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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 1s 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.
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CHAPTER1

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
(<< o, usually 0.003A0< height < 0.005X0) 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 p-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 7D =~2S1 where D is the diameter of the helix and S is the spacing between
turns. To achieve a 50 Q 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 WSNSs.

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 (= 2m/1) 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;

_ 11
ka kKda’

Ornin (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 Q [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.



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



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 Sii, 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.



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 Q 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 (& = 2.6,
tan ¢ = 2.0 x 10*) with 0.8 mm thickness. The dimensions are of 45.5 mm (0.14X) in
length (L) and 50 mm (0.153%) 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
wi 24.0
I 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 |Si1|. 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 E4 and Eg in
the x-y, y-z and x-z planes at 920 MHz. The simulated and measured cross-polarizations
of Ey are lower by 20 dB than the co-polarizations of E4 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.
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Figure 2.3 Simulated and measured [S11].
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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.
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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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---- Folded Dipole Antenna — Spilt Ring 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 (0.138¢) in length (L) and 50.5 mm (0.155X) in width
(W). The air interval s between the substrate and ground plane is chosen as 10 mm
(0.036A0) 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.
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(2) (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
wi 25.0
I 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 wt = 0° and 90°, where the voltage at the feeding point is assumed to be
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V = Vy sin wt. For wt = 0°, the e-field distribution on the SRA structure show weak
strength as shown in Fig. 2.7(a). At wt = 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).

(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) w? = 0°, and (b) w? =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 wz = 0° and 90°. At wt = 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 wt = 90°, the similar e-field distribution as that in Fig. 2.7(b) can be observed as
shown in Fig. 2.8(b).

(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) wz = 0°, and (b) wz = 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 wt = 0° and 90°.
At wt = 0°, the e-field distribution is very weak as shown in Fig. 2.9(a). At wt = 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.
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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 wf = 0" and (b) at wt =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 wz = 90°.

The omnidirectional radiation pattern can be explained by the e-field distribution
in the x-y plane at wf = 90° as shown in Fig. 2.10. The e-field behavior is explained here
using the points 4, B, and C in the figure. At the point A4, 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 4, B and C, the e-field finally forms a vortex-like e-field
distribution which is parallel to the x-y plane at wt = 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.

Ground plane

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 (¢ = 90°,
0 =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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Figure 2.12 Simulated (a) input impedance characteristics and (b) |S11| characteristic as a

function of g.
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Figure 2.13 Simulated radiation patterns in the y-z plane at respective resonance
frequencies as a function of g (a) Co-polarization (Eg), (b) Cross-

polarization (Eg).

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 < A/4 to the
ground plane. Therefore, the input impedance is reduced and gets difficult to be matched
well to 50 Q 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 wt =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.

*** Without ground plane

— With ground plane

-=-= With ground plane, no parallel
feed line

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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Figure 2.17 Simulated radiation patterns in the y-z plane at respective resonance
frequencies as a function of s (a) Co-polarization (Eg) (b) Cross-

polarization (Es).

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 Q 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 |[Sii| 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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Figure 2.19 The photograph of prototype antenna with ground plane.
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Figure 2.20 Simulated and measured |S11| characteristics.
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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.



CHAPTER3

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 (&, =2.6) with a

thickness of # = 0.8 mm. The dimension is L =87 mm (0.2740) * W =37 mm (0.114¢) in
length and width. The air gap between radiating element and ground plane is chosen as
11.8 mm (0.03640) 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 40/4 as shown in Fig. 3.1(¢). 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.

(2)

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

(c) Radiating element (d) Feeding element.
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Figure 3.1 (Continued)
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SRA with ground plane =3 Half-cut structure

Figure 3.2 The antenna evolution.
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Table 3.1 The optimized structural parameters of the antenna with double U-shaped arms.

Parameter | Size | Parameter | Size | Parameter | Size | Parameter | Size
in in in in
mm mm mm mm
L 87.0 Wh 9.0 s/l 15 I 3.0
W 37.0 A 80.5 sp 7.0 Is 61.0
h 0.8 s1 10.0 s53 8.5 Iis 4.0
Wi 28.0 s 5.0 St 10.0 Iy 75.0
W 10.0 Wi 14.5 Iy 3.0 g 20.0
W3 4.0 W2 2.0 I 64.0 gap 11.8
l1 73.5 w3 3.0 Is
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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
6 =90° even though the structure is low-profile. Bending a part of U-shaped elements with
a bent angle a (from 0° to 90°), as shown in Fig. 3.3, contributes to increase

the 6 angle of main beam direction in y-z plane (¢ = 90°).

The input impedance characteristics can be kept the same, as shown in Fig. 3.4(a),
in this range of a. When a = 0°, the peak gain can be observed in z-direction at 0°
as shown in Fig. 3.4(b). With an increase in o from 30°to 90°, the main beam direction 6 is
shifted from 0° to 70° in y-z plane. For a = 90°, the 3-dB AR can be observed at 6 =90° in
y-z plane as shown in Fig. 3.4(c).

*~-~-ZI:I:::: ~~~~~~~~ Bent angle
~~~~~~~~~ a

Figure 3.3 Direction of bending angle o on the element.
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Figure 3.4 Simulated results of (a) input impedance characteristics with o (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 a (¢ = 90°).
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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-Q 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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+ « « » Simple Rectangular Feeding Line
===+ Adding Capacitive Gap
= Adding Capacitive Gap and L-shaped Stub

Figure 3.6 Simulated input impedance characteristics when gap and L-shaped stub

are installed.

For matching to 50-Q 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 Q 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 = 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
6 =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 8 = 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 8 = 90°. As a result, in the final structure, the simulated and measured
impedance can be matched to 50-C as shown in Fig. 3.7(a) with the simulated bandwidth
of 18 MHz, and the main beam direction is at @ = 70° as the results will be shown in Section
3.5. In the direction at 8 = 90°, AR can be kept less than 3 dB with a sufficient simulated
gain of 1.8 dBic.

¢+ ¢ Short L-shaped == F-shaped
===- Long L-shaped === F-shaped (measured)

(a)

Figure 3.7 Simulated results of (a) input impedance characteristics (b) normalized
magnitude and (c) AR pattern with 8 (¢ = 90°) in y-z plane at 925 MHz when
the short, long, and F-shaped stubs are installed.
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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.
Comparing the size (default) which is the same as the radiator in x-y plane, the ground
plane is extended by g = 20 mm in +x- and —X, +x and —y, —x and —y, and +x and y-
directions at the same time. When the ground is extended in +x and —y-directions, the AR

is minimized at around 8 = 90°. This extension in the +x-direction contributes to have the
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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 wt = 0° or 90°, respectively. In this case, the half-power beamwidth (HPBW) is about
105° covering the 8 = 90° direction as shown in Fig. 3.8(b).
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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 (¢ = 90°).
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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 (¢ = 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 6 = 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 €
=90°, however, the antenna gain at @ = 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 wt = 0° and 90°, where the voltage at feeding point is
assumed to be V' = V) sin wt are shown in Fig. 3.10. At w? = 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 wt = 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 wf = 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 w¢ = 180" and

270°, respectively.
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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 wt = 0°, (b) for wt =90°.
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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 w? = 0°, (b) for wt=90°.

On the other hand, this antenna radiates the same sense of CP which the 3-dB AR
can be obtained at § = —120°. This radiation is explained by the e-field behavior around
feeding point outside of radiating element. At w¢ = 0°, the normal e-field can be observed

by the same principle of U-shaped slot mentioned above. At wt = 90°, the e-field is pulled
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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.

(b)

(©)

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).

S11/(dB)

-164---| = Simulated
-184 [°- Measured

20500 850 840 860 880 900 930 950 960 980 1000

Frequency (MHz)

Figure 3.13 Simulated and measured |S11].
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— Simulated LHCP ---- Measured LHCP
—-—Simulated RHCP ---- Measured RHCP

Figure 3.14 Radiation patterns at 925 MHz (a) x-y plane (b) y-z plane.
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180°

(b)

— Simulated LHCP  ---- Measured LHCP
—-—Simulated RHCP ---- Measured RHCP

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
and 2.8 dBic, respectively in y-direction. The radiation patterns of RHCP and LHCP have
been normalized by the simulated and measured peak gain of RHCP (Co-polarization),
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

measured results of radiation patterns show reasonable agreements with simulated results.

As shown in Fig. 3.15(a), the AR in y-z plane are less than 3 dB in the & angle range
from 70° to 95° and from 70° to 90° for simulated and measured results, respectively. In
the boresight direction at 8 = 90°, the measured AR is higher by approximately 1 dB than
the simulated AR, although the measured AR is at around 3 dB. Considering the results of
radiation performances discussed above with Figs. 3.14 and 3.15, we can find small

differences between the simulated and measured results, although they show reasonable
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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.
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| === Measured
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Figure 3.15 Simulated and measured AR pattern of the proposed antenna in y-z plane

(¢ =90°) at 925 MHz (a) as a function of # and (b) as a function of frequency
at 0=90".

3.6 Conclusion
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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 (6 = 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.



CHAPTER4

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) 1s the perspective view of the antenna structure with Arlon Diclad522
(&= 2.6, tand = 2.0x10*) having upper and lower substrates with 0.8-mm thickness (/)
each. Both substrates are of identical dimensions, i.e. 48 mm (0.1440) in length (L) and 20
mm (0.0640) in width (/). Underneath the upper substrate, a rectangular feeding element
with a length of /i+/> 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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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 (ss)
s 12.2 mm (0.03640), and Z. 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 54 2
L 48 S5 12.5
X1 19 wi 2.5
X2 23 w2 2
»n 10 w3 6
» 18 w4 2
S1 2 h 10
52 1 15} 23
3 1 I 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= Vo cos wt, 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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In Fig. 4.2(a), at w¢ = 0° and 0 mm distance from the substrate edge (defined as “the

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

Figure 4.2 The electric field distributions
along vertical element in +z direction when w¢

very near region”) along x-axis
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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 oz = 90°.

In Fig. 4.3(a), at wt =90°, the e-field at a 0 mm distance from the substrate edge is
directed toward the +z-direction, similar to the distribution at wz = 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 wz = 0" and wt = 90°, respectively. The arrowheads of the
e-fields at wz = 180° and 270° are in reverse of those at wf = 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.
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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 wt=0°".

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

>smumamauiiiih g e e s s T T N Y R
sasanunniahiy B e e e s A YRR
Spamannnninl B e N T N NN N
L e e o SN SRY

P N S L L EE R R E N Y]
PO O 0 O o o d b ar b b 2 2L B I B O
AT TT T TIH S 5 8 s s e a0
IRFPPPr - LN NN
PRBPPPAFAAFAFTATI P bN NN
4944 ) tnlniniieininininh? /11088
000090099!!!4‘{1)”[’]1;;
Inu-c-u-.--ad‘a:;l”’Jl
0880880000000 3DDDPPNIIFIFIE
L R B R
LA RN N R R R S S
X N N R R R R R R RS
A AR N SRR EE R R RS S N S
[awnap d 888400 VNN ams |

BB AT T .
pdsy
(R XN

(a) (b)
I
F e e T S S e N NN 880
o e b L BB I 800
Bttt e o o oo 0 2 S 2 20 B B BN BN BN BN BN
Bl dadedade oo o O 0 & 2 & 20 20 3 B B BN BN B 720
AwA AT s o208 e ey | 640

VPP PP PP e P e A R R 560
AAAAAAATIIIIRITR #5588 8 8 | 400
IFE R PP P e r P e rryrNN;
8 9 5 5 5 5 E——————sxx s n s | 400
PRI RN R ARNAARIARI AR AR AR | 320
sonnRRRS .aaa-'v-"’ld”llll 240
R NERENNEEEES DD O o Sl sl
L B BN B BN BN BN B B I B B L L O o e e
[N NN N NN EE R R R R L L A 80

[ A NN R NN ERE R R R RS e e 0

(AR R R A R R R e S S g z

BARAA AR AR ERERR R RN Db b e s

rf"o----&ootiii\\\\\\\\‘-‘»‘-‘ x-!,
(©

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 oz = 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 wz = 0° in the x-y plane at 2 mm above the surface of the upper substrate. At
wt =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 wz = 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 wt = 90°. The
current on the vertical element and the e-field in the far region at wf = 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 wt = 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 wt = 90°, as shown in Fig. 4.6(Db).

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 " have
positive charges, and a and a” have negative charges. Thus, the e-field is possibly not
directed to the vicinity of  and 5" but to that of @ and a” 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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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 wt = 0°

and (b) for wt=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 w¢ = 90°.
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Furthermore, at wt = 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 wt = 0° and 90°, although the AR could be maintained at
approximately 3 dB or less (as show the results in next section). At wt = 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 w? = 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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Balanced feeding Rectangular coupling feeding

(a) (b)

Adding two U-shaped elements

(©)

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.

Le~a Le=i/4
Balanced feeding Coupling feeding

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

frequency with ¢ (0 = 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 Q
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 (/1+1)

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 /;
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and /> with respect to AR. As previously shown in Fig. 4.1(¢c), /1 + /> is the total length of
the feeding line installed underneath the U-shaped elements and the loop.
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Figure 4.10 The simulated AR at the resonant frequency with ¢ (8 = 90°) in the x-y plane

as a function of /; for /» = 23 mm.

Figure 4.10 shows the effect of the /; on the AR pattern in the x-y plane when
l» =23 mm. An increase in /; 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 wt =
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 wz = 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 V', between points
a’and b is identical to V.- between points a and b, even though the length of either U-
shaped element is quarter-wavelength. It was observed that if /; is too short (i.e. /1 < 10
mm), V,» becomes stronger than V-, 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 ¢. As a result, the V,» and V- depend on the /i because the current on the
feeding line varies with respect to position on the line. Therefore, the /i affects the

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

Figure 4.11 The current distribution when /i = 10 mm and & = 23 mm in (a) wt = 0°

and (b) wt=90°".

(2) (b)

Figure 4.12 The current distribution when /1 = 0 mm and /> = 23 mm in (a) wt = 0°

and (b) wt = 90°.

(2) (b)

Figure 4.13 The current distribution when /; = 10 mm and /2 = 0 mm in (a) ot = 0°

and (b) wt =90°".
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Figure 4.14 The simulated AR at the resonant frequency with ¢ (6 = 90°) in x-y plane as a

function of /> for /1 = 10 mm.

Figure 4.14 illustrates the effect of /> on the AR pattern in the x-y plane when /1 =
10 mm. As /> increases from 5 to 23 mm, AR gradually decreases and becomes < 3 dB
omnidirectionally. In Figs. 4.13(a) and (b), for /> = 0 mm, at wz = 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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(b)

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

cable and a balun.
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Figure 4.16 The simulated and measured |S11| characteristics.

The performance of ESA is assessed based on the radiation quality factor (Q;), and
0= Qi/n, where Q; is total Q value, and 7 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/Omin)/n, where Omin 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
0 64.64 98.52
Omin 11.40 13.04
n 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 6§ = 90° and 6 = -90° in Fig. 4.17(b). In addition, the simulated and

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

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 ¢ of -30° to 120°and is greater than 3 dB
but less than 5 dB for ¢ outside this range. In the same figure, it can be observed that the
simulated AR for ¢ = -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 O value accompanying an ESA, which could

result in fabrication errors.
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Figure 4.19 The simulated and measured AR in x-y plane (6 = 90°) as a function of
frequency at ¢ = 90°.

Figure 4.19 shows the simulated and measured AR in the x-y plane (0 =90°) relative
to frequency at ¢ = 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.



CHAPTERS

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 WSNss.
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This paper presents a low-profile printed antenna with double U-shaped arms radiating circular polarization for the UHF RFID
readers. The proposed antenna consists of double U-shaped strip structures and a capacitive feeding line to generate circular
polarization. A part of the U-shaped arms is bent by 90" to direct the main beam parallel to the ground plane. From the results,
~10dB |S,,| and 3 dB axial ratio of the antenna cover a typical UHF RFID band from 920 MHz to 925 MHz. The bidirectional beam
is obtained with the maximum gain of 1.8 dBic in the parallel direction to the ground plane at the 925 MHz. The overall size of the
proposed antenna including ground plane is 107 mm x 57 mm x 12,8 mm (0.332,x 0.174,x 0.044,).

1. Introduction

Radio frequency identification (RFID) systems in the ultra-
high-frequency (UHF) band are getting a standard in widely
used for many applications such as supply chain manage-
ment, logistics, and tracking [1]. Different frequency ranges
for the UHF RFID band have been allocated depending on
countries and regions such as 865-868 MHz in Europe, 902~
928 MHz in North and South Americas, 950-956 MHz in
Japan, and 920-925 MHz in some Asian countries. Many
linearly polarized reader antennas have been designed with
small size and sufficient bandwidth and used for RFID
systems; 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].

On the other hand, portable RFID readers in addition
to fixed type of readers have been actively used in recent
vears. 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]. In fact, 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 required for wearable
devices with a compact design, and directing its main beam
parallel to the ground plane can make the maximum use of
the advantages of the low-profile design [10].

Recently, low-profile and small CP antennas have still
received 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 [4-9].
In [4], an antenna with four meandered monopole elements
fed by a series feeding network has been reported, and
another antenna with arrayed 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]. Furthermore, some microstrip
antennas for typical commercial handheld readers are linearly
or circularly polarized. However, such antennas based on
microstrip antennas limit the size and the bandwidth, and
the main beam of those is directed to the normal direction to
the ground [8]. Some study groups have reported horizontally
polarized printed loop antennas in [11, 12], and some groups
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of the fabricated antenna.

have studied on open-loop antennas generating CP [13, 14].
Moreover, an inverted-L CP antenna and a slender CP
antenna have been reported in [15, 16], respectively. However,
the main beam direction is not parallel to the ground, and the
bandwidth is not sufficient. A study group involving one of
the authors has recently reported a low-profile antenna with
high radiation efficiency in (17, 18], but the polarization is
linear. For now, as far as the authors know, almost no one
has reported on circularly polarized and low-profile antennas
radiating parallel to the ground plane.

In this paper, a compact and low-profile antenna for
radiating CP parallel to the ground plane is proposed for
RFID readers at UHF band (from 920 MHz to 925 MHz).
In Section 2, the antenna design and characteristics of the
proposed antennas are discussed. The principle to generate
CP in this antenna is also discussed in Section 3. In Section 4,
the design process is presented. Finally, the discussions in this
paper are concluded in Section 5.

2. Antenna Design

In this section, the antenna design is presented. The antenna
is designed using the CST MW Studio [19]. Figure 1 shows the
proposed antenna structure consisting of double U-shaped
strips and a capacitive feeding structure of both sides of Arlon
Diclad522 (e, = 2.6) with a thickness of h = 0.8 mm. The
dimension is L = 87 mm (0.274,) x W = 37 mm (0.11A,)
in length and width. The air gap between radiating element
and ground plane is chosen as 11.8 mm (0.036A,) as shown
in Figure 1(b). The length and width of double U-shape
are optimized because these dimensions affect the resonance
frequency at which the length of U-shape is 1,/4 as shown in

Figure 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 a U-shaped slot with the ground plane on the
bent element in the z-x plane. Figure 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. A
photograph of the fabricated antenna is shown in Figure 1(e).
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 4.

The double U-shaped radiator determines the resonant
frequency. Considering the principle to generate CP dis-
cussed later, the structure should have a half-cut structure of
the split-ring resonator antenna [20] with the same resonant
frequency as shown in Figure 2. For making a low-profile
structure on the ground plane, the feeding structure shown in
Figure 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 1 shows the
optimized structural parameters of the proposed antenna.

Figure 3 shows simulated and measured |S,, | characteris-
tics. The simulated and measured |S,,| 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). The simulated and mea-
sured radiation patterns of left-hand CP (LHCP) and right-
hand CP (RHCP) at 925 MHz are shown in Figure 4 in x-y
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TasLE I: The optimized structural parameters.
Parameter Size in mm Parameter Size in mm Parameter Size in mm Parameter Size in mm
w 87.0 w, 9.0 Sh L5 Iy 3.0
L 370 L 80.5 S 7.0 Is 6L.0
h 0.8 5 10.0 Sy 85 g 4.0
w, 28.0 5 5.0 554 10.0 Ly 75.0
w, 10.0 wp, 14.5 I 3.0 q 20,0
w, 4.0 wp 20 Iy 64.0 Gap 11.8
L 73.5 W 3.0 Iy 13.0

Split-ring resonator—— Adding ground—— Half-cut

plane structure

FiGURE 2: The antenna evolution.

plane and y-z plane. The simulated and measured half-power
beamwidth (HPBW) of RHCP are 105° and 110, respectively,
in y-z plane where the main beam (RHCP) direction is
declined only by 20" from the y-direction (parallel to the
ground plane). However, the obtained gain in the 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 and
2.8 dBic, respectively, in y-direction. The radiation patterns of
RHCP and LHCP have been normalized by the simulated and
measured peak gain of RHCP (copolarization), respectively.
Therefore, we can understand that, in the y-direction, the
cross-polarization of LHCP is more than 15 dB lower than
RHCP. This indicates that the AR in the y-direction is less
than 3dB. Furthermore, considering the discussion below,
it can be said that the measured results in the radiation
patterns show reasonable agreements with the simulated
results. As shown in Figure 5(a), the AR in y-z plane is less
than 3dB in the 6 angle range from 70" to 95° and 70" to
90" for simulated and measured results, respectively. In the
boresight direction at @ = 90°, the measured AR is higher
by approximately 1dB than the simulated AR, although the
measured AR is at around 3 dB. Considering the results of
radiation performances discussed above with Figures 4 and
5, we can find small differences between the simulated and
measured results, although they show reasonable 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 Figure 5(b), the 3dB AR in the y-
direction can also be observed in the UHF band. As a result,
we can understand that the proposed antenna can radiate CP
in the y-direction covering the UHF RFID band.

)y (dB)

=20 - . r
800 820 840 860 880 900 920 940 960 980 1000

Frequency (MHz)

—— Simulated
Measured

Figure 3: Simulated and measured |S,, |.

3. Principle of Generating Circular
Polarization

The generation mechanism of CP is discussed in this section.
The antenna elements have two metallic layers sandwiching
the dielectric substrate to equip the radiator and the feeding
structure with the L-shaped and F-shaped stubs. The radiator
and the feeding structure have been overlapped as shown in
Figure 1(c). The e-field (electric field) distributions at different
phases are shown in Figure 6. At phase = °, the strongest
field of Z-component is found mainly around the U-shaped
slot on the bent element as shown in Figure 6(a). As shown
in Figure 6(b), 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 phase = 90,
strong field directed in x- and +z- directions can be found
on the U-shaped slot as shown in Figure 6(c); however, the
components in +z directions finally are canceled out by each
other in the far field. Since the length between the feeding
point (around x = 0 mm) on the feeding line and the bent
part of the U-shaped slot is about half wavelength, the voltage
at the 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 Figure 6(d) resulting in
having a symmetrical distribution between +z-directions. As
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FIGURE 4: Radiation patterns at 925 MHz. (a) x-y plane and (b) y-z plane.

aresult, at phase = 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 phase = 180" and 270",
respectively.

On the other hand, this antenna radiates the same sense
of CP, although the 3dB AR can be obtained at 8 = -120".
This radiation is explained by the e-field behavior around the
feeding point outside of the radiating element. At phase =
0°, the normal e-field can be observed by the same principle
of the U-shaped slot mentioned above. At phase = 90°, the
e-field is pulled into the feeding point following the same
principle of the above explanation. Therefore, the e-field
rotates in the clockwise direction with respect to the —y-
direction.

4, Effects of Structural Parameters

The proposed antenna is a low profile and can radiate CP in
the y-direction with respect to the ground plane. This section
discussed the effects of structural parameters on the AR and
antenna gain.

4.1. Effects of the Bent Element. One of interests in this
antenna is a fact that CP is radiated in the y-direction with
6 = 90", even though the structure is low profile. Bending a
part of U-shaped elements with a bent angle & (from 0 to
90°), as shown in Figure 7, contributes to increase the & angle
of main beam direction in the y-z plane (¢ = 90°). The input
impedance characteristics can be kept the same, as shown in
Figure 8(a), in this range of «. When & = 0", the peak gain can
be observed in the z direction at 0" as shown in Figure 8(b).
With an increase in a from 30°to 90°, the main beam direction
@ is shifted from 0 to 70" in the y-z plane. For a = 90°, the
3dB AR can be observed at & = 90" in the y-z plane as shown
in Figure 8(c).

4.2. Effects of L-Shaped and the Capacitive Gap Feeding
Structure. Effects of the stubs in the feeding structure are
discussed. The use of a coupled feeding line with the radiator
element is one of the techniques for designing low-profile
antennas [17] to cancel the inductivity at a frequency range
with around 50 Q) impedance. Figure 9 shows the evolution
of feeding structure that starts from a simple rectangular strip
to the proposed structure with adding the capacitive gap, the
L-shaped stub on a lower edge of the line, the short stub, the
long stub, and the F-shaped stub on an upper edge.
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FiGure 5: Simulated and measured AR pattern of the proposed antenna in y-z plane (¢ = 90°) at 925 MHz (a) as a function of f and (b) as a
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FIGURE 6: Electric field distributions in different phases at 920 MHz (a) in the x-z plane at phase = 0", (b) in the y-z plane at phase = 0", (c) in

the x-z plane at phase = 90°, and (d) in the y-z plane at phase = 90"

For matching to 50 2 with a sufficient bandwidth, the
capacitive gap and the L-shaped stub are installed resulting
in the shift of the characteristics as shown in Figure 10. 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 magni-
fied passing the center showing a narrow bandwidth since
the kink size is still bigger than the circle of VSWR =
2.
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FiGure 8: Simulated results of (a) input impedance characteristics with &, (b) antenna gain pattern, and (c) AR pattern of the proposed
antenna in y-z plane at 925 MHz as a function of the bending angle a (¢ = 90°).
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Figure 10: Simulated input impedance characteristics when the gap and L-shaped stub are installed.

4.3. Effects of F-Shaped Stub Feeding Structure. As the final
step, the F-shaped stub is installed for enhancing the band-
width. The F-shaped stub is a combination of short and long
L-shaped stubs. Figure 11(a) shows the effect of installing the
shortand long L-shaped stubs on input impedance character-
istics. When the short stub is installed, the impedance can be
matched well to 50 Q2 with a sufficient bandwidth; however,
as shown in Figure 11(b), the main beam direction is around
60". On the other hand, when the long stub is installed, the
main beam direction is shifted closer to 8 = 90" as shown in
Figure 11(b); however, the impedance bandwidth is narrow as
shown in Figure 11(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 6 =
90°. Similarly, the F-shaped stub makes a small kink inside
the circle of VSWR = 2 in the Smith chart and also makes the
main beam direction closer to 8 = 90° resulting in 3dB AR
in +y-direction as shown in Figures 11(b) and 11(c). With the
metallic arm along the +y-direction of the long or F-shaped
stub, the e-field inside the radiator can be perpendicular to

the ground plane and the stub element nearby the U-shaped
slot. This behavior leads to direct the main beam closer to 6
= 90°. As a result, in the final structure, the simulated and
measured impedance can be matched to 50 Q as shown in
Figure 11(a) with the simulated bandwidth of 18 MHz, and the
main beam direction is at @ = 70" as shown in Figure 4. In
the direction at 8 = 90°, AR can be kept less than 3dB with a
sufficient simulated gain of 1.8 dBic.

4.4. Effects of Ground Plane Size. Figure 12(a) shows the varia-
tion in AR pattern with the ground plane size. Comparing the
size (default) which is the same as the radiator in x-y plane,
the ground plane is extended by ¢ = 20 mm in +x- and -x-,
+x- and —y-, —x- and -y-, and +x- and y-directions at the same
time. When the ground is extended in +x and -y-directions,
the AR is minimized at around 6 = 90". This extension in the
+x direction contributes to have the e-field, near the open
end of radiator, directed in x- or z direction in wider area of
x-z plane at phase = 0" or 90", respectively. In this case, the
HPBW is about 105" covering the 6 = 90" direction as shown
in Figure 12(b).




88

International Journal of Antennas and Propagation

2
=
g
)
=
=
N/
Z —10 4 \
-12 v
-180 =120 -60 0 60 120 180
f (deg)
Short L-shaped
Short L-shaped —— F-shaped -~~~ Long L-shaped
--- Long L-shaped - - F-shaped (measured) —— F-shaped
(a) (b)

=y
]

Axial ratio (dB)
- ] W »
= & & &

L]

| S W

180 =120

Short L-shaped
- -~ Long L-shaped
— F-shaped

(c)

FIGURE 11: Simulated results of (a) input impedance characteristics, (b) antenna gain, and (c) AR pattern with 6. ¢ = 90" in y-z plane at

925 MHz when the short, long, and F-shaped stubs are installed.

For the extension in the +x and -y-directions, the main
beam direction in which the minimum AR can be obtained
gets closer to # = 90° with an increase in g from 5 to 25 mm
as shown in Figure 13(a). For g = 25 mm, the angle for the
minimum AR is the closest to @ = 90°; however, the antenna
gain at 8 = 90° is smaller than that for g = 20 mm as shown
in Figure 13(b). Therefore, the parameter g should be chosen
as 20 mm for this design. Choosing ¢ = 20mm 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.

5. Conclusion

This paper has proposed a low-profile and circularly polar-
ized antenna with double U-shaped arms considering an

application for handheld RFID readers at 920 MHz to
925 MHz band. The structure consists of a modified double
U-shaped radiator and ground plane. A part of the arms of the
radiator has been bent by 90” in the x-y plane for directing CP
radiation parallel to the ground plane (6 = 90°). For keeping
the sufficient impedance bandwidth for the 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, effects of the 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 the 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.
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Abstract— In this paper, the passive ultra high frequency
(UHF) radio frequency identification (RFID) tag is presented
for the applications to distinguish metallic from non-metallic.
Typically, UHF RFID tag antennas have some limitation for
using with metallic material. Therefore, it is desirable to design
UHF RFID tag antennas that can be worked well with metallic
products. The proposed antenna structure consists of defected
ground plane, T-structure including longitudinal strip and
rectangular strip with shorting-pin connected to the ground
plane. The parametric study is described. It is found that the
antenna with defected ground plane can increase difference
maximum read range of tag antenna between on metallic
plate and in free space. The proposed UHF RFID tag antenna
can adjust the resistance and the reactance by charging the
longitudinal strip of T-structure. A compact tag prototype is
fabricated with area of only 90x20x3 mm’. The experimental
results of maximum read range on the metallic plate and in
free space are 83 mm and 24 mm, respectively. The simulation
and measurement results of the proposed RFID tag antenna
are also presented.

Index Terms— Radio frequency identification (RFID), tag,
T-structure, metallic object.

1. INTRODUCTION

Radio frequency identification (RFID) is a technology
used for object identification. There are numerous
applications of RFID technologies such retail,
transportation, manufacturing and supply chain systems. Its
applications are constantly being announced in very wide
areas [1] because it is superior to bar codes and infrared
technologies. Various bands in RFID systems such as low
frequency (LF), high frequency (HF), ultra high frequency
(UHF), and microwave frequency, UHF-RFID systems are
very popular because the operating range is further than the
LF- and HF-RFID systems. The LF- and HF-RFID systems
use the near-field coupling techniques whereas the
UHF-RFID utilizes the far-field radiation technique. The
typical system operation consists of tag, reader and
information management system. The reader uses an
antenna to transmit radio energy to interrogate a transpond-
er or tag that is attached to the item to be identified.

Generally, the types of tag can be classified into three
different categories: active, semi-active and passive tags.
The active and semi-active tags are necessary to operate
with battery and it will limit the life time. The passive tag
has no problem about the energy restrictions that makes the
passive RFID systems will be used in many high-volume
applications, such as warehousing and retail  store

as
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applications [2-4] The passive tag consists of the antenna
used to receive the RF energy and the tag chip that is used
to convert RF to DC energies. The system requires novel
solutions for tag antennas to be used with different objects.
The communication in these systems is based on
backscattering of modulated electromagnetic wave. The
materials of object affects the performance of tag antennas,
and therefore considering the material of mounted the
object in tag antenna design is crucial for achieving reliable
identification with passive RFID technology [1]. There are
several products made from different materials such as
wood, plastic and metal in logistics system. The metallic
objects make strong reflection of the electromagnetic waves
in RFID communication. The performance of most RFID
tags will be degraded when it is mounted with metallic
object. One of the most challenges in the design of RFID
tag is to reduce the effects of interference from the metallic
surface, which is achieved for instance by inserting the tag
in a high permittivity substrate or embedding it with ground
plane [2]. In literature, there are many researches about the
design of metal RFID tag antenna in recent years such as the
invert-F antenna (IFA), planar invert-F antenna (PIFA), and
patch-type antenna [5-7].

This paper proposes the RFID tag antenna for the ap-
plications to distinguish metallic from non-metallic objects.
The allocated UHF band in Thailand is 920 — 925 MHz. In
Section 11, we show antenna configuration. The design and
simulation of results the proposed antennas are given in
Section III. Section IV presents our experimental. Finally,
conclusion is given in Section V.

I1. ANTENNA CONFIGURATION

In this section, the antenna configuration will be
addressed. The design antenna consists of a radiator with
T-structure strip on one side of a dielectric substrate and
defected ground plane on the other side. The advantages of
the designed structure includes low profile, light weight,
ease of fabrication, and low fabrication costs.

L

I, e

(a) Front view
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Figure 1. The propose antenna configuration

Figure 1 illustrates the antenna configuration. The
proposed antenna consists of T-structure including
longitudinal strip and rectangular strip with shorting-pin
connected to the ground plane. The ground plane was
defected to only 50 mm to make work well on metallic
object. The overall size of tag antenna (LxWxh) in this
paper is 90x20x3 mm’. The width (W) and length (L) of tag
antenna are suitable for implementation, which 1is
convenient to mount and remove tag antenna with
mountable objects. The antenna is designed on FR4
substrates with the thickness /& of 3 mm, relative permittivity
of 4.3 and loss tangent of 0.02. The width of rectangular
strip contained shorting-pin ¢, is fixed about /50 (3.12 mm)
which is very short comparing with wavelength. The length
of strip that is connected to the IC chip /; is first fixed at 20
mm and last length fixed at 4 mm. The width of the gap to
attach IC chip s is 2 mm. The thickness of T-structure strip
f; is 2 mm that is identical to the length of IC chip. The
width of parasitic parallel line 73 is 5.5 mm. The simple to
design and easy for fabrication are described.

111. ANTENNA DESIGN AND SIMULATION

In this section, the antenna design and the simulation
results will be addressed. The antenna was designed using
the CST MW Studio[8] and the antenna evolution is
initialized with T-structure to study the impedance
characteristic variations. Next, the second will be added to
parasitic parallel line. Both length of T-structure and width
of parasitic parallel can be used for adjusting the resistance
and the reactance of antenna to meet the required
specifications. And the last step will be defected of ground
plane to make maximum percentage of difference read
range of tag antenna between attach on metallic and in free
space.

A.  T-Structure and parasitic parallel antenna

Most of tag antennas are designed based on conjugate
match with the chip impedance for maximum power
transfer. To improve performance, gain, efficiency and
polarization of tag antenna are enhanced. In this paper,
metal tag antenna is designed for UCODE G2XL chip [9],
whose input impedance is about 21.65-j191.70 Q at 922.5
MHz.

la. T-Structure antenna

The antenna evolution is initialized with longitudinal
strip length of A/2 of T-structure show in figure 2 to study
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the variations of the impedance characteristics. This can be
used for adjusting the resistance and the reactance ) Bf
antenna to meet the required specifications.
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Figure 2. T-structure antenna configuration

The impedance of these parameter variations at the
operating frequency of 922.5 MHz are shown in figure 3.
The increased parameter / (length of longitudinal strip) is
also studied. The simulation results of the reactance and the
resistance are changed to shift the operating frequency.
Therefore, the parameter / can be control the impedance of
the RFID tag antenna. From those described in the above.
Matching impedance of antenna found that the adjustment
length of longitudinal strip of T-structure antenna,
resistance is mismatching impedance. To adjust the length
of longitudinal strip of T-structure antenna is not
appropriate to adjust the RFID tag antenna to matching
impedance. The next step will add a parasitic parallel line.
By placing parallel with a longitudinal strip line which will
be discussed in the next section
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Figure 3. Simulated impedance versus / at the operating frequency
on metallic plate

1b. T-Structure and parasitic parallel antenna

Figure la shows the structure of the RFID tag antenna
with a T-structure and parasitic parallel. The parameters
parasitic parallel line is placed parallel to the longitudinal
strip line which is the length of the parameters parasitic
parallel line will start at the same location as length of
longitudinal strip line. But the line long to the edge of the
antenna with the aim to ease of design. Then, we studied
characterization of the impedance of the RFID tag antenna
when changing the width of the parasitic line parameters (f;)
increments from the bottom of the RFID tag antenna.

Results of the impedance of the RFID tag antenna from
the model when changes in line widths parasitic line
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parameters display shown in Figure 4, it can seen that when
the width of parasitic parallel lines increased at the
operating frequency of 922.5 MHz, results that the
reactance and the resistance are changed to shift the
operating frequency. Therefore, in adjusting impedance of
the RFID tag antenna this match conjugate by adjust the
longitudinal strip length and width of the line parasitic
parallel will make the appropriate value.
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3
=
2
Reactance (€2)

10 ====s Target J k50

= T-Structure ond parasitic
parallel antenng

o b

] 1 2 3 4
1y (mm)

Figure 4. Simulated impedance versus 7; at the operating frequency

on metallic plate

2. T-Structure and parasitic parallel antenna with
defected ground plane

The objective of the antenna is designed to work well
with metallic objects. In other words that has meaning, does
not work when not mounted on a metallic placed such as in
the air, etc. So, after studying the various parameters, the
T-structure and parasitic parallel antenna has matching
impedance when attached to the metallic plate. Next,
change material of the simulated antenna is placed in a free
space. When calculating the percentage of transmission
coefficient, it is changed from 96.8% when mounted on a
metallic plate is 42.2% when placed in a free space. Then
calculates the maximum read range from the Friis free space
transmission equation .The percentage difference of the
maximum read range of the antenna was mounted on
a metallic plate and placed in the free space is equal to 50%
which is less than desirable. Thus, further studies to defect
the ground plane of the antenna when mounted on a metallic
plate and placed in the free space. Consider the
performance from maximum read range tags.
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Figure 5. Calculated result of read range antenna when in free space and

on metallic plate with vary size ground plane
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Figure 5 shows the maximum read range of T-structure
and parasitic parallel antenna when in free space and
metallic plate with vary size ground plane. From the graph,
the maximum read range of the antenna when mounted on
metallic plate is relatively stable, and when placed in a free
space has changed. Therefore, reducing the ground plane
will affect the reading range of the antenna when placed in
free space. In the graph of percentage difference of
maximum read range between mounted on metallic plate
and in free space, found that defected ground plane only of
50 mm will be the maximum percentage difference between
the maximum read range of the antenna when mounted on a
metallic plate and in free space are equal to 95%.

The optimum parameters of the propose antenna on
metallic object show in Table 1. The size of metallic object
is 1.5Ax1.5. mm’. These parametes can achieve the
impedance at the operating frequency (922.5 MHz) are
22.46+j197.14 Q and 3.6+j93.544, respectively.

TABLE 1. PHYSICAL DIMENSION OF TIHE ANTENNA PARAMETERS

Pnrnmmu. L W ! 1] 1 s ty ¥ g

Size in mm 90 20 754 4 2 314 SR 20PE80

The simulated result of radiation pattern in XZ-plane
and YZ-plane are shown in figure 6 and 7. In figure 6, it can
seen that the direction of the antenna main beam does not
vary with the size of the metallic plate, and its directivity is
increased as the of metallic plate increases. The simulated
result of radiation pattern of antenna on 1.5)x1.5% metallic
plate and in free space at the operating frequency are shown
in figure 7.The half-power beamwidth in XZ-plane and YZ-
plane are about 63.8 and 70.4 degrees respectively. The
front to back ratio is 12.7 dB.
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Figure 7. Simulated radiation pattern in free space
and on metallic material
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The actual tag antenna performance is the assessed
communication distance. Therefore, the loss power transfer
between chip and the proposed antenna is significant. The
power reflection coefficient is given by

re Z,+2Z, .
L. 42,

The R, and R, are the resistance of the antenna and IC
chip, respectively. In the same fashion, the impedance of the
antenna and IC chip are Z, and Z.. The |S))| expressed in
decibels

(N

RL(dB) = -20log,, |S,,| @)

is illustrated in Fig. 8. The |S;;| of the proposed antenna on
metallic object is less than -3 dB that cover the operating
frequency of 914-926. It is noted that this frequency range
can cover the operating frequency of UHF RFID
in Thailand (920-925MHz).

1S5 (dB)
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KO0 K50 200 950 1000
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Figure 8. Simulated |Sy)| of tag antenna on metallic object

IV. EXPERIMENTAL RESULT

In the measurement, a Motorola RFID Reader model is
XR450 [10] whereas the standard dipole antenna of reader
model is MP651B. The linearly polarized reader antenna
with the gain of 2.15 dBi[ll] were used in the
measurements. A photograph of the proposed tag antenna is
depicted in figure 9. The tag antenna was first measured in
free space and later attached to a 1.5Ax1.5% aluminum
metallic plate. The maximum read range of tag antenna in
free space and on metallic plate are 24 mm and 83 mm,
respectively.

1

| _ :

(a) Front view

T
6

I
T-!

Gl sl i3

¥ 8§ 48

(b) Rear view
Figure 9. Photograph of the prototype antenna
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This paper proposes UHF RFID tag antenna design for
the applications to distinguish metallic from non-metallic,
which it is design tag antennas that can be worked well with
metallic products. In the design, the defected ground plane
make to given maximum percentage of maximum difference
read range of tag antenna between on metallic plate and in
free space. It mean that tag is work well in metallic plate
and bad work in free space. The resistance and the
reactance of the proposed antenna can be adjusted by
changing longitudinal strip of T-structure and width of
parasitic parallel line. The simulation results illustrated the
performance of proposed antenna in terms of |S,,|, and the
advantage of proposed antenna is suitable for fabrication.
The experimental result shows that the maximum read range
of tag antenna in free space and on metallic object with size
of 1.5Ax1.5% aluminium metallic plate are 24 mm and 83
mm, respectively. The distance reading that is based on the
performance of readers and antennas to send data and make
it longer by adding the reader will send the data and the
gain of the antenna however, must be sent under the
standard constraints of the country are issued by the Nation-
al Telecommunications Commission. It is therefore con-
cluded that the proposed antenna can reduce the impact of
metals on the efficiency of the RFID tag antenna.
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A Compact Loop Antenna with Parasitic Split Ring for UHF RFID
Application

Kittima Lertsakwimarn, Rattapong Suwalak, and Chuwong Phongcharoenpanich
Faculty of Engincering, King Mongkut’s Institute of Technology Ladkrabang
Bangkok 10520, Thailand

Abstract — This paper presents a compact loop antenna with parasitic split ring for the reader
of the UHF RFID application. The proposed antenna is made up of the rectangular loop structure
(feeding element) and the parasitic split ring to reduce the overall antenna dimension. It is found
that the size can be decreased by 50% of the typical single loop antenna. The simulation is
carried out by using CST Microwave Studio program based on the Finite Integral Technique
(FIT). Furthermore, the antenna parameters are optimized using the Quasi Newton method.
The effect of the antenna parameters on the impedance bandwidth are investigated in this paper.
The comparison between the simulation and experimental results are also discussed. From the
results, the antenna has the |Sy,| less than —10dB along the bandwidth of 12 MHz (1.6%). It
can be operated in UHF RFID system in Thailand with the frequency band from 920 MHz to
025 MHz. The omnidirectional beam is obtained with the maximum gain of 1.5dBi at the center
frequency of 922.5 MHz. The antenna is designed on FR4-substrate. The overall size of the
proposed antenna is 51 mm x 38 mm x 0.8 mm (0.15Ax 0.11Ax 0.02)). It is easily embedded
inside handheld reader. Moreover, the proposed antenna is simple structure, low profile and easy
fabrication. Therefore, the compact loop antenna with parasitic split ring can be employed with
a handheld UHF RFID reader.

1. INTRODUCTION

Radio frequency identification (RFID) is a technology used for object identification. The RFID
technology has been used for many applications such as retail, transportation, manufacturing and
goods flow systems [1]. There are various frequency bands of RFID systems such as low frequency
(LF), high frequency (HF), ultra high frequency (UHF), and microwave frequency. The UHF-
RFID systems are very popular because the operating range is further than the LF- and HF-RFID
systems. The LF- and HF-RFID systems use the near-field coupling techniques whereas the UHF-
RFID utilizes the far-field radiation technique. The typical system operation consists of tag, reader
and information management system. The reader uses an antenna to transmit radio energy to
interrogate a transponder or tag that is attached to the item to be identified.

Generally, the RFID reader can be classified into two different categories: stationary and hand-
held readers. The advantage of handheld reader is used to read the data from the tags attached on
goods or materials that are not convenient to move. For this reason, the handheld reader is suitable
to use for crawl items in a retail store or warehouse management, including gathered information
about pallets of goods. The special considerations in the design of handheld reader antenna are
compact size, light weight, strong structure, durable use and convenient movement [2].

Iu recent years, there are many types of studied antennas for handheld RFID reader such as
a printed dipole antenna [3], three-clement printed Yagi antenna (4], helical antenna [2] and four
non-meandered printed inverted-F antenna [5], that mainly focus on the design of the compact size
antenna. By using the same fashion as the printed dipole antenna in 3], the proposed antenna
design utilizes the printed loop antenna with parasitic split ring on FR4-substrate.

This paper proposes the compact loop antenna and parasitic split ring on FR4-substrate for the
reader of RFID applications. The allocated UHF band in Thailand is 920-925 MHz. In Section 2,
antenna design is shown. The simulation and experimental results of the proposed antennas are
given in Section 3. Finally, conclusion is given in Section 4.

2. ANTENNA DESIGN

In this section, the antenna design and the simulation results will be addressed. The antenna
is simulated using the CST Microwave Studio [6], and the antenna evolution is initialized with
rectangular loop structure with total length of perimeter of one wavelength to study various char-
acteristics. Next, two parasitic parallel lines of the same size will be added which are placed above
and below of the rectangular loop. It is noted that the width of the loop and length of the parasitic
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parallel lines have identical size. The last step is to add the parasitic split ring in place of parasitic
parallel lines. The width and the length of the rectangular loop and parasitic split ring can be
adjusted to meet the required characteristics.

2.1. Rectangular Loop Antenna with Parasitic Parallel Lines

The simulation of the antenna evolution is initialized with the rectangular loop antenna with
perimeter of one wavelength on FR4-substrate as shown in Fig. 1(a). The antenna is designed to
operate at 922.5 MHz where it is the center frequency of UHF RFID band in Thailand. It is found
that the rectangular loop antenna can be operated at 922.5 MHz with omnidirectional pattern in
vertical plane. According to the principle of loop antenna when the circumference is about the
wavelength, the maximum radiation will be perpendicular to the plane of the loop. When the loop
size is smaller than one wavelength, the radiation is gradually changed from an omnidirectional
pattern in vertical plane to an omnidirectional pattern in horizontal plane [7]. Therefore, the
requirement of the antenna design is to radiate in horizontal plane of the loop. Then, parasitic
parallel lines will be add with the same size which are placed above and below the loop, in order
to reduce the size of loop antenna. Fig. 1(b) illustrates the rectangular loop antenna with parasitic
parallel lines configuration.

From the result of |S11| at the operating frequency of 922.5 MHz as shown in Fig. 2, it can be
seen that when add parasitic parallel lines, the | S11| is decreased. However, with the added parasitic
parallel lines of the loop antenna, the total size of the antenna cannot be sufficiently reduced. The
next step is to add the parasitic split ring structure in place of the parasitic parallel lines which
will be discussed in the next section.

2.2. Rectangular Loop Antenna with Parasitic Split Ring

In order to apply the antenna for handheld reader application in horizontal plane, the size of the
antenna and radiation pattern must be suitable for implementation with handheld RFID reader.
Fig. 3 shows the structure of the rectangular loop antenna and parasitic split ring. This structure
can be further reduced the overall size of the antenna. The proposed antenna parameters must be
optimized.

3. SIMULATION AND EXPERIMENTAL RESULTS

All simulations were performed by using CST Microwave Studio. The optimum antenna parameters
are tabulated in Table 1. The |S;;| versus frequency of the proposed antenna is shown in Fig. 4.
This antenna can be operated along the UHF RFID band. It is found that the |Sy;| is lower than
~10dB from 915 MHz to 930 MHz or 1.6% bandwidth of UHF band. For the measurement, a
photograph of the proposed prototype tag antenna is depicted in Fig. 5. The measurement of |S11]
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Figure 1: The antenua structure. (a) The single
rectangular loop antenna structure. (b) The rectan-
gular loop antenna with parasitic parallel lines struc-
ture.

Frequency (MHz)

Figure 2: The simulation result of the |S11| of the
single rectangular loop antenna and rectangular loop
antenna with parasitic parallel lines structure.

Table 1: The optimum antenna parameters.

Parameters | W | L | w;

I t1 | ta | ta | 81| 82 h |

Size in mm | 51 | 38 | 26.5

85|47 2|7

0.8 |
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Figure 5: Photograph of the proposed Figure 6: Simulated and measured radiation patterns at
prototype antenna. 922.5 MHz.

and radiation pattern was carried out using the Agilent E5230A vector network analyzer (VNA),
which agree fairly well with the simulation result, as shown in Fig. 4 and Fig. 6. The measurement
of |Sy1] is lower than —10dB from 916 MHz to 928 MHz (1.2% bandwidth).

4. CONCLUSIONS

A compact loop antenna with parasitic split ring is proposed in this paper. The proposed antenna
can be operated from 920 MHz to 925 MHz for the reader of the UHF RFID application. The
proposed antenna is achieved by using the rectangular loop structure (feeding element) together
with the parasitic split ring to reduce the overall antenna dimension. It is found that the size can
be decreased by 50% of the typical single loop antenna. The overall size of the proposed antenna is
51 mm x 38 mm x 0.8 mm (0.15A x 0.11A x 0.02)). The antenna radiates the omnidirectional beam.
The directivity is 1.7dBi at 922.5 MHz. The prototype was fabricated and measured to verify the
simulations. The measurement results show good agreement with the simulations ones. Thercfore,
the characteristics of the proposed compact loop antenna with parasitic split ring can achieve the
requirement of the UHF RFID application.
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