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บทคัดย่อ 
วิทยานิพนธ์นี้น่าเสนอสายอากาศขนาดเล็กและสัณฐานต่่าส่าหรับแพร่กระจายคลื่น

โพลาไรซ์แนวนอนและวงกลม การติดตั้งสายอากาศขนาดเล็กเป็นความต้องการหลักอันหนึ่งของ
อุปกรณ์ไร้สาย เช่น อุปกรณ์โทรคมนาคมเคลื่อนที่ต่างๆ ระบบอาร์เอฟไอดี และระบบโครงข่าย
เซ็นเซอร์ไร้สาย (WSNs) ในวิทยานิพนธ์นี้น่าเสนอสายอากาศที่ประกอบด้วยโครงสร้างสามส่วนซึ่ง
แพร่กระจายโพลาไรซ์เชิงเส้นและวงกลมในทิศทางขนานกับระนาบกราวนด์หรือองค์ประกอบของ
สายอากาศ สายอากาศเหล่านี้มีโครงสร้างวงแหวนแยก (SRA) เป็นพื้นฐานหลัก 

บทที่ 2 น่าเสนอสายอากาศวงแหวนแยกซึ่งมีโพลาไรซ์แนวนอนด้วยโครงสร้างสัณฐานต่่า 
คุณลักษณะของสายอากาศวงแหวนแยกนั้นไม่มีผลกระทบจากระนาบกราวนด์ที่มีขนาดเล็ก ซึ่งแสดง
ให้เห็นว่าสายอากาศวงแหวนแยกสามารถน่าไปติดตั้งกับโทรศัพท์มือถือขนาดกะทัดรัดได้โดยมี
คุณลักษณะไม่แตกต่างจากสายอากาศท่ีปราศจากระนาบกราวนด์ 

บทที่ 3 กล่าวถึงโครงสร้างวงแหวนแยกที่ได้ถูกปรับปรุงส่าหรับแพร่กระจายคลื่นโพลาไรซ์
วงกลมส่าหรับน่ามาประยุกต์ใช้กับเครื่องอ่านอาร์เอฟไอดี โครงสร้างซึ่งประกอบด้วยตัวแพร่กระจาย
คลื่นรูปตัวยูคู่ที่ดัดแปลงซึ่งคล้ายกับการออกแบบสายอากาศวงแหวนแยกที่ถูกผ่าซีกและระนาบ
กราวนด์ แขนด้านหนึ่งของรูปตัวยูถูกงอ 90 องศา เพ่ือให้ทิศทางของล่าคลื่นหลักและโพลาไรซ์วงกลม
มีทิศทางขนานกับระนาบกราวนด์ได้ในโครงสร้างสัณฐานต่่า 

นอกจากนีบ้ทที่ 4 น่าเสนอสายอากาศขนาดเล็กซ่ึงสามารถแพร่กระจายคลื่นได้รอบทิศทาง 
โดยสายอากาศนี้สามารถประยุกต์ใช้งานเป็นสายอากาศลูกข่ายในระบบโครงข่ายเซ็นเซอร์ไร้สาย 
สายอากาศประกอบด้วยองค์ประกอบบ่วงแนวนอนที่ถูกล้อมรอบด้วยองค์ประกอบรูปตัวยูสอง
องค์ประกอบและองค์ประกอบในแนวตั้ง ขนาดทางไฟฟ้าของสายอากาศคิดเป็น ka =0.467 ซึ่งน้อย
กว่า 0.5 โดยที่ k คือ ค่าคงที่ที่ความถี่เรโซแนนซ์ และ a คือ รัศมีของของทรงกลมที่ล้อมรอบ
สายอากาศ ซึ่งสอดคล้องกับนิยามของสายอากาศขนาดเล็ก องค์ประกอบรูปตัวยูกับองค์ประกอบ
แนวนอนนั้นสามารถท่าให้เกิดโพลาไรซ์วงกลมรอบทิศทาง 
 ทั้งนี้วิทยานิพนธ์นี้ได้ผลการทดสอบของสายอากาศต้นแบบสอดคล้องกับผลการจ่าลอง 
โดยมีค่าการสูญเสียย้อนกลับ < -10 dB และอัตราส่วนแกน ≤ 3 ตลอดย่านความถี่ใช้งานและกลไก
ของสายอากาศที่น่าเสนอทั้งหมดมาจากการวิเคราะห์โดยการพิจารณาสนามแม่เหล็กไฟฟ้าและการ
กระจายกระแสไฟฟ้า 
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ABSTRACT 

 This thesis presents low-profile and small antennas for horizontal and 

circular polarization (CP) radiations. Installing small-size antenna is one of main 

requirements in wireless devices for various mobile telecommunications, RFID 

systems and wireless sensor network systems (WSNs). In this thesis, the proposed 

antennas consist of three structures which radiate linear or CP in parallel to the ground 

plane or their elements. These antennas are based on a split ring antenna (SRA). The 

SRA which has horizontal polarization with low-profile structure has been presented 

in Chapter 2. The characteristics of the SRA are not sensitive to the small ground 

plane. This denotes that the SRA can be installed on compact handsets keeping the 

same characteristics as that without ground plane. In Chapter 3, the split ring structure 

is modified for radiating CP to be applied for RFID reader application. The structure 

consists of modified double U-shaped radiators, which is similar to half-cut design of 

SRA and a ground plane. A part of the U-shaped arms is bent by 90˚ to direct a main 

beam and generate CP in the parallel direction to the ground plane even though the 

structure is low-profile. In addition, an electrically small antenna (ESA) which can 

generate omnidirectional CP has been presented in Chapter 4. It is available for an 

antenna sensor application in WSNs. The antenna consists of a horizontal loop 

element enclosed by two U-shaped elements and a vertical element. The electrical 

size of the antenna is ka = 0.467 (i.e. < 0.5, where k is the wave number at the 

resonant frequency and a is the radius of a sphere surrounding the antenna), which 

satisfies the definition of ESA. The U-shaped elements also contribute to the 

generation of omnidirectional CP with the vertical element.  

 Throughout this thesis, measured results of prototypes of antennas show 

good agreements with simulated results that of -10 dB |S11| and 3 dB axial ratio 

covering the operating frequency. Each mechanism of all the proposed antennas has 

been analyzed by observing electromagnetic field and current distribution. 





















CHAPTER 1 

INTRODUCTION 

 

This thesis is devoted to developments of several fundamental and novel antenna 

technologies for satisfying the requirements in many wireless applications, such as RFID 

(Radio Frequency Identification) technologies and antenna sensor applications. This 

chapter introduces the background and purposes of the studies on circularly polarized 

and/or electrically small antennas which are related to the RFID technology, sensor 

applications of antennas.  

 

1.1 Background and Motivation 

 

RFID system was first invented by Germans during World War II to detect and 

confirm that the aircraft is not foreign one when it returned to base. Such military 

technique has been converted to several industrial applications. Nowadays, RFID is a 

technology used widely for identification purpose in many applications such as in 

warehousing, retail, transportation and manufacturing [1]. The RFID system can be used 

in the different frequency bands. One frequency band becoming a standard for supply 

chain management is the ultra-high-frequency (UHF) band. The UHF band has been 

allocated for RFID application depending on countries such as 865-868 MHz in Europe, 

902-928 MHz in North and South Americas, 950-956 MHz in Japan and some Asian 

countries whereas 920-925 MHz band is used in Thailand. 

Many linearly polarized antennas for portable devices have been designed with 

small size and sufficient bandwidth. For RFID applications, e-field generated from 

linearly polarized antennas should be parallel to e-field in antennas at both reader/writers 

and RFID tags in order to get a consistent read. However, a problem of missing tag 

detection may take place due to a polarization mismatch. For avoiding this problem, the 

use of antennas radiating circular polarization (CP) can be a good option [2, 3] 

Portable RFID readers in addition to fixed type of readers have been actively used 

in recent years. Considering this situation, antennas for handheld RFID readers have been 

required to have a low-profile and a small size structure with light weight [4-9]. Low-
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profile and small circularly polarized antennas (CP antennas) still receive a lot of 

research attention, although other types of UHF RFID reader antennas with meandered, 

microstrip, and helical element have been published in the literature [4-8]. In [4], an 

antenna with four meandered monopole elements fed by a series feeding network has 

been reported, and another antenna with array of two bent elements is presented in [5]. In 

[6], double-sided, crossed-dipole antenna for CP radiation loaded with two metal strips 

for phase delay is published. A compact circularly polarized microstrip antenna has been 

presented in [7]. A monofilar backfire helix with ground plane is proposed as high gain 

CP antenna [8].  

On the other hand, since 5-6 years ago, wearable RFID readers on a hand have 

appeared on the fields of health care and inspection services, so that they can use their 

both hands at their working places freely without holding their reader. For achieving such 

situation, a low-profile CP reader antenna is also required for wearable devices with a 

compact design. Requirements for the wearable readers using a CP antenna are that the 

main beam direction should be parallel to the ground plane to make the maximum use of 

the advantages of the low-profile design [9]. Furthermore, some microstrip antennas for 

typical commercial handheld readers have linear or circular polarization. However, such 

antennas based on microstrip structure limit the size and the bandwidth, and the main 

beam of those structures is directed to the normal direction to the ground [8]. In fact, it is 

probably difficult to apply such CP antennas [4]-[8] mentioned above for this purpose. 

Several small-sized compact antennas which may be available for wearable 

devices have been published. Some study groups have reported horizontally polarized 

printed loop antennas in [10-11], and some groups have studied on open-loop antennas 

generating CP [12, 13]. Moreover, an inverted-L CP antenna and a slender CP antenna 

have been reported in [14, 15], respectively. However, the main beam direction is not 

parallel to the ground, and the bandwidth is not sufficient. A study group has recently 

reported a low-profile antenna with high radiation efficiency in [16, 17], but the 

polarization is linear. For now, circularly polarized and low-profile antennas radiating 

parallel to the ground plane has not been found. 

On the other hand, wireless sensor networks (WSNs) have given rise to many 

applications. WSNs can be classified as distributed computing and communication 
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systems that are an integral part of the physical space they inhabit. They are commonly 

used in the distributed sensing systems as well as the monitoring and control applications, 

such as in monitoring structural health, wildlife tracking, and factory monitoring. 

The use of WSN generally consists of a collection of sensors used to monitor 

specific variables over a region of interest. Monopole antennas have been utilized in most 

sensor nodes because they achieve an omnidirectional radiation pattern desired for 

communication links between the sensor nodes. However, typical monopole antenna 

elements perpendicular to ground are not mechanically stable, and thus require additional 

packaging to avoid node failure from the unexpected outdoor environments [18]. A low-

profile and horizontally polarized antennas with omnidirectional pattern is a good choice 

to reduce the size of the package which still has the similar radiation pattern to the 

monopole antenna on the planar surface parallel to ground. Moreover, antennas with 

horizontally polarized omnidirectional radiation pattern in the azimuth plane can be 

applied for many applications such as base stations and wireless communications. Such 

antennas are useful for, especially, polarization diversity combined with vertically 

polarized omnidirectional antennas, such as the disk-loaded monopole antennas. This 

results in compact polarization diversity antenna systems. 

A low-profile antenna has a metallic strip with a small fraction of a wavelength 

(<< λ0, usually 0.003λ0≤ height ≤ 0.005λ0) above a ground plane [19]. Low-profile 

antennas installed on a back conductor can effectively reduce the electrical effect from 

backing material such as IC-chip, electrical circuits and coupling with other antennas 

[16]. Many low-profile antennas, such as disk loaded monopoles, tend to be vertically 

polarized radiator [16, 20-24]. In [20], a loop structure can be miniaturized by using 

inductors. A loop-shaped inverted-F wire antenna (LIFA) has been presented in [21]. In 

[22], a vertically polarized cavity-backed composite slot loop antenna (CBCSLA) with 

omnidirectional radiation in the horizontal plane having extremely small height is 

presented. An inductively coupled capacitively loaded monopole antenna (ICCLMA) 

consisting of two metal layers, a feeding pin and a shorting pin has been presented for 

achieving a high gain, low-profile and miniaturized antenna with omnidirectional 

vertically polarized radiation [23]. In [24], a folded monopole antenna with capacitively 

coupled parasitic elements in the same plane is studied.  
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The Alford loop antenna in the wire type was firstly reported to achieve an 

omnidirectional horizontal polarization [25]. Several modifications of the Alford loop 

antenna have been presented in [26]-[27]. Other techniques for achieving omnidirectional 

and horizontal polarization have also been studied. For example, four flag-shaped 

radiators are connected to four tapered strip lines terminated with a small circular patch at 

the center on both sides of a substrate [28]. A series-fed array of loop antenna, which 

consists of four μ-negative transmission lines (MNG-TL), was presented in [29]. Even 

though these antennas can radiate an omnidirectional radiation pattern with horizontal 

polarization, but they are not low-profile antennas. However, as far as the author know, 

no research has studied on the compact low-profile antenna having horizontally polarized 

omnidirectional radiation pattern. 

On the other hand, CP antennas with an omnidirectional radiation pattern are 

found in multiple applications, e.g. in mobile communications systems, wireless local 

area network (WLAN) systems, and wireless sensor networks (WSNs). For example in 

the WSNs, the polarization mismatch between the receiving and transmitting antennas 

could be effectively reduced by an omnidirectional CP antenna that covers the entire 

azimuth directions. Previous research works [30–38] proposed various antenna designs 

with omnidirectional CP. In [30], the omnidirectional CP was achieved using normal-

mode helical antennas with very small diameters relative to the wavelength. According to 

[31], the helical antenna is a combination of short poles and small loops to generate 

vertical and horizontal polarizations with 90-degree phase difference and equal amplitude 

when 2D S   where D is the diameter of the helix and S is the spacing between 

turns. To achieve a 50 Ω impedance matching, the required element length of the helical 

antenna is too long to be electrically small. A previous research in [32] adopted the 

concept of the normal-mode helical antenna to generate CP, but additional elements for 

CP generation were arrayed with an equal interval in the azimuth plane. In [33], four 

pairs of an L-shaped monopole and a horizontal copper line were fed with a crossed 

power distribution network. The structure in [34] utilized the zeroth-order resonance and 

four curved branches and pins, while that in [35] used the zeroth- and first-order modes 

of an epsilon negative (ENG) transmission line and three curved branches and pins.  

In [36, 37], the researchers employed the Alford loop structure with a top-loaded 

cylindrical monopole. In [38], the antenna structure, which resembles a bird nest and acts 
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as a polarizer, generated omnidirectional CP using a monopole and multiple dielectric 

slabs. In addition, modern electronic devices require smaller and more light weight 

antennas, so electrically small antennas (ESAs) are an interesting research topic for 

modern wireless communication systems such as RFID and WSNs.  

Since ESAs are small compared to the wavelength at the resonant frequency, the 

small size also hinders achieving sufficient impedance bandwidth and radiation 

efficiency. The definition of an electrically small antenna is to satisfy the following 

condition; 

ka < 0.5, (1.1) 

where k (= 2π/λ) is the free space wave number, and a is the radius of a sphere 

circumscribing the maximum dimension of the antenna. According to [39], the minimum 

quality factor (Q), has been defined as; 

 min 3 3

1 1
Q

ka k a
   (1.2) 

Basically, typical ESAs such as short dipoles or small loops have usually small 

resistance and large reactance components in impedance. Therefore, it is difficult for such 

antennas to be matched to the required impedance such as 50 Ω [40]. Several techniques 

were proposed for miniaturization of antennas, e.g. a meandered element with a 

capacitive feed structure [16, 41], complementary split ring resonators (CSRRs) [42] and 

split ring resonators (SRR) [43, 44], and combining antennas with high impedance 

surfaces or artificial magnetic conductors (AMC) [45]. 

Other research experimented with circularly polarized ESAs, e.g. parasitic array 

antenna in [5], an electrically small slender helical antenna in [15], and modified multi-

arm spherical helix antenna with air-core in [46]. Although they are CP antennas, the 

radiation pattern is not omnidirectional. As a result, the author’s review of existing 

literatures has found no research on the omnidirectional CP generation from an ESA for 

potential applications in WSNs and mobile handset. 
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1.1.1 Novelties and significant findings 

The novelties in the researches are mentioned here. The proposed antennas 

throughout this thesis are developed from a split ring antenna (SRA). This structure has a 

compact size with respect to wavelength (at operating frequencies) due to a capacitive 

coupling, linearly polarized and bidirectional main beams in parallel to the element. 

1. Low-profile split ring antenna: A ground plane is installed in the 

vicinity of the SRA. The low-profile antenna can have horizontally polarized radiation to 

the ground plane. This is because the e-field in the vertical direction to the ground has a 

symmetrical distribution with opposite direction about the y-z plane at the center of the 

ground. This results in canceling the radiation of vertical electric field in between the 

element and the ground plane. Therefore, the impedance is not sensitive to the difference 

between the two structures with and without the ground plane. 

2. Low-profile CP antenna: Half-cut SRA structure and a capacitive 

feeding line radiates CP parallel to the ground plane even though the structure is low 

profile. The bent part of the half-cut SRA forms a U-shaped slot with the two elements of 

SRA and a combination of SRA element and the ground plane, which contributes to 

achieve 90˚-phase difference of orthogonal electric field components. The capacitive 

feeding structure includes an L-and an F-shaped stub with a capacitive gap for matching. 

3. Electrically small CP antenna: This antenna introduces a novel 

concept to generate CP. The antenna generates mainly the vertical electrical field at the 

aperture, but the electric field is rotated in the far region. The rotation is achieved using 

two U-shaped elements surrounding a smaller loop coupled electrically with a feeding 

line. The U-shaped elements minimize the structure size to fit the definition of ESA and 

generate the omnidirectional CP radiation. 

 

1.1.2 Simulation and experiment 

The antennas are modelled using the simulation software CST microwave studio 

which includes modules based on numerous different methods including transmission-

line matrix (TLM) method, finite element method (FEM), method of moments (MoM), 

multilevel fast multipole method (MLFMM) and shooting boundary ray (SBR), each 

offering distinct advantages in their own domains. In this thesis, two domains solver were 
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used: the time domain solver of TLM for studying the field propagating through a 

component and the frequency domain solver of FEM for studying the electrically small 

structures or devices with a high Q-value. The optimal structural parameters are doing to 

get the target of the design.  

The mechanism in this thesis is mainly discussed by observing the electric field 

distribution around the element using the CST software. When the current exists on an 

element, the electric field is finally generated with the same direction as the current 

making the vector potential in the same direction. The electric field at every point in 

space is generated from a current element which consists of a pair of positive and 

negative charges. Typically the electric field is directed from positive to negative charges.  

After fabricating the antenna, the measurements are carried out in anechoic 

chamber. Agilent S-parameter network analyzer 8722ES, which covers the frequency 

range from 50 MHz to 40 GHz, is used for S11, axial ratio and radiation pattern 

measurements. 

 

1.2 Thesis Outline 

 As referred above, this chapter has mentioned about the background and novelties 

of this thesis. The remaining portion of this thesis consists of remaining four chapters. 

Chapter 2 presents the low-profile antenna with horizontally polarized 

omnidirectional radiation by split ring structure. The antenna has been studied in case 

with and without ground plane. The radiation mechanism of horizontally polarized 

omnidirectional radiation is discussed by considering the distributions of electric field. 

The simulated antenna is fabricated, and the results show good agreements. The effects of 

the ground plane are studied with size variation and distance to the substrate. 

Chapter 3 discusses the design of circularly polarized antenna radiating parallel 

to the ground plane. The antenna structure consists of double U-shaped strip structures 

and a capacitive feeding line. This structure is a half-cut structure of the split ring antenna 

to generate circular polarization. Effects of structural parameters are studied such as 

bending angle on the element and feeding structure. The antenna is also fabricated and 

measured. Finally, the simulated and measured results are consistent each other. 



8 

 

Chapter 4 deals with the electrically small antenna design that has 

omnidirectional radiation pattern in horizontal plane. The antenna generates CP with the 

structure of a horizontal loop element enclosed by two U-shaped elements and a vertical 

element from a feeding point on the ground plane. The structure of coupled U-shaped 

elements with an inner fed loop through a magnetic coupling minimizes the structure size 

to fit the definition of electrically small antenna. The effect of U-shaped element and 

length of feeding line are discussed. This research also introduces a mechanism that 

generates omnidirectional CP from the electrically small antennas. A prototype antenna 

shows good agreements between simulated and measured results. 

Chapter 5 summarizes the results, advantages and applications of the research. 

Future scopes are also addressed. 

 



CHAPTER 2 

A LOW-PROFILE AND COMPACT SPLIT-RING 

ANTENNA WITH HORIZONTALLY POLARIZED 

OMNIDIRECTIONAL RADIATION 

 

2.1 Introduction 

 This chapter presents a compact, planar and low-profile SRA having a ground 

plane for radiating horizontal polarization in omnidirection. The SRA consists of a fed 

inner ring and coupled outer split ring for impedance matching, although only a single 

small loop has usually small resistance and large reactance. The capacitive coupling 

element can match the impedance to 50-j0 Ω and miniaturized the antenna size. The 

performances of SRA with and without ground plane are demonstrated, and the 

mechanisms for the performances are also explained by observing the electric field  

(e-field) distribution. 

 

2.2 Compact Split-Ring Antenna 

 2.2.1 Antenna Design 

 Figure 2.1 shows the proposed antenna structure consisting of a fed inner ring and 

a coupled outer split ring printed on a dielectric substrate of Arlon Diclad522 (εr = 2.6, 

tan δ = 2.0 × 10-4) with 0.8 mm thickness. The dimensions are of 45.5 mm (0.14λ0) in 

length (L) and 50 mm (0.153λ0) in width (W). The length and width of the inner and outer 

rings are optimized so as to resonate at the UHF RFID band around 920 MHz. The 

dimensions of the proposed antenna are shown in Table 2.1. The SRA structure can 

reduce the overall size of the antenna because the capacitive coupling between the two 

rings makes the resonance at a low frequency [16], [47].  
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Figure 2.1 Geometry of the proposed antenna. 

Table 2.1 The structural parameters of the compact split-ring antenna. 

Parameter Dimension (mm) 

W 50.0 

L 45.5 

w1 24.0 

l1 25.5 

 

 

 2.2.2 Experimental Results 

 Photographs of the fabricated antennas are shown in Fig. 2.2. The antenna 

is fed through the bazooka balun because the feeding point should be balanced as shown 

in Fig. 2.2(b). Figure 2.3 shows the simulated and measured results of |S11|. The simulated 

and measured -10-dB |S11| bands can cover the UHF RFID band (920-925 MHz) with 

1.5% and 1.3% bandwidth, respectively. 
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(a) (b) 

Figure 2.2 Photograph of fabricated prototype (a) front view and (b) side view. 

Figure 2.4 shows the simulated and measured radiation patterns of Eϕ and Eθ in 

the x-y, y-z and x-z planes at 920 MHz. The simulated and measured cross-polarizations 

of Eθ are lower by 20 dB than the co-polarizations of Eϕ in omnidirection of the x-y and 

y-z planes and the antenna has maximum gain of 1.7 dBi along the +y-direction at 920 

MHz. The antenna provides nearly omnidirectional patterns in these two planes. 

 

 

Figure 2.3 Simulated and measured |S11|. 
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 (a) (b) 

 

(c) 

 

Figure 2.4 Radiation patterns at 920 MHz in (a) x-y plane, (b) y-z plane  

and (c) x-z plane. 
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 2.2.2 Effect of Capacitive Coupling 

 The effect of capacitive coupling between the outer and inner rings is studied with 

respect to the input impedance characteristics of the SRA. For this study, the inner ring is 

removed, and a feeding point is installed at the middle of the outer split ring with balance 

feeding resulting in being like a folded dipole antenna, however, both the ends of the 

folded element forms a capacitive gap. The outer split ring has the same size as the 

parameters shown in Table 2.1. Figures 2.5(a) and (b) illustrate input resistance and 

reactance of the SRA and the folded dipole antenna, respectively. As shown in the 

figures, the capacitive coupling between inner and outer rings significantly makes 

additional resonance frequency at a low frequency of around 920 MHz. On the other 

hand, the folded dipole antenna shows a bigger kink (with dotted line) at the low 

frequency of the Smith chart as shown in Fig. 2.5(c). When the inner ring is installed, the 

kink, shown with the solid line, passes through the circle of VSWR = 2. The total length 

of folded dipole antenna (outer ring) is approximately half-wavelength at resonance 

frequency (920 MHz), however the folded dipole has inductive impedance because of the 

effect of the capacitive gap at the element ends. Therefore, we can take it that the 

combination of the inductive impedance of the folded dipole and the capacitive coupling 

with the inner ring makes the additional resonance at 920 MHz. As a result, the use of the 

capacitive coupling yields the impedance matching to the SRA at this frequency. 

 

 

 (a) (b)  

Figure 2.5 Simulated input impedance of folded dipole and split ring antennas: (a) Input 

resistance, (b) Input reactance and (c) Smith chart characteristics.  
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(c) 

Spilt Ring AntennaFolded Dipole Antenna
 

Figure 2.5 (Continued) 

 

2.3 Compact Split-Ring Antenna with Ground Plane 

 In Fig. 2.6, a ground plane has been installed with the same size as the substrate. 

The dimensions are of 45 mm (0.138λ0) in length (L) and 50.5 mm (0.155λ0) in width 

(W). The air interval s between the substrate and ground plane is chosen as 10 mm 

(0.036λ0) as shown in Fig. 2.6(b) considering the impedance matching. When s = 10 mm 

having the ground plane with the same dimension as the upper element substrate, the 

impedance bandwidth is narrower than 15 MHz, which is sufficient value for some 

applications such as RFID and mobile telecommunications. The effects of variation in the 

size of ground plane and the air interval will be discussed in Sections 2.3.2 and 2.3.3, 

respectively. In addition, we can sufficiently regard the antenna with s = 10 mm as low 

profile. Furthermore, we can make sure that the vertical component is suppressed in such 

a situation that the vertical component may be easily radiated. The dimensions of the 

proposed antenna with ground plane are shown in Table 2.2. 

 

0
.2

0
.5

1
.0

2
.0

5
.0

+j0.2

-j0.2

+j0.5

-j0.5

+j1.0

-j1.0

+j2.0

-j2.0

+j5.0

-j5.0

0.0  

VSWR = 2



15 

 

  

(a) (b) 

Figure 2.6 Geometry of the proposed antenna with ground plane: (a) Front view and  

(b) Perspective view. 

 

Table 2.2 The structural parameters of split-ring antenna with ground plane. 

Parameter Dimension (mm) 

W 50.5 

L 45.0 

w1 25.0 

l1 24.5 

 

 

 2.3.1 The Radiation Mechanism of Horizontally Polarized 

Omnidirectional Radiation by Discussing the Distributions of Electric 

Field 

 The radiation mechanism of horizontal polarization from the low-profile antenna 

is discussed in this section. From the results, the proposed antennas with and without 

ground plane can radiate horizontal polarization to the ground or substrate. The 

mechanisms for the behavior are explained by discussing the distributions of e-field. The 

e-field distributions of the SRA without the ground plane in the x-y plane are shown in 

Fig. 2.7 at ωt = 0˚ and 90˚, where the voltage at the feeding point is assumed to be  
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V = V0 sin ωt. For ωt = 0˚, the e-field distribution on the SRA structure show weak 

strength as shown in Fig. 2.7(a). At ωt = 90˚, the strongest e-field distribution can be 

found around in the two rings of the antenna. Many of the e-field vectors are parallel to x-

direction as shown in Fig. 2.7(b). 

 

 

(a) 

 

(b) 

Figure 2.7 Electric field distributions of the antenna without ground plane in the x-y 

plane on the element surface at 920 MHz with (a) ωt = 0˚, and (b) ωt = 90˚. 
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Next, the SRA structure with the ground plane is discussed. Figure 2.8 shows the 

e-field distribution in the x-y plane at ωt = 0˚ and 90˚. At ωt = 0˚, the e-field shows 

asymmetric distribution to the y-z plane but the strength is weak as shown in Fig. 2.8(a). 

At ωt = 90˚, the similar e-field distribution as that in Fig. 2.7(b) can be observed as 

shown in Fig. 2.8(b). 

 

 

(a) 

 

(b) 

Figure 2.8 Electric field distributions of the antenna with ground plane in the x-y plane  

on the element surface at 920 MHz with (a) ωt = 0˚, and (b) ωt = 90˚.  
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From the results, the antenna can radiate horizontal polarization either with or 

without the ground plane. Figure 2.9 shows the e-field distributions in the x-z plane at 

distances of 20 mm from the center of substrate along the y-axis at ωt = 0˚ and 90˚.  

At ωt = 0˚, the e-field distribution is very weak as shown in Fig. 2.9(a). At ωt = 90˚, the 

e-field strength is symmetrical about the y-z plane at the center of the ground, and the 

vertical z-components to the ground plane is mainly observed. Each e-field distribution in 

the left- or right-half part in Fig. 2.9(b) has the opposite direction to the e-field in the 

other part. This results in cancelling the radiation of vertical z-component in the far field. 

Therefore, the low-profile antenna can radiate horizontal polarization to the ground plane, 

even if the ground plane is installed. 

 

 

(a) 

 

(b) 

Figure 2.9 Electric field distribution in the x-z plane at a distance of 20 mm from the 

center of substrate along the y-axis (a) at ωt = 0˚ and (b) at ωt = 90˚. 
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Figure 2.10 Electric field distribution in the x-y plane at a distance of 7 mm above  

the surface of the upper substrate at ωt = 90˚. 

The omnidirectional radiation pattern can be explained by the e-field distribution 

in the x-y plane at ωt = 90˚ as shown in Fig. 2.10. The e-field behavior is explained here 

using the points A, B, and C in the figure. At the point A, strong e-field distribution 

directed parallel to x-direction is observed. The e-field at point B goes into the antenna 

element, and the e-field at C goes out of the element. The e-fields at points B and C are 

continuously connected in the far region. Given the fact that e-field is always continuous 

at a boundary, we can understand that the e-field distribution in Fig. 2.10 has a 

continuous distribution in the far region surrounding the antenna. Considering the 

behavior of e-field at the points A, B and C, the e-field finally forms a vortex-like e-field 

distribution which is parallel to the x-y plane at ωt = 90˚, however showing such 

distribution in farther region is difficult because the simulating computer has an 

insufficient memory size. As a result, we can understand that the proposed antenna can 

have the horizontally polarized omnidirectional radiation pattern. 

Similarly, we can observe the other omnidirectional radiation pattern in the y-z 

plane. As seen in the Figs. 2.8 and 2.10, we can find that the e-field is parallel to x 

direction around the antenna. On the other hand, as discussed as Fig 2.9, the radiation of 

e-field directed to ±z-directions is cancelled in the far field. These behaviors contribute to 

radiate the omnidirectional pattern in the y-z plane. 
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 2.3.2 Effect of the Ground Plane Size 

 The effect of the ground plane size is discussed. The ground plane is extended in 

all directions in the x-y plane by parameter g as shown in Fig. 2.11.  

 

 

Figure 2.11 Direction of extension parameter g. 
 

The simulated input impedance characteristics and |S11| as a function of g are 

shown in Fig. 2.12. From the results in Fig. 2.12(a), the kink size gets gradually 

magnified when expanding g. As a result, we can see that the ground plane size is 

affecting on the impedance of the proposed antenna. 

The simulated radiation patterns in the y-z plane at the respective resonance 

frequencies with several g values are shown in Fig. 2.13. With an increase in g from 0 

mm to 40 mm, the radiation pattern becomes bi-directional pattern when g = 40 mm as 

shown in Fig. 2.13(a). At the same time, the cross-polarization in ±z-direction (ϕ = 90˚,  

θ = 0˚, 180˚) becomes the strongest when g = 40 mm but is still lower by 20 dB than the 

co-polarization as shown in Fig. 2.13(b). Similarly, the cross-polarization in ±y-direction 

is not changed significantly. 
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(a) 

 

(b) 

Figure 2.12 Simulated (a) input impedance characteristics and (b) |S11| characteristic as a 

function of g. 
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(a) (b) 

Figure 2.13 Simulated radiation patterns in the y-z plane at respective resonance 

frequencies as a function of g (a) Co-polarization (Eϕ), (b) Cross-

polarization (Eθ). 

 

The e-field distribution in the x-z plane with a larger ground size of g = 40 mm is 

shown in Fig. 2.14. Compared to Fig. 2.9(b), the e-field is spread from the element edges 

with the extension of g. This effect of edge yields the e-field directed to diagonal 

directions in x-z plane, therefore, the diagonal e-field arrows have components in z- and 

x-directions. The z-component of e-field around either the left or right edge is directed to 

the opposite direction in the z-direction to the z-component around the other edge. This 

results in cancelling out each other in the far field. Therefore, the vertical z-component to 

the ground is not radiated. On the other hand, with an increase in g, the component of  

e-field around both edges have gradually gets stronger at close positions of < λ/4 to the 

ground plane. Therefore, the input impedance is reduced and gets difficult to be matched 

well to 50 Ω as shown in Fig. 2.12. For good impedance matching, the horizontal 

component should be reduced, or the ring elements should not exist at a close position to 

the ground plane. 
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Figure 2.14 Electric field distribution in the x-z plane at distances of 20 mm from the 

center of substrate along the y-axis at ωt = 90˚ for g = 40 mm. 
 

 2.3.3 Effect of Air Interval (s) between the Substrate and Ground 

Plane 

 In the case of the antenna with the ground plane, |S11| characteristics and radiation 

patterns are not changed significantly compared to the structure without ground plane. In 

Fig. 2.15, the impedance characteristics without ground plane are shown with a dotted 

line at the right side of the Smith chart circumference. When the ground plane is 

installed, the kink is shifted a little (solid line) along the circumference clockwisely as 

shown in Fig. 2.15. The shift is due to the two parallel feeding lines which have 

capacitive characteristics because, as shown with the dashed line in Fig. 2.15, the 

impedance is close to the impedance with no ground plane when the parallel feeding lines 

are removed. 

 

Figure 2.15 Effect of the ground and the parallel feeding line on the simulated input 

impedance characteristics. 
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The effect of the air interval s is discussed keeping g = 0 mm. The simulated input 

impedance characteristics are shown in Fig. 2.16 as a function of s. When s = 0 mm, the 

input impedance is too small resulting in a small kink around the circumference of the 

Smith chart (dotted line). When the s is increased from 3 mm to 13 mm, the kink 

becomes larger to achieve VSWR < 2 around the resonance frequency after being shifted 

clockwisely along the circumference of the Smith chart. Figure 2.17 shows the simulated 

radiation patterns in the y-z plane at the respective resonance frequencies of 1489, 887, 

913, 924, and 898 MHz with an increase in s from 0 to 13 mm, however the pattern is not 

changed significantly in the range from s = 3 to 10 mm. The co- and cross-polarizations 

are not significantly changed except when s = 0 mm. As a result, the impedance is not 

sensitive to s in the range of around 3 to 10 mm, and the low-profile structure is available 

in this range. This is because, as discussed in Section 2.3.1, the contribution to radiation 

of the e-field from the interval is finally canceled out. Considering the e-field behavior in 

the interval, this behavior is also the reason why the impedance is not sensitive to the 

difference between the two structures with and without the ground plane as shown in Fig. 

2.15. However, when s < 3 mm, the horizontal components of e-field get weaker because 

they are parallel to the ground plane, therefore, the impedance is affected by such small s 

value. 

 

Figure 2.16 Simulated input impedance characteristics as a function of s. 
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(a) (b) 

Figure 2.17 Simulated radiation patterns in the y-z plane at respective resonance 

frequencies as a function of s (a) Co-polarization (Eϕ) (b) Cross-

polarization (Eθ). 
 

Finally, the effect of the environment surrounding the antenna is discussed. As far 

as s ≥ 3mm, the SRA with a small ground plane size of g ≤ 10 mm has the similar 

performance as the antenna without ground plane. Hence, the characteristics of SRA are 

not sensitive to the small ground plane. This indicates that the SRA can be installed on 

compact handset applications keeping the same characteristics as that without ground 

plane. On the other hand, when g > 10 mm (large ground planes) and s = 10 mm, the 

antenna has small impedance around the resonance frequency with a large kink in Smith 

chart, as shown in Fig. 2.12(a). A decrease in s from 10 mm to 1 mm yields a smaller 

kink as shown in Fig. 2.16. As shown in the Fig. 2.18 for g = 40 mm and s = 1 mm, as an 

extreme example, the input impedance can be matched well to 50 Ω with |S11| < -10 dB. 

The use of a larger ground plane has also advantages such as reducing the effects of the 

backing material on the antenna characteristics, however we have to note that the 

bandwidth is narrower in this case. 
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Figure 2.18 Simulated |S11| characteristics for a large ground plane with g = 40 mm. 

 

 2.3.4 Experimental Results 

 Figure 2.19 shows the photograph of prototype of the antenna with ground plane. 

The ground plane with the same size as the upper substrate is installed. Since the ground 

plane of the antenna is small, a bazooka balun has been equipped to suppress the leakage 

current on the coaxial cable. The simulated and measured results of |S11| are shown  

in Fig. 2.20. Comparing Fig. 2.20 with Fig. 2.4, the simulated and measured bandwidth is 

decreased by 0.5% each after installing the ground plane. The simulated and measured 

gains along +y-direction at 920 MHz are 1.45 dBi and 1.1 dBi, respectively, and the 

radiation efficiency is 99%. However, as shown in Fig. 2.21, the polarization and the 

radiation patterns are unchanged essentially from the pattern in Fig. 2.5 as far as using 

this size of ground plane. Polarization is still parallel to the substrate and ground, and the 

radiation pattern is still omnidirectional. Moreover, the ground plane has only a small 

effect on the antenna gain. 
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(a) (b) 

Figure 2.19 The photograph of prototype antenna with ground plane. 

 

 

Figure 2.20 Simulated and measured |S11| characteristics. 
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(a) (b) 

 

(c) 

 

Figure 2.21 Radiation patterns at 920 MHz in (a) x-y plane, (b) y-z plane and (c) x-z 

plane. 
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2.4 Conclusion 

 This chapter has presented a compact and low-profile SRA with horizontally 

polarized omnidirectional radiation pattern. The simulated and measured results show 

that the antenna can radiate horizontal polarization and has approximately 

omnidirectional radiation pattern. The mechanism for achieving the low-profile structure 

and obtaining horizontally polarized omnidirectional radiation pattern can be explained 

by observing the electric field distributions. 

With the advantages of low-profile structure, a low-profile polarization diversity 

antenna can be achieved by combining the SRA with a low-profile vertically polarized 

monopole antenna for base station and RFID reader applications [48]. Furthermore, the 

proposed SRA is a fundamental structure to be developed to CP antennas in the following 

chapters. 



CHAPTER 3 

LOW-PROFILE ANTENNA WITH DOUBLE  

U-SHAPED ARMS RADIATING CIRCULAR 

POLARIZATION PARALLEL TO GROUND PLANE 

 

3.1 Introduction 

For designing an RFID reader antenna, a CP antenna is suitable for a system which 

has unpredictable polarization alignment of the RFID tag. For advantages of a wearable 

reader, the reader should be low-profile. Therefore, a CP antenna should have a low-profile 

structure and a main beam parallel to the ground plane.  

In the results in Chapter 2, the low-profile SRA can radiate horizontal polarization 

parallel to the ground plane in omnidirection. However, the polarization is linear. To 

generate CP, e-field must have two orthogonal (perpendicular) components with equal 

magnitude and 90-degree phase difference. The SRA in chapter 2 has been modified. In 

this chapter, the author proposes a combination of a half-cut structure of SRA (double U-

shaped) and capacitive feeding structure for mainly matching impedance. A part of the 

antenna has bent by 90˚ in the x-y plane to make the main beam directed in the y-direction. 

The principle to generate CP in this antenna is also discussed in the chapter by observing 

the electric field (e-field) distribution. 

 

3.2 Antenna Design 

 Figure 3.1 shows the proposed antenna structure consisting of double U-shaped 

strips and a capacitive feeding structure of both sides of Arlon Diclad 522 (εr = 2.6) with a 

thickness of h = 0.8 mm. The dimension is L = 87 mm (0.27λ0) × W = 37 mm (0.11λ0) in 

length and width. The air gap between radiating element and ground plane is chosen as 

11.8 mm (0.036λ0) as shown in Fig. 3.1 ( b). The length and width of double U-shape are 

optimized because these dimensions affect on the resonance frequency at which the length 

of U-shape is λ0/4  as shown in Fig. 3.1(c). One of the arms of the U-shape (bent element) 

is bent by 90˚ in the x-y plane from the radiating element. This forms  
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a U-shaped slot with the ground plane on the bent element in the z-x plane. Figure 3.1(d) 

shows the capacitive feeding structure which is installed underneath the radiator (double 

U-shaped elements) and includes an L-shaped stub and an F-shaped stub with  

a capacitive gap for matching. The ground plane size is chosen so as to minimize the axial 

ratio (AR) in the y-direction and not to allow the leakage current on the coaxial cable. The 

ground plane size is extended in the +x and –y-directions with the same size by g = 20 mm, 

respectively from the substrate dimension. This effect will be discussed in Section 3.2.4. 

The double U-shaped radiator determines the resonance frequency. Considering the 

principle to generate CP discussed later, the structure should have a half-cut structure of 

the split-ring resonator antenna [47] with the same resonance frequency as shown in Fig. 

3.2. For making a low-profile structure on the ground plane, the feeding structure shown in 

Figure 3.1(d) should be used so as to keep sufficient impedance characteristics as discussed 

later. Furthermore, a part of the arms should be bent by 90˚ in the x-y plane so that the 

main beam can be directed in the y-direction. Table 3.1  shows the optimized structural 

parameters of the proposed antenna. 

 

 

(a) 

Figure 3.1 Geometry of the proposed antenna (a) Perspective view (b) Side view  

(c) Radiating element (d) Feeding element. 
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(b) 

 

(c) 

 

(d) 

Figure 3.1 (Continued) 
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Figure 3.2 The antenna evolution. 

Table 3.1 The optimized structural parameters of the antenna with double U-shaped arms. 

Parameter Size 

in 

mm 

Parameter Size 

in 

mm 

Parameter Size 

in 

mm 

Parameter Size 

in 

mm 

L 87.0 wb 9.0 sf1 1.5 lf4 3.0 

W 37.0 lb 80.5 sf2 7.0 lf5 61.0 

h 0.8 s1 10.0 sf3 8.5 lf6 4.0 

w1 28.0 s2 5.0 sf4 10.0 lf7 75.0 

w2 10.0 wf1 14.5 lf1 3.0 g 20.0 

w3 4.0 wf2 2.0 lf2 64.0 gap 11.8 

l1 73.5 wf3 3.0 lf3 13.0   

 

 

 

 

 

 

 

SRA with ground plane Half-cut structure

y

xz



34 
 

3.3 Effects of Structural Parameters  

 The proposed antenna is low profile and can radiate CP in y-direction with respect 

to the ground plane. This chapter discussed the effects of structural parameters on AR and 

antenna gain. 

 3.3.1 Effects of Bent Element 

One of interests in this antenna is a fact that CP is radiated in y-direction with  

θ = 90˚ even though the structure is low-profile. Bending a part of U-shaped elements with 

a bent angle α (from 0˚ to 90˚), as shown in Fig. 3.3, contributes to increase  

the θ angle of main beam direction in y-z plane (ϕ = 90˚). 

The input impedance characteristics can be kept the same, as shown in Fig. 3.4(a), 

in this range of α. When α = 0˚, the peak gain can be observed in z-direction at 0˚  

as shown in Fig. 3.4(b). With an increase in α from 30˚to 90˚, the main beam direction θ is 

shifted from 0˚ to 70˚ in y-z plane. For α = 90˚, the 3-dB AR can be observed at θ = 90˚ in 

y-z plane as shown in Fig. 3.4(c). 

 

 

Figure 3.3 Direction of bending angle α on the element. 
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(a) 

 

 

(b) 

Figure 3.4 Simulated results of (a) input impedance characteristics with α (b) antenna 

gain pattern and (c) AR pattern of the proposed antenna in y-z plane at 925 

MHz as a function of bending angle α (ϕ = 90˚). 
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(c) 

Figure 3.4 (Continued) 

 

 3.3.2 Effects of L-shaped and Capacitive Gap Feeding Structure 

Effects of the stubs in feeding structure are discussed. The use of a coupled feeding 

line with the radiator element is one of techniques for designing low-profile antennas [16] 

to cancel the inductivity at a frequency range with around 50-Ω impedance. Figure 3.5 

shows the evolution of feeding structure that starts from a simple rectangular strip to the 

proposed structure with adding capacitive gap, L-shaped stub on a lower edge of line, short 

stub, long stub and F-shaped stub on an upper edge. 

 

 

Figure 3.5 Feeding structure evolution. 
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Figure 3.6 Simulated input impedance characteristics when gap and L-shaped stub  

are installed. 

For matching to 50-Ω with a sufficient bandwidth, the capacitive gap and  

the L-shaped stub are installed resulting in the shift of the characteristics as shown in Fig. 

3.6. With the simple rectangular feeding structure, the input impedance characteristic 

shows a small kink (with a dotted line) at the right side of the Smith chart centering the 

horizontal axis. When only the capacitive gap is installed, the kink is shifted to a different 

place (the kink shown with a dashed line) along the circle of a real axis counterclockwisely. 

After this, when the L-shaped stub having a parallel capacitance is installed, the kink, 

shown with a solid line, is magnified passing the center showing a narrow bandwidth since 

the kink size is still bigger than the circle of VSWR = 2. 

 

 3.3.3 Effects of F-Shaped Stub Feeding Structure 

As the final step, the F-shaped stub is installed for enhancing bandwidth. The F-

shaped stub is a combination of short and long L-shaped stubs. Figure 3.7(a) shows the 

effect of installing the short and long L-shaped stubs on input impedance characteristics. 

When the short stub is installed, the impedance can be matched well to 50 Ω with a 

sufficient bandwidth, however, as shown in Fig. 3.7(b), the main beam direction is around 

60˚. On the other hand, when the long stub is installed, the main beam direction is shifted 
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closer to θ = 90˚ as shown in Fig. 3.7(b), however, the impedance bandwidth is narrow as 

shown in Fig. 3.7(a) with a larger kink. 

The F-shaped stub has the both functions of the short and long stubs, that is, the 

short stub is required for matching, and the long stub is for radiating CP in the direction at 

θ = 90˚. Similarly, the F-shaped stub makes a small kink inside the circle of VSWR = 2 in 

Smith chart and also makes the main beam direction closer to θ = 90˚ resulting in 3-dB AR 

in +y direction as shown in Figs. 3.7(b) and (c). With the metallic arm along +y direction 

of the long or F-shaped stub, the e-field inside radiator can be perpendicular to the ground 

plane and the stub element nearby U-shaped slot. This behavior leads to direct the main 

beam closer to θ = 90˚. As a result, in the final structure, the simulated and measured 

impedance can be matched to 50-Ω as shown in Fig. 3.7(a) with the simulated bandwidth 

of 18 MHz, and the main beam direction is at θ = 70˚ as the results will be shown in Section 

3.5. In the direction at θ = 90˚, AR can be kept less than 3 dB with a sufficient simulated 

gain of 1.8 dBic. 

 

  

(a) 

Figure 3.7 Simulated results of (a) input impedance characteristics (b) normalized 

magnitude and (c) AR pattern with θ (ϕ = 90˚) in y-z plane at 925 MHz when 

the short, long, and F-shaped stubs are installed. 
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(b) 

 

 

(c) 

Figure 3.7 (Continued) 

 

 3.3.4 Effects of Ground Plane Size 

Figure 3.8(a) shows the variation in AR pattern with the ground plane size. 
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e-field, near the open end of radiator, directed in x or z direction in wider area of x-z plane 

at ωt = 0˚ or 90˚, respectively. In this case, the half-power beamwidth (HPBW) is about 

105˚ covering the θ = 90˚ direction as shown in Fig. 3.8(b). 

 

 

(a) 

 

 

(b) 

Figure 3.8 Simulated results of (a) AR pattern and (b) antenna gain in y-z plane at 925 

MHz as a function of the ground plane size by g = 20 mm (ϕ = 90˚). 
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(a) 

  

 

(b) 

Figure 3.9 Simulated results of (a) AR pattern and (b) antenna gain in y-z plane at 925 

MHz as a function of the extension in +x and –y-directions g (ϕ = 90˚). 

For the extension in the +x and –y-directions, the main beam direction in which the 

minimum AR can be obtained gets closer to θ = 90˚ with an increase in g from 5 to 25 mm 

as shown in Fig. 3.9(a). For g = 25 mm, the angle for the minimum AR is the closest to θ 

= 90˚, however, the antenna gain at θ = 90˚ is smaller than that for g = 20 mm as shown in 

Fig. 3.9(b). Therefore, the parameter g should be chosen as 20 mm for this design. 
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Choosing g = 20 mm with the extension in the +x and –y-directions, we have confirmed 

that the ground plane size has a sufficient area enough to suppress the leakage current on 

the coaxial cable. 

 

3.4 The Generation Mechanism of Circular Polarization by 

Discussing the Distribution of Electric Field 

 The antenna elements have two metallic layers sandwiching the dielectric substrate 

to equip the radiator and the feeding structure with L-shaped and F-shaped stubs. The 

radiator and the feeding structure have been overlapped as shown in Fig. 3.1(c). The e-field 

(electric field) distributions at ωt = 0˚ and 90˚, where the voltage at feeding point is 

assumed to be V = V0 sin ωt are shown in Fig. 3.10. At ωt = 0˚, the strongest field of Z-

component is found mainly around the U-shaped slot on the bent element as shown in Fig. 

3.10(a). As shown in Fig. 3.11(a), e-field directed to +z with high density can be found, 

however, the e-field to –z shows low density. This asymmetrical distribution is due to the 

difference in the presence of the radiator and ground plane. At ωt = 90˚, strong field 

directed in x and ±z-directions can be found on the U-shaped slot as shown in Fig. 3.10(b), 

however, the components in ±z-directions are finally canceled out by each other in the far 

field. Since the length between feeding point (around x = 0 mm) on feeding line and the 

bent part of the U-shaped slot is about half wavelength, the voltage at feeding line gets 

lower at 90˚ phase than that at the bent point in the U-shaped slot. Therefore e-field is 

pulled into the feeding line as shown in Fig. 3.11(b) resulting in having a symmetrical 

distribution between ±z-directions. As a result, at ωt = 90˚, only the x-component at the 

bent part of the U-shaped slot contributes to radiate. With the same analogy, the e-field 

generates CP with 90˚-phase difference of orthogonal e-field components at ωt = 180˚ and 

270˚, respectively. 
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(a) 

 

(b) 

Figure 3.10 Electric field distributions at 920 MHz in x-z plane at 26.5 mm away  

from feeding point along y axis (a) for ωt = 0˚, (b) for ωt = 90˚. 
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(a) 

 

(b) 

Figure 3.11 Electric field distributions at 920 MHz in y-z plane at 0 mm away  

from feeding point along x axis (a) for ωt = 0˚, (b) for ωt = 90˚. 
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into the feeding point following the same principle of above explanation. Therefore, the e-

field rotates in clockwise direction with respect to –y-direction.  

 

3.5 Experimental Results 

Figure 3.12 shows the photograph of fabricated antenna.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.12 Photograph of the fabricated antenna: (a) front view, (b) side view,  

and (c) bottom view. 
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Figure 3.13 shows the simulated and measured |S11| characteristics. The simulated 

and measured |S11| bandwidth at -10 dB are found from 916 MHz to 934 MHz (1.8%) and 

916 MHz to 930 MHz (1.4%), respectively, covering a typical UHF RFID band (920 to 

925 MHz: Thailand). 

 

 

Figure 3.13 Simulated and measured |S11|. 

 

 

(a) 

 

Figure 3.14 Radiation patterns at 925 MHz (a) x-y plane (b) y-z plane. 
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(b) 

 

Figure 3.14 (Continued) 

 

The simulated and measured radiation patterns of left-hand CP (LHCP) and right-

hand CP (RHCP) at 925 MHz are shown in Fig. 3.14 in x-y plane and y-z plane. The 

simulated and measured HPBW of RHCP are 105˚ and 110˚, respectively, in y-z plane 

where the main beam (RHCP) direction is declined only by 20˚ from y-direction (parallel 

to ground plane). However, the obtained gain in y direction is slightly lower by only 0.6 

dB than that in the main beam direction. The simulated and measured gains are 1.8 dBic 
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respectively. Therefore, we can understand that, in y-direction, the cross-polarization of 

LHCP is more than 15 dB lower than RHCP. This indicates that the AR in y-direction is 

less than 3 dB. Furthermore, considering the discussion below, it can be said that the 
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agreements. The small differences are mainly due to fabrication errors, especially those are 

related to our hand-made fabrications of U-shaped slot. As shown in Fig. 3.15(b), the 3-dB 

AR in y-direction can also be observed in UHF band. As a result, we can understand that 

the proposed antenna can radiate CP in y-direction covering the UHF RFID band. 

 

(a) 

 

(b) 

Figure 3.15 Simulated and measured AR pattern of the proposed antenna in y-z plane  

(ϕ = 90˚) at 925 MHz (a) as a function of θ and (b) as a function of frequency 

at θ = 90˚. 
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 This chapter has proposed a low-profile and circularly polarized antenna with 

double U-shaped arms considering an application for handheld RFID readers from 920 

MHz to 925 MHz band. The structure consists of a modified double U-shaped radiator and 

ground plane. A part of arms of the radiator has been bent by 90˚ in x-y plane for directing 

CP radiation parallel to the ground plane (θ = 90˚). For keeping sufficient impedance 

bandwidth for RFID band, some matching stubs and a capacitive gap have been installed 

on the feeding structure, and the design process has been discussed. In addition to them, 

the effects of ground plane size on the CP direction have been discussed, and a sufficient 

antenna gain has been also confirmed in this direction. The measured results show good 

agreements with the simulated results. Furthermore, the principle for generating CP has 

been analyzed taking notice of e-field distributions. Based on this principle, the U-shaped 

slot can contribute to achieve a low-profile antenna for radiating CP parallel to the ground 

plane. 



CHAPTER 4 

ELECTRICALLY SMALL ANTENNA RADIATING 

CIRCULAR POLARIZATION WITH 

OMNIDIRECTIONAL RADIATION PATTERN  

IN HORIZONTAL PLANE 

 

4.1 Introduction 

Applications of wireless sensor networks are of interest to the most diverse fields. 

Omnidirectional CP antennas are widely implemented in WSNs because they can 

effectively reduce polarization mismatch among the nodes. In last few years, trend of the 

communication devices has dramatically decreased weight and size. The challenge in 

designing a small antenna is to keep sufficient performance properties such as impedance, 

radiation efficiency and pattern, especially in electrically small antennas (ESAs) which 

have very small size compared to wavelength. In literature reviews, many researches 

proposed various antenna designs with omnidirectional CP. However, author’s review of 

existing literatures has found no research on ESAs generating CP in omnidirection. 

This chapter proposes an ESA with omnidirectional CP radiation pattern with 

potential applications in WSNs and mobile handsets. A novel concept to generate CP is 

also discussed by observing electric field (e-field) distribution. 

 

4.2 Antenna Design 

Figure 4.1(a) is the perspective view of the antenna structure with Arlon Diclad522 

(εr = 2.6, tanδ = 2.0×10-4) having upper and lower substrates with 0.8-mm thickness (h) 

each. Both substrates are of identical dimensions, i.e. 48 mm (0.14λ0) in length (L) and 20 

mm (0.06λ0) in width (W). Underneath the upper substrate, a rectangular feeding element 

with a length of l1+l2 is electromagnetically coupled with two U-shaped elements that 

enclose the loop element, as shown in Fig. 4.1(b). A vertical element is connected to 

rectangular feeding element and is perpendicular to lower substrate. 
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(a) 

 

(b) 

 

(c) 

Figure 4.1 Geometry of the proposed antenna (a) Perspective view (b) Slanted view  

and (c) Side view. 

The electrical size of the antenna is ka = 0.476 (i.e. < 0.5), which satisfies the 

definition of ESA [49]. As shown in Fig. 4.1(c), the interval between both substrates (s5) 

is 12.2 mm (0.036λ0), and Zc is the impedance of feeding circuit. Underneath the lower 

substrate is the ground plane. On top of substrate, it is a parallel inductive stub which is 

connected to vertical element for impedance matching.  
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Table 4.1 presents the optimal structural parameters. The target is to generate 

omnidirectional CP in x-y plane with 3-dB axial ratio using the ESA with ka < 0.5. Due to 

equipment limitations of fabrication and simulation environment, the final frequency is 893 

MHz even though the target operation frequency was in 900 MHz band. Therefore, 893 

MHz was used as the test frequency. 

 

Table 4.1 The optimized structural parameters of ESA. 

 

Parameter Size in mm Parameter Size in mm 

W 20 s4 2 

L 48 s5 12.5 

x1 19 w1 2.5 

x2 23 w2 2 

y1 10 w3 6 

y2 18 w4 2 

s1 2 l1 10 

s2 1 l2 23 

s3 1 l3 10 
 

 

4.3 The Generation Mechanism of Circular Polarization by 

Discussing the Distribution of Electric Field 

This section describes the mechanism of CP generation, assuming that this antenna 

is fed with V = V0 cos ωt, where V is the voltage at feed point. Figures 4.2 and 4.3 illustrate 

the e-field distributions at different distances from the nearest substrate edge in y-z plane.  
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(a) (b) 

 

(c) 

Figure 4.2 The electric field distributions in the y-z plane at (a) 0 mm, (b) 20 mm and  

(c) 37 mm away from the substrate edge along the x axis at ωt = 0˚. 

In Fig. 4.2(a), at ωt = 0˚ and 0 mm distance from the substrate edge (defined as “the 

very near region”) along x-axis, the e-field between elements on the upper substrate and 

the ground plane is directed toward +z-direction. Figures 4.2(b) and (c) indicate that, at 

distances of 20 mm and 37 mm (“the far region”) from the substrate edge along x-axis, 

almost all the e-fields are directed toward +z-direction, and the strongest current flows 

along vertical element in +z direction when ωt = 0˚. 

 

yx

z

400
320

880

800

720

640

560

480

240

160

0

80

V/m

y

z

x

400
320

880

800

720

640

560

480

240

160

0

80

V/m

yx

z

400
320

880

800

720

640

560

480

240

160

0

80

V/m

y

z

x

400
320

880

800

720

640

560

480

240

160

0

80

V/m

yx

z

400
320

880

800

720

640

560

480

240

160

0

80

V/m

y

z

x

400
320

880

800

720

640

560

480

240

160

0

80

V/m



54 
 

  

(a) (b) 

 

(c) 

Figure 4.3 The electric field distributions in the y-z plane at (a) 0 mm, (b) 20 mm and  

(c) 37 mm away from the substrate edge along the x axis at ωt = 90˚. 

In Fig. 4.3(a), at ωt = 90˚, the e-field at a 0 mm distance from the substrate edge is 

directed toward the +z-direction, similar to the distribution at ωt = 0˚. However, in Figs. 

4.3(b) and (c), most of the e-fields at the 20 mm and 37 mm distances are turned and 

directed to +y-direction farther away from the initial edge.  

With each advance in phase at the feeding signal, the e-field is rotated by 90˚ 

compared to the e-field at the previous phase in the far region, as shown in, for example, 

Figs. 4.2(c) and 4.3(c) in which ωt = 0˚ and ωt = 90˚, respectively. The arrowheads of the 

e-fields at ωt = 180˚ and 270˚ are in reverse of those at ωt = 0˚ and 90˚, respectively. Thus 

the proposed antenna generates CP, as a result. In Figs. 4.3(b) and (c), the e-fields at the 
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distances of 20 mm and 37 mm are not a complete 90˚ turn due to an insufficient computer 

memory to simulate the farther regions. A comparison of both figures nevertheless 

indicates a gradual 90˚ turn of the e-field farther from the x-axis. 

 

  

(a) (b) 

 

(c) 

Figure 4.4 The electric field distributions in the x-z plane at (a) 0 mm, (b) 20 mm and  

(c) 28 mm away from the substrate edge along the y axis at ωt = 0˚. 

In the x-z plane, similar e-field behaviors were also observed. In Figs. 4.4(a), (b) 

and (c), at ωt = 0˚ and distances of 0 mm, 20 mm and 28 mm (“the far region”) from the 

nearest substrate edge along the y-axis, the e-fields are directed toward the +z-direction. In 

Fig. 4.5(a), at ωt = 90˚ and 0 mm distance, the e-field is still directed toward the +z-

direction, while in Figures 4.5(b) and (c) at 20 mm and 28 mm distances, almost all the e-

fields are directed to the -x-direction. Thus, the e-field does not rotate in the very near 
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region but rotates in the far region, a feature distinct from the conventional CP antennas. 

The e-field rotations in Figs. 4.2(c) and 4.3(c) and in 4.4(c) and 4.5(c) indicate the 

generation of CP in both y-z and x-z planes. 

 

  

(a) (b) 

 

(c) 

Figure 4.5 The electric field distributions in the x-z plane at (a) 0 mm, (b) 20 mm and  

(c) 28 mm away from the substrate edge along the y axis at ωt = 90˚. 

In the proposed structure, the U-shaped elements contribute to the CP generation, 

which can be explained with an e-field in the x-y plane. Figure 4.6(a) shows the e-field 

distribution at ωt = 0˚ in the x-y plane at 2 mm above the surface of the upper substrate. At 

ωt = 0˚, the strongest current travels in the +z direction on the vertical element which emits 

the most e-fields. The e-field distributions at the 0 mm, 20 mm and 37 mm distances on 

the y-z plane are shown in Figs. 4.2(a), (b) and (c), while those at the 0 mm, 20 mm and 28 
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mm distances on the x-z plane are illustrated in Figs. 4.4(a), (b) and (c). Thus, it is possible 

to conclude that the e-field at ωt = 0˚ is mainly originated from the conductive current on 

the vertical element and have the same direction as the conductive current since no e-field 

is detected in the gaps between the U-shaped elements and around the edge, as shown in 

Figs. 4.4(a)-(c) and 4.6(a). At this phase, the current existing on the vertical element has 

the strongest amplitude. The direction of the e-field distribution in the far region is almost 

parallel to the z-axis. 

On the other hand, with respect to the phase advancing from 0˚ to 90˚, positive and 

negative electric charges occur at the terminals between the U-shaped elements and are 

separated moving along the U-elements from the gaps. The charges induce e-fields 

resulting in the horizontal e-field distribution parallel to the x-y plane at ωt = 90˚. The 

current on the vertical element and the e-field in the far region at ωt = 90˚ become weaker, 

thus allowing for observation of the horizontal e-fields in the gaps, as shown in Fig. 4.6(b). 

As the horizontal e-fields becomes strongest at ωt = 90˚, they are turned by 90˚ in the x-z 

plane and are almost parallel to the x-y plane in the far region. The continuously spread e-

fields from the two gaps are joined together to form a vortex-like e-field distribution 

parallel to the x-y plane at ωt = 90˚, as shown in Fig. 4.6(b). 

In the vortex distribution, each e-field arrow in the far region is not directed to the 

nearest part on the U-shaped elements, as seen in Fig. 4.6(b). Given the fact that an e-field, 

whose direction is the same as the electric line of force, is typically directed from positive 

charges to negative charges, it is possible to speculate from Fig. 4.6(b) that b and bˊ have 

positive charges, and a and aˊ have negative charges. Thus, the e-field is possibly not 

directed to the vicinity of b and bˊ but to that of a and aˊ by making a detour to avoid the 

vicinity of positive charges. This phenomenon results in the e-field being parallel to the y-

z and x-z planes in the far region, satisfying the boundary condition in both planes in which 

the e-field is continuous. 
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(a) 

 

(b) 

Figure 4.6 The electric field distributions in the x-y plane at 2 mm distance above the 

surface of the upper surface of the upper substrate (a) for ωt = 0˚  

and (b) for ωt = 90˚. 

 

The e-field in the far region is typically parallel to the current on the most adjacent 

part of either of the U-shaped elements. However, the ±x-direction e-fields in the far region 

are influenced by the closest y-parallel part of either of the U-shaped elements. The ±y-

direction e-fields are also influenced by the closest x-parallel part of either of U-elements. 

Given that the currents on both U-shaped elements are continuous, this fact contributes to 

the vortex-like distribution of the entire e-field in the x-y plane at ωt = 90˚. 
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Furthermore, at ωt = 90˚, the vertical e-field is observed between the U-shaped 

elements and the ground plane. However, this vertical e-field is concentrated in the very 

near region and thus has little effect on the e-field rotation in the far region. 

From Figs. 4.2, 4.3, 4.4 and 4.5, a small difference exists in the amplitude of the e-

fields in the far region at ωt = 0˚ and 90˚, although the AR could be maintained at 

approximately 3 dB or less (as show the results in next section). At ωt = 0˚, the e-field in 

the +z-direction is originated mainly from the current on the vertical element. The antenna 

radiates LHCP as co-polarization. If the feeding line and the vertical element are 

symmetrically turned in the x-y plane by 180˚ with respect to the y-axis, the CP sense will 

be switched from LHCP to RHCP. This is because at ωt = 90˚ the relationship between the 

positive and negative charges at the gap terminal is reversed. 

 

4.4 Effects of Structural Parameters  

This section is concerned with the antenna structure and the effects of structural 

parameters on the antenna. The evolution of the antenna structure is first presented, 

followed by the studied results of the structural parameters. 
 

 4.4.1 Effects of Antenna Evolution 

Figure 4.7 illustrates the evolution of the proposed antenna. It starts with a loop 

element with balanced feeding structure, as shown in Fig. 4.7(a). The loop antenna radiates 

linear polarization and its circumference (LC) is approximately one wavelength. By 

following the loop antenna dimensions as prescribed in Table 4.1, the resulting resonance 

frequency is approximately 3 GHz.  
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(a) (b) 

  

(c) 

Figure 4.7 The antenna evolution: (a) the loop structure with a gap feeding, (b) the loop 

element fed by the coupled rectangular feed line and a vertical element,  

and (c) the structure with the U-shaped elements and the matching stub.  

 

 

Figure 4.8 Size comparison of loop antenna with balanced feeding and that of coupling 

feeding. 

When a rectangular feeding element and the loop element are coupled together, the 

resonant frequency is reduced to less than 1 GHz, as shown in Fig. 4.7(b). This feeding 

structure makes possible an antenna of electrically small size with the loop’s LC ≈ λ/4, as 

shown in Fig. 4.8 [16]. 
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The U-shaped elements are then placed enclosing the loop element, as shown in 

Fig. 4.7(c). The U-shaped elements contribute to the generation of omnidirectional CP. In 

Fig. 4.9, variations in the simulated AR in azimuth angles are reduced using the U-shaped 

elements. Thus, the 3-dB AR can be maintained omnidirectionally. 

 

Figure 4.9 The simulated effect of the U-shaped elements on AR pattern at the resonant 

frequency with ϕ (θ = 90˚) in the x-y plane. 

 

Although the structure without the U-shaped elements is similar to that with a 

horizontal loop and a vertical element, it is difficult to obtain the omnidirectional 3-dB AR 

pattern, as shown in Fig. 4.9. ka was 0.421 without the U-shaped elements; however, with 

the U-shaped elements, ka increased to 0.475 but is still less than 0.5. 

A parallel inductive stub is connected to the vertical element to achieve a 50 Ω 

impedance matching, as shown in Fig. 4.7(c). A reduction in the antenna size and the 

omnidirectional CP are attributable to the coupling feeding structure and the U-shaped 

elements, respectively. 

 

 4.4.2 Effects of Length of Rectangular Feeding Structure (l1+l2) 

For generating omnidirectional CP, the current distribution should be uniform on 

throughout the two U-shaped elements, and the current should be generated by 90˚ phase 

lag compared to the current on the vertical element. This section details the effects of l1 
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and l2 with respect to AR. As previously shown in Fig. 4.1(c), l1 + l2 is the total length of 

the feeding line installed underneath the U-shaped elements and the loop. 

 

 

Figure 4.10 The simulated AR at the resonant frequency with ϕ (θ = 90˚) in the x-y plane 

as a function of l1 for l2 = 23 mm. 

Figure 4.10 shows the effect of the l1 on the AR pattern in the x-y plane when 

 l2 = 23 mm. An increase in l1 from 0 to 15 mm leads to a gradual decrease in AR to < 3 

dB omnidirectionally. The current distribution on the U-shaped and loop elements at ωt = 

0˚ and 90˚ are shown in Figs. 4.11, 4.12, and 4.13. It can see that the current distribution 

on the U-shaped and loop element at ωt = 0˚ and 90˚ is uniform, as shown in Figs. 4.11(a) 

and (b). This is because, as shown in Fig. 4.6(b), the equivalent voltage Vaˊb between points 

aˊand b is identical to Vabˊ between points a and bˊ, even though the length of either U-

shaped element is quarter-wavelength. It was observed that if l1 is too short (i.e. l1 < 10 

mm), Vaˊb becomes stronger than Vabˊ, resulting in the non-uniform current distribution on 

the U-shaped elements, as shown in Figs. 4.12(a) and (b), even though the current 

distribution on the loop element is relatively uniform. This contributes to small variation 

in AR with ϕ. As a result, the Vaˊb and Vabˊ depend on the l1 because the current on the 

feeding line varies with respect to position on the line. Therefore, the l1 affects the 

distribution of horizontal e-field and AR. 
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 (a) (b) 

Figure 4.11 The current distribution when l1 = 10 mm and l2 = 23 mm in (a) ωt = 0˚ 

and (b) ωt = 90˚. 

 

  

 (a) (b) 

Figure 4.12 The current distribution when l1 = 0 mm and l2 = 23 mm in (a) ωt = 0˚  

and (b) ωt = 90˚. 

  

 (a) (b) 

Figure 4.13 The current distribution when l1 = 10 mm and l2 = 0 mm in (a) ωt = 0˚  

and (b) ωt = 90˚. 
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Figure 4.14 The simulated AR at the resonant frequency with ϕ (θ = 90˚) in x-y plane as a 

function of l2 for l1 = 10 mm. 

 

Figure 4.14 illustrates the effect of l2 on the AR pattern in the x-y plane when l1 = 

10 mm. As l2 increases from 5 to 23 mm, AR gradually decreases and becomes < 3 dB 

omnidirectionally. In Figs. 4.13(a) and (b), for l2 = 0 mm, at ωt = 90˚ the current on the 

loop element becomes weaker with an advance of phase. This is probably due to an 

impedance mismatch attributable to the large capacitance from the series stub coupled with 

the gaps between the U-shaped and loop elements. Moreover, the current is non-uniform 

on the U-shaped elements. Strong current was observed on only one of the U-shaped 

elements, which is more adjacent to the vertical element. No omnidirectional CP pattern is 

found in this scenario. 

 

4.5 Experimental Results 

Figures 4.15 (a) and (b) are photograph images of the prototype antenna. Since the 

ground plane is small, a quarter-wavelength bazooka balun is attached to suppress the 

leakage current on the coaxial cable [16], as shown in Fig. 4.15(b). 
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(a) 

 

(b) 

Figure 4.15 Photograph of the proposed antenna: (a) Top view (b) Side view with a feeding 

cable and a balun. 

 

Figure 4.16 The simulated and measured |S11| characteristics. 

 

The performance of ESA is assessed based on the radiation quality factor (Qr), and 

Qr = Qt/ɳ, where Qt is total Q value, and ɳ is the radiation efficiency. ESAs normally have 

a narrow impedance bandwidth due to a high Q value [50]. Figure 4.16 illustrates the 
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simulated and measured |S11|, which are at their minimums when the resonant frequency is 

893 MHz. This research focuses on |S11| of ≤ -6 dB, which is the criterion of small mobile 

terminals. In Fig. 4.13, the bandwidths of the simulated and measured |S11| at -6 dB are 

about 5 MHz. With respect to the efficiency of miniaturization, the antenna is evaluated by 

C = (Q/Qmin)/ɳ, where Qmin is the minimum Q defined by (1.2), and the ideal C is 1. Table 

4.2 presents the quantitative evaluation of the proposed antenna and [16]. The simulated C 

of the proposed antenna is 14.73, which is close to that of the quarter-wavelength 

capacitively-fed meandered-line antenna (QCFMA) of 11.23 for a high radiation efficiency 

planar, electrically small and linearly polarized antenna with a back conductor [16]. 

Previous studies by [51, 52] reported the miniaturized dipole antennas with a low C of 2-

10. However, except [16] and an improved report using an additional element [41], no 

research on low-profile, planar and ESAs with a low C has ever been presented. 
 

Table 4.2 Quantitative evaluation of the antenna. 

 

Parameter Antenna QCFMA [16] 

ka 0.475 0.452 

Q 64.64 98.52 

Qmin 11.40 13.04 

ɳ 0.38 0.67 

C 14.73 11.23 

 

The simulated and measured radiation patterns of left-hand CP (LHCP) and right-

hand CP (RHCP) in the x-y and y-z planes are illustrated in Fig. 4.17. Figure 4.17(a) shows 

that the cross-polarization of RHCP is 15 dB lower than that of LHCP in the omni-direction 

of the x-y plane. In Fig. 4.17(b), the main beam (LHCP) direction in the y-z plane declines 

by 5˚ from the y-direction which is parallel to the ground plane. The measured radiation 

patterns show reasonable agreement with the simulated results. However, the measurement 

taken at phase -90˚ in the y-z plane differs from the simulation. The disparity is due to there 

being only one azimuth turntable in the anechoic chamber in which the measurement was 

carried out, thereby requiring turning the antenna by 90˚ for y-z measurement. Although 

the feeding cable was wrapped with absorbers, the impact of the antenna turning was not 

completely suppressed. Furthermore, a typical ESA is very sensitive to even a small change 
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in the environment. Therefore, there are small discrepancies between the simulated and 

measured results at θ = 90˚ and θ = -90˚ in Fig. 4.17(b). In addition, the simulated and 

measured gains along the +y-direction are -2 dBic and -3 dBic, respectively. 

 

(a) 

 

(b) 

Figure 4.17 The simulated and measured radiation patterns: at 893 MHz (a) x-y plane and 

(b) y-z plane. 
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(a) 

 

(b) 

Figure 4.18 Simulated and measured AR of the antenna in (a) x-y plane and (b) x-z plane 

at 893 MHz as a function of ϕ. 
 

As shown in Fig. 4.18, the simulated and measured axial ratio (AR) patterns of the 

proposed antenna are of omnidirectional CP pattern in the x-y plane and x-z plane for AR 

≤ 3 dB. In Fig. 4.18(a), the experimental AR pattern in the x-y plane is very similar to that 

of the simulation. The measured AR is ≤ 3 dB for ϕ of -30˚ to 120˚and is greater than 3 dB 

but less than 5 dB for ϕ outside this range. In the same figure, it can be observed that the 

simulated AR for ϕ ≈ -150˚ is approximately 3.1 dB, which could be further improved by 

more precise optimizations in micrometer orders. Furthermore the measured result in 

Figure 4.18 shows some errors which are possibly due to fabrication errors and 

measurement environment such as the feeding cable, supporting styrene foam and 

unexpected reflections even in the anechoic chamber. Small differences of the simulated 
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and measured AR are attributable to a high Q value accompanying an ESA, which could 

result in fabrication errors.  

 

 

Figure 4.19 The simulated and measured AR in x-y plane (θ = 90˚) as a function of 

frequency at ϕ = 90˚. 

 

Figure 4.19 shows the simulated and measured AR in the x-y plane (θ = 90˚) relative 

to frequency at ϕ = 90˚. The bandwidth of 3-dB AR is approximately 15 MHz, which is 

wider than the -6-dB |S11| bandwidth of 5 MHz. 

 

4.6 Conclusion 

The author has presented an electrically small antenna which can generate 

omnidirectional CP in far field with ka < 0.5. The e-field distributions are utilized to 

demonstrate the principle of CP generation. The simulated and measured results show 

reasonable agreement. Furthermore, this research investigates the miniaturization 

efficiency using the minimum Q value. 

Despite its narrow bandwidth, the antenna is reasonably adequate for WSN 

applications for which an antenna sensor is required. One application example is the use of 

an antenna sensor with RFID chip utilizing the frequency shift to detect the dielectric 

variation property of material [53],[54]. The omnidirectional CP of antenna reduces 

multipath effect and thereby allows for measurement from any direction. 
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CHAPTER 5 

CONCLUSIONS 

 

5.1 Advantages and Applications 
 

This thesis deals with low-profile, linearly and circularly polarized antennas 

radiating parallel to the ground plane. The designing started from an SRA which consists 

of an outer ring coupled with a fed inner ring radiating horizontal polarization to the 

element. The effects of an additional ground plane which is installed underneath the SRA 

are discussed in Chapter 2. The ground plane size and the air interval between SRA element 

and ground plane have only a small effect on impedance characteristics. However, the 

radiation pattern of antenna is still horizontally polarized to the ground plane. Therefore, it 

can achieve the radiation like a monopole antenna on a ground plane and have a very low-

profile structure and potential applications in base stations and wireless communications. 

The half-cut design of the original structure of SRA is proposed in Chapter 3. The 

structure consists of a modified double U-shaped radiator and a ground plane. The 

proposed antenna is designed for a wearable handheld reader which has usage to wear onto 

a hand. It can allow us to use both hands freely to work without holding the reader. The 

antenna can achieve circular polarization with the main beam direction parallel to the 

ground plane. A capacitive feeding structure including an L-shaped stub, an F- shaped stub 

and a capacitive gap are installed underneath the radiator (double U-shaped elements) for 

keeping the sufficient impedance bandwidth. As the results, the proposed antenna can 

radiate CP in the y-direction covering the UHF RFID band in Thailand (920 – 925 MHz). 

One of the interests which have been presented in the thesis is ESA since recent 

communication devices tend to be reduced. The device may be used in the application such 

as WSNs. The advantage of omnidirectional circularly polarized antenna in WSNs is to 

reduce the multipath effect and to allow wireless connections in any direction. They also 

avoid the polarization mismatch between transmitter and receiver. In previous research 

works, the proposed ESAs radiate linear and circular polarizations but no research has 

discussed ESA with omnidirectional CP. Therefore, discussion of design of ESA, in 

particular, radiating omnidirectional CP should be important and a challenging project. A 
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novel design of ESA which has omnidirectional CP is presented in Chapter 4. The structure 

of a vertical element, a fed loop element, coupled feeding structure and the U-shaped 

elements can reduce its overall size to the electrically small size of  ka = 0.475 which 

satisfies the definition of ESA of ka < 0.5. The U-shaped elements also contribute to the 

generation of omnidirectional CP with the vertical element. The proposed antenna has a 

different mechanism with conventional CP antennas, in which the e-field is rotated only in 

far field by horizontal elements. 

Additionally, mechanisms of all the antennas in this thesis are explained by 

observing e-field distributions. As a result, such observations allow us to interpret the 

mechanism of respective antennas. This must be another unique approach in addition to 

new designs mentioned in this thesis.  

 

5.2 Future Scope 

Three new structures have been presented in this thesis. The SRA which has 

horizontal polarization with low-profile structure has been presented in Chapter 2. With 

advantages of the low-profile structure, a compact polarization diversity antenna should be 

fabricated in near future by combining the SRA with a low-profile vertically polarized 

monopole antenna for such as base stations and RFID reader applications [52].  

In Chapter 3, the CP antenna radiating parallel to the ground plane is proposed for 

mainly wearable RFID readers. From the results, the main beam direction is shifted by only 

20˚ from the parallel direction to the ground plane. A combination of the antenna and a 

meta-surface may be another technique to improve radiation property, especially an 

important reduction of back radiation will be achieved. 

Chapter 4 has presented an ESA with omnidirectional CP. Although the bandwidth 

is narrow due to high Q value, it is sufficient for an antenna sensor application in WSNs to 

detect precious variation in electrical parameters of materials located near by the antenna. 

For other applications, matching circuit will be required to improve the bandwidth of the 

antenna. 
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5.3 Final Remarks 

The important contributions of the thesis have been described. The overall research 

approach consists of followings: 

1. The antennas are designed based on a SRA. The SRA consists of a fed inner ring 

and a coupled outer split ring. The capacitive coupling between the inner and outer split 

rings makes the antenna compact. The antenna radiates horizontal polarization even though 

it has a ground plane. Therefore, it is available to be applied for polarization diversity 

devices being combined with a low-profile vertically polarized antenna. 

2. To modify the linearly polarized split ring structure to circularly polarized and 

low-profile antenna with the main beam direction parallel to ground plane yields better 

usage for wearable UHF-RFID reader. The combination between capacitive feeding line 

and U-shaped slot on the bent part contributes to radiate the orthogonal e-field components 

with 90˚-phase difference. 

3. A novel concept to generate CP by an ESA has been proposed. The antenna can 

have a potential application for WSNs.  

4. The mechanisms of the antenna performances has been explained by observing 

the e-field distributions. 

5. The proposed antennas have been successfully fabricated. The measured results 

of respective prototype antennas show good agreements with simulated results. 

6. The proposed antennas radiate linear or circular polarization in parallel to the 

ground plane or their elements. 

Throughout the studies mentioned in this thesis, the author thinks that the proposed 

ideas and obtained results can open new vistas to develop wireless systems such as various 

mobile telecommunications, RFID systems and WSNs. 
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