Figure 4.1 shows the geometry of suggested side-edge printed antenna system. The
PCB, which measures 150 x78 x0.8 mm?®, is constructed from a FR4 substrate with
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tan6=0.02 and &-=4.4 and a thickness of 0.8 mm. The primary circuit board’s back is
printed with a ground plane measuring 140 mm by 76 mm by 0.8 mm. The system
ground’s top and bottom sides each have a slot with a dimension of 78 mm by 5 mm.
These are kept for 2G, 3G, and 4G antennas. The two side frames made up of FR4
substrates, with 0.8 mm thickness, height=3 mm are placed perpendicularly on the
main PCB. There isa 1 mm gap between the ground-plane and side frames.

The side view of the suggested MIMO system is revealed in Figure 4.1(a). Four
antennas are printed on each frame, with each antenna element having a 33 mm gap
between them. Structure of single antenna structure is revealed in Figure 4.1(b). The

external surface of the side frames is where the antenna is placed.

4.2.1 Single Antenna Structure

Figure 4.1(c) shows the feeding line dimensions. Feeding line is of length 12.2 mm
and width 1.5 mm. Each antenna element's intricate structure is shown in Figure

4.1(d). In this case, the individual component is a grounded loop antenna.

1 0.8mm thick FR4 substrate
[] Ground Plane on the back surface
I Antenna Element

[] Feeding strip
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Figure 4.1 The overall geometry of compact side-edge printed antenna (a) Side view, (b) Side view of a
single antenna, (c) Antenna feed dimension (d) Antenna element dimension.

At grounding point G, the loop antenna is attached to the ground. The antenna
structure's Li, Ly, L3, and Ly are, respectively, 9.5 mm, 6.25 mm, 1.25 mm, and 1.5
mm long. The feeding line offset, or dj, is precisely calibrated for each antenna based
on its position. It is measured in relation to the antenna. For Ants 1, 2, 3, and 4, the
offset d; is, correspondingly, 2.2 mm, 2.3 mm, 1.9 mm, and 2.3 mm. The LTE 42 band

is intended to be excited by the loop antenna.

4.2.2 Working principle and Parametric Study

The size of the individual antenna element is 0.11088 A, x 0.035 A,, where 2, is the
free space wavelength at 3.5 GHz. The structure that has been created here is a
modified loop antenna that resonates in the half wavelength mode. The length (L) is

drifted inward, resulting in a tailored loop structure, which reduces the antenna's total
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4.3

size. The lengths L; and L, are utilized to modify the operating band and optimize the
resonance frequency. Figure 4.2 shows the impact of changing two crucial factors, L;
and L,. Figure 4.2(a) shows that, changing the length L; has an impact on the
resonance frequency and operating band. As length L; goes from 8.5 mm to 10.5 mm
there is @ movement in the resonant frequency is observed to the left side of the x-axis.
This occurs because increase in Lj causes the loop structure's overall length to grow,
which change the resonance to a lesser frequency. The resonant frequency of closed
loop structure is f = 1/2nm and shifts towards the lower end of the spectrum
as the overall length of the structure rises due to an increase in effective inductance
and capacitance. The structure covers the LTE 42 and resonates at 3.5 GHz, when the
L; is 9.5 mm. Consequently, this length was chosen. The length L; was fixed to 9.5
mm for the following parameter (L,) change, and the length L, was then altered as
shown in Figure 4.2(b). As length L, increases from 5.5 mm to 7 mm, it is apparent

from Figure 4.2(b) that the resonance frequency shifts downward.
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Figure 4.2 Simulated results (a) S-parameters for varying length L; (b) S-parameters for varying length
L, when L;=9.5 mm.

RESULT AND ANALYSIS

The reflection coefficients of proposed MIMO are presented in Figure 4.3 (a). In
addition, Figure 4.3 (b) illustrates that the suggested antenna system provides better

isolation (i.e 14.8 dB) between adjacent antenna elements over the entire band.
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Figure 4.3 S-parameters (a) Simulated Reflection coefficients (b) Simulated Mutual coupling.

Without using any additional decoupling structure, the adequate distance (0.39 Ao, ,
where Lo is the 3.5 GHz free space wavelength), between neighbouring antenna parts,
ensured acceptable isolation. Figure 4.4, which shows the distribution of current on the
suggested array. As illustrated in Figure 4.4(a) and 4(b), two distinct cases are
discussed: First case is when Antl is energized, and case two is when Ant2 is excited.

Without a doubt, there is sufficient space between antenna elements for good isolation

by preventing current from flowing toward the neighbouring port.
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Figure 4.4 Surface current distribution (a) Case 1: Excitation of Ant 1 (b) Case 2: Excitation of Ant 2.

4.3.1 Measured Results

Figure 4.5 demonstrate the fabricated prototype of proposed MIMO system. The
suggested antenna works in the LTE 42 band, as shown in Figure 4.6(a). It is

possible to see the tiny variation in resonance frequency between the results of
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simulation and measurement. Tolerance and fabrication could be the causes of this
discrepancy. Figure 4.6 (b) shows the measured isolations between any two
neighbouring antennas. Here, across the full 5G (3.4-3.6 GHz) spectrum, 15 dB
isolation level is achieved. As Ant 4 and Ant 5 are at different corners, isolation
between non-adjacent antennas, like Sgs, is stronger than isolation between

neighbouring antennas

(€)

Figure 4.5 Proposed compact antenna system’s fabricated prototype (a) Front view (b) Back view (c)
zoom inner view (d) zoom outer(e) MIMO Antenna placement in anechoic chamber for radiation
pattern testing.
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Figure 4.6 Measured (a) Reflection coefficient (b) Mutual coupling.
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Figure 4.7 Comparison of the measured and simulated outcomes

For better visualization of results, the correspondence between simulated and

measures outcomes for antenna 1,2,3, and 4 are presented in Figure 4.7. It is clear

from this figure as well that there is decent matching between the two results.

4.3.1.1 Radiation performance

Figure 4.8 illustrates, the total simulated efficiency of the suggested MIMO

system, which take accounts of the losses and may be estimated using equation 1.

Total Efficiency =n_, * (1 — |r[?)

(4.1)

Where n _, denote the radiation efficiency and r is the reflection coefficient.
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S

Figure 4.9: Measured and simulated radiation patterns in E-plane and H-plane for the
proposed antenna elements. (a) Ant 1 — E-plane, (b) Ant 2 — E-plane, (c) Ant 3 — E-plane, (d)
Ant 4 — E-plane, (e) Ant 1 — H-plane, (f) Ant 2 — H-plane, (g) Ant 3 — H-plane, (h) Ant 4 — H-

plane.

In the 3.4-3.8 GHz range, the simulated total efficiency is the range 62% to 83%.
Figure 4.9 shows the radiation pattern, simulated and measured. Figure 4.9 portrays
a fine match between measured radiation patterns. The each antenna has different
maximum radiation direction. The peak gain of antenna elements ranges from 3 to 5
dBi. This feature can help MIMO operations achieve good diversity performance.

Eventually leading to increased channel capacity.

4.3.1.2 MIMO Performance

Figure 4.10 (a) and (b) show the two critical factors for analyzing the
multiplexing and diversity properties of the proposed system. The ECC is
determined using Equation 4.2
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ECC =

], E:(6,9) < (6, ¢) 00|

11, |E:6, 91200 [f, |E (6, 4)| 00

Where i and j are the two ports being excited.

0.100

-P> |—8—ECC,, (Simulated)
—Q— ECC,; (Simulated)

-
c
()
S
£ .
80.075 - > —%— ECC,, (Simulated)
@) ; —8— ECC,, (Simulated)
5 : --p-- ECC,, (Measured) ||
pet > —4— ECC,, (Measured)
% 0.050 + - @ - ECC,, (Measured)
g } 0 - k- - ECC,5 (Measured)
) K
20.025 1 4
IS » 4
> Ao
Ll
L
0.000 . M .
3.0 3.2 34 3.6 3.8 4.0
Frequency (GHz)
(a)
—~80 —
E —=— Upper limit for 2x2 MIMO
> 70 - —e— Upper limit for 8x8 MIMO
g— —a— Proposed 8-element antenna array
.4? 60 T
@ 50 A
< o—eo—o—e—o 46b/s/Hz
9 40 - M
[<5) J
€ 30
]
P l
O 20
2
8 10- =—=—=—s—a 11 5p/s/Hz
S
Lu 0 T T T T
3.0 3.2 34 3.6 3.8 4.0

Frequency (GHZz)

(b)

Figure 4.10 (a) Envelope correlation coefficient (b) Channel capacity.

o4

(4.2)



4.4

The ECC among adjacent elements is presented in Figure 4.10 (a). This graph
shows that all of the ECC values are lower than 0.1 across the complete working
band due to symmetrical arrangement. The acceptable threshold for MIMO
operation (ECC<0.5) is hence achieved by this design. This ensures a good

diversity performance.

Figure 4.10 (b) depicts the channel capacity of suggested MIMO system, to
evaluate multiplexing performance. It can be estimated using equation (4.1),

assuming that the assigned power of each antenna is the same.

C = E{logz [det (IN +NLnTHHH)]} (4.1)

Where number of transmitting antennas is nt, Iy is identity matrix , Channel
matrix is H and average SNR is p/N, and expectation is E. The channel used for
rayleigh fading environment. SNR assumed is 20 dB. Comparison was made
between proposed antenna design with ideal eight element MIMO system and two
element MIMO systems. Peak channel capacity 41 b/s/Hz is achieved by the
proposed design is, and it has lower capacity as compared to an ideal 8x8 MIMO
by 1.12 times. However, it is 3.56 times more than the peak CC of a 2x2 MIMO
(i.e. 11.5 b/s/Hz).

PRACTICAL APPLICATION ANALYSIS

This section studies the impact of the integration of different practical components
on the suggested design performance. The impact of main mobile terminal
components like as batteries and plastic frames is explored along with user hand

effect.

4.4.1 User hand effect on the antenna performance

This section discusses the effect of the hand of the user on the performance of
the proposed antenna system. Figure 4.11 depicts the proposed MIMO system in
close contact to the user's hand, and Figure 4.12 (a) and (b) show the simulated
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results. Figure 4.11 (b) and 11 (c) show two alternative side views of the proposed
design when held in the user's hand for improved visualization.

(b) (©)

Figure 4. 11 View of antenna array under user’s hand scenario (a) main view (b) Side view-1( c) Side
view -2

It is evident from these Figure 4.12 that Ant-6 and Ant-2 are entirely roofed by the
fingers and thumb, respectively, causing their performance to suffer greatly. Even
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when Ant 7 is in close proximity to the fingers, it keeps its performance intact as the
fingers do not cover the antenna.
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Figure 4.12 Results of single hand scenario (a) Simulated Reflection coefficient (b) Simulated Mutual
coupling.

Figure 4.11 shows that the distance between the fingers and Antennas 1, 3, 4, 7, and
8 is quite significant. As depicted in Figure 4.12 (a) this results in a minimal impact on
the reflection coefficient. Nevertheless, because of the fingers' closeness to Antennas

2, 6, and 5, their reflection coefficients are significantly impacted. However, Antenna

S



5 can still function within the desired frequency range. The isolation of the antenna
array remains at a superior level of 15 dB or higher.

4.4.2 Impact of Battery

Figure 4. 13 Battery installation of the proposed MIMO system.

Battery module is installed on the proposed design and is showcased in Figure 4.13.
In order to investigate the battery's impact, a metal of dimensions 118 x 40 x3 mm?® is
positioned on the front side of PCB. The battery and ground plane are electrically
connected via eight shorting pins. As Figure 4.14 demonstrates, proposed design with
the battery module had little to no influence on its performance. The isolation was

observed to exceed 14 dB
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Figure 4.14 Results of proposed antenna with battery (a) Simulated Reflection coefficient (b)
Simulated Mutual coupling

4.4.3 Impact of plastic frame

Ant]

Figure 4.15 Plastic frame integrated with proposed design.
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Figure 4.16 Simulated results (a) Reflection coefficient of plastic frame integrated model (b) Mutual
coupling of plastic frame integrated model

Proposed design is enclosed by a 4 mm high plastic frame, (¢,=3 and tand=0.01)

(see Figure 4.15). Figure 4.16 illustrate the consequent results.

Figure 4.16 (a), one can observe a trivial shift in the resonance frequencies of the
antennas towards the lower end of the spectrum. This interesting phenomenon can be
caused by the glass frames situated in close contact to the antenna elements. When
glass frames are situated in close proximity to the antenna elements, they introduce a
change in the dielectric environment this is called dielectric loading. This change, in

turn, affects the resonance frequencies of the antenna.

By fine-tuning specific parameters, such as L; and L, there is a chance to enhance
the performance of this design. This adjustment can potentially neutralize the slight
frequency shift caused by the dielectric loading, resulting in even better performance.
It's important to note that Figure 4.16 (b) reveals a slight amend in the isolation level.
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Though this change may seem insignificant, it remains superior to a value of 13.6 dB
across 3.4-3.6 GHz band. This indicates that the MIMO antenna system, despite the

influence of the glass frames, continues to perform admirably.

45 COMPARISON WITH STATE OF ART TECHNIQUES

The advantages offered by the proposed MIMO system with existing literature are
discussed. A thorough comparison in Table 4.1 is conducted, considering factors such
as multiband operation, MIMO order, isolation, efficiency, and size. Table 4.1
showcases the designs presented in [57], [89], [135], [13], and [137], all of which
operate on multiband frequencies. It is worth noting that the MIMO order of these
designs is generally eight or more, except for [57], where it is four. The number of
antennas implanted in smartphones directly influences channel capacity.
Consequently, a lower MIMO order, like in [57], results in lesser channel capacity
compared to other mentioned designs. In the case of [137], the MIMO order matches
that of the proposed design. However, it fails to achieve adequate isolation, even after
incorporating neutralized lines, with an isolation value of only -9.7 dB in the lower
band (2.496-2.69 GHz). On the other hand, both the proposed antenna system and
those referred in Table 4.1 demonstrate decent isolation.

While the design in [57] provides decent isolation, its efficiency falls short when
compared to the proposed design. Despite [135] has more antenna elements than the
proposed design, but exhibit lower isolation value. In [135], the achieved isolation is
11 dB, which is less than what the suggested design offers. Therefore, for ultrathin

smartphones the presented design proves to be appropriate.

4.5.1 Size Comparison

When it comes to size, the proposed design outshines the other mentioned work in
table 1. It has compact 9.5x3 mm? antenna size for the operating band (3.4-3.6 GHz),
which is the smallest among all the reported works. The vertical size of the frame in
the proposed design is also remarkable, measuring only 3 mm. This vertical size is the
minimum among the presented work in Table 1, except for [89]. The proposed
structure, on the other hand, has the advantages of high efficiency, channel capacity
along with good isolation. Furthermore, this isolation (>14.8 dB) has been achieved by
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Table 4.1: Designcomparison with other 5G antenna array designs

Ref Working Isolation Size MIMO Antennasize ECC Channel Antenna
band (dB) Of side Order (mm?) Capacity  Efficiency
(GHz) frame (b/s/Hz) (%)
(L xH*)
[135] 3.4-3.8, 11 Without side 10 16x2.5 0.15 48, >42,
5.15-5.925 frame 0.05 51.4 >62
[13] 3.4-3.6, >11.5 150x7 8 15%3.1, <0.08, 38.5,38 >41,
4.8-5.1 7.2x3.1 <0.05 >40
[57] 3.4-3.6, >17.5 150x7 4 10.4x7 <0.14, >18.3 >50
4.8-5 <0.12
[89] 3.3-3.8, >10.5 140x3 8 13%2, <0.12 37.6 >43
4.8-5, 15%3
5.150-5.925
[137] 2.496-2.69, >0.7 150x6 8 22x3 <0.2 38, 38.3 >48
3.4-3.8 >10.3 <0.05
[93] 3.4-3.6 >10 150x7 8 10x7 <0.2 36 >40
[152] 3.26-4.48 >14.5 No side 8 <0.03 40 >60
frame
Proposed 3.4-3.6 >14.8 150%3 8 9.5x3 <0.1 41 >62
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the proposed antenna. The major contributions of this design are the compact size,
good isolation, and small vertical side frame. Through careful comparison, it is clear
that the proposed MIMO antenna system outperforms existing literature with respect
to with size, isolation, efficiency, and channel capacity. Its small size, combined with
its outstanding performance metrics, makes it an excellent choice for ultrathin

smartphones with narrow frames.

46  CONCLUSION

This chapter presents an eight-element antenna module for 5G mobile phone
applications in the 3.4-3.6 GHz sub-6 GHz spectrum. This innovative module has a
one-of-a-kind design and excellent performance, making it a potential game changer in
the world of smartphones. The individual element of this antenna module is a loop
antenna fed by a 50 micro-strip line. Side frames with dimensions of 150x3x0.8 mm®
are used to accommodate the eight elements. On each side, four antenna elements are
attached. This small arrangement makes optimal use of space without sacrificing
performance, and the entire PCB is available for the installation of other electronic
components. When operating at the specified frequency, this antenna module gives
14.8 dB of isolation. This isolation ensures minimum interference between nearby
antenna parts, improving device performance. Furthermore, the antennas are extremely
efficient, with a minimum efficiency of 62% across the band. This module's ability to
obtain a low ECC of less than 0.1 is one of its primary advantages. This shows that the
antenna elements have less correlation, resulting in greater MIMO performance. It is a
strong contender for inclusion in the next generation of smartphones due to its
excellent isolation, compact architecture, and remarkable MIMO performance. The
next chapter of the thesis discuss about another MIMO design that is also utilizing the
sideframes of the smartphone. However in this design the main importance was given
to achieve multi-band coverage, while maintaining the similar or better performance

than the previous design.
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CHAPTER 5

A T-SHAPED MULTI-BAND MIMO
SYSTEM FOR 5G SMARTPHONE
APPLICATIONS
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5.1

CHAPTER 5

A T-SHAPED MULTI-BAND MIMO SYSTEM FOR 5G
SMARTPHONE APPLICATIONS

INTRODUCTION

Many nations view the 3.4-3.6 GHz spectrum (LTE 42 band) as the pioneer in the
Sub-6 GHz range. Along with this frequency, contemporary 5G research is also
concentrating on the unlicensed LTE band 46 (5.150-5.925 GHz) and the LTE 43
band (3.6-3.8 GHz). Multi-element system integration into a single mobile terminal
module has increased in recent years, and this trend is being studied [132]. These
MIMO systems can only operate on one band, so they fall short of meeting all of the
demanding specifications needed for 5G multi-band communications. Other designs
have been working to achieve dual band or multi-band operations or wide band [90-
100]. Their ability to operate on all frequencies designated as part of the sub-6 GHz
5G spectrum is a benefit. Nonetheless, the antenna components are mounted in these
designs using side frames that are 5 mm in diameter and larger. This may limit these
designs' applicability to incredibly thin mobile devices. In design [139] side frame
used to install antenna is 3 mm. Which is very less but it operates on single band.
Hence, the design only focused on compactness of the overall smartphone and not on
the multiband coverage. Each of the aforementioned designs emphasis on enhancing a
single MIMO system’s parameter; for example, some designs aim to improve
isolation, others to provide multiband operation, and yet others are focused
on miniaturization. However, only minority of the designs concurrently takes into
account compactness, low ground clearance, LTE 42/46 band coverage, and improved
isolation.

The goal of the proposed design is to construct a MIMO system which can reduces
the overall amount of space taken up by the antenna that operates on multiple bands,
and provides adequate isolation simultaneously. The basic T-shaped patch antenna
serves as the basis for the evolved design idea.
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5.2

GEOMETRICAL STRUCTURE

Figure 5.1 shows the T-shaped proposed MIMO system's whole geometric

configuration. The suggested system is 150 x 75 x 0.8 mm? in dimension. FR4
substrate (tan 6 = 0.02 and € = 4.4) is utilized for the designing substrate and side
frames. A T-shaped resonant structure operating on LTE 42/46 achieves dual band
response. The antenna components are mounted on a 150 x 3.6 mm? sideframe with a
thickness of 0.8 mm (see Figure 5.1(a)). The antenna components are inscribed on the
exterior of the side frames as perceived from Figure 5.1(b). It is composed of two
sections: a 3.6 mm vertical part located in the side-frame’s internal side and a 10 mm
horizontal piece located on top of the substrate.
The whole dimension attribute of an antenna element is displayed in Figure 5.1(c).
The lengths of proposed antenna are 15.6 mm, 6.3 mm, 2.1 mm, and 1.5 mm for L;,
L,, L3, and W;. The antennas (1 & 5), (2 & 6), (3 & 7), and (4 & 8) have width W, of
0.4 mm, 0.45 mm, 0.45 mm, and 0.454 mm, respectively. Each antenna has a feed line
offset (d;) of 2.95 mm.

0 0.8mm thick FR4 substrate
O Ground Plane on the back surface

\ B Antenna Element
< [ Feeding strip
a2 -l
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Figure 5.1 Geometry of the proposed multiband MIMO system (a) Complete view (b) Side frame with

dimensions of feed line, (c) Individual element

5.3 MIMO ANTENNA SYSTEM PERFORMANCE

Figure 5.2 reveals the transmission and reflection response curves for the proposed
MIMO antenna system. The lower band (resonates at 3.55 GHz) has bandwidth
ranging from, 3.4 to 3.6 GHz, and the upper band (resonates at 5.5 GHz), is from 5.15
to 5.93 GHz, using -6 dB as a reference. It is possible to obtain 14 dB isolation for
lower band and 25 dB isolation for non-adjacent antennas, such as Sss. The isolation
for nearby and non-adjacent antennas in the upper band is 16.5 dB and 30 dB,
respectively. As a result, the design has good isolation.

5.3.1 Analyzing parametric data and current distributions

Using the current distribution given in Figure 5.3, operational mechanism is
investigated of proposed design.. The length L;, L,, L3, W3, and W, are, 15.6 mm, 6.3
mm, 2.1 mm, 1.5 mm, and 0.4 mm respectively. At 3.5 GHz current distribution is
shown in Figure 5.3 (a), and at 5.5 GHz in Figure 5.3(b). The upper radiating element
and the bottom element make form the antenna radiator. where the short element is
connected to length L3, and the top radiating element has length L;.

The first resonance is caused by both the radiating elements. However, for the second
resonance only the upper radiating part is included in the current path. The top

radiating element's surface current varies by A/2, which leads to the second resonance.
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Figure 5.2 Simulation (a) Reflection coefficients, (b) Mutual coupling of proposed T-shaped MIMO
system

To comprehend the impact of changing the antenna’s length and breadth, L;, W3, and
W, parameters are varied. The results show how these changes affect the resonance
frequency and operating bandwidth, as shown in Figure 5.4 (a) and 5.4 (b). Both the
upper and lower resonances moved to the lower frequency as L; length increased from
12 mmto 17 mm.

This was anticipated since the length L3, which represents the entire horizontal length
of proposed antenna, extend the current path of both resonant modes, hence reducing
both resonances. The antenna covers the two needed bands when L; is 15.6 mm,

which is why this length was chosen.
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Figure 5.4 Variation of (a) Length L; (b) Width W; when L, is 15.6 mm

It became apparent that both resonances switched to the frequencies below when

the width W was increased from 0.5 to 1.5 mm.

The width W; was changed from 1 mm to 3 mm. The first resonance did, however,
slightly alter at 2 mm, while the second resonance continued to migrate to the lower
end of the spectrum. The first resonance began to move to a higher frequency while
the second resonance shifted to a lower frequency as W; was further raised from 2.5
mm to 3 mm. This occurred because, once the width W; is expanded to 2 mm (the
side-frame’s height is fixed), doing so will cause the length L3, which contributes to
initial resonance, to decrease. The initial resonance will rise with any decrease in
length Ls. Thus, when width W, is extended beyond a certain point, it sets the distance
between the two resonant frequencies in addition to controlling the resonances of the

two bands.
However, in this instance, we disregarded width W;'s additional capabilities and

limited it to 1.5 mm. The initial resonance may be clearly affected by changing the
width (W), and the lower band can be controlled using this parameter.
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5.4 RESULT AND DISCUSSION

Prototype was created in order to validate the simulated findings, as displayed in Figure
5.6.

©

Figure 5.6 Image of fabricated design (a) Front view (b) Side view and (c) Measurement setup
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According to the observed reflection coefficient revealed in Figure 5.7, the LTE bands
42/46 are the two band of operation achieved by proposed MIMO system. Because they are
next to one another, the connections between ports 1 and 2, 2 and 3, and 3 and 4 are the
strongest. For both bands, isolation is 14 dB between any two antenna pairs. The
measured and simulated results agree rather well, with the exception of a few small variations
caused by mismatch and manufacturing tolerance. The overall efficiencies are around 60%—
81% in the lower and higher bands, respectively (see Figure 5.8). Figure 5.9 shows the co and
cross radiation pattern of E and H plane of antenna 1 to antenna 4 at 3.5 GHz and 5.5 GHz.
Because of the symmetry in the structure layout, radiation pattern of antenna 1 to antenna 4
are presented for the discourse. It is clear that the proposed design produces good radiation.
The peak gain ranges from 2 to 4 dBi.
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Figure 5.7 (a) Measured reflection coefficients results of proposed array (b) Measured Mutual coupling
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Figure 5.9 Simulated and measured radiation patterns of the proposed antenna array. E-plane

radiation patterns:(a) Ant 1, (b) Ant 2, (c) Ant 3, (d) Ant 4 at 3.5 GHz,(e) Ant 1, (f) Ant 2, (Q)

Ant 3, (h) Ant 4 at 5.5 GHz. H-plane radiation patterns:(i) Ant 1, (j) Ant 2, (k) Ant 3, (I) Ant 4
at 3.5 GHz,(m) Ant 1, (n) Ant 2, (0) Ant 3, (p) Ant 4 at 5.5 GHz.

541 MIMO Performance

Figure 5.10 displays the ECC between antenna 1 and 2, antenna 2 and 3, antenna
3and 4, antenna 4 and 5, and antenna 5and 1. When half of the elements, namely
antenna 1 to 4, are taken into consideration, ECC values are only displayed between
these antenna pairs since they are the nearest to one another and, as a result, are prone
to experience more intense radiation interference from one another. The ECC is

determined using Equation 5.1.

|, E:(6,d)  E (6, d)* 00| (5.1)

ECC = i
11, |E:(6, )20 [, |E; (6, )| 00
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i and j are the two ports being excited.

An excellent ECC of less than 0.075 and 0.05 is achieved across the lower and

higher band respectively. In the event where the transmitter is unaware of the channel

situation, the channel capacity for NxN MIMO system is determined using Equation

5.2. Every antenna receives the same quantity of power.
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Figure 5.10 Measured and simulated ECC variations with frequency

- E{logz [det (IN + NP HHH)]}

nr

(5.2)

where H is a channel matrix (NxN), number of transmitting antennas nt, E stands

for expectation with respect to various channel realizations, and average SNR is p/N

(in this case, 20 dB).

The channel has an identical distribution and is independent in a Rayleigh fading

environment.

As seen in Figure 5.11, the proposed design achieves a channel capacity of 41
b/s/Hz and 43.6 b/s/Hz for LTE 42 and LTE 46 bands respectively.
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Figure 5.11 Proposed multiband compact system’s Ergodic channel capacity

COMPARISON WITH OTHER RECENT DESIGNS

Table 5.1 presents a comparison of MIMO performance of proposed design with
other state of the art methods. Every design listed in Table 5.1 covers. It is made on
side frames larger than five millimeters and covers two or more 5G bands. With the
exception of the design given in reference [88], it is larger than the suggested design.
With a height of only 3 mm, the sideframe utilized in reference [88] is perfect for
incredibly thin phones. When compared to this design, the suggested side-edge printed
MIMO system offers the advantage of reasonable isolation and efficiency. The two 5G
bands are covered by the design found in references [97] and [98], which also offers
good isolation. Nevertheless, the reference [98] only has four MIMO orders, which
may restrict the channel capacity. Although the design [102] operates at two 5G bands,

the isolation and side-frame size can still be improved.
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Table 5.1: Design comparison of T-shaped multiband MIMO system with state of the art 5G antenna design

Ref Length Height Operational No. of antenna Antenna ECC Isolation Peak Channel
and thickness band elements Efficiency (dB) Capacity
of side frame (GH2) (%) (b/s/Hz)
(L xH*)

[13] 150%x7x0.8 3.4-3.6, 8 >41, <0.08, >11.5 38.5,

4.8-5.1 >40 <0.07 38

[92] 150x5.2x0.8 3.4-3.6, 8 >50, <0.1 >12 38.8

5.15-5.925 >53 <0.04 39.7
[97] 150%x6x0.8 3.3-5.95 8 >47 <0.11 >15 35.6-41.3
[98] 150x7x0.8 3.4-3.6, 4 - <0.14, >17.5 18.3
4.8-5 <0.12
[100] 135x7x0.8 3.3-6 8 >46 <0.26 >11.4 -
[88] 150%x3x0.8 3.3-3.8, 8 >43 <0.12 >10.5 36.8
4.8-5, 37
5.150-5.925 37.6
Proposed 150%3.6x0.8 3.4-3.6, 8 >60 <0.075 >14, 41
Design 5.15-5.925 <0.05 >17.5 43.6
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Therefore, the suggested design excels because it simultaneously provides strong
isolation, a small antenna size and dual band coverage, a feat that more recent designs

were unable to accomplish.

5.6  ANALYSIS OF PROPOSED MIMO ANTENNA FOR ITS PRACTICAL

APPLICATIONS

The integration of a MIMO antenna system into a terminal device while including
various components like a dielectric frame and a battery is a design issue. Because of
this, modeling of a MIMO antenna system using these components is crucial and
actual prototyping is insufficient. As a result, this section discusses the impact of the
phantom hand, display screen, and frame (plastic) on the proposed MIMO

performance.

5.6.1 Battery Effect on MIMO performance

As seen in Figure 5.12, the battery module combined with the main PCB. A metal
that measures 118 mm x 40 mm x 3 mm is affixed to the main PCB to replicate the
battery. Figure 5.13 presents the comparable results. The impact on the two resonances
is minimal. The LTE 42/46 bands are still covered by the design, and the isolation is
14 dB.

Figure 5.12 Battery installation with proposed MIMO system
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Figure 5.13 Simulation results of MIMO system with battery (a) Reflection coefficients (b) Mutual

coupling

5.6.2 Performance analysis of MIMO with installation of plastic frame

As shown in Figure 5.14, a plastic frame of 4.6 mm in height (er = 3 and tan 6 =
0.01) encircled the antenna array. It is possible to observe the little change in the
resonance frequency, which is 5.5 GHz to 5.4 GHz (see Figure 5.15). When plastic
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frames are positioned all around the antenna array, dielectric loading happens because
they are in close proximity to the antenna components. Still, the design features 14 dB

isolation and functions on both bands.

Plastic frame

Figure 5.14 Proposed MIMO antenna with plastic frame
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Figure 5.15 Plastic frame installed (a) Reflection coefficients (b) Transmission coefficients

5.6.3 Performance analysis of MIMO with user hand

The existence of the user hand in the near field of antenna elements may have an
impact on a MIMO system since the human body has a property of being a lossy

dielectric medium.

(b)

Figure 5.16 Single hand usage scenario (a) Front View, (b) Side View
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Figure 5.17 Single hand usage scenario (a) Reflection coefficients, (b) Mutual coupling

Living tissues have a higher relative permittivity than the air. The human hand's
relatively high permittivity (while holding a cell phone) may result in an impedance
change in the near field zone of the antenna. Consequently, antenna performance is
affected by the inclusion of the hand model. The impact of the user hand on the
MIMO system is revealed in Figure 5.17. The antenna 2, 6, and 7 are quite near to the
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user's hand, as Figure 3.16 illustrates. Their performance suffers greatly as a result.
Because they are not impeded by the user hand, the dual band ability of other antenna

elements is maintained. The design provided 15 dB isolation.

5.7 CONCLUSION

Dual band antenna arrays are made using straightforward T-shaped designs. The
suggested design uses side frames of just 150 mm x 3.6 mm, which are utilized to
mount the antenna components. The isolation offered by proposed MIMO antenna
system is better than 14 dB and operates on LTE 42/43 channels. The ECC for each of
the two interest bands is less than 0.075. In the LTE 42/46 bands, the combined
efficiency of all antennas is greater than 60%. The recommended antenna array
performs better in terms of simultaneous dual band coverage, size reduction, and
enhanced isolation. Though they may be added in the future, the performance of the
system with additional mobile device components (such as the camera, speaker, etc.)
has not yet been covered in this thesis. The suggested MIMO system has promise for
use in incredibly small 5G devices, provided that the antenna is used practically.
Further, after achieving the miniaturization and multiband coverage which can help in
making the smartphone less bulky, tracking the appearance of the smartphone is also
important as some customers are keen to buy metalbody smartphone. Therefore the
next chapter of the thesis is dedicated to a MIMO system, which is designed for the

smartphone with metal body.
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CHAPTER 6

METAL-RIMMED 8-ELEMENT TRI-BAND MIMO

SYSTEM WITH HIGH EFFICIENCY FOR MODERN 5G

6.1

SMARTPHONES

INTRODUCTION

The physical design of smartphones and fast data rates have lately been the two
foremost things that users are interested in before they make a choice of buying a
phone. Modern mobile customers demand resilience and appealing appearances in
addition to high performance from their smartphones. The body of a smart phone can
now be designed in a variety of ways, such as, a glass body, a metal body or a hybrid
metal-plastic design. The most common option from these is metal-rimmed cell-
phones since they give the entire smart phone the needed mechanical strength and a
decent appearance when installed. However, antenna performance gets noticeable
influenced due to the mobile phone's metal chassis. The adverse effects of the metal
frame affect the impedance matching, antenna efficiency, and other performance
attributes. This happens because of the movement of current in the metal frames will
interact with the current flowing in the antenna element itself. It is challenging to
design an antenna that covers different sub-6 GHz bands assigned to 5G
communication with acceptable performance under these rigid restrictions. One
possible solution to this problem is given [140] in which use of grounded patches is
done and the metal rim is modified by creating gaps to enhance antenna’s
performance. The alternate method entails employing the entire portion as antenna.
Another approach is utilizing a section of the metal rim to construct the antenna. This

can make it easier to design antennas.

For metal rim antennas, researchers have developed a number of intriguing
designs. Creating an antenna radiator out of the metal rim is a common move towards
getting adequate bandwidth and efficiency [101-123] and [141-142]. Unique method
is presented [143] to improve radiation performance by using half square and circular

loop. There were essentially two research gaps found in the open literature by the
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authors and that are as follows. 1) Designs consider their bands at -6 dB impedance
bandwidth. 2) Modern designs have significantly lower efficiency. The current
research is motivated by these elements. In this study, inverted F antenna (IFA) and
an open-slot antenna are presented that may be utilized with metal-frame smartphones
to operate LTE in the bands of 42/43/46. The antenna uses a metal frame that also
serves as the IFA. There is improvement in the impedance matching of the open-slot
antenna due to the presence of metal-rim. This antenna is a strong contender for

metal-rimmed smartphones.
6.2 GEOMETRY OF ANTENNA

For 5G mobile devices, a three-band (LTE 42/43/46) MIMO metal rimmed design
is suggested, as shown in Figure 6.1. The 150 mmx75 mmx0.8 mm, circuit board has
been designed using FR4 substrate (tan = 0.02, r = 4.4). There is metal ground on the
backside. Two side frames are acting as the metal rim. They are placed on the circuit
board's two longer sides. In order to match the metal rims of cellphones, the inside
edges of the frames are copper-plated also they are electrically linked to the ground

plane.

] Ground Plane on the back surface

O Feeding strip

© Copper on the front surface of side frame
[ 0.8mm thick FR4 substrate
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Figure 6.1(a) Complete structure of the proposed tri-band metal rimed MIMO system (b) Single
antenna element

The spacing among radiating components or antenna structure is divided equally
i.e. 26 mm. A rectangular defect made up of two L-shaped slots in the ground
structure of a single antenna element is exploited to construct the proposed tri-band
MIMO system. This defect is of 14 x 3 mm?® dimension in total. The design
specifications for the radiating element are shown in Figure 1(b), with L;=12.3 mm,
L,=12 mm, L3=1 mm, Ls=3 mm, Lg=7 mm, Lg=1.5 mm, and Lg=5.25 mm. The
feeding for the antenna element is provided via a micro-strip line that is present on the
inner side of metal rim. A tuning stub that can be compared to a capacitive loading is
placed to the feeding line parallel to the metal rims. Points 'a' and 'd" are used to link a
thin, 0.3 mm wide meandering line to the straight microstrip. In this mode, it acts as
an impedance transformer. To maintain the robustness of the design the ground plane

and metal-rim are electrically connected.

6.3 PERFORMANCE OF MIMO ANTENNA SYSTEM

Figure 6.2 displays the proposed slot antenna's reflection coefficients. The
suggested tri-band metal rim design operates on 3.4 - 3.6 GHz and 3.6 - 3.8 GHz
bands and resonates at 3.6 GHz. These two bands are covered with -10 dB impedance

bandwidth which an infrequent occurrence in contemporary MIMO antenna designs
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for smartphones. This design also works on LTE 46 (-6 dB impedance bandwidth)
band (l.e 5.1 - 5.8 GHz). The proposed tri-band metal rim MIMO antenna
arrangement achieves isolation of 12 dB.

Reflection Coefficient (dB)
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Figure 6.2 S-parameter of tri-band metal rim MIMO system (a) Simulated reflection coefficients (b)
Simulated Mutual coupling.
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6.3.1 Design Process

The proposed tri-band metal rim antenna’s design progress is broken down into
four stages. Only the open slot and feed line are visible in step 1. Impedance
transformer is inserted in step 2. Stub is added in step 3 along with the impedance
transformer are both present. To create the suggested design, step 4 involves adding
another slot. The reflection coefficient of all design steps is presented in Figure 6.4.
The only mode produced in first step is the open slot mode, which has a resonance at
4 GHz. The second stage entails the addition of an impedance transformer, and alters
the impedance to bring the resonance down to 3.8 GHz. This meandered structure act
asa LC tank.

A
v
<>

Without

Tuning stub Without
Meandered line
Step |
(@)
Without
Tuning stub
Step 2

(b)
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Tuning stub _
Meandered line
Proposed
Antenna
(d)

Figure 6.3 The suggested antenna's design steps include (a) 1 (b) 2 (c) 3 (d) 4, respectively

At about 8 GHz, there is a new resonance which is a result of IFA mode excitation
and it is caused by the feed line and metal rim working together. The transmission line
is given a stub in step 3, which causes capacitance between the metal rim and
transmission line. The mode that is excited at 5.5 GHz is IFA mode, when this stub is

introduced, but up until this stage this design is not working on the desired frequency

bands.
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Figure 6.4 Evolution process in terms of reflection coefficient

Last but not the least, a new slot is added to assist in relocating the resonance
frequency to the relevant frequency range. An additional resonance is appearing at 7.5

GHz, however for the respective thesis this is not the area of concern.
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Figure 6.5 Input impedance of the different steps (a) real part (b) imaginary part

Input impedance of all the steps is depicted in Figure 6.5. At step one, the only
excited mode operating at 4 GHz is the open slot mode, where the real component
depicted in Figure 6.5(a) is around 50Q and the imaginary part is approximately zero.
The resonance frequency at the lower band is moved downward in step 2. This
phenomenon occurred as the input impedance of antenna is altered as a result of the
LC loading. The imaginary component decreases and the IFA frequency shifts to 5.4
GHz in step 3 as a result of capacitance, but the design still does not cover the target
bands.So, the final stage includes the addition of slot 2. As a result, the IFA mode can

be correctly tuned to the required band.
6.3.2 Operating principle

Two modes are produced by a single antenna. The slot mode comes first, followed
by IFA mode. At 3.6 GHz, less amount of current is present at the open end and

higher amount of current at the closed end of the slot (see Figure 6.6 (a)).
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Figure 6.6 Distribution of current (a) 3.6 GHz (b) 5.5 GHz

The current route of length L, follows the path ABCD, where ABCD = 5.5 mm+3
mm+12.3 mm=20.8 mm~ 0.25 A. It is a open slot antenna operating at 0.25
wavelength. As demonstrated in Figure 6.6 (b), the 0.25 IFA mode is the cause of the
second resonance. Points EAF are included in the present route.

It is crucial to comprehend how design factors affect the functionality of the
antenna array. As a result, the suggested design must undergo a parametric analysis.
The impact of changing the length L; of slot 1 (which is L; + L3) is seen in Figure

6.7(a). The resonance frequency decreases as L; length increased.
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Open slot mode produced by slot 1 is responsible for first resonance. At 0.25, the
open slot resonant. However, because the FR4 substrate fills the open slot in this
configuration, the slot resonates at 0.16 as a outcome of the loading effect. Figure 6.7
(b) shows the impact of changing the length of slot 2 (L, + L,).

Feed line and metal-rim, are an essential component of the IFA mode. The second
resonance's impedance is controlled by slot length L,. Therefore, Figure 6.7(b) shows
the impact of changing the length of L, on the second resonance. Unlike the metal
rim's set length, the stub length can be altered. The metal rim's breadth and length are
fixed. As the stub length varies, the capacitance between the metal rim and the stub
will rise (see Figure 6.7(c)). As a result, capacitance will increase by lengthening the
stub and push the second resonance frequency downward. The two frequencies can be
tuned with this approach without having a major impact on the other resonant

frequency.
6.4 FINDING AND ANALYSIS

As shown in Figure 6.8, a prototype is fabricated with thick FR-4 substrate (0.8
mm), utilizing PCB technology to validate the outcomes of simulations. Anechoic
chamber testing is used to assess the manufactured prototype's radiation performance,
and is depicted in Figure 6.11.

For the sake of simplicity, the antenna element's findings from antenna 1 to
antenna 4 are reported, as there is symmetry in the placement of individual elements
along two sides of PCB. The prototype's measured reflection coefficient is shown in
Figure 6.9. The presented MIMO antenna system may operate between 3.4 to 3.8
GHz (with -10 dB impedance bandwidth) and between 5.19 to 5.8 GHz (with -6 dB
impedance bandwidth).The predicted and observed results match well, but there is
small deviation in the resonance freq

-uencies due to fabrication tolerance and mismatch
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Figure 6.8 Fabricated prototype (a) side view (b) back view (c) Measurement setup in Anechoic
chamber
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measured.
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Figure 6.10 Comparison between simulated and measured results of proposed metal rimmed antenna

For better visualization of the result, comparison between measured and simulated
results of proposed metal rimmed antenna is presented in Figure 6.10. Results of
antenna 1, 2, 3 and 4 are presented in Figure 6.10 (a), (b), (c) and (d) respectively. It is

clear from the figure that matching between the two results is decent.
6.4.1 Radiation performance analysis of proposed design

When compared to current recent techniques mentioned in literature, simulated
efficiency of antenna is 80%-91%, which is quite good, according to Figure 6.11
overall efficiency graph. For the LTE 46 band, the simulated total efficiency ranges
from 70% to 92 %.
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Figure 6.12: Measured and simulated 2D E-plane and H-plane radiation patterns of the proposed
antenna elements at 3.6 GHz and 5.5 GHz. E-plane radiation patterns:(a—d) Ants 1-4 at 3.6 GHz,(e-h)
Ants 1-4 at 5.5 GHz, .H-plane radiation patterns:(i—I) Ants 1-4 at 3.6 GHz, (m—p) Ants 1-4 at 5.5
GHz.

Figure 6.12 depicts the radiation patterns of antenna 1, 2, 3, and 4 at 3.6 GHz and
5.5 GHz, respectively for e-plane and h-plane. The recommended antenna elements
have radiation characteristics that are almost omnidirectional with direction of
maximum radiation pointing in different directions. The peak gain lies between 3 to
4.2 dBi. Although the general patterns of the two outputs are similar, there are minor
differences in the two pattern due to the fabrication loss and other factors such as test

environment are the main causes of this.
6.4.2 MIMO parameters response analysis

Diversity and multiplexing performance is presented in this section. The ECC of
diverse antenna pairs is examined and shown in Figure 6.13. The calculated and
simulated ECC values are below 0.15 and 0.05, respectively between antenna 1 and 2.
It is below 0.05 and 0.1 for antenna 2 and 3. All components have ECC value under
0.15. Next, the ergodic channel capacity is investigated at high signal-to-noise ratios
(SNRs), i.e., 20 dB. A Rayleigh fading environment was assumed to calculate the
channel capacity. The following gives a description of the ergodic channel capacity
C.

c= E{log2 [det (IN + NLnTHHHﬂ} (6.1)
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Where E stands for expectation, channel matrix is H, (NxN), and average SNR is

p/N, identity matrix is Iy, and transmitting antennas is nr.
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The realized channel capacity in the lower and upper band is 39.8 b/s/Hz and 40
b/s/Hz respectively (shown in Figure 6.13 (b)).
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The user hand can impact the antenna performance. Consequently, for use in real-
world scenarios, the effect on antenna due to the presence of hand of user in the

antenna vicinity is investigated (see Figure 6.14).

@ (6)

Figure 6.14 Single hand mode (a) top, (b) side view
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As seen in Figure 6.15, their performance is significantly reduced that are close to the
user’s finger and thumb. Even thought thumb is close to the Ant 2, open slot and the
metal rim slots are not blocked by the thumb, so the Ant 2's performance is unaffected.
The other antennas can preserve their dual band features due to the reason that the user's
hand is not covering the other antennas. The design still provides isolation that is superior
to 13.5 dB.

6.5 COMPARISON OF PROPOSED METAL-RIM ANTENNA WITH OTHER

MIMO SYSTEM IN LITERATURE

In order to emphasize the benefits offered by the proposed design smartphones, modern
techniques are evaluated to the suggested design in table 6.1. The designs that can
provide a multiband response are suggested in references [121], [122], [88], [141], and
[137]. Reference [121] does not emphasize covering the LTE 46 band, though. Despite
covering the LTE 42 and 46 bands, [122] and [138] do not include the LTE 43 band.
Future 5G phones will require all three of the bands. Additionally, because they were not
created for metal rim cellphones, as designs in reference ([121], [122], and [138]) are not
appropriate metal rim smartphones. Rest of the designs aside from these two is

appropriate for 5G devices with metal rims.
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Table 6.1: Comparison of recent 5G antenna’s performance with proposed metal rimmed MIMO system

Ref Operating band(GHz) Metal Frame Isolation No. of antenna ECC Peak Channel Efficiency
(dB) element Capacity (b/s/Hz) | of Antenna(%)
[121] 3.1-3.85,5.6-7.20 Without >10 14 <0.15 60.6 >41,>61
(-6 dB) 70.5
[122] 3.3-3.55,4.2-6.2 Without >15 8 <0.1 40.2 >58
(-10 dB)
[88] 2.496-2.69, 3.3-3.7 With >10.5 8 <0.11 38.9 >41
(-6 dB)
[91] 3.4-3.6 (-6 dB) With >12.7 4 <0.13 - >29.2
[141] 3.3-4.2,4.4-5, 5.15-5.95 With >11 8 <0.1 40 >40
(-6 dB)
[142] 3.4-3.6 (-6 dB) With >10 8 <0.15 - >42
[138] 3.4-3.6,5.12-5.925 Without 11.2 8 0.1 36.9 >51, >62
(-10 dB)
Propo 3.4-3.6, 3.6-3.8 With >11.5, 8 <0.15 38.8, >80
sed (-10 dB) >12 <0.13 40
Desig 5.15-5.925 >70
n (-6 dB)
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Reference [91] has only 4 antenna elements, hence high data rate demands may not
be met by these designs in the future. The only 5G band that Reference [88] and [142]
are operating with is one. Despite the fact that the citation [141] is intended for metal
rimmed and encompasses all bands. However, the suggested design offers greater
efficiency. The suggested design has a -10 dB impedance bandwidth, which is
significantly less than the most recent work and covers the LTE42/LTE43 frequencies.
Additionally, the proposed design's antenna efficiency is higher than other designs

presented in Table 6.1.

6.6 CONCLUSION

A tri-band, highly efficient metal rim MIMO system that offers excellent overall
efficiency and can operate in the 3.4 to 3.8 GHz and 5.1 GHz to 5.8 GHz frequency
ranges is given in this study. The slot present in the metal rim serves two purposes.
First is it providing the isolation between two neighboring antenna elements and
second is that it helps in exciting the IFA mode. The slots in the metal-rim along with
the U-shaped slots in the ground plane are used in the proposed MIMO system for
isolation enhancement. The analysis of the proposed configuration shows that it is

applicable to contemporary metal rimmed 5G smart phone applications.

Performance Comparison of the Latest 5G Smartphones with the Proposed Designs:
Table 6.2. presents a performance comparison between the latest 5G smartphones and
the proposed designs. The comparison is based on the number of bands covered, the
number of antenna elements, and the thickness of the device (data readily available
from the internet). To account for the outer cover (radome) of the smartphone, one
millimeter is added to each design. It is evident from the table that the latest phones,
such as the iPhone 16, have only four 5G antenna elements, while the proposed
designs feature a minimum of eight antenna elements. While the smartphones in the
comparison cover the sub-6 GHz band, only Design 4 supports the LTE-46 band.
Additionally, the thickness of the proposed designs is significantly less than that of
leading smartphones, demonstrating that the proposed designs achieve compactness—

an essential factor for developing ultra-thin smartphones.
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Table 6.2: Performance Comparison of Latest 5G Smartphones with Proposed

Designs
Sub-6 GHz
. No of .
Design Band Thickness (mm)
Antennas
Coverage
Design 1 12 LTE42/43 0.8 mm + 3 mm
Design 2 8 LTE42 3mm+1mm
Design 3 8 LTE42/46 3.6 mm+1mm
Design 4 8 LTE42/43/46 7mm+1mm
'Prl‘g”e 4 LTE42/43 7.8 mm
Samsung Yes (Sub-6
Galaxy 4 GHz and 7.6 mm
S24 mmWave)
Yes (Sub-6
OnePlus 4 GHz and 8.7 mm
11R 5G
mmWave)
Vivo T3 4 LTE42/43 8.4 mm
Lite

This thesis primarily focuses on the providing better solution for the future mobile
phones. For this purpose different designs have been presented that provides unique
solution to unique problem. Results obtained by the proposed system surpass those of
the present state-of-the-art systems, according to a comparative validation of the
proposed models with other designs presented in the literature. Even with all of the
efforts made to create different methods and approaches to aid in the development of
the antenna system for 5G smart phone applications, there is still need for more
research. One of the methods involves using a neutralized line between antenna
elements, which can create an additional coupling path to cancel out the coupled
current from antenna 1 when excited. However, the length and width of the
neutralized line must be chosen carefully to avoid mismatch, and optimizing these
dimensions can indeed be a complex task. Space diversity is although effective, but is
challenging to implement in mobile devices due to the physical space limitations and
the necessity of maintaining at least A/2 spacing between elements, which, is not

feasible at 3.5 GHz for a compact smartphone.
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In Design 1, four antennas were placed on the shorter side, and eight antennas were
placed on the longer side of the device. This configuration, coupled with polarization
diversity, effectively reduced mutual coupling without the need for additional space-
consuming decoupling structures. Therefore, achieving decent isolation without
decoupling structures was one of the key contributions [148] of all the design
proposed in the thesis.

Moreover, there are additional methods found in the literature, such as the use of
cross-line fences [149], in-phase and out-of-phase excitation modes [34], wave trap
methods [150], and slotted elements in the ground plane [151], all of which offer
potential solutions for reducing mutual coupling. However, as discussed in the
chapters, these methods often require additional physical space or modifications to the

antenna structure, which can lead to an increase in the overall profile of the device.
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE

In the world of rapidly advancing technology, the quest for faster and more
efficient wireless communication has led to groundbreaking developments. Fourth
generation was no longer capable to deal with with the demand of higher datarates.
Fifth generation of mobile communication can provide the user with higher datarate
and low latency. MIMO technology is the most suitable option for datarate
enhancement in sub6-GHz range.

This thesis covers various designs to achieve the demand of 5G smartphone
applications. One such development is the investigation of a twelve-element MIMO
antenna system using a slot antenna for LTE 42/43 bands. This novel MIMO antenna
system has shown promising results in fulfilling the needs of 5G smartphones. By
utilizing orthogonal placement and embracing the concept of space diversity, the
isolation of 14.8 dB is achieved. This means that interference between the antenna
elements is minimized, providing a more reliable and efficient communication
experience. With an ECC of less than 0.05, ensures a high level of accuracy and
reliability in data transmission. Moreover, the MIMO system boasts an impressive
channel capacity of 61.9 b/s/Hz, enabling faster and smoother data transfer. The
proposed MIMO antenna system is poised to meet the demanding needs of 5G
smartphones.

As the era of 5G smartphones dawns upon us, the demand for ultra slim mobile
phones continues to grow. Side-edge of the smartphone was seen as a new place to
install antenna elements. The proposed design is a compact loop-based MIMO system
that can fit into an ultrathin smartphone. which covers the LTE-42 band. The size of
the side-frame needed to mount the antenna components is just 9.5 x 3 mm2. This
indicates that, when compared to the design offered in the literature, it is the smallest
size attained to date and can fit in the 3 mm high side frame. With a respectable
isolation of 14.8 dB, the structure resonates at 3.5 GHz.

Further, in order to create dual band MIMO system, simple T-shaped designs are
used that works on LTE 42/43 bands. The antenna components are mounted on side

frames measuring only 150 mm by 3.6 mm in the proposed design. In each of the
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interest bands, the ECC is less than 0.075 and isolation is better than 14 dB. The total
antenna efficiency in the LTE 42/46 bands is more than 60%. Size reduction,
improved isolation, and simultaneous dual band coverage are all improved by the
proposed MIMO antenna system. Several components have been explored to assess
the effectiveness of the proposed design that includes investigating the performance of
the proposed design after installing side frames, and batteries also the effect of user
hand.

There are a lot of materials used to design the body of the smartphone. Few
examples can be metal, glass or plastic body. Among which metal is that element that
can severely affect the performance of antenna. However metalrim smartphones are
still widely used as it provide needed mechanical strength to the overall design.
Another MIMO antenna system has been developed for metalrim smartphones by
using combination of IFA and slot antenna.There are two uses for the slot in the metal
rim. It first offers separation between two nearby antennas. Secondly, it facilitates the
activation of the IFA mode. The design covers tri-band (LTE42/43/46), 3.4 to 3.8 GHz
and 5.1 GHz to 5.8 GHz frequency bands. It also delivers good total efficiency of 80
% and 70 % efficiency at LTE42/43 and LTE 46 bands respectively.

Due to spatial constraints, the need to meet aesthetic requirements and the

widespread demand for full edge-to-edge displays with metal bezels in today’s
handheld devices, integrating all necessary antennas is highly challenging. This
doctoral thesis presents solutions to optimize the use of available space in mobile
devices.
Table 7.1 clearly indicate the Design-1 (D1) introduces a compact twelve-element
MIMO slot antenna system that enhances channel capacity while reducing mutual
coupling. The space limitation in mobile devices is addressed in Design-2 (D2) and 3
by relocating the antenna to a novel position — the side edge of the PCB. Although
this location poses challenges, such as the potential for a bulky device due to large
antenna size, miniaturized structures with good performance are demonstrated in both
Design-2 and 3. Design-2 employs a loop antenna as the base element for an eight-
element MIMO system, while Design-3 uses a monopole structure. Notably, adequate
isolation is achieved without the use of decoupling structures, making the designs
more suitable for cost-effective mass production.
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Since smartphones are consumer electronics, their visual appearance is critical in the
design process. Consumers have extensive preference of smartphones with edge-to-
edge screens and metal rims, making antenna integration even more difficult. Design-
4 (D4) presents a MIMO system specifically designed for smartphones with metal
rims.

The main contribution of Design-2 (D2) is the miniaturized antenna design for ultra-
thin smartphones, while Design-2 (D2), D3, and D4 demonstrate integration of

multiple 5G communication bands.

As space in mobile devices becomes increasingly limited, the solutions proposed in
this thesis offer viable approaches to antenna integration. These approaches are also
applicable to future sixth-generation (6G) mobile technologies, which will face similar
design constraints

Table 7.1 Performance Summary of MIMO Antenna Designs

Ref | WB (GHz) | Iso. (dB) | SFFMR (L | MO | ECC | CC AE
x H*) (b/ | (%)
s/H
2)
D1 |3.3-3.8 >14.8 No / No 12 <0.1 61. | >74
9
D2 | 3.4-3.6 >14.8 150x3/ |8 <0.1 |41 |>62
No
D3 | 3.4-3.6, >14, 150x3.6/ |8 <0.07 |41, |>60
5.15-5.925 | >17.5 No 5, 43.
<0.05 |6
D4 | 3.4-3.6, >11.5, 150 x 7/ 8 <0.15, | 38. | >80,
3.6-3.8 (10 | >12 Yes <0.13 |8, |>70
dB); 40
5.15-5.925
(-6 dB)

Ref: Design Reference, WB: Working Band, Iso.: Isolation, SF/MR: Side Frame /
Metal Rim (Length x Height in mm), MO: MIMO Order, ECC: Envelope Correlation
Coefficient, CC: Channel Capacity, AE: Antenna Efficiency

The following list contains the topics that this research project may investigate in

the future.

»  The work present in the thesis is limited to the implementation of MIMO
antenna system for sub-6 GHz range only. Extension of the research work on

millimeter wave is yet to be performed as this frequency range is also a part of
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5G band and as the demand of higher data-rate increase the sub-6 GHz range
band assigned for 5G communication may no longer will be able to fulfil this
high demand. By exploring the antenna designs that can work on these bands

can lead to future increase the datarate.

>  Addressing isolation and efficiency problems causing a poor performing
MIMO system, ultimately leading to performance degradation of any antenna

system.

> As the study primarily focuses on the MIMO operation in the sub-6 GHz
frequency range, which is predominantly used for data transmission, This thesis
did not include the effect of the user’s head, as it is not relevant during data
mode usage. In talk mode, the phone is typically held near the user’s head, but
the multi-port MIMO operation is designed for data transmission, where the
antenna performance is primarily influenced by the proximity of the user’s hand,
rather than the head. This is why the effects of the user’s head were excluded in
our study, as it falls outside the scope of sub-6 GHz MIMO performance in data

mode . However it can be done in future to study the safety aspect of the designs

>  Deployment of deep learning based antenna designing approach to provide
better optimization to the design parameters.

> Incorporating emerging technologies such as beamforming and machine
learning algorithms could greatly enhance the optimization of antenna
performance, especially in dynamic environments. Hence exploration of these
cutting-edge technologies specifically, beamforming techniques can be
employed to improve signal strength and directivity, enhancing the performance
of antenna systems, especially in complex environments. Additionally, machine
learning algorithms could be applied for real-time optimization of antenna
parameters, allowing for adaptive and intelligent performance adjustments based
on varying environmental conditions and user requirements.

»  Also environmental effect such as temperature and moisture on the
performance of proposed designs are not discussed in this thesis.

»  Although the demand of higher data rate is never ending next generation after
5G will continue to work on more better and sophisticated designs to enable

ultra low latency communication [144].
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