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Abstract

With the development of mobile communication, the innovation of communication

methods has more demand for base station antenna. The new generation of mobile

communication needs more base stations, more frequency band antennas to achieve

better area coverage, as well as the diversity of frequency band and polarization. Small

size, low cost, broadband and polarization diversity are the requirements for the new

generation of mobile communication antennas. As a supplement, Sub-6 refers to the

band below 6 GHz, which has less attenuation than millimeter wave and can cover a

wide area. It is usually implemented with omnidirectional antennas. The series-fed

array antenna can reduce the number of feed ports very effectively, which reduces the

antenna design complexity while effectively reducing the size and cost of the antenna,

making it ideal for application in small base stations.

In order to improve the bandwidth of the series-fed antenna, the technique of

series-fed antennas discussed in this dissertation is introduced at first. Although the

series-fed antenna has a simple structure and low cost, the problem of narrow band

is to be solved. Two design methods for broadband antennas are proposed. First,

a non-uniform series-fed antenna array is designed using the principle of multiple

resonant antennas. Compared with the traditional uniform series-fed antenna, the

gain bandwidth is improved very obviously. Applying it to the omnidirectional series-
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ii ABSTRACT

fed array, broadband characteristics can be achieved. Second, a transposed excited

series-fed dipole array is proposed inspired by the self-complementary antenna, and its

impedance and gain bandwidth exhibit stability over a wide frequency band, reflecting

very good broadband characteristics. These two methods provide ideas and methods

for the bandwidth spreading of series-fed antennas.

Moreover, a novel feeding method for omnidirectional series-fed broadband dipole

array antennas is proposed. Inspired by the feeding method of turnstile antenna,

the omnidirectional radiation of the series-fed antenna is achieved by designing the

arrangement position of the dipole unit and finally feeding it with one port. The array

antenna is processed with a 1mm copper wire and fed with a coaxial structure in the

center. It can be confirmed experimentally that the impedance bandwidth and 1 dB

gain bandwidth are 26.9% and 22%, respectively. This study provides a good idea for

the implementation of a series-fed broadband omnidirectional antenna.

Besides, the omnidirectional circularly polarized series-fed array antenna is dis-

cussed. Taking a high-gain omnidirectional series-fed circularly polarized antenna

structure as an example, according to the defects of its structure itself (poor omnidi-

rectional characteristics of radiation from phi component and differences in radiation

from orthogonal components), two improvement proposals are made for better circu-

lar polarization characteristics. One, by rotating the open-end direction of the loop

unit, the roundness of the antenna is improved. Second, by adding loop unit at the

center of the array, the radiation of loop is enhanced to improve the circular polar-

ization characteristics, which is expressed as the improvement of circular polarization

gain. This proposal, which has a significant effect on the uniform radiation and circular

polarization characteristic enhancement of circularly polarized series-fed base station

antenna, is a research result that is highly evaluated in practical terms.
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Chapter 1

Introduction

1.1 Background

Over several generations, mobile communication systems have evolved from a

communications infrastructure to a living infrastructure. People’s requirements for

terminals are not limited to making calls and sending messages. The interconnection

of people, machines and industry is reflected in the new generation of mobile com-

munications. The fifth-generation mobile communication system (5G), which is being

introduced in many countries, is expected to evolve into a social infrastructure that

goes beyond the infrastructure of daily life, and the next generation, Beyond 5G (so-

called 6G), is expected to integrate cyber space with the real world and play a central

role as the backbone of Society 5.0 [1].

1.1.1 Features of 5G and Requirements for Base Station Antennas

Beyond 5G, which is aimed for, requires further advancement of the distinctive

features of 5G and the inclusion of four new functionalities. Further advancement

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Beyond 5G Worldview [7].

of the distinctive features of 5G: the distinctive features of 5G should be further ad-

vanced to achieve functions such as "ultra-high speed and large capacity," "ultra-low

latency," and "ultra-massive simultaneous connections," enabling the instant and ac-

curate processing of massive data from any location. The features of 5G are shown as

following:

1. Autonomy: Leveraging AI technologies, devices should autonomously collabo-

rate without human intervention (zero-touch), establishing an optimal network

instantly based on user needs without being conscious of wired or wireless con-

nections.

2. Scalability: Terminals and base stations should seamlessly connect to different

communication systems such as satellites and High Altitude Platform Stations

(HAPS). Various devices, including terminals and windows, should function
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Figure 1.2: The features of 5G [1].

as base stations (ubiquitous base stations), enabling communication in every

location, including land, sea, and space, while interconnecting with each other.

3. Ultra-security and reliability: Security and privacy should be consistently main-

tained without users having to be conscious of it. Services should remain unin-

terrupted even during disasters or failures, with instant recovery capabilities.

4. Ultra-low power consumption: Without the development of low power con-

sumption technologies, it is estimated that the power consumption related to IT

in 2030 will be 36 times that of 2016 (1.5 times the current total power consump-

tion). To accommodate such a significant increase in power consumption, it is
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necessary to consider reducing power consumption to approximately 1/100 of

the current level.

In order to achieve "autonomy", more base stations or terminals will be put into use

to provide more stable network and coverage, and to ensure the communication and

normal use between devices. At the same time, more types of antennas for different

applications and environments can better achieve "scalability". In order to achieve

the communication "reliability", more stable antenna system needs to be implemented

to ensure the communication stability in special environment, such as disaster [4].

At the same time, "Ultra-low power consumption", also on the power consumption

of the base station put forward more demanding requirements. Under the demand

of increasing the number and types of base stations, increasing the coverage area,

and reducing the consumption of power, high gain, broadband, and the sharing of

multiple polarization antennas are the requirements for the new generation of mobile

communication antennas. Meanwhile, small size and low cost antennas will be the

trend of development in the future when base stations are ubiquitous.

1.1.2 Expansion of Frequency Band

Frequency bands for 5G have also been updated to mmWave and sub-6 bands

which can be seen in Fig. 1.3. Millimeter wave is mainly used in MIMO [5], the key

technology of 5G, implemented with directional antennas. The Sub-6 band is usually

used for communication with omnidirectional antennas.

Millimeter-wave refers to the frequency range of 30 GHz to 300 GHz. However,

since the 28 GHz band used in Japan’s 5G is in close proximity to the mmWave range,

it is also referred to as mmWave for ease of use. Being in a higher frequency range

than Sub-6, mmWave allows for wide bandwidth allocation, enabling high-speed
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Figure 1.3: Developing frequency bands for 5G [3].

communication and supporting a large number of simultaneous connections. On the

other hand, mmWave signals experience significant attenuation (weakening of the

signal), resulting in a narrower coverage area. They also exhibit strong directional

propagation, making them more susceptible to obstacles. Therefore, without some

form of mitigation, mmWave technology may not cover a large area effectively. It is

expected to be selectively used in congested areas or specific applications where its

advantages can be utilized.

Sub-6 refers to the frequency range below 6 GHz. In Japan’s 5G, the 3.7 GHz band

and the 4.5 GHz band are used within this Sub-6 range. Compared to mmWave, Sub-6

experiences less signal attenuation, allowing the signals to reach wider areas, and they

have the ability to propagate around obstacles.

Although millimeter wave can achieve ultra-high speed communication, but he is

very sensitive to obstacles and can not achieve large coverage, and these disadvantages

are exactly the advantage of Sub-6 band. In addition, millimeter wave base stations are

more expensive, while Sub-6 base stations are relatively low-cost and can be integrated
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into 4G base stations to achieve omnidirectional coverage. Although the shutdown

technology for 5G is millimeter-wave MIMO, there is no substitute for a Sub-6 band

base station as an aid.

In addition, the sparsely populated or small base station application scenarios need

a wider coverage, simple system, low cost, and easy to build and maintain antennas.

As an example, the Centralized Radio Access Network (C-RAN) deployment method

used in beyond 5G communications, in which a central unit (CU) controls multiple

distributed units (DU), helps achieve stable, high-quality, high-capacity communica-

tions regardless of location. By increasing the number of base stations per area and

reducing the service area of one base station, C-RAN creates a communication-friendly

environment even in crowded areas. Omnidirectional antennas are easy to implement

in this case, with sufficient coverage and low cost compared to beamforming in the

Sub-6 band [7].

1.2 Challenges of Base Station Antennas in Next-generation

Mobile Communications

The development and implementation of 5G/B5G technology present several chal-

lenges that need to be addressed.

1. High gain VS size and cost

B5G base station antennas need to accommodate a larger number of antenna

elements. However, increasing the number of antenna elements can lead to larger

antenna sizes and challenges in terms of physical size, weight, and form factor.

Finding compact and aesthetically acceptable solutions for antenna deployment

in various locations is a challenge. Fig. 1.4 show a variety of antenna arrays on
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Tokyo Tower to meet different needs. The configuration of multiple antennas on

the same base station is also a demand for future base station development.

Tokyo tower

Super turnstile 
antenna

Dual-loop 
antenna

Figure 1.4: Different kinds of antennas on Tokyo Tower [13].

In the pursuit of achieving high gain in antenna systems, the conventional ap-

proach often involves the establishment of large arrays. Large arrays bring

problems such as complex feeding networks, mutual coupling, large size and

expensive. Therefore, it is important to achieve small size while maintaining

high gain. Series-fed antennas can be a good solution to the large size and high

cost problems caused by complex feed networks.
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Small base stations with high gain levels offer more possibilities to gather more

antenna arrays on the same base station.

2. Bandwidth enhancement

Broadband antennas can meet the requirements of different operators and differ-

ent communication standards, support reliable communication, provide system

possibilities for large file transmission, and enable infrastructure sharing.

With the application of Sub-6 band, broadband antenna is still an important

subject of antenna research. The trade off between bandwidth and gain, wide

band radiation pattern and impedance matching, mutual coupling, size and cost

are all challenges faced by wide band antennas.

3. Multiple polarization

Linearly polarized antennas is commonly used now. Because linearly polarized

antennas are simple in structure and easy to implement. It have developed

from single polarization in 1983 to dual-polarized antennas. At present, positive

and negative 45-degree polarized antennas are very wildly used base station

antennas.

B5G requires eliminating out-of-area coverage in residential areas and making all

of the earth an area [7]. The problem can be solved by providing non-terrestrial

network solutions that utilize low earth orbit and geostationary orbit satellites.

With the demand of satellite communications, circularly polarized antennas is

also necessary, it is harder to generate circularly polarized field comparing to

linearly polarized antenna. If the circularly polarized antenna is used as trans-

mit antenna, the multi-path effects can be avoided and provide stable signal

transmission.
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Single polarization,1983

Dual polarization, 1997

(a) Development of linearly polarized base
stations [8].

Receive antenna
（2 orthogonal 
antennas）

Transmit antenna
 (CP antenna)

(b) Transmission system of circularly po-
larized antenna [9].

Figure 1.5: Base station requirements for polarization.

1.3 Implementation of Omnidirectional Base Station

There are two main implementation methods of the omnidirectional base station

antenna. One is to use an omnidirectional antenna as a unit, such as a super turnstile

unit, it is for television broadcasting. Another example is helical antenna array for

satellite communications. The other implementation of omnidirectional base station is

muti-side synthesis of directional antenna. Twin loop antenna is one of the examples

which is wildly used in Japan for radio broadcasting [13, 14].
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(a) Super turnstile antenna for television
broadcasting in Germany [10].

(b) Helical antenna array for satellite
tracking-acquisition in France [11].

(c) Twin loop antenna array for radio
broadcasting in Japan [12].

Figure 1.6: Implementation of omnidirectional base station.
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1.3.1 Super Turnstile Antenna

Turnstile antenna is an example which use omnidirectional antenna as unit for base

station.

The turnstile antenna was invented in 1935 by George H. Brown at RCA Corporation

in the United States. The antenna used for broadcasting at VHF and UHF frequencies

is known as a batwing or super turnstile antenna because of its unusual design, which

resembles a bat wing or bow tie. Due to its omnidirectional properties, batwing

antennas are utilized in stacked arrays for television broadcasts [15].

A specialized form of crossed dipole antenna, or a variation of the turnstile antenna,

called batwing antennas. Like the configuration in Fig. 1.6, around a single mast, two

pairs of identical vertical batwing-shaped pieces are attached at right angles. A dipole

is supplied by element "wings" on opposing sides. The two dipoles are supplied 90

degrees out of phase in order to produce an omnidirectional pattern. In the horizontal

plane, the antenna emits radiation that is horizontally polarized. A bay is a collection of

four items on a single level. Despite having four tiny lobes (maxima) in the directions of

the four elements, the radiation pattern is almost omnidirectional. The multi-element

antenna system for television transmission that emits waves that are horizontally

polarized. By focusing radiation in the horizontal direction at the expense of radiation

in the vertical direction, a greater gain is achieved. The antenna’s gain rises with the

number of sections or layers utilized, although there is a limitation set by practical

factors [16–19].

In the actual assembly, we mentioned that the batwing unit needs to be supported

with mast, so the tower supporting the antenna must be thin compared to the wave-

length. Therefore, for thicker towers, other types of antennas must be adopted. This

inspired us to use turnstile antenna as omnidirectional base station antenna, which is
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more suitable for narrow environment and meets our requirement of miniaturization

for new generation mobile communication base station, because it does not need re-

flector. However, when turnstile antenna is fed in practical, it needs a lot of cables or

power dividers to realize the excitation of the array, which means the overall size of

the antenna will be bigger again. If this problem can be solved, this antenna will be a

good choice for miniaturized base station antenna.

1.3.2 Muti-side Synthesis Array Antenna

z
y

x

Top view

120°

Figure 1.7: Dual-polarized omnidirectional antenna for Sub-6 base station [20].

Fig. 1.7 shows an example of muti-side antenna array which composed of three

sides. It realizes dual polarization. The antenna consists of three planar arrays like

a trihedron, and the angle between each planar is 120 deg. The array is fed with

comb-shape and string-shape series feeding methods to achieve horizontal polariza-

tion and vertical polarization respectively which means both polarization shares the

patches. Since the structure of each side is consistent, the design is simple. However,
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the addition of the ground will make the size of the antenna limited, and the large

size will be its disadvantage compared with the implementation that directly using

omnidirectional antenna as a unit. So for compact application, the omnidirectional

antenna unit is better.

1.4 Organization of this Dissertation

This dissertation is structured into five chapters, providing a comprehensive in-

vestigation into various aspects of omnidirectional series-fed base station antenna for

Sub-6.

Chapter 1 serves as the introduction, talking about the background and the chal-

lenges associated with traditional array configurations. It establishes the motivation

and objectives of the study.

Chapter 2 delves into the concept of broadband series-fed antenna arrays, two

methods for broadband are proposed. One is non-uniform array, the other is trans-

posed excited array. It is verified that the bandwidth of series-fed dipole array could

be effectively broadened by both methods.

Chapter 3 presents a novel feeding method for broadband series-fed antennas to

achieve omnidirectional radiation patterns. The 90 deg phase difference is achieved by

putting the crossed dipoles at a distance of a quarter wavelength. And the transposed

excitation is also applied in the proposed antenna.

Chapter 4 shifts the focus to circularly polarized series-fed antenna arrays. Methods

are proposed for omnidirectional circularly polarized (OCP) antennas of omnidirec-

tional property and high gain. By adjusting the open-end orientations of the loops, the

non-omnidirectional pattern caused by the non-uniform currents of half-wavelength

loops has been significantly improved. And a center loop loaded ten-stage OCP an-
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tenna array effectively enhanced the radiation of magnetic radiator for better circularly

polarized property.

Chapter 5, encompasses the conclusions. It summarizes the contributions, and

implications of the study. Additionally, the chapter outlines potential avenues for

future research and highlights the significance of the research outcomes in advancing

the field of antenna engineering.



Chapter 2

Broadband Series-fed Base Station

Antenna Array

In this chapter, we briefly introduce the series-fed antenna technology. We discusse

the bandwidth broadening issues of the series-fed antenna. Two main methods are

presented: one is the non-uniform series-fed dipole array, and the other is the trans-

posed excited dipole array. Through simulations, both methods have extended the

gain bandwidth compared to the regular fed dipole array.

2.1 Feeding Methods of Antenna Array

The primary purpose of the array’s feeding network is to control the amplitude

and phase of each individual element, enabling the formation of the desired radiation

pattern or optimization of specific antenna performance metrics. The most commonly

employed feeding network configurations are series feeding and parallel feeding, with

certain larger arrays incorporating a hybrid combination of both series and parallel

15
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feedings.

2.1.1 Parallel Feeding Technology

Parallel feeding is usually done with several power dividers that distribute the

input power to individual elements. The parallel feeding form shown in the Fig.

2.1 is the most common form of multi-stage two-way power distribution. When all

elements in the parallel feed array are the same, then the amplitude can be controlled

by changing the power divider, and the phase can be controlled by using the change

in length of each feed line or the phase shifter. The equal length feed line can realize

uniform distribution and achieve the maximum gain. For phased array antenna, the

electronically controlled phase shifter can achieve the phase distribution required for

beam scanning.

Compared to series feeding, parallel feeding has some unique advantages. The

required excitation amplitude and phase of each element can be realized by designing

the feeding network, and the design method is simple and straightforward. In a ho-

mogeneous array, a broadside array is formed, and the beam direction is independent

of frequency, so the bandwidth mainly depends on the bandwidth of elements, and it

is relatively easy to achieve a wide bandwidth. But the parallel feed also has its signifi-

cant disadvantage, when the number of array elements is large, the feeding network is

graded more, the total length of the feed line becomes longer, which makes the antenna

array bulky. The transmission loss also increases, so that the array feeding efficiency is

reduced, and the whole feeding network becomes complicated. This feeding method

does not meet the requirements for a new generation of mobile communication base

station antenna miniaturization.
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Figure 2.1: Parallel feeding by using multi-stage two-way power dividers [21].

2.1.2 Series Feeding Technology

The series feeding is to use the transmission line to connect all the antenna elements

in series. Series feeding are usually available in two forms. The first is a feed line that

directly connects the radiating elements, as shown in Fig. 2.2(a), and is shaped like

a barbecue skewer. The other, as shown in Fig. 2.2(b), has a main feed line that

distributes the excitation current to each element and is shaped like a comb. The

phase distribution of the current can be achieved by adjusting the spacing between the

elements, and the current amplitude distribution of the elements can be changed by

adjusting the size of the elements or the width of the feed line. Resonant series feeding

has narrow-band operating characteristics because it operates in a resonant state. The

change in frequency leads to a change in phase and a change in beam inclination.

However, because this type of feeding does not need to add terminal matching loads
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and is simple and compact, the transmission line has low stray radiation, low losses and

high feeding efficiency. Because of these advantages, this feeding method is widely

used and is suitable for 5G/B5G system.

(a) Barbecue-shape series feeding array [22].

(b) Comb-shape series feeding array [23].

Figure 2.2: Different kinds of series-fed arrays.

2.2 Previous Studies of Series-fed Dipole Arrays

There are many studies on broadband series-fed dipole arrays, but most of them are

end-fire [24–28]. As shown in Fig. 2.3, a coplanar strip (CPS) line-fed series dipole array

antenna is proposed [28]. The CPS line is used to link printed dipoles of the same size,

and an integrated balun is used to ensure impedance matching. The antenna radiates
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horizontally polarized wave with broadband. However, in omnidirectional radiation

applications, broadside antennas are more desirable.

Figure 2.3: End-fire CPS line-fed series dipole array antenna [28].

In Ref. [29], a broadside omnidirectional series-fed dipole array antenna is proposed

which is shown in Fig. 2.4. With a relative bandwidth of 4.5%, a maximum gain of

10.3 dBi is achieved. The proposed antenna is vertically polarized. There are several

drawbacks of this antenna in compact base station application. Firstly, the bandwidth

is narrower. Secondly, the full length is 6.23 wavelength and the size is larger. Thirdly,

the microstrip grounded coplanar waveguide (MS-GCPW) feed needs to be designed,

and the feed design is relatively complicated.

This chapter mainly study the series-fed dipole array of broadside.
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Figure 2.4: Broadside series-fed omnidirectional mm-wave dipole array [29].

2.3 Broadband Series-fed Base Station Antenna Array

In the pursuit of achieving higher gain, certain researchers have employed a se-

lection of specially constructed horizontally polarized (HP) antennas to establish an

antenna array. Within the realm of mobile communications, an intriguing study [30]

introduced a broadband HP omnidirectional planar antenna featuring arc dipoles.

This antenna design exhibits a remarkable peak gain of 8 dBi. However, a notable
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drawback of this antenna configuration is its substantial size, exceeding 6𝜆, and its

reliance on a significant number of feeding wires, resulting in a bulkier and more intri-

cate system. Additionally, researchers have explored the implementation of traveling

wave antennas to attain high gain omnidirectional HP radiation [31]. However, an

inherent characteristic of these antennas is the variability of their beam patterns across

different frequencies. This variability poses a challenge in achieving consistent and

reliable performance. Furthermore, a slender Fabry-Perot antenna has been proposed

as an alternative solution for achieving high gain in [32]. This antenna design success-

fully reached a realized gain of 8.52 dBi within the frequency range of 2.41 to 2.5 GHz,

accompanied by an impressive 10 dB impedance bandwidth. The prototype of this

antenna adheres to a compact size of 2.95𝜆, showcasing an intended focus on minia-

turization. Nevertheless, the most significant limitation of this antenna design lies in

its restricted bandwidth, accounting for only approximately 3.75% of the operational

frequency range. This constraint emerges as the most prominent flaw, potentially

limiting its applicability in scenarios requiring broader frequency coverage.

We think that the turnstile antenna form is more suitable for miniaturized om-

nidirectional base station applications. Combined with series-fed technology, it can

effectively reduce the number of ports. In this chapter, for the narrow band problem

of series-fed antenna, two methods are proposed to widen the bandwidth under the

structure of series-fed dipole array. The first one is to use non-uniform array, compared

with uniform array, the gain bandwidth is significantly improved, and apply it to the

omnidirectional antenna, and also confirm to the bandwidth spreading characteristic.

The second one is transposed excited dipole array. By simulation, the bandwidth of

the array antenna is effectively broadened compared to the conventional feeding case.
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(a) Broadband electromagnetic-
transparent antenna [33].

(b) Frequency selective surface(FSS) [34].

(c) Parasitic loaded antenna [35].

Figure 2.5: Applications of multiple resonances.



2.3. BROADBAND SERIES-FED BASE STATION ANTENNA ARRAY 23

2.3.1 Non-uniform Series-fed Dipole Array

According to our cognition, based on the array antenna theory, when all the units

are the same, the array will produce a very strong radiation at a certain frequency.

However, when the units are not the same, this very strong radiation at the certain

frequency will be disrupted and the radiation spread to other frequencies. Eventually,

broadband will be achieved by sacrificing the gain.

Many researchers use multiple resonance to explain the phenomenon of using an-

tenna size changes to generate broadband characteristics. Multiple resonance refers to

different antenna elements for radiation at multiple frequencies, and each element con-

tributes to the antenna’s overall bandwidth. As shown in Fig. 2.5, multiple resonance

is used in many designs. Fig. 2.5 is a geometry of broadband base station array [33].

Different sizes of cross dipoles correspond to different frequencies of radiation. The

antennas Share the same aperture and the design is simple. The main drawback is

the upper layer block and complex feeding network. Another application is frequency

selective surface [34]. The pass band is determined by adjusting the size of elements.

In addition, it is also used in parasitic loaded antennas. The bandwidth is broaden by

introducing new resonance through parasitic elements [35].

We put forward a proposal to use dipole units of different lengths to break the

strong radiation of dipole arrays of the same length at a certain frequency to achieve

the effect of bandwidth. The geometry of the proposed antenna is shown in the right

of Fig. 2.6. The construction of the antenna array involves a systematic arrangement

of dipole elements, with their characteristics varying along the array. Each dipole

element in the upper half is labeled as No. n starting from the center. The length

of the No. n element is denoted as 𝑙𝑛 , while the separation between element No. n

and element No. n+1 is represented by 𝑑𝑛 .To achieve the desired design, the length of
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each dipole element undergoes a linear reduction from the first dipole element in the

middle to the fifth dipole element at the end of the parallel strip line. Specifically, the

length of each dipole element decreases by 𝑙𝑚 with respect to its preceding element.

Similarly, the distance between the dipole elements also experiences a decrease from

each preceding dipole spacing. This reduction in spacing, denoted as 𝑑𝑚 , is consistent

with the decrease in dipole length.

dul1

d1

No.4

No.5

No.2

No.3

No.1
z

y

d2

d4

d3

Non-uniform

dul1

d1z
y

Uniform

Figure 2.6: Structures of uniform and non-uniform series-fed dipole arrays.

For a uniform array configuration, each dipole element’s length remains constant

and equal to half a wavelength at the design frequency of 4 GHz (In Japan, 3.7-4.9 GHz

from Sub-6 band has been applied). To ensure that the elements radiate in phase, the

separation between the elements on the feeding line is maintained at one wavelength.

Both the structures of uniform and non-uniform case is shown in Fig. 2.6.
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In a case of non-uniform arrays, the No. 1 dipole element is positioned close to

the center and has a length equal to half a wavelength. Subsequently, each successive

dipole element is 1.875 mm shorter than its preceding element. The separation between

the No. 1 and No. 2 dipole elements is precisely one wavelength, and the distance

between each subsequent element is reduced by 3.75 mm. By carefully manipulating

the lengths and separations of the dipole elements, the array configuration can be

customized to achieve desired radiation characteristics and performance metrics.

The upper half geometry under the condition of different length changes 𝑙𝑚 is

shown in Fig. 2.7(a). It can be seen that the larger the 𝑙𝑚 is, the smaller the dipole unit

far away from the center is.

Furthermore, Fig. 2.7(b) depicting the maximum directivity in the horizontal plane

is provided, showcasing the impact of different 𝑙𝑚 values. Each 𝑙𝑚 value is represented

by a distinct color, indicating varying rates of change. It becomes evident that as 𝑙𝑚

increases, the 3 dB bandwidth of gain expands. However, there is a notable trade-off:

the maximum gain experiences a sharp decrease with the increasing 𝑙𝑚 values.

Similarly, the geometry under the condition of different distance changes 𝑑𝑚 is

shown in Fig. 2.8(a). It can be seen that the larger the 𝑑𝑚 is, the shorter distance of

adjacent dipoles is.

Fig. 2.8(b) illustrates the maximum directivity in the horizontal plane as a function

of varying 𝑑𝑚 values. Each 𝑑𝑚 value is represented by a unique color, denoting different

rates of change. An observation can be made that as 𝑑𝑚 increases, the maximum gain

tends to shift towards higher frequencies. This indicates that the peak gain of the

antenna occurs at higher frequency ranges when larger 𝑑𝑚 values are employed. On

the other hand, the bandwidth remains relatively constant across the different 𝑑𝑚

values. This suggests that the frequency range over which the antenna maintains a

desirable level of gain remains largely unaffected by changes in 𝑑𝑚 .



26 CHAPTER 2

Upper half

lm
(mm)

0 1.875 3.75

uniform non-uniform

Band
width 13% 15% 25%

(a) Geometry.

D
ire

ct
iv

ity
 [d

B
i]

Frequency [GHz]

lm=0 mm
lm=1.875 mm
lm=3.75 mm

3.5 4 4.5 50

4

8

12

3 dB bandwidth

(b) Directivity.

Figure 2.7: The characteristics of the antenna vary with 𝑙𝑚 .
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Figure 2.8: The characteristics of the antenna vary with 𝑑𝑚 .
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Therefore, lm primarily affects the gain bandwidth and the maximum gain, dm

primarily affects the frequency at which the antenna achieves its maximum gain,

while the overall bandwidth remains stable. These findings highlight the significance

parameter selection in determining the frequency characteristics and performance of

the antenna.

The length of the dipole starts from half a wavelength of 4 GHz as the initial value.

In order to maintain the same phase current on the dipole unit, the initial distance is

one wavelength. Since our desired frequency is 4-5 GHz, considering both the gain

level and bandwidth, by parameter study, the parameters are chosen as follows in

Table 2.1. We compare the uniform structure with the non-uniform structure to verify

the broadband characteristics.

Table 2.1: The parameters of non-uniform series-fed dipole array.

Prameters Uniform (mm) Non-uniform (mm)

𝑙1 37.5 37.5
𝑑1 75 75
𝑑𝑢 50 50

𝑑𝑚=𝑑𝑛-𝑑𝑛+1 0 3.75
𝑙𝑚=𝑙𝑛-𝑙𝑛+1 0 1.875

Fig. 2.9 includes radiation patterns at different frequencies, with dashed lines

representing uniform structures and solid lines representing non-uniform structures.

Across both cases, it can be observed that the radiation patterns exhibit an 8-shape

pattern at the presented frequencies. This indicates a certain level of directivity and

specific radiation characteristics associated with the antenna design. Additionally, the

maximum gain value demonstrates variation with changing frequencies.
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Figure 2.9: The radiation patterns at different frequencies.
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Fig. 2.10 illustrates the relationship between directivity and frequency. Notably,

the non-uniform series-fed dipole array exhibits a 3 dB gain bandwidth that spans

from 3.5 to 5 GHz. This range of frequencies surpasses the corresponding bandwidth

achieved by the uniform array configuration. In comparison to the uniform array,

the non-uniform series-fed dipole array experiences a reduction in maximum gain of

approximately 2 dB. This indicates that, while the non-uniform array offers a wider

bandwidth, there is a trade-off in terms of the highest achievable gain.
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Figure 2.10: Maximum directivity in horizontal plane.

Next, we use the non-uniform series-fed array to achieve omnidirectional radiation

patterns. Two identical planar non-uniform arrays are placed orthogonally and excited

with 2 ports in a 90-degree phase difference. The geometry of omnidirectional non-
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uniform array is shown in Fig. 2.11.
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Figure 2.11: The geometry of omnidirectional non-uniform array.

Fig. 2.12 shows radiation patterns at different frequencies. At the presented fre-

quency band, it can be observed that both the non-uniform and uniform arrays achieve

omnidirectional radiation patterns. Furthermore, the maximum gain value demon-

strates variation with changing frequencies.
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Figure 2.12: The omnidirectional radiation patterns at different frequencies.
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The maximum directivity of omnidirectional antenna is shown in Fig. 2.13. The

gain bandwidth of the non-uniform antenna array remains superior, surpassing that

of the uniform antenna array by 20.7%. This indicates that the non-uniform array

configuration exhibits a wider operational bandwidth compared to the uniform array.

Frequency [GHz]

D
ire

ct
iv

ity
 [d

Bi
]

uniform
non-uniform

3.5 4 4.5 50

4

8

12

3 dB bandwidth

about 2 dB

Figure 2.13: Maximum directivity of omnidirectional antenna in horizontal plane.

So far, the effectiveness of achieving wideband performance through the imple-

mentation of non-uniform arrays has been confirmed. The wider bandwidth offered

by non-uniform arrays presents a notable advantage, enabling better compatibility

with a range of frequencies and applications.
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2.3.2 Transposed Excited Series-fed Dipole Array

The other broadband method is inspired by self-complementary antenna. The

concept of self-complementary antenna was introduced by Prof. Mushiake in 1948.

This method involves designing the complementary structure of the antenna to be

exactly identical in shape to the original part. An important characteristic of this

method is that the input impedance of the antenna remains constant which achieves a

broadband response [36]. It should pay attention that“ Log-Periodic Antenna”is a

modified self-complementary antenna. Prof. Mushiake said the LPDA does not have

broadband property unless it has transposed excitation [37].

Figure 2.14: Typical self-complementary antennas [36].

We proposed a structure of modified transposed excitation for broadband series-fed

dipole array shown in Fig. 2.15.

As depicted in Fig. 2.15, the proposed modified transposed excited series-fed dipole

array is designed with a symmetrical configuration. The arms of the adjacent dipole

are rotated 180 degrees on the main feeding line, forming a transposed excitation. This

configuration results in a 180 degree phase difference between adjacent dipole units.
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Figure 2.15: The geometry of modified transposed excited series-fed dipole array.

To achieve in-phase feeding of the dipole array, the spacing between adjacent units

will be changed from one wavelength (normal excitation) to half wavelength. The

parameters are shown in Table 2.2.

Table 2.2: The parameters of normal and transposed excited series-fed dipole arrays.

Prameters Values (mm)

𝑙1 37.5
𝑑0 50
𝑑1 75
𝑑2 37.5

The proposed antenna is evaluated in terms of both impedance bandwidth and

gain bandwidth. Impedance reflects the matching capability between the antenna and
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the system. The smoother the impedance changes in the frequency band, the easier

the matching between the antenna and the system will be. In addition, the broadband

impedance matching can be obtained by designing a matching circuit. However,

the gain bandwidth characterizes the stability of the antenna current distribution. The

current distribution is determined on the antenna, which is directly related to radiation

and is very important.

Fig. 2.16 shows the impedance of the dipole array in two scenarios: with and

without transposed excitation. When normal excitation is used, both the real and

imaginary parts of the impedance show a large tendency to fluctuate. This means

that impedance matching is more difficult. In the case of the transposed excited

dipole array, it can be observed that the impedance changes very smoothly across the

frequency range. Specifically, the real part of the impedance remains almost constant

within the 4-5 GHz frequency range. The smooth and consistent behavior of the

impedance in the transposed excited dipole array leads to great broadband properties.

Fig. 2.17 presents the radiation pattern and directivity of the dipole arrays. Figure

2-17(a) depicts the radiation pattern in the horizontal plane specifically at 4 GHz. Both

cases exhibit an 8-shape patterns, indicating similar radiation characteristics for both

the normal excited array and the transposed excited array. Figure 2-17(b) illustrates

the directivity in the horizontal plane. It is observed that the 3 dB gain bandwidth

of the transposed excited array covers a wider frequency range, ranging from 3.5 to

4.9 GHz. This is a significant improvement compared to the normal excited array,

demonstrating a much better ability to operate over a broader frequency range.

So far, the achievement of wideband performance through the implementation of

the modified self-complementary structure has been confirmed. The use of the trans-

posed excitation approach, along with the self-complementary structure, has proven

effective in achieving wider bandwidth in both impedance and gain characteristics.
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Figure 2.16: Impedance of the series-fed dipole arrays.
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Figure 2.17: Radiation characteristics in horizontal plane.
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2.4 Summary

In this chapter, two methods were proposed to achieve broadband performance in

series-fed dipole arrays.

The first method involved the implementation of a series-fed non-uniform dipole

array. This configuration significantly increased the gain bandwidth compared to

uniform array antennas. By using the same non-uniform array, it was also verified to

exhibit bandwidth spreading in omnidirectional antenna applications.

The second method introduced a transposed excited series-fed dipole array. By

utilizing transposed excitation, the impedance characteristics of the dipole array un-

derwent smooth changes, resulting in improved broadband performance. The 3 dB

gain bandwidth of the transposed excited array was extended, showcasing its ability

to operate over a wider frequency range.

Both methods presented in this chapter demonstrate effective approaches to achiev-

ing broadband properties in series-fed dipole arrays. And they contribute to the

development of broadband antenna design techniques.



Chapter 3

A Novel Feeding Method of Broadband

Series-fed Antenna for

Omnidirectional Radiation Pattern

In this chapter, a novel feeding method inspired by the turnstile antenna is pro-

posed to address these limitations. The proposed antenna design eliminates the need

for power dividers and instead utilizes a single port. Despite the simplified feeding

structure, the antenna still achieves an omnidirectional radiation pattern with broad-

band coverage.

3.1 Feeding Methods of Turnstile Antenna

A turnstile antenna, or crossed-dipole antenna, is a radio antenna consisting of a set

of two identical dipole antennas mounted at right angles to each other and fed in phase

quadrature; the two currents applied to the dipoles are 90 degree out of phase [38].

40
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Specialized turnstile antennas called super turnstile or batwing antennas are used as

television broadcasting antennas. We have discussed the advantages and applications

of super turnstile in Chapter 1. Fig. 3.1 illustrates the configuration of two crossed

half-wavelength dipoles that are energized with currents of equal magnitude but with

a 90-degree phase difference, resulting in a four-leaf clover radiation pattern. One of

the challenge is how to achieve and the desired 90-degree phase difference.

dipole1 

dipole2

Figure 3.1: The principle of turnstile antenna.

3.1.1 Common Methods of 90 Degree Phase Realization

There are several common methods to achieve a 90-degree phase difference in this

scenario [39]. One approach shown in Fig. 3.2(a) is to connect the half-wavelength

dipoles to separate transmission lines of unequal lengths. By adjusting the lengths

of the transmission lines, the signals traveling through them experience a phase shift,

resulting in the desired phase difference between the dipoles. However, it is important

to note that this implementation is relatively simple but limited to narrowband oper-
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ation. Another method shown in Fig. 3.2(b) involves introducing reactance in series

with one of the dipoles. This can be achieved by modifying the physical parameters

of the dipole, such as altering its length or diameter. By introducing reactance, the

electrical characteristics of the cross dipoles are altered, leading to a phase difference

between the two dipoles. However, similar to the previous method, this approach is

also relatively simple but typically limited to narrowband applications.

P

L+90°

L

(a)

1+j

1-j

(b)

Figure 3.2: The most common ways for 90 degree phase difference.

3.1.2 Actual Feeding Example

In practical applications, the feeding of turnstile antennas often involves connecting

two jumpers through a power divider which is shown in Fig. 3.3. In order to achieve

high gain by establishing array, multiple power dividers are required. However, this

approach can lead to increased costs and bulkiness of the system, making it less suitable

for compact base station applications.



3.2. A NOVEL FEEDING METHOD OF BROADBAND SERIES-FED ANTENNA 43

Power Divider

Figure 3.3: Actual feeding method of super turnstile antenna.

3.2 A Novel Feeding Method of Broadband Series-fed

Antenna

Conventional turnstile antennas achieve a 90-degree phase difference by using

multiple feed lines [13, 16–19] or adjusting the length of crossed dipoles [40]. We

would like to apply the turnstile feeding method to a series-fed antenna array. The

series-fed dipole array needs only one port in the center to realize the excitation of all

units, which effectively reduces the trouble of requiring many cables or power dividers

in the practical implementation of turnstile array. The key to the study is how to realize

the 90 degree phase difference of crossed dipoles in the series-fed array.

3.2.1 Modified Turnstile Feeding

Fig. 3.4 presents a method to achieve a 90-degree phase difference in series-fed

array by using only one port. Instead of relying on multiple ports or power dividers,
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this approach utilizes transmission line theory to achieve the desired phase difference.

l/4～ p/2

x y
z

l/4

Transmission line

x y
z

d1

d2

d0

Figure 3.4: Unit configuration with 90 degree phase difference.

By employing a quarter-wavelength transmission line, which introduces a 90-

degree phase change, the necessary phase difference can be achieved. The crossed

dipoles are then positioned at a distance equivalent to a quarter wavelength. This con-

figuration ensures that the 90-degree phase change occurs between the two crossed

dipoles, meanwhile all of the cross dipoles with 90 degree phase difference can be

excited by single port.

This method offers a simple and efficient solution for achieving the desired phase

difference without the need for additional ports or power dividers. By leveraging the

properties of transmission line theory and carefully positioning the crossed dipoles,

the 90-degree phase difference can be realized, facilitating the desired radiation pattern

and performance.
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3.2.2 Modified Transposed Excitation

Broadband performance is achieved through the utilization of the self-complementary

cross dipole structure, as discussed in Chapter 2. In this structure shown in Fig. 3.5,

the arms of adjacent dipole elements on each plane are swapped, resulting in a 180-

degree phase change. Additionally, by placing adjacent elements in the same plane at

a distance of half a wavelength apart, another 180-degree phase change is introduced.

Thus, in-phase radiation of the elements on the same plane can be achieved, enabling

the generation of a high-gain radiation pattern.

y-y

Dipole elements

Feeding 
transmission 

line

l/2
x-x

l/2
Combine

l/4

x y
z

Figure 3.5: Unit configuration with transposed excitation for broadband.

The concept of swapping the arms and maintaining a specific distance between

adjacent elements allows for broadband property. It also allows the unit spacing to

be shorted from one wavelength to half a wavelength, which can effectively reduce

the radiation in the overhead direction and focus the energy on the horizontal plane

where we desire.

3.2.3 Antenna Parameters and Properties

Fig. 3.6 shows the overall structure of the antenna. The antenna consists of six pairs
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of crossed dipoles, each with a length of 𝜆/2. These crossed dipoles are connected

by transmission lines, utilizing only one port. The arms of adjacent elements within

each pair of crossed dipoles are swapped, enabling the desired phase changes. In Fig.

3.6, a pair of crossed dipoles is presented in different colors, indicating a separation

distance of 𝜆/4. On the other hand, identical elements are represented in the same

color, achieving a separation distance of 𝜆/2. Table 3.1 displays the specific parameter

values associated with the antenna design.
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Figure 3.6: Overall geometry of the broadband series-fed dipole array.

The proposed antenna is centrally fed and designed to operate at a frequency of

4 GHz. With its unique configuration, the antenna array is capable of radiating an

omnidirectional radiation pattern over a broadband range. Furthermore, the compact

size of the antenna makes it suitable for various applications where space constraints

are a consideration.

Fig. 3.7 displays the impedance characteristics of the proposed antenna. The real
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Table 3.1: The parameters of the broadband series-fed dipole array.

Prameters Description Value (mm)

𝑙 Length of dipole element 37.5
𝑑0 Distance between center elements 50
𝑑1 Distance between elements in same plane 37.5
𝑑2 Distance between elements in different plane 18.75

part of the impedance exhibits stability within the frequency range of 4-5 GHz and

remains close to 50 ohms. The imaginary part of the impedance changes smoothly

across the frequency range and approaches 0. This indicates that the antenna can

well match with the standard 50 ohm system, ensuring efficient power transfer and

minimizing reflection losses.
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Figure 3.7: Impedance property of proposed antenna.



48 CHAPTER 3

It is important to notice that the spacing between the dipole elements closest to

the feeding point, denoted as 𝑑0, plays a significant role in the impedance matching

of the proposed dipole array. The presented Fig. 3.8 shows the reflection coefficient

varies with 𝑑0. It becomes apparent that as the value of 𝑑0 increases, the operating

frequency of the dipole array shifts towards the lower frequency band. This implies

that adjusting 𝑑0 can be used as a means to tune the operating. Furthermore, while the

impedance bandwidth of the dipole array experiences slight variation with changes in

𝑑0, it consistently remains above 1 GHz. This suggests that the impedance bandwidth

remains almost stable with adjustments to 𝑑0.
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Figure 3.8: Reflection coefficient with different 𝑑0.

The radiation pattern of the proposed antenna is also influenced by the spacing

parameter 𝑑0, as demonstrated in Fig. 3.9, showing the radiation patterns in both
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horizontal and vertical planes at 4 GHz. In horizontal plane, the radiation pattern

mostly maintains a four-leaf clover shape across different values of 𝑑0. However, there

is a slight change in the maximum gain. In vertical plane, the radiation pattern changes

with 𝑑0 increases. Specifically, the sidelobes and overhead radiation in vertical plane

tend to increase.
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Figure 3.9: Radiation patterns with different 𝑑0.

When selecting the appropriate value for 𝑑0, it is crucial to consider both the require-

ments for impedance matching and the desired radiation pattern. Simultaneously, it

should be balanced with the desired radiation characteristics, including the shape of

the radiation pattern and the levels of sidelobes and overhead radiation.

The mean gain, or average gain, provides a comprehensive evaluation method for

omnidirectional antennas by considering the gain across the azimuth plane. Unlike

the maximum gain, which only represents the highest gain value, the mean gain is

calculated by averaging the gains in all directions, taking into account the overall gain in
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the desired plane. Some researchers also use roundness to judge the omnidirectional

antenna. roundness expresses the difference between the maximum gain and the

minimum gain in the desired plane. Compared with this, the average gain is more

objective and comprehensive in evaluating the gain level of omnidirectional antenna.

In Fig. 3.10, the relationship between the average gain and frequency is depicted.

It can be observed that the maximum value of the average gain is 5.7 dBi, which occurs

at 4.7 GHz. Within the frequency range of 4-5 GHz, the average gain exhibits a smooth

variation, indicating a broadband property of the antenna.
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Figure 3.10: Average gain in horizontal plane.
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3.2.4 Antenna Processing and Measurement

The proposed antenna is made of 1 mm diameter copper wire and excited by a

coaxial line in Fig. 3.11. The experimental setup for evaluating the proposed antenna

via a 2-port VNA (Anritsu MS46122B), shown in Fig. 3.12. The proposed antenna is

placed on the turntable. A standard horn antenna is used as the receiving antenna.

To reduce cable losses, the VNA is placed in an electromagnetic anechoic chamber

covered with absorbing material.

Figure 3.11: Fabrication of the proposed antenna.
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Figure 3.12: Experimental setup.
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Fig. 3.13 illustrates the reflection characteristics and realized gain of the antenna.

The red line represents the measured results, while the blue line represents the simu-

lated results. The measured 10 dB impedance bandwidth spans from 3.83 to 5.02 GHz,

resulting in a relative impedance bandwidth of 26.89%. The measured maximum peak

realized gain (RG) is 7.44 dBi, which occurs at 4.4 GHz. Furthermore, the peak realized

gain within the 1 dB bandwidth is approximately 22%. It demonstrates the antenna’s

ability to maintain a relatively high gain over a significant portion of its operating

frequency range.
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Figure 3.13: Reflection characteristics and realized gain.

The experimental and simulated results depicted by the red and blue lines respec-

tively exhibit good agreement, indicating a close correlation between the measured

and predicted performance of the antenna.
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Figure 3.14: Normalized radiation patterns at different frequencies.

Fig. 3.14 depicts the radiation patterns of the antenna at different frequencies.

The radiation patterns obtained from measured results and simulated results are com-
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pared, and a good agreement between the two is observed. However, it is worth noting

that there is a slightly larger error at high frequencies.

The discrepancy between the measured and simulated results at high frequencies

can be attributed to several factors, with the main contributor being the hand-made.

Whether the position and angle of the units are accurate in the processing will affect the

measured results of the antenna. Especially in the series-fed antenna, the accumulated

errors are more obvious in the high frequency band. At the same time, the antenna is

made of 1 mm diameter copper wire for the sake of easy soldering, and the material

itself is relatively soft, so a slight bending will also lead to the deflection of the radiation

patterns.

3.2.5 Performance Comparison with Other Works

Table 3.2 presents a comparison between the proposed omnidirectional horizon-

tally polarized dipole array and previous works, highlighting key parameters and

information for a clear assessment. In terms of bandwidth, the proposed dipole array

outperforms previous works. For instance, the achieved 22% bandwidth surpasses the

7.3%, 8%, and 3.7% bandwidths reported in [41], [42], and [32], respectively. Moreover,

the design presented in [30] achieves a comparable bandwidth of 34%. However, it is

important to note that this design has a substantially longer structure, which may pose

challenges in terms of size constraints and practical implementation. In contrast, the

proposed dipole array achieves a high bandwidth while maintaining a more compact

size. Additionally, the RG per unit length is an important parameter to consider. The

proposed design demonstrates a higher RG per unit length (2.4 dBi) compared to the

value reported in previous works (1.13 dBi). This indicates that the proposed OHP

dipole array achieves higher gain efficiency in terms of the amount of gain obtained
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per unit length of the antenna.

Table 3.2: Performance comparison of high gain omnidirectional horizontally polarized
antenna arrays.

Ref. Freq
(GHz) BW (%)

Max
cross-section

area
(𝜆2)

Peak RG
(dBi)

RG per
unit length

(dBi/𝜆)

[9] 1.67-2.27 34 7.11×1.11 8 1.13
[10] 2.35-2.55 7.3 6×0.23 9.7 1.61
[11] 9.6-10.4 8 4.3×0.22 10.4 2.42
[12] 2.41-2.5 3.7 2.95×0.31 8.52 2.89

Our work 4-5 22 3.17×0.5 7.44 2.35

3.3 Summary

In this chapter, a novel feeding method was proposed for achieving a broadband

series-fed antenna with an omnidirectional radiation pattern, taking inspiration from

the turnstile antenna concept. According to transmission line theory, the 90 deg phase

difference was achieved by putting the crossed dipoles at a distance of a quarter

wavelength. The antenna design ensured a compact form with a maximum cross-

section area of 3.17× 0.5𝜆2, which could be confined within a cylinder. This compact

size facilitated by using a 1 mm diameter copper wire, and the antenna was fed through

a coaxial structure positioned at the center of the array. Experimental measurements

demonstrated an impressive -10 dB impedance bandwidth of 1.19 GHz, ranging from

3.83 to 5.02 GHz, accounting for a relative bandwidth of 26.89%. The peak realized

gain (RG) value measured at the desired frequency was 7.44 dBi, indicating excellent

radiation performance. Furthermore, the proposed antenna exhibited a 1 dB gain
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bandwidth of 1 GHz (22%), spanning from 4 to 5 GHz, indicating its capability to

maintain a high gain over a wide frequency range.



Chapter 4

Omnidirectional Circularly Polarized

Series-fed Antenna Array

In recent years, the role of satellite communications in 5G/Beyond 5G has been

attracting attention, and activities of European projects and standardization have been

progressing. In light of this situation, circularly polarized (CP) antennas, as the main

means of satellite communication, will be more often used in base station antennas.

Meanwhile, omnidirectional circularly polarized (OCP) antennas are also ideal for

applications in Internet-of-Things (IoT) system, personal devices, and 5G communica-

tions [43–46]. This chapter discusses the OCP, series-fed antenna.

4.1 Previous Studies of OCP Antennas

The Lindenblad antenna, which Nils Lindenblad created for the Radio Corporation

of America (RCA) in the early 1940s, may be the first omnidirectional CP antenna [47].

Electric and magnetic radiating components are frequently used to create OCP. Arc

58
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dipoles [48–51] or slits [52–54] are employed to create magnetic components, whereas

top-load monopoles are frequently utilized as electric radiators. Fig. 4.1 shows a

classic example by using monopole and loop to generate CP fields [55]. The impedance

bandwidth is 13 MHz (1429–1442 MHz), and the peak gain is 1.01 dBic. In addition,

dielectric resonator antennas (DRA) excited by LP antennas can also be converted to

CP antennas [56, 57]. In [57], CP field is obtained by introducing several inclined slits

to the sidewalls of the rectangular dielectric resonator antenna, the degeneracy mode

is excited to generate the circularly polarized (CP) fields in Fig. 4.2. But both of them

have a shortcoming of low gain which is not suitable for base station cases.

Figure 4.1: Previous studies of realization on circularly polarized antennas using
monopole and loop [55].
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Figure 4.2: Previous studies of realization on circularly polarized antennas using slit
inclined DRA [57].

There are only a few researches on OCP Antenna Arrays with high gain. In Fig. 4.3,

the antenna array comprises four identical circularly polarized (CP) antenna elements,

intricately interconnected through a parallel strip-line feeding network [58]. Each CP

antenna element encompasses a dipole and a zero-phase-shift (ZPS) line loop, inge-

niously harnessed to generate vertically and horizontally polarized omnidirectional

radiation, respectively. Notably, the vertically polarized dipole is strategically posi-

tioned within the center of the horizontally polarized ZPS line loop. The maximum

gain of 5.4 dBic is achieved. Another one is formed by cascading several stages of elec-

tric (metallic strips) and magnetic (loops) radiators into a highly compact array [59]. In

Fig. 4.4, five E-radiators and six M-radiators are excited to generate circularly polarized

(CP) fields. A measured maximum realized gain of 7.1 dBic with a bandwidth covers

2.37–2.48 GHz.

Both designs achieve high gain, but the design of [17] is more compact than [16],

which does not require a complex feed network, making it more suitable for use in

miniaturized base stations. In this chapter, this design will be studied based on this

design.
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Figure 4.3: Previous studies of realization on circularly polarized antennas using dipole
and ZPS loop array [58].

Figure 4.4: Previous studies of realization on circularly polarized antennas using
collinear high gain array with loops and strip bars [59].
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4.2 Theory of OCP Series-fed Antenna Array
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Figure 4.5: Current distribution of the antenna.

In Fig. 4.5, an elucidation of the current distribution of the antenna elements is pre-

sented, shedding light on their intricate workings. Firstly, a comprehensive depiction

of the current distribution for long dipole is illustrated, demonstrating the periodic re-

versal of current along its length, occurring precisely at intervals of half a wavelength.

Secondly, an exploration into the Franklin antenna reveals a captivating phenomenon

where the generation of reverse current induces a bending effect, resulting in the can-

cellation of said current and the subsequent emergence of vertically oriented currents

of same phase alignment. Conversely, the proposed antenna design harnesses the

potential of the reverse current by ingeniously transforming it into a loop antenna as a

magnetic radiator for horizontal polarization, thus enabling the emission of in-phase
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radiation. In this condition, the strip parts and the loop parts are in phase, respectively.

However, it is imperative to note that within this innovative design, the length of each

dipole unit and loop remains constant at precisely half a wavelength, showcasing the

intricacies and limitations of this captivating configuration.

Figure 4.6: Principle of CP fields generation.

The fundamental method of this CP antenna is a combination of dipole and loop

which is shown in Fig. 4.6. Polarization of dipole and loop are orthogonal, providing

the possibility to realize CP. Same amplitudes of𝐸𝜃 and𝐸𝜙 can be obtained by adjusting

the current distributions on the two elements, resulting in a good CP property. The

half-wavelength straight section, depicted here in black, which functions as a vertically

polarized (VP) electric dipole radiator. In stark contrast, the ingenious inclusion of a

helical loop, distinguished by its red color, is strategically positioned between two

electric dipole sections. The flow of currents, denoted by the blue dashed line.
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It is crucial to note that the attainment of a high-performance CP antenna neces-

sitates a delicate balance between the two orthogonal components. Specifically, these

components should exhibit equal amplitudes and a precise phase difference of 90

degrees. However, this pursuit of perfection presents its own set of challenges and

complexities, warranting further investigation and consideration.

4.3 Defects in Antenna Structure

0o

180o

90o270o

10 [dBi]-10 0

x

y

G
G

(a)

0o

180o

90o90o

10 [dBi]-10 0

z

y

G
G

(b)

Figure 4.7: Linear polarized (LP) radiation patterns (ten-stage).

Under this antenna operating mechanism, the length of the electric and magnetic

radiators is fixed. This leads to limitations in forming circular polarization. These

problems can be seen in LP radiation patterns of the ten-stage OCP array depicted

in Fig. 4.7. Notably, a discernible deficiency arises in the phi-component radiation

pattern around the angle of 𝜙=0 degrees, resulting in a deviation from the desired

omnidirectional pattern. Additionally, both in the horizontal and vertical planes,
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the 𝜙-component of gain exhibits a relatively lower magnitude compared to the 𝜃-

component. These two issues collectively contribute to a less favorable CP property,

posing challenges in achieving the desired circular polarization characteristics. Ad-

dressing these limitations becomes imperative to enhance the overall performance and

effectiveness of the OCP array.
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Figure 4.8: The reason for poor CP characteristic.

The underlying reasons behind the aforementioned limitations are elucidated in

Fig. 4.8. Upon examining the current distribution on the half-wavelength loop, a

non-uniform pattern is discernible. The radiation pattern of the half-wavelength loop,

as depicted by the red line in Fig. 4.8(a), further highlights this non-uniformity.

This non-uniform current distribution poses the first challenge, as it disrupts the

desired omnidirectional characteristics of the 𝜙-component radiation in Fig. 4.8(b).

Moreover, comparing the radiation patterns of the half-wavelength loop and the half-
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wavelength dipole antenna, depicted by the red and black lines respectively, a notable

disparity becomes apparent. The dipole antenna exhibits a higher radiation intensity

in comparison to the loop antenna. In the proposed series-fed CP antenna array,

this discrepancy between the electric and magnetic radiators’ radiation capabilities

contributes to a undesirable gain for the CP antenna as a whole.

Taken together, these factors significantly impact the CP characteristics of the an-

tenna, leading to subpar performance. Addressing these concerns becomes crucial in

order to enhance the overall CP performance and achieve the desired circular polar-

ization properties.

4.4 Multi-side OCP Antenna Array

In order to address one of the problems, which stems from the non-uniform cur-

rents on the loop and results in a compromised omnidirectional radiation pattern,

we propose a solution. To mitigate the impact of non-uniform currents, we suggest

orienting the open-ends of the loops in different directions.

The configuration of the multi-side OCP antenna is illustrated in the accompanying

Fig. 4.9. In this arrangement, each loop is rotated counterclockwise by an angle

determined by the given equation, with the n-th loop serving as the reference. The

parameter m represents the number of variations in the loop directions. It is important

to note that the antenna array exhibits rotational symmetry along the y-axis.

For demonstration purposes, the upper half of a ten-stage multi-side OCP antenna

array is shown in Fig. 4.9(b). Specifically, the arrangement of the 1-side and 4-side

OCP antennas is depicted. The 1-side case represents the original structure described

in the referenced paper, while the 4-side OCP antenna showcases the implementation

of a proposed orientation of the loop open-ends.
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(a) Antenna construction. (b) Configurations of 1-side and 4-side
cases.

Figure 4.9: Ten-stage multi-side OCP antenna array.

Fig. 4.10 presents the LP and CP radiation patterns in the horizontal plane of the

4-side OCP antenna. A comparison is made between the 4-side array and the 1-side

array to assess the improvements achieved. In the case of the 4-side OCP antenna, the

inclusion of additional sides results in a more omnidirectional phi-component gener-

ated by the loops. Consequently, in the CP radiation pattern, the roundness, which

represents the deviation from perfect circular polarization, is effectively suppressed to

less than 1 dB. This enhancement signifies a improvement over the performance of the

1-side array.

The roundness of the proposed antenna is shown in Fig. 4.11. The results reveal that

the 4-side arrangement exhibits significantly lower roundness values in the frequency

range of 3.5 GHz to 4.3 GHz, as compared to the 1-side case. In fact, the roundness

remains consistently below 1 dB, indicating a high degree of circular polarization and

thus a favorable omnidirectional performance.
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Figure 4.10: Radiation patterns of 4-side OCP antenna array.
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Figure 4.11: Roundness of 4-side OCP antenna array.
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Figure 4.12: Roundness and average gain of multi-side OCP antenna array.
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Fig. 4.12 presents the roundness and average gain of multi-side OCP antenna ar-

rays. Different lines represent different multi-side arrangements, each characterized by

a specific number of orientations m. The results clearly demonstrate that the multi-side

arrangement offers the potential for improved omnidirectional performance. When

the number of orientations m exceeds 3, the roundness of the antenna can be effectively

suppressed below 1dB, resulting in a desirable omnidirectional performance. How-

ever, it should be noted that while better roundness has been achieved at 4 GHz with

the multi-side OCP antenna, the roundness may deteriorate when considering a larger

bandwidth.

In Fig. 4.12(b), only the frequencies that meet the roundness requirement are

plotted. It can be observed that the average gain of the multi-side OCP antenna array

decreases compared to the 1-side case. However, the average gain shows an increasing

trend as the rotation direction number m increases.

4.5 Center Loop Loaded OCP Antenna Array

In this part, we present a proposal aimed at addressing the issue of a weaker

𝜙-component compared to the 𝜃-component, which results from the disparities in

radiation ability between the electric and magnetic radiators in the antenna array.

To enhance the 𝜙-component, we introduce a loop in the center of the array. This

loop serves to augment the radiation in the desired direction. The upper half of the

center loop loaded OCP antenna array is depicted in Fig. 4.13. By strategically placing

the loop in the center, we aim to achieve a more balanced radiation pattern with

improved 𝜙-component characteristics.
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(a) Antenna construction. (b) Upper half of 10-stage center loaded
OCP antenna array.

Figure 4.13: Center loaded OCP antenna array.

Fig. 4.14 presents the radiation patterns in the horizontal plane at 4 GHz for the

proposed center loop loaded OCP antenna array. In LP radiation pattern, it is evident

that the 𝜙-component has been significantly enhanced in all directions compared to the

previous configuration. This enhancement results from the addition of the center loop,

which effectively strengthens the radiation in the 𝜙 direction. As a result, the antenna

exhibits improved performance in terms of the LP radiation pattern. Furthermore, the

incorporation of the center loop has also led to a better CP property. This improvement

is reflected in the CP radiation pattern, where the gain levels are more balanced between

the 𝜃 and 𝜙 components. The achieved better CP gain level highlights the effectiveness

of the proposed approach in enhancing the circular polarization characteristics of the

antenna.
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Figure 4.14: Radiation patterns of center loaded OCP antenna array.
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Figure 4.15: Average gain of center loaded OCP antenna array.
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The average gain of the proposed antenna is presented in Fig. 4.15. By adding

the center loop, there is a significant improvement in the average gain level within

the frequency range of 3.8-4.1 GHz. This enhancement indicates the effectiveness of

the center loop in boosting the overall gain performance of the antenna. However,

it should be noted that the addition of the center loop also leads to a narrowing of

the average gain bandwidth. While the average gain is improved within a specific

frequency range, the overall bandwidth over which the antenna operates at high gain

levels becomes more limited.

This trade-off between gain improvement and bandwidth narrowing should be

carefully considered when designing and selecting the antenna configuration, taking

into account the specific requirements and priorities of the application.

4.6 Summary

In this chapter, In this chapter, we presented the methods to achieve omnidirectional

circularly polarized (OCP) antennas with both omnidirectional radiation properties

and better CP property. The goal was to address two key challenges: improving the

non-omnidirectional pattern caused by non-uniform currents in half-wavelength loops

and enhancing the radiation efficiency of the magnetic radiator for increased gain.

Firstly, we introduced a technique to adjust the open-end orientations of the loops.

This adjustment significantly improves the non-omnidirectional pattern resulting from

non-uniform currents in the half-wavelength loops. By carefully manipulating the

orientations, we have achieved a remarkable enhancement in the omnidirectional ra-

diation pattern.

Furthermore, we proposed the integration of a center loop in the OCP antenna array.

This addition effectively enhanced the radiation capabilities of the magnetic radiator,
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leading to improved CP property. The center loop plays a crucial role in enhancing the

f-component and achieving a higher level of CP gain. The results demonstrated that

the maximum CP gain reached to 9.02 dBic at 4 GHz.

The methods presented in this chapter provide valuable insights into the design

and optimization of OCP antennas with enhanced omnidirectional properties and

better CP property. These advancements have the potential to greatly benefit various

applications that require reliable and efficient wireless communication systems.



Chapter 5

Conclusions

In this dissertation, a comprehensive exploration of series-fed antenna technology

was conducted, with a focus on the development of omnidirectional base station

antennas suitable for Sub-6 frequencies in the context of 5G/B5G communications. The

research aimed to address the challenges of achieving compact size, cost-effectiveness,

wide bandwidth, and simple feeding techniques. Additionally, circularly polarized

series-fed antennas were investigated to enable polarization diversity.

Chapter 1 served as an introduction, providing a background to the research and

highlighting the antenna requirements and challenges in the 5G/B5G era. The impor-

tance of addressing these challenges was emphasized, laying the foundation for the

subsequent chapters.

Chapter 2 delved into the enhancement of bandwidth for series-fed antennas. The

dissertation first introduced the series-fed antenna technique, along with its applica-

tion scenarios, advantages, and limitations. While the series-fed antenna offers sim-

plicity and cost advantages, it suffers from narrow bandwidth. To overcome this limi-

tation, two design methods for broadband antennas were proposed. The first method

75
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involved designing a non-uniform series-fed antenna array based on the principle of

multiple resonant antennas, resulting in significantly improved gain bandwidth. The

second method proposed a transposed excited series-fed dipole array inspired by self-

complementary antenna principles, which exhibited stable impedance and radiation

patterns over a wide frequency band, thereby achieving broadband characteristics.

These approaches presented valuable insights and methodologies for achieving band-

width spreading in series-fed antennas.

Chapter 3 introduced a novel feeding method for omnidirectional series-fed broad-

band dipole array antennas. Drawing inspiration from the feeding technique of the

turnstile antenna, the dissertation proposed a design that achieved omnidirectional

radiation by strategically arranging the dipole units and feeding them through a sin-

gle port. Experimental results confirmed that the antenna, processed with a 1mm

copper wire and fed through a coaxial structure in the center, achieved an impressive

10 dB impedance bandwidth of 26.9% (3.83-5.02 GHz). The measured maximum gain

reached 7.44 dBi, with a 1 dB gain bandwidth of 22%. The experimental and calculated

results exhibited good agreement, showcasing the feasibility of the proposed series-fed

broadband omnidirectional antenna design.

Chapter 4 focused on the omnidirectional circularly polarized series-fed array an-

tenna. Taking a high-gain omnidirectional series-fed circularly polarized antenna

structure as an example, the chapter addressed the inherent limitations of the struc-

ture, namely the poor omnidirectional radiation characteristics of the phi component

and differences in radiation between orthogonal components. To enhance the circular

polarization characteristics, two improvement proposals were presented. Firstly, by

rotating the open-end direction of the loop unit, the roundness of the antenna was

improved. Secondly, the addition of a loop unit at the center of the array enhanced

loop radiation, leading to improved circular polarization characteristics, specifically
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reflected in the enhancement of circular polarization gain. These proposals demon-

strated significant effects in achieving uniform radiation and enhancing circular po-

larization characteristics, making them highly valuable for practical applications in

circularly polarized series-fed base station antennas.

Chapter 5 served as the concluding chapter, summarizing the key findings and

contributions of the dissertation.

In the future, how to further improve the omnidirectional property of the series-fed

dipole array is a topic that needs to be further studied. At the same time, whether

applying the non-uniform array mentioned in Chapter 2 to the transposed excited array

proposed in Chapter 3 can further improve the bandwidth of the series-fed antenna is

also worthy of further discussion.

In summary, this dissertation offers valuable insights and methodologies for the de-

sign and optimization of series-fed antennas, the outcomes of this research significantly

contribute to the performance enhancement and feature expansion of next-generation

mobile communications, as well as the development of electromagnetic wave engi-

neering and communication engineering.
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