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ABSTRACT

Increasing demand for high data throughput and reliable service for mobile traffic
have motivated the development of 5G mobile communication system, which are
currently in the planning stage. Proposed 28 GHz millimeter-wave bands have
much potential for forthcoming 5G mobile communication because of the available
massive bandwidth and relatively low atmospheric absorption compared with 60
GHz Wi-Gig and other short-range systems. Although the standards for 5G
mobile devices have not been finalized as yet, this thesis focuses on the design
and development of single-beam antennas and pattern reconfigurable antennas,
which are potentially suitable for forthcoming 5G mobile devices.

This thesis initially develops three highly efficient antennas radiating boresight
at 28 GHz. Firstly, a narrow-band compact planar inverted-F antenna (PIFA)
is developed. Then, a method is presented to convert this narrow-band PIFA to
a wideband PIFA while maintaining the same size of the antennas (i.e. 4 mm
x 4 mm). Also, a wideband leaky-wave antenna (LWA) array is presented and
investigated. Methods to enhance the efficiency and impedance bandwidth of
the antennas are proposed. All the antennas have stable boresight radiation in
both the x-z and y-z planes. The impact of the mobile device battery on antenna
performance is investigated using one of the PIFAs.

A novel 1-D and 2-D pattern reconfigurable antenna has been developed and
investigated for 28 GHz band. Firstly, a basic LWA radiating off-boresight was

designed for mobile devices. Then, a wideband LWA radiating boresight was






developed and investigated. This was followed by a novel multi-feed antenna
being developed, prototyped and verified experimentally, for 1-D beam switching.
The antenna is able to switch beam in three different directions along the antenna
axis such as boresight, forward and backward directions using three feeds at
three different positions. Because of the wide beamwidth, the antenna radiation
patterns can fill 128° of space (3-dB coverage), i.e. 6 = -64° to +64° at the
azimuth angle of ¢ = 0°. Then two antennas are placed at right angles to each
other to achieve 2-D beam switching. The 2-D beam switching antenna pair was
prototyped and tested after integrating them into the ground plane of a mobile
device. The antenna is able to point the beam in five different directions, and in
fact its beam covers 167° (6 = -89° to 78°) at ¢ = 0°, and 154° (6 = -72° to 82°)
at ¢ = 90°.

For 5G mobile communications, a new technology of cognitive radio named
licensed shared access (LSA) has been demonstrated and two bands (1452-1492
and 2300-2400 MHz) have been allocated by the European Commission. More
bands are expected to be allocated for LSA operation from the bands 698-960,
1427-2690 and 3400-3800 MHz. Hence, the future mobile device antenna require
to cover all the LSA and LTE bands while having no null in the radiation patterns.
To cover these frequency bands, initially a planar antenna was developed for
the said LSA bands and the performance of the antenna was investigated with
and without a battery of a mobile device. Secondly, another planar antenna
was developed to reduce the number of nulls in the radiation patterns. These
antennas cover the LSA (1452-1492 and 2300-2400 MHz), mid-LTE (1427-2690
MHz), GSM1800, GSM1900, UMTS and 2.4 GHz WLAN bands. Thirdly, a dual-
band antenna loaded with a small vertical plate was developed and investigated.

This antenna covers the LSA, mid-LTE and high-LTE (3400-3800 MHz) bands.






In the lower LSA band radiation patterns there is no null but a null is present in
the higher LSA band and two nulls are evident in the high-LTE band. Fourthly,
a novel wideband antenna having a planar structure, loaded with an L-shaped
vertical plate was developed and prototyped; thus the concept was validated
experimentally. The antenna radiation patterns have no nulls and cover the
above-mentioned bands. All the antennas were designed without requiring an
active or passive component for input impedance matching. The dual-band and
wideband antennas cover the aforementioned bands even when the size of the
substrate and ground plane is varied between 120 mm x 70 mm and 240 mm
x 170 mm. This makes them suitable for mobile devices of different sizes, for
instance smart phones and tablet computers.

The final contribution this thesis makes in the development of a highly efficient
inverted-L-feed capacitive-coupled inverted-L antenna for the low-LTE (698-960
MHz) band. Similar to the previous antennas this antenna does not require any
lumped components for input impedance matching. The antenna is presented for
future mobile devices utilizing LSA /spectrum reallocation within the low-LTE
band. The measured reflection coefficient bandwidths are 684-732, 714-774, 748-
823, 788-882, and 820-965 MHz for the tuning inductor values of 9, 7, 5, 3, and
1 nH, respectively. Therefore, this antenna concept is suitable for conversion to
a frequency reconfigurable antenna, with switchable inductors. The prototype’s
radiation performance was measured with the 1 nH inductor to verify the concept.

Although some modern commercial mobile phone handsets use very thin an-
tennas with relatively poor performance due to their low cost and high emphasis
on handset aesthetics, high-performance antennas such as those developed in this
thesis are required for some multiband (4G/5G/LSA) applications. One of them

is a defense application where a handset - carried by many military personnel -






xiii

detects, intercepts and jams mobile phone signals used by the enemy to trigger
explosive devices such as land mines. Such handsets for improvised threat detec-
tion and neutralization require high-performance antennas with high efficiency

and gain and their thickness and cost are not critical.
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Chapter 1

Introduction

1.1 Introduction

The increasing demands that are inherent in mobile traffic and where a reliable service can
be enjoyed, have led to the development of 5G mobile communication system. Currently,
4G /long-term evolution (LTE) and 4G/LTE-advanced mobile communication systems are
now deployed in many countries. It is expected that they will be deployed in many other
countries soon [1-9]. The forthcoming 5G wireless communication system will enable
users to experience 20 Gb/s download speed (peak), given that current users have 1
Gb/s (peak) with 4G. Such an improvement in the wireless network will help to enhance
other technologies/sectors including but not limited to the following: cloud computing,
smart cities, remote health care, automatic vehicles, internet of things (IoT), artificial
intelligence, agriculture, education, and virtual reality.

Presently, the 5G mobile communications system are still at the planning stage. There
are five important technologies under consideration that will lead to fundamental changes
in the development of future 5G mobile communications where the aim is to achieve

100 to 1000 times the date rate of 4G [1,2,10,11]. These five technologies are device-
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centric architecture, millimeter-wave, cognitive radio, smart device, and native support for
machine to machine (M2M) communications [2,10-14]. However, of these five 5G mobile
communications technologies only two are receiving more priority from the researchers and
industry. One is millimeter-wave [15-21] and the other is licensed shared access (LSA),
which is a new cognitive radio technology that allows sharing of spectrum among mobile
network operators [2,22-25]. Field trials on these two promising technologies for 5G have
already started [23,26,27]. A 1.5 GHz (1452-1492 MHz) band and a 2.3 GHz (2300-2400
MHz) band have been allocated for LSA service. The proposed LSA service has been
tested in the 2.3 GHz band in Europe and more bands are expected to be allocated in
the near future [23,28,29].

Moreover, millimeter-wave bands are attractive for future 5G mobile communications
because of the massive available bandwidth. The current spectrum which is below 6 GHz
is in fact very limited. Several bands above 6 GHz are under consideration for future
5G mobile devices including the proposals from International Telecommunication Union
(ITU), Samsung, and HUAWEI [15,30-32]. The following bands 24.25-27.5, 31.8-33.4, 37-
43.5, 45.5-50.2, 50.4-52.6, 66-76, and 81-86 GHz are closely examining under the agenda
10 of World Radiocommunication Conference (WRC)-15 and to be finalised in WRC-19
under agenda 1.13. The frequency bands 27.5-28.35, 37-37.6, 37-38.6, 38.6-40, and 64-
71 GHz already allocated in United States for future 5G [33] while Korea and Japan
closely examining 28 GHz band future 5G mobile devices. An extensive propagation
measurement using a steerable beam for 28 GHz millimeter-wave is presented in [34] to
assess the effectiveness of this band under line-of-sight and non-line-of-sight conditions.
The maximum path loss is only 7 dB/km or 1.4 dB/200m attenuation at the 28 GHz
millimeter-wave band when the cell size is in the order of 200 m [1,35,36]. This atmospheric
absorption does not create significant path loss compared to the 38 GHz millimeter wave

band. Therefore, a directive and highly efficient antenna is sufficient for mobile terminals,
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making it possible to mitigate the path loss that occurs in the 28 GHz band. Since the
standards for 5G mobile communications have not been finalized, an antenna with a single
directed beam or an antenna with pattern reconfigurable capability would be sufficient
for 28 GHz millimeter-wave band.

While the 5G mobile communication system is in the planning stage, the 4G/LTE and
4G /LTE-advanced are in the deployment stage. Because of the significantly increasing
demand for spectrum below 6 GHz, new bands have been released regularly for LTE and
LTE-advanced over the years. For example, according to the European Telecommuni-
cations Standards Institute (ETSI) ‘release 09" (April 2010) [37], the frequency ranges
allocated for LTE mobile communication system are 824-960, 1427-1501, 1710-2170, and
2500-2690 MHz. They have 1l-frequency division duplex (FDD) and 6-time division
duplex (TDD) LTE bands. More bands allocated in ‘release 12" (May 2015) [38] and
the extended frequency ranges for 4G/LTE are 698-960, 1427-2690, and 3400-3800 MHz,
consisting of 30-FDD and 12-TDD LTE bands. These frequency ranges are titled as
low-LTE, mid-LTE, and high-LTE bands, respectively, in this thesis. Moreover, addi-
tional 6-FDD and 4-TDD LTE bands added in ETSI ‘release 14" (April 2017) and the
extended frequency ranges for LTE and LTE-advanced are 452-468, 698-960, 1427-2690,
3400-3800, and 5150-5925 MHz, consisting of 36-FDD and 16-TDD bands [3]. As well, the
frequency ranges 452-468 and 5150-5925 MHz are named as very-low-LTE and very-high-
LTE bands, respectively, in this thesis. Mobile phone companies in different countries are
making available these newly allocated bands to users to meet the market demand. For
example, the LTE11 (1427-1496 MHz) and LTE21 (1447-1511 MHz) bands have been re-
cently deployed in Japan by ‘au mobile’ and ‘NT'T Docomo’, respectively, and the LTE24
(1525-1661 MHz) band in the United States by ‘Ligado Networks’ [39,40]. Consequently,
future mobile devices require multi-band antennas to cover the aforementioned frequency

ranges so that the 4G/LTE and 4G/LTE-advanced standards are met.
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1.2 Challenges and Research Objectives

In defense application multiband (4G/5G/LSA) handset antennas with high performance
are required where a handset is very useful device to detects, intercepts and jams mobile
phone signals used by the enemy to trigger explosive devices such as land mines. Such
handsets require to cover all the mobile communication bands (4G/LTE, 5G, and LSA)
without null in the radiation patterns for improvised threat detection and neutralization.

The standards are not available for millimeter-wave 5G mobile device antennas because
the forthcoming 5G mobile communication system are in the planning and development
phases. However, antennas with single directed beam [17,41-51] or pattern reconfigurable
operation [15,52-58] are currently being developed for 28 GHz millimeter-wave 5G mobile
devices. Most of the beam switching antennas reported for mobile device application are
phased array. However, the amount of power required to drive a millimeter-wave phase
shifter for the phased array antenna is almost seven times to the power consumed by the
display of the mobile phone for video playback lasting five minutes [59,60]. The maximum
beam switching ranges achieved using the planar antennas with multiple feeds are 6 =
+48° to 0 = -48° [52]. All the reported antennas - either phased array or planar antenna
are able to switch beam along a particular axis, i.e. 1-D beam switching. Also, the area
occupied by the antenna is large compared to the space occupied by the LTE/4G antenna.
Therefore, a compact antenna with single directed beam as well as 1-D and 2-D pattern
reconfigurable antenna having extended beam switching capabilities without using the
phase shifter is a suitable candidate for 28 GHz millimeter-wave 5G mobile devices. A
brief analysis of the above discussed issues is presented in Section 2.5 of Chapter 2.

The antennas for 4G/LTE mobile devices studied extensively in the literature can
be categorized as either planar inverted-F antenna (PIFA) or planar monopole antenna
(PMA). Among those, planar antennas, without ground connection but with or with-

out an inductively/capacitively loaded parasitic element, are considered to be a PMA.
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Conversely, the planar antennas having at least one grounding point (mainly by using a
shorting point called a metallic via) are considered to be a PIFA. These antennas have
been proposed either to cover the dual-frequency ranges (698-960, 1710-2690 MHz) [61-71]
or to cover the triple-frequency ranges (698-960, 1710-2690, and 3400-3800 MHz) [72, 73]
using the single antenna with single feed or dual feeds. Antennas for LTE handset re-
ported in [74,75] to cover additional very-high (5150-5925 MHz) frequency range together
with the three other frequency ranges were mentioned previously. Overall, most of the
previously reported LTE/4G mobile device antennas cover low-LTE and high-LTE fre-
quency ranges. However, they are unable to cover the whole 1427-2690 MHz frequency
range which includes both the LSA bands and mid-LTE frequency range. These antennas
have good omnidirectional radiation patterns without null in the low-LTE band and at
the frequency close to 1710 MHz in the frequency range 1710-2690 MHz. On the other
hand, all of the reported antennas suffer from nulls in the radiation patterns, especially at
the frequency close to the higher frequency limit (2690 MHz) of the mid-LTE frequency
range as well as in the high-LTE, and very-high-LTE frequency ranges [61-75]. Therefore,
antennas having good omnidirectional radiation patterns without null over the operating
bands for 4G/LTE operation are in great demand to cover the frequency ranges 698-960,
1427-2690, and 3400-3800 MHz. A brief study on the above discussed issues is presented
in Section 2.4 of Chapter 2.

This thesis focuses on two main issues/problems. The first main aim is to develop
compact antennas with a single directed beam, and 1-D and 2-D pattern reconfigurable
antennas with wide scanning range for forthcoming 5G mobile devices. The second main
aim is to design and develop small-size antennas for both the LSA, low-LTE, mid-LTE,
and high-LTE bands by overcoming nulls from the radiation patterns over the operating

band. Therefore, the objectives of this thesis are:

e To design and develop compact antennas radiating at boresight for 28 GHz millimeter-
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wave bG mobile devices, investigate the impact of the superstrate, which acts as a
dielectric load, and study the influence of the mobile device battery, on antenna

performance.
Designing single element antennas radiating at boresight and off-boresight direction.

To design and develop 1-D pattern reconfigurable antenna with the combination of
boresight and off-boresight radiating antennas. Validation of the concept will be

achieved through fabrication and experiment.

To develop a method to achieve 2-D pattern reconfigurable operating using the 1-D
pattern reconfigurable antenna, and to validate the concept through fabrication and

experiment.

To design and develop planar antennas without a vertical plate and input impedance
matching circuit for both the LSA bands, and to investigate the suitability of the
planar structure to cover the mid-LTE band. Verifying the performance of the
planar antennas will be done with and without the presence of the mobile device

battery.

To design and develop a vertical plate loaded dual-band antenna for the LSA, mid-
LTE, and high-LTE bands with a minimum number of nulls in the radiation patterns
of the antenna. The performance of the dual-band antenna with different-sized
mobile device PCBs like smart phone (SP), SP plus, mini tablet computer (TC),

and TC will be investigated.

Design and development of a vertical plate loaded wideband antenna for the LSA,
mid-LTE and high-LTE bands by removing nulls in the radiation patterns. Pro-

totyping the model and conducting an experiment will be conducted to verify the



1.3 Research Contributions 7

concept. Suitability testing with different-sized mobile devices will also be under-

taken.

e To design and develop a highly efficient antenna for low-LTE band without null in
the radiation patterns. Testing passive reconfiguration to validate the suitability
of the antenna so that it can be converted into a frequency reconfigurable antenna
for future spectrum reallocation or LSA operation in 5G mobile communications.

Experimenting on the proposed concept will be done for verification purposes.

1.3 Research Contributions

The key contributions of this thesis are overcoming some limitations of 5G antennas, and
to improve scanning range of the pattern reconfigurable antenna for 28 GHz millimeter-
wave bG mobile devices. Furthermore this thesis focuses on overcoming some limitations

that exist in 4G mobile device antennas. The major contributions of this thesis include:

e Three planar antennas with boresight radiation for 28 GHz millimeter-wave band
are proposed. Two of the proposed antennas are categorized as planar inverted-F
antenna (PIFA) and the other is a leaky-wave antenna (LWA) array. These antennas
are developed for future 5G mobile device applications. In order to enhance the
efficiency and achieve a wide impedance bandwidth, a single layer superstrate acting
as a dielectric load is applied. One of the designs is investigated with and without
the effect of a battery in order to assess the influence of the mobile device battery

on antenna performance.

e A basic LWA radiating in the region between boresight and endfire named as off-
boresight direction is designed for 28 GHz millimeter-wave 5G mobile devices. Then

a boresight radiating LWA is developed. It is a simple but effective method for
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achieving boresight radiation from a single element LWA at 28 GHz band.

e A method is proposed to achieve beam switching in backward, boresight, and for-
ward directions from a 1-D LWA. The proposed antenna has three feed points, one
at the center and two at the ends of the antenna. By selecting these three feeds it is
possible to switch the beam in three different directions along the antenna axis. The
1-D pattern reconfigurable antenna was prototyped and tested in order to validate

the proposed method.

e A method is developed to achieve 2-D pattern reconfigurable operation using the two
1-D pattern reconfigurable antennas. The 2-D beam switching antenna with device
ground plane was prototyped and measured. The proposed method is validated

through experiments.

e Most of the antennas proposed for 4G /LTE/WWAN operation use a lumped component-
based circuit for input impedance matching which introduces losses in the antenna
system. Two planar antennas are developed to investigate whether the planar struc-
ture can sufficiently achieve coverage for both the LSA, mid-LTE (1427-2690 MHz),
and high-LTE (3400-3800 MHz) bands without using impedance matching circuit
(to match input impedance) or vertical plate (to improve radiation performance). In
order to discover the influence of the mobile device battery on antenna performance,

one of the designs is investigated with and without the effect of a battery.

e An antenna loaded with a small vertical plate is proposed to cover the LSA, mid-
LTE and high-LTE bands. This dual-band antenna is developed by investigating the
other two planar antennas mentioned previously. The proposed antenna is modeled

without using an input impedance matching circuit as well.

e A novel antenna loaded with an L-shaped vertical plate is proposed which covers
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both the LSA, mid-LTE, and high-LTE bands in a single wide operating band.
The wideband antenna is developed based on an investigation of the previously
mentioned two planar and a dual-band antennas. Similar to the dual-band antenna,
no input impedance matching circuit is used to achieve wideband operation. The

antenna was prototyped and tested to validate the idea.

e A novel inverted-L feed capacitive-coupled inverted-L antenna with high efficiency
has been developed to operate in the low-LTE (698-960 MHz) band. The antenna
does not require any input impedance matching circuit. The proposed antenna is
suitable for converting into a frequency reconfigurable antenna, which is suitable for
future spectrum reallocation in 5G mobile communications. The proposed model
was fabricated and tested to validate the method. Also, the passive reconfigura-
tion technique is investigated experimentally, from which a specific frequency range
within the low-LTE band can be selected. This aim is to improve the potential of
the antenna for emerging spectrum reallocation or LSA operation in forthcoming

5G systems.

1.4 Publications

The following papers including published, under review, and under preparation for peer-
reviewed journals and conference proceedings are the outcomes of research conducted

during the author’s candidature.

Journal Articles

1. K. M. Morshed, D. K. Karmokar, and K. P. Esselle, “1-D and 2-D Pattern Re-
configurable Antenna for 28 GHz Millimeter-Wave 5G Mobile Devices,” Intended

Journal: IEEFE Transactions on Antennas and Propagation (In preparation, planned
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Network for 5G Licensed Shared Access Mobile Devices in LTE Low-Band,” IEEE

Antennas and Wireless Propagation Letters (Submitted).

. K. M. Morshed, K. P. Esselle, and D. K. Karmokar, “Antennas for Licensed Shared

Access in 5G Communications with LTE Mid and LTE High Bands Coverage,”

IEEFE Transactions on Antennas and Propagation (under review).

Conference Papers

1. K. M. Morshed, D. K. Karmokar, and K. P. Esselle, “Highly Efficient Leaky-Wave

Antenna Array for 28 GHz Millimeter-Wave Terminals,” in Proc. IEEE 85th Ve-

hicular Technology Conference (VTC2017-Spring), Sydney, Australia, June 2017.

. K. M. Morshed, K. P. Esselle, M. Heimlich, D. Habibi, and I. Ahmad, “Wideband

Slotted Planar Inverted-F Antenna for Millimeter-Wave 5G Mobile Devices,” in

Proc. IEEE Region 10 Symposium (TENSYMP), Bali Island, Indonesia, May 2016.

. K. M. Morshed, K. P. Esselle, and M. Heimlich, “Dielectric Loaded Planar Inverted-

F Antenna for Millimeter-Wave 5G Hand Held Devices,” in Proc. European Con-

ference on Antennas and Propagation (EuCAP), Davos, Switzerland, April 2016.

. K. M. Morshed, K. P. Esselle, M. Heimlich, M. D. Mueck, and S. G. Hay, “A Simple

)

Planar Monopole Antenna for Mobile Handset Applications,” in Proc. International
Symposium on Antennas and Propagation (ISAP), Tasmania, Australia, November

2015.
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1.5 Outline of the Thesis

This thesis consists of ten chapters and an outline of the remaining nine chapters is
presented below.

Chapter 2 begins with a discussion of the frequency bands allocated, under review,
and proposed for 3G, 4G, 4G-advanced and 5G mobile communications. A comprehensive
literature review is presented on the topic of 4G/LTE mobile phone antennas, the focus
being on frequency range and radiation patterns characteristics. Furthermore, antennas
reported for 5G mobile communications focusing on licensed shared access (LSA) and 28
GHz millimeter-wave bands are studied together with pattern reconfigurable antennas.
Finally, a summary of what authors’ knowledge is lacking is presented in the literature
review.

Chapter 3 presents the development of three planar antennas for 28 GHz millimeter
wave band radiating at boresight direction. These antennas are developed for future 5G
mobile devices. In order to enhance efficiency and achieve a wide impedance bandwidth,
a single layer superstrate (acts as a dielectric load) is applied. The aim is to improve
gain and directivity of the antennas. Initially, a highly efficient, narrow-band compact
PIFA has been developed. The performance of the antenna is evaluated in two different
case studies that take into account and otherwise the effect of a mobile phone battery.
The antenna indicates a similar level of performance in both cases. Secondly, a wideband
LWA array has been investigated for 5G millimeter-wave band where each element of the
array is terminated with a rectangular microstrip. Thirdly, a highly efficient compact
wideband PIFA is developed. Like the previous two developments, a superstrate that
acts as a dielectric load is applied in order to enhance the efficiency and subsequently
the gain and directivity of the antenna. Owing to good performance and convenience
of fabrication, these proposed antennas are attractive for future 5G mobile devices. A

comparison with the reference antennas to date is presented to justify the suitability of
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the proposed antennas for future 5G mobile devices.

Chapter 4 presents an examination of a basic leaky-wave antenna (LWA) radiating
in the forward direction, a region between boresight and endfire; this is known as the
off-boresight direction and it applies to 28 GHz millimeter-wave 5G mobile devices. The
antenna was studied thoroughly in order to understand the working modes. Secondly,
a single element LWA is developed that radiates towards the boresight. The half-power
beamwidth (HPBW) of the antenna increases slightly when the frequency also increases
within the antenna operating band. Furthermore the beam does not split into two beams
within the band of interest. However, to find the frequency at which the boresight beam
splits into two off-boresight beams, a brief investigation is presented based on antenna
performance.

Chapter 5 presents a novel LWA for 1-D pattern reconfigurable operation. The antenna
is designed using the ideas discussed in the previous chapter. The 1-D beam switching
antenna has three feed points, one at the center and two at the sides of the antenna.
By selecting these three feeds independently it is possible to switch the beam in three
different directions along the antenna axis. The antennas performance is optimized for
each feed while the other feeds are inactive. The 1-D pattern reconfigurable antenna was
prototyped and the operation was verified through measurements. Secondly, using two
1-D beam switching antennas a 2-D pattern reconfigurable operation is achieved. The
performance of the 2-D beam switching antenna is tested after placing the antenna at the
corner of the ground plane of a mobile device. A comparison with the reference antennas
to date is presented to justify the superiority of the proposed antenna for future 5G mobile
device application.

Chapter 6 presents the development of two novel planar antennas for mobile devices.
Firstly, an antenna with an O-shaped ground plane is developed. The antennas perfor-

mance is tested with and without the presence of a mobile-device battery to observe its



1.5 Outline of the Thesis 13

effect on antenna performance. Two nulls are observed in the radiation patterns over the
operating band of the antenna. Secondly, another planar antenna is developed and this
one covers the lower LSA band without null in the radiation patterns. However, a null is
exist in the radiation patterns at the frequency close to the higher frequency limit (2690
MHz) of the mid-LTE band. Both planar antennas cover the LSA bands (1452-1492 and
2300-2400 MHz) and mid-LTE band (1427-2690 MHz). However, they are unable to cover
the high-LTE band (3400-3800 MHz).

Chapter 7 presents a dual-band antenna using the methods proposed in the previous
chapter (Chapter 6). The primary focus here is to develop an antenna which can cover the
LSA, mid-LTE, and high-LTE bands. The antenna proposed is modeled using a planar
structure loaded with an I-shaped small vertical plate. Most of the proposed antennas
uses passive or active lumped component-based input impedance matching circuit to
cover the above mentioned bands. The antenna described here does not require any input
impedance matching circuit and hence the structure is simple. The antenna covers the
lower LSA bands without null in the radiation patterns. However, one of the disadvantages
of the antenna is that a null is observed in the radiation patterns at the frequency close
to the higher frequency limit of the mid-LTE band, and two nulls in the high-LTE band.

Chapter 8 presents an L-shaped vertical plate loaded wideband antenna covering the
LSA, mid-LTE, and high-LTE bands. The antenna is developed using methods discussed
in the previous two chapters. In this design approach the objective is to reduce antenna
size and to remove the null from the radiation patterns. Similar to the previous an-
tennas, the proposed antenna discussed in this chapter does not require any active or
passive lumped component-based input impedance matching circuit. In order to verify
the concept the wideband antenna was prototyped and tested.

Chapter 9 presents an inverted-L feed capacitive-coupled inverted-L antenna with high

efficiency without using any antenna input matching circuit. The antenna has been de-
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signed to operate in the low-LTE band. The proposed antenna is suitable for converting
into a frequency reconfigurable antenna. The passive reconfiguration technique is inves-
tigated for the antenna structure so that a specific operating band within the greater
low-LTE band can be selected. It promises much in the emerging spectrum reallocation
or LSA operation in forthcoming 5G systems. The proposed antenna was prototyped and
tested to validate the concept.

Chapter 10 presents the conclusions of this thesis and is followed by some recommen-

dations for future research.



Chapter 2

Background Overview and Related

Work

2.1 Introduction

This chapter firstly discusses the frequency bands allocated for 3G and 4G mobile commu-
nications. Also, the bands under review are looked at, and proposed for 4G advanced, and
future 5G mobile communications. Secondly, the chapter reviews developments related to
LTE/WWAN antennas focusing on mobile device applications. Thirdly, it reviews up to
date progress on the design and development of 5G mobile antennas, focusing on 28 GHz
millimeter-wave band since. This thesis unable to review antennas for licensed shared
access (LSA) band since there is no antenna has been reported in the literature to date
to cover this band. Antennas with fixed beam and beam switching capability, related to
5G mobile devices, are also discussed. Fourthly and finally, it summarizes the limitations
of mobile device antennas and suggests a scope for further development.

This chapter is organized as follows. Section 2.2 presents a summary of the frequency

bands needed to be covered by future mobile device antennas. Section 2.3 reviews different

15
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types of antenna geometry developed for LTE/WWAN mobile device applications, and
Section 2.4 reviews the frequency ranges covered by the developed antennas and their
radiation properties for the LTE/WWAN operation. Section 2.5 reviews different types of
antennas (fixed beam and beam switching) studied in the literature for 28 GHz millimeter-
wave 5G mobile devices. Section 2.6 presents a brief study on power consumed by different
components of a smartphone. Section 2.7 briefly studied the antennas uses superstrate as
a dielectric load to improve the performance of the antenna. A brief study is presented
on leaky-wave antenna (LWA) focusing on half-width microstrip line concept for beam
scanning in Section 2.8. The limitations of antennas reported for 4G and 5G mobile

devices and scope for the future development are briefly presented in Section 2.9.

2.2 3G, 4G, and 5G Frequency Bands

This section, firstly, presents a summary of the frequency bands that are covered by
3G and 4G mobile communication systems. These bands are broadly named referred to
as long-term evolution (LTE), global system for mobile communications (GSM), digital
cellular systems (DCS), personal communications service (PCS), and universal mobile
telecommunications service (UMTS). Secondly, a list of the frequency bands that are

under consideration for future 5G mobile communications is mentioned here.

Table 2.1: GSM, DCS, and PCS frequency bands.

Band Frequency Range (MHz)
GSMS850 824-894
GSM900 880-960
GSM1800/DCS1800 1710-1880

GSM1900/PCS1900 1850-1990
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The frequency bands used for GSM, DCS and PCS operation are summarized in
Table 2.1 [4,76-79] and these bands are covered by 1G to 4G mobile devices. In order to
cover the listed bands a mobile device antenna with the bandwidths of 136 MHz (824-960)
and 280 MHz (1710-1990 MHz) are required.

Table 2.2: FDD-UMTS frequency bands.

Band No.  Frequency Range (MHz)  Band No.  Frequency Range(MHz)

1 1920-2170 2 1850-1990
3 1710-1880 4 1710-2155
5 824-894 6 830-885
7 2500-2690 8 880-960
9 1749-1880 10 1710-2170
11 1427-1496 12 699-746
13 746-787 14 758-798
19 832-888 20 791-862
21 1447-1511 22 3410-3590
25 1850-1995 26 814-894

The UMTS frequency bands are used by the 3G mobile communications. There are two
broad categories of UMTS bands based on the type of duplexing used in communications:
one is frequency division duplex (FDD)-UMTS and the other is time division duplex
(TDD)-UMTS bands. FDD-UMTS contains 26 sub-bands, where bands numbered 15,
16, 17, 18, 23 and 24 were reserved frequency bands, and TDD-UMTS contains 8 sub-
bands [80-82]. Table 2.2 and Table 2.3 list the FDD-UMTS and TDD-UMTS bands
proposed for 3G mobile communications [80-82]. Therefore, a mobile device antenna

with the bandwidths of 261 MHz (699-960 MHZ), 1263 MHz (1427-2690 MHz), and 180
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MHz (3410-3590 MHz) are required in order to cover the greater FDD-UMTS and TDD-
UMTS bands.

Table 2.3: TDD-UMTS frequency bands.

Band No.  Frequency Range (MHz)

A Lower 1900-1920
A Upper 2010-2025
B Lower 1850-1910
B Upper 1930-1990
C 1910-1930

2570-2620

D
E 2300-2400
F 1880-1920
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Table 2.4: FDD-LTE and LTE advanced frequency bands.

LTE/LTE- Frequency LTE/LTE- Frequency
Advanced Band ~ Range (MHz)  Advanced Band  Range (MHz)
1 1920-2170 2 1850-1990
3 1710-1880 4 1710-2155
5 824-894 6 830-885

7 2500-2690 8 880-960

9 1749-1880 10 1710-2170
11 1427-1496 12 699-746
13 746-787 14 758-798
17 704-746 18 815-875
19 830-890 20 791-862
21 1447-1511 22 3410-3590
23 2000-2200 24 1525-1661
25 1850-1995 26 814-894
27 807-869 28 703-803
29 T17-728 30 2305-2360
31 452-468 32 1452-1496
65 1920-2200 66 1710-2200
67 738-758 68 698-783
69 2570-2620 70 1695-2020

Similar to the UMTS band, the long-term evolution (LTE)/evolved-universal terres-
trial access network (E-UTRAN) and LTE advanced/evolved-universal terrestrial access
(E-UTRA) bands are broadly categorized as FDD-LTE and TDD-LTE bands [3,4,7, 8].
These FDD-LTE and TDD-LTE bands contain 38 FDD-LTE and 16 TDD-LTE sub-bands,
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respectively, and they are listed in Table 2.4 and Table 2.5, respectively. These bands are

used in 4G mobile communications and beyond.

Table 2.5: TDD-LTE and LTE advanced frequency bands.

LTE/LTE- Frequency LTE/LTE- Frequency
Advanced Band  Range (MHz)  Advanced Band  Range (MHz)
33 1900-1920 34 2010-2025

35 1850-1910 36 1930-1990

37 1910-1930 38 2570-2620

39 1880-1920 40 2300-2400

41 2496-2690 42 3400-3600

43 3600-3800 44 703-803

45 1447-1467 46 5150-5925

47 5855-5925 48 3550-3700

This section study the frequency bands under consideration for future 5G mobile
communications. In Europe, a 1.5 GHz (1452-1492 MHz) band and a 2.3 GHz (2300-2400
MHz) band have been allocated for licensed shared access (LSA) services by the European
Commission [28,29,83]. It should be noted that LSA is a new cognitive radio technology
reported for 5G mobile communications. These are the bands allocated below 6 GHz for
future 5G. However, a 1.5 GHz (28 - 29.5 GHz) of bandwidth is available at around 28 GHz
for 5G communication [1,15]. Also, in the United States, the Federal Communications
Commission (FCC), which was created by statute to regulate interstate communications
by radio, television, wire, satellite, and cable, allocated 11 GHz of spectrum for future
5G networks and technologies where 3.85 GHz spectrum for licensed use and 7 GHz for

unlicensed used [33]. The allocated bands are listed below:
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e Licensed use: 27.5-28.35, 37-38.6 and 38.6-40 GHz,
e Unlicensed use: 64-71 GHz,

e Shared access: 37-37.6 GHz.

In addition, in world radiocommunication conference (WRC)-15 several regional or-
ganisations established a new agenda item for WRC-19 to consider the identification of
frequency bands for international mobile telecommunications in the frequency range 6
to 100 GHz [30]. The spectrum above 6 GHz will be agreed at WRC-19 under agenda
item 1.13 which is considering following provisional bands 24.25-27.5, 31.8-33.4, 37-43.5,
45.5-50.2, 50.4-52.6, 66-76, and 81-86 GHz for future 5G. However, 28 GHz band is of par-
ticular interest of United States and has been approved for 5G use while Japan and Korea
are closely examining this frequency band for 5G [31,32]. This 28 GHz band will be the
complement of 24 GHz band which is being studied at WRC-19. Since, the 28 GHz band
already allocated in one country for 5G mobile communications, couple of other countries
are studying this band while Samsung, Huawei and several research group around the
world already started developing prototype for this 28 GHz band [15,31-33], this thesis
consider all 28 GHz bands for developing antennas for future 5G mobile devices.

The standardisation of 5G is an on-going effort and significant industry research is
devoted to find out a good set of requirements in order to ensure a balance between
implementation complexity, system performance and flexibility [84,85]. The major high

level requirements for 5G are given below:
e Bandwidth: 100 MHz (minimum) and 1000 MHz (maximum)
e Data rate: 1-10 Gbps,
e Latency: under 1 ms,

e (Capacity expansion: by a factor of 1000.
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Table 2.6: Frequency ranges required to be covered by future mobile device antennas and

their title/name called in the rest of this thesis.

Frequency Range Title in this Thesis
452-468 MHz Very-low-LTE
698-960 MHz Low-LTE
1427-2690 MHz Mid-LTE
3400-3800 MHz High-LTE
5150-5925 MHz Very-high-LTE
1452-1492 MHz 1.5 GHz LSA
2300-2400 MHz 2.3 GHz LSA
28-29.5 GHz* 28 GHz millimeter-wave

27.5-28.35 GHz* 28 GHz millimeter-wave

*All frequency ranges that are proposed for 28 GHz millimeter-wave band for forth-

coming 5G mobile communications are considered.

Overall, future mobile device’s antennas will need to cover the frequency ranges
listed in Table 2.6 in order to have coverage for all allocated and proposed bands (LSA,

millimeter-wave, GSM, UMTS, and LTE/LTE-advanced). In other words they have to

on a mobile device suitable for 3G, 4G, 4G-advanced, and 5G operations.
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Figure 2.1: Different shapes of ground clearance used in LTE/WWAN mobile device
antenna (a) presented in [86], (b) presented in [87], (c) presented in [88], and (d) presented
in [89].

2.3 Configuration of Antennas for LTE/WWAN Mo-
bile Devices

In recent mobile devices two types of antennas have been used: one is the planar inverted-
F antenna (PIFA) and the other is the planar monopole antenna (PMA) [77,90,91]. In this
thesis, a planar microstrip antenna with at least one ground connection is considered to be
a PIFA. A planar microstrip antenna without ground connection together with or without
an inductive/capacitive parasitic element (with or without ground connection) loaded to
the antenna is considered to be a PMA. The following two sub-sections briefly present the

above mentioned PIFA and PMA. All of the reported antennas have a ground clearance
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beneath the antenna structure that helps to achieve the omnidirectional radiation from
the antenna. An example of such ground clearance is shown in Fig. 2.1

This section firstly discussed about the fundamental equations related to the design
of PIFA and PMA, secondly, discussed different types of PIFA and PMA reported in
the literature. The configuration of the shorted patch antenna is shown in Fig. 2.2 (a).
When the shorting pin is absent the microstrip patch antenna usually operate in the half-
wavelength mode. The fundamental first resonance frequency of the rectangular patch

based on cavity-model approximation can be calculated as [77,91,92]

c

2L /e

where fi resonant frequency of the TM;o mode and ¢ speed of light. Fig. 2.2 (b) shows the

fio= (2.1)

geometry of a planar inverted-L patch with a inserted slit of length [. The first resonant

frequency of the planar inverted-L patch is calculated as

C

which is operating in the quarter-wavelength mode. The reduction of the length can be
achieved by meandering the line or creating different shaped slots within the patch while
having at least one shorting pin.

The impedance matching of a PIFA can be controlled by controlling the distance D
between the shorting pin and feed point, shown in Fig. 2.3. The resonant length of this
PIFA can be approximated as

A
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Figure 2.2: Geometry of a (a) compact microstrip antenna with a shorting pin, and (b)

planar inverted-L patch antenna [91].
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Figure 2.3: Geometry of a PIFA with shorting plane [93].
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2.3.1 Planar Inverted-F Antenna (PIFA)

PIFA is widely used in mobile device applications because of its compact size and om-
nidirectional radiation [77,91]. A PIFA consists of a planar structure with at least one

ground connection.
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Shorting
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o.7
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elements
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(@ (b)

Figure 2.4: Geometry of an ultra-wideband PIFA for wireless applications (a) side view,

and (b) perspective view [94].

Firstly, the study of a basic geometry of the PIFA for wireless communication applica-
tion having a radiator of planar inverted-F shape loaded with a non-grounded rectangular
element (parallel to the feed strip or shorting strip) is presented. An example is shown in
Fig. 2.4. The simulated and measured reflection coefficient together with the simulated
current distributions are shown in Fig. 2.5 of the antenna (see Fig. 2.4). The antenna
resonating in the A/4 modes at four frequencies (3.4, 6.6, 9 and 12.5 GHz) were verified
through current distributions and from the length of the electrical path followed by the

current distributions.
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Figure 2.5: Reflection coefficient and current distributions of the ultra-wideband PIFA

for wireless applications (a) reflection coefficient, and (b) current distribution [94].
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Figure 2.6: The placement of the PIFA with respect to the ground plane of the mobile
devices reported for mobile device applications where the PIFA and the ground plane are

on the (a) same side of the substrate [73], and (b) the opposite side of the substrate [95].
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The PIFA and the ground plane of the mobile device are placed either on the same side
of the substrate [61,73] or the opposite side [63,95] as shown in Fig 2.6. Now, different
types of geometry of the PIFA reported for mobile device applications are discussed. In
early 2005, a dual-band Hilbert PIFA for mobile devices applications was reported as
covering the GSM900 and GSM1900 bands [96]. Using the Hilbert profile the length of
the current flow path decreases effectively, thus resulting in a compact antenna. The
geometry of the Hilbert PIFA is shown in Fig. 2.7.

The PIFA with or without vertical plate and having one shorting point either operating
in the single resonant mode [98] or multi-resonant mode [61], has been reported in the
literature. The geometry of a dual-band PIFA with one shorting point is shown in Fig.2.8.
It is also possible to design dual-band and triple-band PIFA with two shorting points [62,
63,73,99]. Of these, the geometry presented in [62,63, 73] has a vertical plate while the
antenna presented in [99] does not have any vertical plate. The geometry of a dual-band

and a triple-band PIFA with two shorting points is illustrated in Fig. 2.9.

!_El: G bent metal plate

A: feeding point 50-Q for N DE: shorting strip
B: groumging point S coaxial feedline DA: feeding strip

DF: radiating arm,

length 59 mm

(b)

Figure 2.9: Geometry of the PIFA for mobile handset with two grounding points (a)
dual-band antenna without vertical plate [99], and (b) triple-band antenna with vertical

plate [73].
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2.3.2 Planar Monopole Antenna (PMA)

A PIFA without a ground connection or shorting point is known as PMA. This section
presents the configuration of different types of PMA reported for mobile device applica-
tions. A planar microstrip as a radiating element loaded with an inductively/capacitively

coupled parasitic element is also considered as a PMA in this thesis.

Y
= Y
F
15 Z X

H

Asc BE

A : feed point DBE : folded strip

AB : driven sprial monopole FG : distributed inductor  |100

CDEFGH : dstributed inductive strip 2R

z

Xe =Yy Ground T
| I~ 1.

60 H

Simulation model

20 N
l%. F
«G 3

N

§
. E 85 -
.5, 5

10—+

L Ground

plane

s N

M'FT Ll

50 Q coaxial feeding
Antenna Prototype

(@) B

'
Wy
! ]

Wi

Figure 2.10: The placement of the PMA with respect to the ground plane of the mobile
device reported for mobile device applications where the PMA and the ground plane are

on the (a) same side of the substrate [100], and (b) the opposite side of the substrate [101].

Considering the placement of the antenna element with respect to the ground plane
there are two types of PMA reported for mobile devices. One is the antenna element and
the ground plane is on the same side of the substrate [100] while the other is the antenna
element. The ground plane is on opposite sides of the substrate [101]. The configurations
of these two types of antennas are depicted in Fig. 2.10.

PMAs with a ground cooperative structure have been reported in the literature and
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it has been reported they achieve dual-band and triple-band operation; they are suitable
for LTE/WWAN mobile devices [68,74,102]. These types of PMAs have two geometry
components: one component is slotted monopole printed on the front side of the substrate
where feeding is provided; and the other component comprises slotted strips connected to
the ground on the back side of the substrate. One of the reported antenna’s configuration
of this type is shown in Fig. 2.11 (a).

Also, dual-band and triple-band PMAs with a vertical plate have been proposed for
LTE/WWAN mobile devices [67,72]. These types of PMAs have a planar microstrip
element loaded with a vertical plate of a different shape and do not have parasitic element
connected to the ground plane. A PMA loaded with an L-shaped vertical plate reported
for octa-band LTE/WWAN mobile devices is shown in Fig. 2.11 (b).
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Figure 2.11: The PMA with (a) ground cooperative structure [101], and (b) vertical

plate [67].

Another type of PMA has been studied in the literature where a PMA is loaded with
an inductive/capacitively coupled parasitic element which is connected to the ground

plane [64-66, 103]. In this type of design the PMA composed of a planar microstrip
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antenna is connected to the feed. A parasitic element connected to the ground is placed

on the same side of the substrate as shown in Fig 2.12.
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Figure 2.12: Inductive/capacitively loaded PMA’s for LTE/WWAN mobile device appli-

cations (a) reported in [64], and (b) reported in [66].

The above mentioned PMA’s for LTE/WWAN mobile devices employ single port
feeding to excite the antenna. Also, two-port PMA has been studied for mobile device
applications [69,71]. Here, the antenna presented in [69] is embedded in the ground plane
on the back surface of the substrate and the antenna presented in [71] has a direct feed
matching network and a gap coupled feed matching network (both feed together called
hybrid feed network), as shown in Fig. 2.13.

For LTE/WWAN mobile devices, the performance of a PMA with a dielectric resonator
antenna has been analyzed using either dielectric as a part of the feed network [104] or the
microstrip printed on a magneto-dielectric material [70]. PMAs with dielectric material

for mobile devices are shown in Fig. 2.14.
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2.4 Operating Bands and Radiation Patterns of the

LTE/WWAN Mobile Device Antennas

This section presents a brief analysis of antennas reported for LTE/WWAN mobile de-
vice applications, focusing on achieved operating bands and their radiation pattern char-
acteristics. The dual band PIFA’s proposed for mobile device application operating in
the A\/8 [97], A\/4 [98], or multi-resonant (A/2, A\, 3A/2) [61] modes cover two frequency
ranges: firstly, 770-1080 MHz (maximum coverage achieved at the first operating band by
the design presented in [61]); and secondly, 1710-2700 MHz (maximum coverage achieved
at the second operating band from according to the design presented in [98]). The radia-
tion patterns achieved from these designs reveal good omnidirectional patterns in the first
operating band and nearly omnidirectional at the frequency close to the lower frequency
limit of the second operating band. However, a null in the radiation pattern is observed at
the frequency close to the upper frequency limit of the second operating band, as shown

in Fig. 2.15.

§ %0 — - | | —=—E Simulation
|| —=— E,_Simulation 4

! —e— [, _Measurement
—e— I, Measurement o K
Vo . —o— E_Simulation
—o— I:kSlmulatmn Lo

N —o— E, _Measurement
—o— I, Measurement L)

yz-plane Nu H
(a) (b

Figure 2.15: Radiation patterns of a heptaband PIFA with independent resonance control
for mobile handset applications at (a) 872, and (b) 2120 MHz [98].
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A multi-resonance feed structure (input impedance matching circuit) used with PIFA
to achieve dual and wide operating bands for LTE/WWAN mobile devices covers 694-
1003/1656-2772 MHz from the design presented in [62] and covers 698-960/1710-2690
MHz from the design presented in [63]. These antennas provide omnidirectional radiation
in the first frequency range but in the second frequency range the antennas have nearly
omnidirectional radiation patterns close to the frequency 1710 MHz. As well as, they
have almost directed radiation with nulls at the frequency close to the 2690 MHz, as
depicted in Fig. 2.16. It is evident that nulls in the radiation patterns can be observed
at a frequency close to the upper frequency limit of the second frequency range while
frequency reconfigurable design has been studied [105] (page 474, Fig. 7), [99] (page 515,
Fig. 18).
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Figure 2.16: Nearly directed radiation patterns from the reported PIFA antennas at the
frequency (a) 2530 MHz [62], and (b) 2500 MHz [63].

The above mentioned different types of PIFA are able to cover two frequency bands,
i.e. low-LTE band and part of the mid-LTE band. Triple band PIFA has been proposed
for mobile device applications [73] and the antennas cover low, part of mid, and high-
LTE bands. Similar to the previous antennas, the antenna has nearly omnidirectional
radiation at the low-LTE band, and one and two nulls are observed in the mid and high-

LTE bands, respectively, as indicated in Fig. 2.17. Therefore, either PIFA with input
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impedance matching circuit or PIFA with multiple elements reported to cover dual-band
or triple-band has null in the radiation patterns at the frequency close to the upper

frequency limit of the mid-LTE band and in the whole high-LTE band.

—

EES ¢ —z =&
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Figure 2.17: Radiation patterns of a triple-wideband antenna to cover low, part of mid,

and high-LTE bands [73].

Now the PMA has been reported in the literature for mobile device applications are
investigated. Using ground cooperative structure with PMA it is possible to achieve a
dual-operating band that covers low-LTE and part of the mid-LTE bands [68,102], while
the triple band can cover low, part of mid, and high-LTE bands [74]. The maximum
coverage achieved by the antenna is reported in [74] and the achieved frequency ranges
are 790-1061, 1650-2775, and 3132-6382 MHz. These reported antennas have nearly om-
nidirectional radiation at low-LTE band and at a frequency close to 1650 MHz. Yet nulls
in the radiation patterns are observed at the frequency close to the upper frequency limit
of the mid-LTE band and at whole high-LTE band, as shown in Fig. 2.18. As well, a
PMA with a ground cooperative structure has been shown in one study to widen the low
frequency range, while the antenna covers TV white spaces and digital television bands
with an operating bandwidth of 470-860 MHz [106]. However, two nulls in the radiation

patterns are observed at 850 MHz, shown in [106] (page 4005).
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The PMA with a vertical plate has been investigated for mobile phone applications
where antenna in [67] has two operating bands (690-980, 1630-2740 MHz) and antenna
in [72] has three operating bands (700-960, 1710-2690, and 3400-3600 MHz). These an-
tennas do not completely cover the mid and high-LTE bands.
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Figure 2.18: Radiation patterns of a triple-band monopole antenna with ground cooper-

ative structure to cover low, part of mid, and high-LTE bands [74].

Using a capacitively/inductively coupled loading element to the PMA has been the
subject of studies on mobile devices [64-66,103]. These antennas have dual-band and cover
the low-LTE band completely except the antenna reported in [103]. However, all the re-
ported PMAs with loading elements are unable to cover the mid-LTE band completely.
The maximum coverage achieved by the design is presented in [64] and the achieved band-
widths are 691-968 and 1554-2730 MHz. Similar to the other reported PMAs, nulls in the
radiation patterns are observed at the mid-LTE band for these capacitively/inductively

loaded PMAs, as illustrated in Fig. 2.19 (a).
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Dual-wideband PMAs have been studied where hybrid feed antenna [71] and ground
cooperative antenna [69] are presented. However, these antennas are able to cover low
and part of mid-LTE bands and unable to cover completely the high-LTE band. Also,

nulls in the radiation patterns are observed at 2600 MHz, as shown in Fig. 2.19 (b).

270
xz-plane

Figure 2.19: Radiation patterns of a (a) capacitively /inductively loaded monopole antenna

at 2650 MHz [64], and (b) dual-port PMA at 2600 MHz [71].

Antenna researchers are trying to achieve triple band operation from a LTE/WWAN
mobile antenna to cover the low, part of the mid, and high-LTE bands. They are also
attempting to widen the operating bandwidth of the antenna in order to cover newly
allocated frequency ranges for 4G and 4G advanced mobile communication. Recently,
a tunable handset antenna reported in [107] to cover the TV white space has greater

bandwidths of 578-831, 1756-2312, and 2501-2586 MHz. A loop antenna with six resonant
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modes investigated for LTE smartphone in [75] has four wide operating bandwidths of
660-1100, 1710-3020, 3370-3900, and 5150-5850 MHz. However, nulls in the radiation
patterns are observed at 2560, 3640, and 5345 MHz, as reported in [75] (page 3748).
Therefore, all the antennas reported for LTE mobile devices are unable to completely
cover the low, mid and high-LTE bands (listed in Table 2.6). All the reported antennas
utilize a single antenna with single feed or single antenna with dual feed to cover low,
part of mid and high-LTE bands. These above discussed reported antennas have good
omnidirectional radiation in the low-LTE band, and nearly omnidirectional radiation pat-
terns at a frequency close to 1700 MHz in the mid-LTE band. However, in those designs
there are nulls in the radiation patterns which have been observed at the frequency close

to 2600 MHz in the mid-LTE band, and also in the entire high-LTE band.

2.5 Antennas for Millimeter-Wave 5G Mobile De-
vices

This section discusses different types of antennas reported for 28 GHz millimeter-wave 5G
mobile devices. It is obvious that a wideband, highly directive antenna with high efficiency
is required for mobile devices to mitigate the path loss. Since the 5G standards for mobile
device antenna have not as yet been finalized, there are different topologies that have been
developed by antenna researchers for the mobile devices. These include, for example,
an antenna with single directed beam [51] or an antenna with pattern reconfigurable

capability [15].

2.5.1 Fixed Beam Antenna

Different types of antennas with a single directed beam have been studied for 28 GHz

millimeter-wave communications, for instance patch antenna [41], printed slot antenna [42],
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and printed slot array [43-45], and geometry of three antennas are shown in Fig. 2.20.
The slot array reported in [43] has wide beamwidth of 180° but the size of the antenna is
big enough to hold 10% space of a 120 mm x 70 mm mobile phone. In addition, Huygens
source antenna investigated in [46] was undertaken to verify its suitability for future 5G

mobile communications. The achieved peak gain is 4 dBi.
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Figure 2.20: Geometry of (a) E-shaped patch antenna [41], (b) slot array [43], and (c)

4-elements array [45].

Planar grid array, a kind of 2-D array, antenna has been studied for 28 GHz millimeter-

wave band to achieve boresight radiation [47]. Another 2-D array based on Franklin
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antenna has been investigated for the same applications [17]. The geometry of these two

types of 2-D array are shown in Fig. 2.21.

(a) (b)

Figure 2.21: Geometry of the 2-D antenna array reported for 28 GHz millimeter-wave

band: (a) enhanced Franklin antenna array [17], and (b) grid array [47].

It is possible to achieve high gain using antenna array as discussed above. It is also
possible to design high gain antenna based on substrate integrated waveguide (SIW) tech-
nology. The SIW antenna has been investigated for 28 GHz millimeter-wave 5G mobile
device applications [48-51]. The configuration of a SIW antenna is shown in Fig. 2.22
where multi-layered cavity is used to achieve high gain. Similar antenna configuration
are demonstrated in Fig 2.23 (a) and Fig. 2.24. This type of antenna exudes very good
radiation performance but the size of the antennas limits their suitability for mobile de-
vice applications. Most of these SIW based array antenna produces fan-shaped beam
not pencil beam. On the other hand, small-sized multi-layered Huygens source can be
use to achieve the boresight radiation but the gain of the antenna is below 4.5 dBi. The

geometry of such antenna is shown in Fig. 2.23 (b).
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Figure 2.22: Geometry of the SIW antenna proposed for 28 GHz millimeter-wave
band [51].



2.5 Antennas for Millimeter-Wave 5G Mobile Devices

43

“e@a@@@oe@e QOO0 DB O
(=] e @ 2]
(] e o (o]
o Antenna1 _ _ Antenna 2 _
@ e o P
@ ® B ]
: 0 I
(=] T | 9 @ I 1 2
= 7 ¢
° 3.165 e o 0.251 ¢
° e © °
P ) ®
(] e 9 (5]
o 94 e o o
o 6 © o
° o o o
Yo, 00 COPOQ0 OO0 (= RN )
aQ
118 1.7 o
(=] (=] e
o Cavity 2 :%;
(5] ® Q
00000 QO00COMRCOODO
°
e
@
. o .
Unit:mm o
@
@
(]

PARQOEGQOOO @

Antenna 3

00800 C000002 0006048
PEeOCOC0000OPCODE@O0O

000000 00CD

Cavity 2'

égoogaceoeo

PePOPCIRAO

Antenna 4

|

PEO0OOEO00ROOCD R0 08
oo cooOo0OoDoDRPOOT

=]

Q
(-]
9
Q
a
]
9
a
a

(b)

Port 2

Magnetic
element

Electric
clement

Driven
clement

Figure 2.23: Geometry of (a) monopulse array [48], and (b) multi-layer huygens source

antenna [108] with boresight radiation.
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Figure 2.24: Geometry of (a) SIW cavity-backed patch antenna [50], and (b) slotted cavity

antenna [49] with boresight radiation.
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A size comparison between the reported SIW antennas and 4G antennas is shown in
Table 2.7. The percentage of space occupied by the antenna is calculated with respect to
the standard size of 120 mm x 70 mm of a mobile device substrate. Only the antenna
reported in [49] occupied 1% less space than the spaced required for 4G antenna reported
in [73]. Otherwise, the SIW antenna reported for 5G mobile devices requires equal or

more space compared to the 4G antenna.

Table 2.7: A comparison of the area occupied by the 4G and 28 GHz millimeter-wave 5G

antennas.

Ref.  Application ~ Area (mm?) % Space Occupied*

(73] 4G 350 4
1] 5G 4445 53
48]  5G 340 4
[49]  5G 256 3
[50]  5G 924 11

* The percentage of space occupied by the antennas is calculated with reference to the

standard size of the substrate 120 mm x 70 mm.

2.5.2 Pattern Reconfigurable Antenna

Antennas with pattern reconfigurable capability have been studied in recent years for
millimeter-wave communications focusing on 28 GHz band [15,52,53]. In order to achieve
beam switching from an antenna, phased array antenna has received much attention from
millimeter-wave antenna design researchers. Samsung mobile demonstrated 32 element
phased array with testing for future 5G mobile devices, geometry shown in Fig. 2.25 (a).

The phased array antenna with 4 elements [54] [shown in Fig. 2.26 (a)], 8 elements [55]
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[shown in Fig. 2.25 (b)], 10 elements [56] [shown in Fig. 2.26 (b)], and 32 elements [57]
has been investigated for 28 GHz millimeter-wave applications. The four elements phased
array is able to switch beam 6 = 435° to § = -35° and achieved 3-dB coverage angle is
90° [54]. The eight elements phased array reported in [55] is designed to scan beam along
the endfire direction (f = 490°) from ¢ = -70° to ¢ = +70°. The ten elements phased
array antenna is able to scans beam from boresight to endfire [56]. The antenna is able
to produce two simultaneous beam scan between ¢ = 0° and ¢ = £45°. The 32 elements

phased array is also able to scan beam along the endfire direction.

Ground

(b)

Figure 2.25: Geometry of the (a) 32 elements [15], and (b) 8 elements [55] phased array

antennas.
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Figure 2.26: Geometry of the (a) 4 elements [54], and (b) 10 elements [56] phased array

antennas.

The antenna reported in [57] scans beam from ¢ = -60° to ¢ = +60° while the antenna

in [15] scans beam from ¢ = -70° to ¢ = +70°. Overall, the achieved maximum coverage

from the few phased array antennas are: § = 4+35° to § = -35° in the boresight (¢ = 0°)

direction; and most of the cases beam scans in the endfire (6 = 90°) with a coverage from

¢ = -T0° to ¢ = +70°.
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Figure 2.27: Geometry of the (a) switched beam planar array [58], and (b) slot array [52]

fed by Butler matrix.

On the other hand, planar antennas were also studied for beam switching at millimeter-
wave band [43,52,53,58]. Using Butler matrix a 4 ports antenna demonstrates beam
switching at two different directions (0 = 420°, and § = +45°). Because of the dual

beam the antenna is able to scan angles at § = +20°, and § = £45°. The geometry of the
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antenna is shown in Fig. 2.27 (a). In addition, Butler matrix-based 8 ports slot array has
been presented to scan beam around the boresight direction [52]. The geometry of the
antenna is shown in Fig. 2.27 (b). The antenna is able to scan beam from 6 = +48° to ¢
= -48°. Consequently, it is generally possible to have a 1-D beam switching using either
the phased array or other geometry where phase shifter or integrated power divider is
required. All the reported antennas have been designed with more than one port (4 to 32
ports). Furthermore these reported antennas are unable to provide 2-D beam switching.

Considering the study presented in this section, most of the antennas developed and
illustrated by either researchers or industrial organizations for mobile device application
have fan-shaped beam or radiation pattern with wide beamwidth. Depending on the
antenna configuration, these antennas can be used either to switch beam in different
directions or to point beam in a fixed radiation. However, pencil-shaped beam is preferred
for the base station antenna to support communication with mobile communication while
targeting to shift all complexity to the base station antenna and keeping the mobile
device antenna as simple as possible in order to avoid excessive power consumption by

the antenna driving circuitry [2,15].

2.6 Power Consumption in a Smartphone

The power consumed by the different components of a mobile phone have been studied
in-depth in [59]. Maximum power was consumed by the display features on the mobile
device. The power consumed by different components of the mobile phone vary according
to what is being accessed, like audio playback, browsing, video playback, etc.

Fig. 2.28 depicts the power consumed by the display for varying levels of brightness and
the power consumed by different components of the mobile device under video playback

conditions. The results make clear that with the increase in brightness levels the power
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Figure 2.28: Power consumption in a smartphone (a) display backlight power for varying

brightness levels, and (b) video playback power for different components [59].

consumed by the display increases rapidly. The display’s consumption of minimum and
maximum power is 8.4 and 414 mW, respectively, as shown in Fig. 2.28 (a). Also, the
average power consumed by the display is 410 mW for a 5 minute video playback when
the brightness is 100% (brightness level 255), shown in Fig. 2.28 (b). However, the power

consumed in one second by an 8-bit programmable phase shifter at 32-37 GHz is 10 mW,
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resulting in 600 mW power being consumed in one minute [60]. Therefore, use of the
phase shifter in order to run the phased array antenna for beam switching in a mobile
device will cause a significant reduction in battery life. This is a great disadvantage of a

mobile phone.

2.7 Antenna with Dielectric Superstrate/Load

A dielectric layer as a superstrate/load can be applied to increases the gain and efficiency
and bandwidth of the antenna. In addition, dielectric superstrate can be used to improve
the impedance matching of the antenna. When a patch antenna is covered by a single di-
electric layer it shifts the resonant frequency of the antenna [109]. This resonant frequency
shift depends on the thickness of the dielectric superstrate, and has a liner relationship
between them. It is also demonstrated that the dielectric superstrate increases the gain

of the microstrip patch antenna [110].

Superstrate

Substrate 2

Ground

Substrate 1

Figure 2.29: Geometry of antenna with dielectric superstrate: (a) patch array [111], and

(b) leaky-wave antenna [112].

The gain of a patch array antenna is enhanced by applying a dielectric superstrate [111]

and the geometry of the antenna is shown in Fig. 2.29 (a). A substrate-superstrate
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configuration for designing leaky-wave antenna is presented in [112] in order to increase
the gain of the antenna; geometry of the antenna is shown in Fig. 2.29 (b).

All the aforementioned antennas with dielectric superstrate does not have a cavity
between the superstrate and the antenna. However, using a air filled cavity the directivity
of the slot array is increased by approximately 15 dBi which is illustrated in [113]. Such
antenna geometry is shown in Fig. 2.30 (b) and the antenna uses unprinted superstrate.
On the other hand, the gain of the slot antenna improved by 8 dBi with the use of printed

dielectric superstrate [114], and the geometry of the antenna is shown in Fig. 2.30 (a).

h3=0.787
sr3=.2.

unprinted superstrate

1 erd= 10.28whd=0.64 t

gr2=22 - h2=0.787 £
1=6.15 " [ w
erl=6. )
e h1=0.254 air-filled
3-D view / \ cavity
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waveguide-fed slot
Xa—o/ PEC
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@ (b)

Z
z y

Figure 2.30: Geometry of slot antenna with resonator cavity and with: (a) printed dielec-

tric superstrate [114], and (b) unprinted dielectric superstrate [113].

The antennas studied in this section uses superstrate as a dielectric load either to in-
crease gain or to improve impedance matching. It is also demonstrated that the dielectric
superstrate can be used to improve both the gain and bandwidth of the antenna [115,116].

Such antennas geometry are shown in Fig. 2.31.
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Figure 2.31: Geometry of antennas that uses dielectric superstrate to improve the gain

and bandwidth of the antenna: (a) patch antenna [116], and (b) patch array [115].

Therefore, a dielectric superstrate as a dielectric load can be used to improve the
impedance matching, increase the gain and directivity, and improve the impedance band-

width of the antenna.
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2.8 Microstrip Leaky-Wave Antenna

The microstrip leaky-wave antennas (MLWASs) are attractive because of their inherent
beam scanning capabilities and low profile [117-122]. A microstrip line does not radiate
in the fundamental mode (EHy) because of the strongly bounded electric field between the
microstrip line and ground plane [123]. However, a microstrip line radiates leaky-waves
in some higher-order modes [124-126]. Fig. 2.32 shows the electric field distributions of a
microstrip line operating in the fundamental mode (EHy), first higher-order mode (EH;),
and second higher-order mode (EHs). In both the EH; and EHs; modes the antenna
radiates as a leaky-wave.
A leaky structure supports fast wave and hence the wavenumber is complex and can
be expressed as [122]
k. =5~ ja (2.4)
where, 5 is phase constant and « is attenuation constant. The attenuation constant o
determines the amount of power leakage from a structure and 3 determines the position

of the main beam. The direction of the main beam is given by [127]

o(f) = sin” [%] (2.5)

where, 6 is the angle between the boresight and the main beam direction.

The microstrip line shown in Fig. 2.32 (b) is a full-width (FW) microstrip line operating
in its EH; mode. It can be seen from the electric field distribution that there is an electric
field null at the center of the microstrip. Shorting the microstrip to the ground plane [see
Fig. 2.33 (a)] will have no effect on the EH; mode operation [123]. The microstrip line is
now symmetrical with respect to the shorting wall. Since the microstrip line is symmetric
with respect to the center shorting wall, it is possible to remove one of the two sides from

the antenna structure without affecting the performance of the antenna [123, 128, 129].

As LWA uses this method is called a half-width microstrip LWA (HW-MLWA). The
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Figure 2.32: Electric field pattern of three different modes of a microstrip line (substrate
omitted): (a) fundamental mode (EH,) [123], (b) first higher-order mode (EH;) [126],
and (b) second higher-order mode (EH,) [124].

generalized geometry of a HW-MLWA is shown in Fig. 2.33 (b). The boresight direction
for this LWA is fixed, which is perpendicular to the plane of the antenna. The antenna
shown in Fig. 2.33 are placed in the x-y plane, hence the boresight direction is along the
Z-axis.

The HW-MLWA have been studies well to achieve either forward or backward beam

scanning or simultaneous beam scanning in the forward or backward directions [120,129—
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X

(b)

Figure 2.33: Cross-section of the (a) full-width (FW), and (b) half-width (HW) microstrip

leaky wave antenna [123].

133]. Generally, an uniform LWA scans beam in the region between the boresight and
endfire. An array of HW-MLWA can produce a boresight beam [117] and the configuration
of the antenna is shown in Fig. 2.34. In this design the microstrip is terminated using

a via, and arrays of vias at one edge of the microstrip act as a shorting wall. Also, a
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slot-loaded patch antenna fed by a HW-MLWA has been analyzed to achieve boresight

radiation [134].

>

(Shorting wall)
Via array

Substrate

Figure 2.34: HW-MLWA with boresight radiation [117].

2.9 Summary

In this chapter, the frequency ranges that need to cover by future mobile phone antennas
were studied. In order to cover all the LTE, LTE-advanced, LSA, and 28 GHz millimeter-
wave bands, future mobile device antennas will be required to cover the frequency ranges
452-468, 698-960, 1427-2690, 3400-3800, 5150-5925 MHz, and 27.5-29.5 GHz. These bands
were termed very-low-LTE, low-LTE, mid-LTE, high-LTE, very-high-LTE, and 28 GHz
millimeter-wave bands, respectively, in this thesis.

The configurations of different types of 4G/LTE antennas for mobile devices were
studied in this chapter. The antennas developed earlier were either categorized as planar
inverted-F antenna (PIFA) or planar monopole antenna (PMA). All of the reported an-
tennas are unable to cover the whole mid-LTE band and 1.5 GHz LSA band. However,

they are able to cover the low, part of the mid, and high-LTE bands. Most of the reported
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LTE/WWAN antennas have low antenna efficiency because of the use of input impedance
matching circuit to cover those bands. Almost all the antennas consists of a single ra-
diating element though some of them use a single feed point and others uses multiple
points to feed the antenna. Importantly, most of these antennas suffer from nulls in the
radiation patterns at the frequency close to the upper frequency limit of the mid-LTE
band and also throughout the high-LTE band. Several antennas studied in the literature
occupied a whole edge of the mobile device’s substrate which is not feasible for practical
applications. This is because they limit the integration of other components of a mobile
phone like USB port, camera, speaker, microphone, etc.

In addition to the 4G/LTE antennas, this chapter gives an overview of the 28 GHz
millimeter-wave antennas proposed for the 5G mobile device applications. Since the
standards for 5G mobile antennas have not yet been finalized, this chapter discussed both
the fixed beam antenna and pattern reconfigurable antenna. Most of the reported fixed
beam antennas have good radiation characteristics but the size of those antennas was
big compared to that of the 4G/LTE antennas. Conversely, the pattern reconfigurable
antennas reported in the literature were mainly phased arrays. These antennas are able
to scan beam either aligned with the boresight or endfire directions. The maximum scan
range was ¢ = -70° to ¢ = +70° at 6 = 90°, or = 435° to 0 = -35° at ¢ = 0°. Yet
the power consumed by an 8-bit phase shifter was almost 6 times more compared to the
power consumed by the display for a 5 minute video playback. There are some planar
multi-port antenna were developed to achieve beam switching. These planar antennas
have a maximum scan range of § = +48° to 6 = -48° at ¢ = 0°. Importantly, all the
reported antennas are able to scan the beam in 1-D but unable to scan in 2-D.

This chapter also gives an overview of the antennas with superstrate as a dielectric
load in order to improve the performance of the antenna specifically bandwidth, gain,

directivity, and impedance matching. These antennas either uses a cavity between the
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antenna and the superstrate or directly placed the superstrate on top of the antenna
without any gap.

Finally, in this chapter, the LWA which have inherent beam scanning capability and
the half-width microstrip LWA (HW-MLWA) concept were discussed. The concept of the
HW-MLWA will be used in this thesis to design a single beam antenna, a 1-D, and a 2-D

beam switching antenna for 28 GHz millimeter-wave 5G mobile devices.
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Chapter 3

28 GHz Millimeter-Wave 5G

Antennas with Dielectric Load

3.1 Introduction

This chapter commences by describing the development of a highly efficient narrow-band
PIFA (Ant-1) of compact size for the 28 GHz millimeter-wave band. In order to en-
hance the efficiency and achieve a large impedance bandwidth a single layer superstrate
(dielectric load) is applied, which has the advantage of high gain and directivity. The
influence of a mobile device battery on antenna performance has been investigated. Sec-
ondly, a wideband leaky-wave antenna (LWA) array (Ant-2) is developed. In LWA design
a shorting pin/via or a 50 2 load is usually employed at the end terminal to suppress any
reflected wave as well as for impedance matching purposes. However, the radiation and
subsequently the total efficiency of an antenna declines significantly at higher frequencies.
Using a microstrip patch as a load the LWA antenna efficiency can be improved. It is
possible to enhance the LWA array’s efficiency by using a microstrip patch as a load for

the element of the array and applying to it a superstrate as a dielectric load. Thirdly, the

61
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narrow-band PIFA developed into a wideband PIFA (Ant-3) for the 28 GHz millimeter-
wave band. Similar to the previous two developments, a superstrate acting as a dielectric
load is applied in order to enhance the efficiency, hence the gain and directivity of the
antenna. Owing to the good performance and convenience of fabrication, the proposed
antennas are attractive for 5G mobile devices.

This chapter is organized as follows. Section 3.2 presents the narrow-band PIFA for
28 GHz millimeter-wave 5G mobile devices. The impact of the superstrate and a mobile
device battery on the antenna’s performance are briefly discussed in the same section.
Section 3.3 presents the development of a highly efficient LWA array suitable for hand-
held mobile devices. Section 3.4 presents the development of a highly efficient wideband
PIFA for the 28 GHz millimeter-wave 5G mobile communication band. Comparing the
performance between the antennas and reference antennas is presented in Section 3.5, and

the main themes articulated in this chapter are summarized in Section 3.6.

3.2 Narrow-Band Planar Inverted-F Antenna (Ant-
1) with Superstrate

The primary goal in this chapter is to develop antenna with reflection coefficient band-
width 27.5-29.5 GHz with boresight radiation. The secondary goal is to achieve antenna
gain above 7 dBi and half-power beamwidth above 30 degree.

This section presents the development of a planar inverted-F antenna (PIFA) with
broadside radiation for 28 GHz millimeter-wave 5G hand-held mobile devices when a

dielectric load is applied.
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3.2.1 Antenna Configuration

The perspective view of the proposed millimeter wave 5G antenna is shown in Fig. 3.2 and
detailed structure of the antenna is illustrated in Fig. 3.1; it is composed of a superstrate
as a dielectric load. The antenna has been designed to print on a Rogers 5870 substrate
(e, = 2.33, and tand = 0.0012) with a thickness of 0.635 mm and a copper-cladding

thickness of 0.035 mm.

Figure 3.2: Perspective view of the narrow-band PIFA (Ant-1) with superstrate.

The presented realization includes two H-shaped slots in vertical and horizontal orien-
tations, located at the center of an L x W patch, crossing each other in the center. Here
the thickness of the wings and body of the H-slot are g; and g¢o, respectively, as shown
in Fig. 3.1 (a). Consequently, the four patch-shaped sections of dimensions w; X w; are
connected to the outer square loop with four individual high impedance lines at the four
corners. Three shorting pins with a diameter of 0.1 mm, located at the center of each of
three patch-like sections, connect them to the ground plane. The fourth patch-like section
is used to feed the antenna from the bottom through to the fourth pin.

The design technique presented in [135] where a planar inverted-F antenna optimised
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Figure 3.1: Configuration of the narrow-band PIFA (Ant-1) with superstrate and its
placement in a mobile phone substrate: (a) top view without dielectric load, (b) side
view with dielectric load, (c¢) back view of the ground-signal-ground (GSG) pad, and (d)

antenna placement with respect to the substrate of a mobile device. All dimensions are

in millimeters.
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with a dielectric superstrate/load is considered during the design of the antenna and
uses the fundamental equations for planar inverted-F antenna design are discussed in
Section 2.3. Using the parameter analyses in CST the dimensions of the antenna presented
in this section are optimized. The optimized design parameters of the narrow-band PIFA

(Ant-1) are listed in Table 3.1.

Table 3.1: Design parameters of the narrow-band PIFA (Ant-1) with dielectric load. All

dimensions are in millimeters.

w =08 wy=06 w3=03 ¢ =02 g =04

[, =18 W =3 L=3 H =134

A dielectric load (¢, = 2.1, and tand = 0.0002) that is 0.635 mm thick and has
dimensions of (L 4+ 1) mm x (W +1) mm is placed on top of the radiating patch and the
overall thickness of the antenna is 1.34 mm, as depicted in Fig. 3.1 (b). The effect of a
mobile phone battery on the antenna performance is accounted for by inserting a metal
box with the dimensions of a commercial battery.

The antenna is assumed to be fed by a ground-signal-ground (GSG) probe with a
pitch of 50 microns and the GSG pad orientation is shown in Fig. 3.1 (¢). The intention is
integrate the proposed antenna with the front end of a mobile phone using a GSG probe
or a 1.85 mm K-connector. The antenna is placed close to the top right-hand corner of
a mobile phone, which has: firstly, a substrate with the dimensions 120 mm x 70 mm;
and secondly, a battery with dimensions 70 mm X 35 mm, as shown in Fig. 3.1 (d). To
visualize the effect of the battery a solid metal box is placed as a representative of a
battery to have the maximum effect on antenna performance. In addition, the battery
is connected to the ground plane of the mobile device in order to visualize the practical

scenario. This leaves enough space for other RF and microwave components. A 1 mm gap
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is allowed between the battery and the mobile device’s substrate. The antenna dimensions

are optimized using parametric analyses in CST Microwave Studio.

3.2.2 Effects of Superstrate

This section describes the effect of the superstrate which acts as a dielectric load, on
the input impedance matching, directivity, gain and efficiency of the narrow-band planar
inverted-F antenna (Ant-1). In this design, the dielectric load is chosen by parameter
analyses in CST. A significant improvement in efficiency and input impedance matching,
as well as improvements in directivity and gain, are observed when Teflon as a dielectric

load is used.

S ,, | (dB)

—With Dielectric Load
- - - Without Dielectric Load

‘20 1 1 1 1
25 26 27 28 29 30

Frequency (GHz)

Figure 3.3: Effect of the dielectric load on the antenna input impedance matching of the

narrow-band PIFA (Ant-1).

The effect of the dielectric load on the antenna reflection coefficient is shown in Fig. 3.3.
The antenna input impedance matching in the frequency range 25-29 GHz is poor, but

the input impedance matching improves as the frequency rises from 29 GHz to 30 GHz.
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However, no resonance is observed within the presented frequency range 25-30 GHz. It
is clear from the graph that the antenna without dielectric load resonates at a frequency
which is above 30 GHz. On the other hand, the frequency of minimum reflection coefficient
shifted towards a lower frequency and the antenna resonates at 27.95 GHz, as shown in

Fig. 3.3. The -10 dB reflection coefficient bandwidth of Ant-1 is 980 MHz (27.47-28.45

GHz).
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Figure 3.4: Effect of the dielectric load on the efficiency of the narrow-band PIFA (Ant-1).

Now the effects of the dielectric load on antenna efficiency are presented. Fig. 3.4
illustrates the effect of the dielectric load on the antenna efficiency within the reflection
coefficient bandwidth. The antenna efficiency varies between 29% and 45% when the
dielectric load is not present. The antenna efficiency encapsulates a minimum at 27.47
GHz and reaches its maximum at 28.45 GHz. When the dielectric load is employed on
top of the antenna with a zero gap, the antenna efficiency is improved by more than 66%.
With the use of the dielectric load, the antenna efficiency is a maximum at 27.9 GHz and

a minimum at 28.45 GHz, i.e. are 95% and 84%, respectively.
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The influence of the superstrate on the directivity, realized gain, and absolute gain
of Ant-1 are analyzed. The results are compared within the frequency range 27.47-28.45
GHz. The gain and directivity of Ant-1 with and without the presence of the dielectric
load are shown in Fig. 3.5. The maximum directivity is 8.5 dBi at 28.45 GHz and the
minimum is 7.6 dBi at 27.47 GHz without the presence of the dielectric load. More than
1 dB of directivity improvement is observed when the appropriate dielectric load (chosen
by parameter analysis in CST) is employed, as shown in Fig. 3.5. When the dielectric
load is present, the directivity’s variation within the reflection coefficient bandwidth is
< 0.3 dB, whereas this variation is < 1 dB without the use of the dielectric load. The
maximum and minimum directivity are 9.2 and 8.9 dBi, respectively, when the dielectric

load is present.
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Figure 3.5: Effect of the dielectric load on the directivity and gain of the narrow-band
PIFA (Ant-1).

Ant-1 has low gain, with < 3 dB variation within the reflection coefficient bandwidth

observed without the use of the dielectric load, as shown in Fig. 3.5. The minimum
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and maximum realized gains are 2.2 and 5.2 dBi, at 27.47 and 28.45 GHz, respectively.
When the dielectric load is employed, the maximum realized gain of the antenna is 8.6
dBi at 27.85 GHz and the minimum realized gain is 8.1 dBi at 28.45 GHz; therefore the
realized gain variation within the reflection coefficient bandwidth is < 0.5 dB. Based on
the obtained results, the gain and directivity of the antenna are stable within the reflection
coefficient bandwidth when the dielectric load is used. Also, around 6.4 dB improvement
in realized gain is observed when using the dielectric load. In addition, the absolute gain
of the antenna varies between 7.6 and 8.5 dBi without dielectric load is applied whereas

the absolute gain varies between 8.9 and 9.1 dBi when dielectric load is applied.

3.2.3 Effects of Mobile Device Battery

In order to find the influence of a mobile device battery on antenna performance, the
reflection coefficient, gain, directivity and efficiency of Ant-1 with no device battery are
compared with the results when a mobile phone battery is added after removing a portion
of the substrate and ground plane. Placement of the battery within the mobile phone
substrate is shown in Fig. 3.1(d), as is the positioning of Ant-1. The dimensions of the
battery chosen in this study are 70 mm x 35 mm.

The antenna has a -10 dB reflection coefficient bandwidth of 980 MHz (27.47 - 28.45
GHz) with the presence of a battery, as shown in Fig. 3.6, covering a portion of the 5G
mobile communication band or millimeter-wave frequency bands for future mobile cellular
devices. When the battery is removed the antenna reflection coefficient behavior remains
the same, as depicted in Fig. 3.6.

The antenna efficiency of the narrow-band planar inverted-F antenna (Ant-1) has been
studied with and without the presence of the battery, and the predicted results are shown
in Fig. 3.7. The obtained minimum and maximum values of the antenna efficiency, with

the presence of the battery, within the reflection coefficient bandwidth of the antenna are
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Figure 3.6: Reflection coefficient of the narrow-band PIFA (Ant-1) and with and without

the presence of a mobile device battery while dielectric load is present.
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Figure 3.7: Efficiency of the narrow-band PIFA (Ant-1) with and without the presence of

the battery while dielectric load is present.
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88% and 96%, at 27.47 GHz and 27.9 GHz, respectively. The antenna efficiency of the

antenna is unaffected by the presence of the battery, as depicted in Fig. 3.7.
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Figure 3.8: Directivity and gain of the narrow-band PIFA (Ant-1) with and without the

presence of the battery while dielectric load is present.

The realized gain and directivity of the proposed antenna are shown in Fig. 3.8. The
proposed antenna has a nearly constant gain within the antenna reflection coefficient
bandwidth with a gain variation of only 0.55 dB, while the maximum and minimum gains
are 8.6 dBi and 8.1 dBi, at 27.9 GHz and 28.5 GHz, respectively. The maximum and
minimum directivities of the antenna are 9.2 dBi and 8.9 dBi, at 27.5 GHz and 28.5 GHz,
respectively. A negligible decrease is observed in the gain and directivity when the battery
is removed, as shown in Fig. 3.8.

It is therefore clear that the antenna reflection coefficient behavior together with the
gain, directivity, and efficiency are unaffected by the battery’s presence. Since the battery
is connected to the ground plane of the mobile device, the antenna performance will be

unaffected in practical. Therefore in the radiation pattern analysis the results for Ant-1
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when the battery is present are presented and studied.

3.2.4 Radiation Patterns

Fig. 3.9 shows the normalized radiation patterns in the x-z plane, and Fig. 3.10 shows the
normalized radiation patterns in the y-z plane of Ant-1 at 27.5, 27.75, 28, 28.25, and 28.5
GHz. At each frequency, the x-z plane and y-z plane radiation patterns are normalized
with respect to the maximum at that frequency. The radiation patterns in the x-z plane

and y-z plane at selected frequencies point towards the boresight, i.e. towards the z-axis.
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Figure 3.9: Normalized radiation patterns of the narrow-band PIFA (Ant-1) with dielectric

load in the x-z plane.

Ant-1 has a quite constant radiation pattern over the antenna reflection coefficient
bandwidth. The side-lobe level (SLL) and half-power beamwidth (HPBW) or 3-dB
beamwidth for the x-z plane and y-z plane are listed in Table 3.2 at selected frequen-
cies. The maximum and minimum HPBW are 69° and 64°, respectively, in the x-z plane,

and the maximum and minimum HPBW are 69° and 65°, respectively, in the y-z plane.
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Figure 3.10: Normalized radiation patterns of the narrow-band PIFA (Ant-1) with dielec-

tric load in the y-z plane.

Table 3.2: Side-lobe level (SLL) and half-power beamwidth (HPBW) of the narrow-band

PIFA (Ant-1) with dielectric load in the x-z and y-z planes.

Frequency (GHz) 275 2775 28 28.25 285
SLL (dB x-z plane  -18 -18 -20  -20 -20
(dB) y-z plane  -14 -15 -16 -16 -20

x-z plane 64 65 66 68 69

HPBW (degree)

y-z plane 65 66 67 67 69

The side-lobe level (SLL) of Ant-1 is always below -18 dB in the x-z plane. Also, the
SLL is -18 dB at 27.5 and 27.75 GHz and -20 dB at 28, 28.25, and 28.5 GHz. The SLL is
better in the x-z plane than in the y-z plane at presented frequencies. In the y-z plane, the
SLL is always below -14 dB. The SLL of the radiation patterns decreases with increased

frequency for both the x-z and y-z planes.
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3.3 Wideband LWA Array (Ant-2)

The narrow-band PIFA (Ant-1) proposed in the previous section is unable to cover the
28 GHz millimeter-wave band (28-29.5 GHz) for future 5G mobile communications. In
this section, a leaky-wave antenna (LWA) array (Ant-2) is proposed for the 28 GHz
millimeter-wave band. This section also shows that a compact LWA array with high
radiation efficiency and wide impedance bandwidth may be designed for 5G millimeter-
wave application. This can be done by replacing the outer shorting pins by an appropriate

radiating patch and using a superstrate as a dielectric load.

3.3.1 Antenna Configuration

The geometry of the presented LWA array (Ant-2) and its placement in a mobile device
substrate are shown in Fig. 3.11. The array is designed on a Rogers 5870 substrate
(e, = 2.33 and tan = 0.0012) with a thickness of 0.8 mm, and a copper-cladding thickness
of 0.013 mm. The proposed antenna array is composed of four half-width microstrip leaky
wave antennas (HW-MLWAs) placed at right angles.

The antenna in this section is designed based on the design has been demonstrated for
below 6 GHz operation in [117] with each element is loaded with a shorting pin and basic
concept for designing HW-MLWA are discussed in Section 2.8. However, each element is
composed of a HW-MLWA loaded with an l; X ws radiating patch for the design presented

in this section.
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Figure 3.11: Configuration of the LWA array (Ant-2) radiating boresight for 28 GHz
millimeter-wave 5G terminals and the placement of the LWA array in a mobile phone

substrate (top view without dielectric load). All dimensions are in millimeters.
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The array is fed at the center from the bottom of the substrate using a 2.92 mm coaxial
connector. Note that most 2.92 mm connectors are of the panel-mount type. To ensure a
guaranteed connection between the center pin of the coaxial connector with the antenna
feed point, a cylindrical patch of inner and outer radius 0.2 and 0.3 mm, respectively, is
employed as shown in the inset of Fig. 3.12. A copper circle of radius 0.8 mm is etched
off from the ground in order to ensure isolation between the ground plane and the center
pin of the coaxial connector.

For antenna input impedance matching the first shorting pin in each element is placed
dy away from the center point of the array. For impedance matching between the leaky-
wave antenna and the loaded patch, the location of the last shorting pin in each element
is optimized using parameter analyses and is dy away from the patch. Here, the diameter
of the shorting pin is 0.2 mm and the spacing between the two adjacent shorting pins is

0.5 mm (center to center).

120

A
A\ 4

Ground plane

Ground plane \

Substrate

Feed point

Figure 3.12: Back view of the LWA array (Ant-2) radiating boresight for 28 GHz
millimeter-wave 5G terminals and the feed arrangement for 2.92 mm coaxial connector.

All dimensions are in millimeters.

The overall dimensions of the array are 24.5 mm x 24.5 mm (L x W) and it may
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be placed in any corner of the substrate with a size of 120 mm x 70 mm. To improve
of the antenna efficiency and impedance matching, a superstrate acting as a dielectric
load is employed on top of the antenna, which is oriented with the center of the antenna.
The dimensions of the antenna are optimized using parameter analyses in CST microwave

studio. The optimized dimensions are listed in Table 3.3.

Table 3.3: Design Parameters of The Boresight-Radiating LWA Array (Ant-2). All di-

mensions are in millimeters.

lo =6.5 wy =13 we=225 L=245 W =245

The design of this highly efficient leaky-wave antenna (LWA) array (Ant-2) radiating
towards the boresight direction is encompasses into two major steps. Initially, an LWA
array radiating in the boresight direction is developed. Then a superstrate which acts as
a dielectric load is employed in order to enhance the antenna efficiency. The presented
array is designed using CST Microwave Studio and the dimensions are optimized using
parameter analyses. It is found that the mobile device battery has no effect on antenna
performance as by the study presented in the previous two sections. The following section

presents results when no battery is present.

3.3.2 Effects of Superstrate and Simulation Results

The effects of the dielectric load on the antenna’s performance are briefly presented here.
A superstrate as a dielectric load with dimensions of 6 mm x 6 mm x 0.8 mm, and is
placed at the top of the antenna in order to improve its performance. The center of the
dielectric load is aligned with the feed point of the antenna array as shown in Fig. 3.13.

The size and the material of the dielectric load are optimized using numerical analysis
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in CST. In simulation, better impedance matching is observed when the superstrate is
of Rogers 5870 substrate (¢, = 2.33 and tand = 0.0012) with a thickness of 0.8 mm.
The overall size of the proposed antenna is 24.5 mm x 24.5 mm X 1.6 mm including the

dielectric load.

Array elements
Substrate

Loaded patch

Figure 3.13: Perspective view of Ant-2 with the dielectric load. All dimensions are in

millimeters.

The proposed LWA array covers the 28 GHz millimeter-wave 5G wireless communica-
tion band with a large impedance bandwidth (|.S1;| < —10 dB) of 3.1 GHz (27.2-30.3 GHz)
without the dielectric load, as illustrated in Fig. 3.14. The antenna impedance bandwidth
becomes much greater with the use of a dielectric (see Fig. 3.14). With the presence of the
dielectric load the array impedance bandwidth (]S1;| < —13 dB) is 6 GHz (26-32 GHz).

The antenna efficiency reaches its maximum when the dielectric load material is the
same as the antenna substrate, Rogers 5870. Fig. 3.15 shows the antenna efficiency when
the dielectric load is employed, and the results are compared with the antenna efficiency

when no superstrate is applied.
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Figure 3.14: Reflection coefficient of the boresight-radiating LWA array (Ant-2) with and

without dielectric load.
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Figure 3.15: Antenna efficiency of the boresight-radiating LWA array (Ant-2) with and

without dielectric load.
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The antenna efficiency is almost flat within the 28 GHz millimeter-wave band (28-29.5
GHz) and an improvement of 6% is observed. The antenna efficiency varies between 60%
and 92% without dielectric loading, within the reflection coefficient bandwidth. However,
with the presence of the dielectric load the antenna efficiency improves significantly and
varies between 95% and 98% within the reflection coefficient bandwidth. This efficient
improvement because of the improvement in antenna impedance matching illustrated in

Fig. 3.14.
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Figure 3.16: Directivity and gain of the boresight-radiating LWA array (Ant-2) with and

without dielectric load.

The directivity and gain of the LWA array within the reflection coefficient bandwidth
are shown in Fig. 3.16 with and without the dielectric load. The maximum directivity and
gain for the array are 9.4 and 9 dBi, respectively at 28 GHz, and the minimum directivity
and gain are 6.8 and 6.3 dBi, respectively, at 30.25 GHz, without the dielectric loading.
The antenna directivity decreases slightly with the use of a dielectric load as shown in

Fig. 3.16, however, the gain increases in the frequency ranges 26-29.5 GHz and 30-31.25
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GHz. Nonetheless, a decrease in the antenna gain is observed when dielectric loading
is applied in the 29.5-30 GHz and 31.25-32 GHz frequency ranges. With the dielectric
loading, the maximum directivity and gain are 9.2 and 9.1 dBi, respectively, at 28 GHz,
while the minimum directivity and gain are 6.5 and 6.4 dBi, respectively, at 30.25 GHz.
The gain variation within the 28 GHz millimeter-wave band is only 1.1 dB, but within

the antenna reflection coeflicient bandwidth it is 2.7 dB.

3.3.3 Parameter Analysis

The distance between the feed point and the first via is d; (shown in Fig. 3.11), a key
parameter that significantly affects the array’s impedance matching and hence the antenna
efficiency, as presented in this section. The results presented here are based on simulation

with the dielectric load applied to the array.
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Figure 3.17: Antenna impedance matching at several locations of the first via in each

array element.

The impedance matching within the antenna reflection coefficient bandwidth is very
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poor when the distance d; is 0.8 mm as shown in Fig. 3.17. Impedance matching is
improved with an increase in the distance of the first shorting pin to 1.8 mm and then
worsens with a further increase in the distance d;, as indicated in Fig. 3.17. Very good
antenna input impedance matching is observed when d; = 1.8 mm and the dielectric load

is present.

3.3.4 Radiation Patterns

The normalized radiation patterns of Ant-2 in the x-z and y-z planes are shown in Fig. 3.18
and Fig. 3.19, respectively. The patterns are presented in both planes at 27.5, 28, 28.5,
29, 29.5, and 30 GHz. At each frequency, the x-z plane and y-z plane radiation patterns
are normalized with respect to the magnitude at that frequency. The radiation patterns
point towards the +z-axis in both the x-z and y-z planes, as shown in Figs. 3.18 and 3.19.
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Figure 3.18: Normalized radiation patterns of the boresight-radiating LWA array (Ant-2),

with the presence of the battery, in the x-z plane.
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Figure 3.19: Normalized radiation patterns of the boresight-radiating LWA array (Ant-2),

with the presence of the battery, in the y-z plane.

Table 3.4: Side-lobe level (SLL) and half-power beamwidth (HPBW) of the LWA array

(Ant-2) radiation boresight in x-z and y-z planes.

Frequency (GHz) 275 28 285 29 295 30
SLL (dB x-z plane -4 -4 -4 -3 -3 -1
(dB) y-z plane -4 -4 -4 -3 -3 -1

x-z plane 39 38 37 36 36 39

HPBW (degree) = fme 30 38 87 36 36 39

The side-lobe level (SLL) and half-power beamwidth (HPBW) for the x-z and y-z
planes are listed in Table 3.4. In both the x-z and y-z planes, the HPBW varies between
36° and 39° and the HPBWs are equal in both planes at each frequency. Furthermore the
SLLs are equal at each frequency in both the x-z and y-z planes, and the SLL decreases

with increasing frequency in the frequency range 27.5-30 GHz. The SLL is -4 dB at 27.5
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to 28.5 GHz, -3 dB at 29 and 29.5 GHz. The SLL is even worse at 30 GHz and is -1 dB.

3.4 Wideband PIFA (Ant-3) with Superstrate

The PIFA (Ant-1) with superstrate presented in Section 3.2 is a narrow-band antenna
unable to cover the 28 GHz millimeter-wave 5G mobile communication band. On the
other hand, the antenna presented in Section 3.3 (Ant-2) is a wideband antenna and
covers the above mentioned band completely. Ant-1 has a very good SLL in both the x-z
and y-z planes and it is always below -14 dB in the frequency range 27.5-28.5 GHz, but
the SLL of Ant-2 is very poor within the 28 GHz millimeter-wave band and it varies in
the range -4 dB to -1 dB within the frequency range 27.5-30 GHz. In this section another
PIFA (Ant-3) with superstrate is developed which is the modification of Ant-1 targeting

to increase the impedance bandwidth of the antenna.

3.4.1 Antenna Configuration

Similar to Ant-1 and Ant-2, the wideband PIFA has been designed to print on a Rogers
5870 substrate with a dielectric constant of €, = 2.33 and loss tangent of tan § = 0.0012,
having a thickness of h = 0.635 mm; the copper layer’s thickness is 0.035 mm. The
dimensions of the mobile phone substrate have been chosen as 120 mm x 70 mm.

The Ant-1 is investigated in CST using parameter analyses to identify the reason
behind narrow-band operation. It is found that the two I-shaped slots at the center of
the antenna, oriented at right angle, reduces the impedance bandwidth of the antenna.
After removing both I-shaped slot from the centre of the Ant-1, the antenna is optimized
using parameter analyses in CST for four I-shaped slot located close to the each edge of
the patch.

A detailed configuration of the presented wideband millimeter-wave antenna (Ant-3)
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is presented in Fig. 3.20 (a), which includes 4 I-shaped slots of dimensions w mm x [ mm
in vertical and horizontal orientations, located s mm away from each edge of an L mm
x W mm square patch. In addition, the location of the fed via is optimized for better
impedance matching using parameter analyses in CST.

The presented antenna uses a superstrate as a dielectric load, in order to enhance the
directivity, gain and efficiency, made of the same material as the substrate, with equal
thickness, and the overall thickness of the antenna is 1.34 mm. The size of the dielectric
load is (L + 1) mm x (W + 1) mm.

The antenna is optimized using parameter analysis in CST microwave studio and the
optimized dimensions are listed in Table 3.5. During simulation, the antenna is assumed
to be fed with a ground-signal-ground (GSG) probe with a pitch of 200 microns and the
orientation of the GSG pad shown in Fig. 3.20 (c¢). No external feed network is required

for this design, which has the advantage of high efficiency.

Table 3.5: Design parameters of the wideband PIFA (Ant-3) with dielectric load. All

dimensions are in millimeters.

a=11 b=09 ¢=05 d=0.55 5s=10.3

w=02 [=19 p=12 L=W=3 H=134

The antenna is placed at the top-right corner of a mobile phone with a battery with
the dimensions of 35 mm x 70 mm, as shown in Fig. 3.20 (d). A gap of 1 mm is
allowed between the battery and the substrate of the mobile phone. The overall size of
the proposed millimeter wave 5G antenna is 0.37)\y X 0.37)\y X 0.125)g, where )\ is the

free-space wavelength at 28 GHz.
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Figure 3.20: Configuration of the wideband PIFA (Ant-3) with dielectric load for mil-
limeter wave 5G applications and its placement in a cell phone substrate: (a) top view of
the radiating element without dielectric load, (b) side view of the antenna with dielectric
load, (c) ground-signal-ground (GSG) pad for feeding, and (d) battery placement with

respect to the antenna of the mobile phone. All dimensions are in millimeters.
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3.4.2 Effects of Superstrate and Simulation Results

In this section the reflection coefficient, directivity, gain, and efficiency of Ant-3 with and
without the presence of the superstrate as a dielectric load are presented and discussed.
Since the performance of the antenna is unaffected when the battery is removed (demon-
strated in Section 3.2) from the mobile phone substrate, the results presented in this

section are based on the simulation when the battery is present.
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Figure 3.21: Reflection coefficient of the wideband PIFA (Ant-3) with dielectric load and

when the battery is present.

The proposed antenna does not cover the 28 GHz millimeter-wave band when the
superstrate is not present as shown in Fig. 3.21. It is clear from the figure that an im-
provement in antenna impedance matching is observed when the dielectric load is applied.
When the superstrate is present, the antenna has a large impedance bandwidth of 3.18
GHz (27.57 - 30.75 GHz) measured at -10 dB, exhibited in Fig. 3.21, covering the 5G
mobile communication band or millimeter-wave frequency band for future 5G mobile de-

vices. Two resonances are observed within the reflection coefficient bandwidth, the first



88 Chapter 3. 28 GHz Millimeter-Wave 5G Antennas with Dielectric Load

at 28.3 GHz and the second at 30 GHz.
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Figure 3.22: Effect of the dielectric load on the directivity and gain of the wideband PIFA
(Ant-3).

Fig. 3.22 depicts the effects of the dielectric load on the antenna directivity and gain.
The directivity varies between 6.9 and 8.7 dBi within the reflection coefficient bandwidth
without the dielectric load and the minimum and maximum are observed at 28.3 and
30.8 GHz, respectively. A maximum of 2 dB improvement in directivity (at 28.3 GHz)
is observed when the dielectric load is applied. With dielectric load, the minimum direc-
tivity of Ant-2 is 8.5 dBi at 27.5 GHz and the maximum directivity is 9 dBi at 30 GHz.
Without the dielectric load, the variation of the directivity within the reflection coefficient
bandwidth is < 1.8 dB whereas this variation with the dielectric load is only < 0.5 dB.

A significant improvement in the antenna gain is observed when the dielectric load
is applied, as shown in Fig. 3.22. With the dielectric load, the minimum and maximum
antenna gains are 7.7 and 8.8 dBi, at 27.5 and 30.1 GHz, respectively. Therefore, the

gain variation within the reflection coefficient bandwidth is only 1.1 dB, indicating the
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uniformity of the antenna radiation. On the other hand, without the dielectric load, the
minimum antenna gain is 4.8 dBi and the maximum gain is 8.5 dBi, which indicates that
the antenna gain variation is 3.7 dB; the antenna radiation is non-uniform within the

reflection coefficient bandwidth.
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Figure 3.23: Effect of the dielectric load on the efficiency of the wideband PIFA (Ant-3).

Now, the effect of the dielectric load on the antenna efficiency is investigated. Fig. 3.23
shows the antenna efficiency with and without the presence of the dielectric load. The
improvement in antenna efficient is due to the improvement in antenna input impedance
matching when the dielectric load is applied. Because of the impedance matching im-
provement the gain of the antenna is increased hence efficiency improved. The antenna
efficiency varies between 60% and 95% within the reflection coefficient bandwidth. Here,
the minimum efficiency is observed at 27.5 GHz and the maximum at 30.8 GHz, with a
nearly linear increase in the efficiency with frequency, as revealed in Fig. 3.23. With the
dielectric load, a maximum 35% improvement in antenna efficiency is observed at 27.2

GHz. The minimum and maximum antenna efficiency are 86% and 97%, at 27.5 and
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30.1 GHz, respectively. Therefore, the variation of the efficiency is below 10% within the

reflection coefficient bandwidth, when the dielectric load is present.

3.4.3 Radiation Patterns

The normalized radiation patterns of Ant-3 in the x-z and y-z planes are shown in Fig. 3.24
and Fig. 3.25, respectively. The patterns are presented in both planes for the frequency
range 27.5-30.5 GHz with a step of 0.5 GHz. At each frequency, the x-z plane and y-z
plane radiation patterns are normalized with respect to the magnitude at that frequency.
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Figure 3.24: Normalized radiation patterns of the wideband PIFA (Ant-3) with dielectric

load, and with the presence of the battery, in the x-z plane.

The radiation patterns point towards boresight, i.e. towards the +z-axis in both
the x-z and y-z planes, within the reflection coefficient bandwidth. The side-lobe level
(SLL) and half-power beamwidth (HPBW) or 3-dB beamwidth for the x-z and y-z planes

radiation patterns are listed in Table 3.6. In the x-z plane, the maximum and minimum
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HPBW are 68° and 61°, respectively, and in the y-z plane are 70° and 56°, respectively.
The HPBW of Ant-3 in the x-z plane decreases from 68° to 61° with increasing frequency
from 27.5 GHz to 30.5 GHz. On the other hand, the HPBW increases from 56° to 70°
with increasing frequency from 27.5 GHz to 30.5 GHz. Ant-3 has a better SLL in the x-z
plane than in the y-z plane. The SLL of Ant-3 in the x-z plane is always below -17 dB
within the frequency range 28-30.5 GHz, but the SLL is -9 dB at 27.5 GHz. In the y-z
plane, the SLL is -4, -6, and -8 dB at 27.5, 28, and 28.5 GHz, respectively. However, the
SLL in the y-z plane is always below -19 dB in the frequency range 29-30.5 GHz. Overall,
the SLL of Ant-3 in both the x-z and y-z planes are better at a frequency close to the
second resonant (30 GHz) than is the SLL in the x-z and y-z planes at a frequency close

to the first resonant (28.3 GHz).
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Figure 3.25: Normalized radiation patterns of the wideband PIFA (Ant-3) with dielectric

load, and with the presence of the battery, in the y-z plane.
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Table 3.6: Side-lobe level (SLL) and half-power beamwidth (HPBW) of the wideband

PIFA (Ant-3) with dielectric load in x-z and y-z Planes.

Frequency (GHz) 275 28 285 29 29.5 30 30.5
SLL (dB x-z plane -9 -17 0 -19 -22 20 -20  -19
(dB) y-z plane -4 -6 -6 -19  -20 -21 -19

x-z plane 68 67 68 68 67 62 61
y-z plane 56 61 64 64 68 69 70

HPBW (degree)

3.5 Comparison between Antennas

In this section, a comparison of the properties of the antennas presented in this chapter.
Table 3.7 lists a performance comparison between Ant-1, Ant-2, and Ant-3. In terms of
the achieved -10 dB reflection coefficient bandwidth, Ant-2 has 21% measured at -13 dB
whereas Ant-1 has 4% (measured at -10 dB) and Ant-3 has 11% (measured at -10 dB)
bandwidth. Yet, Ant-1 and Ant-3 are 97% smaller in size than Ant-2. The presented
antennas have comparable efficiency, directivity and gain within the 28 GHz millimeter-
wave 5G mobile communication band. Regarding the SLL, Ant-1 has a very low SLL in
both the x-z and y-z planes compared to Ant-2. On the other hand, Ant-3 has a lower
SLL in the x-z plane than in the y-z plane, and in both planes they are low compared
to Ant-2. The HPBW of Ant-1 and Ant-3 are below 70° and for Ant-2 are below 38°.
Overall, Ant-3 covers the 28 GHz millimeter-wave 5G mobile communication band and
has a relatively low SLL together with comparable gain, directivity and efficiency to Ant-1

and Ant-2.
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Table 3.7: Performance comparison of boresight-radiating narrow-band PIFA (Ant-1),
LWA array (Ant-2), and wideband PIFA (Ant-3) antennas. Here, the results are compared

within the 28 GHz millimeter-wave band (28-29.5 GHz).

Parameter Ant-1 Ant-2 Ant-3
Physical Area (mm?) 16 600 16
Bandwidth (GHz) 27.47-2845  26-32* 27.57-30.75
Efficiency (%) 88-96 97-98 94-96
Directivity (dBi) 8.9-9.2 8.9-9.4  8.7-8.9
Gain (dBi) 8.1-8.6 8.4-9 8.4-8.8
SLL (dB) x-7z plane < -11 <-3 <-17

y-z plane < -19 <-3 < -6
HPBW (degrec) x-z plane < 65 < 38 < 68

y-z plane <72 < 38 < 68

Here SLL means side-lobe level and HPBW means half-power beamwidth.

* _13 dB reflection coefficient bandwidth.

Now, the comparison of the performance of the proposed wideband PIFA (Ant-3) with
reference antennas available for 28 GHz millimeter-wave 5G hand-held mobile devices
having a directed beam. The size (area = length x width), gain, efficiency, and beam
direction of the reference antennas together with Ant-3 are listed in Table 3.8. The
proposed Ant-3 for 28 GHz millimeter-wave mobile devices has a higher efficiency than
the reference antennas proposed for the same application. Owing to its compact size and

good performance, the proposed antenna Ant-3 is attractive for future 5G mobile devices.
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Table 3.8: The area, efficiency, gain, and beam direction of Ant-3 and the reference
antennas proposed for the millimeter-wave 5G mobile communication band. Here, the

results are compared within the 28 GHz millimeter-wave band (28-29.5 GHz).

Area Efficiency  Gain HPBW
References  (mm?) (%) (dBi) x-z and y-z planes
[136] 546 NA 10-13.5 NA
[41] 35 NA 1.6-6.7 NA
[43] 870 NA 9" NA
[108] 7 72-75 2.3-2.8 180° and 170°
[51] 4445 60-75 9.95-10.19  10° and 80°
Ant-3 16 94-96 8.4-8.8 68° and 68°

Here, area = length x width; NA = not available;

*maximum value.

3.6 Summary

In this chapter three antennas radiating to the boresight were developed for 28 GHz
millimeter-wave 5G mobile devices. A superstrate that acting as a dielectric load was
applied to enhance the performance of the antenna, especially the efficiency.

Firstly, a narrow-band PIFA (Ant-1) was developed. A Teflon superstrate that acting
as a dielectric load was applied to enhance the efficiency, gain and directivity of the
antenna. The thickness of the Teflon superstrate was the same as the thickness (0.635
mm) of the substrate considered for antenna design. A maximum 66% improvement in
antenna efficiency was observed when the superstrate was applied. Moreover, the antenna

input impedance matching was improved for the same antenna when the dielectric load
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was applied. However, Ant-1 is unable to cover the whole 28 GHz millimeter-wave 5G
mobile communication band.

Secondly, a LWA array (Ant-2) radiating boresight was developed. The efficiency of
the array was improved by applying a superstrate (made of the same material as the
substrate) as a dielectric load to the LWA array and applying a microstrip patch as a
load to the array elements. A maximum of 36% and minimum of 5% improvement in
antenna efficiency was observed. The maximum improvement in gain and directivity, 2.9
and 2 dB, respectively, were perceived when the dielectric load was applied. The HPBW
of Ant-1 (64°-69° in the x-z plane and 65°-69° in the y-z plane) was almost double the
HPBW (36°-39° in both the x-z and y-z planes) of Ant-2.

Thirdly, another PIFA (Ant-3) with superstrate was developed. A similar effect on the
input impedance matching, efficiency, gain and directivity of Ant-3 was observed as seen
in Ant-1, because of the loading by superstrate. The HPBW (61°-68° in the x-z plane
and 56°-70° in y-z plane) of Ant-3 was almost equal to the HPBW observed for Ant-1.

Finally, in this chapter three antennas were described. All of them were able to radiate
towards the boresight direction. Beam scanning is not possible using these antennas. In
the next chapter LWAs will be developed and investigated that are suitable for pattern

reconfigurable antenna development for 28 GHz millimeter-wave 5G mobile devices.
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Chapter 4

Leaky-Wave Antennas (LWAs) for 28
GHz Millimeter-Wave 5G for Beam

Scanning

4.1 Introduction

In this chapter, firstly, a basic leaky-wave antenna (LWA) is investigated for radiating
in the region between boresight and endfire, knows as the off-boresight direction, for 28
GHz millimeter-wave band where the length of the antenna is 5.1\. Secondly, a small-
size LWA suitable for mobile devices is developed for 28 GHz millimeter-wave 5G mobile
communications. The working principles of the antenna are presented with the help of
reflection coefficient, radiation performance, and surface current distribution (amplitude).
Thirdly, a single element LWA antenna for mobile devices is developed that radiates
towards boresight. Both the mobile device antennas are terminated at the far end by
using a shorting pin for impedance matching and suppression of the reflected wave. The

inherent property of a uniform LWA is to scan the main beam as the frequency increases.

97
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The effects of the loading pin are analyzed in order to find the frequency at which the
boresight beam starts to split into two off-boresight beams.

This chapter is organized as follows. Section 4.2 presents the design procedure and
working principles of a basic HW-MLWA radiating off-boresight (the region between bore-
sight and endfire) for mobile devices. In Section 4.3 a boresight radiating HW-MLWA
is developed for 28 GHz millimeter-wave application. The design procedure and working
principles together with the simulation results are presented in the same section. Sec-

tion 4.4 summarizes the main themes that have been described in this chapter.

4.2 Antenna Radiating Off-Boresight

This section presents the design of a basic LWA for 28 GHz millimeter-wave 5G mobile
devices. For design simplicity a half-width microstrip LWA (HW-MLWA) is chosen.

4.2.1 Antenna for 28 GHz Millimeter-Wave Band

The antenna is designed on an FR-4 substrate with relative permittivity (e,) = 4.3, loss
tangent (tand) = 0.025, and a thickness of 0.8 mm. The configuration of the antenna is
shown in Fig. 4.1. Following the method proposed in [123] an HW-MLWA is modeled for
28 GHz millimeter-wave band, i.e. the fundamental method of designing HW-MLWA is
considered during the design which is briefly presented in Section 2.8.

The design starts with a microstrip JKLO with one edge KL shorted to ground using
periodically arranged shorting pins. Shorting one edge of a microstrip line can excite the
first higher-order mode without using a special feed network [123]. In the dominant mode
the electric field is tightly bound between the microstrip and the ground plane and hence
the line is unable to radiate. In the first higher-order mode the microstrip line produces

a radiating electric field as discussed in Section 2.8 of Chapter 2. In LWAs a load is used
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at the far/other end to suppress the reflected wave from an antenna structure with finite
length. If the wave reflects back from the other end a back lobe is produced. To reduce
the back lobe the radiating microstrip needs to be infinitely long. The length of the
microstrip line in this design is 54.4 mm or 5.1\g where )\; is the free-space wavelength
at 28 GHz. The microstrip is fed using a narrow microstrip with a width of 0.6 mm
and length of 2.95 mm at the side JK. A 2.92 mm surface-mount coaxial connector is
used to feed the antenna from the bottom. To suppress the reflected wave and for better
impedance matching the coaxial connector at I is terminated using a 50 2 resistive load.

The antenna is designed on a substrate of size 60 mm x 8 mm.

Microstrip 5.129(54.4)  Substrate

(b)

Figure 4.1: Configuration of the HW-MLWA (length = 5.1)) for 28 GHz millimeter-wave

band. All dimensions are in millimeters.

Fig. 4.2 shows the simulated reflection coefficient of the HW-MLWA. The antenna
has a wide impedance bandwidth of 3.78 GHz (26.38-30.16 GHz). The surface current
distribution (amplitude) at 27, 28, 29, 30, and 31 GHz, as shown in Fig. 4.3. It can be
seen from the figure that as the frequency increases more energy travels toward the load,

indicating an increase in the effective aperture of the antenna. A short effective aperture
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widens the beam and hence the directivity is low. As the frequency increases the effective
aperture increases (as illustrated in Fig. 4.3), which in turn reduces the beamwidth and

improves the directivity.
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Figure 4.2: Reflection coefficient of the 28 GHz millimeter-wave HW-MLWA (length =

5.1\) radiating off-boresight.

The predicted leakage rate (a/ko) of the HW-MLWA (in Fig. 4.1) with length = 5.1,
operating in the 28 GHz millimeter-wave band is shown in Fig 4.4. The leakage rate
has been calculated using the method presented in [122,127]. It is evident from the
figure that the leakage rate is maximum at 25 GHz, and it is minimum at 32 GHz within
the frequency range 25-32 GHz. The leakage rate decreases gradually with increasing
frequency. The leakage rates are 0.16, 0.13, 0.11, 0.09, and 0.07 at 27, 28, 29, 30, and 31
GHz, respectively. A higher value of leakage rate indicates that the most of the power
radiates from a small section of the microstrip JKLO, which is close to the feed point F.
Since the effective radiating aperture is low for a higher value of leakage rate it produces

a wider beam and hence directivity and gain are low. On the other hand, low leakage rate
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indicates that the input power propagates towards the load end of the antenna producing
a larger effective aperture and hence produces a narrow beam with higher directivity and

gain. These phenomena are explained using the surface current distributions shown in

Fig. 4.3.

Figure 4.3: Surface current distributions (amplitude) of the 28 GHz millimeter-wave HW-
MLWA (length = 5.1\) at (a) 27, (b) 28, (¢) 29, (d) 30, and (e) 31 GHz.

The normalized x-z plane radiation patterns of the HW-MLWA are shown in Fig. 4.5.
The radiation patterns are presented in the frequency range 27-31 GHz with a step of 1
GHz. The direction of the main beam is # = 39°, 42°, 57°, 59° and 62° away from boresight
at the frequency 27, 28, 29, 30, and 31 GHz, respectively, and the half-power beamwidth
(HPBW) is 48°, 39°, 36°, 27° and 19° at 27, 28, 29, 30, and 31 GHz, respectively. As well,
the directivity is 8, 8.8, 9.2, 9.9, and 10 dBi at 27, 28, 29, 30, and 31 GHz, respectively.
Therefore, with increasing frequency the HPBW decreases, directivity increases, and the

main beam shifts away from boresight. This happens because with increasing frequency
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the effective aperture of the antenna increases (as shown in Fig. 4.3).
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Figure 4.4: Predicted leakage constant («/kg) of the 28 GHz millimeter-wave HW-MLWA

(length = 5.1)) as a function of frequency.
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Figure 4.5: Normalized x-z plane radiation patterns of the 28 GHz millimeter-wave HW-
MLWA (length = 5.1)) radiating off-boresight.
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4.2.2 Antenna for Mobile Devices

The antenna is designed on the same substrate with the same thickness. The configuration
of the antenna is shown in Fig. 4.6. The size of the ground plane is equal to the size of

the substrate, i.e. no ground clearance is considered for this design.
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Figure 4.6: Configuration of the 28 GHz millimeter-wave HW-MLWA (length = 1.8)¢)

radiating off-boresight: (a) top view, (b) back view, and (c¢) perspective view.

The antenna is composed of a uniform microstrip BCDE with one side, CD, shorted
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to ground using periodically arranged shorting pins as shown in Fig. 4.6 (a). The design
starts with a rectangular microstrip BCDE. The diameter of each shorting pin is d;
and the center-to-center spacing between two consecutive shorting pins is s,. For better
impedance matching and to suppress the reflected wave a shorting pin is applied at the
corner E of the microstrip BCDE. The diameter of this loading pin is the same as that of
the shorting pins used at the edge CD. The microstrip BCDE is fed using a simple narrow
microstrip of width w; and length s; 4+ ;. The dimensions of the feed line and microstrip
are optimized using parameter analysis to cover the 28 GHz millimeter-wave band.

The antenna is fed using a 2.92 mm surface mount coaxial connector from the back of
the substrate. The diameter of the feed via is d, = 0.4 mm. In order to ensure isolation
between the feed via and the ground of the antenna, a circular-shaped segment of copper
with radius r; = 0.8 mm is etched off from the ground plane. In addition, to ensure a
guaranteed connection between the feed via and center pin of the coaxial connector, an
annulus of copper with a width of w3 = 0.1 mm (inner and outer radius 0.2 mm and 0.3
mm, respectively) is placed at the back of the antenna, as shown in Fig. 4.6 (b). The
overall size of the microstrip BCDE is 19.2 mm x 1.4 mm or 1.8\ x 0.13)\g, where ) is
the free-space wavelength at 28 GHz. The optimized design parameters (using parameter

analyses in CST) for the antenna are listed in Table 4.1.

Table 4.1: Design parameters of the 28 GHz millimeter-wave HW-MLWA (length = 1.8)¢)

radiating off-boresight. All dimensions are in millimeters.

dl =04 d2 =04 S1 — 0.3 SS9 — 0.8 w, = 0.6

wy =1 ws =01 [ =265 [=192 1, =038
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4.2.3 Working Principle

The reflection coefficient of the off-boresight radiating LWA in Fig 4.6 is shown in Fig. 4.7.
The antenna has a large impedance bandwidth of 4.14 GHz (26.49-30.63 GHz), as indi-
cated in Fig. 4.7, and covers the 28 GHz millimeter-wave 5G mobile communication band.

The two antenna parameters that mainly determine the operating band are studied.
Firstly, the effect of the width ws of the microstrip BCDE on the antenna reflection
coefficient is presented. Secondly, the impact of the width w, of the feed strip AB on the
antenna reflection coefficient is presented.
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Figure 4.7: Reflection coefficient of the 28 GHz millimeter-wave HW-MLWA (length =

1.8)\g) radiating off-boresight.

The antenna reflection coefficient behavior for w; = 0.5 and 0.7 mm and ws = 0.9 and
1.1 mm is shown in Fig. 4.8. The lower frequency limit is shifted by 520 MHz when w,
is varied from 0.5 mm to 0.7 mm. The antenna reflection coefficient bandwidth is 26.24-
30.06 GHz for w; = 0.5 mm and the bandwidth is 26.76-32 GHz for w; = 0.7 mm. The
reflection coefficient bandwidth is 27.81-31.81 GHz and 25.37-30.55 GHz when the patch
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width ws is 0.9 and 1.1 mm, respectively. In order to cover the 28 GHz millimeter-wave

band the values of w; and wy are carefully chosen to be 0.6 mm and 1 mm, respectively.
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Figure 4.8: Effects of w; and wsy on reflection coefficient of the 28 GHz millimeter-wave

HW-MLWA (length = 1.8)) radiating off-boresight.

The working modes of the antenna are presented here. The surface current distribution
(amplitude) at four different frequencies, i.e. 27, 28, 29, and 30 GHz is shown in Fig. 4.9.
At low frequency the antenna radiates from a section close to the feed point, which can
be seen by the strong surface current in the section that is close to the feed point A.
The current decreases gradually and reaches a minimum before the end point E of the
antenna. In the current antenna design, considering the application in a mobile device,
the length is shortened significantly (1.8 long) to increase the beamwidth. Moreover,
the shorting pin does not support impedance matching for such a wide frequency range,

which makes the beamwidth almost constant for the desired frequency range.
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Figure 4.9: Surface current distributions (amplitude) of the 28 GHz millimeter-wave HW-
MLWA (length = 1.8)¢) radiating off-boresight at (a) 27, (b) 28, (c¢) 29, and (d) 30 GHz.

4.2.4 Radiation Performance

The normalized radiation patterns of the antenna in the x-z and y-z planes are shown in
Fig. 4.10 and Fig. 4.11, respectively. The side-lobe level (SLL) and half-power beamwidth
(HPBW) of the radiation patterns in the x-z and y-z planes are listed in Table 4.2 together
with the main lobe direction in the x-z plane.

The radiation patterns of the antenna in the x-z plane point in the region between
boresight and endfire named the off-boresight region. At 27 GHz the main lobe direction

is 36° away from the boresight direction whereas at 30.5 GHz the main lobe direction is
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62° away from the boresight direction. When the frequency increases from 27 GHz to
30 GHz, giving the patterns presented in Fig. 4.10, the direction of the main lobe moves
away from the boresight. This is because with increasing frequency more energy travels
towards the load end (point F), as shown in Fig. 4.9. The SLL is always below -4 dB in
the x-z plane at the presented frequencies and the half-power beamwidth (HPBW) varies

between 46° and 51° in the x-z plane.
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Figure 4.10: Normalized x-z plane radiation patterns of the 28 GHz millimeter-wave HW-

MLWA (length = 1.8)\g) radiating off-boresight.

The radiation patterns in the y-z plane have a wider HPBW than in the x-z plane
at each frequency, and the HPBW varies between 60° and 77°. The results in Figs. 4.10
and 4.11 confirm that the antenna produces a fan-shaped beam where the beamwidth is
narrow in the x-z plane and wider in the y-z plane. Also the SLL in the y-z plane is much
better than the SLL in the x-z plane. In the y-z plane the SLL varies between -9 and -18
dB, whereas in the x-z plane the SLL varies between -4 and -7 dB, in the frequency range
27-30 GHz.
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Figure 4.11: Normalized y-z plane radiation patterns of the 28 GHz millimeter-wave HW-

MLWA (length = 1.8)¢) radiating off-boresight. The pattern cuts are taken at the main

lobe direction.

Table 4.2: Side-lobe level (SLL), half-power beamwidth (HPBW), and main lobe direction

of the 28 GHz millimeter-wave HW-MLWA (length = 1.8)\) radiating off-boresight.

Frequency (GHz) 27 27.5 28 28.5 29 29.5 30
SLL (dB x-z plane -7 -4 -4 -4 -4 -5 -4
(dB) y-z plane  -15  -17 -18  -18 -9 -9 -10
HPBW (d x-z plane 46 46 46 48 49 o1 50
(degree) yzplane 77 74 72 71 69 69 60

Main Lobe Direction (#°)  x-z plane 36 37 38 40 42 58 62

The side-lobes of the antenna become stronger as the frequency increases in the range

30-32 GHz, as shown in Fig. 4.12. The SLL of the antenna is -3.1, -2.6, -2.1, and -2 dB

at 30.5, 31, 31.5, and 32 GHz, respectively, as shown in Fig. 4.12, whereas the SLL is -5.7
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dB at 29.5 GHz, as shown in Fig. 4.10.
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Figure 4.12: Changes in side-lobe levels with increasing frequency, of the 28 GHz

millimeter-wave HW-MLWA (length = 1.8)\g) radiating off-boresight in the x-z plane.

Figs. 4.13 and 4.14 depict the simulated gain and directivity and efficiency, respectively,
of the 28 GHz millimeter-wave LWA for the frequency range 27-30 GHz. The gain,
directivity, and antenna efficiency are studied in the frequency range 27-30 GHz. The
antenna gain varies between 6.93 and 7.2 dBi, as shown in Fig. 4.13, which means the
antenna retains very stable radiation within the specified frequency range. The directivity
of the antenna varies in the range 8.3-8.6 dBi, as shown in Fig. 4.13. The difference
between the directivity and gain is due to the finite length of the antenna. Note that
increases in the length of the antenna will reduce the difference between the directivity
and gain. The antenna efficiency reaches its maximum at 27.75 GHz with 76% and its

minimum at 30 GHz with 70%, as shown in Fig. 4.14.
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Figure 4.13: Directivity and gain of the 28 GHz millimeter-wave HW-MLWA (length =

1.8)\g) radiating off-boresight.
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4.3 Antenna Radiating Boresight

The antenna presented in the previous section is able to radiate in the off-boresight
(between boresight and endfire) direction. This section describes the development of
a leaky-wave antenna (LWA) radiating boresight, using a single element, for 28 GHz
millimeter-wave 5G mobile communication application. The boresight direction for this
antenna is fixed, which is perpendicular to the plane of the antenna. The antenna shown

in Fig. 4.15 are placed in the x-y plane, hence the boresight direction is along the z-axis.

Feed point

(b)

Figure 4.15: Configuration of the 28 GHz millimeter-wave HW-MLWA radiating bore-

sight: (a) top view, and (b) back view.
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4.3.1 Antenna Configuration

The boresight radiating 28 GHz millimeter-wave antenna is designed on the same substrate
with the same thickness. The configuration of the antenna is shown in Fig. 4.15. The
size of the ground plane is equal to the size of the substrate, i.e. no ground clearance is
considered in this design.

The presented antenna has a longer microstrip PQRS with one side, QR, shorted to
ground using periodically arranged shorting pins as shown in Fig. 4.15 (a). The diameter
of each shorting pin and the center-to-center spacing between two consecutive shorting
pins are the same as considered in the off-boresight radiating antenna design in Section 4.2.
In this design no load has been applied to the antenna.

The microstrip PQRS is fed at the center T and a rectangular patch of length and
width I, and ws is added to the antenna to further improve the antenna input impedance
matching. The diameter of the feed via is dy = 0.4 mm. The feed arrangement of this
antenna is almost the same as the technique presented in Section 4.2. The antenna is fed
using a 2.92 mm surface mount coaxial connector from the back of the substrate. In order
to ensure isolation between the feed via and the ground of the antenna, a circular segment
of copper with radius r, = 0.6 mm is etched off from the ground plane. In addition, to
ensure a guaranteed connection between the feed via and the center pin of the coaxial
connector, an annulus copper with a width of wg = 0.1 mm (inner and outer radius 0.2
mm and 0.3 mm, respectively) is placed at the back of the antenna, as shown in Fig. 4.15
(b). The overall size of the antenna (L x W) is 19.6 mm x 1.5 mm or 1.83X¢ x 0.14\,
where )\ is the free-space wavelength at 28 GHz. The optimized design parameters (using

parameter analyses in CST) for the antenna are listed in Table 4.3.
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Table 4.3: Design parameters of the 28 GHz millimeter-wave HW-MLWA radiating bore-

sight. All dimensions are in millimeters.

d3 =04 d4 =04 Wy = 0.8 Wy = 0.5 We = 0.1

S3 = 0.2 S4 = 0.8 9 = 0.6 lg =19.2 l4 =14

4.3.2 Design Procedure and Working Principle

In order to explain the working principles of the antenna, the evolution which consists
of three steps is shown in Fig. 4.16. The design procedure concerning this antenna is
described using the reflection coefficient and radiation performance of the antenna cor-
responding to the afore-mentioned three steps. Fig. 4.17 shows the antenna reflection
coefficient, and Fig. 4.18 depicts the antenna gain and directivity corresponding to the
three-steps of evolution of the antenna. The gain and directivity of the antenna corre-

sponding to the design steps are analyzed within the frequency range 27-30 GHz.

P~ Loading via Microstn'pi T i Feed point Loading via ~.8

© Step-1 W R

Via array
P Matching pad\ T S
Q R
Step-2
P HT S
Q R
Step-3

Figure 4.16: Evolution of the 28 GHz millimeter-wave HW-MLWA radiating boresight.
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The antenna design starts with a microstrip PQRS of size I3 x w4 having periodically
arranged shorting pins on the edge QR and two loading vias applied at the corner points
P and S, as shown in Fig. 4.16 (Step-1). The corresponding reflection coefficient of the
antenna is shown in Fig. 4.17. The antenna of Step-1 has a reflection coefficient below
-10 dB in the frequency range 31.39-32 GHz, which is outside the target frequency band.
The gain of the antenna varies between 3.8 and 4.2 dBi, as shown in Fig. 4.18 and the

directivity varies in the range 5.5-6.7 dBi.

0 T T T T T T
- - - Step-1
~~~~~~~~ rennne StEP-2
BT Step-3
-5

-10

S ,, | (dB)

-15
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25 26 27 28 29 30 31 32
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Figure 4.17: Reflection coefficient corresponding to the three-steps evolution of the 28

GHz millimeter-wave HW-MLWA radiating boresight.

The objective is to cover the 28 GHz millimeter-wave band (28-29.5 GHz) for future
generation mobile device application. In Step-2, a rectangular patch of size I3 x ws is
applied above the feed point for better impedance matching within the target band. The
dimension of this matching pad is optimized using a parameter study in CST. The an-
tenna covers a reflection coefficient bandwidth of 25.53-31.73 GHz, as shown in Fig. 4.17

(Step-2 curve), which covers the 28 GHz millimeter-wave band for 5G mobile communi-
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cations. Also, the gain and directivity increases in Step-2 from the gain and directivity of
the antenna in Step-1. In Step-2, the improvement in antenna directivity is almost equal
throughout the presented frequency range 27.5-31 GHz, but a more noticeable improve-
ment in antenna gain is observed in the lower frequency limit region than in the upper
frequency limit region. The gain improvement at 27.5 GHz is 2.2 dB and at 31 GHz the
improvement is 0.5 dB, as shown in Fig. 4.18. The gain variation within the frequency

range 27-30 GHz is 1.3 dB.
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Figure 4.18: Gain and directivity corresponding to the three-steps of evolution of the 28
GHz millimeter-wave HW-MLWA radiating boresight.

The effect of the loading vias on the antenna performance is presented here. In Step-
3, two loading vias are removed and the corresponding reflection coefficient is shown in
Fig. 4.17 (Step-3 curve). The antenna reflection coefficient behavior within the frequency
range 25-31 GHz is the same as seen for the Step-2 design. After removing these two

loading vias, better impedance matching is observed at the upper frequency limit region
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which makes the antenna reflection coefficient bandwidth even greater. The antenna gain
and directivity for Step-3 are shown in Fig. 4.18 and compared with the results of the
previous two steps. The gain and directivity variation is low in Step-3 compared to the
gain and directivity variations for the other steps. The gain and directivity variation of the
28 GHz millimeter-wave antenna radiating boresight is only 0.7 and 0.5 dB, respectively.

In LWA design a termination (either a shorting pin or a 50 Q load) is used at the
far end. In this design two loading vias [Fig. 4.16 (Step-1, Step-2)] are applied as a
matching load that helps in generating better antenna radiation patterns for a wide range
of frequency than without using any matching load, while having the same reflection
coefficient behavior for either case. The conversion of this boresight radiating antenna
into a pattern reconfigurable antenna is presented in Chapter 5, where loading vias are

not required.
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Figure 4.19: Effects of loading vias on HW-MLWA radiation patterns in the x-z plane.

The radiation patterns of the antenna [Fig. 4.15] in the y-z plane are unaffected

whether the loading is applied or not. However, the x-z plane radiation patterns, especially
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at frequencies close to the upper frequency limit of the reflection coefficient bandwidth,
are affected by the type of loading applied. Here, the comparison between the radiation
patterns of the antenna in the frequency range 28-32 GHz with a loading via [as shown
in Fig. 4.16 (Step-2)] and without a loading via [as shown in Fig. 4.16 (Step-3)] is pre-
sented. Both antennas, Step-2 and Step-3, have radiation with a single beam at 28, 29,
and 30 GHz, as shown in Fig. 4.19. However, at 31 GHz the antenna with a loading
via has single-beam radiation whereas the antenna without a loading via has dual-beam

radiation (single beam split at boresight into two beams).

8 GHz

Loading vias [am ]

E/ ool ‘ B

Figure 4.20: Surface current distributions (amplitude) at 28, 29, 30, 31, and 32 GHz of the
28 GHz millimeter-wave HW-MLWA radiation boresight: (a) with loading vias (Step-2

design), and (b) without loading vias (Step-3 design).

The main lobe of the antenna at Step-3 starts to split at lower frequency (31 GHz)

than the frequency (32 GHz) when the main lobe starts to split for the antenna of Step-2.
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This occurs because at higher frequencies more energy travels towards the load end (P and
S) of the antenna after Step-3. Since no loading is applied at the end the energy reflects
back and produces a backward beam, whereas in the antenna of Step-2 the remaining
energy is grounded through the matching via, as shown in Fig. 4.20. For both antennas
(Step-2 and Step-3), a strong surface current (magnitude) is observed at the location of
feed point T. The magnitude of the surface currents gradually decreases and a minimum
is observed at the end points (P and S). That is, the antenna has one maximum and two

minima, indicating that the antenna is operating in the half-wavelength modes.

4.3.3 Radiation Performance

The gain and directivity of the 28 GHz millimeter-wave antenna radiating boresight were
already presented in Section 4.3.2. This section presents the antenna efficiency together
with the normalized radiation patterns in the x-z and y-z planes. The presented antenna
does not radiate perfectly in the boresight, i.e. along the z-axis. The direction of the
main lobe is -16° to -25° away from boresight in the y-z plane within the frequency range
27-30 GHz, as shown in Fig. 4.21. However, the half-power beamwidth (HPBW) of the
antenna is large enough to cover the boresight direction. The HPBW of the antenna in

the x-z and y-z planes is listed in Table 4.4.
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Figure 4.21: Normalized radiation patterns in the y-z plane of the 28 GHz millimeter-wave

HW-MLWA radiating boresight.

The direction of the main lobe at 27 GHz is -16° and at 30 GHz is -25°. The main lobe
shifts away slightly with increasing frequency, as shown in Fig. 4.21, and the direction of
the main lobe for all the presented frequencies is included in Table 4.4. Fig. 4.22 shows
the normalized radiation patterns of the antenna in the x-z plane. The antenna gain (in
the x-z plane) at boresight gradually decreases with increasing frequency. The magnitude
along the boresight (0 = 0°) is 0.9 dB below the peak value at 29.5 GHz, whereas the
magnitude is 1.6 dB below the peak value at 30 GHz, as illustrated in Fig. 4.22. In
addition, at 31 GHz the magnitude along the boresight (6 = 0°) is more than 3 dB below
the peak value, resulting in a single beam split into dual-beam radiation, as previously

shown in Fig. 4.19.
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Figure 4.22: Normalized radiation patterns in the x-z plane of the 28 GHz millimeter-wave

HW-MLWA radiating boresight.

The side-lobe level (SLL) of the antenna in the x-z plane is much better than the
SLL of the antenna in the y-z plane, as listed in Table 4.4. In the x-z plane the SLL
improves gradually with increasing frequency; the SLL is -13 and -17 dB at 27 and 30
GHz, respectively. However, in the y-z plane the SLL at each frequency is -8 dB within

the frequency range 27-30 GHz.
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Table 4.4: Side-lobe level (SLL), half-power beamwidth (HPBW), and main lobe direction
of the 28 GHz millimeter-wave HW-MLWA radiating boresight.

Frequency (GHz) 27 275 28 285 29 29.5 30

x-z plane  -13 -14 -5 -15 -16  -16 -17
SLL (dB)

y-z plane -8 -8 -8 -8 -8 -8 -8

x-z plane 82 83 84 87 89 90 92

HP
BW (degree) y-z plane 100 98 96 94 92 90 88

Main Lobe Direction (°)  y-z plane  -16  -17 -19  -20 -22 0 -23 -25
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Figure 4.23: Antenna efficiency of the 28 GHz millimeter-wave HW-MLWA radiating

boresight.

The antenna efficiency (total efficiency) varies between 80% and 84% within the fre-
quency range 27-30 GHz, as shown in Fig. 4.23. The antenna efficiency reaches its max-

imum at 27.5 GHz while the minimum occurs at 30 GHz. As the frequency increases
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more energy travels towards the end, resulting in more loss and therefore poorer antenna

efficiency.

4.4 Summary

In this chapter, firstly, a basic half-width microstrip leaky-wave antenna (HW-MLWA) for
28 GHz millimeter-wave band was investigated. Secondly, a HW-MLWA was developed
for 5G mobile devices which has a -10 dB reflection coefficient bandwidth of 4.14 GHz
(26.49-30.63 GHz) that covers the 28 GHz millimeter-wave 5G mobile communication
band. The antenna radiated in the off-bore-right (region between the 4z and +x-axes)
direction. The developed antenna was able to scan the beam along the x-axis with scan
angles from 6 = 36° to § = 62° in the frequency range from 27 GHz to 30 GHz.

Thirdly, a novel single-element HW-MLWA with a -10 dB reflection coefficient band-
width of 6.2 GHz (25.53-31.73 GHz) was developed to radiate towards the boresight
direction and cover the 28 GHz millimeter-wave 5G mobile communication band. The
half-power beamwidth (HPBW) in the y-z plane (¢ = 90°) was sufficiently wide and var-
ied between 98° and 88°, with the main lobe pointing in the boresight direction with a
tilt angle of # = -16° to 6§ = -25°, indicating complete coverage of the boresight direction.
Investigated in this chapter as well was the frequency beyond which the single-beam an-
tenna became a dual-beam antenna, generating a null in the boresight direction because
of the energy distribution towards the load.

In the next chapter, a 1-D, and a 2-D pattern reconfigurable antenna for 28 GHz
millimeter-wave 5G mobile devices will be developed based on the study presented in this

chapter.
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Chapter 5

Pattern Reconfigurable Antennas for

28 GHz Millimeter-Wave 5G

5.1 Introduction

In this chapter, firstly, a novel antenna is developed for 1-D pattern reconfigurable op-
eration using the properties of the antennas presented in the previous chapter. The 1-D
pattern reconfigurable antenna has three feed points: one at the center and two at the
sides of the antenna. By selecting between these three feeds it is possible to switch the
beam in three different directions along the antenna axis. The antenna performance is
optimized for each feed while the other feeds are inactive. The 1-D pattern reconfigurable
antenna is prototyped and the operation is verified through measurements.

Secondly, a method is presented to achieve 2-D pattern reconfigurable operation using
two 1-D beam switching antennas. The performance of the 2-D beam switching antenna
is tested after placing the antenna at the corner of a ground plane of the mobile device.
The 2-D beam switching antenna with device ground plane is prototyped and tested ex-

perimentally. A comparison with the reference antennas to date justifies the the proposed

125
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antenna’s suitability for future 5G mobile device application.

This chapter is structured as follows. Section 5.2 presents the development of a novel
antenna for 1-D pattern reconfigurable operation. The simulation results of the 1-D pat-
tern reconfigurable antenna are verified through measurements in Section 5.3. A strategy
is presented to achieve 2-D pattern reconfigurable operation using two 1-D pattern re-
configurable antennas in Section 5.4. Also, the measured and simulation results of the
2-D pattern reconfigurable antenna are presented after integrating the antenna with the
ground plane of a mobile device. A comparison of the performance with the reference
antennas to date is presented in Section 5.4. Section 5.5 summarizes the chapter and

specifically the main points articulated in it.

5.2 1-D Pattern Reconfigurable Antenna

This section presents the design of a multiple-feed 1-D pattern reconfigurable antenna for
28 GHz millimeter-wave 5G mobile communications, which can switch the beam in three

different directions along the antenna axis.

5.2.1 Antenna Configuration

The 1-D pattern reconfigurable antenna is designed on an FR-4 substrate with relative
permittivity ¢, = 4.3, loss tangent tané = 0.025, and a thickness of 0.8 mm. The size of
the ground plane is 7 mm X 30 mm, which is equal to the size of the substrate, i.e. no
ground clearance is considered in this design. The configuration of the antenna is shown
in Fig. 5.1. The antenna for 1-D pattern reconfiguration is an integration of the two
designs presented in Chapter 4, for boresight and off-boresight radiating antennas.
Similar to the previous two antennas, i.e. the radiating off-boresight and radiating

boresight antennas, this antenna has one rectangular microstrip GHVU with edge HV
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shorted to ground using periodically arranged shorting pins. The diameter of the shorting
pins and the center-to-center distance between two consecutive shorting pins are the same

as those used in the two antennas presented in the previous chapter.

W_

(@)

|

¢ 0 0 6 0 0 0 0 00 00 0 0 0 0 060 00 0 90 90 00

LF: Left Feed (1)
RF: Right Feed (2)

CF: Center Feed (3)

PTHs: Plated Through Holes

(b)

Figure 5.1: Configuration of the 1-D pattern-reconfigurable antenna for 28 GHz

millimeter-wave 5G communication: (a) top view, and (b) back view.

The antenna is feed at three different locations titled left feed (LF), right feed (RF),
and center feed (CF), as shown in Fig. 5.1 (a). In order to have better impedance matching
between the coaxial connector and the microstrip GHVU the tapered microstrip lines MG

and NU are used for LF and RF, respectively. Also a tapered microstrip line is placed at
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the location W to improve the impedance matching when the center feed is applied. In
this design consideration, only one feed is active at a time while the other two feeds are
inactive. Therefore, when LF is active the other two coaxial connectors RF and CF act
as an open-ended 50 €2 matched load and vice versa.

During simulation the antenna is assumed to be fed using the 2.92 mm coaxial connec-
tor from the back of the antenna. A copper annulus of radius r3 and a rectangular copper
of size (Is+2gs) X (w1p + 2g1) is etched from the ground plane in order to ensure isolation
between the center pin of the coaxial connector and the ground plane at the location of
the side feeds and the center feed, respectively, as shown in Fig. 5.1 (b). In addition, to
ensure a guaranteed connection between the feed via and the center pin of the coaxial
connector, a copper annulus of radius r4 and a copper rectangle of size lg X wyq is placed
at the location of the edge feeds and the center feed, respectively.

The antenna has been designed to switch the beam to three different directions: firstly,
off-bore-right (in the region between the +z and +x-axes); secondly, off-bore-left (in the
region between the 4z and -x-axes); and thirdly, boresight (along the +z-axis). They
employ three feeds LF, RF, and CF, respectively. The overall size of the antenna is 25.1
mm X 1.6 mm or 2.34\g x 0.15)\g, where )\ is the free-space wavelength at 28 GHz. The
optimized design parameters (using parameter analyses in CST) for the antenna are listed

in Table 5.1.

Table 5.1: Design parameters of the 1-D pattern reconfigurable antenna for 28 GHz

millimeter-wave 5G hand-held devices. All dimensions are in millimeters.

dy = 0.4 d;3 =08 dy=08 ds=03 ;=192

l5 =16 l6 = 0.55 l7 =21 lg =1 We = 0.9

Wy = 0.45 wg = 0.5 W9 = 0.2 W10 = 0.6 w11 = 0.75

g1 =10.3 go = 0.2 rg = 0.7 ry = 0.3
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Figure 5.2: Evolution of the 1-D pattern reconfigurable antenna for 28 GHz millimeter-

wave HG hand-held devices.

5.2.2 Design Procedure and Working Principle

The design procedure and working principle of the 1-D pattern reconfigurable antenna
are presented in this section using the three step evolution depicted in Fig. 5.2, and
the corresponding reflection coefficients are shown in Fig. 5.3. The working principle is

presented with the help of the antenna parameters listed in Table 5.1.
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Figure 5.3: S-parameters corresponding to the three steps of evolution of the 1-D pattern

reconfigurable antenna for 28 GHz millimeter-wave 5G hand-held devices.

In the first step (Step-1) the antenna is fed from either end by activating one at a time,
as shown in Fig. 5.2 (Step-1). The antenna in Step-1 has a -10 dB reflection coefficient
bandwidth of 3.2 GHz (27.5-30.7 GHz), as shown in Fig. 5.3 (|S11], |S22| Step-1 curve).

The antenna in Step-1 is capable of switching the radiation pattern to two different
directions. The radiation pattern direction is in the off-bore-right when Feed-1 (LF) is
active, as shown in Fig. 5.4. The radiation pattern moves to the region between the +z
and -x-axes, named off-bore-left, when Feed-2 (RF) is active. The angle measured from
the boresight is the same in both cases due to the symmetric antenna structure. For
example, the direction of the main lobe is 35° (i.e. § = +35°) away (at 28.5 GHz) from
boresight and is in the off-bore-right region when LF is active, as revealed in Fig. 5.5.
Therefore, at 28.5 GHz the direction of the main lobe is 35° away (i.e. 6 = -35°) from

boresight and is in the off-bore-left region when RF is active (see Fig. 5.5).
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Figure 5.4: Effects of the center feed via on the main lobe direction of the 1-D pattern

reconfigurable antenna when left feed (LF) is active.

In Step-2, firstly, a plated through hole is applied at the location W in order to provide
a feed at the center of the microstrip GHVU in order to achieve broadside radiation, as
shown in Fig. 5.2 [top view (Step-2)]. Step-2 ends with placing a copper rectangle [shown
in Fig. 5.2 back view (Step-2)] of length lg and width w;o with maintaining gaps of ¢;
and ¢o, as indicated in Fig. 5.1, with the ground plane along the x and y directions,
respectively. These gaps ensure isolation between the feed via and the ground plane. The
patch determines the input impedance of the antenna for the center feed. It also helps
to ensure a guaranteed connection between the center pin of the coaxial connector and
the antenna. In Step-2, the reflection coefficients of the side feeds remain unaffected,
as indicated in Fig. 5.3 (|S11], [S22| Step-2 curve). However, the center feed via at the
location W affects the radiation performance of the side feeds LF, and RF. These results

will be discussed at the end of this section.
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Figure 5.5: Radiation patterns of the antenna in the x-z plane for Step-1 at 28.5 GHz for
left feed (LF) and right feed (RF).

In Step-3, a trapezoidal patch is added at the center of the microstrip GHVU which is
aligned with the center of the free edge GU, as shown in Fig. 5.2 (Step-3). As discussed
earlier, the length and width of this trapezoidal patch significantly control the input
impedance of the antenna for the CF and the effects are presented in Section 5.2.3. The
dimensions of this trapezoidal patch are optimized using parameter analysis in CST.
The S-parameters for the optimized structure are shown in Fig. 5.3. The impedance
bandwidth for the LF and RF remains unaffected (27.45-30.7) but improves significantly
for the CF (25.8-35 GHz). The transmission coefficients (|Si2|, [Se1|) between the LF and
RF are always below -24 dB within the reflection coefficient bandwidth of the antenna,
as illustrated in Fig. 5.3 (|S12l,|S21| Step-3 curve), which indicates the antenna’s good
radiation properties. Also, the transmission coefficients (|S13], [Ss1|, |S2s|, [S32|) between
the side feed LF/RF and center feed CF are always below -18 dB within the reflection

coefficient bandwidth of the antenna, as shown in Fig. 5.3 (]S13], [S23| Step-3 curve).
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Concerning the analysis on the effects of the center feed via on the radiation perfor-
mance of the side feed, the results in the target frequency range 27-30 GHz are used, which
covers all the proposed 28 GHz millimeter-wave band (27.5-28.5 or 28-29.5 GHz). Fig. 5.4
shows the direction of the main lobe for Step-1 (center feed via is absent in the design)
and Step-3 (including center feed via) when LF is active. Here, as expected, the main
lobe is in the off-bore-right region. The direction of the main lobe is in the range 30°-40°
within the 28 GHz millimeter-wave band when center feed via is absent. The direction of
the main lobe shifts slightly towards boresight by 5° when the center feed via is present
at 27.75, 28, and 29.5 GHz. That is, the direction of the main lobe is § = +30° with the
center feed via and 6 = +35° without the center feed via at 28 GHz. Within the target
frequency range, the main lobe points at three different angles are § = +30°, +35°, and
+40° with or without the presence of the center feed via. However, this switching happens
at different frequencies for both cases. The first shift of the main beam is observed at
27.75 and 28.25 GHz for Step-1 and Step-3, respectively, and second shifting is observed
at 29.5 and 29.75 GHz for Step-1 and Step-3, also respectively. Importantly, in all cases

the direction of the main beam is between 30° and 40°.
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Figure 5.6: Effects of the center feed via on the half-power beamwidth of the 1-D pattern

reconfigurable antenna when the left feed (LF) is active.

Fig. 5.6 shows the effects of the center feed via on the half power beamwidth (HPBW)
of the antenna in x-z and y-z planes when LF is active. In the x-z plane the HPBW
becomes wider by 5° at 30 GHz and widens almost linearly with a decrease in the frequency
from 30 GHz to 27 GHz, a 10° improvement in beamwidth is observed at 27 GHz. This
is because the center feed via acts as a wall and prohibits energy from travelling towards
the RF end. This is further illustrated by the surface current distribution (amplitude)
depicted in Fig. 5.7. As well, the beamwidth is improved by 4° in the y-z plane because

of the center feed via as shown in Fig. 5.6.
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(d)

Figure 5.7: Surface current distributions (amplitude) of the 1-D pattern reconfigurable
antenna at 29.5 GHz: (a) evolution Step-1 with LF active, and evolution Step-3 with (b)

LF active, (¢) RF active, and (d) CF active.

The center feed via also helps to improve the side-lobe level (SLL) for the x-z plane
radiation. The SLL is below -7 dB in the frequency range 27-28.5 GHz for the x-z plane
radiation and the SLL is below -4 dB in the frequency range 28.75-30 GHz when no
center feed via is present (see Fig. 5.8). However, the SLL is always below -7 dB in the
frequency range 27-30 GHz when the center feed via is present. A small change in the
SLL is observed for the y-z plane radiation when the center feed via is present, which is

negligible because in either case the SLL is always below -14 dB in the frequency range

27-30 GHz.
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Figure 5.8: Effects of the center feed via on the side-lobe level of the 1-D pattern recon-

figurable antenna when the left feed (LF) is active.

Turning to the surface current distribution of the antenna to understand the working
modes and to illustrate the effects of the center feed via on the side feed LF/RF, when the
side feed LF/RF is active, the center feed via restricts the energy to travel towards the
other side of the antenna. This is evident in Figs. 5.7 (b) and (c). Therefore, the direction
of the main lobe shifts slightly towards the boresight and improves the isolation between
the two side feeds LF and RF because it is known from the previous study presented in
Chapter 4 that the further the energy travels towards the load (other side of the antenna)
the more is the antenna beam tilted towards end fire. When LF/RF is active, the current
is strong within the feed side of the microstrip GHUV and a minimum at the other side,
indicating that the antenna is operating in the quarter wavelength mode. The antenna is
operating in the half wavelength mode when the CF is active because the current reaches
its maximum at the center of the microstrip GHVU, while the minimum occurs at the

two sides M and N, as shown in Fig. 5.7 (d).
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5.2.3 Parameter Analysis

This section studies the parameters of the antenna that significantly control the reflection
coefficient of the 1-D pattern reconfigurable antenna. The width w; of the tapered section
MG and NU, and the width wg of the microstrip GHVU, control the operating bandwidth
of the antenna when LF/RF is active. A similar effect using the parameters w; and
wo that are equivalent to w; and wg, respectively, was previously investigated for off-
boresight radiating antennas, presented in Section 4.2.3. Now, the effects of the feed pad
(parameters lg and wjg) and matching pad (parameters 5, wg, and wy) on the reflection
coefficient of the antenna are discussed when the CF is active. During the parameter
analysis the parameters of the antenna are retained as listed in Table 5.1 except for the

parameter that is varying.
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Figure 5.9: Effects of the length lg and width wyy of the feed pad on the reflection

coeflicient of the antenna when the CF is active.

Fig. 5.9 shows the antenna reflection coefficient behavior with changes in the length

ls and width wyg of the feed pad [used for center feed at the back of the antenna, shown
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in Fig. 5.1 (b)]. A change in the length and width of the feed pad influences the antenna
impedance matching significantly in the frequency range 30-35 GHz. However, the effect
in the frequency range 25-30 GHz is less. By controlling the length lg and width wyq of the
feed pad it is possible to control the upper frequency limit of the impedance bandwidth
when the CF is active, but they wield negligible effect on the lower frequency limit of the
antenna impedance bandwidth. Using parameter analysis in CST the value of the length
lg and width wg are chosen to be 1 mm and 0.6 mm, respectively.
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Figure 5.10: Effects of the matching pad dimensions (l5, ws, and wg) on the reflection

coefficient of the antenna when the CF is active.

The effects of the geometry of the trapezoidal matching pad (used for the center
feed which is aligned with the free edge GU) are presented here. Fig. 5.10 displays the
antenna reflection coefficient behavior when the length [5, width wg, and width of the
tapered section wg are changed. A small change of the length /5 and width wg has only a
slight effect, but a small change in the width wg has a significant impact on the antenna

reflection coefficient, as shown in Fig. 5.10. With decreasing width wg, the antenna
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impedance bandwidth decreases. Using parameter analysis in CST the values of [5, ws,

and wg are chosen to be 1.6 mm, 0.5 mm, and 0.2 mm, respectively.

5.2.4 Effects of Coaxial Connector Misalignment

In order to have a low-cost design, the antenna is designed using a 2.92 mm coaxial
connector instead of a waveguide feed. Most of the available 2.92 mm coaxial connectors
in the market are of the surface mount type. During simulation, the center pin of the
2.92 mm coaxial connector is placed at the center of the feed pad used for LF, RF, and
CF, as shown in Fig. 5.11. After prototyping, there is a possibility of misalignment of the
center pin with the simulation model and prototype. The effects of misalignment of the
coaxial connector in order to understand the impact on the antenna reflection coefficient
are studied. The shifts of the center pin of the coaxial connector along the x-axis and

y-axis are denoted by dx and dy, respectively, as shown in Fig. 5.11.
Ground plane

Feeding pad

Centre pin
Substrate

(2) (b)

Figure 5.11: Orientation of the center pin of the surface mount coaxial connector and the

feed pad in (a) LF and RF, and (b) CF.

Firstly, the effects of coaxial connector misalignment are studied for the LF and RF
. Fig. 5.12 shows the antenna reflection coefficient behavior due to the displacement of

the center pin along the x and y-axes. In this analysis, the considered range are +0.2
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mm to -0.2 mm along both these axes. The misalignment of the center pin of the coaxial
connector for the LF and RF has a small effect on the lower frequency limit, but the
upper frequency limit shifts by 330 MHz to 630 MHz towards lower frequency when the
misalignment is in either the 4+x or the +y direction. However, a maximum 220 MHz
shift in the lower frequency limit is observed when the misalignment is along the -x-axis

by 0.2 mm.
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Figure 5.12: Effects of misalignment between the center pin of the surface mount coaxial

connector and the center of the feed pad when the LF is active.

Secondly and finally, the effects of coaxial connector misalignment are studied for the
CF. Due to the symmetric structure of the antenna with respect to the CF along the x-
axis, a shift of the center pin by dx along the 4x-axis has the same effect as misalignment
-dx along the -x-axis. For presentation simplicity, only results for a change of dx along
the +x-axis are shown. The shift of the center pin along the +x direction has negligible
effect on the antenna reflection coefficient bandwidth, as shown in Fig. 5.13. However, a

shift of the center pin of the coaxial connector along the -y direction (towards the free
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edge GU of the microstrip GHVU) does significantly influence on the antenna reflection
coefficient’s behavior. The antenna reflection coefficient is almost unaffected if the center
pin moves away from the edge GU of the microstrip GHVU (+y direction). When the
center pin shifts by dy = -0.05 mm along the -y direction, the antenna reflection coefficient
bandwidth changes from 26.17-35 GHz to 27.57-32.87 GHz, as shown in Fig. 5.13.
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Figure 5.13: Effects of misalignment between the center pin of the surface mount coaxial

connector and the center of the feed pad when the CF is active.

5.3 Measured and Predicted Results

This section presents the measured S-parameters, directivity, gain, efficiency and radiation
patterns of the 1-D pattern reconfigurable antenna, and compares with the corresponding
simulated results. The radiation performance of the fabricated antenna was measured
at the Antenna & RF Measurements Facility, Politecnico di Torino, Italy, and the S-
parameters were measured using a Vector Network Analyzer at Macquarie University,

Australia and at MACOM, Sydney, Australia. The top and bottom views of the prototype
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are shown in Fig. 5.14. The 2.92 coaxial connector is used to fed the antenna during

simulation and measurement, but a smaller 1.85 mm coaxial connector can be used.

LF: Left Feed (1)
RF: Right Feed (2)
CF: Centre Feed (3)
PTHs: Plated Through Holes

y
?‘_ ‘h?** ;LF--:"“\ Sl i - CF‘ = " = —.—'——-—-— _:—-.—
.;_ : / & 'G?oun-dplane\* r \, S XJ ) -
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LF

Figure 5.14: Fabricated 1-D pattern reconfigurable antenna for 28 GHz millimeter-wave
5G hand-held devices: (a) top view, (b) back view (before adding the coaxial connector),

and (c) back view (after adding the coaxial connector).
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5.3.1 S-Parameters

The measured S-parameters of the 1-D pattern reconfigurable antenna are shown in
Fig. 5.15 together with the predicted results; an excellent agreement is observed be-
tween the measured and the predicted results. The measured -10 dB reflection coefficient
bandwidth of the antenna is 3.2 GHz (27.3-30.5 GHz) for the left feed (LF) while the
predicted bandwidth is 3.2 GHz (27.5-30.7 GHz). The measured and predicted reflection
coefficients of the antenna for LF are the same as for RF. For this reason, the reflection
coefficient of the antenna for LF is presented in Fig. 5.15. Also, the measured -10 dB
reflection coefficient bandwidth of the antenna is 9.4 GHz (25.6-35 GHz) for the center

feed (CF) and the predicted reflection coefficient bandwidth is 9.2 GHz (25.8-35 GHz).
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Figure 5.15: Measured and simulated S-parameters of the 1-D pattern reconfigurable

antenna for 28 GHz millimeter-wave 5G hand-held devices.

The measured transmission coefficients (|S12|, |S21]) between the LF and RF are below

-24 dB within the -10 dB reflection coefficient bandwidth (27.3-30.5 GHz) of the antenna,
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whereas the simulated |Sya|, [S21| is below -22 dB within the -10 dB reflection coefficient
bandwidth. Apart from this, the measured transmission coefficients (|S13|, |S51], [S2sl,
|S32|) between the edge feeds (LF, RF) and the center feed (CF) are below -19 dB within
the -10 dB reflection coefficient bandwidth (25.6-35 GHz) of the antenna, whereas the
simulated |S13|, |S31], [Sa2s|, |S52| are below -18 dB within the -10 dB reflection coefficient
bandwidth. Therefore, an excellent agreement is observed between the simulated and

measured transmission coefficients between the three feeds, i.e. LF, RF, and CF.

5.3.2 Radiation Performance

The directivity, gain, efficiency and radiation patterns in the y-z plane of the antenna for
LF is the same as for RF, except for the radiation patterns in the x-z plane. For this
reason, the measured directivity, gain, efficiency and radiation patterns in the y-z plane

of the antenna for LF are presented in this section together with the simulated results.
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Figure 5.16: Simulated half power beamwidth in x-z and y-z planes of the 1-D pattern
reconfigurable antenna for CF, LF, and RF.
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Before discussing the antenna’s radiation performance it is important to know the
frequency when the radiation patterns for CF in the x-z plane start to split, meaning
that the single-beam pointing boresight splits into two beams pointing off-bore-right and
off-bore-left. Fig. 5.16 shows the half-power beamwidth (HPBW) of the 1-D pattern
reconfigurable antenna with LF, RF and CF active one at a time. Note that the HPBW
for LF and RF is equal at each frequency point. The HPBW for LF and RF in both
the x-z and y-z planes becomes continuously narrower with increasing frequency. As this
frequency increases, more energy travels towards the load end of the antenna for LF and
RF resulting in an increase in directivity, as shown in Fig. 5.17. Thus a decrease in the
HPBW occurs but no beam split is recorded. However, the side-lobe level (SLL) becomes
worse as the frequency increases.

The HPBW of the antenna for CF in the y-z plane continuous to narrow with increasing
frequency, as shown in Fig. 5.16. The reason is that, with increasing frequency, more
energy travels towards both ends of the antenna and the energy at the location of the
feed point (center of the antenna) gradually becomes weaker, as previously indicated
in Fig. 4.20. The HPBW in the x-z plane decreases with increasing frequency up to the
frequency 28.5 GHz, because more energy is concentrated at the center of the antenna and
hence the directivity of the antenna increases, as shown in Fig. 5.18. As the frequency
increases from 28.5 GHz to 30.25 GHz the concentrated energy from the center of the
antenna starts to distribute towards both load ends of the antenna, and so the HPBW of
the antenna for CF starts to increase, up to 30.25 GHz. Fig. 5.18 shows that the directivity
of the antenna for CF decreases. The boresight gain of the antenna for CF in the x-z
plane at 30.5 GHz is 3 dB lower than the maximum, hence the single-beam radiation
completely splits into two beams pointing off-bore-right and off-bore-left. However, the
antenna performs very well in the target frequency range 27-30 GHz. The directivity, gain,

efficiency and radiation patterns of the antenna are presented for this target frequency
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range 27-30 GHz.

The measured gain and directivity of the antenna for LF and CF are shown in Fig. 5.17
and Fig. 5.18, respectively, and compared with the simulated results in the frequency
range 27-30 GHz; an excellent agreement is observed between the simulated and measured
results. The maximum and minimum directivity of the antenna for LF are 8.6 and 6.8 dBi
between 27 and 30 GHz. For CF the maximum and minimum directivity of the antenna
are 6.9 and 5.1 dBi within the frequency range 27-30 GHz. The directivity of the antenna
for LF increases with increasing frequency, but for CF the directivity increases in the

frequency range 27-28.5 GHz and decreases in the frequency range 28.5-30 GHz.
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Figure 5.17: Measured and simulated directivity and gain of the 1-D pattern reconfig-

urable antenna with EFL or EFR active.

The maximum and minimum measured gains of the antenna for LF are 7.1 and 4.6
dBi, respectively, at frequency 30 and 27 GHz, respectively, i.e. the gain variation within
the frequency range 27-30 GHz is 2.5 dB. The maximum and minimum measured gain

of the antenna for CF are 6.1 and 4.1 dBi, respectively, at frequency 28.5 and 30 GHz,
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respectively, i.e. the gain variation within the frequency range 27-30 GHz is 2 dB. As
the frequency increases more energy propagates towards the load end of the antenna
for LF and RF, resulting in a more directive radiation patterns as well as an increase
in the gain of the antenna with increasing frequency. Therefore, the gain vs frequency
behavior of the antenna for LF and RF in the frequency range 27-30 GHz is similar to
the directivity vs frequency behavior of the antenna for LF and RF. As the frequency
increases in the frequency range 27-28.5 GHz more energy is concentrated at the center of
the antenna resulting in an increase in the directivity and gain of the antenna for CF, but
with increasing frequency in the range 28.5-30 GHz more energy is distributed towards
both load ends of the antenna, resulting in a decrease in the directivity and gain of the
antenna. Therefore, the gain vs frequency behavior of the antenna for CF in the frequency
range 27-30 GHz is similar to the directivity vs frequency behavior of the antenna for CF.

8

—<— Simulated Directivity (CF)
—o— Simulated Gain (CF)
% Measured Directivity (CF)
% Measured Gain (CF)

4 1 1 1
27 27.5 28 28.5 29 29.5 30

Gain, Directivity (dBi)

Frequency (GHz)

Figure 5.18: Measured and simulated directivity and gain of the 1-D pattern reconfig-

urable antenna with CF active.
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Fig. 5.19 shows the measured antenna efficiency for LF and CF together with the
simulated results; a good agreement is observed between the simulated and measured
results. The antenna efficiency is estimated from the measured gain and directivity of
the antenna and using the fundamental equation of efficiency calculation from directivity
and gain [122]. The measured antenna efficiency is at its maximum at 28.5 GHz and the
minimum appears at 27 GHz for LF. The maximum and minimum measured antenna
efficiencies are 72% and 58%, respectively. The antenna efficiency for CF is 8% higher
than the antenna efficiency for LF, as depicted in Fig. 5.19. The maximum and minimum
antenna efficiencies of the antenna for CF are 82% and 80%, respectively, at 28.5 GHz
and 27 GHz, respectively.
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Figure 5.19: Measured and simulated antenna efficiency of the 1-D pattern reconfigurable

antenna.

Regarding the normalized radiation patterns of the 1-D pattern reconfigurable antenna
for EFL, EFR and CF, the radiation pattern at each frequency in each plane is normalized

using the peak gains in the corresponding plane at that frequency. The predicted and
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measured radiation patterns are normalized separately. The measured radiation patterns
are presented for the frequency range 27-30 GHz with a step of 1 GHz but the predicted
radiation patterns are presented for the same frequency range with a step of 0.5 GHz.

Fig. 5.20 illustrates the predicted and measured radiation patterns in the x-z plane of
the 1-D pattern reconfigurable antenna with LF active. The measured main lobe for LF
points in the region off-bore-right and at an angle of § = 30°, 33°, 35°, 37° at 27, 28, 29
and 30 GHz, respectively, as shown in Fig. 5.20 (b). The predicted main lobe direction
in the x-z plane is § = 30°, 32°, 36°, 38° at 27, 28, 29 and 30 GHz, respectively, as shown
in Fig. 5.20 (a).

The measured and predicted radiation patterns in the x-z plane of the antenna with
RF active are exhibited in Fig. 5.21. An excellent agreement is observed between the
measured and predicted radiation patterns. The measured main lobe for RF points in
the region off-bore-left and the pointing angle is equally away from boresight at each

frequency as was found for LF.

Table 5.2: Measured side-lobe level (SLL), half-power beamwidth (HPBW), and main-
lobe direction (MLD) of the 1-D pattern reconfigurable antenna with LF/RF active for

28 GHz millimeter-wave 5G hand-held devices.

Frequency (GHz) 27 28 29 30

x-7z plane -9 -8 -9 -9
y-z plane  -13  -15  -14  -13

SLL for LF/RF (dB)

x-7z plane 78 68 61 53
y-z plane 97 92 80 73

HPBW for LF/RF (degree)

MLD for LF (6°) xzplane 30 33 35 37

MLD for RF (6°) x-z plane  -30 -33 -35 -37
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Figure 5.20: Radiation patterns (normalized) in the x-z plane of the 1-D pattern recon-

figurable antenna: (a) predicted, and (b) measured when LF is active.
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Figure 5.21: Radiation patterns (normalized) in the x-z plane of the 1-D pattern recon-

figurable antenna: (a) simulated, and (b) measured, when RF is active.
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The measured side-lobe level (SLL), half-power beamwidth (HPBW), and main lobe
direction (MLD) of the radiation pattern in the x-z plane are listed in Table 5.2. The
measured SLL for LF and RF is always below -8 dB in the x-z plane. The HPBW decreases
with the increase of the frequency and the maximum and minimum HPBW in the x-z
plane are 78° and 53° at 27 and 30 GHz, respectively.

Fig. 5.22 shows the measured and simulated y-z plane radiation patterns of the antenna
with LF and RF active. The radiation patterns in the y-z plane for LF and RF are the
same and pointing towards boresight. The measured SLL, HPBW and main lobe direction
of the radiation pattern in the y-z plane are listed in Table 5.2. Like the simulation
observation, the HPBW in the y-z plane is wider than the HPBW in the x-z plane at
each frequency. Added to this, the HPBW decreases with the increase of the frequencys;
the maximum and minimum HPBWs in the y-z plane are 97° and 73° at 27 and 30 GHz,
respectively. The SLL in the y-z plane is below -13 dB and is better than the SLL in the

x-7 plane.
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Figure 5.22: Radiation patterns (normalized): (a) simulated, and (b) measured, in the

y-z plane of the 1-D pattern reconfigurable antenna with LF or RF active for 28 GHz

millimeter-wave 5G hand-held devices.
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The measured and predicted radiation patterns in the x-z plane and y-z plane of the
antenna with CF active are shown in Fig. 5.23 and Fig. 5.24, respectively. The radiation
patterns in the x-z plane point towards boresight and no beam splitting is observed within
the frequency range 27-30 GHz. The radiation patterns in the y-z plane point -20° to -27°
away from boresight and with the increase in the frequency the main lobe’s direction shifts
away from boresight. Table 5.3 lists the measured SLL, HPBW, and MLD of the antenna
with CF active. The beamwidth becomes narrower with the increase of the frequency till
28.5 GHz, and then beamwidth becomes wider when frequency increases. The maximum
and minimum beamwidth in the x-z plane of the antenna with CF active are 146° and
74° at 30 and 29 GHz, respectively. The measured beamwidth vs frequency behavior in
the x-z and y-z planes of the antenna are the same as those observed in the simulation
(Fig. 5.16). The SLL of the antenna in the x-z plane is better than that in the y-z plane.

The SLL in the x-z and y-z planes is always below -12 dB and -9 dB, respectively.

Table 5.3: Measured side-lobe level (SLL), half-power beamwidth (HPBW), and main-
lobe direction (MLD) of the 1-D pattern reconfigurable antenna with CF active for 28

GHz millimeter-wave 5G hand-held devices.

Frequency (GHz) 27 28 29 30

x-z plane  -17 -5 -14 -12
y-z plane  -10 -9 -11 - -10

SLL (dB)

x-7z plane 94 7 74 146
y-z plane 102 98 95 89

HPBW (degree)

MLD (6°) y-z plane  -20  -20 -23  -27
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Figure 5.23: Radiation patterns (normalized): (a) simulated, and (b) measured, in the x-z

plane of the 1-D pattern reconfigurable antenna with CF active for 28 GHz millimeter-

wave 5G hand-held devices.
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Figure 5.24: Radiation patterns (normalized): (a) simulated, and (b) measured, in the y-z
plane of the 1-D pattern reconfigurable antenna with CF active for 28 GHz millimeter-

wave HG hand-held devices.
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5.4 2-D Pattern Reconfigurable Antenna

The antenna presented in Section 5.2 is developed to switch the beam to three different
directions along the x-axis, i.e. 1-D pattern reconfiguration is achieved. In this section,
the way to use two similar antennas placed at right angles in order to achieve the beam
switching along two axes (along x and y-axes), i.e. to have 2-D beam switching, is
presented. The measured and simulated results are described after integrating the antenna

into a mobile device ground.

5.4.1 Antenna Configuration

The configuration of the antenna for 2-D beam switching is shown in Fig. 5.25 together
with the prototype. The area required for each element (mmAnt-1 and mmAnt-2 indicated
in Fig. 5.25) of the 2-D beam switching antenna is 30 mm x 7 mm (length x width).

These two elements are identical to each other.

A

30 >

F5 \
y :
mmAnNt-2 ~__| :L.'
x
z F6 L
mmAnt-1 '
F3 F2 F4i
F\; \ / \\ N\ i

(a) (b)

Figure 5.25: Configuration of the 2-D pattern-reconfigurable antenna for 28 GHz
millimeter-wave 5G hand-held devices: (a) CST model, and (b) prototype. All dimensions

are in millimeters.
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mmAnt-1
(o)

Device ground ~

T

(©

Figure 5.26: CST model of the 2-D pattern-reconfigurable antenna integrated into a
mobile device ground that is 120 mm x 70 mm in size: (a) top, (b) back, and (c)

perspective views. All dimensions are in millimeters.

The 1-D pattern reconfiguration along the x-axis is achieved using the element mmAnt-

1 and the directions of radiation are in off-bore-right (the region between the +z and +x
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axes), off-bore-left (the region between the +z and -x axes) and boresight (along the
+z axis) when the feeds F1, F2, and F3, respectively, are active. Also, 1-D pattern
reconfiguration along the y-axis is achieved using the element mmAnt-2 and the direction
of radiation is in off-bore-up (the region between the +z and +y axes), off-bore-down (the
region between the +z and -y axes) and boresight (along the +z axis) when the feeds F4,

F5, and F6, respectively, are active.

5.4.2 Integration into Mobile Device

This section presents the configuration of the 2-D pattern reconfigurable antenna after
integrating the antenna into a mobile device ground plane with a size of 120 mm x 70
mm. The proposed 2-D beam switching antenna is placed at a corner of the ground plane
of a mobile device, as depicted in Fig. 5.26. A 1 mm gap, as indicated in Fig. 5.26 (a),
is ensured between the mobile device’s ground plane and the substrate of the antenna in

order to limit the distribution of energy from the antenna to the ground plane.

5.4.3 Measured and Predicted Results

Fig. 5.27 shows the prototype of the 2-D pattern reconfigurable antenna after integrating
into a mobile device ground. The simulated and measured S-parameters of the antenna
are shown in Fig. 5.28, and an excellent agreement is observed between the simulated and
measured results.

The measured -10 dB reflection coefficient bandwidth of the antenna is 3.2 GHz (27.3-
30.5 GHz) for the side feeds F1, and F2, and 2.9 GHz (27.4-30.3 GHz) for the side feeds
F4, and F5. Also, the measured -10 dB reflection coefficient bandwidths of the antenna
are 9.4 GHz (25.6-35 GHz) for the center feed F3 and 9.3 GHz (25.7-35 GHz) for the

center feed F6.
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120 mm

Ground plane S

70 mm

Ground plane R

(b)

Figure 5.27: Prototype of the 2-D pattern-reconfigurable antenna after integrating into

the mobile device’s ground plane: (a) top view, and (b) back view.

The measured transmission coefficients (|.Sia|, |S21|) between F1 and F2 are below -24
dB within the -10 dB reflection coefficient bandwidth (27.3-30.5 GHz) of the antenna,
and the measured |Sy5|, |S54| are below -27 dB within the -10 dB reflection coefficient

bandwidth (27.4-30.3 GHz) of the antenna. Furthermore the measured transmission coef-
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Figure 5.28: S-parameters of the 2-D pattern reconfigurable antenna for 28 GHz

millimeter-wave 5G hand-held devices: (a) simulated, and (b) measured.
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ficients (|3, |:S31], |Sas], [Ss2|) between the side feeds F1, F2, and center feed F3 of the
antenna are below -19 dB. This occurs within the -10 dB reflection coefficient bandwidth
(25.6-35 GHz) of the antenna. Meanwhile the measured |Syg|, |Se4, |Ss6], |Se5| between
the side feeds F4, F5 and center feed F6 of the antenna are below -20 dB within the -10
dB reflection coefficient bandwidth.

In order to ensure isolation between the elements mmAnt-1 and mmAnt-2 the trans-
mission coefficients between F2 of mmAnt-1 and F4 of mmAnt-2 are measured since
these two feed points are very close to each other and a maximum transmission is possible
between these two feed points. The measured |Sys| is always below -38 dB within the
frequency range 25.6-35 GHz, indicating that the elements mmAnt-1 and mmAnt-2 do
not affect each other’s performance.

The directions of the main lobe of the 2-D pattern reconfigurable antenna at 27, 28,
29, and 30 GHz are listed in Table 5.4 when F1, F2, F3, F4, F5, and F6 are on (one feed
at a time). Also, their half-power beamwidth (HPBW) or 3-dB beamwidth are listed in
Table 5.5. For better understanding, firstly, the 3-D radiation patterns of the antenna at
27 and 30 GHz are shown in Fig. 5.29; secondly, the 2-D radiation patterns at 28 GHz

(in Cartesian coordinates) are shown in Fig. 5.30.
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Figure 5.29: 3-D radiation patterns of the 2-D pattern-reconfigurable antenna at 27 and

30 GHz after integrating the antenna into the ground plane of a mobile device.

From the 3-D radiation patterns it is clear that the antenna radiation patterns are not

perfectly aligned with the x-axis or y-axis after integrating the antenna into the device
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ground plane. At 27 GHz, the radiation pattern of the antenna is in the region between
the +x and -y axes, § = +24°, ¢ = -45°, when F1 is on but the HPBW in the y-z plane
is 98° which is wide enough to cover the ¢ = 0° region. The radiation patterns of the
antenna slowly shift to the x-z plane (¢ = 0°) with an increasing tilting angle from 6 =
+24° to # = +46° in the frequency range 27-30 GHz, as illustrated in Fig. 5.29. The
obtained results are listed in Table 5.4.

A similar behavior for the radiation patterns of F2 is observed. At 27 GHz, the main
lobe points at (0, ¢) = (-25°, +50°), and at 30 GHz the direction of the radiation pattern
is aligned with the x-z plane (¢ = +180°). For F3, the direction of radiation is always
aligned with the y-z plane (¢ =-90°) but -24° to -33° tilting along the -y-axis is observed
within the frequency range 27-30 GHz. Again, the HPBW in the y-z plane is always above
84°, which is sufficient to cover the boresight direction, i.e. the +z-axis.

Therefore, using the element mmAnt-1 it is possible to scan along the x-axis (¢ = 0°)
from 6 = +46° to § = -59° and along the y-axis (¢ = 90°) from 0 = -24° to § = -33°. This
can be done while having a 3-dB coverage of 167° (from § = +78° to # = -89°) along the
x-axis and 103° along the y-axis (from 6 = +28° to # = -75°). In this way the boresight
direction is covered.

For the feeds F4 to F6 a similar scanning behavior is observed along the y-z plane (¢
= 90°) to that observed for F1 to F3 along the x-z plane (¢ = 0°). Using the element
mmAnt-2 it is possible to scan along the y-axis (¢ = 90°) from § = +47° to § = -39° and
along the x-axis (¢ = 0°) from 6 = 421° to § = +30° while having a 3-dB coverage of
154° (from 6 = +82° to # = -72°) along the y-axis and 99° along the x-axis (from 0 =
-26° to @ = +73°). This covers the boresight direction.

It can therefore be suggested that the proposed 2-D pattern reconfigurable antenna
to achieved 3-dB coverage is 167° [(0, ¢) = (-89°, 0°) to (78°, 0°)] along the x-axis, and
154° (0, ¢) = (-72°, 90°) to (82°, 90°)] along the y-axis.
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Figure 5.30: Radiation patterns of the 2-D pattern reconfigurable antenna at 28 GHz: (a)

for F1, F2, and F3 in the x-z plane (cut angle ¢ = 0°), and (b) for F4, F5, and F6 in the
y-z plane (cut angle ¢ = 90°).
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From the presented results in Fig. 5.30 it is clear that the proposed antenna scans
the beam along the x-axis using the element mmAnt-1 and along the y-axis using the
element mmAnt-2. The direction of the radiation for the three feed points F1, F2, and
F3 of element mmAnt-1 are 6 (along x-axis, ¢ = 0°) = +27°, -33°, and 0°, respectively.
Meanwhile the direction of the radiation for the three feed points F4, F5, and F6 of

element mmAnt-2 are 6 (along y-axis, ¢ = 90°) = +29°, -29°, and 0°, respectively.

Table 5.6: Design comparison between the proposed 1-D/2-D pattern reconfigurable an-

tenna and the reference antennas reported to date for millimeter-wave 5G mobile devices.

Ref. Area (mm?)  1-D/2-D Scan  Scan Angle ()  No. of Ports  Type

[57] 446 1-D -60° to +65° 16 phased array
[53] 1156 1-D NA 4 microstrip
[54] NA 1-D -45° to +45° 4 phased array
[52] 1534 1-D -48° to +48° 8 slot array
[55] 1035 1-D 0° to +70° 8 microstrip
[56] 385 1-D 0° to +50° 10 phased array
[58] 1505 1-D -45° to +45° 4 microstrip
This 480 2-D +46° to -59° 6 microstrip
Work +47° to -39°

Here, area = length x width; NA = not available.

Now the comparison between the performances of the proposed 2-D beam switch-
ing antenna with the pattern reconfigurable millimeter-wave 5G mobile device antennas
reported to date is discussed. Table 5.6 compares the area, scan directions, scan angle,
number of ports and type of the proposed antenna with the reference antennas. This is the

only antenna to date capable of 2-D beam scanning proposed for 28 GHz millimeter-wave
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5G mobile devices. The performance of the antennas reported in [53,55-57] was verified
by adding the antenna to a device ground plane but the performance of the antennas
proposed in [52,54, 58] are not tested when placed on a mobile device ground plane. The
performance of the antenna proposed in this chapter was verified after integrating the

antenna into the mobile device’s ground plane.

5.5 Summary

In this chapter, firstly, a novel single element LWA with 3 ports was developed to achieve
1-D beam scanning capability. The proposed 1-D beam switching antenna was prototyped
and tested experimentally. The proposed antenna was optimized to have good side-lobe
levels and a wide beam scanning angle. Using the side feeds, the prototyped antenna was
able to switch the beam from 6 = -37° to § = +37° with a 3-dB coverage of 128° (f =
-64° to 6 = 4+64°) along the x-axis (¢ = 0°) within the frequency range 27-30 GHz. Using
the center feed, the antenna was able to scan the beam from 6 = -20° to # = -27° with
a 3-dB coverage of 103° (6 = +31° to § = -72°) along the y-axis (¢ = 90°) within the
frequency range 27-30 GHz, illustrating complete coverage of boresight direction.
Secondly, a novel antenna with 6 ports was developed using two 1-D beam switching
antennas to achieve 2-D beam switching, and it was placed at the corner of a ground
plane of the mobile device. The 2-D beam switching antenna was prototyped and tested
experimentally. Using the element (mmAnt-1) whose axis was aligned with the x-axis (¢
= 0°) it was able to scan the beam from 6 = +46° to § = -59° with the side feeds. Also,
mmAnt-1 was able to scan from § = -24° to § = -33° along the y-axis (¢ = 90°) with the
center feed. The achieved 3-dB coverage was 167° (from 6 = +78° to § = -89°) along the
x-axis and 103° (from 0 = 428° to § = -75°) along the y-axis. Using the element mmAnt-2

whose axis was aligned with the y-axis (¢ = 90°) could scan the beam from § = +47° to 0



170 Chapter 5. Pattern Reconfigurable Antennas for 28 GHz Millimeter-Wave 5G

= -39° with the side feeds. Also, the element mmAnt-2 was able to scan along the x-axis
(¢ = 0°) from 0 = +21° to § = +30° with the center feed. The achieved 3-dB coverage
was 154° (from 6 = +82° to # = -72°) along the y-axis and 99° along the x-axis (from 6
= -26° to @ = 4+73°). Overall, using the proposed 2-D pattern reconfigurable antenna the
achieved 3-dB coverage is 167° [(0, ¢) = (-89°, 0°) to (78°, 0°)] along the x-axis. Along
the y-axis covering the boresight direction (the +z-axis) it is 154° [(0, ¢) = (-72°, 90°) to
(82°, 90°)]. Finally, the performance of the proposed antenna was compared with other
referenced beam switching antennas to date proposed for 28 GHz millimeter-wave 5G
mobile device applications.

Antennas were presented for 28 GHz millimeter-wave band in the previous chapters
of this thesis. The following chapters will discuss on the design and development of
antennas for LSA (cognitive radio technology for 5G), 4G/LTE, 2.4 GHz WLAN, and 3.3
GHz WiMAX bands.



Chapter 6

Planar Antennas for LSA and

Mid-LTE Bands

6.1 Introduction

This chapter presents the design and development of two novel planar antennas for mobile
devices. Firstly, a planar antenna (Ant-4) with an O-shaped ground plane is presented
for small mobile devices. The Ant-4 performance is tested with and without the presence
of a mobile-device battery. Secondly, another novel planar antenna (Ant-5) for hand-held
mobile devices is presented. The substrate size of Ant-4 is equivalent to a USB modem
whereas the substrate size of Ant-5 is equivalent to a hand-held smart phone. Both planar
antennas cover the LSA bands (1452-1492 and 2300-2400 MHz) and mid-LTE band (1427-
2690 MHz). In these designs and developments no vertical plate has been used.

This chapter is organized as follows. Section 6.2 presents the design, working modes,
and radiation performance of the planar antenna (Ant-4) with O-shaped ground plane.
The planar antenna (Ant-5) design for hand-held mobile devices is presented in Section 6.3

together with the working modes, and radiation performance. A comparison between Ant-

171
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4 and Ant-5 is presented in Section 6.4. Section 6.5 summarizes the chapter.

6.2 Antenna (Ant-4) for Small Mobile Devices

This section presents a wideband planar antenna (Ant-4) for LSA bands and mid-LTE

band operation. The antenna is suitable for small mobile devices.

6.2.1 Antenna Configuration

The antenna shown in Fig. 6.1 was deigned to be printed on a Rogers 5880 substrate
with a substrate thickness of 1.575 mm and copper-cladding thickness of 0.035 mm. The
dimensions of the substrate considered for this design, 40 mm x 100 mm, have been
a commonly used substrate in small mobile devices like a USB modem. The antenna
dimensions of 15 mm x 40 mm occupy a complete edge of the substrate. The ground
plane and the antenna are designed in the same plane, leaving a gap of 5 mm as depicted
in Fig. 6.1 (a). A hole is considered between the radiating element and the ground plane
for a simple feed arrangement with dimensions of 5 mm x 10 mm as shown in Fig. 6.1
(a). The antenna is fed with an SMA connector from the bottom of the substrate. A
shorting pin (connector between the ground plane of the antenna and the ground of
the SMA connector) that is 0.5 mm x 0.5 mm X 1.61 mm in dimension is located at
the center of the top edge of the ground plane as indicated in Figs. 6.1 (b) and (c¢). A
detailed configuration of the antenna is presented in Fig. 6.1 (d), where all the dimensions
are in millimeters. A battery is placed at the bottom-left corner of the substrate, with
dimensions of 20 mm x 40 mm X 5 mm. There is a gap between the battery and the
substrate of the antenna, and their detailed dimensions are presented in Fig. 6.1 (e). The
antenna dimensions were optimized using parameter analysis in CST Microwave Studio.

The dimensions of the antenna shown in Fig. 6.1 are optimum values.
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Figure 6.1: Geometry of the wideband planar antenna (Ant-4) for LSA and mid-LTE
bands: (a) top view, (b) shorting pin (cross-section along line PQ), (¢) shorting pin (per-
spective view), (d) detailed geometry, and (e) placement of the battery. All dimensions

are in millimeters.
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6.2.2 Design Procedure and Working Modes

The wideband planar design started with a patch antenna of size 40 mm x 15 mm fed
at the center. In this design the antenna and the ground plane of the mobile device are
on the same side of the substrate as indicated in Fig. 6.1. The antenna was designed
without using active and passive elements, e.g. diode, capacitor, inductor, etc, and uses
fundamental equations discussed in Section 2.3. In Step-1, an L-shaped slot ABC is
inserted at the center of the structure. In Step-2, an I-shaped slot DE is introduced to
the structure. Step-2 ends with creating a connecting slot between the L-shaped slot
ABC and I-shaped slot DE. Finally, in Step-3, to ensure a sufficiently wide operating
band, three I-shaped slots F, G and H are inserted into the structure. The simulated
reflection coefficient behavior of Step-3 is shown in Fig. 6.3 (without-battery curve). The
antenna has a -6 dB reflection coefficient bandwidth of 2.13 GHz (1.03-3.16 GHz) in the
absence of the battery, with three resonant frequencies at 1.27, 1.93 and 2.94 GHz. Note

that ‘in the absence of the battery’ means that the O-shaped ground plane is left blank.

A

B

Step-1 Step-2

Step-3

Figure 6.2: Three-steps of evolution of the geometry of wideband planar antenna (Ant-4).

In order to verify the battery’s effect on the operating band of the antenna, a battery
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is placed within the gap of the O-shaped ground plane. The substrate of the mobile device
is removed from the ground clearance area chosen for battery installation. To visualize the
effect of the battery a solid metal box is placed as a representative of a battery to have
the maximum effect on antenna performance. The proposed wideband planar antenna
has a reflection coefficient bandwidth of 2.02 GHz (1.12-3.14 GHz) with the presence of
the battery, as shown in Fig. 6.3 (with-battery curve), covering the LSA and complete
mid-LTE bands. After using the battery, the antenna still has three resonant frequencies,

specifically at 1.26, 1.92 and 2.95 GHz.

0
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— With Battery
- - - Without Battery

S, 1(dB)
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Frequency (GHz)

Figure 6.3: Predicted reflection coefficient of the wideband planar antenna (Ant-4) with

and without the presence of a battery.

After placing the battery, a negligible effect on the antenna operating bandwidth is
observed. It is evident that the antenna input impedance matching improves within the
operating bandwidth while maintaining three resonant frequencies.

Turning to the surface current distributions at the three frequencies to understand the

working modes of the antenna. Fig. 6.4 shows the simulated surface current distribution
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at three frequencies 1.3, 2 and 2.6 GHz. The surface current in the ground plane is omitted
for presentation simplicity. The surface current is at maximum from the feed point to the
slot BCF at the three resonant frequencies. Another maximum is observed at the slot
end-point E and there is a null at the location D (between C and E), indicated by the
magenta circle. Therefore two maxima with a null exist at the middle, and subsequently

the antenna is operating in the half-wavelength mode at the three resonant frequencies.
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Figure 6.4: Predicted surface current distributions for the wideband planar antenna (Ant-

4) at three resonant frequencies: (a) 1.3, (b) 2, and (c) 2.6 GHz.
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6.2.3 Radiation Performance and Discussion

Gain (dBi)

1 —e— With Battery

- v - Without Battery

1 1
112 1.52 1.92 2.32 2.72 3.14
Frequency (GHz)

Figure 6.5: Gain of the wideband planar antenna (Ant-4) within the -6 dB reflection

coefficient bandwidth.

The antenna radiation performance was tested with and without placing the battery on
the substrate; the gains within the -6 dB reflection coefficient bandwidth are compared
in Fig. 6.5. The antenna gain is minimum at 1.03 GHz and maximum at 3.16 GHz, of
1.8 and 5.4 dBi, respectively, when the battery is not present. With the presence of the
battery the antenna gain reaches its minimum at lower frequency limit and maximum at
upper frequency limit, these being 2.3 and 5.3 dBi, respectively. Let the gain variation
be denoted by Ga. G within the total operating band of the proposed antenna is quite
large (=~ 3 dB) but in an individual band it is less than 0.5 dB. For example, GA < 0.48
dB in the LTE 1 band, GaA < 0.35dB in LTE 11, GA <0.20 dB in LTE 16, and GA < 0.40
dB in the PCS band. Therefore, the antenna has a stable gain in sub-operating bands.

The gain variations of the antenna without the placement of the battery are almost the
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same as or slightly less than the gain with battery, as presented in Fig. 6.5.

Fig. 6.6 depicts the antenna efficiency of Ant-4 as a function of frequency. The antenna
efficiency of the proposed planar antenna was studied with and without the presence of a
battery. The antenna efficiency is minimum at the lower frequency limit and maximum
at 1.25 GHz, 65% and 91%, respectively, without the presence of the battery. When the
battery is installed the antenna efficiency is minimum at 3.16 GHz while the maximum

at 1.25 GHz, 74% and 89%, respectively.

100

—e— With Battery

- w - Without Battery

Antenna Efficiency (%)

60 |
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1 1.5 2 25 3 3.2
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Figure 6.6: Antenna efficiency of the wideband planar antenna (Ant-4) within the -6 dB

reflection coefficient bandwidth.

The antenna radiation patterns in the three principal planes, x-z, y-z, and x-y, were
studied for three different frequencies. The simulated Ey and Ej radiation patterns, in
normalized form, of the antenna at 1.5 and 2.0 GHz are shown in Fig. 6.7, and at 2.5 GHz
are shown in Fig. 6.8. The Ey and Ey4 radiation pattern in each plane is normalized by
the magnitude of the maximum in that plane. The difference in the magnitudes of Ej

and Ey4 radiation in the x-z plane is 30, 25, 20 dB at 1.3, 2.0, and 2.6 GHz, respectively.
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x-y plane

(b)

Figure 6.7: Radiation patterns (Ey and Ey) of the wideband planar antenna (Ant-4) in

the three principal planes (x-z, y-z, and x-y planes) at (a) 1.3, and (b) 2.0 GHz.

It is observed that the E, radiation patterns in the x-z plane are omnidirectional over
the antenna operating band, which is similar to the pattern of a dipole oriented in the

y direction. In the x-y plane, the Ey radiation pattern is significantly higher along the
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+x direction but is the opposite along +y. The patterns are comparable in the y-z
plane at all represented frequencies. Therefore, the antenna radiation pattern is nearly
omnidirectional in the x-z plane at all frequencies. However, two nulls have been observed

in the radiation patterns of the antenna over the operating band.

Figure 6.8: Radiation patterns (Ey and Ey) of the wideband planar antenna (Ant-4) in

the three principal planes (x-z, y-z, and x-y planes) at 2.6 GHz.

6.3 Antenna (Ant-5) for Regular-Sized Mobile De-
vices

The antenna (Ant-4) presented in Section 6.2 occupies a complete edge of the substrate,

limiting the space for other electronic components. Moreover the gain variation within
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the operating band for Ant-4 is high (= 3 dB). In addition, two nulls in the radiation
patterns of the antenna are observed over the operating band. Ant-4 is suitable for small
mobile devices like USB modem operating in the LSA bands and mid-LTE band, but is
expensive because of the substrate (Rogers 5880) used.

This section presents a planar antenna (Ant-5), on a low-cost FR-4 substrate, suitable
for hand-held mobile devices like smart phones. Ant-5 is developed for the 1.5 and 2.3

GHz LSA bands and mid-LTE band operation.

6.3.1 Antenna Configuration

This novel printed antenna (Ant-5) has been designed to operate in the 1452-1492 and
2300-2400 MHz LSA bands, and its detailed geometry with top and bottom views is shown
in Fig. 6.9. The total area covered by the antenna is 40 mm X 15 mm, or 0.18\g x 0.07),
where )\ is the free-space wavelength at 1.38 GHz. For simulation purposes, the antenna
is assumed to be fed from an SMA connector at the bottom. To ensure isolation between
the ground plane and the center pin of the SMA connector, a circular portion of copper
with radius r has been etched off from the ground plane as depicted in Fig. 6.9 (b). The
antenna is placed at the top-right corner of a mobile device substrate with the dimensions
of 120 mm x 70 mm. A substrate commonly used in mobile devices is FR-4 with relative
permittivity (e,) and loss tangent (tand) of 4.3 and 0.025, respectively. Its thickness is
assumed to be 0.8 mm. The overall area of the ground plane is equal to the area of the
substrate. A segment of copper with dimensions of 50 mm x 11 mm has been removed
from the top-right corner of the ground plane as shown in Fig. 6.9 (b).

The proposed antenna is composed of two elements: firstly, an L-shaped element to
the left of the feed point (left element) to cover the 1.5 GHz LSA band; and secondly, an
L-shaped element to the right (right element) to cover the 2.3 GHz LSA band. CST Mi-

crowave Studio was used for the design and analysis of the antenna. The dimensions were
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Figure 6.9: Geometry of the planar antenna (Ant-5) for LSA and mid-LTE bands opera-
tion: (a) top view with detailed antenna geometry, and (b) bottom view. All dimensions

are in millimeters.

Table 6.1: Design parameters of the planar antenna (Ant-5) for the LSA bands. All

dimensions are in millimeters.

’LU1:2 ’LU2:4 w3:15 QU4:3 ’U)5:2

l5 =175 W =15 L =40

optimized using a parameter analysis conducted in CST for good impedance matching.
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6.3.2 Design Procedure and Working Principle

The proposed planar antenna (Ant-5) evolution in three steps is shown in Fig. 6.10 and
the corresponding reflection coefficient behavior is shown in Fig. 6.11. In addition, the
antenna is designed based on the fundamental equations discussed in Section 2.3. The
Ant-5 design procedure and working principle are explained with the help of Fig. 6.10,

the parameters listed in Table 6.1, and the results presented in Fig. 6.11.

Step-1 Step-2

Step-3

Figure 6.10: Three-steps of evolution of the geometry of the planar antenna (Ant-5) to
cover the LSA bands.

Firstly, an I-shaped element AB of width w, was made and a w;, X w; square element
was placed at point A to ensure proper connection between the center pin of the SMA and
the antenna elements as shown in Fig. 6.10 (Step-1). Then another I-shaped element BC
was added to the left of the previous I-shaped element AB, with length and width of Iy
and w,, respectively. Step-1 was completed by adding a rectangular element with length
and width of [;and w3, respectively, to ensure better impedance matching in the 1.5 GHz
LSA band at the location of B as shown in Fig. 6.10 (Step-1). The antenna in Step-1

has a -6 dB reflection coefficient bandwidth of 600 MHz (1.38-1.98 GHz) as depicted in
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Fig. 6.11 (Step-1 curve) and resonating at 1.56 GHz. The effective length of the antenna

in Step-1 is about 44 mm, which is close to the quarter wavelength at 1.56 GHz.

0
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Figure 6.11: The simulated reflection coefficients corresponding to the evolution of the

planar antenna (Ant-5).

In Step-2 the target is to create another resonant band close to the upper frequency
limit of the mid-LTE band in order to have complete mid-LTE band coverage as well
as 1.5 and 2.3 GHz LSA band coverage. To create a second resonant band close to the
upper frequency limit, an L-shaped element BDE was added to the right of the antenna
of Step-1 as shown in Fig. 6.10 (Step-2). The length and width of the element BDE were
optimized using parameter analysis in CST. The finalized antenna in Step-2 generates
two resonant bands with 190 MHz improvement in the reflection coefficient bandwidth
over the previously achieved band. The new resonant band is at 1.62 GHz with a -6 dB
reflection coefficient bandwidth of 790 MHz (1.39-2.18 GHz). After the addition of element
BDE, a second resonant band is generated at 2.56 GHz with a -6 dB reflection coefficient
bandwidth of 400 MHz (2.35-2.75 GHz) as shown in Fig. 6.11 (Step-2 curve). However,



6.3 Antenna (Ant-5) for Regular-Sized Mobile Devices 185

the antenna in Step-2 does not have complete coverage of the mid-LTE band. Also it did
not cover the 2.3 GHz high-LTE band. There is a null of 170 MHz (2.18-2.35 GHz) in the
2.3 GHz LSA band in the reflection coefficient bandwidth.

Minimum

Maximum

(b) z

Figure 6.12: Predicted surface current distributions for the planar antenna (Ant-5) oper-

ating in the LSA bands at (a) 1.8, and (b) 2.6 GHz.

In Step-3 the aim is to achieve complete coverage of the mid-LTE band which will
ensure coverage of the LSA bands as well, since the antenna in Step-2 has two resonances
with lower and upper frequency limit coverage. Now try to merge both the resonant bands
by removing the reflection coefficient null present in the 2.3 GHz LSA band. In Step-3
a rectangular element is added to the gap between the left and right elements as shown
in Fig. 6.10 (Step-3). The finalized antenna has a wide reflection coefficient bandwidth
of 1390 MHz (1.39-2.78 GHz) measured at -6 dB and covering both LSA bands and
the LTE mid-band. The antenna resonates at 1.62 and 2.59 GHz within the mid-LTE

band. The effective length for the right element is around 31 mm which is equal to a
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quarter-wavelength at 2.59 GHz, and for the left element is 44 mm which is equal to a
quarter-wavelength at 1.62 GHz.

Referring to the surface current distributions that are shown in Fig. 6.12, at 1.8 and
2.6 GHz in order to further understand the operation of the antenna, at both frequencies
the surface current is a maximum around the feed point and a minimum at the end of the
left or right element. This means that the antenna is resonating in the quarter-wavelength
modes at both frequencies. The left element contains strong currents at 1.8 GHz and the
right element comprises strong currents at 2.6 GHz. However, in both cases moderate

currents are observed in the ground plane that is close to the antenna structure.

6.3.3 Parameter Analysis

Antenna parameter analysis is organized into two stages. Firstly, the study of the effects
of the antenna parameters on the lower frequency limit is presented. Secondly, the effects
of the antenna parameters on the upper frequency limit are presented. Also the influence
of the antenna parameters on input impedance matching within the operating band are
studied.

The length Iy and width ws of element BC control the lower frequency limit and the
antenna input impedance matching within the operating band, specifically close to the
1.62 GHz as shown in Fig. 6.13. This is because the element ABC controls the antenna
operating band within the lower frequency limit region. When the length changes from [
= 26 mm to 24 mm with down steps of 1 mm, the antenna impedance matching becomes
very good in the 2.3 GHz LSA band but the lower frequency limit shifts from 1.37 to
1.41 GHz. Note that the targeted lower frequency limit is 1427 MHz. Therefore, for the
length [, = 24, 25 and 26 mm, the lower frequency limit always remains below the targeted
value. However, there is a null in the reflection coefficient behavior in the 2.3 GHz LSA

band when [, = 26 mm, which is not expected. A similar effect is observed for a change in
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the width ws from 5 mm to 3 mm. Therefore, the length and width are carefully chosen

to be 25 and 4 mm to avoid nulls in the 2.3 GHz LSA bands.

0
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-15 I I I

Frequency (GHz)

Figure 6.13: Effects of I and w, on lower frequency limit and input impedance matching

of Ant-5.

For the parameters that controlling the upper frequency limit and input impedance
matching within the operating band, the right element BDE controls the second resonant
of the antenna as well as the upper frequency limit. Fig. 6.14 shows the impact of the
length [5 and width wy on the reflection coefficient of Ant-5. The two resonant bands of
the antenna generated by the two elements BC and BDE separate significantly, with a
null in the 2.3 GHz LSA band when [5 is 6.5 mm. With an increase of the length 5 from
6.5 to 8.5 mm with a step of 1 mm, the two resonances merge while the input impedance
of the antenna improves significantly. However, the bandwidth of the antenna becomes
smaller. A similar effect on antenna reflection coefficient is observed for a change of width
wy from 4 to 2 mm. Therefore, the length [5 and width w, are carefully chosen to be 7.5

and 3 mm, respectively, in order to cover the LSA bands and mid-LTE band.
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Figure 6.14: Effects of [5 and w4 on upper frequency limit and antenna input impedance

matching of Ant-5.

6.3.4 Radiation Performance and Discussion

The proposed planar antenna (Ant-5) has a gain varying with frequency within the -6 dB
reflection coefficient bandwidth as shown in Fig. 6.15. The minimum gain of the proposed
antenna is 1.3 dBi at 1.39 GHz and the maximum gain is 3.6 dBi at 2.78 GHz. Therefore,
the gain variation within the reflection coefficient bandwidth is 2.3 dB, which is lower
than the Ant-4 gain variation (3 dB).

The Ant-5 efficiency with varying frequency within the -6 dB reflection coefficient
bandwidth is illustrated in Fig. 6.16. The minimum and maximum antenna efficiencies
are 67% and 90%, at 2.78 and 1.7 GHz, respectively. Consequently, the antenna efficiency
is always above 50% within the antenna operating band which makes the antenna suitable

for hand-held device application.
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Figure 6.15: Predicted gain of the planar LSA antenna (Ant-5).
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Figure 6.16: Predicted efficiency of the planar LSA antenna (Ant-5).
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X-y plane

(@) (b)

Figure 6.17: Predicted normalized radiation patterns of the planar LSA antenna (Ant-5)
in two LSA bands at (a) 1.8, and (b) 2.6 GHz.

Fig. 6.17 shows the normalized E, and FEj radiation patterns of Ant-5 in the three
principal planes at 1.8 and 2.6 GHz. Here, the patterns are normalized with respect to
the maximum in the corresponding principal plane. From the presented results, no nulls

have been observed at 1.8 GHz but a null has been observed at 2.6 GHz in the x-y plane
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radiation patterns. The Ej, radiation in the y-z plane at 1.8 GHz is more uniform (i.e.
somewhat omnidirectional) compared to the Ey radiation in the same plane at 2.6 GHz.

An almost directed E, radiation pattern is observed in the x-z plane at 2.6 GHz.

6.4 Comparison between Ant-4 and Ant-5

Table 6.2: Performance comparison between Ant-4 (for small mobile devices) and Ant-5

(regular hand-held mobile devices).

Parameter Ant-4 Ant-5
Physical Area (mm?) 600 600
Bandwidth (GHz) 1.12-3.14  1.39-2.78
Efficiency (%) 74-89 67-90
Gain (dBi) 2.3-5.3 1.3-3.6
Nulls in Radiation Patterns 2 null 1 null

A performance comparison between Ant-4 and Ant-5 is presented in Table 6.2. Ant-4 and
Ant-5 occupy an equal area but the substrate of Ant-4 is much smaller than the substrate
of Ant-5. Both antennas cover the LSA bands and mid-LTE band with more than 50%
efficiency within the operating band. The gain variation of Ant-5 is much smaller than
the gain variation of Ant-4 within the -6 dB reflection coefficient bands. Ant-4 has nulls
in its radiation patterns in the x-y plane while Ant-5 has nulls in the y-z plane. Ant-
4 has omnidirectional radiation patterns over the operating band in the x-z plane but
the radiation pattern of Ant-5 is omnidirectional in the y-z plane at close to the lower
frequency limit. It starts to generate nulls in the same plane up near the upper frequency

limit.
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6.5 Summary

In this chapter, a wideband planar antenna (Ant-4) was developed and analyzed for small
mobile device applications. The antenna impedance bandwidth covers the LSA, mid-LTE
and 2.4 GHz WLAN bands. Detailed design considerations for the antenna were described,
especially the feed arrangement. The antenna performance was analysed in the presence
and absence of a battery, and negligible effects were observed regarding the antenna’s
performance. Two nulls are exist in the radiation patterns within the entire reflection
coefficient bandwidth (1.12-3.14 GHz) of the antenna. Then another novel planar antenna
(Ant-5) was designed, targeting a reduced number of nulls in the radiation patterns. The
operating bandwidth of Ant-5 is 1390 MHz (1.39-2.78 GHz), which covers both the LSA
frequency bands and the mid-LTE band. Ant-5 cover the 1.5 GHz LSA band without
null in the radiation patterns, but a null exist at frequencies close to the upper frequency
limit of the reflection coefficient bandwidth. Ant-4 and Ant-5 are of equal size and the
gain of Ant-5 is more stable than that of Ant-4. However, nulls in the radiation patterns
were observed for both the presented antennas. Both cover the LSA bands (1452-1492
and 2300-2400 MHz) and the mid-LTE band (1427-2690 MHz) but they do not cover
the high-LTE band (3400-3800 MHz). In the next chapter, a dual-band antenna will
be designed and developed in order to cover the LSA bands and the mid and high-LTE

bands.
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Dual-Band Antenna for LSA,
Mid-LTE and High-LTE Bands

7.1 Introduction

The previous chapter showed it is possible to cover both the LSA bands and mid-LTE
band using a planar structure. However, the proposed antennas do not cover the high-
LTE band. In this chapter, a dual-band antenna (Ant-6) for hand-held mobile devices
is presented with the help of the design developed in the previous chapter. The primary
focus here is to develop an antenna that covers both the LSA bands, mid-LTE and high-
LTE bands, i.e. to cover 1427-2690 and 3400-3800 MHz bands. The antenna proposed in
this chapter consists of a planar structure loaded with an I-shaped vertical plate. Most
of the available solutions use passive or active lumped component-based input impedance
matching circuits to cover the above mentioned bands. A novel antenna is developed
without using an input impedance matching circuit. The detailed design and working
principle of the antenna are presented together with a summary of the antenna’s radiation

performance.

193
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This chapter is organized as follows. Section 7.2 presents the proposed antenna config-
uration. The antenna design procedure together with the working principles are presented
in Section 7.3. Section 7.4 presents the effects of the antenna’s geometrical parameters
on the antenna’s reflection coefficient behavior. Section 7.5 describes the radiation per-
formance of the antenna. The suitability of the antenna for different-sized mobile devices
is discussed in Section 7.7. Section 7.8 summarizes the important point made in this

chapter.
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Figure 7.1: Placement of the dual-band antenna (Ant-6) on a mobile phone substrate:

(a) top view without vertical plate, and (b) back view. All dimensions are in millimeters.
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7.2 Antenna Configuration

A novel dual-band antenna (Ant-6) is designed, operating in the 1427-2690 and 3300-
3800 MHz bands for LSA, TDD/FDD LTE, UMTS, DCS, PCS, GSM1800, GSM1900,
WLAN (2.4 GHz), and WiMAX (2.5 and 3.3 GHz) applications, and is displayed in
Figs. 7.1 and 7.2. Fig. 7.1 shows the top and back views of the antenna without the
vertical plate and reveals the placement of the antenna in the mobile device substrate.
Fig. 7.2 is a perspective view of the antenna and its detailed geometry. There is a vertical
plate in the antenna design which is shown as unfolded along the +y-axis in Fig. 7.2 (b)
for better presentation. To ensure isolation between the ground plane and the center pin
of the SMA connector, a circular portion of copper with radius r is etched off from the

ground plane as shown in Fig. 7.1 (b).

Table 7.1: Design parameters of the dual-band antenna (Ant-6). All dimensions are in

millimeters.

’lU1:2 w2:15 ws = 1.6 w4:05 w5:3

’LU6:34 w7:2 w8:1 wg:]_ w10:3

w11 = 4 Wi = 1.5 ll =74 lg =4.25 l3 = 22

l4:1]. l5:775 l6:4 17220 l8:50

h1:4 U)13:11 r=2 L1:39 W1:15

The overall dimensions of the antenna are 39 mm x 15 mm x 4 mm or 0.18 ¢ x 0.08 ¢ X
0.02)\g, where )\ is the free-space wavelength at 1.39 GHz. The antenna is assumed to
be fed from an SMA connector from the bottom. The proposed antenna is placed at the
top-right corner of a mobile device substrate with the following dimensions: 120 mm X
70 mm. A commonly used low cost substrate for a mobile device is FR-4 with relative

permittivity (e,) and loss tangent (tand) of 4.3 and 0.025, respectively, and a thickness
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of 0.8 mm. The overall size of the ground plane is equal to the size of the substrate. A
segment of copper with dimensions of 50 mm x 11 mm is removed from the top-right
corner of the ground plane. CST Microwave Studio is used for the design and analysis.

The optimized design parameters for the proposed antenna are listed in Table 7.1.
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Figure 7.2: Geometry of the dual-band antenna (Ant-6) for the mid and high bands: (a)
perspective view with vertical plate, and (b) top view with unfolded vertical plate along

+vy axis.

The proposed antenna is composed of three elements: firstly, the L-shaped element
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MNO in the middle; secondly, a U-shaped large element GQUH loaded with the vertical
plate on the left; and thirdly, an L-shaped monopole antenna VKL on the right. Here,
the vertical plate is aligned with the edge G(Q. The dimensions are optimized using a

parameter analysis conducted in CST for good impedance matching in both bands.

7.3 Design Procedure and Working Principle

The proposed dual-band antenna (Ant-6) design procedure can be divided into two major
steps; firstly, an antenna design for the LSA and mid-LTE (1427-2690 MHz) bands; and
secondly, addition of a new element in the antenna design to cover the high-LTE (3300-
3800 MHz) band. These two major steps are divided into four basic stages to explain
the working principle. Also the predicted surface current distributions for the final design
at the resonant frequencies are shown so that the working modes are better understood.
In addition, the antenna is designed based on the fundamental equations discussed in
Section 2.3. The geometry evolution for the antenna and the corresponding predicted

reflection coefficients are shown in Figs. 7.3 and 7.4, respectively.
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Figure 7.3: Four-steps of evolution of the geometry of the dual-band antenna (Ant-6).
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The four basic steps of the antenna evolution are exhibited in Fig. 7.3 and the design
parameters are indicated in Fig. 7.2 (b). In the first step, the middle element MNUOQ
[inset of Fig. 7.2 (b)] is designed and optimized. The effective length of this element is
lire = I + 1o + (wy + wy + w3)/2 = 14.2 mm. Later on, an L-shaped strip OQG with
an effective length of w3 /2 + w5 + w;/2 + I3 = 26.8 mm is added to the edge OQ of the
middle element MNUOQ such that the antenna covers the mid (1427-2690 MHz) band.
In this band the antenna resonates at 1.67 GHz. The effective length of the antenna

(I;LE + 26.8 = 41 mm) is close to the quarter wavelength at 1.67 GHz.
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Figure 7.4: Predicted reflection coefficient corresponding to the evolution of the dual-band

antenna (Ant-6).

In Step-2, another L-shaped strip OUH with a length of w3 /2+wg+ws /2414 = 15.7 mm
is added to the edge OU of the feed element; the additional electrical length in the antenna
structure is around 29.9 mm. As can be seen from Fig. 7.4, the antenna resonates at two
different frequencies, 1.98 and 2.68 GHz, because of the two separate electrical paths

MNOQG and MNOUH, respectively.
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Again in Step-2, a -6 dB reflection coefficient bandwidth of 1.35 GHz (1.51 - 2.86
GHz) is achieved by the design. However, it is required to shift the lower edge frequency
to 1.42 GHz to cover all the mid-LTE and LSA bands. To make this possible a vertical
plate of height A, is loaded to the edge GQ (Step-3). The vertical plate loading shifts the
lower edge frequency to 1.41 GHz with a negligible variation of the upper edge frequency
(2.85 GHz).

Now the aim is to cover the high-LTE (3300-3800 MHz) band together with the mid-
LTE band with the same antenna. To do so, an L-shaped element VKL with an effective
length of wq 4 l5 + w12 + lg is loaded to the top of the middle element MN in Step-4. The
effective length (right side of the middle element) of the new element is around 24.75 mm,
which in turn generates a resonant band at 3.51 GHz.

The finalized antenna design [Fig. 7.2 (b)] consists of three electrical paths MNOQG
(=41 mm), MNOUH (= 29.9 mm), and MNVKL (= 24.75 mm), and makes the antenna
resonate at 1.96, 2.65, and 3.51 GHz, respectively. At all resonant frequencies the antenna
resonates in the quarter-wavelength mode. The -6 dB reflection coefficient bandwidths
of the proposed monopole-based antenna are 1.45 GHz (1.39-2.84 GHz) and 700 MHz
(3.27-3.97 GHz), respectively, covering the targeted mid (1427-2690 MHz) and high (3300-
3800 MHz) bands.

The current distributions of this antenna at three frequencies are shown in Fig. 7.5 to
illustrate the working modes. For better presentation the vertical plate is unfolded along
the +y-axis. It can be seen from Fig. 7.5 (a) that the current is a minimum close to G and
a maximum close to M, meaning that the antenna resonates in the quarter-wavelength
mode at 1.8 GHz. Also, strong currents are observed in the element OUH at 1.8 GHz,
meaning that the element OUH is radiating at this frequency. At 2.6 GHz, the current is a
maximum close to M and there are two minima at H and G as shown in Fig. 7.5 (b). This

also indicates that the antenna is resonating in the half-wavelength mode. Fig. 7.5 (c)
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Figure 7.5: Surface current distributions of the dual-band antenna (Ant-6) at (a) 1.8, (b)

2.6, and (c) 3.6 GHz.
illustrates that the antenna resonates in the quarter-wavelength mode at 3.6 GHz since

the current reaches its maximum at M while the minimum occurs at edge KL.

7.4 Parameter Analysis

The antenna parameter analysis is organized into three steps. Firstly, the effects of the

antenna parameters on the mid-LTE band is studied. Secondly, the effects of the antenna
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parameters on the high-LTE band are presented. Thirdly and finally, the influence of the
antenna parameters on both the bands are assessed.

Referring to Figs. 7.2 and 7.5, the widths wig, w7 and lengths I3, Iy of the antenna
element GQOUH control the impedance matching and impedance bandwidth in the mid
operating band. For the high-LTE band, the impedance matching and impedance band-
width are controlled by the width w;; and length g of the antenna element NVKL, and
the width w; and length [, of the antenna element OUH. When one geometry parameter

is analyzed the other parameters of the antenna are retained as listed in Table 7.1.
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Figure 7.6: Influence of wjy on the operating bandwidth and impedance matching at

mid-LTE band of the dual-band antenna (Ant-6).

The reflection coefficient behavior with changes of the width w;q is shown in Fig. 7.6,
and with changes of the length [3 is shown in Fig. 7.7. However, the width ws of the
antenna element UH has less effect on the mid-LTE band than the above mentioned
two parameters. The width wyy controls the higher edge frequency in the mid-band

significantly but has a negligible effect on the lower edge frequency. Yet the dual resonance
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in the mid-LTE band is always maintained for w;qg = 1, 3 and 5 mm.
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Figure 7.7: Influence of I3 on operating bandwidth and impedance matching at mid-LTE

band of the dual-band antenna (Ant-6).

The dual resonance for [3 = 23 mm is converted to a single resonance for I3 = 28
and 33 mm in the mid-LTE band, and the antenna impedance matching becomes worse
as the length of the element QG (l3) increases. Here, resonances are counted when the
reflection coefficient value falls below -6 dB. In all the above cases the high-LTE band
remains unaffected but a slight change in the frequency of minimum reflection coefficient
is observed (see Figs. 7.6 and 7.7).

The antenna element VKL was loaded to the middle element MNO to cover the high-
LTE band, and the corresponding results are presented in Fig. 7.4. When considering
the effect of two major parameters, the width wy; and length lg of the element VKL,
this refers to impedance matching and the reflection coefficient bandwidth within the
high-LTE band. This is explained in more detail below.

The antenna reflection coefficient behavior for width wqy; = 2, 4 and 6 mm is shown
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in Fig. 7.8, and for length lg = 0, 3 and 6 mm is shown in Fig. 7.9. The frequency of
minimum reflection coefficient shifts towards high frequency when width wy; changes from
2 to 6 mm since the effective length of the element VKL decreases. Besides this, increases
of the width of the element VK help to improve the antenna impedance matching at
the high-LTE band as well as increase the reflection coefficient bandwidth. To cover the

high-LTE band the value of the width w;; is carefully chosen to be 4 mm.
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Figure 7.8: Effects of wy; on operating bandwidth and impedance matching at high-LTE

band of the dual-band antenna (Ant-6).

The other way to increase the effective length of the antenna element VKL is to increase
the length of the element KL. Consequently, the increase of length Ig shifts the frequency
of minimum reflection coefficient towards lower frequency as made clear in Fig. 7.9. For
l¢ = 0 mm, the L-shaped element VKL becomes an I-shaped element VK, resulting in a
less effective length than before, which shifts the antenna operating band in the high-LTE
band region towards higher frequency. By tuning the width of the element VK (w;;) and

the length of the element KL (lg) it is possible to tune the bandwidth and operating band
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to cover the high-LTE band. In both cases, with changes in the width w;; and length g,
a negligible effect on the lower frequency limit of the mid-LTE band is observed; however,
a slight change in the upper frequency limit of the mid-LTE band is observed. In order to
cover the complete mid-LTE band and high-LTE band the value of [s is carefully chosen

to be 4 mm.
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Figure 7.9: Effects of [ on operating bandwidth and impedance matching at the high-LTE

band of the dual-band antenna (Ant-6).

The antenna element OUH (length I, and width w;) which contributes to the mid
and high-LTE band impedance matching that was previously illustrated by the surface
current distribution (shown in Fig. 7.5), is now considered here. The length I, and width
wr have a negligible effect on the lower frequency limit of the mid-LTE band because this
frequency is mainly controlled by the element OQG and the vertical plate. With changes
in the width wy; from 0 to 4 mm the reflection coefficient bandwidth in the mid-LTE band
widens but the reflection coefficient bandwidth in the high-LTE band becomes narrower.

The result is reduced impedance matching as demonstrated in Fig. 7.10.



7.4 Parameter Analysis 205

IS ,, | (dB)

1 1.5 2 25 3 3.5 4

Frequency (GHz)

Figure 7.10: Effects of w; on operating bandwidth and impedance matching at mid and

high bands of the dual-band antenna (Ant-6).
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Figure 7.11: Effects of [; on operating bandwidth and impedance matching at mid and

high bands of the dual-band antenna (Ant-6).
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Antenna impedance matching in the high-LTE band is very good when I, = 13, and
18 mm but the reflection coefficient bandwidth in the mid-LTE band becomes narrower
with the increase in length [, from 8 to 18 mm (see Fig. 7.11). For [; = 8 mm the antenna
impedance matching is very poor in both the mid and high bands. In order to have
good impedance matching over the mid and high bands and to have sufficient reflection
coefficient bandwidth in both the bands the length l4 and width w; are carefully chosen

so that they are 11 mm and 2 mm, respectively.

7.5 Radiation Performance and Discussion

The predicted antenna efficiency within the -6 dB reflection coefficient bandwidth as
a function of frequency is shown in Fig. 7.12. The maximum and minimum antenna
efficiencies in the mid-LTE band are 90% and 61%, at 1.85 and 2.8 GHz, respectively.
The antenna efficiency at its minimum is 66% at 3.3 GHz in the high-LTE band while the
maximum is 89% at 3.5 GHz. Thus the antenna efficiency is always above 61% in both
the mid and high-LTE bands.

The predicted antenna gain within the -6 dB reflection coefficient bandwidth as a
function of frequency is shown in Fig. 7.13. The maximum and minimum gain in the
mid-LTE band are 3.4 and 1.4 dBi, at 2.55 and 1.4 GHz, respectively. The gain is a
minimum of 4.2 dBi at 3.3 GHz in the high-LTE band and is a maximum of 6.1 dBi at
3.55 GHz. Therefore the gain variations of the antenna in the mid and high bands are less
than 2 and 1.9 dB, respectively, which means that the antenna has stable gain in both
bands.
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Figure 7.12: Predicted antenna efficiency of the dual-band antenna (Ant-6) for the mid
and high bands.
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Figure 7.13: Predicted antenna gain of the dual-band antenna (Ant-6) for the mid and
high bands.
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180
y-z plane y-z plane

Figure 7.14: Predicted normalized radiation patterns of the dual-band antenna (Ant-6)
at (a) 1.8, and (b) 2.6 GHz.

The normalized Ey and Ey radiation patterns of the antenna for both mid and high
bands are presented. The predicted radiation patterns in the three principal planes at 1.8

and 2.6 GHz are shown in Fig. 7.14, while the radiation patterns at 3.6 GHz are depicted
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in Fig. 7.15. The radiation patterns in each plane are normalized with respect to the

maximum of the corresponding principal plane.

180
x-y plane

Figure 7.15: Predicted normalized radiation patterns of the dual-band antenna (Ant-6)
at 3.6 GHz.

The E,4 pattern in the x-z plane at 3.6 GHz is more uniform (nearly omnidirectional)
than the E; pattern in the same plane at 1.8 and 2.6 GHz. A uniform E; pattern is
observed in the y-z plane at 1.8 GHz. Strong E, radiation is observed along the y-axis at
3.6 GHz compared to the z-axis. Also the E/; pattern is more uniform in the x-y plane at
1.8 GHz than the Ey pattern at 3.6 GHz. The E, pattern in the x-y plane has two nulls
at 3.6 GHz and one null at 2.6 GHz. Overall, the E;, component is always stronger than
Ey in the y-z and x-y planes at 1.8 and 2.6 GHz and in the x-z and x-y planes at 3.6 GHz.

As well, the Ey and Ey levels are comparable in the x-z plane at 1.8 and 2.6 GHz and
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in the y-z plane at 3.6 GHz, an additional benefit in practical applications with complex

propagation environments [73,137,138].

7.6 Compatibility with Different-Sized Mobile De-
vices

This section presents simulated reflection coefficients for the dual-band antenna (Ant-6)
when fitted into different-sized mobile phones and tablet computers. Selected devices
with their typical dimensions that are considered for the proposed antennas compatibility
validation are listed in Table 7.2. In each device, the antenna (Ant-6) to cover mid and
high bands is placed at the top-right corner of the selected mobile device substrate. In
this study the antenna parameters are the same as those presented in Table 7.1. The
ground clearance is kept the same as previously mentioned in the antenna design section
(Section 7.2).

The reflection coefficient behavior for the dual-band antenna (Ant-6) with changes in
the size of the mobile device is shown in Fig. 7.16. With changes in the substrate size
of a mobile device the antenna lower frequency limit is affected in the mid-LTE band
for the dual-band antenna (Ant-6). This is because of the change in the ground plane
size. However, the upper frequency limit is almost unaffected with an alteration of the
substrate size. In the case of a smart phone plus, three resonances have been observed in
the mid-LTE band. Yet only two resonances are clearly seen for the other three mobile
devices, as shown in Fig. 7.16. Moreover, good antenna input impedance matching has
been observed over the mid operating band for all the sizes of hand-held devices listed in

Table 7.2.
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Table 7.2: Substrate dimensions of commonly used hand-held mobile devices and tablet

computers for the compatibility test of the dual-band antenna (Ant-6).

Device Name Length (mm)  Width (mm)
Smart Phone (SP) 120 70
Smart Phone Plus (SP Plus) 160 80
Mini Tablet Computer (Mini TC) 200 135
Tablet Computer (TC) 240 170
0 - ; _ : -
:f\\ Mid band éHigh band

)
2 0
(2}
-15 :
- - - _SPPlus
D Mini TC
H ] TC
-20 1 1 1 1 : 1 :
1 1.5 2 25 3 3.5 4

Frequency (GHz)

Figure 7.16: Effect of the device size on the reflection coefficient of the dual-band antenna

(Ant-6). Here, SP: smart phone, and TC: tablet computer.

The lower and upper frequency limits are completely unaffected by changes in the size
of the mobile device substrate in the high-LTE band. A negligible effect on the antenna
impedance matching at the frequency of minimum reflection coefficient in the high-LTE

band is observed. A slight change in the frequency of minimum reflection coefficient when
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the size of the mobile device substrate changes is also observed. From the results presented
here, the antenna is suitable for the smart phone, smart phone plus, mini tablet computer

and tablet computers operating in the mid and high bands.

7.7 Comparison between Ant-5 and Ant-6

Table 7.3: Comparing performance between Ant-5 (presented in Chapter 6, Section 6.3)

and Ant-6 (proposed in this chapter).

Parameter Ant-5 Ant-6
Physical Area (mm?) 600 585
Bandwidth (GHz) 1.39-2.78 1.39-2.84, 3.27-3.97
Efficiency (%) 67-90 62-90 (M), 66-88 (H)*
Gain (dBi) 1.3-3.6  1.4-3.4 (M), 4.2-6.1 (H)

Null in Radiation Patterns 1 null 1 null (M), 2 nulls (H)

*Here M and H stand for the mid-LTE and high-LTE bands, respectively.

A comparison of the performance between the planar antenna (Ant-5 presented in Chap-
ter 6 Section 6.3) and Ant-6 (proposed in this chapter) is presented in Table 7.3. The
area (length x width) required for Ant-6 is less than the area occupied by Ant-5. Ant-6 is
a dual-band antenna whereas Ant-5 is a single-band antenna. Ant-6 covers both the LSA
bands, mid-LTE and high-LTE bands but Ant-5 is unable to cover the high-LTE band.
Both antennas are designed on the same substrate of equal size (120 mm x 70 mm).
The gain variation of Ant-6 is lower than the gain variation of Ant-5 within the mid-LTE
band. The gain variation of Ant-6 within the high-LTE band is almost equal to the gain

variation of the antenna within the mid-LTE band. The efficiency of Ant-6 and Ant-5 is
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always above 62% within their -6 dB reflection coefficient bandwidths. Ant-6 cover the
lower LSA band without null in the radiation patterns. However, a null is observed at
the frequency close to the higher frequency limit of the mid-LTE band for both antennas,
although the antennas have nearly omnidirectional radiation patterns at frequency close
to the lower frequency limit of the mid-LTE band. In addition, Ant-6 has two nulls in

the radiation patterns in the high-LTE band.

7.8 Summary

A novel dual-band antenna (Ant-6) for mobile devices was proposed in this chapter. The
antenna was composed of a planar structure loaded with an I-shaped vertical plate. Ant-
6 covers both the LSA bands, mid-LTE and high-LTE bands, having a -6 dB reflection
coefficient bandwidth of 1450 MHz (1.39-2.84 GHz) and 700 MHz (3.27-3.97 GHz). The
suitability of the antenna for different-sized (120 mm x 70 mm, 160 mm x 80 mm, 200
mm x 135 mm, and 240 mm x 170 mm) mobile devices was verified through simulation.
The antenna operates in the quarter and half-wavelength modes at resonant frequencies.
The antenna parameters that affect the reflection coefficient bandwidth and antenna in-
put impedance matching were analyzed. The antenna’s efficiency varies in the 62%-90%
and 66%-88% ranges within the mid-LTE and high-LTE bands, respectively. The gain
variation of the antenna is 2 and 1.9 dB within the mid-LTE and high-LTE bands, respec-
tively. Despite the proposed antennas covering the mid-LTE and high-LTE bands, a null
in the radiation patterns is exist at a frequency close to the upper frequency limit of the
mid-LTE band, and 2 nulls are exist in the high-LTE band radiation patterns. However,
nearly omnidirectional radiation patterns were observed at a frequency close to the lower
frequency limit of the mid-LTE band. In the next chapter, a wideband antenna will be

developed in order to cover the above mentioned bands without any null in the radiation
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patterns.



Chapter 8

Wideband Antenna for LSA,
Mid-LTE and High-LTE Bands

8.1 Introduction

In this chapter a wideband antenna (Ant-7) loaded with an L-shaped vertical plate is
developed. Unlike the previous dual-band antenna (Ant-6 presented in Chapter 7), this is
a single wideband antenna covering both the LSA and mid-LTE and high-LTE bands. In
this design approach the aim is to design a smaller antenna with no null in the radiation
patterns. Similar to Ant-6 the proposed antenna in this chapter does not require any
active or passive lumped component-based input impedance matching. In order to verify
the proposed development Ant-7 was prototyped and tested experimentally.

This chapter is organized as follows. The proposed antenna’s configuration is presented
in Section 8.2. The working principle with the help of the design procedure is presented
in Section 8.3. As well, the surface current distributions of the antenna are analyzed at
three different frequencies to further understand the working modes of the antenna (see

Section 8.3). Extensive parameter studies are conducted and described in Section 8.4 to

215
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understand the parameters that significantly affect the impedance matching and operating
bandwidth of the antenna. In order to test the developed antenna’s design the simulated
reflection coefficient and radiation performance are compared with the measured results
in Section 8.5. The suitability of the proposed antenna with different-sized mobile devices
is evaluated in Section 8.6. Comparing the performance between Ant-7 and reference
antennas is described in Section 8.7 while the final part of this chapter, Section 8.8,

summarizes the major findings presented here.

8.2 Antenna Configuration

A novel wideband antenna (Ant-7), designed to operate in the mid and high bands for
LSA, TDD/FDD LTE, UMTS, DCS, PCS, GSM1800, GSM1900, 2.4 GHz WLAN, and
WiMAX (2.5 and 3.3 GHz), is shown in Figs. 8.1 and 8.2. Fig. 8.1 displays the top and
back views of the antenna without a vertical plate and the antenna’s placement within
the mobile device substrate. Fig. 8.2 is a perspective view of the antenna and its detailed
geometry. There is an L-shaped vertical plate in the antenna design which is shown as
unfolded along the +y-axis in Fig. 8.2 (b), for better presentation. The antenna is fed
with an SMA connector. To ensure isolation between the ground plane and the center pin
of the SMA connector, a circular portion of copper with radius r is etched off from the
ground plane as indicated in Fig. 8.2 (b). The overall size of the antenna (Ant-7) is 34
mm X 15 mm X 4 mm or 0.16Ag x 0.07)\g X 0.02)\g, where )\ is the free-space wavelength
at 1.41 GHz. This means that the proposed antenna is 13% smaller than the dual-band
antenna (Ant-6) presented in Chapter 7.

The wideband antenna (Ant-7) is composed of three elements: a U-shaped large el-
ement (PQOR) loaded with an L-shaped vertical plate (aligned with the edge PQ) to

cover the mid-LTE band on the left; an L-shaped loop antenna (NSTS) on the right to
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cover the high-LTE band; and an L-shaped element at the middle, to provide impedance
matching for both left and right elements. The middle element is the same as the element
used in Ant-6. The optimized design parameters for the proposed antenna are listed in

Table 8.1.
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Figure 8.1: Placement of the wideband antenna (Ant-7) on a mobile phone substrate: (a)

top view without vertical plate, and (b) back view. All dimensions are in millimeters.
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Figure 8.2: Geometry of the proposed wideband antenna (Ant-7) for the mid-LTE and
high-LTE bands for LSA and LTE/WWAN hand-held devices: (a) perspective view, and

(b) detailed geometry (top view) with vertical plate unfolded along +y-axis.
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Table 8.1: Design parameters of the wideband antenna (Ant-7) for mid and high-LTE

band operation. All dimensions are in millimeters.

wy, = 2 we = 1.5 wz = 1.6 wy = 3 ws = 3.4
weg = 15 wy = 0.25 wg = 0.25 wg =1 wip = 1
wip = 2.5 wis = 3.5 wiz = 1 wia = 2.75 wis = 1
wig =070 1 =74 ly =4.25 l3=1 Iy =14
ls =5 lg =55 lz=5 ls =2 lg =3.5
lip =25 11 =3 l1o9=>5 h, =4 wy =2
91 =05 g2 =1 g5 =1 ga =2 r=2
L=34 W =15

8.3 Design Procedure and Working Principle

The proposed novel antenna design procedure is divided into the four major steps shown
in Fig. 8.3, to describe its working principle. The predicted reflection coefficients of all
steps are depicted in Fig. 8.4. The design started with a simple planar antenna such that
it can resonate within the mid-LTE band. Secondly, an L-shaped bent plate is loaded to
the antenna for tuning its operating bandwidth. Thirdly, another element is added to the
antenna to generate a second resonant at the high-LTE band. Fourthly and finally, an
L-shaped loop element is added to the antenna to tune the high-LTE band. In addition,
the antenna is designed based on the fundamental equations discussed in Section 2.3. To
further analyze the working modes of the antenna, the surface current distributions are
used at the resonant frequencies.

In this design, the middle element MNO indicated in Fig. 8.3 (Step-1) is the same

element used in the antenna design presented in Chapter 7. The effective length of the
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element MNO is ;g = I3 + o + (w; + we + w3)/2 = 14.2 mm. Referring to Fig. 8.3
(Step-1), initially an L-shaped strip UQP is imposed on the middle element MNO. Then
a triangular portion is etched off from the lower side of the strip UQ with the base
and height of wy; and wyg, respectively. The antenna as shown in Step-1 (Fig. 8.3) has
a -6 dB reflection coefficient bandwidth of 1.5 GHz (1.8-3.3 GHz) with a resonance at
2.66 GHz as revealed in Fig. 8.4 (Step-1 curve). Therefore, the lower frequency limit is
about 373 MHz away from the targeted value (1427 MHz). The antenna resonates in the
quarter-wavelength mode at 2.66 GHz since the effective length of the antenna is around

lILE +w11/2 —+ l4 —|—’U)12/2 + 01 +wiz = 32.7 mm.

/ 5
Vertical plate
Top plate

Feed point —

Step-2

Vertical plate U Vertical plate

L. x Feed point

Step-3 Step-4

Figure 8.3: Four-steps of evolution of the wideband antenna (Ant-7).

It is necessary to shift the lower frequency limit in order to cover the complete mid-
LTE band. In Step-2, a vertical plate with a thickness of 0.4 mm is firstly added to the
edge PQ and aligned with the edge point Q as shown in Fig 8.3 (Step-2). This serves to

shift the lower frequency limit. The length and height of the vertical plate are {4, 4[5 and
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h,, respectively. Finally, in Step-2, a top plate of size Iy x w; x 0.4 mm? is loaded to the
top of the vertical plate, and is aligned with the edge point Q shown in Fig. 8.3 (Step-2),
resulting in an L-shaped vertical plate loaded to the element UQP. This L-shaped vertical
plate is employed to tune the operating band of the antenna and the lower frequency
limit. A -6 dB reflection coefficient bandwidth of 1.46 GHz (1.46-2.92 GHz) is achieved

as shown in Fig. 8.4 (Step-2 curve). The antenna in Step-2 resonates at 1.82 GHz.

O W
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Loop STS with MNO
-40 1 I T T 1
1 15 2 2.5 3 3.5 4

Frequency (GHz)

Figure 8.4: Predicted reflection coeflicients for the four-steps of evolution of the wideband

antenna (Ant-7).

A further shift in the lower frequency limit in the mid-LTE band is now required. Also,
a second resonant mode is required to cover the high-LTE band. To do so, in Step-3, an
I-shaped patch OR of size (lg + l7) X (w13 + wy4) is placed close to the L-shaped strip
UQP, maintaining the gaps g; and g, along the y and x directions, respectively. Next,
a rectangular portion of dimensions l; X wyy (aligned with the edge R) and a triangular
portion with a base and height of lg and w4, respectively, are etched off from the I-shaped

patch (OR). At the end of Step-3, a strip of dimensions go X w5 is employed to connect
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the I-shaped strip with the antenna element UQ. The finalized structure of the antenna at
this stage is shown in Fig. 8.3 (Step-3). The predicted reflection coefficient (Step-3 curve
in Fig. 8.4) confirms that a second resonance occurs at 3.86 GHz with a dip of magnitude
-13 dB, and the lower frequency limit shifts from 1.46 to 1.43 GHz. At the second resonant
band, the antenna resonates in the half-wavelength mode at 3.86 GHz, as the effective
length of the U-slot antenna POR fed by MNO is I g+ w11 +2(ls+17+92) = 39.7 mm. The
-6 dB reflection bandwidths are 1.67 GHz (1.43-3.1 GHz) and 300 MHz (3.68-3.98 GHz)
in the first and second operating bands, respectively.

Finally, in Step-4, an L-shaped loop NSTS of strip width wy is integrated with the
right side of the middle element MNO as shown in Fig 8.3 (Step-4). The purpose is
to expand the reflection bandwidth of the antenna at both resonances, especially in the
second resonant, in order to cover both bands. The reflection coefficient curve for Step-4
is shown in Fig. 8.4 (Step-4 curve). The lower frequency limit of the mid-LTE band shifts
from 1.43 to 1.41 GHz. Also, the upper frequency limit of the mid-LTE band and lower
frequency limit of the high-LTE band merge together, resulting in a single wideband
antenna with two resonances at: firstly, 1.81 GHz and secondly, 3.64 GHz; a -6 dB
reflection bandwidth of the antenna is 2.59 GHz (1.41-4 GHz). The effective length of the
loop monopole element MNSTS is around 41 mm which is equal to a half-wavelength at
3.65 GHz.

The predicted reflection coefficient for the L-shaped loop NSTS excited by the middle
element MNO (after removing the vertical plate loaded U-shaped patch PQUR from the
design) is also shown in Fig. 8.4 (Loop STS with MNO curve). The loop monopole
antenna operates close to the half-wavelength mode at the 3.45 GHz. Therefore, the
proposed antenna is operating in the quarter- and half-wavelength modes at 1.81 and

3.64 GHz, respectively.
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Figure 8.5: Predicted surface current distributions for the wideband antenna (Ant-7) at

(a) 1.8, (b) 2.6, and (b) 3.6 GHz.

The predicted current distributions of this antenna at three frequencies - 1.8, 2.6, and
3.6 GHz - are shown in Fig. 8.5. For better presentation the vertical L-shaped load is
unfolded along the +y axis. The antenna resonates in the quarter-wavelength mode at
1.8 GHz since only one minimum is observed (in the vertical plate that is close to the edge

point P). There are weak currents in the loop NSTS at this resonant mode but no null has
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been observed. Two minima are observed (in the vertical plate that is close to the edge
QP and in the upper arms of the loop STS), which means that the antenna resonates in
the half-wavelength mode at 2.6 GHz as shown in Fig. 8.5 (b). The current distributions
in Fig. 8.5 (c) illustrate that the direction of the currents is the same for the upper and
lower arms of the loop STS, and a null is present at point T. Hence, the loop monopole
antenna resonates in the half-wavelength mode at 3.6 GHz. Also, the left element PQUR

has a strong current at 3.6 GHz but no null has been observed.

8.4 Parameter Analysis

The antenna parameter analysis in this section is organized into three steps. Firstly, the
antenna parameters that significantly affect the impedance matching and operating band-
width in the mid-LTE band are discussed. Secondly, the antenna parameters affect the
high-L'TE band are discussed. Thirdly and finally, the effects of the antenna parameters
on both the bands are studied.

Referring to Figs. 8.2, 8.4 and 8.5, the widths w4 and ws, and height h, of the antenna
control the impedance matching and impedance bandwidth in the mid operating band.
For the high-LTE band, the impedance matching and impedance bandwidth are controlled
by the gap widths g; and g. The length of the vertical plate Iy + [5 and length of the
element PQUR contribute to the matching of both operating bands. When one geometry
parameter is analyzed the other parameters of the antenna remain unchanged.

Changes in widths w, and ws of the antenna element NU(Q) means the coupling between
the feed element MNO and the U-shaped element PQUR is affected. It influences the
surface current distributions in the element PQUR in the mid and high bands. However,
the effect in the mid-LTE band is significant compared to the high-LTE band, especially

in the higher frequency limit of the mid-LTE band as shown in Fig. 8.6. With the change
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of the widths wy and ws, the impedance bandwidth in the high-LTE band is unaffected

except for the matching at resonance.
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Figure 8.6: Influence of w, and w; on operating bandwidth and impedance matching at

mid-LTE band of the wideband antenna (Ant-7).

Fig. 8.7 depicts the reflection coefficient behavior of the antenna for h, = 2, 4 and
6 mm. For the lower value of h, (2 mm), the lower frequency limit in the mid-LTE band
shifts towards higher frequency, which means exceeding the targeted value of 1427 MHz.
However, impedance matching at the higher frequency limit of the mid-LTE band im-
proves. For h, = 6 mm, the lower frequency limit moves toward low frequency and the
wideband antenna becomes a dual-band antenna while covering the mid and high-LTE
bands. Yet the problem is that a higher value of h, means increasing the height of the
mobile device which makes the antenna unsuitable for practical purposes. The values of
the widths w4 and ws and height h, are carefully chosen to be 3 mm, 3.4 mm, and 4 mm,

respectively, to cover the mid and high-LTE bands.
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Figure 8.7: Influence of h, on operating bandwidth and impedance matching at mid-LTE

band of the wideband antenna (Ant-7).

The capacitive coupling between the elements PQOU and OR significantly affects
the impedance matching and bandwidth on the high-LTE band, while a negligible effect
has been observed on the mid-LTE band (see Figs. 8.8 and 8.9). This was illustrated
previously using the surface current distribution in Fig. 8.5. With the change of the gap
width ¢; the antenna impedance bandwidth in the mid-LTE band changes slightly, but
the lower frequency limit in the high-LTE band is unaffected. The higher frequency limit
in the high-LTE band is shifted towards low frequency as the gap width ¢, increases, but
the frequency of minimum reflection coefficient in the high-LTE band is unaffected with

the change of the gap width ¢g; from 1 mm to 3 mm.
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Changing the gap width g; means a change in the coupling capacitance between the
elements UQ and OR, which also affects the length of the coupling strip between the
elements. Increasing the gap width ¢go means the number of resonant frequencies in
the high-LTE band increases along with the change of the antenna impedance matching
bandwidth in the same band shown in Fig. 8.9. Changing the gap width g, from 1 mm to
3 mm will result in the lower frequency limit of the high-LTE band and lower and upper

frequency limit of the mid-LTE band being completely unaffected.

0 T T T T T
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Figure 8.8: Influence of g; on operating bandwidth and impedance matching at the high-

LTE band of the wideband antenna (Ant-7).
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Figure 8.9: Influence of g, on operating bandwidth and impedance matching at high-LTE

band of the wideband antenna (Ant-7).

Referring to Fig. 8.5, the lengths I, and [; affect both the mid and high bands. Now,
the effect of the lengths of the elements QP (I;) and OR (l4) on the reflection coefficient
of the antenna is analyzed. Fig. 8.10 shows the antenna reflection coefficient for I, = 11,
13 and 15 mm. For I, = 11 mm the lower frequency limit of the antenna exceeds the
targeted value of 1427 MHz, meaning that the antenna does not cover the mid-LTE band
completely while still covering the high-LTE band with a single resonant. On the other
hand, for [, = 15 mm the wideband antenna becomes a dual band antenna with worse
impedance matching than with {4, = 11 mm at the upper frequency limit of the mid-LTE
band as shown in Fig. 8.10. Change in the length [, means changing the length of the
elements PQUR are on the left side of the middle element MNO that affects the lower and
upper frequency limit of the mid-LTE band and the lower frequency limit of the high-LTE
band. Note that the gap widths g;, g2 and the element STS control the upper frequency
limit of the high-LTE band.
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Figure 8.10: Influence of I4 on operating bandwidth and impedance matching at mid and

high bands of the wideband antenna (Ant-7).
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Figure 8.11: Influence of I4 on operating bandwidth and impedance matching at mid and

high bands of the wideband antenna (Ant-7).



230 Chapter 8. Wideband Antenna for LSA, Mid-LTE and High-LTE Bands

Finally, the effect of the extended length of the vertical plate l5 that in turn affects
the impedance matching at both the bands are examined. Fig. 8.11 shows the reflection
coefficient of the antenna for I = 1, 6 and 11 mm. Though good impedance matching
over the complete operating band of the antenna has been observed for 5 = 1 mm, the
lower frequency limit is away from the targeted value. With the increase of the lengths
l5 from 1 to 11 mm, the lower frequency limit of the mid-LTE band shifts from 1.45 to
1.35 GHz while worsening the antenna impedance matching within the band. Also, the
-6 dB reflection coefficient bandwidth in the mid-LTE band decreases when [; changes
from 1 to 11 mm, but the antenna covers the high-LTE band completely with either value
of I5. Note that the change of length of the vertical plate [5 has a negligible effect on the
upper frequency limit of the high-LTE band.

Therefore, the lengths [, and [5 significantly control the lower and upper frequency
limits of the mid-LTE band and the lower frequency limit of the high-LTE band. By
controlling these two parameters, the antenna impedance bandwidth can be controlled.
It is also possible to convert the antenna from dual band to wideband in order to cover
1.427-3.8 GHz. The values of the lengths [, and [5 are carefully chosen to be 14 and 5 mm,
respectively, in order to cover the mid (1.4 - 2.7 GHz) and high (3.3 - 3.8 GHz) bands

completely.
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Figure 8.12: Fabricated wideband antenna (Ant-7): (a) top view of the antenna placed

in a mobile device substrate (the antenna is shown in the inset), and (b) bottom view.

8.5 Measured and Predicted Results

This section presents the measured reflection coefficient, antenna efficiency, gain, and

radiation patterns of the wideband antenna (Ant-7) compared with the predicted results.
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The radiation performance of the fabricated antenna was measured using the NSI700S-
50 near field range at the Australian Antenna Measurement Facility, CSIRO, Marsfield,
Australia. Meanwhile the S-parameters were measured using an Agilent Network Analyzer
PNA-X N5242A at Macquarie University, Australia. The top and bottom views of the

prototype are shown in Fig. 8.12.

8.5.1 Reflection Coefficient

The measured reflection coefficient of the proposed wideband antenna (Ant-7) is shown in
Fig. 8.13 together with the predicted results; an excellent agreement is observed between
the measured and the predicted results. The reflection coefficient bandwidth of Ant-7 mea-
sured at —6 dB (VSWR < 3) is 2.63 GHz (1.37-4 GHz) which covers the 1.5 and 2.3 GHz
LSA, 16 FDD LTE, 11 TDD LTE bands, UMTS, DCS/GSM1800, PCS/GSM1900, 2.4
GHz WLAN, and 3.3 GHz WiMAX bands. A slight change in the impedance matching
at the upper frequency limit of the mid-LTE band is observed, which is probably due to

the fabrication tolerance effect, especially for the soldering of the L-shaped vertical plate.

8.5.2 Radiation Performance

The measured efficiency together with the predicted results for Ant-7 are shown in Fig. 8.14.
The results are presented only within the mid (1.42-2.69 GHz) and high (3.3-3.8 GHz)
bands. A good agreement between the measured and predicted results is observed. The
maximum antenna efficiency in the mid and high bands is 96% and 94%, respectively, and
the minimum antenna efficiency is 66% and 79%, respectively. Therefore, the antenna
efficiency is always higher than 66% in both the mid and high bands, which makes the
antenna suitable for mobile device applications.

The measured gain together with the predicted results for Ant-7 are illustrated in

Fig. 8.15. Similar to the efficiency, the measured and predicted gains are presented only
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Figure 8.13: Measured and predicted reflection coefficient of the wideband antenna (Ant-
7) for hand-held devices.

within the mid (1.42-2.69 GHz) and high (3.3-3.8 GHz) bands. The measured and pre-
dicted gains are very close to each other. The measured maximum gains in the mid and
high-LLTE bands are 2.9 and 5.6 dBi, respectively, while the minimum gains are 1.6 and
4.2 dBi, respectively. Therefore, the gain variations for Ant-7 within the mid and high
bands are 1.3 and 1.4 dB, respectively, meaning that the antenna has only a moderate

gain variation within the bands.
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Figure 8.14: Measured and predicted efficiency of the wideband antenna (Ant-7).
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Figure 8.15: Measured and predicted gain of the wideband antenna (Ant-7).
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Figure 8.16: Measured and predicted normalized radiation patterns for the proposed

antenna (Ant-7) at (a) 1.8, and (b) 2.6 GHz.

The measured Fy and E, radiation patterns for the mid-LTE band at 1.8 and 2.6 GHz

are shown in Fig. 8.16. Fig. 8.17 portrays the high-LTE band at 3.6 GHz. The predicted
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results are compared with the measured results at all presented frequencies. Both results
are presented for the three principal planes x-y (parallel to the antenna ground plane),
x-z, and y-z. The radiation patterns in each plane are normalized with the maximum
value in the corresponding plane. Again there is a good agreement between the predicted

and measured results.

........ E, Predicted -===---- E,; Predicted

Eq Measured — E; Measured

Figure 8.17: Measured and predicted normalized radiation patterns for the proposed

antenna (Ant-7) at 3.6 GHz.

The radiation is almost omnidirectional in the x-y and y-z planes and no nulls are
observed at the mid-LTE band. In addition, the £y and E, radiation patterns are com-
parable in the x-z plane at mid-LTE band. Note that comparable radiation pattern is

suitable for the complex propagation environment in practical applications [73,137,138].
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Furthermore, the measured and predicted Ey radiation patterns are almost omnidirec-
tional in the x-z and x-y planes at the high-LTE band (see Fig. 8.16). In both planes the
E, component is always less than the Ey component. The EFy and E, radiation patterns
are comparable in the y-z plane at the high-LTE band. Similar to the mid-LTE band, no

null has been observed in the high-LTE band radiation patterns.

8.6 Compatibility with Different-Sized Hand-Held De-
vices

Like the Ant-6 compatibility analysis presented in Chapter 7, this section presents the
simulated reflection coefficients for the wideband antenna (Ant-7) while fitted into dif-
ferent sized mobile phones, and tablet computers. Selected devices with their typical
dimensions considered for the proposed antennas compatibility validation are listed in
Table 8.2. In each device, Ant-7 is placed at the top-right corner of the selected mobile
device substrate. In this study the antenna’s parameters are the same as presented in
Table 8.1. Also the size of the ground clearance remains the same as previously stated in

the design section.

Table 8.2: Substrate dimensions of commonly used hand-held mobile devices and tablet

computers for the suitability test of the wideband antenna (Ant-7).

Device Name Length (mm)  Width (mm)
Smart Phone (SP) 120 70

Smart Phone Plus 160 80

Mini Tablet Computer 200 135

Tablet Computer (TC) 240 170
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From the simulated reflection coefficient shown in Fig. 8.18, the higher and lower
edge frequencies are slightly affected in the mid-LTE band when the mobile device’s size
changes. For three types of devices - smart phone plus, mini tablet computer, and tablet
computer - the single wideband antenna (Ant-7) becomes a dual-band antenna. The
lower frequency limit of the antenna can shift towards a lower frequency by increasing
the width w; of the top plate. The antenna input impedance matching at the frequency
of minimum reflection coefficient is affected by the size of the substrate, and very good
impedance matching is observed for smart phone plus. As well, a negligible shift in
the frequency of minimum reflection coefficient is observed in the mid and high bands
for different-sized devices, but the expected -6 dB reflection coefficient bandwidths are
always maintained. Nonetheless the upper frequency limit in the high-LTE band is shifted
towards the frequency of minimum reflection coefficient with the increase in the substrate

size, and the lower frequency limit remains almost unaffected.
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Figure 8.18: Effect of the device sizes on the reflection coefficient of the wideband antenna

(Ant-7). Here, SP: smart phone, and TC: tablet computer.
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8.7 Comparison between Antennas

The properties of the previously presented dual-band antenna (Chapter 7) and the wide-
band antenna (Ant-7) presented in this chapter are summarized in Table 8.3. The ef-
ficiency of Ant-7 is superior to Ant-6 in both the mid-LTE and high-LTE bands. The
gain variation for Ant-7 is 1.3 and 1.4 dB within the mid-LTE and high-LTE bands, re-
spectively, whereas for Ant-6 the variation is 2 and 1.9 dB, respectively. The radiation
patterns in the mid-LTE band are omnidirectional for both antennas. In the high-LTE
band Ant-7 has omnidirectional radiation patterns but two nulls have been observed of

the Ant-6 radiation patterns in the x-y plane.

Table 8.3: Comparing the performance between the proposed dual-band (Ant-6 in Chap-

ter 7) and wideband (Ant-7 in this chapter) antennas.

Parameter Ant-6 Ant-7
Physical Area (mm?) 585 510
Bandwidth (GHz) 1.39-2.84, 3.27-3.97 1.37-4
Efficiency (%) 62-90(M), 66-88(H)* 66-96(M), 79-94(H)
Gain (dBi) 1.4-3.4(M), 4.2-6.1(H)  1.6-2.9(M), 4.2-5.6(H)
Nulls in Rad. Pat. Yes No

*Here M and H stand for the mid-LTE and high-LTE bands, respectively.

A comparison between the prototyped antenna (Ant-7) and reference antennas is given
in Table 8.4 in terms of the null in the radiation patterns and coverage achieved for
the LSA and mid-LTE bands. The comparison in Table 8.4 reveals that the proposed
antenna covers both the LSA bands and whole mid-LTE band without null in the radiation

patterns.
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Table 8.4: Comparing the performance of the reference LTE/WWAN mobile device an-

tennas together with the proposed antenna (Ant-7).

Cover Both Cover Mid Null Exist in
Ref. LSA Bands  Frequency Range*  Radiation Patterns
[139] No No Yes
[89)] No No Yes
[67) No No Yes
[138] No No Yes
[140] No No Yes
[141] No No Yes
137] No No Yes
[75] No No Yes
73] No No Yes
[62] No No Yes
[70] No No Yes
Ant-7 Yes Yes No

*Mid frequency range (1427-2690 MHz) covers mid-LTE, GSM1800, GSM1900, DCS,
PCS, WLAN (2.4 GHz), UMTS, and WWAN bands.

Area = length x width.

8.8 Summary

This chapter proposed a novel wideband antenna (Ant-7) for mobile devices. The antenna
is composed of a planar structure loaded with an L-shaped vertical plate. Ant-7 is 13%

smaller than the dual-band antenna (Ant-6 presented in Chapter 7). The working prin-
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ciples of the antenna were described using a four-steps evolution and the surface current
distributions. The parameters affecting the antenna impedance matching and bandwidth
were identified by analyzing the reflection coefficient behavior. The proposed antenna
was prototyped and measured. The measured -6 dB reflection coefficient bandwidth of
Ant-7 is 2.63 GHz (1.37-4 GHz), which covers both the LSA bands, mid-LTE, high-LTE,
GSM1800, GSM1900, UMTS, 2.4 GHz WLAN, and 3.3 GHz WiMAX bands. The gain
variation of Ant-7 was found to be moderate within the mid-LTE and high-LTE bands;
the variations are 1.3 and 1.4 dB, respectively. The antenna has nearly omnidirectional
radiation patterns in the above mentioned bands and no null exist in the antenna’s ra-
diation patterns. The antenna’s suitability for different-sized mobile devices was verified
through an experiment involving simulation. Finally, the proposed antenna was compared
with reference antennas in order to justify its suitability for practical application.

The antenna presented in this chapter cover the LSA, mid-LTE and high-LTe bands
without null in the radiation patterns. In the next chapter an antenna will be developed

for the low-LTE band without null in the radiation patterns.
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Chapter 9

Antenna for Low-LTE Band

9.1 Introduction

In this chapter, an inverted-L-feed capacitive-coupled inverted-L antenna with high ef-
ficiency is developed without using an input impedance matching circuit. The aim of
this design is to cover the low-LTE band (698-960 MHz) and having no null in the ra-
diation patterns. The antenna is suitable for reconfigurable operation and the passive
reconfiguration technique is investigated for the antenna structure. The aim here is to
select a specific narrow frequency range within the greater low-LTE band, enhancing the
antenna’s potential for emerging spectrum reallocation or LSA operation in forthcoming
5G systems. The proposed antenna was prototyped and tested experimentally.

This chapter is structured as follows. Section 9.2 presents the configuration of the
antenna. Section 9.3 outlines the design procedure and working modes of the antenna. A
parametric study is presented in Section 9.4 to understand the working principle of the
antenna. Effects of a vertical plate on antenna impedance matching and antenna efficiency
are detailed in Section 9.5. The passive reconfiguration technique for the proposed antenna

is investigated in Section 9.6. The simulation results are verified through measurements

243
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in Section 9.7 followed by a summary of the main points covered here in Section 9.8.

9.2 Antenna Configuration

Perspective views of the antenna and its detailed geometry are shown in Figs. 9.1 (a)
and 9.1 (b), respectively. For better presentation the vertical plate is unfolded along the
-y axis. The antenna is placed at the bottom-left corner of a mobile phone substrate of
dimensions 120 mm X 70 mm. The placement of the antenna in a mobile phone substrate
is shown in Fig. 9.2.

The substrate considered for the antenna design is the FR-4 with relative permittivity
€, of 4.3, loss tangent tand of 0.025, and a thickness of 0.8 mm. The ground plane’s
size is equal to that of the substrate. However, a portion of the ground with length and
width, measured from the corner point D, are 40 mm and 10 mm, respectively, shown in
Fig. 9.2 (b), is removed. The overall size of the antenna is 34 mm x 16.25 mm x 4 mm
or 0.08\g x 0.04\g x 0.01\g, where )\ is the free-space wavelength at the lower operating
frequency of 684 MHz. The details concerning the antenna are shown in Fig. 9.1 (b). For
better visualization the vertical plate is unfolded along the -y-axis. The optimized design

parameters (using parameter analyses in CST) for the antenna are listed in Table 9.1.

Table 9.1: Design parameters of the inverted-L-feed capacitive-coupled inverted-L antenna

for spectrum reallocation in the low-LTE band. All dimensions are in millimeters.

w1:2 w2:15 U}3:5 w4:2 w5:1

Weg = 0.5 g1 = 0.5 gs = 0.5 gs = 0.6 ll =6.25

lhb=11.25 I3 =13 L=5 Is=15 g =425

l7=95 ls=77 h=4 Ly =34 Wy =16.25
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Figure 9.1: Configuration of the inverted-L-feed capacitive-coupled inverted-L antenna:

(a) perspective view, and (b) detailed geometry with vertical plate unfolded along -y axis

(not to scale).

The proposed antenna is consists of an inverted-L element ABC, and a capacitively-fed

inverted-L element DEF, which is connected to the system ground plane with a tuning

strip EF, which contains a distributed element (DiE1), an operating band selecting induc-
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tor (Ls), and a via. In Fig. 9.1 (b), ‘A" and ‘F’ are the feed and via locations, respectively.
To increase the antenna’s efficiency, a vertically bent plate, perpendicular to the plane
of the capacitively coupled inverted-L antenna, is placed at the edge DE as shown in
Fig. 9.1. The antenna is fed from the bottom using a SMA connector. A circular area
with a radius of 2 mm is etched off from the ground plane to ensure isolation between the

center pin and the outer conductor of the SMA connector.
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Figure 9.2: Positioning of the inverted-L-feed capacitive-coupled inverted-L antenna in a

mobile phone substrate: (a) top view, and (b) bottom view.

9.3 Design Procedure and Working Principle

The design procedure and working principle of the proposed antenna are presented in this
section with the help of the antenna geometry shown in Fig. 9.1 and antenna parameters
listed in Table 9.1. The antenna is designed based on the fundamental equations discussed
in Section 2.3. The proposed antenna geometry evolution in three major steps is shown

in Fig. 9.3 and the resulting reflection coefficients are presented in Fig. 9.4.
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Figure 9.3: The geometrical evolution of the inverted-L-feed capacitive-coupled inverted-L

antenna for low-LTE band. Here, L; = 6 nH and L, = 1 nH
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Figure 9.4: Predicted reflection coefficients for the design steps of inverted-L-feed

capacitive-coupled inverted-L antenna.
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The design started with the planar inverted-L antenna DEF which is capacitively
fed by the L-shaped element ABC displayed in Fig. 9.3 (Step-1). Here, the antenna is
grounded by a plated-through hole of radius 0.5 mm at point F, and the width of the
shorting strip EF is 1 mm. A lumped inductor Ly is employed for tuning the operating
band. The antenna resonates at 0.89 GHz with an operating bandwidth of 90 MHz
(0.86-0.95 GHz) with respect to the -6 dB reference level, shown in Fig. 9.4(Step-1 curve)
for the chip inductor value L; = 5 nH. The overall effective length of the antenna is
approximately 84 mm which is equal to the quarter wavelength at 0.89 GHz, indicating

that the antenna is operating in the quarter-wavelength mode.

0

)
2 .10
2]
-15
'20 1 1 1 1 1
05 06 0.7 08 0.9 1 1.1

Frequency (GHz)

Figure 9.5: Effect of inductor Ly on the frequency of minimum reflection coefficient for

the inverted-L-feed capacitive-coupled inverted-L antenna.

To cover the low-LTE band (698-960 MHz), a variable inductor L, is required instead
of a fixed inductor to enable tuning a narrow frequency range within the greater band. The
change in the frequency of minimum reflection coefficient with the change of the selected

inductor L, values is shown in Fig. 9.5. The frequency of minimum reflection coefficient
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decreases and the operating band becomes narrower with the increase in inductor L4
values. The range of the inductor required to cover the low-LTE band is 14 nH (from
3 nH to 17 nH), which is quite large compared to the chip inductor range required for the

low-LTE band coverage shown in [138].
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Figure 9.6: Radiation efficiency in the GSM850 and GSM900 bands corresponding to the

three-steps of evolution of the inverted-L-feed capacitive-coupled inverted-L antenna.

In order to reduce the range of the values of switching inductor and to widen the
reflection coefficient bandwidth of the antenna at the same time, the chip inductor Ly
is replaced by the equivalent distributed elements, portrayed in Fig. 9.3 (Step-2). The
change in the antenna radiation efficiency within the GSM850 and GSM900 bands when
distributed elements replaced L, is shown in Fig. 9.6. In the case of Step-2, two distributed
elements DiFE1 and DiE?2 are considered: DiFE1 for bandwidth enhancement; and DiE?2
for future switching capabilities.

The geometrical structure of the distributed element is shown in Fig. 9.3 (Step-2).

The overall length of the U-shaped distributed elements DiFE1 and DiE2 are 20.5 and
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8 mm, respectively. The width of the strip is 0.5 mm and the gap between the two arms
of a distributed element is go = 0.5 mm. The equivalent inductances of the distributed
elements DiF1 and DiE2 are about 5 and 1 nH, respectively (verified through simulation
using lumped elements in CST). After replacing Ly by an equivalent distributed element,
the radiation efficiency drops by around 3% within the -6 dB reflection bandwidth but
the radiation efficiency drops by approximately 6% at lower frequency limit as shown in
Fig. 9.6 (Step-2 curve). However, the -6 dB reflection coefficient bandwidth widened by
15 MHz as indicated in Fig. 9.4 (Step-2 curve).

Finally, the distributed element DiFE?2 is replaced by a lumped inductor Ly, = 1 nH
and slight effect on the antenna reflection coefficient is observed with better antenna input
impedance matching as shown in Fig. 9.4 (Step-3 curve). Yet the radiation efficiency drops
further by around 3% within the -6 dB reflection coefficient bandwidth and increases by

3% at lower and upper frequency limit as shown in Fig. 9.6 (Step-3 curve).
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Figure 9.7: Predicted surface current distribution for the inverted-L-feed capacitive-

coupled inverted-Li antenna at 0.89 GHz.

The surface current distribution for the proposed antenna is studied to understand

the working modes of the antenna. Fig. 9.7 shows the surface current distribution at
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the frequency of minimum reflection coefficient 0.89 GHz for Ly, = 1 nH. For better
presentation the vertical plate is unfolded along the -y axis. The surface current at its
maximum from feed point A to point F, while the minimum is observed at the location

of via (F). This means the antenna is operating in quarter-wavelength mode.

9.4 Parameter Analysis

To further clarify the working principles of the antenna, two key parameters are ana-
lyzed. Firstly, the effect of the distributed coupling capacitor or gap g; on the frequency
of minimum reflection coefficient is investigated and the obtained result is depicted in
Fig. 9.8. Variation of the gap ¢g; means affecting the distributed capacitance value, and
this distributed capacitor controls the surface current distribution on the capacitively
coupled inverted-L element DEF of the proposed antenna. The resonant frequencies of
the antenna are 817 MHz and 937 MHz when the gap ¢; is 0.3 and 0.7 mm, respectively.
Also, the frequency of minimum reflection coefficient shifts towards lower frequency as
the gap decreases. The antenna’s resonant mode is canceled when both antennas are
conductively coupled, i.e. without any gap (g3 = 0). In this study, the gap ¢g; of the
distributed capacitor is selected to be 0.5 mm for better impedance matching.

Secondly, the effects of the distributed inductive element length 2[;+2wg+go (Fig. 9.1)
on the frequency of minimum reflection coefficient are studied. The effects of gap g and
length [7 of the distributed element on the frequency of minimum reflection coefficient are
shown in Figs. 9.8 and 9.9; here g and [; are varied from 0.3 to 0.8, and 3 to 17 mm,
respectively. As the gap g or length [; increases, the equivalent distributed inductance
increases. A higher value of inductance shifts the antenna’s resonance to lower frequencies
as shown in Fig. 9.9. A similar effect was investigated using a lumped inductor L, and

the results are presented in Fig. 9.5. It is clear that the antenna resonates at 0.89 GHz
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when the values of g1, g2, and [; are 0.5, 0.5, and 10 mm, respectively.
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Figure 9.8: Simulated frequency of minimum reflection coefficient as a function of the gap

width g1, go while other geometrical parameters are the same as those in Table 9.1.
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Figure 9.9: Simulated frequency of minimum reflection coefficient as a function of the

length [; while other geometrical parameters are the same as those in Table 9.1.



9.5 Effects of the Vertical Plate 253

9.5 Effects of the Vertical Plate

A vertical plate with dimensions (I3 + [y + [5) X h is added to the edge DE in order to
improve the antenna performance. The effects of this vertical plate on the antenna reflec-
tion coefficient is shown in Fig. 9.10. From the obtained predicted results, 41 MHz reflec-
tion coefficient bandwidth improvement is achieved with better antenna input impedance
matching. The reflection coefficient bandwidths of the antenna with respect to the -6 dB
level with and without the vertical plate, are 142 MHz (from 828-970 MHz), and 101 MHz

(from 850-951 MHz), respectively.
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Figure 9.10: Influence of the vertical plate on the antenna reflection coefficient bandwidth

and impedance matching.

Effects of the vertical plate on antenna radiation efficiency within the GSM850 and
GSM900 bands are shown in Fig. 9.11. Antenna radiation efficiency varies between 80%
and 94% within the GSM850 and GSM900 bands when no vertical plate is added to

the antenna. The radiation efficiency, however, varies between 86% and 96% within the
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GSM850 and GSM900 bands. This means approximately 6% improvement in the radiation

efficiency within the -6 dB reflection coefficient bandwidth of the antenna is observed.
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Figure 9.11: Influence of the vertical plate on the radiation efficiency within the GSM&50
and GSM900 bands.

9.6 Tuning Bands

It is possible to convert the designed antenna into a passive reconfigurable antenna by
replacing the fixed inductor L, with a variable inductor in order to select a specific sub-
operating band within the greater low-LTE band. This can be done by selecting an
appropriate inductor value. Using a switchable inductor bank the passive reconfigurable
operation to select bands has been investigated in [138,142]. This section presents the

antenna performances for selected values of chip inductor L.
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9.6.1 Reflection Coefficient

Without distributed element DiE1, the range of the switching inductor is required to
be 3 to 17 nH to cover the low-LTE band as investigated before, and the results are
shown in Fig. 9.5. However, with the presence of distributed element DiFE1, the range
of the switching inductor is significantly reduced to 1-9 nH from 3-17 nH. The predicted
reflection coefficients for L, = 1, 3, 5, 7, and 9 nH are reported in Fig. 9.12. The overall
antenna bandwidth with reconfiguration is 275 MHz (695-970 MHz) to cover the greater

low-LTE band.
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Figure 9.12: Predicted reflection coefficient for the inverted-L-feed capacitive-coupled

inverted-L antenna as a function of the inductor L for the values 1, 3, 5, 7, and 9 nH.

9.6.2 Radiation Performance

Fig. 9.13 shows the predicted antenna efficiency as a function of L, for the PILA-based
antenna. Here, the simulated antenna efficiencies are presented within the -6 dB reflection

coefficient bandwidth for every selected band. The maximum antenna efficiency for the
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chip inductor values L, = 1, 3, 5, 7, and 9 nH is 92%, 89%, 85%, 80%, and 75%, and the

minimum efficiency is 52%, 60%, 55%, 52%, and 56%, respectively.
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Figure 9.13: Antenna efficiency as a function of Ly (= 1, 3, 5, 7, and 9 nH) of the

inverted-L-feed capacitive-coupled inverted-L antenna.

Predicted gain of the passive reconfigurable antenna within the -6 dB reflection coef-
ficient bandwidth for L, = 1, 3, 5, 7, and 9 nH is shown in Fig. 9.14. The gain variation
within the -6 dB reflection coefficient bandwidth for each selected band is around 2 dB.
The maximum antenna gain for the chip inductor values Ly, = 1, 3, 5, 7, and 9 nH is 2.2,

2,1.9,1.7, and 1.6 dBi, and the minimum gain is 0.1, 0.2, 0, 0.2, and 0.2 dBi, respectively.
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Figure 9.14: The gain of the inverted-L-feed capacitive-coupled inverted-L. antenna for

Ly,=1,3,5,7, and 9 nH.

Antenna radiation patterns (Ey and Ej) in three principle planes for Ly = 3, 5, 7,
and 9 nH at corresponding frequency of minimum reflection coefficient 0.83, 0.79, 0.75,
and 0.71 GHz, respectively, are shown in Figs. 9.15 and 9.16. The radiation patterns at
each frequency of minimum reflection coefficient are normalized with the corresponding
maximum values of that frequency. The antenna has omnidirectional £y radiation pattern
in the x-z plane at each selected band, and nearly omnidirectional F, radiation in the
x-y plane in each selected band. The FEy component is always 20 dB below the Fj; in
the x-z plane and 10 dB below in the x-y planes. However, the Fy and £, patterns are

comparable in the y-z plane, which is suitable for the complex propagation environment

in practical applications [73,137,138].
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Ey =======- E,

Figure 9.15: Ey and Ey4 radiation patterns of the inverted-L-feed capacitive-coupled
inverted-L antenna in three principle planes at (a) 830 MHz for Ly = 3 nH and (b)
790 MHz for Ly, = 5 nH.
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Figure 9.16: E, and Ejy radiation patterns of the inverted-L-feed capacitive-coupled
inverted-L antenna in three principle planes at (a) 750 MHz for Ly = 7 nH and (b)
710 MHz for Ly = 9 nH.
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9.7 Measured and Predicted Results

3 Feed point
Substr ate\

Antenna

Vertical plate

120

(b)

Figure 9.17: Fabricated inverted-L-feed capacitive-coupled inverted-L. antenna for low-

LTE band: (a) top view, and (b) bottom view. All dimensions are in millimeters.

This section presents the measured and predicted efficiency, gain, and radiation patterns

of the new antenna for L, = 1 nH, and predicted and measured reflection coefficients for
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L,=1,3,5, 7, and 9 nH. Fig. 9.17 shows the top and bottom views of the prototype. The
radiation performance of the fabricated antenna was measured using the NSI700S-50 near
field range at the Australian Antenna Measurement Facility, Australia. Furthermore the
reflection coefficient was measured using an Agilent Network Analyzer PNA-X N5242A

at Macquarie University, Australia.

9.7.1 Reflection Coefficient

S ,, 1(dB)

Frequency (GHz)

Figure 9.18: Measured and predicted reflection coefficient for the inverted-L-feed
capacitive-coupled inverted-L antenna as a function of the inductor L, for the values
1, 3, 5, 7, and 9 nH. Here, corresponding dotted and solid lines are used to present the

predicted and measured results, respectively.

When L, = 1 nH, the measured reflection coefficient bandwidth of the inverted-L-feed
capacitive-coupled inverted-L. antenna is 145 MHz (820-965 MHz), which covers the
GSMS850 and GSM900 bands. The antenna is resonating at 880 MHz; a 10 MHz shift

in the frequency of minimum reflection coefficient between the measured and predicted
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results. It may be due to fabrication tolerance and effect of soldering. Fig. 9.18 shows
the measured reflection coefficient of the inverted-L-feed capacitive-coupled inverted-L an-
tenna for Ly = 1, 3, 5, 7, and 9 nH. A good agreement is observed between the predicted
and measured results for all values of Ly;. The combined operating bandwidth is 281 MHz
(684-965 MHz) measured at -6 dB and the instantaneous bandwidths for Ly = 9, 7, 5, 3,
and 1 nH are 684-732, 714-774, 748-823, 788-882, and 820-965 MHz, respectively.

9.7.2 Radiation Performance

For L, = 1 nH, the measured antenna efficiency together with the predicted results within
the -6 dB reflection coefficient bandwidth are shown in Fig. 9.19 and a good agreement

is observed.
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Figure 9.19: Measured and predicted efficiency of the inverted-L-feed capacitive-coupled

inverted-L antenna for Ly = 1 nH.

The measured minimum antenna efficiency is 52% at 820 MHz and the maximum is

92% at 900 MHz. The predicted antenna efficiency for the chip inductor values Ly = 1, 3,
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5, 7, and 9 nH is shown in Fig. 9.13. The efficiency is always higher than 50% within the
low-LTE band (698-960 MHz), which confirms the suitability of the proposed antenna in
hand-held mobile device applications.

For L, = 1 nH, the measured and predicted antenna gains within the -6 dB reflection
coefficient bandwidth are presented in Fig. 9.20 and a good agreement have been observed.
The measured gain is varied between 0.1 and 2.2 dBi. The maximum and minimum
antenna gains are observed at 900 and 820 MHz, respectively. In addition, the predicted
antenna gains for the chip inductor values Ly =1, 3, 5, 7, and 9 nH are shown in Fig. 9.14.
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Figure 9.20: Measured and predicted gain of the inverted-L-feed capacitive-coupled

inverted-L antenna for L, = 1 nH.

For Ly = 1 nH, the measured and predicted £y and F, radiation patterns in three
principal planes x-y (parallel to the antenna ground plane), x-z, and y-z at the frequency
of minimum reflection coefficient of 0.9 GHz are shown in Fig. 9.21. The radiation pat-
terns in each plane are normalized with the magnitude of that plane. A good agreement

between the predicted and measured results has been observed. The radiation pattern is
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omnidirectional in the x-z plane and nearly omnidirectional in the x-y plane. No nulls
have been observed in the patterns. The comparable £y and E, radiation patterns in the

y-z plane are observed.

........ Eg Predicted ===----- Ey Predicted

Eq Measured —— E Measured

Figure 9.21: Measured and predicted normalized radiation patterns of the inverted-L-feed

capacitive-coupled inverted-L antenna at 0.9 GHz with L, = 1 nH.

9.8 Summary

In this chapter an inverted-L. antenna-based highly efficient antenna for future LSA or

spectrum reallocation within the low-LTE band was developed, prototyped and measured.
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The antenna’s suitability to realize passive reconfigurable operation was investigated.
A 4 mm tall vertical plate was applied to increase antenna efficiency. When variable
inductor (Lg) value was 1 nH, a 41 MHz improvement in reflection coefficient bandwidth
was achieved, with better antenna input impedance matching. The combined antenna
operating band was 684-990 MHz, and this was achieved by selecting appropriate inductor
L4 values ranging from 1 to 9 nH. The antenna gain variation below 2 dB and efficiency
above 50% was observed at each selected frequency range. Finally, the antenna exuded
good omnidirectional radiation without null at every selected frequency range within the

greater low-LTE band.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

The development of a 5G mobile communication system has begun as a consequence
of increasing demand from various kinds of users of mobile devices. Two technologies,
millimeter-wave and cognitive radio, from the five disruptive technologies, device-centric
architecture, millimeter-wave, cognitive radio, smart device, and native support for ma-
chine to machine (M2M) communications, are in the priority list for the future 5G mobile
communication system. Although the standards for the 5G mobile communication sys-
tem are not yet finalized, according to the literature there are proposals that are in the
development stages but high data rate would be one of the key features of upcoming 5G
technology. The data rate of a mobile communication system is related to the bandwidth
efficiency which is dependent on modulation technique. Therefore, antenna with wide
reflection coefficient bandwidth is required such that it can cover the whole millimeter-
wave band for future mobile devices. In this thesis, four planar antennas with a directive
boresight beam for 28 GHz millimeter-wave 5G mobile devices were developed. Also,

antennas for the 1-D and 2-D beam switching were developed and verified through exper-

267
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iment suitable for forthcoming 5G mobile devices. Another promising technology named
licensed shared access (LSA) is a new technology of cognitive radio tested practically for
future 5G mobile communications.

In this thesis four planar antennas were developed, for the first time, to cover all the
LSA bands allocated in Europe for the 5G together with the coverage for mid-long term
evolution (LTE) band. All the reported antennas for LTE/wireless wide area network
(WWAN) mobile devices suffer from nulls in the radiation patterns, especially at the
frequency close to the upper frequency limit of the mid-LTE band as well as in the entire
high-LTE band. These limitations were found for most of the antenna designs regardless if
the antenna uses an input impedance matching circuit or multiple feed points. This thesis
developed two planar antennas to cover all the LTE/WWAN bands: one was developed
to cover all the LSA bands and mid and high-LTE bands; and the other to cover the low-
LTE bands without null in the radiation patterns. Both antennas were prototyped and
tested to validate the concept experimentally. Furthermore the antenna was developed to
ensure the low-LTE band is suitable for frequency reconfigurable operation. This makes
it a promising candidate for future spectrum reallocation/LSA operation.

Three antennas radiating at the boresight direction were developed for 28 GHz mil-
limeter wave 5G mobile devices. A superstrate that acts as a dielectric load was applied
to enhance the performance of the antennas and especially their efficiency. To make the
antenna structure simpler, the superstructure was made out of a substrate maintaining
the same thickness as that used for antenna substrate. Firstly, a narrow-band PIFA was
developed on a Rogers 5870 substrate. A Teflon superstrate serving as a dielectric load
was applied to enhance the efficiency, gain and directivity of the antenna. The antenna
efficiency was improved by 66% when the superstrate was applied on top of the antenna.
Secondly, a leaky-wave antenna (LWA) array radiating at the boresight direction was de-

veloped with a reduced number of different dielectrics, i.e. using the same material for the
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superstrate and the antenna substrate. Thirdly, the narrow-band PIFA was studied to
achieve wide operating band and hence a wideband PIFA with superstrate was developed.

Following the investigation conducted for the LWA array design, a basic LWA with
radiating microstrip of length & 5\ (calculated at the center frequency, 28 GHz, of the 5G
millimeter-wave band) was designed and investigated for 28 GHz millimeter-wave band.
Then a half-width microstrip LWA (HW-MLWA) of length 1.8\, was developed for 28
GHz millimeter-wave 5G mobile devices. Both antennas radiate in the forward (region
between the +z and +x-axes) direction. The developed LWA is able to scan beam in the x-
z-plane from 6 = 36° to § = 62° when frequency varies from 27 GHz to 30 GHz. Following
that, a single element LWA was investigated by feeding the antenna at the center using a
probe to achieve boresight radiation. Two beams from two sections of the LWA combined
to produce a boresight beam. However, at high frequency the beam starts splitting
because of the inherent beam scanning properties of LWA. The frequency beyond which
the single-beam antenna becomes a dual-beam antenna with a null at boresight direction
was examined. Using the off-boresight and boresight radiating LWA, a novel single element
LWA with 3 ports was developed to achieve 1-D beam switching. The proposed 1-D beam
switching antenna was prototyped and tested to prove the concept. Using the three feeds
the beam can be pointed at § = -37° (off-bore-left), § = -37° (boresight), and § = +37°
(off-bore-right) in the x-z-plane with a combined 3-dB coverage of 128° (§ = -64° to 6 =
+64°) within the frequency range 27-30 GHz. To achieve 2-D beam switching two 1-D
beam switching antennas are placed at right angles next to each other. The 2-D beam
switching antenna was prototyped and tested. The 3-dB coverage is 167° (from 6 = +78°
to @ = -89°) in the x-z plane (¢ = 0°) and 154° (from 6 = +82° to = -72°) in the y-z
plane (¢ = 90°).

Two bands below 6 GHz were allocated for the LSA /spectrum reallocation in 5G mo-

bile communication and more bands will be allocated in the future. Two planar antennas
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for both LSA bands were designed, developed, and investigated. These antennas cover
the mid-LTE, WWAN, and WLAN (2.4 GHz), global system for mobile communications
(GSM)1800, GSM1900, digital cellular systems (DCS), personal communications service
(PCS), and a few universal mobile telecommunications service (UMTS) bands. One of
the planar antennas has two nulls in the radiation patterns over the operating band and
the other has one null. Then a dual-band antenna loaded with an I-shaped vertical plate
was developed, based on the investigation conducted on two planar antennas, aiming to
increase the operating band and reduce nulls from the radiation patterns. The dual-band
antenna is more compact than the other two planar antennas. The dual-band antenna
covers lower LSA, GSM1800, GSM1900, DCS, and PCS bands without any null in the
radiation pattern. It also covers higher LSA, mid-LTE, UMTS, WWAN, and 2.4 GHz
WLAN bands with a null, and high-LTE, and 3.3 GHz WiMAX bands with two nulls in
the radiation patterns. The dual-band antenna has -6 dB reflection coefficient bandwidths
of 1450 MHz (1.39-2.84 GHz) and 700 MHz (3.27-3.97 GHz).

Based on the study on planar and dual-band antennas, a novel wideband antenna
loaded with an L-shaped vertical plate was developed, prototyped, and tested. The mea-
sured -6 dB reflection coefficient bandwidth of the wideband antenna is 2.63 GHz (1.37-4
GHz). It covers the LSA bands, mid-LTE, high-LTE, GSM1800, GSM1900, WWAN,
2.4 GHz WLAN, and 3.3 GHz WiMAX, DCS, PCS, and UMTS bands. The antenna
has nearly omnidirectional radiation patterns in the above-mentioned bands and no null
exists in the radiation patterns over the operating band. The suitability of the dual-
band and wideband antennas for different-sized mobile devices (e.g. smart phones, tablet
computers, etc.) were verified through simulation.

An inverted-L antenna-based highly efficient antenna for future LSA or spectrum real-
location within the low-LTE band was designed, prototyped and measured. The antenna’s

suitability to realize passive reconfigurable operation was investigated. The overall an-
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tenna operating band of 684-990 MHz is achieved by changing an inductor value from
1 nH to 9 nH. The proposed antenna has an omnidirectional radiation pattern without
any null at each selected band. All antennas proposed for the 5G and 4G mobile devices
were developed without an active or passive lumped component-based input impedance

matching circuit to improve the antenna’s efficiency.

10.2 Recommendations for Future Research

In this thesis, antennas radiating at boresight direction with single-beam, 1-D, and 2-D
patterns configurable operation were proposed for forthcoming 28 GHz millimeter-wave
5G mobile devices. Antennas without any null in the radiation patterns were proposed
for LSA/5G, and 4G/LTE mobile devices. Although the results are promising, several

problems can be addressed in future research as follows:

e The frequency band selection from the inverted-L-feed capacitive-coupled inverted-L
antenna was tested and verified using different inductor values. To achieve seamless
control of the frequency bands for the forthcoming LSA /spectrum reallocation in
5G mobile communications, a switchable inductor bank can be used to control the

frequency bands electronically.

e A low-powered, low-loss, and switchable 3 ports and 6 ports power divider can
be developed to integrate with the 1-D and 2-D pattern reconfigurable antennas,

proposed in this thesis, for smooth electronic control.

e In this thesis different antennas are developed for 28 GHz millimeter-wave 5G mobile
devices. The proposed 1-D beam switching antenna can be extended to multiple-
input and multiple-output (MIMO) application by applying an appropriate isolation

method between antennas.
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e It would be interesting and useful to develop a 3-D pattern reconfigurable antenna
using the proposed 1-D and 2-D pattern reconfigurable antennas for forthcoming

5G mobile devices.
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