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Abstract

In the last decade, wireless communication systems have spread widely and become

an essential tool in every days life. A tremendous increase in the demand for small

Personal Mobile Devices (PMD) has been observed with wide model ranges and ap-

plications. A novel approach is presented to make compact multiband, broadband,

ultra wideband (UWB), CP band microstrip patch antennas (MPAs), and array

antenna with improved stable radiation patterns at a higher frequency for wire-

less communication systems. The challenges with the fabrication and utilization of

traditional MPA and array antenna designs at UWB frequency are solved by the

method presented here. Also, UWB is rapidly improving as a high-data-rate wire-

less communication technology. Like in regular wireless communication systems, an

antenna is a very important part of UWB systems. But designing a UWB antenna

is harder than designing a narrow-band antenna. A good UWB antenna should

be able to work over the Federal Communications Commission’s (FCC) ultra-wide

bandwidth at the same time, it must have good radiation properties across the

entire frequency range.

This thesis focuses on the design and analysis of small multiband, broadband, UWB,

and CP band antennas. Broadband and UWB fundamentals and antenna theory

have both been the subject of studies. In recent years, the slotted, slit, defected

ground structure (DGS), and array patch antenna has been known to be a flexible,

low-profile, and cost-effective antenna that can be fine-tuned for UWB operations.

The main objective of this thesis is to come up with a practical way to design

slotted, slit, and array antennas that works well with the use of full wave analysis

methods to show how the design works physically.
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A first approach addressed in this thesis work is the application of a technique

which includes a double annular ring slot, two L-shaped slots, one I-shaped slot,

and a DGS based on an ellipse-shaped slit structure for the purpose of reducing an-

tenna size. Using this methodology one electrically small antenna for triple band for

WLAN/WiMAX/C-band downlink satellite communications that can cover almost

the entire commercial available frequency bands were developed and their perfor-

mances are discussed. To reduce the size and enhance the impedance bandwidth

(IBW) of the designed antenna using symmetrical staircase-shaped notches, a study

is carried out in the next part.

The second part of this thesis work examines the design process for a slotted radia-

tor that will be integrated into a small patch. The main objective of the proposed

design structure is to reasonably maintain the radiation properties of the antenna

by compacting, enhancing IBW, and controlling the coupling coefficient due to the

fraction of the TM01 mode current introduced by the C-shaped slot. As a result, the

proposed antenna is shown to have a wider IBW (1.55-16.95 GHz (166.51%)), en-

hanced gain (2-8.3 dBi), and improved impedance matching. The transmission line

model (TLM) of the proposed antenna, which depicts the behavior of the antenna

based on the influence of each constituent, is provided. It is noted that the proper-

ties of the TLM model closely match with the outcomes of simulations performed

using the CST simulator. The prototype is successfully implemented, fabricated,

and the results of the experiment are compared with the simulation results. To

further reduce the size and enhance the IBW of the designed star-shaped monopole

antenna and maintain better gain, a study is carried out in the next work.

The third part of this thesis discusses the compact UWB CPW-fed 9-point star-

shaped antenna. A novel concept for efficiently using the reduced space and en-

hanced IBW (measured IBW 2.2-12.21 GHz) for the proposed antenna is discussed

in detail. The functioning theory, design process, simulated, and measured results

of the proposed antenna are presented. To study the linear polarization to circular
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polarization (CP) using traveling wave series-fed circular slits array with DGS and

compact structure, a study is carried out which is discussed in the next work.

In the fourth part of this thesis discusses a compact dual-circular polarized traveling

waves series-fed circular slit microstrip array (TWSCSMA) antenna. The proposed

design gives the left-hand circular polarization (LHCP) wave when the input RF

signal for port 1 has a 45◦ phase increment in clockwise direction. Similarly, the

right-hand circular polarization (RHCP) wave is generated, when the input RF

signal for port 2 has a 45◦ phase increment in anticlockwise direction. Using this

concept dual-CP radiation can be realized. In this design, due to the two ports

formation of the traveling wave series-fed circular slit microstrip array antenna,

it gives dual-CP with minimum axial ratio quad-band and two wider IBWs. To

further enhance the impedance as well as the axial ratio bandwidth of the proposed

monopole CP antenna with extended ground loop plane and compact structure is

presented in the final work.

Finally, an inverted L-shaped hook monopole (ILSHM) antenna is designed and

fabricated to get UWB impedance and axial ratio bandwidth for CP operational

bands. The design process of making CPW-fed two L-shaped conductor strips with

two rectangular slits is discussed. By analyzing the simulation and experiment

results, it is observed that the proposed antenna shows a compact size, UWB IBW

and UWB axial ratio bandwidth, and small bandwidth ratio BR|(10/3)dB ≈ 1.121.

It has demonstrated the essence of the design of a UWB CP antenna for wireless

applications.
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1. Introduction

1.1 Introduction

The need for high-speed data services has grown over the last few years as a result of the

exponential growth of wireless communication technology and internet services. Due to this,

the number of users have increased significantly, and it is clear that future communication

networks will suffer from severe traffic congestion. The biggest difficulty for manufacturers and

service providers is to increase the network capacity to provide efficient communication services

to the users. Another major problem is the reduction of network devices. The signal quality is

deteriorated in wireless communication services due to problems such as multipath fading, co-

channel interference, and delay spread [1]. Researchers are investigating a variety of strategies to

improve the efficiency of communication networks. The most advanced and rapidly expanding

technology in the communication sector is wireless communication, which allows data to be

transported from one end to the other without the need for physical connections, as depicted in

Figure 1.1. It’s interesting to note that every communication system relies on the transmission

of signals (or information) through a transmitter and receiver, which can be placed anywhere

from a few meters to thousands of kilometers away, like in satellite and television (TV) remote

control systems, respectively [2]. Antennas are utilized to transmit and receive signals because

no directed medium is employed. An antenna is a component that transforms electrical signals

into electromagnetic waves on both the transmitter and receiver ends. There are numerous

varieties of antennas on the market, including horn antennas, dipole antennas, planar inverted-

F antenna (PIFA), microstrip patch antennas, etc. [3]. Low-profile antennas are desired today

in communication systems to achieve great performance over a wide frequency range. Microstrip

patch antennas are becoming increasingly popular in this field as a result of their numerous

benefits, including their low profile, low cost, planar structure, high robustness, conformability

to curved surfaces, ease of installation, ease of fabrication, and low cost due to their simple

PCB fabrication. Since then, microstrip patch antennas have attracted interest due to their

many benefits, including their light weight, ease of manufacture utilizing PCB technology, low

cost, compact design, and simplicity of microwave circuit integration [4].
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1.1 Introduction

Figure 1.1: Wireless communication networks.

More multifunctional systems are needed today, which increases the demand for small mobile

terminals like smart phones, handheld wireless devices for internet access, short- and long-

range communication equipment, radio frequency identification (RFID), TV, and multiple-

input multiple-output (MIMO) systems [5], as well as satellite communications, remote sensing,

radar systems, surveillance, missile guidance, and other similar technologies. Similar to this,

small-size antennas are needed for devices and equipment used for GPS, navigation, and data

transfer. The development of low-profile, compact, multiband, broadband, ultra-wideband, and

circular polarized (CP) antennas continues to be a challenge for the community due to these

applications and the expansion of wireless devices. The rectangular and circular shorting posts

[6], meandering slots at the non-radiating edges of the patch [7], and low and high permittivity

substrates of varying thickness loading [8] are used to reduce the size and volume of antennas.

Low radiation efficiency, small bandwidth, and undesirable radiation patterns are frequently the

3
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results of the above mentioned antenna. As a result, employing periodic structures to reduce

antenna profiles has recently attracted significant interest to enhance antenna performance.

1.2 Wireless Communication Services

There are several uses of antennas across the entire electromagnetic spectrum. The Federal

Communications Commission (FCC), an independent regulatory body established under the

authority of the Communications Act of 1934, assigned various frequency bands for various

applications in order to avoid congestion, and minimize multipath interference or fading from

multiple users during the communication process. Table 1.1 lists the various frequency bands

that the governing council has designated, along with the category of antennas that correspond

to each band. The wireless local area network (WLAN) applications represent a significant

advancement in antenna technology and the growth of their importance in the future. Figure

1.2 shows the development of WLAN communications. The IEEE 802.11n standard required

that MIMO techniques be used, which indicates that a device must have more than one antenna

[9]. As part of the more recent IEEE 802.11ac standard, improvements to 802.11n are currently

being worked on.

Figure 1.2: The evolution of the wireless communication standards [7].
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1.2 Wireless Communication Services

Table 1.1: Different wireless standards used with a frequency of operation and bandwidth [5], [6]

Wireless standards Frequency Occupied Commonly used antennas

Band (MHz) BW (MHz)

Digital Video Broadcasting (DVB-H) 470–702 232 Compact printed antennas

Radio Frequency Identification (RFID) 868–930/ 62/ Loops, Folded-F, Patch and

2446–2454 8 Monopole

Global System for Mobile (GSM-900) 890–960 70 Dipole, patch arrays and

Monopoles

Global System for Mobile (GSM-1800) 1710–1805 95

Global System for Mobile (GSM-1900) 1850–1990 140

Global Positioning System 1227–1575/ 348/ Microstrip patch or bifilar

(GPS1400, GPS1575) 1565–1585 20 helix

Personal Communication System 1850–1990 140 Conformal Slot and

(PCS 1900) Slot-Dipole Antennas

International Mobile Telecommunication 1885–2200 315

-2000 (3G IMT-2000)

Universal Mobile Telecommunication 1920–2170 250

Systems (UMTS 2000)

WLAN ISM-2.4 (Bluetooth)/ 2400–2484/ 84/ Dipole, patch arrays,

ISM-5.2, ISM-5.8 Industrial/ 5150–5350/ 200/ Microstrip patch

Scientific, Medical (ISM) 5725–5825 100

WiMAX (Worldwide 2500–2690/ 190/ Dipole, patch arrays,

Interoperability for 3400–3690/ 290/ Microstrip patch

Microwave Access) 5250–5850 600

Bluetooth 2400–2500 100

LTE (Long Term Evolution) 1710–1755/ 45/ Microstrip patch

1710–1785/ 75/

1850–1910/ 60/

1920–1980 60

LoRa (Long Range Radio) 863–870/ 07/

in Europe, India, United States, 865–867/ 02/

South Korea 902–928/ 26/

920–923 03

WBAN 2360–2400 40 Microstrip patch,

wearable antenna
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1. Introduction

Recent advancements in wireless technology have led to a wider range of working frequencies

and narrow assigned frequency bands, which increases the need for larger antennas and larger

devices overall, particularly in handheld and portable devices. As a result, physical size has

become more crucial in antenna design. Designing small-size antennas or antenna arrays that

can function at multiple commercial frequency bands, including the Global System for Mobile

Communications (GSM), Universal Mobile Telecommunications System (UMTS), WLAN, and

Worldwide Interoperability for Microwave Access (WiMAX) applications, is becoming more

and more popular in the field of antenna engineering. The key design considerations for prac-

tical applications are size minimization, improved bandwidth, multimode operation, circular

polarization, etc.

The need for low-profile, compact size, planar multi-band antennas are growing daily in

wireless communication applications. The design problems for portable, wireless devices that

are lightweight and small never end. Recently, a variety of low-profile efficient radiators that

are simple to produce and affordable have been developed. Due to some drawbacks including

narrow bandwidth and larger size, the standard microstrip patch is not a strong fit for wireless

applications. As a result, new novel strategies are being looked into for the multiband antenna

that operates at a smaller size. Other microstrip devices with various geometric radiators are

suitable possibilities for microstrip Planar Inverted F-Antennas (PIFA).

The main objective is to design antennas for wireless communication applications where the

space value of the antenna is quite constrained while it reserves the characteristics of multiband,

wideband, lightweight, affordable, robust, diverse, packaging capabilities, and the ability to inte-

grate microelectromechanical systems (MEMs) for smart antenna systems. These antenna types

and their developments are the focus of many literary study types. The difficulty of designing

a compact, multiband antenna that can simultaneously fit in multiple wireless communication

systems is demonstrated in the previous research work. Acceptable antenna bandwidth was

reached in all earlier configurations. However, in contrast to directional antennas, several other

wireless communication applications need for broadband and even ultra-wideband antennas.

Because of the growing need for communication bandwidth to support high-speed data appli-
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cations like video-on-demand, broadband antennas are in great demand. The Shannon-Nyquist

criterion relates the bandwidth and signal-to-noise ratio (SNR) to achieve the maximum data

rate or capacity for the ideal band-limited additive white Gaussian noise (AWGN) channel, as

given in (1).

C = B log2(1 + SNR) (1.1)

where B is the channel bandwidth and C is the maximum transmission data rate or chan-

nel capacity. According to (1), increasing the bandwidth occupied or transmission power will

increase the transmit data rate. Since many portable devices run on batteries, it is difficult

to increase the transmission power, and interference should also be avoided. Thus, a large

frequency bandwidth will be the solution to achieve a high data rate. Instead of modulating

sinusoidal signals, ultra-wideband (UWB) technology relies on sending pulses with widths in

order of nanoseconds or even picoseconds, which enlarges its spectrum and tunes its power den-

sity above the noise level (FCC, 2002). This type of transmission has several benefits, including

resistance to jamming and the capacity to counteract fading brought on by multipath effects.

Additionally, the UWB spectrum contains low-frequency components, which have the ability

to penetrate. The UWB technology has several uses in wireless communications as a result of

the above mentioned benefits. Because UWB offers security and low power consumption, the

portable terminals’ batteries last longer. However, there are many difficulties with UWB tech-

nology and broadband communication systems, including polarization purity, radiation pattern

stability, and other issues.

The above two paragraphs illustrate the design of compact, multiband, and ultra-wideband

antennas that can simultaneously operate in multiple wireless communication systems. In a

wireless communication system, when the gain of the transmission antennas is increased, the

range of wireless coverage is improved, mistakes are reduced, achievable bit rates are increased,

and the battery consumption of wireless communication devices is decreased. Matching the

polarization of the transmitting and receiving antennas is one of the key variables in boosting

this gain. The transmitter and receiver must have the same axial ratio, spatial orientation,

and sense of polarization in order to achieve this polarization matching. Since wireless devices
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frequently alter their location and orientation, it is almost difficult to match the spatial orien-

tation of the wireless devices in mobile and portable wireless applications. Circularly polarized

(CP) antennas can be matched in a range of orientations because the orthogonal components of

along emitted waves oscillate their own axis which are perpendicular to the direction of trans-

mission. Compared to their linearly polarized (LP) counterparts, the CP band antennas are

more suitable. The CP antenna is becoming more and more used in wireless communication

systems because of its benefits of overcoming multipath fading, non-line-of-sight applications,

and giving superior mobility than the linear polarized antennas. In recent years, numerous

researchers have focused on designing CP antennas and employing various approaches to re-

duce their size. Dipole, horn, microstrip, and dielectric resonator antennas are only a few

examples of the many different antenna configurations. However, the large antenna apertures

produced by these designs prevent them from exhibiting stable radiation patterns, which is

a crucial prerequisite for wireless communication technology. Additionally, by integrating an

additional antenna element to create an antenna array, the range of operation of multiband,

broadband, UWB, and CP band antennas is enhanced. However, the volume that is used for

antenna design keeps getting smaller as people want a portable wireless device. Theoretically,

it is generally known that as the size of the antenna is decreased, its performance degrades in

turn the following parameters suffer:

• Decreased efficiency (or gain)

• A smaller range

• Lower effective bandwidth

• More fine tuning

• Increase sensitivity to PCB and component spread

• Increase sensitivity to external factors

The fundamental performance of electrically compact antennas is already being pushed

to its absolute limit by current internal antenna designs. A zeroth-order resonating antenna

8
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exhibits minimal dissipative losses and supports zeroth order propagating mode. In order to

design compact, multiband, broadband, UWB, and CP band antennas using various structural

designs, further research work needs to be carried out.

1.3 Free Space, Fixed Transmit and Receive Antennas

First, consider a fixed antenna radiating EM waves into free space. In the far-field, the

electric field and magnetic field at any given location are perpendicular both to each other and

related by free-space wave impedance, i.e.,

E =
H

η
(1.2)

where E and H are the time-varying electric and magnetic fields, respectively. The free space

impedance η ≈ 377 Ω.

A transmitted sinusoid cos 2πft, the electric far-field at time t can be expressed as:

E(f, t, (r, θ, ψ)) =
αs(θ, ψ, f) cos 2πf(t− r/c)

r
(1.3)

Here, (r, θ, ψ) represents the point u in space at which the electric field is being measured,

where r is the distance from the transmit antenna to u and where (θ, ψ) represents the elevation

and azimuth angles. The constant c is the speed of light, and αs(θ, ψ, f) is the scaling factor

for antenna losses.

It is observed that, with increase in distance r increases, the electric field decreases as r−1,

and thus the power per square meter in the free space wave decreases as r−2. This is expected

since if we look at concentric spheres of increasing radius r around the antenna, the total power

radiated through the sphere remains constant, but the surface area increases as r2. Thus, the

power per unit area must decrease as r−2. Next, suppose there is a fixed receive antenna at the

location u = (r, θ, ψ). The received waveform in response to the above transmitted sinusoid is

then

Er(f, t,u) =
α(θ, ψ, f) cos 2πf(t− r/c)

r
(1.4)
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where α(θ, ψ, f) is the product of the antenna patterns of transmitting and receiving antennas

in the given direction. Placing a receive antenna there changes the electric field in the vicinity

of u, but this is taken into account by the antenna pattern of the receive antenna. Therefore,

using this concept, a new technique for designing small size multiband, broadband, UWB, and

CP band antennas needs to be investigated, which is the key motivation of this thesis work.

1.4 Literature Survey

As the demand for low-profile compact planar multi-band, wideband, CP band antennas

has increased in wireless communication technology and high-speed internet services, there is

a need to develop a compact and wider bandwidth antenna with a high gain for an entire

band of frequency operation and better cross-polarization levels regardless of the direction of

propagation. In order to replace narrow bandwidth, larger size, and low gain antennas with a

compact superior antenna performance for wireless communication applications, the research

work has advanced to the next stage. The goal of the literature review is to lay the groundwork

for an inquiry into how reported antennas are used, along with their operating bands and

physical characteristics. In preview of this, a literature review on the slot, slit, monopole,

defective ground structure, and array antennas as they relate to microstrip line and coplanar

waveguide (CPW)-fed patch antennas utilized for multiband, broadband, UWB, and CP band

applications are presented below.

1.4.1 Compact and Multiband Antennas

Numerous antenna researchers were attracted to the compact, multiband, low-cost, lightweight

microstrip antenna due to the rapid development of wireless communications. In various wire-

less communications, microstrip patch antennas are found to be a suitable choice and encour-

aging [10]. Numerous design strategies have been reported for size minimization, including the

use of metamaterial structures [11], arc-shaped tuning stubs [12], split-ring resonators [13], and

ground planes by shorting pins [14]. This is because the majority of devices require compact

sizes and simple structures. In contrast, a multi-band antenna is necessary to implement various
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multiband function antennas, including a defective ground structure [15], a wearable open-ring

antenna that is shorted to the ground plane [16], a circular ring with a Y-shaped strip [17], and

a bow-tie monopole antenna [18]. The majority of previous multiband miniaturized antennas

have problems because the radiation patterns are unstable [19–22]. An antenna with triple-

band frequency as a result of cutting various U-slots has been described in [19]. The design

and presentation of a pentaband microstrip antenna with metal sheets that resemble a combs-

like metal sheet and an omnidirectional radiation pattern in the H-plane are described in [20].

Multiple resonators are added to a slot antenna in [21] to produce multiple resonances. Similar

to [21], multiple resonant frequencies are generated by adding inverted multiple U-shaped slots

to the radiating patch [22]. It has been stated that a different kind of compact, multiband

patch antenna with directional radiation patterns exists [23]. The triple-band dual-polarized is

achieved by utilizing a corner truncated sectoral radiating patch by Mathew et al. [24].

A compact, microstrip-coupled, triple-band H-shaped slot antenna has been proposed by

Chang et al [25]. These four resonant frequencies have measured gains of 0.2 dBi, 3.5 dBi,

2.37 dBi, and 3.7 dBi, respectively. The triple-band metal-framed tablet to produce triple-

wideband long-term evolution (LTE) is mentioned in [26] and the L-shaped radiator to produce

a circularly polarized wave is presented in [27]. The equivalent transmission line model (TLM)

circuit of the antenna are derived using the optimization method as presented in [28, 29]. As

a result, the necessity for antenna systems with multiband and small omnidirectional antennas

to handle several communication protocols is increasing. Considering the size of the antenna

such as thickness and aperture size, a compact triple-band microstrip patch antenna with light

weight is proposed in this thesis. Also, the proposed antenna has a high center frequency ratio

and can significantly suppress the cross-polarization level by employing a symmetrical double

annular ring slot patch.

1.4.2 Compact Broadband and UWB Antennas

Because of less weight, low profile, low cost, and ease of integration with monolithic mi-

crowave integrated circuits (MMIC), printed microstrip slot and monopole antennas are exten-
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sively used in wireless communications systems. However, the microstrip slot antennas limited

bandwidth is the major constraints, which is crucial to the fidelity of ultra-wideband (UWB)

communications. Since CPW-fed antennas provide several advantages over microstrip anten-

nas, including a relatively wide impedance bandwidth, high data rate, low fading sensitivity,

flexibility, and ability to be integrated with surface-mount devices, it is sidely UWB communi-

cations [30, 31]. Figure 1.3 depicts the printed monopole structures, where the radiating patch

may be supplied by a CPW-fed or a microstrip line.

(a) (b) (c) (d)

Figure 1.3: (a), (b) Microstrip line and (c), (d) CPW-fed monopole and slot antennas.

The need of various CPW-fed printed antennas with wider impedance bandwidth and com-

pact sizes has been significantly grown in recent wireless communication applications. The

usage of monopole and Vivaldi antennas, which have a wide bandwidth and good radiation

patterns, is widespread [32]. A rather large area is needed in both antennas since Vivaldi

antennas need a tapered slot and monopole antennas are mounted perpendicular to the carri-

ers. Recently, the slot antenna design is enhanced to take the demand for a wider impedance

bandwidth. Numerous concepts with small footprints and increased bandwidth have been put

forward [33–38] for the Vivaldi antenna. As proposed by Chiu et al. [33], the central metallic

strip length of the CPW transmission line is extended beyond the ground plane to create a

monopole antenna.

Similar to above, Orazi et al. [34] developed a UWB triangular slot antenna by using the

dual-reverse-arrow fractal (DRAF) geometry with a CPW-fed which is covering WLAN (2.4
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and 3.65 GHz) and WiMAX (2.3, 2.5, and 3.5 GHz) frequencies. Sallam et al. [35], Safia

et al. [36], and Azari et al. [37] propose a bow-tie antenna, a rose-curve monopole antenna,

and a wideband fractal shape structure for UWB applications. The wideband fractal structure

antenna has a large dimension but can perform well in terms of impedance bandwidth.

Since compactness is a key requirement in modern wireless devices for UWB applications,

numerous amount of research work is going on across the globe to reduce the size of the

CPW-fed tapered slot structure UWB antenna. Tu et al. [38] add a pair of half-wavelength

stubs and slits into the tapered slot and the circular patches, respectively, in order to get the

controllable notch-band feature. The proposed antenna has less cross-polarization than a single-

ended CPW-fed UWB antenna as it uses a differential feeding mechanism. Tasouji et al. [39]

proposed a modified rectangular radiation patch with three rectangular slots and one circular

slot. The operation bandwidth of proposed antennas cannot be easily increased due to the slot

width limits their bandwidth [39]. In [40-48], UWB and compact antennas are presented. A

planar microstrip line-fed super wideband monopole antenna is presented by Chen et al. [40].

The asymmetrical ground plane is used to insert a semi-elliptically fractal-complementary slot,

which results in a bandwidth ratio of 12:1 and a 10 -dB bandwidth of 172% (1.44–18.8 GHz)

but the antenna size is large of 77×35 mm2.

In addition to modified Y-shaped components, a compact multiple resonance modes struc-

ture with wideband capabilities has been examined by Fang et al. using a CPW-fed meandered-

slot antenna. This antenna offers wider bandwidth and is a good option for 2.6 GHz Wi-Fi,

WiMAX, and 5G applications [41]. The antenna proposed in [42–44] printed an E-shaped slot,

an arc shape stub, and a fishtail shape structure apart from the conventional CPW-fed slot

antennas and possess wider impedance bandwidth. A stepped connection structure is intro-

duced with a Vivaldi antenna to improve the impedance matched antenna feed and impedance

bandwidth [45]. A novel hybrid design for a microstrip line-fed, parasitic-coupled monopole

antenna was put forward by Eshtiaghi et al. In this antenna two sectors are carved out from

the bottom side of the parasitic patch to increase the impedance bandwidth. In [46], the main

patch is coupled to a second patch with an inverted semi-ellipse which serves as a filter. This
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UWB antenna operates between 3–11 GHz with a stop band frequencies from 5.1 to 5.9 GHz.

In [47], it is observed that the traditional multiple λ/4 or λ/2 resonant modes can exist

due to the capacitive effect with regard to four open end L-slot patch structures and that the

lower and upper resonant frequency can vary with respect to L-width slot. Additionally, a

UWB slot antenna with a broad bandwidth and small dimensions that differ from conventional

wideband slot antennas is presented [48]. Utilizing the S11 simulated parameters [28, 49–54] of

the proposed antenna, optimization is employed in the Applied Wave Research (AWR) simulator

to determine the circuit parameters such as resistance (R), inductance (L), and capacitance (C)

of the TLM equivalent circuit.

Various fractal antennas employing wideband fractal shapes, CPW-fed antennas with dual-

reverse-arrow fractal structure, flexible bow-tie slot antenna, rose-curve shape monopole an-

tenna, tapering slot antenna, and space-filling concepts are used to achieve the wideband

impedance bandwidth [10, 34–37, 55–62] with bandwidth from 40% to 122%. A semi-circular

patch [38], quasi-radiating patch [63], modified meandering slot [64], microstrip-fed parasitic-

coupled monopole hybrid design [41], and improved surrogate-based patch [28, 29, 46, 49, 65]

are presented to provide wider bandwidth and better impedance matching. However, in order

to actualize the necessary operational frequency bands, the monopole antennas indicated above

have a large physical dimension and complex shape. In order to span the UWB frequency band,

a compact, simple slotted and monopole antenna with a wider bandwidth is required.

1.4.3 Compact Broadband and UWB CP Antennas

Recent years have seen a significant increase in interest in research on compact and mi-

crostrip antenna arrays, radiating elements, feeding arrangements, and polarizations for con-

temporary wireless communication systems. The popularity of the circularly polarized (CP)

antenna is growing in wireless communication systems due to its advantages over linearly po-

larized antennas in terms of multipath fading resistance, non-line-of-sight applications, and

better mobility. Numerous researchers have been working to reduce the size of CP antennas in

various ways in recent years [66–68]. Exciting two orthogonal modes with equal amplitude and
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in-phase quadrature is the basis for CP antenna operation.

By introducing different design techniques, the above mentioned CP band antenna can

achieve multiband CP for various communication systems such as global positioning systems

(GPS) and satellite communications [69–73]. The dual-band CP antennas have been proposed

with a single feed, cavity-backed square annular slot [69], truncated corner square slots loaded

with a set of split-ring resonators [70], and an S-shaped slot center of the square radiator [71].

The single-feed microstrip patch antennas with the annular-ring slot on the square radiator or

4×4 arrays with 90o phase difference power dividers have also been demonstrated for dual-band

applications [72], [73]. Although these antennas generate a CP wave in their two bands, the

antenna size is increased and 3 dB axial ratio bandwidths (ARBW) are narrowed. Furthermore,

single-feed microstrip patch antennas with loading stubs and etching slots on the square patch

or multi-stacked patches with a slit have also been discussed for triple-band applications [74],

[75]. However, the above mentioned single-feed CP patch antennas have less than 3.5% axial

ratio bandwidth (ARBW) with large sizes. In [76], multiple L-shaped slits on the hexagonal slot

as a radiator is proposed and triple CP bands i.e., 1.7%, 3.86%, and 5.23% are achieved. In [77],

a square slot with metallic strips and split-ring resonator configuration shows an improvement

in 3 dB ARBW. Though these antennas are small in size, the ARBW are still less than 11%.

Recently, a quad-band CP antenna with Inverted-U-shaped radiators [78], the ARBWs of 5.4%,

8.3%, 3.7%, and 2.9% are achieved.

The sequential rotation technique (SRT) which is one of the many well-established methods

for designing an antenna array, is found to be useful for CP array antennas for enhancement

of array bandwidth, radiation patterns, and polarization purity. Numerous CP array antenna

designs have been proposed, but the SRT is one of the approaches that has received the most

attention in the literature [79–83]. In SRT, phase shifting of 90o and 180o are achieved by

applying λ/4 transmission lines with an L-shaped radiator [79]. A series feed network reported

in [80] consists of λ/4 transformer sections with an L-shaped ground strip in the radiator

array to reduce the cross-polarization. In [81–83], the array elements are fed by different

feeding networks like rat-race, Wilkinson power divider, and microstrip line. However, antenna
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configurations of these designs are usually large and the use of a complex feeding network

structure complicates the fabrication of the antenna. The antennas mentioned above are either

thick in profile or large in aperture size, which motivates us to develop a compact multiband

CP antenna to some extent as well as improve the ARBW and impedance bandwidth (IBW)

with minimum axial ratio using a series-fed circular slit array patch.

Furthermore, UWB-IBW as well as ARBW can be achieved by introducing some symmet-

ric and/or asymmetric monopole or slotted radiator with CPW-fed extended defected ground

structure (DGS) antennas [84–89]. These include a printed square slot patch and a halberd-

shaped metal strip on the ground plane [84], two rectangular parasitic elements and an I-shaped

grounded stub [85], a rectangular monopole and a square-ring with an open gap at the bottom

[86], and an L-shaped monopole patch with inverted L-shaped ground strips [87] to enhance

the ARBW as well as reduce the antenna size. By using an I-shaped rectangular patch with

adding a stub on the ground plane, the antenna achieves an ARBW of 44.9% and IBW of 76.9%

[88]. A monopole radiator with an L-shaped slot on the ground plane achieves ARBW of 33%

and IBW of 40% [89]. However, these CPW-fed CP monopole antennas have less than 64%

ARBW with less gain. It is very difficult to meet the requirements of wider IBW and ARBW

simultaneously of antenna for wideband communication systems. However, 44.9% and 76.9%

are the maximum achievable values for ARBW and IBW, respectively, while considering both

separately. The art of the microstrip patch CP antenna design is to customize the frequency of

ARBW close to the IBW so that a wide overlapped bandwidth CP antenna can be achieved. In

[90], a C-shaped monopole with a rectangular vertical stub connected to the ground plane as a

CP radiator is proposed. In a hexagon-shaped monopole with a slotted patch, a wide ARBW

has been achieved [91]. Though these antennas are small in size, the ARBW are still less than

66%.

Recently, an ultra-wideband CP antenna with semicircular patches on the top and bottom

sides is reported in [92], where 89% and 103% ARBW and IBW, respectively are achieved. A

UWB 2 × 2 array CP antenna is introduced in [93], which is a larger size than other UWB

CP antennas. The size of this UWB array is 200×200 mm2, while the ARBW of 92.5%, IBW
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of 132.8%, and BR|(10/3)dB ≈ 1.435. The antennas mentioned above are either thick in profile

or large in aperture size, which motivates us to develop a compact UWB CP antenna to some

extent as well as improve ARBW and IBW with the minimum AR and BR|(10/3)dB using an

asymmetrical Inverted L-Shaped-Hook Monopole antenna.

1.5 Motivation

After discussion of the limitations of wireless communication systems which are not ad-

dressed in the present literature in the previous section, the motivations to carry out this

research work are as follows:

• The demand for compact devices is increased by the rapid development of wireless com-

munication technologies. Antenna tuning is also required to overcome the systems’ overall

size. Research work in the minimization and better performance of the antenna needs to

be studied.

• A multiband antenna supports various wireless frequency standards for multiband com-

munication applications. Furthermore, improvement techniques in radiation patterns are

still to be explored. Therefore, it is necessary to focus on improving antenna design for

better antenna radiation patterns and reduction of the antenna size by employing various

slot structures.

• Bandwidth dimension ratio (BDR) is an important parameter of a UWB antenna. To

the best of author’s knowledge, there are no designs for UWB that concurrently reduce

the antenna size while increasing the BDR ratio. As a result, designing an antenna

that is capable of both functions is a research topic for effective wireless communication

technology.

• The communication systems as mentioned in Friis transmission equations is highly de-

pendent on polarization of the signals. Polarization mismatch prevents the maximum

signal from reaching the receiver. According to the power density contour at the receiver
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end, a linear polarized antenna may occasionally be positioned at 90o or 180o orientation.

Additionally, the circularly polarized (CP) antenna is growing in popularity in wireless

communication systems due to its advantages over linearly polarized antennas in terms of

non-line-of-sight applications, multipath fading resistance, and better mobility. The CP

antenna must be developed to maintain the same state of polarization without changing

the orientation in order to have lower or no polarization loss.

• This thesis presents slotted, slit, and DGS microstrip patch antennas for applications such

as Bluetooth, ZigBee, WLAN, WiMAX, Wi-Fi, LoRa, GSM, LTE, etc. The frequency

range for above applications from 1 to 20 GHz. To get multi-band, broadband, UWB,

and CP band characteristics, five distinct prototype antennas are designed and tested

based on the slot, slit, series-fed array, and defective geometry.

1.6 Objective of the Thesis

The objective of the thesis are as follows:

• Design a compact, triple-band antenna with a high center frequency ratio, low cross-

polarization levels, stable radiation patterns, and constant gain over the working band.

• Design a compact novel CPW-fed symmetrical staircase-shaped slotted patch antenna to

enhance IBW, improve peak gain, and BDR.

• Design a new, compact star-shaped monopole antenna to increase the IBW and maintain

constant gain throughout an operational band.

• Design a novel compact, dual-band, dual-CP, series-fed circular slit microstrip array quad-

band CP antenna with improved cross-polarization levels in all directions.

• Design a compact, inverted L-shaped-hook monopole CP antenna to improved IBW and

ARBW with a minimum BR|(10/3)dB.
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1.7 Contribution of the Thesis

The design and fabrication of multi-band, broadband, UWB, and CP band microstrip patch

antennas for wireless applications is the primary contribution of the current study. The fol-

lowing steps are taken to design the proposed antennas using slotted, slit, series-fed array, and

defected ground structures in order to optimize the antenna parameters and performance, such

as reflection coefficient, voltage standing wave ratio (VSWR), minimum axial ratio, peak gain,

radiation efficiency, E-plane, and H-plane radiation patterns, etc.

The main contribution of this thesis is as follows:

• The use of several existing antennas with varied antenna characteristics, and their anal-

ysis.

• To improve the center frequency ratio and reduce the cross-polarization levels of a multi-

band antenna.

• A compact structure CPW-fed symmetrical staircase-shaped antenna is designed, fab-

ricated, and tested to improve the impedance bandwidth. It maintains constant gain

between the operational frequency bands.

• Compared to conventional antennas, a lower-volume, CPW-fed star-shaped monopole

antenna radiator is designed and fabricated. It has a wider IBW and a higher gain.

• A novel dual circular polarized, quad-band CP with two broadband impedance band-

widths antenna designed and experimented. The antenna exhibits improved gain that

provides the same circular polarization regardless of propagation direction has been de-

signed and fabricated.

• A compact extended CPW-fed UWB circular polarized inverted L-shaped hook monopole

antenna is designed and fabricated. It has a UWB-IBW, minimum AR, BR|(10/3)dB, and

higher gain.
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Due to the complexity of the slotted and slit geometry, it is important to develop an effective

method to support the design of slotted or slit-based antennas in the area of antenna modeling.

The slotted or slit geometry for antenna modeling is developed using a macro script, which can

be run by most of the antenna simulation software. Figure 1.4 illustrates this technique in a

straightforward manner.

Figure 1.4: The general working flow of creating antenna modeling.

Figure 1.5: Chapter structure diagram.

20

TH-3087_176151008



1.8 Organization of the Thesis

1.8 Organization of the Thesis

This thesis provides a complete review of the methods for analyzing, designing, fabricating,

measuring and optimizing different types of microstrip multi-band, broadband, UWB, and CP

band antennas for wireless applications. The content of this thesis is divided into seven chapters

as indicated in Figure 1.5.

Chapter 2: This chapter addresses a low profile triple-band slot antenna having a high

center frequency ratio and low cross-polarization levels for WLAN/WiMAX/C-band downlink

satellite communications. This antenna has a double annular ring slot, two L-shaped slots,

one I-shaped slot, and a defected ground structure based on an ellipse-shaped slit. The trans-

mission line model of the proposed antenna is also shown, and it depicts the behavior of the

antenna based on the impact of each component. It is seen that the properties of the output

from an equivalent transmission line model (TLM) of the configured proposed antenna closely

resemble with those of the simulation results obtained from CST simulator software. Thus, the

requirements and difficulties associated with designing a triple-band antenna are investigated.

The simulation and the measured results of the fabricated antenna agree with and validate the

design.

Chapter 3 investigates the practical difficulties of integrating a slotted UWB antenna into

a small device platform. This chapter examines the design process for a slotted radiator that

will be integrated into a small patch. The main objective of the proposed design structure

is to reasonably maintain the radiation properties of the antenna by compacting, enhancing

impedance bandwidth, and controlling the coupling coefficient due to the fraction of the TM01

mode current introduced by the C-shaped slot. As a result, the proposed antenna is shown

to have a wider impedance bandwidth (1.55-16.95 GHz (166.51 %)), enhanced gain (2–8.3

dBi), and improved impedance matching. The transmission line model (TLM) of the proposed

antenna, which depicts the behavior of the antenna based on the influence of each constituent,

is provided. It is noted that the properties of the TLM model closely match the outcomes of

simulations performed with the CST simulator. The prototype is successfully implemented,
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fabricated, and the results of the experiment are compared with the simulation results.

Chapter 4: This chapter introduces an antenna solution for a compact 9-point star patch

radiator. A novel concept for efficiently using the reduced space and enhanced impedance band-

width (measured impedance bandwidth 2.2-12.21 GHz) for the proposed antenna is discussed

in detail. The functioning theory, design process, and simulated and measured results of the

proposed antenna are presented.

Chapter 5 introduces a new design of compact dual-band and dual-CP traveling wave

series-fed circular slit microstrip array (TWSCSMA) antenna operating in quad-band CP at

2.5/3.5/3.8 GHz WiMAX and 5.2 GHz WLAN applications. The radiating structure consists

of an annular ring traveling wave series-fed circular slit array elements which rotate in sequence

with seven circular quasi-lumped resonators contributing to two-impedance bandwidth (IBW)

and quad CP bands. The proposed design gives the left-hand circular polarization (LHCP) wave

when the input RF signal for port 1 has a 45◦ phase increment clockwise direction. Similarly,

the right-hand circular polarization (RHCP) wave, when the input RF signal for port 2 has

a 45◦ phase increment anticlockwise direction. Using this concept, dual-CP radiation can be

realized. The four split-ring resonators with double-annular rings are introduced on the defected

ground plane to improve the impedance matching, IBW, and axial ratio bandwidth (ARBW)

effectively. Thus, measured IBW (two S11 ≤ 10 dB IBW of 33.85% and 50.73%) and AR

(four < 3 dB ARBW of 16.26%, 12.52%, 8.22%, and 13.82% for port 1) characteristics validate

and ensure the polarization quality of traveling-wave series-fed arrays. Furthermore, modern

machine learning regression techniques are used to predict the parameter accuracy of the model

performance requirements for the optimal design of the proposed antenna. The TWSCSMA

antenna demonstrates a compact, low profile, wide impedance bandwidth, and minimum AR

which is making it a good candidate for WiMAX and WLAN applications.

Chapter 6: The practical difficulties in designing and integrating a compact UWB monopole

CP antenna with a small bandwidth ratio into the device platform are further explored. It is pos-

sible to produce the measured IBW (VSWRmax 2) result from 2.243 to 20.653 GHz (160.82%)

and 3 dB ARBW from 3.216 to 18.985 GHz (143.45%). This chapter examines the design
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process for a CPW-fed monopole for integration into a compact patch. The major objective of

the proposed approach is to reduce the radiator’s bandwidth ratio BR(10/3)dB ≈ 1.121 in order

to reasonably preserve the radiation properties of the monopole antenna. When the proposed

antenna is designed, and the simulation results are verified by measurements, which validate

the design.

Chapter 7: The work is finally concluded in chapter 7. The main goals are examined, and

noteworthy accomplishments are emphasized. The issues that are still extant and desirable for

investigation as future research subjects are also presented in this chapter. Figure 1.6 provides

an overview of the subjects that are addressed in this work.

Figure 1.6: Challenges in wireless technology and the highlighted boxes are discussed in this disser-
tation.
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2. Design of Compact Microstrip-fed Triple-Band Slot Antenna with Defected Ground
Structure for Wireless Communications

2.1 Introduction

With the rapid development of wireless communications, the design of the multiband, low-

cost, compact size, lightweight patch antenna has attracted many antenna researchers. Mi-

crostrip patch antennas are found to be a suitable choice and encouraging in different wireless

communications [10]. Since most of the devices require compact size and simple structures,

several design techniques have been reported for size minimization, such as using metamate-

rial structures [11], arc-shaped tuning stub [12], split-ring resonator [13], and ground plane by

shorting pins [14]. On the other hand, the multiple-band antenna is essential for adaptabil-

ity to various wireless communication and to realize the different multiband function antennas,

such as defected ground structure [15], wearable open-ring shorted to the ground plane antenna

[16], a circular ring with a Y-shape-like strip [17], and bow-tie monopole antenna [18]. Most

of the previous multiband miniaturized antennas face difficulty due to the instability of the

radiation patterns [19–22]. In [19], an antenna with triple-band frequency due to the cutting

of different U-slots has been reported. In [20], a penta-band microstrip antenna with comb-like

metal sheets is designed and presented with an omnidirectional radiation pattern in H-plane.

These slot antennas are smaller than the conventional modified monopoles, but their struc-

tures are more complex for practical applications. In [21], multiple resonances are obtained by

introducing multiple resonators on a slot antenna. Similarly in [22], by introducing inverted

multiple U-shaped slots on the radiating patch, multiple resonant frequencies are obtained.

A different type of compact multiband patch antenna with directional radiation patterns is

reported [23]. Triple and multi frequency band antenna such as dual-polarized using corner

truncated sectoral radiating patch [24], higher-order modes are excited using H-shaped slot

[25], metal-framed tablet to generate triple-wideband LTE [26], and L-shaped radiator to pro-

duce a circularly polarized wave [27] are reported and also the researchers have tried to reduced

the size. Thus, there is a growing need for antenna systems where multiband and compact size

omnidirectional antennas are needed for coverage of multi-communication standards.

In this chapter, a low profile triple-band slot antenna (TBSA) for WLAN/WiMAX/C-band
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downlink satellite communication applications are presented. In this design, the L-shaped slot is

used to control a first band (2.257–2.523 GHz) centered at 2.39 GHz and a double-annular-ring-

slot (DARS) which controls the second resonant frequency (3.455–3.655 GHz) centered at 3.55

GHz. The third resonant frequency (4.012–4.262 GHz) centered at 4.13 GHz of the proposed

antenna is achieved by introducing DGS along with DARS and L-shaped slots. The proposed

antenna is compact in size (0.36× 0.35× 0.012λ0 mm3) and relatively simple in structure. The

proposed antenna has the advantages of the easy tuning of individual resonant frequency which

maintains a better center frequency ratio f2/f1 = 1.49 and f3/f1 = 1.73, low cross-polarization

nearly -38.85 dB in E-plane, omnidirectional radiation patterns and better gain with compact

size. Then, an equivalent transmission line model (TLM) of the configured proposed antenna is

developed. The TLM equivalent circuit model and the optimization method have been reported

in [28, 29]. Finally, the proposed model using the Applied Wave Research (AWR) software is

optimized.

This chapter is divided into the following sections: section 2.2 states the design steps and

discussed the parametric studies and generation of triple-band. The mathematical modeling

of the proposed antenna and derived analytical expression for the transmission line model

(TLM)-RLC circuit model are presented in section 2.3. The reflection coefficient S11, peak

gain, and radiation patterns parameters at different frequencies like 2.41, 3.53, and 4.14 GHz

are compared. The simulation and experimental results of the S11, peak gain, and radiation

patterns in both the planes are presented in section 2.4. The experimental results match quite

well with the simulation results, thus validating the practical feasibility of the design. The

principal outcomes of this research work are explained in section 2.5.

2.2 Antenna Design and Analysis

2.2.1 Antenna Structure

Figure 2.1 shows the structure of a compact triple-band slot microstrip-fed antenna. The

proposed antenna having an area of 44 × 45 mm2 (SL × SW ) and a thickness of 1.6 mm is

fabricated on the FR-4 substrate. The dielectric constant and loss tangent of the substrate
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Structure for Wireless Communications

are 4.3 and 0.025 respectively. The CST Microwave Studio (CST vers. 17) software is used to

design and optimize the proposed antenna. The dimensions of the proposed antenna are listed

in Table 2.1.

(a) (b)

Figure 2.1: Antenna geometry (a) top view and (b) bottom view.

Table 2.1: Geometric parameters of the proposed antenna

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

SL 44 iw 0.8 m1 1.1

SW 45 il 6 m2 0.5

PW 38.98 l1 25 r1 9.6

PL 32.6 l2 3 r2 10.7

GL 31.72 l3 3.5 gr1 1.1

wf 2.5 w1 1 gr2 7.4

lf 8.8 w2 10.5 h 1.6
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(a)

(b)

Figure 2.2: Antenna design evolution (a) Antenna I, Antenna II, Antenna III, Antenna IV, proposed
antenna, and their corresponding (b) S11.

2.2.2 Design Antenna Evolution

The antenna design process and triple-band frequency response are shown in Figures 2.2(a)

and 2.2(b) respectively.

First step: Antenna I is a simple rectangular patch with a microstrip line fed as shown in

Figure 2.2(a). It is observed that the single band from 3.523–3.587 GHz, which covers the 3.5

GHz WiMAX standard application but other resonance at a higher frequency does not provide

better characteristics of S11 ≤ −10 dB.

Second step: To excite other resonant modes, a rectangular shape slit is introduced in the

rectangular radiator Antenna I, which is called Antenna II. And their corresponding S11 perfor-
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mance is provided in Figure 2.2(b), which gives nearly 3.5 GHz and another higher frequency

resonance at 4.4 GHz but does not provide better return loss performance.

Third step: Antenna III, a conventional symmetrical double annular ring slot (DARS) is

introduced in Antenna II which generates three resonant frequencies 2.14, 3.59, and 4.4 GHz.

However, the first and third bands have very poor return loss.

Fourth step: Antenna IV, two L-shaped slots are introduced in Antenna III, at first and

second resonant frequency −10 dB return loss is good.

Figure 2.3: Simulated S11 results variation with GL.

Fifth step: The ground plane GL is reduced to 31.72 mm and cut into an ellipse-shaped

slit (ESS) to improve the return loss and impedance matching. The designed antenna covers

WLAN (2.41 GHz), WiMAX (3.53 GHz), and C-band downlink satellite communications (4.1

GHz) bands, with an overall percentage of impedance bandwidth 2.415 GHz (8.11%), 3.53

GHz (3.12%), and 4.14 GHz (5.31%), respectively. The simulated center frequency ratio are

f2/f1 = 1.49 and f3/f1 = 1.73. Figure 2.3 shows that by increasing the ground length GL

from 0 to 31.72 mm, all modes are excited and improved appreciably impedance bandwidth

and impedance matching. Further increasing the ground length GL from 31.72 to 32.22 mm,

all resonance frequency band’s return loss performances are reduced. Therefore, we found a

suitable length of the ground plane GL of about 31.72 mm.
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2.2.3 Surface Current Distribution Performance

To study the operating principle and the relationship between different resonant frequencies

with their essential parameters of the proposed antenna, the simulated surface current distribu-

tions at 2.41, 3.53, and 4.14 GHz are shown in Figure 2.4. In Figure 2.4(a), the strong surface

current concentration on the radiating patch and both sides of the L-slot are observed. There-

fore, it can be found that the 2.41/2.5 GHz WLAN resonant occurs due to both sides of the

patch. In Figure 2.4(b) the concentration of the surface current on the DARS and partly main

rectangular radiator indicates the resonant frequency at 3.53 GHz. As shown in Figure 2.4(c),

the concentration of the current on the lower part of the double annular ring slot, L-shaped slots

of the radiating patch and microstrip-fed line contribute towards the third resonance frequency.

(a) (b) (c)

Figure 2.4: Simulated surface current distributions at (a) 2.41 GHz, (b) 3.53 GHz, and (c) 4.14 GHz.

2.2.4 Design Approach for Triple-Band Frequency

The design approach of the triple-band slot antenna and the calculation of the dimensions

of different slots of the patch radiator is explained below.

First Resonance:

From Figure 2.4(a), it is seen that the boundary condition for the first resonance, in which

the maxima of the electric field occur at both sides of the L-shaped slot patch. Therefore, the
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first resonance frequency (fr1) can be calculated as:

fr1 ≈
c

2Lr1
√
εeff

(2.1)

where Lr1 and εeff (effective dielectric constant) are expressed as:

Lr1 = 2(w2 + l2 +m2) (2.2)

εeff =
εr + 1

2
+
εr − 1

2

(
1 + 12

h

PW

)−1/2
(2.3)

PW =
c

2fr

√
2

εr + 1
(2.4)

where c is the speed of light in a vacuum, fr (=2.5 GHz) is the designed antenna resonant

frequency, and εr (= 4.3) is the permittivity of the substrate.

By substituting c, εr, fr, h and PW in Eq. (2.3) and (2.4), εeff is calculated as 4.001.

Substituting εeff , Lr1 = 28.4 mm as given Table 4.2 and c in Eq. (2.1), fr1 = 2.61 GHz is

obtained.

Table 2.2: Comparison between design equation and full-wave simulation for first resonance

w2 Lr1 Resonant frequency Resonant frequency Error

(mm) (mm) (GHz) (GHz)
Design equation Full-wave simulation

9.5 21.6 3.45 3.22 0.066

10.0 25.0 2.98 2.71 0.090

10.5 28.4 2.61 2.41 0.076

11.0 30.0 2.48 2.28 0.070

Second Resonance:

As seen in Figure 2.1(a), the double-annular-ring-slot has an outer radius of r2 and an inner

radius of r1. Figure 2.5 shows the S11 performance with a variation of m1 from 0.5 to 1.4

mm. It is observed that the resonance frequencies shift to higher frequencies with a decrease
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Figure 2.5: Simulated S11 results of the proposed antenna with a variation of m1.

of m1. As m1 increases, the capacitance Ceq of the DARS decreases which in turn decreases

the propagation constant β ( i.e., β ∝
√
Ceq). As a result, there is a decrease in the effective

dielectric constant
√
εeff = β / Ceq. The guided wavelength λg = λ0 /

√
εeff satisfies the

resonance condition when the circumference of the radiating slot is kept constant. For slot

width m1 = 1.1 mm, the second resonance frequency of the antenna shows better return loss

and impedance bandwidth as shown in Figure 2.5. For the conventional double-annular-ring-

slot antenna, the second resonant frequency (fr2) occurs at the frequency whose wave-length

in the ring slot approximately corresponds to the mean circumferences of the ring slot. The

expression of the second resonance frequency (fr2) is given as follows:

fr2 ≈
c

π(r1 + r2)

(
1 + εr

2εr

) 1
2

(2.5)

where fr2 is the second fundamental frequency and π(r1 + r2) is the mean circumferences

of the annular-ring-slot of the proposed antenna. The second resonance is excited due to the

annular-ring-slot, which is apparent from Figure 2.2(b). Substituting r1 ( = 9.6 mm), r2 (

=10.7 mm), εr ( = 4.3) and c (vacuum) in Eq. (2.5), fr2 = 3.69 GHz is achieved. Table 2.3

shows the second resonant frequency as a function of the inner radius (r1) and outer radius (r2)

of the proposed antenna.
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Table 2.3: Comparison between design equation and full-wave simulation for second resonance

r1 r2 Resonant frequency Resonant frequency Error

(mm) (mm) (GHz) (GHz)
Design equation Full-wave simulation

10.2 10.9 3.55 3.37 0.050

9.9 10.8 3.62 3.47 0.041

9.6 10.7 3.69 3.53 0.043

9.3 10.6 3.78 3.58 0.052

9.0 10.5 3.84 3.63 0.054

Table 2.4: Comparison between design equation and full-wave simulation for third resonance

w2 Lr3 Resonant frequency Resonant frequency Error

(mm) (mm) (GHz) (GHz)
Design equation Full-wave simulation

9.5 34.6 4.33 4.52 0.043

10.0 35.8 4.28 4.35 0.016

10.5 37 4.05 4.15 0.024

11.0 38.2 3.92 3.72 0.051

Third Resonance:

The third resonance mode occurs due to the an L-shaped slot at the left and right-hand

side and a slit near to the feed line of the radiating patch. This can be established by studying

the surface current distribution as shown in Figure 2.4(c). From Figure 2.4(c), it is clear that

the current maxima occurs partly at a L-shaped slot of the radiator and insert feed line at the

end of the edge. Therefore, the third resonance fr3 can be calculated as follows:

fr3 ≈
c

2Lr3
√
εeff

(2.6)

where Lr3 is expressed as:

Lr3 = 2(w2 + l2 + il) (2.7)
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By substituting εeff = 4.001 calculated using Eq. (2.3), Lr3 = 37 mm as given in Table 2.4

and c in Eq. (2.6), fr3 = 4.05 GHz is achieved.

(a) (b)

(c)

Figure 2.6: Simulated impedance matching on Smith chart of the proposed antenna at (a) 2.41 GHz,
(b) 3.53 GHz, and (c) 4.14 GHz.

The simulated impedance bandwidth behavior of the proposed triple-band antenna is pre-

sented in Figure 2.6. It is seen from the figure that loop-like impedance curves are generated

for the proposed antenna in the first, second and third band resonances at 2.41, 3.53 and 4.14

GHz, respectively which explains the first, second and third resonance excitation as seen in the
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proposed antenna triple band in Figure 2.2. The −10 dB impedance bandwidth is observed

to be 196, 110, and 220 MHz. The simulated triple-band frequencies and their corresponding

impedances are presented in Table 2.5.

Table 2.5: Simulated triple-band frequencies and corresponding impedance of the proposed antenna

Band Simulated frequency (GHz) Impedance (Ω)

First resonance f1 = 2.41 Z1(f1) = 58.25− j7.36

Second resonance f2 = 3.53 Z1(f2) = 36.18− j16.02

Third resonance f3 = 4.14 Z1(f3) = 50.39− j5.41

(a) (b)

(c) (d)

Figure 2.7: Equivalent circuit models of antenna elements (a) patch antenna, (b) annular ring slot,
(c) L - and I -slot, and (d) fed-cut-slot.
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(a)

(b)

Figure 2.8: Equivalent TLM-circuit models of proposed antenna (a) equivalent circuit model and
(b) simplified circuit model with RLC values [Rin = 50, R = 5.105, R1 = 3.6, R2 = 0.605, R3 = 2,
R4 = 0.85, R5 = 1.93, R6 = 0.5, R7 = 0.5] all dimensions are in Ω, [L = 574000, Lf = 5.69× 10−5,
L1 = 32100, L2 = 0.3061, L3 = 11.2, L4 = 1.482, L5 = 20.51, L6 = 1.446, L7 = 1.01] all dimensions
are in nH, and [C = 3.51× 10−12, C1 = 0.7455, C2 = 2.869, C3 = 182.1, C4 = 0.424, C5 = 11.24, C6

= 0.625, C7 = 1.03] all dimensions are in pF.

2.3 TLM-RLC Equivalent Circuit Model

The electrical equivalent resistor-inductor-capacitor (RLC) circuit model of the proposed

antenna is achieved by dividing the antenna into several segments where each segment proposes

an individual equivalent circuit and the final equivalent circuit of the antenna is obtained by

assembling the equivalent circuit of all segments.

The inductance Lf is introduced by the microstrip feed line as shown in Figure 2.7(a). To

draw the transmission line model (TLM)-RLC circuit of the DARS, the lower part A and upper
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part B of the antenna as shown in Figure 2.7(b) are considered. Here the patch is considered as

a parallel plate transmission line connecting two radiating slots. The gap capacitance Cs, and

Rr1, Rr2, Cr1, Cr2 are the parallel resistor-capacitor branch of the patch. The slot inductance

Ls appears due to the current distribution in the patch. The L-shaped slot considering a

combination of two rectangular slots (one vertical slot and another base slot) and an I-shaped

slot as only one vertical slot which is represented in Figure 2.7(c). The rectangular patch of

the proposed antenna which contains fed cut edges is shown in Figure 2.7(d). To simplify the

TLM-RLC circuit model as shown in Figure 2.8(a), all shunt R-C, and series L are converted

into equivalent series RLC branches as shown in Figure 2.8(b). An optimization process is

performed using the NI AWR simulator and all parameter values (R in (Ω), C in (pF), and

L in (nH)) are labeled in Figure 2.8(b). Finally, the result of the TLM-RLC circuit model of

the proposed antenna using AWR software is the same as the simulation results obtained using

CST simulator as shown in Figure 2.9.

Figure 2.9: Simulated and equivalent TLM response of the proposed antenna.

2.4 Simulation and Measurement Performance

The performance of the proposed antenna is analyzed using CST software and the simulation

results are verified with experimental results. The S11 parameter, peak gain and the radiation
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(a)

(b) (c)

(d)

Figure 2.10: (a) Antenna measurement in an anechoic chamber, (b) topside view, (c) bottom view,
and (d) S11 measured with VNA.
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patterns of the antenna are measured using system controlled vector network analyzer (VNA)

(Anritsu-MS-46122B) in the anechoic chamber (size: 6×4×6 m3) as shown in Figure 2.10(a).

The prototype triple-band antenna top, bottom view, and S11 measured using VNA are shown

in Figures 2.10(b), 2.10(c), and 2.10(d), respectively.

2.4.1 Reflection Coefficient Performance

The reflection coefficient S11 measured and simulated results are shown in Figure 2.11. The

measured operating frequencies of the proposed antenna are 2.257–2.523 GHz (11.13%), 3.455–

3.655 GHz (5.63%), and 4.012–4.262 GHz (6.05%) which can satisfy the 2.4 GHz WLAN, 3.5

GHz WiMAX, and 4.1 GHz C-band downlink satellite communications. It is observed that

the measured result is in good agreement with the simulated S11 result which validates the

proposed antenna design approach.

Figure 2.11: Measured and simulated S11 results of the proposed antenna.

2.4.2 Gain Performance

Figure 2.12 shows the measured and simulated peak gains (dBi) against frequency (GHz).

For the 2.25–2.52 GHz working for the first band, the peak gain is about 4.05 dBi. For the

second and third bands, the antenna is with a relatively small gain of 2.52 and 2.15 dBi,

respectively. Discrepancies between the measured and simulated results can be attributed to
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Figure 2.12: Measured and simulated peak gain of the proposed antenna.

Table 2.6: Performance parameters of the proposed antenna

Parameter(s) Resn. Resn. Resn. Resn. Resn. Resn.

(1st) (2nd) (3rd) (1st) (2nd) (3rd)

(Sim.) (Sim.) (Sim.) (Mea.) (Mea.) (Mea.)

Frequency [GHz] 2.41 3.53 4.14 2.39 3.55 4.13

S11[dB] -39.45 -51.87 -38.76 -36.25 -30.18 -26.27

Bandwidth [MHz] 196 130 225 266 200 250

Gain [dBi] 4.18 2.75 2.32 4.05 2.52 2.15

E-plane Cross-polarization [dB] -37.26 -36.3 -40.1 -35.2 -34.1 -38.85

the effects of measurement cables radiation and manufacturing imperfections. As a result, the

peak gain of the proposed antenna within the operating bands satisfies the requirement of

wireless communication terminals.

2.4.3 Radiation Patterns Performance

Figure 2.13 shows the simulated and measured E- and H-plane radiation patterns of the

proposed antenna at 2.41, 3.53, and 4.14 GHz. The measured and simulated results match

reasonably well. The two dimensional radiation patterns are represented close to the omnidi-

rectional radiation within all bands. All the performance parameters of the proposed antenna
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(a)

(b)

(c)

Figure 2.13: Measured and simulated radiation patterns of the proposed antenna (a) 2.41 GHz, (b)
3.53 GHz, and (c) 4.14 GHz.
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Table 2.7: Comparison of proposed antenna with other recently reported antennas

Ref. Type Feed line Dimension Freq. Gain CFR EX-pol. Rad. pattern
(type) (mm3) (GHz) (dBi) (dB)

[16] Slot CP 0.50×0.50× 2.45/ 4.2/ 1.22/ -16.0 Directional

antenna 0.06 λ30 3.0/ 6.6/ 1.40

3.45 5.0

[18] Monopole CPW 0.51×0.85× 2.55/ 3.75/ 1.39/ -10.0 Omni-

antenna 0.006 λ30 3.55/ 3.56/ 1.75 directional

4.5 4.91

[19] Slot CP 0.85×0.62× 3.62/ 7.2/ 1.33/ NR Bidirectional

antenna 0.012 λ30 5.02/ 2.2/ 1.63

5.6 3.9

[23] Slot CP 1.0×1.0× 2.4/ 0.27/ 1.16/ -17 .0 NR

antenna 0.003 λ30 2.8/ 3.31/ 1.41

3.4 4.45

This Slot MS 0.36×0.35× 2.39/ 4.05/ 1.49 -34.1 Omni-

work antenna 0.012 λ30 3.55/ 2.52/ 1.73 directional

4.13 2.15

CPW: Coplanar waveguide. MS: microstrip. CP: coaxial probe. CFR: center frequency ratio
(f2/f1),(f3/f1). NR: not reported. EX-pol: E-plane cross-pol. according to the criteria | S11 |

≤ -10 dB.

are listed in Table 2.6. The measured broadside cross-polarization level in E-plane is −38.85 dB

while the simulated cross-polarization level is −40.1 dB. It is observed from Table 2.6 that all

the measured results corresponding to their simulated counterparts of the antenna are within

the acceptable limit which ensures a good design.

Table 2.7 gives the comparison of performance between the proposed antenna and other

triple-band antennas in the literature. The antenna type, feed line, dimension, operating bands,

peak gain, center frequency ratio, E-plane cross-polarization level, and types of radiation pat-

tern are listed. It is noticed from Table 2.7 that the proposed structure gives a compact size

among the others. Furthermore, it gives the better center frequency ratio f2/f1 = 1.49 and
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f3/f1 = 1.73 and the lowest cross-polarization of −34.1 dB in the E-plane along the main beam

direction, which is far better than the other literature operating in the same band as mentioned

in Table 2.7. It is seen that this design performs better in almost all the parameters. Therefore,

considering all the performance of the proposed antenna, it will be a good candidate for wireless

applications.
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2.5 Summary of the Chapter

In this chapter, a compact microstrip-fed triple-band slot antenna for WLAN/WiMAX/C-

band downlink satellite communications is proposed. The newly designed proposed simple

structure is having a considerably high center frequency ratio and can significantly suppress

cross-polarization levels. This antenna consists of a double annular ring slot (DARS), two L-

and one I-shaped slot on the radiator, and an ellipse-shaped-slit (ESS) based defective ground

structure (DGS). Furthermore, to achieve a better impedance bandwidth and impedance match-

ing, an insert-fed has been implemented in the proposed structure. The proposed antenna has

the advantages of easy tuning of individual resonant frequencies and a relatively simple antenna

structure. The fabricated prototype resonates at 11.13% (2.257–2.523 GHz), 5.63% (3.455–3.655

GHz) and 6.05% (4.012–4.262 GHz) having a peak gain of 4.05, 2.52, 2.15 dBi, respectively,

with approximate cross-polarization of −38.85 dB. The transmission line model of the proposed

antenna is presented and it shows the antenna behavior based on the effect of each element. It

is observed that the characteristics of the RLC circuit model result are close to the simulated

result using the CST simulator. Because of the above-said advantages, the proposed antenna

can be used where the narrow band is required such as wireless, mobile, satellite applications,

radio determination applications, etc. The reduced size and enhanced impedance bandwidth

of design antenna using symmetrical staircase-shaped notches and slotted CPW-fed patch is

discussed in the next chapter.

Note: This work, Design of Compact Microstrip-fed Triple-Band Slot Antenna with Defected

Ground Structure for Wireless Communications has been published in Journal of Electromag-

netic Waves and Application.
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3. Design of Compact CPW-Fed Symmetrical Staircase-Shaped UWB Antenna using
Transmission Line Model

3.1 Introduction

Printed microstrip slot antennas are widely adopted in wireless communications systems due

to their advantages such as lightweight, low profile, low cost, and easy to integrate with mono-

lithic microwave integrated circuits (MMIC). However, the use of microstrip slot antennas bring

a new problem, i.e., the narrow bandwidth, which is important to the fidelity of ultra-wideband

(UWB) signals. Compared to microstrip antennas, coplanar waveguide (CPW)-fed antennas

offer relatively broad bandwidth, high-speed data rate, low sensitivity to fading, flexible, allow

the integration with surface-mount devices and can be used for ultra-wideband (UWB) anten-

nas operation [30, 31]. But in modern wireless communications, there is a significant increase

in the demand for various CPW-fed printed antennas with wider bandwidth and miniaturized

size. The monopole and Vivaldi antennas having wide bandwidth and good radiation are ex-

tremely used as reported in [32]. Monopole antennas are installed perpendicularly to carriers

and a Vivaldi antenna needs a tapered slot, so in both cases, a relatively large area is required.

In recent years, for the requirement of enhanced impedance bandwidth, the slot antenna has

been further developed. A large number of designs have been proposed in a compact size and

enhanced bandwidth [33–38]. In [33], the length of the central metallic strip line is stretched

beyond the CPW plane to achieve an improved radiation performance like the monopole an-

tenna. Similarly, the central strip plays a significant role in finding the wider bandwidth with

the subsequent creation of different shapes such as CPW-fed antennas with dual-reverse-arrow

fractal structure [34], flexible bow-tie slot antenna [35], rose-curve shape monopole antenna [36],

wideband fractal shapes structure [37], etc. Although the wideband fractal shapes structure

antenna is capable of providing wider impedance bandwidth performance but the size of this

antenna is large.

The compactness is the major necessity for today’s wireless applications devices e.g., UWB

applications and for this encouraging the exploration in the direction of smaller size CPW-

fed tapered-slot structures [38]. Since the bandwidth of traditional slot antennas is confined

by slot width, the operation bandwidth is not easily enhanced [39]. A UWB and compact
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antenna are presented in [40–48]. In [40], a semi-elliptically fractal slot patch antenna with an

asymmetrical ground plane, having an impedance bandwidth of 172% is proposed. However,

the dimension is 77 × 35 mm2. The Y-shaped central monopole meandered-slot miniature

antenna structure is used for wider bandwidth [41]. The antenna proposed in [42–44], printed

E-shape slot, arc shape stub and fishtail-shape different from other coplanar waveguide-fed slot

antennas are used only for exciting the slot and it has a very good impedance bandwidth. A

Vivaldi antenna uses a stepped connection structure to enhance the impedance bandwidth and

the matched antenna feed [45]. In [46], a microstrip line-fed hybrid monopole antenna which is

electromagnetically coupled band-notched is presented. In [47], the change of lower and upper

resonant frequency with respect to the width of a U-slot and the existence of only modes 1 and

3 due to the capacitive effect with respect to the U-slot patch structure are discussed. Besides,

a wide bandwidth and compact size UWB slot antenna different than the traditional wideband

slot antennas is proposed [48].

In this chapter, considering the enhanced impedance bandwidth (BW), gain and compact

size, a CPW-fed symmetrical staircase-shaped UWB antenna is presented. Since the design and

the fabricated antenna has a symmetrical pair of C-shaped slot, two pairs of quarter-circular-

ring-slit (QCRS), and three pairs of rectangular notches which are sequentially embedded in

the bottom corners of the rectangular patch, five resonant peaks i.e., 2.31, 4.85, 8.33, 12.11

and 16.41 GHz are achieved. As a result, the widest impedance bandwidth, better impedance

matching, a high value of bandwidth dimension ratio (BDR), and the stability of the E- and

H-plane are obtained. Then, an equivalent transmission line model (TLM) of the proposed

antenna is developed. An optimization is used in Applied Wave Research (AWR) simulator

to find the circuit parameters such as resistance (R), inductance (L) and capacitance (C) of

the TLM equivalent circuit using the S11 simulated parameters [49, 28, 29] of the proposed

antenna.

This chapter is divided into the following sections: section 3.2 explains the design process

and working principle such as design evolution, enhancement in impedance bandwidth, and

the impedance matching of the proposed antenna. The parametric studies, analysis of coupled
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mode theory (CMT), bandwidth dimension ratio (BDR) of the antenna of the proposed antenna

and the derived analytical expressions for the tangential component of the electric field at the

patch are presented in section 3.3. The mathematical modeling of the proposed antenna and

derived analytical expression for the transmission line model (TLM)-RLC circuit model are

presented in section 3.4. The reflection coefficient S11, peak gain, efficiency and radiation

pattern parameters at different frequencies like 1.55, 2.31, 4.85, 8.33, 12.11 and 16.41 GHz

are compared. The simulation and experimental results of the S11, peak gain, efficiency and

radiation patterns in both the planes are presented in section 3.5. The experimental results

match well with the simulation results, thus validating the practical feasibility of the design.

The principal outcomes of this research work are explained in section 3.6.

Table 3.1: Geometric parameters of the UWB proposed antenna

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

Ls 46.32 w2 3.99 wf 2

Ws 43.48 w3 7.97 wg 20

l 28.52 w4 11.95 lg 12.9

w 33.88 m1 2 r1 2

l1 13.95 gp 1.9 r2 2.4

l2, l3,l4 3.99 gf 0.74 r3 5.75

w1 12 lf 14.8 r4 6.75

3.2 Design Process and Working Principle

3.2.1 Antenna Configuration

The structure of a proposed co-planar waveguide (CPW)-fed symmetrical staircase-shaped

(SSS) antenna with enhanced bandwidth is depicted in Figure 3.1. A wider impedance band-

width and higher gain performances are achieved by cutting SSS and symmetrical two C-slot

on the rectangular radiator. The antenna is fabricated on a 46.32×43.48 mm2 (Ls ×Ws) with

a thickness of 0.8 mm Rogers (RT/5880) substrate having a dielectric constant of εr = 2.2 and
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(a) (b)

(c)

Figure 3.1: Geometry of the proposed CPW-fed symmetrical staircase-shaped UWB antenna (a)
top view, (b) front view, and (c) configuration in three dimensions.

loss tangent of 0.0009. The electromagnetic software CST simulator (CST vers. 17) is used for

simulation. The specific dimensions of the proposed UWB antenna are given in Table 3.1.

3.2.2 Design Evolution and Enhanced Bandwidth

The evolutions for designing the antennas are summarized in five steps as follows:

First Step: The evolution steps of the antenna design is shown in Figure 3.2. Antenna 1 is a
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(a) (b) (c) (d) (e)

Figure 3.2: Evolution of the proposed symmetrical staircase-shaped UWB antenna (a) Antenna 1,
(b) Antenna 2, (c) Antenna 3, (d) Antenna 4, and (e) Antenna 5 (proposed).

Figure 3.3: Reflection coefficients versus frequency characteristics for different structures of design
antenna.

simple rectangular patch antenna with CPW-fed whose simulated S11 results are presented in

Figure 3.3. It is observed from Antenna 1, that the impedance bandwidth performance from

8.35–11.45 GHz (normalized bandwidth 31.31%). It shows only one resonance band (it cannot

provide better characteristics performance of S11 ≤ −10 dB) due to the external current path

and its frequency can be expressed as [41]:

fext ≈
c

√
εeffLpath

(3.1)

where Lpath is the external path length, c speed of light in a vacuum and εeff is the effective

dielectric constant.

Second Step: The three pairs of notches are sequentially introduced with dimensions of w2
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Figure 3.4: Simulated S11 performance of the staircase-shaped Antenna 2.

× l2, w3 × l3, and w4 × l4 to generate the frequency of the resonant peaks at 6.9 GHz and

11.68 GHz. A wide bandwidth i.e, from 2.40–13.24 GHz (normalized bandwidth 138.62%) and

better return loss performances are achieved by inserting the first, second, and third pairs of

notches as shown in Figure 3.4.

Third Step: A conventional symmetrical two C-shaped slot patch antenna with parameters

w, l, h, l1, m1, and w1 are designed by using the approximate formulae [54, 10]:

w =
c

2fr

√
2

εr + 1
(3.2)

l =
c

2fr
√
εeff
√
µoεo

− 2∆l (3.3)

where l and ∆l are the actual length and effective length of the patch respectively and εeff is

expressed as:

εeff =
εr + 1

2
+
εr − 1

2

(
1 + 12

h

w

)−1/2
(3.4)

∆l = 0.412h
(εeff + 0.3)

(
w
h

+ 0.264
)

(εeff − 0.258)
(
w
h

+ 0.8
) (3.5)

w1 =
c

fr
√
εeff
− 2(l + 2∆l −m1) (3.6)
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m1 =
λr
60

(3.7)

where λr is the wavelength in vacuum

l1
w
≥ 0.3,

l1
w1

≥ 0.75 (3.8)

h ≥ 0.06
λr√
εr

(3.9)

where fr ( = 2.5 GHz) is the designed antenna resonant frequency.

A pair of symmetrical C-slots is introduced at the center on the radiating patch to generate

the five peak resonant frequencies at 2.76, 5.16, 7.98, 12.09, and 16.13 GHz, respectively of

the Antenna 3. Due to the introduction of the C-slot, the improvement in the return loss and

impedance bandwidth from 2.32 to 16.52 GHz (BW = 150.74%) (Figure 3.3) is achieved.

Fourth Step: In the fourth evolution of the antenna (Antenna 4), a pair of symmetrical

quarter-circular-ring-slit (QCRS) to Antenna 3 is introduced to improve the S11 (slightly im-

proved the bandwidth 2.25 GHz–16.96 GHz and the percentage of bandwidth 153.15%) perfor-

mance as shown in Figure 3.3. From the S11 performance, it is observed that five peak resonant

frequencies i.e., 4.84, 7.94, 8.58, 12.18, and 16.44 GHz are achieved. For further improvement

in peak gain, return loss, and impedance bandwidth Antenna 4 is modified in the fifth step.

Fifth Step: In the final design of Antenna 5, a pair of the symmetrical quarter-circular-ring-

slit is introduced on both sides of the ground plane of Antenna 4 to improve S11 further. From

the S11 parameter, it is observed that the excellent impedance bandwidth from 1.77–16.96 GHz

(normalized bandwidth 162.2%) is achieved. From the S11 performance, we have observed five

peak resonant frequencies i.e., 2.31, 4.85, 8.33, 12.11, and 16.41 GHz, and the approximate

expression of these frequencies are given as follows:

frp1 ∼=
c

2
√
εeff (2l1 + w1 −m1)

(3.10)

frp2 ∼=
c

2
√
εeff (l1 + w1 − 2m1)

(3.11)

frp3 ∼=
c

√
εeff (l1 + w1 −m1)

(3.12)
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frp4 ∼=
c

2
√
εeff (l4 + w/2− w4 − wf/2)

(3.13)

frp5 ∼=
c

√
εeff (l4/2 + w/2− w4 − wf/2)

(3.14)

Table 3.2: Comparison between theoretical and simulation results for peak resonant frequencies

Name frp1 (GHz) frp2 (GHz) frp3 (GHz) frp4 (GHz) frp5 (GHz)

Simulation 2.31 4.85 8.33 12.11 16.41

Theoretical 2.468 4.672 8.445 12.672 16.911

% Error 6.61 3.78 1.37 4.51 3.00

Note: frp1... frp5: First, second, third, fourth and fifth peak resonant.

(a) (b) (c)

(d) (e)

Figure 3.5: An electric field distribution of the proposed antenna on the slot and conductor at (a)
2.31 GHz, (b) 4.85 GHz, (c) 8.33 GHz, (d) 12.11 GHz and (e) 16.41 GHz.

The electric field distributions of the designed antenna at these peak resonant frequencies

are shown in Figure 3.5. As seen, the first, second, and third peak resonant frequencies are
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generated by the slot, while the fourth and fifth peak resonant frequencies are generated by the

rectangular patch. Table 3.2 represents a comparison between the theoretical and simulation

results of peak resonant frequencies of the designed antenna.

Table 3.3: Simulated peak resonant frequency and corresponding impedance of the Antenna 1

Resonance Simulated frequency (GHz) Impedance (Ω)

First frp1 = 9.539999 Z1(frp1) = 97.51 + j3.98

Note: frp1: First peak resonant

Table 3.4: Simulated peak resonant frequencies and corresponding impedance of the Antenna 2

Resonance Simulated frequency (GHz) Impedance (Ω)

First frp1 = 4.798775 Z1(frp1) = 68.49 + j4.50

Second frp2 = 8.623375 Z1(frp2) = 86.42− j14.75

Third frp3 = 11.847321 Z1(frp3) = 84.03 + j2.82

Fourth frp4 = 16.359999 Z1(frp4) = 61.52− j0.66

Note: frp1... frp4: First, second, third, and fourth peak resonant

Table 3.5: Simulated peak resonant frequencies and corresponding impedance of the Antenna 3

Resonance Simulated frequency (GHz) Impedance (Ω)

First frp1 = 2.76 Z1(frp1) = 127.86− j39.34

Second frp2 = 5.16 Z1(frp2) = 96.04− j4.09

Third frp3 = 7.98 Z1(frp3) = 90.46− j2.04

Fourth frp4 = 12.09999 Z1(frp4) = 81.98 + j6.55

Fifth frp5 = 16.136198 Z1(frp5) = 55.04− j7.15

Note: frp1... frp5: First, second, third, fourth and fifth peak resonant

The impedance bandwidth behavior of the proposed antenna is shown in Figure 3.6, where

the best impedance match is obtained from the proposed antenna (about 162.2% impedance

bandwidth). The simulated peak resonant frequencies and their corresponding impedance are

presented in Tables 3.3–3.7.

The simulated 3D radiation patterns close to these resonances are plotted in Figure 3.7. The

radiation pattern looks like a donut, similar to a dipole pattern, at the first resonant frequency,
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(a) (b)

(c) (d)

(e)

Figure 3.6: Comparison of simulated results of impedance matching (a) Antenna 1, (b) Antenna 2,
(c) Antenna 3, (d) Antenna 4, and (e) Antenna 5 (proposed antenna).
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(a) (b) (c)

(d) (e)

Figure 3.7: Simulated 3D radiation patterns of the UWB proposed antenna at (a) 1.55 GHz, (b)
2.31 GHz, (c) 4.85 GHz, (d) 8.33 GHz, (e) 12.11 GHz, and (f) 16.95 GHz.

as shown in Figure 3.7(a). At the second harmonic, the pattern changes its shape to a slightly

pinched donut with the gain increase around θ = 45◦ in Figure 3.7(b). When at the third,

fourth, and fifth harmonics, the patterns are squashed in negative z-direction and humps form

in the up-right directions (gain increasing), as shown in Figure 3.7(c)–3.7(e), respectively. It is

also noticed that the patterns on the H-pane are almost omni-directional at lower resonances
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Table 3.6: Simulated peak resonant frequencies and corresponding impedance of the Antenna 4

Resonance Simulated frequency (GHz) Impedance (Ω)

First frp1 = 2.74 Z1(frp1) = 133.16− j36.78

Second frp2 = 5.18 Z1(frp2) = 94.47− j2.99

Third frp3 = 7.82 Z1(frp3) = 91.99 + j1.56

Fourth frp4 = 12.22 Z1(frp4) = 83.66 + j7.37

Fifth frp5 = 16.16 Z1(frp5) = 61.39− j5.74

Note: frp1... frp5: First, second, third, fourth and fifth peak resonant

Table 3.7: Simulated peak resonant frequencies and corresponding impedance of the Antenna 5
(proposed)

Resonance Simulated frequency (GHz) Impedance (Ω)

First frp1 = 2.31 Z1(frp1) = 100.072 + j2.742

Second frp2 = 4.85 Z1(frp2) = 77.771 + j0.357

Third frp3 = 8.33 Z1(frp3) = 72.499− j16.679

Fourth frp4 = 12.11 Z1(frp4) = 77.504− j0.897

Fifth frp5 = 16.41 Z1(frp5) = 62.392 + j0.986

Note: frp1... frp5: First, second, third, fourth and fifth peak resonant

(1st and 2nd harmonics) and become distorted at the higher harmonics. The transition of

the radiation patterns from a simple donut pattern at the first resonance to the complicated

patterns at higher harmonics indicates that this antenna must have gone through some major

changes in its behavior.

3.3 Parametric Study

3.3.1 Parametric Effect of CPW-fed Ground Length (lg) and Width
(wg)

Figures 3.8 and 3.9 shows S11 with the variation of length (lg) and width (wg) of the ground

plane. From the figure, it is observed that an increase in ground length lg from 12.5 to 13.3

mm, the reflection coefficient moves towards a higher frequency band and better return loss
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Figure 3.8: Simulation S11 results of the UWB antenna with a variation of lg.

Figure 3.9: Simulation S11 results of the UWB antenna with a variation of wg.

is achieved as expected. Similarly, as width (wg) increases, the upper sideband frequency

increases slightly. At wg = 20 mm, it provides better gain and enhanced impedance bandwidth

performance over a frequency band as shown in Figure 3.9.

3.3.2 Parametric Effect of l1, w1 and m1 of C-Slot

In Figure 3.1(a), the symmetrical C-slot has horizontal slot l1, vertical slot w1, and thickness

m1. Figure 3.10 shows the simulated S11 performance with the variation of C-slot l1. It is

observed from the S11 results that the upper, as well as lower side-band frequency, are affected

due to the horizontal slot length of the C-slot of the proposed antenna. More specifically an

increase in length l1 of the slot from 13.05 to 14.35 mm reduce return loss performance as well
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as bandwidth. It is also observed that the wideband performance is reduced with a further

increase in length l1 from 13.95 to 14.35 mm. The wider impedance bandwidth of 164.52% is

achieved when length l1 = 13.95 mm. The impact of the length of w1 from 11.2 to 12.4 mm, the

vertical slot is shown in Figure 3.11 where w1 varies from 11.2 to 12.4 mm. It is observed that

with the increase in w1, the upper side-band frequency decreases slightly but when w1 decreases

the upper and lower side-band frequency is greatly affected. For good wideband operation, the

vertical slot length w1 = 12 mm is more suitable due to its low cross-polarization level and

stable radiation patterns.

Figure 3.10: Simulated S11 results with a variation of C-slot length l1.

Figure 3.11: Simulated S11 results with different values of C-slot width w1.

Figure 3.12 shows the S11 performance with a variation of thickness (m1) from 1.2 to 2.4
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Figure 3.12: Simulated S11 results with a variation of C-slot thickness m1.

mm. It is observed that the first and second peak resonances shift to higher frequencies with a

decrease of m1. As m1 increases, the equivalent capacitance Ceq of the C-shape slot decreases

which in turn decreases the propagation constant β ( i.e., β ∝
√
Ceq). As a result, decreases

the effective dielectric constant
√
εeff = β / Ceq. The guided wavelength λg = λ0 /

√
εeff

satisfies the resonance condition when the length of the radiating slot is kept constant. It is

observed from the figure at m1 = 2.0 mm that the proposed antenna shows a wider bandwidth

(i.e., 1.77–16.96 GHz).

3.3.3 Coupled Mode Theory (CMT)

In general, the coupled microwave resonators are different in geometry and have different

self-resonant frequencies as shown in Figure 3.13.

Figure 3.13: General coupled microwave resonators (resonators 1 and 2 can be different in structure
and have different resonant frequencies).
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As referred to in Figure 3.13 the coupling coefficient k may be defined as a ratio of coupled

energy to stored energy;

k =

∫∫∫
εE1.E2dv√∫∫∫

ε|E1|2dv ×
∫∫∫

ε|E2|2dv

+

∫∫∫
µH1.H2dv√∫∫∫

µ|H1|2dv ×
∫∫∫

µ|H2|2dv

(3.15)

where at resonance condition all fields are determined, and the volume integrals are over

entire effective regions with permittivity of ε, permeability of µ, electric field vector of E, and

magnetic field vector of H. The first term top represents the electric coupling while the second

term is a magnetic coupling. Mathematically described by the dot operation of their space

vector fields of the coupled resonators, which allows the coupling to have either a positive or

negative sign. Let’s take the example of electric and magnetic couplings that exist in a circuit

model as shown in Figure 3.14. J = ωCm represented the electric coupling admittance inverter

while the magnetic coupling is represented by an impedance inverter M = ωLm and I1, I2, and

I3, respectively are denoted by the external currents flowing into the coupled resonator circuit.

Figure 3.14: Asynchronously tuned coupled resonator circuit with both the electric and magnetic
couplings.

According to the coupled resonator circuit model of Figure 3.14, by assuming all internal

currents flow outward each node we can define a definite nodal admittance matrix with a

reference at node ‘0’

63

TH-3087_176151008



3. Design of Compact CPW-Fed Symmetrical Staircase-Shaped UWB Antenna using
Transmission Line Model


I1

I2

I3

 =


y11 y12 y13

y21 y22 y23

y31 y32 y33

 .

V1

V2

V3

 (3.16)

with

y11= jωC1 + 1
jω(L1−Lm)

y12= y21= – 1
jω(L1−Lm)

y13= y31 = –jωCm

y22=
1

jωLm
+ 1

jω(L1−Lm)
+ 1

jω(L2−Lm)

y23= y32= – 1
jω(L2−Lm)

y33= jωC2 + 1
jω(L2−Lm)

For actual resonance, it implies that
V1

V2

V3

 6=


0

0

0

 for

I1

I2

I3

 =


0

0

0

 (3.17)

For this requires the admittance matrix could be zero;
y11 y12 y13

y21 y22 y23

y31 y32 y33

 =


0 0 0

0 0 0

0 0 0

 (3.18)

After some manipulations, we can arrive at
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ω4(L1C1L2C2 − L2
mC1C2 − L1L2C

2
m + L2

mC
2
m)

−ω2(L1C1 + L2C2 − 2LmCm) + 1 = 0

(3.19)

There are four solutions to (3.18). However, only the two positive ones are of interest (

considering either Lm = 0 or Cm = 0), and expressed as;

ω1 =

√
RB −RC

RA

ω2 =

√
RB +RC

RA

(3.20)

with

RA = 2(L1C1L2C2 − L2
mC1C2 − L1L2C

2
m + L2

mC
2
m)

RB = (L1C1 + L2C2 − 2LmCm)

RC =
√
R2
B − 2RA

Coupled mode theory (CMT) is a physical phenomenon of coupled transmission line theory

[50, 51]. In this theory, a system of two coupled resonators can be analyzed as the superposition

of two modes with lower and higher frequencies wherein the resonators move in-phase and

anti-phase, respectively. In the present study, ω+ and ω− given below are the coupled mode

frequencies and uncoupled mode frequencies, respectively [52].

ω± = ωo ±

√(
ω2 − ω1

2

)2

+ | K |2 (3.21)

Where ωo = (ω2+ω1)/ 2 and K represents an un-normalized coupling coefficient. Given ω1 =

ω2, a normalized coupling coefficient calculated [53 ] is given as follows:

k =
ω2
+ − ω2

−

ω2
+ + ω2

−
(3.22)

Putting (3.21) with ω1 = ω2 into (3.22), gives k = (2ωoK)/(ω2
o +K2). Given K2 � ω2

o , we
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have

K ∼ ωok/2 (3.23)

(a) (b)

(c) (d)

(e)

Figure 3.15: Simulated current distribution of the proposed antenna five peak resonant frequencies
at (a) 2.31 GHz, (b) 4.85 GHz, (c) 8.33 GHz, (d) 12.11 GHz and (e) 16.41 GHz.
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In the proposed antenna the simulated surface current distributions on the surface of the

radiating patch at five peak resonant frequencies 2.31, 4.85, 8.33, 12.11, and 16.41 GHz are

shown in Figure 3.15. It is also observed from the figure that the lower and higher modes exist

near their resonance frequencies. The more charge accumulation on the surface of the patch

and the C-shaped slot is noticed as a result, the parameters l1, w1 and m1 controlling the first,

second and third peak resonant frequency as shown in Figure 3.15(a), 3.15(b) and 3.15(c). The

current distribution on the three pairs of the notches is high compared to other parts of the

patch element as shown in Figure 3.15(d) and 3.15(e). As a result, the geometrical parameters

w2 × l2, w3 × l3, w4 × l4, l1, m1, and parameters of the QCRS for all the regions of the antenna

plays an important role in controlling the fourth and fifth peak resonant frequencies. Since the

distributions of charges in the rectangular patch and C-shaped slot are in phase at the lower

mode and anti-phase at the higher mode, the CMT is relevant to the C-shaped slots.

Figure 3.16: Variation of resonant frequency and coupling coefficient with respect to l1 of the C-slot
keeping all other dimensions constant.

According to (3.21), larger the difference between resonant frequencies greater the coupling

coefficient. The ratio of the slot length l1 to the rectangular patch width w (i.e., l1/w), controls

the coupling coefficient due to the fraction of the TM01 mode current intercepted by the slot.

It is observed from the ratio analysis, greater the value of l1 more difference in the resonant

frequencies. This performance is presented in Figure 3.16 for the proposed antenna varying only
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l1 while all other parameters remain constant. From Figure 3.16, the first-order approximation

of k ( Eq. (3.16)) using the CMT resonant frequencies) is;

k ∼ l1/w (3.24)

Combining Eq. (3.21) and Eq. (3.23) with ω1 = ω2, we have

ω± = ωo (1± l1/(2w)) (3.25)

Equation (3.25) represents the relationship between the coupled mode frequencies and uncou-

pled mode frequencies derived from the CMT. Depending on the frequency, the surface current

distribution of the C-shaped slot and rectangular patch edges have in-phase and anti-phase

relationships. From Figure 3.15, it is observed that at the point of contact i.e., at the feed line

and patch, the direction of the surface current is reversed. Since the surface current flows in

the reverse direction, the cancellation of radiation fields produces high attenuation near peak

resonant frequencies.

Figure 3.17: Operational principle of CPW fed staircase-shaped UWB antenna.

3.3.4 Operating Principle of CPW-fed Symmetrical Staircase-Shaped
UWB Antenna

Figure 3.17 depicts the operating principle of the symmetrical staircase-shaped slot UWB

antenna. It has been demonstrated that the proposed antenna’s ultra-wideband (−10 dB) fre-

quency operation results from the overlapping of closely distributed resonance modes. When
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the wavelength is greater than the antenna dimension at the low-frequency end (the first reso-

nance), the EM wave can readily “couple” into the antenna structure, causing it to operate in

an oscillating mode or a standing wave. The antenna begins to function in a hybrid mode of

standing and traveling waves as the frequency increase. Since the EM wave needs to travel down

to the antenna structure, which is large in terms of wavelength, towards the high-frequency end,

the traveling wave becomes more crucial to the antenna operation. The main rectangular patch

and the ground plane, when combined to form slots, can effectively sustain the traveling wave

for the CPW-fed antenna. Therefore, an ideal symmetrical staircase-shaped slot antenna fed

by CPW can exhibit an extremely wide -10 dB impedance bandwidth.

3.3.5 Bandwidth Dimension Ratio (BDR)

The antenna bandwidth dimension ratio (BDR) [40], which is defined as the amount of

percentage bandwidth (% BW) with respect to the electrical length and width of the proposed

antenna at lower sideband frequency is expressed below:

BDR =
%BW

λLfLλWfL

(3.26)

where λLfL and λWfL are the electrical length and width of the proposed antenna at a

lower band frequency that meets −10 dB impedance bandwidth. Larger the value of BDR, the

smaller the dimension and wider the impedance bandwidth. A very excellent BDR value i.e.,

3290.71 is observed and a detailed comparison is given in Table 3.8.

3.4 TLM-RLC Circuit Model of the Proposed Antenna

The development of an electrical equivalent circuit diagram of the proposed antenna assuring

the TLM-RLC model is shown in Figure 3.18. In this figure, the inductance LR is introduced

by the microstrip feed line as shown in Figure 3.18(a). To draw the TLM-RLC circuit of the

simple CPW-fed patch, the patch is considered as a parallel plate transmission line connecting

radiating slots as shown in Figure 3.18(b). The shunt capacitances CR1 and CR2 are the gaps

between the feed line and CPW-fed ground plane of both sides. The C-shaped slot considering
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a combination of three rectangular slots (one vertical slot and two horizontal slots), which is

represented in Figure 3.18(c). The proposed antenna contains a symmetrical staircase-shaped

and two pairs of QCRS as shown in Figure 3.18(d). Furthermore, C11, Ceqt, and C21 are

coupling capacitors. While L11, L12, Leqt, L21, and L22 are the inductances on both sides of the

symmetric ground plane of the proposed antenna.

Figure 3.18: Equivalent transmission line model (TLM)-RLC circuit elements of proposed antenna
(a) Basic patch antenna, (b) basic patch with CPW-fed, (c) C-shaped slot and (d) patch, notch and
QCRS.

The simplified TLM-RLC circuit model is shown in Figure 3.19(a). An optimization process

is performed by using the NI AWR simulator and all parameter values are labeled in Figure

3.19(b) (R in (Ω), C in (pF), and L in (nH)). Therefore, the impedance (Z) of the final simplified
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Figure 3.19: Equivalent transmission line model (TLM)-RLC circuit model of the proposed antenna
(a) Equivalent circuit model (b) simplified circuit model with RLC values [LR = 0.362, L11 = 5050,
L12 = 233× 10−3, Lp = 253, L21 = 14.56, L22 = 15.08, SL1 = 1.03, SL2 = 1.47, SL3 = 1.54, SL4 =
1.06, SL5 = 1.36, SL6 = 1.35 ] all dimensions are in nH, [C11 = 2.09× 10−12, Cp = 1.2× 10−11, C21

= 0.0124, CR1 = 0.0957, CR2 = 0.0042, SC1 = 8.5× 10−5, SC2 = 0.01931, SC3 = 1.24× 10−5, SC4 =
0.0011, SC5 = 0.0005, SC6 = 0.051 ] all dimensions are in pF and [Z = 50, Rp = 365, SR1 = 1.75, SR2

= 1.6, SR3 = 1.94, SR4 = 2.12, SR5 = 1.55, SR6 = 2.31 ] all dimensions are in Ω.

TLM-RLC equivalent circuit is given by:

Z =
1

GTC + jBTC

+ jωLR (3.27)

The admittance YHeq1 of the horizontal slot equivalent circuit is given by:

YHeq1 =
1

RHeq1 + jXHeq1

= G1C + jB1C (3.28)
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The admittance YV eq1 of the vertical slot equivalent circuit is given by:

YV eq1 =
1

RV eq + jXV eq

= G2C + jB2C (3.29)

Similarly, the admittance of the horizontal slot equivalent YHeq2 the circuit is given by:

YHeq2 =
1

RHeq2 + jXHeq2

= G3C + jB3C (3.30)

Hence, the total conductance GTC and susceptance BTC are given as follows:

GTC = G1C +G2C +G3C

BTC = B1C +B2C +B3C

(3.31)

Total admittance YC of C-slot and feed-line LR of the proposed antenna is given by:

YC = 1/Z (3.32)

For the final proposed antenna, total admittance Y of an electrical equivalent circuit is given

by

Y = Y1 + Y2 + Y3 + YC (3.33)

where Y1, Y2, and Y3 are

Y1 = j

(
ωCR1 + ωC11 −

L11 + L12

ωL11L12

)
(3.34)

Y2 = Rp + jωC − j

ωL
(3.35)

Y3 = j

(
ωCR2 + ωC21 −

L21 + L22

ωL21L22

)
(3.36)

where C = Cp ‖ Ceqt and L = Lp ‖ Leqt

Figure 3.19(a) shows an LC circuit model of Antenna 5 (proposed) and explains, how the

center frequencies and the bandwidths can be controlled by an LC circuit of the notched struc-

ture. The radiation resistance of the antenna element and the notch are Rr, Rn, respectively.
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Leq and Ceq represent an inductor and capacitor of the notch resonator circuit. The notch

admittance Yn of the parallel RLC resonator circuit is given by [54]:

Yn =
1

Rn

+ jωCeq +
1

jωLeq
(3.37)

Yin = Y +
1

Rr

+
J2
1

Yn
(3.38)

where J1 is the Bessel function of the parallel RLC resonator circuit and near the resonant

frequency is given by:

ωo =
1√

LeqCeq
(3.39)

Putting Eq. (3.39) in Eq. (3.37) with ω = ωo+∆ω, Eq. (3.37) is reduced to

Yn =
1

Rn

+
j

ωLeq
(ω2LeqCeq − 1) ≈ 1

Rn

+ j2Ceq∆ω (3.40)

The bandwidth of the RLC parallel resonant circuit approximately equals twice the -3 dB

bandwidth of the parallel Rn and 2Ceq as shown in Eq. (3.41) and Eq. (3.42). Here, the

fractional bandwidth (FBW) represents [48]:

BW =
2

Rn × 2Ceq
=

1

RnCeq
(3.41)

FBW =
BW

ωo
=

1

ωoRnCeq
(3.42)

Finally, the proposed UWB antenna model gives approximately the same behavior and a

very wider impedance bandwidth is constituted by several adjacent resonances which can be

represented by TLM-RLC circuits simulated result as shown in Figure 2.20.

3.5 Simulation and Measurement Performance

The proposed symmetrical staircase-shaped UWB antenna fabricated and measured for the

validation is shown in Figure 3.21(a) and 3.21(b). The proposed antenna is fabricated on a

0.8 mm thickness Rogers RT/5880 substrate with co-planar waveguide (CPW)-fed line and a
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Figure 3.20: Simulated and equivalent transmission line circuit model response of the proposed
antenna.

(a) (b)

Figure 3.21: (a) Structure of staircase-shaped UWB proposed antenna and (b) top view photograph
of the prototype.

50 Ω SMA connector are connected with the vertical edge. The total volume of the antenna is

46.32× 43.48× 0.8 mm3. The S11 results are measured with a vector network analyzer (Rohde

and Schwarz ZVA24). The peak gain, efficiency, and radiation patterns are measured with an

antenna measurement environment for 1–18 GHz band in an anechoic chamber (size: 6× 4× 6

m3) as shown in Figure 3.22(a) and 3.22(b).
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(a)

(b)

Figure 3.22: Antenna measurement setup (a) block diagram and (b) actual measurement environ-
ment.

3.5.1 Reflection Coefficient Performance

The measured and simulated S11 parameters of the proposed antenna is shown in Figure

3.23. The inset figure shows a photograph of the fabricated antenna. The measured results

show a very wider impedance bandwidth from 1.55–16.95 GHz (percentage of the bandwidth

166.51 %) with a bandwidth ratio of 10.94:1. The simulated results obtained using the CST
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Figure 3.23: Measured and simulated S11 performance of the proposed UWB antenna.

Figure 3.24: Measured and simulated peak gain of the proposed UWB antenna.

simulator closely match with the measured results for the entire operating band. The small

difference in the lower sideband, as well as the higher sideband, is mainly due to the fabrication

tolerance.

3.5.2 Gain and Efficiency Performance

The gain of the presented antenna simulated using the CST simulator and compared with

the measured results as shown in Figure 3.24. It is seen that the measured gain closely matches

with the simulated results over the operating band. The peak gain varies from 2 to 8.3 dBi with

the increases of frequency up to 17 GHz. For efficiency measurement, at first measure the peak
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Figure 3.25: Measured and simulated efficiency of the proposed UWB antenna.

gain, radiation intensity, and reflection coefficient. The directivity computes automatically

using the radiation intensity and all calculation is done using the software. The antenna

efficiency is computed using the equation given below:

Efficiency =
G(θ, φ)

D(θ, φ)
(1− | Γ |2) (3.43)

The radiation efficiency performance is shown in Figure 3.25. The measured efficiencies from

1 to 17 GHz are about 82–96% and have a little deviation from the simulated result due to the

fabrication tolerance.

3.5.3 Radiation Patterns Performance

The simulated and measured radiation patterns of the proposed antenna in the E- and

H-plane at 1.55, 2.31, 4.85, 8.33, 12.11, and 16.95 GHz are shown in Figure 3.26 and 3.27

respectively. The measured results nearly match with the simulated results in both cases E-

plane (yz plane) and H-plane (xz plane). Figure 2.26 and 2.27 show that the antenna radiates

equally in both x-direction ( i.e., positive x-axis and negative x-axis) and does not change the

radiation patterns shape with increase in frequency. The simulated and measured radiation

patterns show that the cross-polarization is about 20 dBi lower than the co-polarization value

at the boresight of the designed antenna in all cases whereas the E-plane at 16.95 GHz, the
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Figure 3.26: Measured (dashed curve) and simulated (solid curve) E-plane (yz plane) radiation
patterns of the proposed antenna at 1.55, 2.31, 4.85, 8.33, 12.11, and 16.95 GHz.
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Figure 3.27: Measured (dashed curve) and simulated (solid curve) H-plane (xz plane) radiation
patterns of the proposed antenna at 1.55, 2.31, 4.85, 8.33, 12.11, and 16.95 GHz.
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cross-polarization and co-polarization value less difference. The measured results indicate that

the proposed antenna has stable and nearly omnidirectional radiation patterns in the UWB

band.

(a)

(b)

Figure 3.28: Time domain analysis of the proposed antenna (a) normalized amplitude of the input
and received signals and (b) group delay.

3.5.4 Time Domain Analysis

The time-domain analysis and frequency-domain analysis are of equal importance to study

the time-domain characteristics of the designed antenna while the antenna transmits or receives

the signal. The time domain analysis of the designed antenna is carried out by keeping two
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Table 3.8: Comparison of proposed antenna with other recently reported antennas

Ref. Type Dimension Freq. FBW PG GV BDR
(mm3) (GHz) (%) (dBi) (dBi)

[34] Slot 0.24 × 0.32 × 3.1–10.9 111.42 -1–4 5 1450.78

antenna 0.016 λ3l

[36] Monopole 0.35 × 0.35 × 3.1–11 112.05 2.1 – 5.6 3.5 914.70

0.006 λ3l

[40] Monopole 0.37 × 0.17 × 1.44–18.8 172 1–7 6 2734.50

0.007 λ3l

[42] Slot 0.80 × 0.80 × 2.83–18.2 146 2-6.5 4.5 228.12

antenna 0.009 λ3l

[43] Slot 0.88 × 0.88 × 3.7–19.3 135 -1-4.5 5.5 174.32

antenna 0.006 λ3l

[46] Monopole 0.25 × 0.28 × 3–11 114 -0.2 – 3.5 3.7 1727.78

0.001 λ3l

[47] Slot 0.24 × 0.29 × 2.9–11.8 121 2 – 6 4 1738.50

antenna 0.007 λ3l

[49] Monopole 0.39 × 0.24 × 0.28–2.27 156.1 0.12 – 5.57 5.45 1667.73

0.005 λ3l

Work Slot 0.23 × 0.22 × 1.55–16.95 166.51 2 – 8.3 6.3 3290.71

antenna 0.004 λ3l

FBW: Fractional bandwidth. PG: Peak gain. GV: Gain variation. BDR: Bandwidth
dimension ratio.

similar antenna face-to-face at a distance of 30 cm from each other. A Gaussian pulse, having a

center frequency of 9.5 GHz is transmitted and received by the transceiver antenna structures.

Figure 3.28(a) demonstrates the incident and received pulses and Figure 3.28(b) variation of

the group delay over the frequency.

The pulse fidelity factor is calculated when the transmitting and receiving antenna is kept

face-to-face at some distance [55, 56]. To evaluate the degree of waveform distortion, the
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correlation factor is calculated between input signal S1(t) and the output signal S2(t), the

correlation factor (ρ) is expressed below:

ρ = max

{∫
S1(t)S2(t− τ) dt√
S2
1(t)
√
S2
2(t) dt

}
(3.44)

where τ is the delay. It is observed that the pulse-preserving capability is the best when the

orientation of the transmit-receive antenna and the system is facing face-to-face with each other

and the correlation factor is found to be 0.8815. Group delay is related to the performance of

the antenna gain and mathematically calculated by using the group delay equation [57]. It is

observed that the group delay is almost constant and that variation less than 1ns across the

entire operating band.

Table 3.8 gives the comparison of performances between the proposed symmetrical staircase-

shaped UWB antenna and other UWB antennas proposed in the literature. The antenna

type, dimension, frequency range, fractional bandwidth (% BW), peak gain, and bandwidth

dimension ratio (BDR) are listed. The measured peak gain of the UWB antenna is greater than

2 dBi and reaches up to 8.3 dBi within the −10 dB impedance band. Table 3.8 demonstrates

the effectiveness of the proposed structure in obtaining enhanced impedance bandwidth, better

gain, and good radiation performance with a compact size. The proposed antenna has a smaller

size than most of the literature but still maintaining a wider impedance bandwidth. Besides,

the bandwidth dimension ratio (BDR) in all the listed types are low value, whereas the proposed

antenna has a very high value i.e., 3290.71 which indicates a small size. Therefore, considering

all the performance of the proposed antenna, it will be a good candidate for UWB applications.
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3.6 Summary of the Chapter

A simple symmetrical staircase-shaped UWB antenna with wider impedance bandwidth

over a 1.55 to 16.95 GHz (fractional BW = 166.51%) band is presented. From the comparison

of the BDR, it is observed that the BDR of the proposed antenna is higher than the other

antennas proposed in the literature. The comparison in terms of BDR verifies the advantages

of compact size and wider bandwidth provided by the proposed antenna structure over other

antenna structures. Owing to the advantages of compact size and wider bandwidth over other

antenna structures, this antenna will be useful for UWB applications, mobile applications,

wireless applications, satellite applications, radio determination applications (4.5–7 GHz and

13.4–14 GHz), etc. Finally, an electrical equivalent TLM-RLC circuit of the designed UWB an-

tenna is presented based on the effect of each slot and antenna element. The simulated results

of the TLM-RLC circuit model is nearly the same as the designed antenna results obtained from

the CST simulator software. To further reduce the size and improve the impedance bandwidth

of the designed star-shaped monopole antenna with better gain, a study is carried out which is

discussed in the next chapter.

Note: This work, Design of compact CPW-fed symmetrical staircase-shaped UWB antenna

using transmission line model has been published in Progress In Electromagnetics Research C.

83

TH-3087_176151008



3. Design of Compact CPW-Fed Symmetrical Staircase-Shaped UWB Antenna using
Transmission Line Model

84

TH-3087_176151008



4
Design of CPW-fed Star-Shaped

Monopole Antenna for UWB
Applications using Transmission Line

Model

Contents
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.2 Design Process and Working Principle . . . . . . . . . . . . . . . . 87

4.3 Transmission Line-RLC Circuit Model . . . . . . . . . . . . . . . . . 92

4.4 Simulated and Experimental Results . . . . . . . . . . . . . . . . . . 94

4.5 Summary of the Chapter . . . . . . . . . . . . . . . . . . . . . . . . . 99

85

TH-3087_176151008



4. Design of CPW-fed Star-Shaped Monopole Antenna for UWB Applications using
Transmission Line Model

4.1 Introduction

In wireless communication systems, the application of ultra-wideband antenna is growing

rapidly due to broad bandwidth, high speed data rate, flexible, robustness to fading, low cost,

and capability of high security. These antennas covering the wider frequency range of 3.1–10.6

GHz are key components of such ultra-wideband (UWB) systems; hence, their design problems

have become an active topic of research in recent years. Monopole antennas have drawn more

attention in recent years for a suitable wider bandwidth and nearly omnidirectional radiation

patterns. To enhance the impedance bandwidth, many techniques such as increasing substrate

thickness, and modifying the radiator and ground plane [58]–[60] are adopted. Since limited

space is available in electronic devices, a design of compact wider band antennas having good

matching input impedance characteristics and better radiation patterns similar to larger size

antennas are required. The wideband impedance bandwidth is achieved by using space-filling

concepts, different fractal antennas, CPW-fed antennas with dual-reverse-arrow fractal struc-

ture, flexible bow-tie slot antenna, a rose-curve shape monopole antenna, wideband fractal

shapes structure, and tapered slot antenna [34–38, 61, 62]. To achieve wider bandwidth and

better impedance matching, a semi-circular patch [63], quasi-radiating patch [64], modified me-

andered slot [41], microstrip-fed parasitic-coupled monopole hybrid design, [46] and optimized

surrogate-based patch [65] are proposed. However, the monopole antennas mentioned above

have a large physical size and complex geometry to realize the required operating frequency

bands. Therefore, a compact and simple monopole antenna with a wider bandwidth covering

the UWB frequency band is necessary.

In this chapter, a compact simple star-shaped monopole antenna (SSMA) structure with

wider impedance bandwidth and an acceptable level of in-band return loss is proposed. Since

the design and the fabricated antenna has a pair of symmetrical quarter-circular-slit (QCS)

and partly-hexagonal-ring-slit (PHRS) defected ground plane, three peaks resonant i.e., 2.8

GHz, 6.1 GHz, and 9.4 GHz are observed. As a result, wider impedance bandwidth, better

impedance matching, and antenna close to omnidirectional radiation patterns are achieved.
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An excellent wider impedance bandwidth i.e., 135% (2.36–12.1 GHz) and good return loss

is achieved. Then, an equivalent transmission line model (TLM) of the proposed antenna is

developed. An optimization is used in Applied Wave Research (AWR) simulator to find the

transmission line parameters such as resistance (R), inductance (L), and capacitance (C) of the

TLM-RLC equivalent circuit using the S11 simulated parameters [28, 29, 49] of the proposed

antenna.

This chapter is divided into the following sections: section 4.2 explains the design steps

and enhancement in impedance bandwidth, impedance matching, parametric studies and the

mathematical modeling of the transmission line model (TLM)-RLC circuit model of the pro-

posed antenna. The reflection coefficient S11, peak gain, and radiation pattern parameters at

different frequencies like 2.8, 6.1, and 9.4 GHz are compared. The simulation and experimental

results of the S11, peak gain, and radiation patterns in both planes are presented in section

4.3. The experimental results match quite well with the simulation results, thus validating the

practical feasibility of the design. The principal outcomes of this research work are explained

in section 4.4.

4.2 Design Process and Working Principle

4.2.1 Antenna Configuration

The 12-point star has been designed using four circles having three corners to make equi-

lateral triangles with each radius of 11.0 mm, and thus 9-point star will be obtained as shown

in Figure 4.1. The geometry of a compact CPW-fed star-shaped monopole antenna (SSMA) is

shown in Figure 4.2. A wider impedance bandwidth and high gain performances are achieved

by introducing a pair of quarter-circular-slit (QCS) and partly-hexagonal-ring-slit (PHRS). The

proposed antenna having an area of 39×29.5 mm2 (SL×SW ) and a thickness of 1.6 mm is fabri-

cated on FR-4 substrate. The dielectric constant of the substrate is 4.3 and the loss tangent of

0.025. The electromagnetic software CST is used to design and optimize the proposed SSMA.

The detailed optimized dimension of the SSMA is shown in Table 4.1.
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(a) (b) (c)

(d) (e) (f)

Figure 4.1: Geometrical configuration of 9-point star-shaped (a) one-equilateral triangles, (b) two-
equilateral triangles, (c) three-equilateral triangles, (d) four-equilateral triangles, (e) merge all triangles
and (f) nine-point star.

(a) (b)

Figure 4.2: (a) Geometry of the proposed SSMA top view and (b) prototype.
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Table 4.1: Optimized parameters of the proposed SSMA

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

SL 39 pl 3.5 m1 0.6

SW 29.5 pg 2.2 r1 4

W 22 lg 17.8 wf 2.5

L 37 lf 19.5 wg 12.7

pw 2.5 fg 1.05 h 1.6

4.2.2 Design Evolution and Enhanced Bandwidth

The SSMA design evolution is shown in Figure 4.3(a). The proposed SSMA width (W ) and

length (L) calculated for the entire geometry is given as:

W =
c

2fr
√

((εr + 1)/2)
(4.1)

L =
√

3W (4.2)

where c is the velocity of the light in vacuum, εr is the relative permittivity of the substrate,

and fr (= 3.5 GHz) is the resonant frequency.

First step: The Antenna 1 is a simple CPW-fed star-shaped radiator whose simulated S11

result is shown in Figure 4.3(b). It is observed from Antenna 1, that the impedance band-

width performance is from 2.63–6.49 GHz (normalized bandwidth 84.65%). It shows only one

resonance band (it cannot provide better characteristics performance of S11 ≤ −10 dB) and its

frequency can be expressed as [38],

fext ≈
c

√
εeffLpath

(4.3)

where Lpath is the external path length and εeff is the effective dielectric constant.

Second step: To enhance the impedance bandwidth performance is shown in Figure 4.3(b) for

Antenna 2 in which a pair of quarter-circular-slit (QCS) is introduced on the defected ground

plane with radius r1 = 4.0 mm. It is noted two resonant frequencies with poor return loss which
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(a)

(b)

Figure 4.3: Evolution of the SSMA design (a) Antenna 1, Antenna 2, Antenna 3 (proposed) and
their corresponding (b) S11.

can not provide a wideband impedance bandwidth.

Third step: In this final design, a pair of symmetrical partly-hexagonal ring slits (PHRS)

are introduced on both sides of the defective ground plane in order to further enhance the

impedance bandwidth’s S11 performance. An excellent wider impedance bandwidth i.e., 135%

(2.36–12.16 GHz) and good return loss are achieved.

The simulated surface current density distribution of the proposed SSMA at 2.8, 6.1, and

9.4 GHz are shown in Figures 4.4(a), 4.4(b), and 4.4(c), respectively. For detailed analysis,

the surface current density distribution of different frequencies is plotted in Figure 4.4. The

results reveal that the surface current is more concentrated at the bottom circumference at 2.8
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(a) (b) (c)

Figure 4.4: Surface current density distribution of the SSMA at (a) 2.8 GHz, (b) 6.1 GHz and (c)
9.4 GHz.

GHz and less at 6.1 GHz of the star-shaped radiator. Also, it is observed in Figure 4.4(a) and

4.4(c), that a large surface electric current density flows along the contour of the star-shaped

metallic radiator. In particular, at 2.8 , 6.1, and 9.4 GHz, the surface current is concentrated

near the feed line edge of the CPW ground plane, thereby fine-tuning impedance matching

of the upper-side frequency bands. Therefore, an optimized partly-hexagonal-ring-slit (PHRS)

thickness of m1 = 0.6 mm, quarter-circular-slit (QCS) radius r1 = 4 mm, and feed gap fg =

1.05 mm gives the best results with a wider bandwidth and a high gain.

4.2.3 Parametric Study

4.2.3.1 Effect of QCS Radius (r1) and PHRS Thickness (m1)

The effects of QCS radius r1 and PHRS thickness m1 of the ground plane on S11 results are

shown in Figures 4.5(a) and 4.5(b) respectively. It is found that the upper side-band frequency

is reduced with increasing radius r1 and impedance matching becomes poor for larger values.

At r1= 4.0 mm better return loss as well as matching is achieved. Similarly, it is found that

the upper side-band frequency will reduce with the reduction of m1 thickness of PHRS. The

optimized slit thickness m1 is found to be 0.6 mm for better results as shown in Figure 4.5(b).
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(a) (b)

Figure 4.5: Simulated S11 performance of the SSMA as a function of (a) r1 and (b) m1.

4.3 Transmission Line-RLC Circuit Model

The methodology to obtained the electrical equivalent circuit diagram of the proposed SSMA

assuring transmission line model (TLM) is shown in Figure 4.6. In this figure, the microstrip-

feed line introduces the inductance Lr which is shown in Figure 4.6(a). The star-shaped radiator

of the proposed SSMA contains a 9-point circumference of the star, each step takes part in

tuning the capacitive and inductive coupling between the radiator and ground plane. Then,

each star point is represented by the circuit as shown in Figure 4.6(b). Furthermore, Cg1 and

Cg2 are the coupling capacitor. While Lg1, Lg2, Lg3, and Lg4 are caused by the inductances on

both sides of the symmetric ground plane. The shunt capacitances Cgl and Cgr are due to the

gaps between the feed line and CPW-fed ground plane as shown in Figure 4.6(c). Therefore,

the radiating element of the designed SSMA is represented as several parallel circuits of series

RLC as shown in Figure 4.6(d).

An optimization process is performed by using the NI AWR simulator and all the circuit

parameters such as ( R (Ω), L (nH) and C (pF) ) are obtained as follows: [ Lr = 0.015, Lp

= 354, SL1 = 12.88, SL2 = 17.16, SL3 = 1.52, SL4 = 0.97, SL5 = 27490, SL6 = 792000, SL7

= 5920 ] all dimensions are in nH, [ Cp = 3.811× 10−11, SC1 = 0.675× 10−5, SC2 = 0.3798,

SC3 = 0.0647, SC4 = 0.6469, SC5 = 7.39× 10−12 , SC6 = 2.04, SC7 = 1.543 ] all dimensions
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(a) (b)

(c)

(d)

Figure 4.6: Equivalent transmission line model-RLC circuit elements of the proposed SSMA (a) basic
patch antenna, (b) star-shaped step discontinuities, (c) all slit and gap structure and (d) simplified
RLC circuit model.

are in pF and [Z = 50, Rp = 1582, SR1 = 2.11, SR2 = 2.17, SR3 = 5.87, SR4 = 3.6, SR5 =

3.41, SR6 = 3.4, SR7 = 2.62 ] all dimensions are in Ω. Finally, the proposed SSMA model gives

approximately the same behavior and a very wider impedance bandwidth by several adjacents
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resonances which can be represented by TLM-RLC circuits simulated result using NI AWR

simulator as shown in Figure 4.7.

Figure 4.7: Simulated and equivalent transmission line circuit model response of the SSMA.

Figure 4.8: Actual antenna measurement environment in an anechoic chamber.

4.4 Simulated and Experimental Results

The performance of the proposed SSMA is analyzed using CST simulator (CST vers. 17)

software and the results are verified with experimental results. The S11 results are measured
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with a vector network analyzer (VNA) (Anritsu MS46122B). The gain and radiation patterns

are measured with an antenna measurement environment for 1–13 GHz band in an anechoic

chamber (size: 6× 4× 6 m3) as shown in Figure 4.8 and a photograph of the prototype shown

in Figure 4.2(b).

Figure 4.9: Measured and simulated S11 performance of the SSMA.

4.4.1 Reflection Coefficient Performance

The simulated and measured reflection coefficient S11 results are depicted in Figure 4.9 and

the inset shows a photograph of the fabricated antenna. The measured impedance bandwidth

from 2.21–12.13 GHz (139%) whereas the simulated impedance bandwidth from 2.36–12.16 GHz

(135% S11 ≤ −10 dB has been achieved. The measured S11 results show that the impedance

bandwidth is shifted a little to lower frequencies than the simulated results. It is maybe due

to the alignment imperfection between various PCB layers, fabrication tolerances, and SMA

connector. Since the proposed antenna is symmetric in shape, the S11 performance is maintained

within the permissible operating frequency band.

4.4.2 Gain Performance

The measured and simulated peak gain of the SSMA boresight (φ = 0◦, θ = 0◦) is shown

in Figure 4.10. The measured peak gain for the lower side band is <1.56 dBi, and the upper
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Figure 4.10: Measured and simulated peak gain of the SSMA.

side band is >3.6 dBi. The measured peak gain at the WiMAX band center frequency of 3.5

and 5.8 GHz are 2.55 dBi and 3.2 dBi, respectively. The measured peak gain at the WLAN

5.2 band center frequencies of 5.2 and 5.5 GHz are 2.95 and 3.05 dBi, respectively. For X-band

satellite communication 7.8–9.3 GHz, the measured peak gain from 3.0–1.75 dBi is achieved.

Table 4.2: Comparison of the proposed antenna with other recently reported antennas

Ref. Antenna type Dimension Frequency Fractional BW Maximum gain
(mm2) (GHz) (%) (dBi)

[58] Monopole 42 ×50 2.69 – 10.16 116.30 6

[59] Monopole 35 ×20 3.00 – 10.5 111.11 4.16

[61] Monopole 28 ×30 2.95 – 13.95 130.17 3.2

[35] Bow-tie 80 ×60 2.21 – 4.0 57.7 6.20

[34] Tapered slot 30 ×28 2.78 – 12.3 126.00 6.23

[36] Monopole 36.9 ×36.9 3.1 – 11 112.05 5.6

[37] Fractal 60 ×60 10 – 50 133 9.5

[46] Monopole 28 ×25 2.7 – 11 121.16 3.5

This work Monopole 29.5 ×39 2.2 – 12.1 139.00 3.6

96

TH-3087_176151008



4.4 Simulated and Experimental Results

(a)

(b)

(c)

Figure 4.11: Simulated and measured radiation patterns of E-plane (left) and H-plane (right) of the
SSMA at (a) 2.8 GHz, (b) 6.1 GHz and (c) 9.4 GHz.
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4.4.3 Radiation Patterns Performance

The measured and simulated radiation patterns of the proposed SSMA in the E- and H-

plane at 2.8, 6.1, and 9.4 GHz are shown in Figure 4.11. It is observed that the proposed SSMA

exhibits nearly omnidirectional patterns in both planes. The E- and H-plane cross-polarization

components are below −30 dBi in both measured and simulated results. Table 4.2 represents

a comparison performance of SSMA with other antennas presented in the literature.

It is seen that this design performs better in almost all the parameters. The antenna type,

dimension, bandwidth, and maximum gain are listed in Table 4.2. The measured fractional

bandwidth of the SSMA is exhibiting better 139% with a peak gain of 3.6 dBi within the −10

dB impedance band. Table 4.2 expresses the performance of the design antenna structure in

obtaining enhanced impedance bandwidth and shows better radiation close to omnidirectional

patterns with a compact size. Therefore, considering the performance of the SSMA, it will be

a good candidate for UWB applications.
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4.5 Summary of the Chapter

The compact coplanar waveguide-fed SSMA using the quarter-circular-slit and partly hexagonal-

ring-slit defected ground structure is proposed and verified experimentally. The impedance

bandwidth performance of the SSMA is significantly enhanced by introducing QCS and PHRS.

The impedance bandwidth and broad side maximum gain of the SSMA are 2.2–12.21 GHz

(VSWR < 2) and the 3.6 dBi, respectively. Owing to the advantages of high gain, good ra-

diation pattern close to omnidirectional, wider bandwidth, and compact size, the proposed

SSMA is suitable for UWB applications. Because of the above-said advantages, the proposed

antenna can be used in applications where the ultra-wideband is required such as UWB, mo-

bile, wireless , satellite radio determination applications, etc. To study the linear polarization

to circular polarization (CP) using traveling wave series-fed circular slits array with defected

ground structure (DGS) and compact structure, a study is carried out which is discussed in the

next chapter.

Note: This work, Design of CPW-fed Star-Shaped Monopole Antenna for UWB Applica-

tions using Transmission Line Model, in Wireless Personal Communications (under review)

(Springer https://www.springer.com).
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5.1 Introduction

Recently, due to the increasing demands for modern wireless communication systems, the

research on small and microstrip antenna arrays, radiating elements, feeding structures, and

polarizations have attracted enormous attention. Due to its advantages of overcoming multi-

path fading, non-line-of-sight applications, and providing better mobility compared to linearly

polarized antennas, the circularly polarized (CP) antenna is getting popular in wireless com-

munication systems. In recent years, many researchers are designing CP antennas as well as

minimizing the size using different techniques [66]–[69]. The operating principle of CP antennas

is to excite two orthogonal modes with equal amplitude and in-phase quadrature. This can be

achieved by introducing different techniques to design the multi-band CP antennas which will

be applied to various communication systems, such as global positioning systems (GPS) and

satellite communications [70]–[74]. The dual-band CP antennas have been proposed with a

single feed, cavity-backed square annular slot [70], truncated corner square slots loaded with a

set of split-ring resonators [71], and an S-shaped slot center of the square radiator [72]. The

single-feed microstrip patch antennas with the annular-ring slot on the square radiator or 4× 4

arrays with 90◦ phase difference power dividers have also been demonstrated for dual-band

applications [73], [74]. Although these antennas generate a CP wave in their two bands, the

antenna size is increased and 3 dB axial ratio bandwidth (ARBW) is narrowed.

Furthermore, single-feed microstrip patch antennas with loading stubs and etching slots

on the square patch or multi stacked patches with a slit have also been discussed for triple-

band applications [75], [76]. However, these single-feed CP patch antennas have less than 3.5%

ARBW with the large size discussed. In [77], multiple L-shaped slits on the hexagonal slot as

a radiator is proposed and triple CP bands i.e., 1.7%, 3.86%, and 5.23% are achieved. In [78],

a square slot with the metallic strips and split-ring resonator configuration, the 3 dB ARBWs

improved are presented. Though these antennas had small sizes the ARBWs were still less than

11%. Recently, a quad-band CP antenna has been reported in [79], using inverted-U-shaped

radiators and the ARBWs of 5.4%, 8.3%, 3.7%, and 2.9% are achieved.
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Among the various established techniques to design an antenna array, the sequential rotation

technique (SRT) is found to be effective for CP array antenna in terms of improving the array’s

bandwidth, radiation patterns, and polarization purity. Several designs of CP array antenna

have been discussed, but the SRT is one of the most popular methods investigated in the

literature to generate the CP operation [80]–[84]. In an SRT, phase shiftings of 90o and 180o

are achieved by applying λ/4 transmission lines with an L-shaped radiator [80]. A series feed

network is reported [81], consisting of λ/4 transformer sections and adding an L-shaped ground

strip in the radiator array to reduce cross-polarization. In [82]–[84], the array elements are

fed by different feeding networks like rat-race, Wilkinson power divider, and microstrip line.

However, antenna configurations of these designs are usually large and the uses of a complex

feeding network structure complicate the fabrication of the antenna. The antennas mentioned

above are either thick in profile or large in aperture size, which motivates us to develop a

compact multi-band CP antenna to some extent as well as improved the ARBW and IBW with

maintain the minimum axial ratio using a series-fed circular slit array patch.

In this chapter, a new design of dual-CP TWSCSMA antenna effectively deals with a novel

series-fed circular slit microstrip array which involves a compact annular ring TWSCSMA

antenna with four split-ring resonators (SRR) unit cells with a double-annular ring on the

defected ground plane. The proposed dual-CP TWSCSMA antenna has a distinct separation of

the four CP bands (ARBW of 16.26%, 12.52%, 8.22%, and 13.82%) with improved operational

impedance bandwidth (IBW of 33.85% and 50.73%) and minimum axial ratio (< 1.2 dB). Since

the proposed antenna is electrically small, the achieved gain is low. However, the size of the

antenna is compact with wide band IBW and ARBW characteristics. The machine learning

regression (MLR) algorithm is used to predict the accurate model performance requirements of

the dual-CP TWSCSMA antenna for desired two IBW and four wide ARBW. The parameters

of the dual-CP TWSCSMA antenna obtained using CST Microwave Studio are validated with

the experimental results.

This chapter is divided into the following sections: section 5.2 states the theoretical anal-

ysis of circular polarization generation, design evolution, circular polarization mechanism, and
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current distribution analysis. In section 5.3, the MLR algorithms model is discussed. The

reflection coefficient S11, axial ratio performance, peak gain, and radiation patterns parameters

at different frequencies such as 2.5, 3.5, 3.8, and 5.2 GHz are presented in section 5.4. The

experimental results match quite well with the simulation results, thus validating the practical

feasibility of the design. The principal outcomes of this research work are explained in section

5.5.

(a) (b)

Figure 5.1: Geometry of dual-CP TWSCSMA antenna (a) top and (b) bottom view.

5.2 Antenna Design and Analysis

5.2.1 Antenna Configuration

The geometry of the compact dual-CP TWSCSMA antenna top view is illustrated in Figure

5.1(a). As shown in Figure 5.1(a), the proposed antenna is fed by a 50 Ω microstrip-fed printed

on top of the 2 mm-thick FR-4 substrate having εr = 4.3 and loss tangent (tanδ) = 0.025. In

this figure, seven series-fed circular slit array elements in an annular ring are placed at an angle

of 45o from each other. The bottom of the TWSCSMA antenna consists of four SRR unit cells
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with a double-annular ring on the defected ground structure (DGS) as shown in Figure 5.1(b).

The values of all geometrical dimensions corresponding to Figure 5.1 are shown in Table 5.1.

The four SRR unit cells (a1 = b1 = 7 mm) with double-annular rings (outer radius gr1 = 9

mm and inner radius gr2 = 8 mm) are introduced in the ground plane to improve the operational

bandwidth and minimize the axial ratio. To realize the left-hand circular polarization (LHCP)

wave, the input RF signal for port 1 has a 45◦ phase increment in the clockwise direction.

Similarly, to get the right-hand circular polarization (RHCP) wave, port 2 is fed with a phase

increment of 45◦ in an anticlockwise direction for each circular slit patch. Using this concept,

we can realize dual-CP radiation.

Table 5.1: Geometric parameters values of the proposed antenna

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

SL 41 w1 0.4 GL 8.2

SW 41 w2 0.4 gw1 3.4

R1 19 l1 12.4 gl1 2

R2 18.2 l2 0.7 gr1 9

m1 0.8 a1 7 gr2 8

fw 2.2 b1 7 gm1 1

fl 6.9 a2 5 g 0.5

r1 2.2 b2 5 h 2.0

5.2.2 Theoretical Analysis of Circular Polarization Generation

Figure 5.1(a) shows the circular slit patches arranged in a concentric ring fashion which is

fed in series with the proper phase shifts. Seven circular slit patches are rotated sequentially by

45◦ and fit in an annular ring radiator that has an outer radius R1 = 19 mm and inner radius

R2 = 18.2 mm.

To understand the polarization of the proposed antenna, an N number of uniform series-fed

circular slit array (SCSA) elements as shown in Figure 5.2 are fed from port 1 or port 2 to

get LHCP or RHCP waves respectively. The radiation elements are symmetrically distributed
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Figure 5.2: Configuration of N element of a series-fed circular slit array.

around the z-axis so that the angle θp between adjacent elements is 2π/(N + 1). It is assumed

that each element is fed with uniform amplitude with an excitation current phase of the nth

element ϕen. The parameters shown in Figure 5.2 are expressed as:

θp = 2π/(N + 1) (5.1)

ϕen = −2π(n− 1)

N + 1
, 1 ≤ n ≤ N = 7 (5.2)

x̂n
ŷn

 =

 cos(θp(n− 1)) sin(θp(n− 1))

−sin(θp(n− 1)) cos(θp(n− 1))


x̂
ŷ


(1 ≤ n ≤ N) (5.3)

A plane wave propagates in the z-direction can have both x and y components of the electric

field as expressed below:

E = (x̂Ex + ŷEy)e
−jkz (5.4)

The E-field (E) on the sequentially rotated patches as shown in Figure 5.2 can be decom-
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posed into an RHCP component ERHCP and an LHCP component ELHCP as expressed below:

E =| ERHCP | (x̂n − jŷn)+ | ELHCP | (x̂n + jŷn) (5.5)

Since the circular array is rotationally symmetric, ERHCP is equal for different radiation

elements. It is also true for ELHCP . Therefore, the resultant ERHCP and ELHCP are expressed

as:

N∑
n=1

ERHCPn e
jϕen

=
N∑
n=1

| ERHCPn | (x̂n − jŷn) ejϕen

=
N∑
n=1

| ERHCPn | (x̂− jŷ) ejθp(n−1) ejϕen (5.6)

N∑
n=1

ELHCPn e
jϕen

=
N∑
n=1

| ELHCPn | (x̂n + jŷn) ejϕen

=
N∑
n=1

| ELHCPn | (x̂+ jŷ) e−jθp(n−1) ejϕen (5.7)

The AR of the proposed antenna is given as

ARdB = 20 log10

| ERHCP | + | ELHCP |
| ERHCP | − | ELHCP |

(5.8)

The above expression is based on the boresight at the center of the ring being the origin of

the spherical coordinate system.
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(a) (b) (c) (d) (e)

Figure 5.3: Evolution of the dual-CP TWSCSMA antenna.

(a) (b)

Figure 5.4: Evaluations of simulated (a) S11 and (b) AR of the proposed TWSCSMA antenna.

5.2.3 Design Evolution and CP Mechanism

The different design steps and their configurations are shown in Figure 5.3 to understand the

CP performance of the antenna. The different antennas are simulated using CST Microwave

Studio software. The circular radiators are very popular because they are simple to fabricate

and have small cross-polarization radiation [85, 86]. Therefore, the design starts with an annular

ring radiator of radius R1 = 19 mm and R2 = 18.2 mm as shown in ANT 1 of Figure 5.3. Due

to the increased current path in an annular ring, wider IBW and ARBW compared to circular

patches [87] are achieved. For a traditional annular ring patch antenna, the TM11 mode is the

fundamental resonant mode, λg is the wavelength of the lower resonating frequency fg that can
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be expressed as follows:

λg =
c

fg
√
εeff

(5.9)

where εeff is the effective dielectric constant. As seen in Figure 5.1(a), the mean circum-

ference of a series-fed annular ring equals the wavelength at nearly the first resonant frequency

[88]. The resonant frequency is calculated as follows:

f11 ≈
c

π(R1 +R2)

(
1 + εr

2εr

) 1
2

(5.10)

where f11 is the resonant frequency and π(R1 + R2) is the mean circumferences of the

annular ring of the ANT 1. Based on the detail parameters, the calculated resonance frequency

is approximately f11 = 2.17 GHz.

To clarify the proposed antenna performance process, the IBW and ARBW performances

of ANT 1–ANT 4 have been compared in Figure 5.4. It is noticed in Figure 5.4(a) that the

simple annular structure ANT 1 has two narrow impedance bands below −10 dB about 3–3.5

GHz and 3.7–5.53 GHz. However, it is a linearly polarized wave. The ARBW is greater than

15 dB in two frequencies within the bandwidth as shown in Figure 5.4(b). CP is generated

by two orthogonal E vectors (EHOR, EV ER) with equal amplitude and 90◦ phase difference,

where EHOR and EV ER represent the complex voltage in the horizontal and vertical planes,

respectively.

The seven symmetrical circular slit patches of radius (r1 =) 2.2 mm are added as series-fed

on the annular ring patch of ANT 1 so that the S11 performance shows an improvement in

lower and decrease upper frequency in terms of bandwidth. This may be due to the increased

current path induced by the horizontal annular ring. More importantly, the ARBW also drops

significantly from about 15 dB to around 8 dB at 3.2 GHz and 4.5 GHz.

In ANT 3, three rectangular slits (size: l2 = 1.7 mm and w2 = 0.4 mm) placed by 90◦ from

each other are introduced in each of seven circular slit patches which act as the quasi-lumped-

resonators (QLR) [84]. When QLRs are introduced in ANT 2 which is a linear polarized (LP)

antenna with different radiated phases of 90◦, the total radiated field in the z-direction of wave

propagation can be expressed as follows:
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E = EANT + EQLR =
Eo
2

e−jkz [(1 + j)x̂+ (1− j)ŷ] (5.11)

where EANT and EQLR are the radiated field by a series-fed annular-ring antenna and QLRs

respectively. Since both the radiated fields are perpendicular and magnitudes are the same,

the CP radiation pattern is obtained. The position and dimensions of the QLRs i.e., l2 = 1.7

mm and w2 = 0.4 mm of the ANT 2 are optimized to obtain the quad-band CP characteristics

at the intended frequencies of 2.5, 3.5, 3.8, and 5.2 GHz. The S11 performance shows better

improvement in lower and upper frequencies in terms of bandwidth. The ARBW also drops

significantly from about 8 dB to around 2 dB at 2.5, 3.5, 3.8, and 5.2 GHz. However, at this

stage, the antenna does not possess wide IBW and CP characteristics.

For further improvement in IBW, ARBW, and better impedance matching, four SRR unit

(area of 49 mm2 (7 mm×7 mm)) cells with double-annular rings are loaded with ANT 3 such

that its position on the ground plane allows neutralizing unwanted surface coupling waves on

the radiator as shown in ANT 4. In the transmission line model of the SRR, L and C values

determine the frequency of operation of the proposed antenna [86]. The length (b1, b2) and

width (a1, a2) of the unit cells are adjusted to ensure 90◦ phase difference between the field

components so that the bandwidths (IBW, ARBW) are significantly improved in ANT 4 as

shown in Figure 5.4. As a result, a compact dual-CP TWSCSMA antenna achieves two wide

−10 dB IBW from 2.213 to 2.982 GHz (29.62%) and from 3.071 to 5.342 GHz (53.81%) and less

than 3 dB in four CP bands of 15.23% (2.382–2.723 GHz), 12.80% (3.213–3.652 GHz), 9.02%

(3.741–4.092 GHz), and 11.65% (4.754–5.342 GHz) when it is excited either in port 1 or port

2.

5.2.4 Current Distribution Analysis

The simulated current distribution of CP bands are studied at phases ωt = 0◦, ωt = 90◦,

ωt = 180◦ and ωt = 270◦ as shown in Figure 5.5(a)–(d) at frequencies of 2.5, 3.5, 3.8, and

5.2 GHz respectively for port 1. It is observed that as the phase changes by 90◦, the current

distribution vector at all the resonant frequencies rotates clockwise +z-direction. Hence, the
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(a) (b)

(c) (d)

Figure 5.5: Surface current distributions at (a) 2.5, (b) 3.5, (c) 3.8 and (d) 5.2 GHz for port 1.

LHCP is obtained at the CP bands for port 1. And also, it is observed that the current reverses

its direction when the feeding port is changed to port 2 hence, the RHCP is obtained at the
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four CP bands for this configuration.

Figure 5.6: Power on the single radiating element.

5.2.5 Radiated Power Analysis of Array Elements

Suppose the power fed to array element n is Pin, the power radiated Pn by that element,

and Pout is the power that continues to propagate along the feeding line as shown in Figure 5.6

and then the ratio of Pn–Pin can be defined as the power coupling coefficient α

α =
1− | S11 |2 − | S21 |2

1− | S11 |2
=
Pn
Pin

(5.12)

The reflection and transmission coefficient of each element are denoted by S11 and S21,

respectively. The reflection coefficient terms can be neglected (| S11 |2 equals 0) due to the

presence of multiple reflections on the transmission line [76]. When | S11 |2 is small enough, α

can be expressed as follows:

α = 1− | S21 |2 (5.13)

Assume that dielectric, ohmic losses, and the effect of mutual coupling between elements to
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be negligible. Let the total power fed into the array be 1 W, the power radiated by element 1

can be expressed as follows:

p1 = α (5.14)

For element 2

p2 = (1− p1)α = (1− α)α (5.15)

For element 3

p3 = (1− p2 − p1)α = (1− α)2α (5.16)

For element n

Pn = (1− Pn−1 − Pn−2 − ...− P2 − P1)α =
(
(1− α)(n−1)

)
α (5.17)

Then the total radiated Ptotal can be expressed as:

Ptotal =
N∑
n=1

Pn =
α[1− (1− α)N ]

1− (1− α)
= 1− (1− α)N (5.18)

5.3 Antenna Parameter Optimization using MLR

The purpose of using machine learning regression (MLR) algorithms in antenna modeling

is to predict new model parameters using the training data set generated by the computational

EM model [90] and to evaluate the model’s accuracy and generalization [91]. It can be realized

by the input x and the corresponding output y parameters by connecting a model such that

y = M(x) (5.19)

where y ∈ Y ⊂ Ru, while u are the values of an output variable and x ∈ X ⊂ Rc, c are the

values of input modeling variables. The accuracy can be expressed as a function of the mean

squared error (MSE) function:

MSE =
1

N

N∑
i=1

(
ypredi − ymeasi

)2
(5.20)
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where ypredi is the predicted value, ymeasi is the measured value and N number of data samples.

The performance of the TWSCSMA antenna mainly depends on seven design parameters

fl, l1, R1, R2, r1, GL, and b1. These seven geometric parameters act as input variables for MLR

models. In the present EM simulation, 35035 samples obtained using CST Microwave Studio,

give reasonably high and stable R2 values. The total sample points are collected by selecting

the range of sample space of seven input parameters, x as: fl ∈ [6.0, 6.8], l1 ∈ [5.6, 6.4], R1 ∈

[17.7, 18.5], R2 ∈ [18.6, 19.4], r1 ∈ [1.8, 2.6], GL ∈ [7.9, 8.7], and b1 ∈ [13.6, 14.4] with a step size

of 0.2 for each parameter. The training data is defined by
{

(xi, yi), i = 1, 2,... n
}

, where the

input is x = (fl, l1, R1, R2, r1, GL, b1)
T . Then the model exercises the current input samples,

predicts a new parameter which is compared with the target, and calculates the prediction error

as shown in Figure 5.7. To search for the optimal design parameters based on the MLR model,

a very fine grid over the entire sample space x with step size 0.2 mm is generated, consisting

of 35035 total sample data points. Three ML regression algorithms such as: artificial neural

networks (ANN), decision tree regression (DTR) and decision forest regression (DFR) [92] are

used for the proposed antenna modeling and comparison of the results.

Figure 5.7: Perspective of MLR work.
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Figure 5.8: Workflow chart of ANN.

5.3.1 Artificial Neural Networks (ANN)

ANN model is used to calculate and develop a nonlinear regression based model of biological

neurons. ANN is the structure of many layers and consists of input, hidden, and output

layers; each layer contains neurons. Neurons are interconnected with the corresponding links

(weights). In this work, multilayer perceptrons (MLPs) is trained by Levenberg-Marquardt

(LM) algorithms [93], which has the capability of fast learning and good convergence and can

be expressed as:

xk+1
j = f

(∑
d

W k
dj x

k
d +Bk

bj

)
(5.21)

where W k
dj is weighted connecting dth neuron in the layer k to jth neuron in layer k + 1; which

are initialized randomly. Bk
bj represents the bias of the jth neuron in layer k. In our analysis,
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the data samples are divided into three parts: training data used 80% testing and validation

using 10% each. The LM learning algorithm is used to develop the ANN model flow chart as

shown in Figure 5.8 and the neural network toolbox of MATLAB [94] is used for training the

neural network.

5.3.1.1 ANN Implementation

The Levenberg-Marquardt (LM) algorithm is one of the most efficient training algorithms

for small and medium-sized patterns for our problem setup, which only has five parameters in

the input space and requires a regression model. The following are the steps needed to use

MATLAB’s ANN toolbox:

Figure 5.9: Matlab’s Neural Fitting: Main Window.
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Step 1. In the command window save the input data in one variable and output data

in another variable. Then, Open the Neural Network Start GUI by clicking Apps > Neural

Network Fitting or by using ‘nnstart’ command and then clicking Fitting app.

Step 2. From the nftool window that appears click Next as shown in Figure 5.9 below:

Step 3. In the Select Data window that appears, select input and output data using inputs

and targets drop-down menu by choosing the variable where you stored this information in

Step 1. Select ‘Matrix rows’ to store each sample point as a row element as shown in Figure

5.10.

Figure 5.10: Matlab’s Neural Fitting: Select Data Window.

Step 4. Click Next and then the validation and test data window appear, as shown in

Figure 5.11 in the following figure. The validation and test data sets are each set to 10% of the
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original data and the remaining is training data.

Figure 5.11: Matlab’s Neural Fitting: Validation and Test Data Window.

Step 5. Click on Next and select the number of hidden neurons. For this work, we have

chosen 10 numbers of a hidden neuron. To choose the number of nodes in the hidden layer,

we monitored the R- values between the estimated output and actual output in the training,

testing, and validation data. The details about the ‘R-value’ are mentioned in the subsequent

paragraphs. The multilayer perceptrons (MLPs) consists of three layers: an input layer, an

output layer, and a hidden layer, as shown in Figure 5.12.

Step 6. Click on Next and select the Levenberg-Marquardt training algorithm in the Train

Network Window that appears and then select train as shown in Figure 5.13.

Step 7. Then a validation window as shown in Figure 5.14 appears until the training gets
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Figure 5.12: ANN Architecture based on MLP.

Figure 5.13: Matlab’s Neural Fitting: Train Network Window.

complete. In this window, details about the ANN model can be observed, like epochs, time

taken to train, gradient descent while the data is being modeled, number of validation checks
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and iterations made, etc. The plots related to the model fit can be checked from this window,

where we mostly check the error histogram and regression values.

Figure 5.14: Matlab’s Neural Fitting: Validation Window.

Step 8. In this window under plots, click ‘Regression’. Then, a network fit window as
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shown in Figure 5.15 appears. This is used to validate the network performance. The details

related to these plots are explained later in this section.

Figure 5.15: Matlab’s Neural Fitting: Validation Window.

Step 9. Click Next in the Neural Network Fitting App and then the ‘Deploy Solution

Window’ appears. To evaluate the network by selecting Matlab Matrix-Only Function and

saving it as a Matlab function file.

In our analysis, the data collected from the .slp file is divided into three parts: 80% of the

data is used for training, and 10% each used for testing and validation, respectively. The input

layer consists of 8 design parameters, a hidden layer of 10 hidden nodes, and one node makes

up the output layer. We choose the R-values between the estimated output and actual output

in the training, testing, and validation data to determine the hidden layer’s number of nodes.
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The term “R-value” in this context refers to the coefficient of correlation, which is essentially

a statistical measure that describes how strongly two variables are related [101] [102]. This

statistic is also known as the Pearson product moment correlation coefficient in honor of its

creator Karl Pearson, as noted in [102]. The following mathematical method can be used to

determine the R-value between two variables, y1 and y2:

r =
n
∑
y1y2 − (

∑
y1)(

∑
y2)√

n(
∑
y21)− (

∑
y1)2

√
n(
∑
y22)− (

∑
y2)2

(5.22)

Where, n is the number of pairs of data.

By varying the number of hidden nodes from 2 to 15, we can check the R-value for training,

testing, and validation based on the whole data set. The model with 10 hidden nodes has

the highest R-value without being overfitting for the training, testing, and validation sets.

Figure 5.16 Training, Testing and Validation, the outcomes of using 10 hidden nodes for this

ANN model are shown in plots of ANN fit. These are the regression graphs that show the

network output as estimated by the ANN in relation to the output values found in the training,

validation, and test sets (target output). For fitting to be considered as a nearly perfect fit,

the data should align along a nearly 45◦ degree line, which is an indicator that the network

outputs are approximately equal to the targets. As can be observed from Figure 5.16, the fit is

reasonably good for all data sets, as the R values in each case of 0.982 or above. If this fit was

not sufficient, we could improve it by re-training the network by clicking ‘Retrain’ in the neural

network toolbox. The horizontal axis in Figure 5.16 represents the true output value, while

the vertical axis in each plot represents the output projected using the fitted-ANN model. The

four plots in this figure, which may be seen clockwise starting at the top-left, correspond to

the training data, validation data, all combined data, and testing data, respectively. If the fit

line in each of these plots aligns closely to 45◦ line, the more accurate are the predictions for

the corresponding data. Each plot’s associated R-value for the training, validation, combined,

and testing sets of data is also noted at the top. The fact that these numbers are so near to 1

further shows how well the ANN fitting in this work worked.
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Figure 5.16: Training, Testing and Validation Plots of ANN fit.
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Figure 5.17: Perspective of decision tree regression.

5.3.2 Decision Tree Regression (DTR)

The decision tree is a regression or classification model built in the form of a tree and is also

known as a predictive model [95]. In a decision tree, for predicting the class of the given dataset,

the algorithm starts from the root node of the tree. This algorithm compares the values of the

root attribute with the record (real dataset) attribute and, based on the comparison, follows

the branch and jumps to the next node. It is a stepwise method that optimizes the parameter

values in the model and then minimizes/corrects them in the following step as shown in Figure

5.17 [96]. From the figure, it is shown that the several decision trees combine and produce a

better accurate model. The aim is to achieve approximation predictions that deviate from the

original target and the accuracy can be expressed as a function of the mean square error (MSE)

function:

MSE =
1

N

N∑
i=1

(
Yi − Ŷi

)2
(5.23)

where Y is the actual value, Ŷ is the prediction value and N number of data samples.

5.3.3 Decision Forest Regression (DFR)

The regression model consists of an ensemble method that builds multiple decision trees

and integrates their predicted models to obtain a more accurate and stable model rather than

depend on an individual tree [97], [98]. Each tree in the forest learns randomly from the samples

of the training data as shown in Figure 5.18. In this method, a novel training data of ẋi, ẏi

n
i=1 are randomly generated from the original training data sample of xi, yi

n
i=1, and have the

same number of samples known as bootstrapping. In bagging, a predefined number set to |p|
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Figure 5.18: Perspective of decision forest regression.

of bootstrap samples ẋi, ẏi
p
i=1 is generated according to [99], which indicates that 63.2 % of

the bootstrap reserved sample. Hence, a decision tree algorithm is applied to each bootstrap

sample of ẋi, ẏi
p
i=1 to generate |p| number of trees for the forest regression [100].

5.3.4 Results and Discussions for MLR

The comparison of S11 and AR performance of the proposed antenna obtained from EM

simulation, measurement, and MLR prediction models such as ANN, DTR, and DFR regression

for port 1 is shown in Figure 5.19 and 5.20 respectively. It is observed from the figures that

the design accuracy parameters performance of the DTR and DFR are better than ANN and

the same are depicted in Table 5.2. Similarly, the S11 and AR regression performance of the

proposed antenna obtained using ANN, DTR, and DFR regression models for port 1 is shown

in Figure 5.21 and 5.22 respectively. It is observed from Figure 5.21 and 5.22, that the fit is

reasonably good for all data sets, as the R2 values in the DTR and DFR 0.99 or above. In each

plot of Figure 5.21 and 5.22, the output predicted by using the fitted ANN, DTR, and DFR

model has represented by the vertical axis and the true output value (simulation) is represented

by the horizontal axis. From this figure, the fit line in each of these plots aligns closely with

the linear regression line and the more accurate predictions for data obtained using DTR and
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(a) (b)

(c)

Figure 5.19: Comparison of S11 of simulation, measurement and (a) ANN, (b) DTR, and (c) DFR
for port 1.

DFR models. Hence, the regression models DTR and DFR predicted nearly the same IBW and

ARBW realized from the EM simulation results compared to the ANN model.

Table 5.2: Accuracy comparison between regression models

Regression model MSE RMSE RAE RSE

Artificial neural networks (ANN) 1.892 3.017 0.922 1.026

Decision tree regression (DTR) 0.036 0.487 0.022 0.026

Decision forest regression (DFR) 0.049 0.237 0.029 0.069

MSE: Mean squared error. RMSE: root mean squared error. RAE: relative absolute error.
RSE: relative squared error.
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(a) (b)

(c)

Figure 5.20: Comparison of AR of simulation, measurement and (a) ANN, (b) DTR, and (c) DFR
for port 1.

(a) (b) (c)

Figure 5.21: Regression performance of S11 (a) ANN, (b) DTR, and (c) DFR for port 1.
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(a) (b) (c)

Figure 5.22: Regression performance of AR (a) ANN, (b) DTR, and (c) DFR for port 1.

5.4 Simulated and Measured Results

To verify the design concept, the proposed antenna in Figure 5.1 is fabricated and tested.

The measurement set-up inside the anechoic chamber, the top and bottom view of the fabricated

prototype dual-CP TWSCSMA antenna are shown in Figure 5.23(a), 5.23(b), and 5.23(c),

respectively. The S11, AR, radiation patterns, peak gain, and efficiency are measured with an

Anritsu-MS-46122B vector network analyzer (VNA) in the anechoic chamber of size: 6× 4× 6

m3.

5.4.1 Reflection Coefficient Performance

The simulated and measured S11 results are depicted in Figure 5.24. The measured two IBW

of 33.85% (2.185–3.075 GHz) and 50.73% (3.252–5.462 GHz), S11 ≤ −10 dB have achieved for

both the ports. The measured S11 results show that the first and second impedance bandwidth

is shifted a little to higher frequencies than the simulated results. It is maybe due to the

alignment imperfection between various PCB layers, fabrication tolerances and SMA connector.

Since the proposed antenna is symmetric in shape, the S11 performance is maintained within

the permissible range for the feeding of ports 1 or 2.
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(a)

(b) (c)

Figure 5.23: (a) Measurement set-up inside anechoic chamber, (b) prototype top, and (c) bottom
view.

5.4.2 Axial Ratio Performance

Figure 5.25 shows the simulated and measured AR of the dual-CP TWSCSMA antenna

with ports 1 and 2. The results indicate that the designed antenna can maintain < 3 dB AR
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Figure 5.24: Measured and simulated S11 of the dual-CP TWSCSMA antenna.

Figure 5.25: Measured and simulated AR of the dual-CP TWSCSMA antenna.

over a wide beamwidth of about 32o. It is seen from the figure that the measured AR for four

CP bands such as 2.321–2.733 GHz (16.26%), 3.222–3.652 GHz (12.52%), 3.732–4.052 GHz

(8.22%), 4.751–5.455 GHz (13.82%) at 2.5, 3.5, 3.8, and 5.2 GHz are less than 1.2 dB. Thus,

measured AR characteristics validate and ensure the polarization quality of traveling-wave

series-fed arrays.

5.4.3 Radiation Patterns Performance

Since the radiation patterns of the antenna excited either from port 1 or port 2 are similar,

the measured and simulated radiation patterns for φ = 0◦ and φ = 90◦ planes at 2.5, 3.5,
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Figure 5.26: Radiation patterns at 2.5, 3.5, 3.8 and 5.2 GHz of E-plane for port 1.

3.8, and 5.2 GHz when only port 1 is excited is shown in Figure 5.26 and 5.27, respectively.

The asymmetrical antenna structure around a central axis at the feeding position (for port 1)

contributes to the tilting of the radiation patterns for different frequency bands. The radiation

patterns are not symmetrical at these four frequencies, however, tilting is more prominent at

3.5 and 3.8 GHz. In both planes i.e., E- and H-plane, the radiation patterns are symmetrical

and LHCP is stronger than RHCP by approximately 26, 14, 13, and 18 dB for 2.5, 3.5, 3.8,

and 5.2 GHz respectively, in the boresight direction. The difference in the LHCP and RHCP

patterns results between the simulation and experiment may be due to the detector sensitivity.

This confirms the satisfactory quad-band CP performance.
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Figure 5.27: Radiation patterns at 2.5, 3.5, 3.8 and 5.2 GHz of H-plane for port 1..

5.4.4 Gain and Efficiency Performance

Figure 5.28(a) shows the measured and simulated peak gain of the proposed antenna for

LHCP (port 2 terminated) and RHCP (port 1 terminated) radiation. It is observed from the

figure that the peak gain of the proposed antenna for both LHCP and RHCP are more or less

the same. The maximum measured peak gains are 2.51, 4.72, 4.52, and 2.86 dBic at 2.5, 3.5,

3.8, and 5.2 GHz, respectively. The measured peak gain is maintained between 2.51 and 4.72

dBic within the operational bandwidth.

For radiation efficiency measurement, first the gain G(θ, φ), radiation intensity, and reflec-

tion coefficient Γ of the designed antenna are measured. The directivity D(θ, φ) is computed
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Table 5.3: Comparison of multiband CP antennas

Ref. Feeding Dimension Frequency IBW ARBW Peak gain

(mm3) (GHz) (%) (%) (dBic)

[70] ML 100× 100 1.19-1.23, 3.7, 0.9, 0.6 1.1, 1.45

×1.6 1.56-1.58 1.2

[71] ML 70× 70 2.84-3.24, 12.9, 3.1, 7.3,

×1.6 4.24-4.92 8.5 4.2 8.5

[72] ML 115× 115 1.103-1.297, 16, 6.9, 2,

×1.524 1.444-1.636 12.5 0.6 1.34

[73] CP 80.8× 80.8 1.12-1.69 40.57 6.56, 7.72,

×1.52 7.74 8.11

[74] MLPDN 110× 110 5.0-6.2, 21, 13.2, 14.5,

×0.8 7.2-8.9 21.2 12.8 17.5

[75] ML 94.35× 94.35 2.36-2.48, 3.34-3.41, 5, 2, 0.53,0.66, 7.5, 8.7,

×0.8 4.03-4.43 9.5 0.83 8.7

[76] CP 80× 80 1.16-1.18, 1.21-1.23, 2, 1.5, 3.4, 0.81, 5.6,5.6,

×1.6 1.56-1.59 2 0.83 6.3

[77] ML 60× 60 3.22-4.5, 33.16, 1.7, 3.86, 5.5,4.63,

×1.52 4.76-5.98 22.72 5.23 6.77

[78] ML 50× 50 1.48-1.87, 2.39-2.71, 21.4, 4.37, 10.9, 2.7,4.2,

×1.56 3.02-3.16 12.8, 4.5 3.57 3.5

[79] ML 133.2× 133.2 2.37-2.75, 14.84, 5.4, 8.3, 5.95, 6.92,

×1.52 3.4-8 80.70 3.7, 2.9 6.37, 6.07

Work ML 41× 41 2.18-3.07, 33.85, 16.26, 12.52, 2.51, 4.62,

×2.0 3.25-5.46 50.73 8.22, 13.82 4.32, 2.76

IBW: Impedance bandwidth. ARBW: axial ratio bandwidth. ML: microstrip line. CP: coaxial
probe. MLPDN: microstrip line with power divider network.
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(a)

(b)

Figure 5.28: Measured and simulated the dual-CP TWSCSMA antenna (a) peak gain and (b)
efficiency.

automatically using the radiation intensity. Using this above parameters, the antenna efficiency

(η) is computed using the equation given below:

η =
G(θ, φ)

D(θ, φ)
(1− | Γ |2) (5.24)
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5.4 Simulated and Measured Results

The measured and simulated radiation efficiency performance is shown in Figure 5.28(b). The

measured efficiency from 2.2 to 5.5 GHz are about 65%–95% within the operational band and

there is a small deviation in the measurement result from the simulation result due to the

fabrication tolerance.

The comparison between the proposed work (TWSCSMA antenna) with other reported

multi-band CP antennas are listed in Table 5.3. It is observed that multi-band CP antennas in

[70]–[79] occupy 4.75, 2.33, 5.99, 2.95, 2.87, 2.11, 3.04, 1.62, 1.18, and 8.02 times more volume

than the TWSCSMA antenna respectively. Hence, the proposed structure gives a compact size

among the others. Moreover, the TWSCSMA antenna has a better wide IBW and ARBW.

Therefore, considering the performance of the proposed antenna, it will be a good candidate

for WiMAX and WLAN applications.
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5.5 Summary of the Chapter

In this chapter, a compact dual-CP TWSCSMA antenna for the WiMAX and WLAN

is proposed. The antenna supports a quad-band CP operation with better performance at

2.5/3.5/3.8/5.2 GHz frequency bands. The quad-band operation is obtained using seven series-

fed circular slit array elements in an annular ring on the radiator. The two ≤ −10 dB IBW of

33.85% and 50.73%, four CP bands < 3 dB ARBW of 16.26%, 12.52%, 8.22%, and 13.82% for

port 1, and reduction in mutual coupling between the circular slit array elements are achieved

by introducing SRR unit cells with double-annular rings on the defected ground plane to neu-

tralize unwanted surface coupling waves on the radiator. MLR technique is used to predict

the optimal values with accuracy model performance requirements of the design parameters of

the proposed antenna for EM simulation samples which will provide the best performance in

terms of IBW and ARBW. By analyzing the results of the simulation and experiments, it is

observed that the proposed antenna shows a compact size, the better two IBW and four-CP

bands than other multi-band CP antennas proposed in the literature. In the next chapter, a

study is carried out to further enhance the impedance as well as axial ratio bandwidth of the

proposed monopole CP antenna with extended ground loop plane and compact structure.

Note: This work, “Compact Quad-Band CP Series-Fed Circular Slit Microstrip Array Antenna

Using Machine Learning” has been published in IEEE Access.
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6. Compact UWB CP Inverted L-Shaped-Hook Monopole Antenna with Minimum
BR(10/3)dB for Wireless Applications

6.1 Introduction

In recent years, research on compact antennas with various radiating elements, feeding ar-

rangements, and polarization has drawn attention as a result of the growing need for wireless

communication systems. The circular polarization (CP) antenna is currently in high demand

for high-speed wireless communication systems because it has advantages such better mobility

and flexibility over linearly polarized (LP) antennas [103, 104]. Due to their ability to reduce

multipath interference, polarization mismatch, and the Faraday rotation effect [105], CP anten-

nas have received a great deal of interest in the applications like GPS, mobile satellites, radio

frequency identification (RFID), and microwave sensing [87, 106–111]. Exciting two orthogonal

modes with equal amplitude and in-phase quadrature is the fundamental idea of CP antennas.

This can be accomplished by adding some extended DGS antennas that are fed by co-planar

waveguides (CPW) and/or symmetric or asymmetric monopole or slotted radiators [112]–[117].

These include an L-shaped monopole patch with inverted L-shaped ground strips [112] to in-

crease the axial ratio bandwidth (ARBW) while reducing the antenna size, two rectangular

parasitic elements and an I-shaped grounded stub [113], a rectangular monopole and a square

ring with an open gap at the bottom [114], and a printed square slot patch and halberd-shaped

metal strip introduced on the ground plane [115].

By using an I-shaped rectangular patch with adding a stub on the ground plane, a maximum

of 44.9% and 76.9% of ARBW and IBW are achieved, respectively when individually considered

[116]. A monopole radiator with an L-shaped slot on the ground plane achieves ARBW of 33%

and IBW of 40% [117]. However, it is discussed how these CPW-fed CP monopole antennas have

less than 64% ARBW and less gain. Meeting the demands of modern wideband communication

systems is exceedingly challenging.

However, in single-fed patch CP antennas, the working bandwidth is typically limited by

their narrow ARBW. By adjusting the size of the dual slits of the microstrip H-shaped patch

CP antenna, the overlapping bandwidth of 3.95% between IBW and the ARBW is obtained

[104]. When a material with a high dielectric constant is utilized, the narrow bandwidth of
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parallel plates is characterized as having a high Q-factor (Q = fr / BW ). The IBW of a LP

microstrip antenna defined by a maximum allowable voltage standing wave ratio (V SWRmax

≈ 2), is given [125] as follows:

IBWLP =
V SWRmax − 1√
V SWRmaxQ

(6.1)

where Q is the quality factor of the antenna. Evidently, a closed form expression for the

IBW of a CP microstrip antenna is not discussed in the literature. This can be verified by

using the expressions for the IBW and ARBW, which are expressed as [109] below:

IBWCP =

√
2(V SWRmax − 1)

Q
(6.2)

and

ARBWCP =
ARmax − 1√
ARmaxQ

(6.3)

The maximum achievable BR using Eq. (6.2) and (6.3) for a patch CP antenna is expressed

as:

BR|IBW/ARBW =
IBW

ARBW
(6.4)

where maximum axial ratio (ARmax) =
√

2 (< 3 dB), V SWRmax ≈ 2 (≤ −10 dB), and BR

in (6.4) represents as BR|(10/3)dB ≈ 4. The 3 dB ARBW for CP antennas is around 4 times

smaller than the highest attainable -10 dB IBW. The measured value of the bandwidths (IBW

and ARBW) of the patch CP antennas reported in [87, 104] is 3.95%. However, when looking

at ARBW and IBW independently, they are the highest values that may be achieved. The

key to creating a microstrip patch CP antenna with wide overlapping bandwidth is to tailor

the frequency of ARBW to be close to the frequency of IBW. A C-shaped monopole with a

rectangular vertical stub attached to the ground plane is suggested in [118] as a potential CP

radiator. A broad AR bandwidth has been attained in a monopole with a hexagonal form and

a slotted patch [119]. Though both the antennas are small in size, the ARBWs are still less

than 66%.

Recently, using semicircular patches on the top and bottom sides, a UWB CP antenna with
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an ARBW of 89% and IBW of 103% is reported in [120]. In [121] introduces a UWB 2 × 2

array CP antenna, which is a larger size than other UWB CP antennas. The size of this UWB

array is 200×200 mm2, while the ARBW of 92.5%, IBW of 132.8%, and BR|10/3 ≈ 1.435. The

antennas mentioned above are either thick in profile or large in aperture size, which motivates

us to develop a compact UWB CP antenna to some extent as well as improve ARBW and

IBW with the minimum AR and BR|(10/3)dB using an asymmetrical inverted L-shaped-hook

monopole (ILSHM) antenna.

Therefore, this work is aimed to look into an improved design structure that can replace

the antennas proposed in the literature for a couple of advanced features:

(i)A compact CPW-fed monopole radiator with an extended ground loop plane occupying

a smaller space and

(ii) improved ARBW and IBW for keeping minimum BR.

In this chapter, the UWB CP monopole antenna comprising of two rectangular slits etched

on the monopole radiator which is positioned asymmetrically around a central axis is ad-

dressed. A rectangular conductor strip is added with a half-circular patch to design the pro-

posed monopole antenna. The combined radiating structure proposed in this work can produce

UWB CP radiation by placing two inverted L-shaped conductor strips along with the ground

loop top corners and two pairs of rectangular notches at the ground loop bottom part. The ex-

perimental findings support the simulation results that the proposed CPW-fed ILSHM antenna

has UWB AR and IBW, higher gain, and radiation pattern stability over a wide operational

bandwidth. Additionally, this analysis is able to significantly reduce the BR|(10/3)dB (≈ 1.121)

level. Considering BR|(10/3)dB ≈ 1 and a CPW-fed low profile, the proposed antenna has several

advantages.

This chapter is divided into the following sections: section 6.2 states the design evolution,

enhanced impedance bandwidth and circular polarization generation. Discussed the parametric

studies of rectangular slit length and ground width in section 6.3. The reflection coefficient

S11, axial ratio performance, peak gain, surface current distribution at frequency of 3.5 GHz,

and radiation patterns parameters at different frequencies such as 5.5, 9.2, and 18.1 GHz are
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presented in section 6.4. The experimental results match quite well with the simulation results,

thus validating the practical feasibility of the design. The principal outcomes of this research

work are explained in section 6.5.

(a) (b)

Figure 6.1: Geometry of the ILSHM antenna (a) Top view, (b) Side view, and (c) Isometric view.

Table 6.1: Value of geometric parameter of the proposed antenna

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

LS 34.8 t 1.7 w7 2.9

WS 32.8 l4 6.5 l8 3.6

l1 27.4 w4 10.3 w8 1.1

w1 2.4 l5 0.8 lf 6

l2 2.4 w5 7 wf 1.9

w2 28 l6 5 lg 7.4

l3 6.3 w6 1.3 wg 13.2

w3 6.7 l7 0.7 g 2.25
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6.2 Antenna Design Process

6.2.1 Antenna Configuration

Figure 6.1 shows the top view geometry of the proposed UWB ILSHM CP antenna which is

printed on a 0.8 mm thickness FR-4 substrate (εr = 4.3 and tanδ = 0.025). And DGS is printed

on the top of the substrate. The ILSHM antenna is designed and optimized using the CST

Microwave Studio (CST vers. 17) software. Two rectangular slits and two pairs of rectangular

notches are inserted on the radiator and ground loop planes, respectively, to achieve the UWB

CP and IBW performance. The antenna is printed on the xy plane, and the overall dimension

is 34.8× 32.8× 0.8 mm3. The ILSHM antenna design specifications are provided in Table 6.1.

The next section discusses the step-by-step design process of the ILSHM antenna.

(a) (b) (c) (d)

Figure 6.2: Evolution of UWB ILSHM CP antenna.

6.2.2 Design Evolution, Enhanced IBW and CP Generation

In order to understand the CP generation and IBW performance of the proposed antenna,

the evolution of the antenna is depicted in Figure 6.2. The evolution of the antenna is covered

in four steps such as ANT 1, ANT 2, ANT 3, and ANT 4 (proposed).

First step: ANT 1 is depicted in Figure 6.2(a) where a half-circle with a rectangular strip

conductor is introduced along with CPW-fed extended ground loop plane. The simulated S11

and AR results are presented in Figure 6.3. Due to the external current path and inability to
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provide a wide IBW with wide AR performance as illustrated in the figure, two narrow band

−10 dB performances and one AR of below 3 dB at approximately 6.5 GHz of ANT 1 are

obtained. The expression of the lower band frequency of ANT 1 is given as [41]:

fext ≈
c

√
εeffLpath

(6.5)

where Lpath is the external path length and c is the speed of light in vacuum.

(a)

(b)

Figure 6.3: Evolution of the ILHSM antenna for (a) S11 and (b) AR.

Second step: Two orthogonal electric field vectors are excited with equal amplitude by sym-

metrically introducing L-shaped strip conductors at the top corners of the ground loop plane
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with dimensions of l3 = 6.3 mm and w3 = 6.7 mm. The degree of symmetry determines the

phase-time difference between the excited vectors. From Figure 6.3 it is observed that one wide-

band IBW from 3.4 to 14.2 GHz and four broad CP bands 4.79–5.30, 9.12–10.34, 11.26–12.93,

and 19.55–20.13 GHz are obtained.

Third step: In this stage (ANT 3), two pairs of notches are etched close to the feeding line so

that the currents flowing on each side of the ground loop are uneven and phase-shifted. Which

in turn generates an improved circular polarization as shown in Figure 6.3. The S11 and AR

plots reveal a very wider IBW and three narrow CP bands, respectively in this stage of antenna

revolution.

Fourth step: Although the inverted L-shaped hook monopole has a very wide IBW, it does not

completely cover the CP radiation with a wider bandwidth. In order to significantly improve

the IBW and ARBW, two rectangular slits are introduced to the primary radiator of the ANT 3

while maintaining the same ground loop plane size. Due to the etched two optimized rectangular

slits (width size w5, w6, and length size l5, l6) with monopole radiator, the higher CP mode is

merged and generates a continuous wider ARBW from 3.348 to 19.138 GHz (140.44%).

6.3 Parametric Study

In this section, the influences exerted by various geometrical parameters on the performance

of reflection coefficient S11 and axial ratio are discussed. To demonstrate S11 and axial ratio

performance, an illustration with the length of the slit l6 = 5.0 mm and the width of the ground

plane wg = 13.2 mm influence the CP band of the antenna are originally used. Parametric

analyses are done to describe how changing l6 and wg affect the performance of the antenna.

One parameter is investigated at a time while the dimensions of other parameters remain

constant.
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(a)

(b)

Figure 6.4: Variation (l6) of simulated (a) S11 and (b) AR of ILHSM antenna.

6.3.1 Parametric Effect of Rectangular Slit Length (l6) of the ILHSM
Radiator

A parametric analysis for various rectangular slit length (l6) of the proposed ILHSM radiator

is shown in Figure 6.4. According to the figure, altering l6 affects the higher frequency band

and decreases both IBW and ARBW. The optimal value of the length l6 = 5.0 mm is obtained

for good impedance matching in order to achieve the UWB IBW and ARBW.
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(a)

(b)

Figure 6.5: Variation (wg) of simulated (a) S11 and (b) AR of ILHSM antenna.

6.3.2 Parametric Effect of CPW-fed Ground Width (wg)

Figure 6.5 illustrates the simulated return loss S11 and AR for different widths (wg) of the

CPW-fed (wg = 12.2, 12.7, 13.2, and 13.7 mm) when both Ws and Ls are fixed at 32.8 and

34.8 mm, respectively. The IBW and ARBW are not significantly affected by variation in feed

length (l6). However, both bandwidths are affected with a variation of CPW-fed width (wg)

as shown in the figure. The propagation constant β ( i.e., β ∝
√
Leq) depends on the gap g

of the feed line and the width of the ground plane wg. As wg increases, the inductance Leq of

the wg increases and reduces the effective dielectric constant, which is
√
εeff = β / Leq. When
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(a)

(b)

Figure 6.6: Variation gap (g) of simulated (a) S11 and (b) AR of ILHSM antenna.

the width of wg = 13.2 mm is maintained constant, the fundamental resonance condition is

satisfied by the guided wavelength λg = λ0 /
√
εeff . As a result, matching in the resonant

frequency can be achieved if the length is kept constant while the width is changed.

6.3.3 Parametric Effect of CPW-fed Ground Gap (g)

Figure 6.6 illustrates the reflection coefficient S11 curves by varying the ground-fed gap (g)

of the CPW-fed. As ground gap (g) decrease, the S11 performance at higher band no impact on

impedance bandwidth in the higher region but at lower band significantly affected. Whereas
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the higher CP mode is found to shift to lower band as ground gap g decreases. This is explicable

as the gap can control the distributions of current in the loop, which creates the higher resonant

mode. In conclusion, the value of ground gap g is optimized to be 2.25 mm.

Figure 6.7: Measurement setup inside the anechoic chamber.

Figure 6.8: Fabricated proposed antenna.
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6.4 Simulation and Measurement Performance

The reflection coefficient S11, AR, peak gain, and radiation patterns of the proposed an-

tenna [122] are measured using a KEYSIGHT-E5080B vector network analyzer (VNA) with an

antenna measurement environment for 1–22 GHz band in an anechoic chamber (size: 6× 4× 6

m3 as shown in Figure 6.7 and Figure 6.8 depicts the top view of the fabricated antenna.

The mobility of RF cables and system connectivity are two factors that have an impact on

the accuracy of antenna measurement results. The precision of the data is influenced by the

probe, the motor movements used to rotate the antenna, and the impact of RF connectors.

The surroundings, RF cable bending, and interconnections all affects the precision of antenna

parameter measurements. The reflection-free environment has a precision error value of 0.05

dB, and RF cable stability has a value of ± 0.01 dB. All the measuring devices are calibrated

properly before using for an antenna measurement. The measurement setup within an anechoic

chamber with a double ridge guide horn (DRGH) antenna at one end and an antenna under test

(AUT) at the other are depicted in the figure. The radiation patterns of the antenna at intervals

of various frequencies are measured in two principal planes such as azimuth and elevation. The

measurement typically takes into account of two polarization orientations, one measurement is

being carried out horizontally polarized and the other vertically polarized. In order to generate

the right-hand circular polarization (RHCP) or left-hand circular polarization (LHCP) with

one rotation for each measurement of AR, the conventional DRGH antenna is rotated by 90o

[123]. The substitution approach entails primarily using a conventional antenna to reduce the

path loss to 0 dB, followed by measuring the path loss of the AUT and determining the peak

gain.

The ARBW is widely known to be a serious limitation of single feed CP antennas. Therefore,

the characterization of ARBW is important. A plane wave propagates in the z-direction can

have both x and y components of the electric field as expressed below:

E = (x̂Ex + ŷEy)e
−jkz (6.6)
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The RHCP and LHCP fields and the AR of the proposed ILSHM CP antenna are computed

using the measured Eθ = |Eθ| ] Eθ and Eφ = |Eφ| ] Eφ as follows [124]:

ERHCP =
1√
2

(Eθ + jEφ) ,ELHCP =
1√
2

(Eθ − jEφ) (6.7)

ARdB = 20 log10

(
| ERHCP | + | ELHCP |
| ERHCP | − | ELHCP |

)
(6.8)

6.4.1 Reflection Coefficient and Axial Ratio Performance

The measured and predicted S11 performance of the proposed ILSHM CP antenna are shown

in Figure 6.9. It is seen from the figure that the measured and simulated -10 dB IBW of the

proposed antenna are from 2.243 to 20.653 GHz (160.82%) and 2.315 to 20.558 (159.52%),

respectively. In Figure 6.10 depicts simulated and measured 3 dB ARBW from 3.348 to 19.138

GHz (140.44%) and 3.126 to 18.985 GHz (143.45%), respectively. The measured and simulated

results show a good degree of agreement and the small discrepancy is primarily attribute to

fabrication, SMA connector, and dimensional tolerance.

Figure 6.9: Measured and simulated S11 of the ILHSM antenna.
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Figure 6.10: Measured and simulated axial ratio of the ILHSM antenna.

Figure 6.11: Measured and simulated peak gain of the ILHSM antenna.

6.4.2 Gain Performance

The measured and simulated peak gains of the proposed antenna are shown in Figure 6.11.

According to Figure 6.11, the maximum measured gain is found to be 6.76 dBic at 15.15 GHz,

and it varies from 1.2 to 6.76 dBic for the working frequency band from 2.24 –20.65 GHz. The

L-shaped strip conductor and two rectangular slits used in the proposed antenna may cause

the fluctuation in the gain performance of the proposed antenna.
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(a) (b)

(c) (d)

Figure 6.12: Surface current at 3.5 GHz for (a) 0o , (b) 90o , (c) 180o , and (d) 270o.

6.4.3 Surface Current Distribution Performance

To understand the CP behavior of the proposed antenna, the time-varying surface current

distribution of the antenna at 3.5 GHz for the orientation of the current fields on the surface
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(a)

(b)

(c)

Figure 6.13: Radiation patterns at (a) 5.5 GHz, (b) 9.2 GHz, and (c) 18.1 GHz.
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of the patch is highlighted at four angular times (0◦, 90◦, 180◦, and 270◦) is shown in Figure

6.12. For easy understanding of the field directions, the xy-coordinates are attached to the

figure. The current amplitude shown in the pictures is kept fixed for all time instances. The

current distribution at the azimuth of the antenna traces a clockwise path when observed from

+z-direction, which indicates that the sense of polarization at this frequency is LHCP while

facing a broadside direction.

6.4.4 Radiation Patterns Performance

The radiation pattern of the proposed antenna is characterized and compared in both E- and

H-planes at various frequencies of 5.5, 9.2, and 18.1 GHz as shown in Figure 6.13. The radiation

pattern measurements are done in an anechoic chamber using two-antenna measurement setup.

The radiation patterns are drawn for the case where one of the antennas is excited while the

other is terminated with a matched load of 50Ω. It can be observed that as the frequency

increases, the electrical dimensions of the antenna increase and as a result, the number of lobes

increases and this is also caused by diffraction from the edges of the ground plane, which has

very large electrical dimensions at larger frequencies. At lower frequencies, the maximum value

of the radiation patterns point to the - y-axis significantly, because its feed section of inverted-

L-shaped-hook lies in the -y-axis. The LHCP is presented in the +z-direction and the RHCP is

presented in the -z-direction in the bidirectional radiation pattern. For both cases, an excellent

agreement between simulations and measurements is observed. The patterns also show good

stability with frequency. These implied that a large and uniform coverage for UWB system

operation can be attained with our design.

Finally, comprehensive benchmarking with the recently reported CP antenna designs has

been performed. The major performance figures including the antenna size, impedance band-

width, the AR bandwidth, gain variation, and the bandwidth ratio are compared and summa-

rized in Table 6.2. As shown in the table, the wideband CP antennas reported in the literature

to occupy approximately 1.04 to 43.8 times more volume than the volume of the ILSHM CP

antenna. As a result, compared to the other structures reported in the literature, the proposed
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Table 6.2: Comparison of UWB CP antennas

Ref. Dimension IBW IBW ARBW ARBW GV BR
(mm3) (GHz) (%) (GHz) (%) (dBic)

[87] 180× 180× 0.8 1.5–2.2 38 1.35–1.82 29.7 > 3 1.279

[109] 150× 150× 1.0 1.6-2.42 41 1.63-2.27 33 6.3-6.5 1.242

[111] 37× 32× 0.8 2.21-2.77 22.5 2.28-2.77 19.4 max. 5.7 1.159

[112] 70× 70× 1.6 1.53-1.611 5.2 1.545-1.605 3.81 max. 1.8 1.364

[113] 75× 63× 1.6 1.81-3.83 71.63 2.2-2.9 27.45 1.5-2.5 2.609

[114] 55× 50× 1.0 1.48-4.24 96.5 2.05-3.95 63.3 0.5-3.5 1.524

[115] 62× 62× 3.0 1.8-4.5 86 2.25-3.75 50 > 2.5 1.72

[119] 42× 42× 1.5 2.3-7.6 107 3.45-6.4 59.9 2.3-4.6 1.786

[120] 95× 95× 2.2 2.9-9 103 3-7.8 89 8-11 1.157

[121] 200× 200× 1.0 1.17-5.79 132.8 1.75-4.76 92.5 max.12.6 1.435

Work 34.8× 32.8× 0.8 2.243-20.653 160.82 3.126-18.985 143.45 1.2-6.76 1.121

IBW: Impedance bandwidth (S11 ≤ – 10 dB); ARBW: axial ratio bandwidth (< 3 dB); GV:

gain variation; BR: bandwidth ratio.

structure is compact. Additionally, as compared to the work done on previous wide band CP

antennas, the proposed ILSHM CP antenna exhibits a notable improvement in IBW and 3 dB

ARBW. It is clear that the proposed design operates in the UWB band and offers benefits such

as simple manufacturing, compactness, improved IBW and ARBW, and superior peak gain for

the complete frequency band from 2.24 to 20.65 GHz. The analysis of the simulation and ex-

perimental data reveals that the proposed antenna exhibits a small size, ultra-wideband IBW,

ARBW, and despite the ratio of the small bandwidth BR|(10/3)dB ≈ 1.121, it has successfully

illustrated the fundamentals of the design of a UWB CP antenna.

155

TH-3087_176151008



6. Compact UWB CP Inverted L-Shaped-Hook Monopole Antenna with Minimum
BR(10/3)dB for Wireless Applications

6.5 Summary of the Chapter

In this chapter, a compact simple structure CPW-fed ILSHM CP antenna with UWB -10

dB IBW and 3 dB CP ARBW is presented for wireless applications. The UWB CP is achieved

by symmetrical excitation of a defected ground loop plane and ILSHM antenna. The overall

footprint of the structure is only LS × WS = 0.269λl × 0.254λl, when λl corresponds to the

wavelength measured at the lowest resonance frequency. The measured IBW (V SWRmax <

2) result from 2.243 to 20.653 GHz (160.82%) and < 3 dB ARBW from 3.216 to 18.985 GHz

(143.45%) are achieved. Despite the ratio of the small bandwidth BR|(10/3)dB ≈ 1.121, it has

demonstrated the essence of the design of a compact UWB CP antenna without involving any

complex circuitry. Moreover, the ARBW of 143.45 % for the proposed ILSHM antenna is also

much wider than the other antennas in the literature. The miniaturization of the ILSHM an-

tenna is realized by an extended ground loop plane while retaining the UWB characteristics

with minimum AR and BR. The proposed monopole antenna which will be suitable for wireless

communication applications is simple in design, small in size, and easy to manufacture.

Note: This work,Compact UWB CP Inverted L-Shaped-Hook Monopole Antenna with Mini-

mum BR(10/3)dB for Wireless Applications (under preparation).
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7. Conclusion and Future Work

7.1 Summary of the Present Work

The primary purpose of this thesis is to investigate a compact microstrip antenna for hand-

held devices targeted for wireless applications. This thesis presents a detailed explanation of

the novel compact microstrip antennas and the different methods such as slot, slit, and de-

fected ground structure techniques used in literature for antenna performance improvement.

Supporting multi-band communication by working on different wireless frequency standards,

further improvement in antenna radiation parameters with high center frequency ratio, and

size reduction of a multiband antenna using different slot size structures is needed.

Another important parameter in the UWB antenna is BDR which is the ratio of bandwidth

dimension. Designs for UWB antenna to increase the BDR as well as decrease the antenna size

simultaneously are not reported as per the best of the author’s knowledge. Hence, the design of

an antenna that has both capabilities is an area of research for efficient wireless communication

technology. The signal transmission equation, i.e., the Friis equation has terms which depend

on the polarization of the transmitter and receiver antenna. If the polarization is not the

same, the maximum signal will not be transferred to the receiver due to polarization mismatch.

A linear polarized antenna sometimes is placed at 90◦ or 180circ orientation according to the

power density contour at the receiver end. And also, due to its advantages of overcoming

multipath fading, non-line-of-sight applications, and providing better mobility compared to

linearly polarized antennas, the circularly polarized (CP) antenna is getting popular in wireless

communication systems.

In chapter 2, it is described how future spectrum management approaches for WLAN/

WiMAX/ C-band downlink satellite communications can use a novel design of a triple-band

antenna with a high center frequency ratio and significantly suppress cross-polarization levels.

This antenna has a double annular ring slot, two L-shaped slots, one I-shaped slot, and a DGS

based on an ellipse-shaped slit. In addition, the transmission line model of the proposed antenna

is presented and it shows the antenna behavior based on the effect of each RLC circuit element.

It is seen that the characteristics of the output from the RLC circuit model closely resemble
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7.1 Summary of the Present Work

with the simulation results obtained using the CST simulator. Therefore, the requirements and

challenges associated with designing a triple-band antenna are explored. When the proposed

antenna is fabricated, the simulation and the measured results are close to each other which in

turn validates the design.

In chapter 3, a CPW-fed symmetrical staircase-shaped antenna is design having enhanced

IBW and better gain compared to the triple-band antenna is discussed. The main goal of the

proposed approach is to designed a compact antenna with an enhance impedance bandwidth.

And also the proposed antenna should able to control the coupling coefficient between the

C-shaped slots which is introduced due to the flow of a fraction of the TM01 mode current

flowing in the slots so that the radiation reasonably maintains the radiation characteristics.

As a result, the proposed antenna has a wider impedance bandwidth, a fair gain, and better

impedance matching. It has been noted that the performance of TLM closely matches with

the outcomes of the simulation performed using CST simulator software. The prototype is

successfully implemented, fabricated, and the results of the experiment are compared.

In chapter 4, the method of improving the IBW of the star-shaped monopole antenna is dis-

cussed. A novel concept for efficiently using the reduced space and enhancement in impedance

bandwidth of the proposed antenna is discussed in detail. The proposed antenna operational

principle, design procedure, simulated and measured results are presented in this chapter.

In chapter 5, introduces a compact dual-band and dual-CP traveling wave series-fed cir-

cular slit microstrip array (TWSCSMA) antenna operating in quad-band CP at 2.5/3.5/3.8

GHz WiMAX and 5.2 GHz WLAN applications. The radiating structure consists of an an-

nular ring traveling wave series-fed circular slit array elements, rotates in sequence with seven

circular quasi-lumped resonators contributing to two-IBW and quad CP bands. The four

split-ring resonators with double-annular rings are introduced on the defected ground plane to

improve the impedance matching, IBW, and ARBW effectively. Thus, measured IBW and AR

characteristics validate and ensure the polarization quality of traveling-wave series-fed arrays.

Furthermore, modern machine learning regression techniques are used to predict the param-

eter accuracy of the model performance requirements for the optimal design of the proposed
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7. Conclusion and Future Work

antenna. The TWSCSMA antenna demonstrates a compact, low profile, wide impedance band-

width, and minimum axial ratio which is making it a good candidate for WiMAX and WLAN

applications.

In chapter 6, the practical challenges in designing and integrating a small UWB monopole

CP antenna, where the frequency band of IBW will closely match with a frequency band of

ARBW with a small BR. The design procedure of a CPW-fed monopole for integration into a

compact patch is explored in this chapter. The main goal of the proposed approach is to obtain

a small bandwidth ratio of BR(10/3)dB ≈ 1.121 and the radiator should reasonably maintain the

radiation characteristics of the monopole antenna. The proposed antenna is fabricated and the

measured results matched with the simulation results, thus validating the design.

7.2 Suggestions for the Future Work

The suggestions for further research are given as follows:

• The work in this thesis is based on enhancing the impedance bandwidth, better radiation

patterns at high frequency, and gain of zeroth order resonant antennas for wireless appli-

cations. In the future we may go for enhanced bandwidth and higher gain by employing

array configurations.

• Variations in current topology can be explored including fractal geometries to produce

wider bandwidth.

• Use of reactive loadings can be applied to implement frequency or pattern reconfigurabil-

ity.

• It is seen that both dual-circularly polarized TWSCSMA and ILSHM CP antennas operate

in a higher mode at higher frequency. A more detailed understanding of the traveling

wave mechanism series-fed as well as a monopole, maintaining the minimum axial ratio

and small bandwidth ratio could lead to improved design of the wider band and UWB

CP antennas.
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7.2 Suggestions for the Future Work

• A wider band or UWB system may sometimes be required to provide filtering in those

bands to avoid potential interference owing to the coexistence of wider band and UWB

systems with frequency bands set separately for other wireless systems. Future research

may focus on creating slot and monopole antennas with band rejection capabilities.

• Although still at the prototype stage, metamaterials can be efficiently designed, based on

the fundamental concepts of Transmission Line theory. This can potentially be applied

for optical/microwave applications in the Terahertz frequency range.
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A. Appendix

A.1 Fresnel Integrals

C(x) =

∫ x

0

cos
(π

2
τ 2
)
dτ (A.1)

S(x) =

∫ x

0

sin
(π

2
τ 2
)
dτ (A.2)

A.2 Fixed Transmit and Receive Antennas

A transmitted far-field at time t can be expressed as:

E(f, t, (r, θ, ψ)) =
αs(θ, ψ, f) cos 2πf(t− r/c)

r
(A.3)

where, (r, θ, ψ) represents the point u in space at which the electric field is being measured, r
is the distance from the transmit antenna to u and (θ, ψ) represents the elevation and azimuth
angles. The constant c is the speed of light and αs(θ, ψ, f) is the scaling factor for antenna
losses.

The received waveform in response to the above transmitted signal is as follows:

Er(f, t,u) =
α(θ, ψ, f) cos 2πf(t− r/c)

r
(A.4)

where α(θ, ψ, f) is the product of the antenna patterns of transmitting and receiving antennas
in the given direction.

A.3 Rectangular Patch Width and Length Calculation

The initial values (at low frequencies) of the effective dielectric constant are referred to as
the static values, and they are given by [85]

W/h > 1

εeff =
εr + 1

2
+
εr − 1

2

[
1 + 12

h

W

]−1/2
(A.5)

A very popular and practical approximate relation for the normalized extension of the length
is [85]

∆L

h
= 0.412

(εeff + 0.3)
(
W
h

+ 0.264
)

(εeff − 0.258)
(
W
h

+ 0.8
) (A.6)

Since the length of the patch has been extended by ∆L on each side, the effective length of
the patch is now (L = λ/2 for dominant TM010 mode with no fringing)
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A.4 Coplanar Waveguide Fed Calculation

Leff = L+ 2∆L (A.7)

For an efficient radiator, a practical width W that leads to good radiation efficiencies is [85]

W =
1

2fr
√
µ◦ε◦

√
2

εr + 1
=

v◦
2fr

√
2

εr + 1
(A.8)

where v0 is the free-space velocity of light.

The actual length L of the patch given by

L =
c

2fr
√
εeff
√
µ◦ε◦

− 2∆L (A.9)

Fractional bandwidth
∆f

fo
=
V SWR− 1

Qt

√
V SWR

(A.10)

where Qt is the total quality factor

1

Qt

=
1

Qrad

+
1

Qc

+
1

Qd

+
1

Qsw

(A.11)

where W is PW and L is PL in the thesis.

A.4 Coplanar Waveguide Fed Calculation

The closed-form expression for the effective dielectric constant of the coplanar waveguide
(CPW) is represented as

εeff = 1 + q(εr − 1) (A.12)

where q is called the filling fraction.

q =
1

2

K(k4)

K ′(k4)

K ′(k3)

K(k3)

k3 =
a

b

√
1− b2/c2◦
1− a2/c2◦
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A. Appendix

k4 =
sinh

(
πa
2h

)
sinh

(
πb
2h

)√1− sinh2
(
πb
2h

)
/ sinh2

(
πc◦
2h

)
1− sinh2

(
πa
2h

)
/ sinh2

(
πc◦
2h

)
Zocp =

30π
√
εeff

(
K ′(k3)

K(k3)

)
(A.13)

A.5 Modes of Operation

For the rectangular patch, the TMmn mode has a normalized electric field that is given by

Emn
z (x, y) = cos

(mπx
L

)
cos
(nπy
W

)
(A.14)

For the circular patch, the TMnp mode has a normalized electric field that is given by

Ez(ρ, φ) = cos(nφ)

Jn

(
x
′
npρ

a

)
Jn(x′np)

(A.15)

A.6 Radiation Patterns

A.6.1 Rectangular Patch

The far-field radiation pattern of the rectangular patch is given by

Epatch
θ (r, θ, φ) = −2Wh

(
E0

η0

)
cosφ(1− ΓTM(θ)) cos

(
kx
L

2

)(
ky
W

2

)
(kz1h) (A.16)

Epatch
φ (r, θ, φ) = −2Wh

(
E0

η0

)
(cos θ sinφ)(1− ΓTE(θ)) cos

(
kx
L

2

)(
ky
W

2

)
(kz1h) (A.17)

where

E0 =

(
−jωµ0

4πR

)
e−jk0R (A.18)

and
kx = k0 sin θ cosφ (A.19)

ky = k0 sin θ sinφ (A.20)

kz1 = k0N1(θ) (A.21)

with

N1(θ) =

√
εrµr − sin2 θ (A.22)
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A.6 Radiation Patterns

A.6.2 Circular Patch

The far-field patterns of a resonant circular patch are similar to those of the resonant
rectangular patch on the same substrate material. The normalized field of the dominant TM11

mode is described by

Ez(ρ, φ) = cos(φ)
J1

(
x
′
11ρ

a

)
J1(x

′
11)

(A.23)

For this mode, the far-field pattern is given by

Eθ(r, θ, φ) =

[
2π
E0

η0
(ah)

]
cosφ (kz1h)J

′

1(k0a sin θ)(1− ΓTM(θ)) (A.24)

Eφ(r, θ, φ) = −2π

[
E0

η0
(ah)

]
sinφ (kz1h)Jinc(k0a sin θ)(1− ΓTE(θ)) cos θ (A.25)

where

Jinc(x) =
J1(x)

x
(A.26)

A.6.3 Sequentially Rotated Arrays

The total radiated fields of a sequentially rotated array can be written as

Et(θ, φ) =
M∑
m=1

Em(θ, φ) (A.27)

where Em is the radiated field of the m th element.
The array radiates a perfect CP for 0 < p < M can be written as

Et(0, 0) =
M

2
(a− b)(θ̂ − jφ̂+

1

2
(a+ b)(θ̂ + jφ̂)

sin pπ

sin pπ
M

exp

[
−j
(

(M − 1)pπ

M

)]
(A.28)

A.6.4 Antenna Gain Measurement

The ratio of received power (Pr) to the transmitted (Pt) is given by Friis as follows:

Pr
Pt

= ecdt ecdr ert err

(
λ

4πR

)2

Dt(θt, φt) Dr(θr, φr)|ρ̂t . ρ̂r|2 (A.29)

where
ecdt is Tx antenna radiation efficiency

ecdr is Rx antenna radiation efficiency

ert is the refection efficiency of Tx antenna
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A. Appendix

err is the refection efficiency of Rx antenna

R is the transmission distance

λ is the working wavelength

Dt(θt, φt) is the directivity of the Tx antenna

Dr(θr, φr) is the directivity of the Rx antenna

ρ̂t polarization unit vector of Tx antenna

ρ̂r polarization unit vector of Rx antenna
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