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Dual-circularly polarized antennas usually consist of a radiating structure and a feed network 

capable of generating the ±90° modes required for dual circular polarization. The problem 

is that these feed networks often take up a large amount of space. It was found that a compact 

dual-circularly polarized antenna could be made by placing a reduced-size hybrid coupler 

on top of the center conductor of a ring-slot antenna.  

 

Two cavity-backed ring-slot antennas are presented with unidirectional radiation properties. 

The first is a linearly polarized CPW-fed ring-slot antenna. A T-shaped CPW feed was used 

to capacitively excite the ring-slot structure. The bottom of the cavity is formed by an AMC 

reflector consisting of an array of rectangular patches, a substrate and an electric ground 

plane. Experimental results for the final antenna design with a size of 0.457λ0 × 0.457λ0 × 

0.056λ0 exhibits a 5.5% impedance bandwidth, maximum gain of approximately 7 dBi, a 

front-to-back ratio of 15 dB, and good cross-polarization.  

 

In the second design a reduced-size microstrip branch-line coupler was placed on top of the 

center conductor of the ring-slot in order to feed two T-shaped microstrip feedlines, in order 

to achieve dual circular polarization. Two coaxial cables were used to feed the branch-line 

coupler from the back of the structure. This resulted in a significantly better front-to-back 



ratio. Experimental results for the final antenna design with a size of 0.5λ0 × 0.5λ0 × 0.056λ0, 

exhibits a 4% isolation bandwidth, 12% impedance bandwidth, maximum gain of 

approximately 6.8 dBic, and good cross-polarization and axial ratio results were achieved. 

If the branch-line coupler is removed, dual-linear polarization can be achieved. This makes 

the antenna polarization diverse. Future work will focus on improving the isolation 

bandwidth without significantly increasing the overall size of the antenna. 

 

These antennas are simple to manufacture using simple photolithography as no shorting 

posts or solid sidewalls are necessary. It can potentially be used as a flush-mounted single 

radiator or as an element for an array. This polarization-diverse small-footprint and low-

profile antenna with relatively high gain is a good candidate for 2.4 GHz WLAN 

applications.  

 



LIST OF ABBREVIATIONS 

AMC Artificial magnetic conductor 

BAN Body area networks 

CP Circular polarization  

CPW Co-planar waveguide 

DCP Dual circular polarization  

EBG Electromagnetic bandgap  

FSS Frequency selective surface 

HIS High impedance surface 

HP Horizontal polarization 

LHCP Left-hand circular polarization 

MMIC Monolithic microwave integrated circuits 

PEC Perfect electrical conductor 

PMC Perfect magnetic conductor 

RFID Radio frequency identification 

RHCP Right-hand circular polarization 

UC Uniplanar compact 

UWB Ultra-wideband 

VP Vertical polarization 

WLAN Wireless local area network 
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CHAPTER 1   INTRODUCTION 

1.1 PROBLEM STATEMENT 

Circularly polarized (CP) antennas are commonly used in applications such as radio 

frequency identification (RFID), radar tracking and satellite communication systems. The 

use of circularly polarized antennas is attractive because it is known to reduce multi-path 

interferences and allows for flexible alignments between the transmitter and receiver 

antennas [1, 2]. Dual circularly polarized (DCP) antennas can send and receive signals with 

left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP) 

simultaneously. For line-of-sight communications it has been reported that antennas with 

circular polarization diversity can enhance channel capacity [2].  

 

Dual-circularly polarized antennas usually consist of a radiating structure and a feed network 

capable of generating the ±90° modes required for dual circular polarization. The problem 

is that these feed networks can take up a large amount of space. Even if the network was 

designed to be compact the placement of the network can increase the overall size of the 

antenna. Only a few DCP antennas have been reported in literature [2 – 10]. These antennas 

have been shown to either have low front-to-back ratios, low cross-pol discriminations or 

they are large in terms of overall size.  

 

Body area networks (BAN) have been gaining increasing research interest over the years; 

this is because these networks are used in a variety of applications such as: wearable 

computing, battlefield survival, health monitoring and patient tracking [11]. The antennas 

used in these applications needs to be compact, lightweight and due to their close proximity 

to the human body they are often required to have low back radiation emissions [11].  

 

Slot antennas are often used for portable units and unobtrusive base stations of mobile 

communication systems, and it is often required that the antennas be small and low profile 

[12]. Slot antennas are also known to have a bi-directional radiation pattern, which is not 

practical for such applications [12]. A variety of techniques are available to achieve uni-

directional radiation of a printed slot radiator [12 - 25]. One such method is to place an 
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electric conducting reflector below the slot. The typical distance to place such an electric 

reflector is a quarter of a wavelength [13, 14], resulting in antennas that have quite 

substantial heights. It is possible to use a smaller spacing between the antenna and electric 

ground plane, but impedance matching of the antenna may become a problem if the distance 

between the antenna and the reflector becomes too small. 

 

In order to reduce the profile of the slot radiator, the authors in [15 - 17] used a closely 

spaced electric ground plane with a series of shorting posts between the conducting layer of 

the slot and the ground plane. Another method involves placing a thin metal cavity behind 

the slot radiator [18 - 20]. Both these types of implementations achieved a fairly low front-

to-back ratios (no better than 15 dB), which makes these types of slot antennas undesirable 

for many applications. 

 

A more attractive solution is to use a meta-material based reflector behind the slot [12, 21 - 

25]. These types of reflectors can be place much closer than a quarter of a wavelength and 

can also be used to reduce the surface wave propagation on the reflector; which can 

drastically increase the front-to-back ratio [26]. 

1.2 RESEARCH OBJECTIVE AND QUESTIONS 

The main objective of the research was to investigate the ring-slot antenna geometry as a 

potential candidate of the further development of dual circularly-polarized antennas. The 

research aimed to design, analyze, and formulate a design procedure for a compact dual-

circularly polarized ring-slot antenna that has good unidirectional radiation properties. The 

proposed antenna should be designed to be manufactured using simple photolithography 

technology and operate in the 2.4 GHz WLAN band. The following research questions have 

been proposed: 

• What dual-circularly polarized antennas are available in literature?  

• What types of meta-material based reflectors are available in literature and how can 

they be used to improve the radiation characteristics of an antenna? 

• Is the ring-slot geometry a suitable candidate for this type of problem? 
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1.3 RESEARCH CONTRIBUTION 

The proposed antenna is a novel extension of the single polarized antennas proposed in [23, 

27] to obtain a dual-circularly polarized ring-slot radiator backed by an AMC reflector. The 

structure of the AMC reflector consists of a 2 × 2 patch array. The patch structure was chosen 

because it is known to be polarization invariant [28]. The two capacitive feeds are connected 

to a branch-line coupler in order to produce dual-circular polarization.  

 

The reduced size branch-line coupler proposed by Joubert et al. [29] was used and placed 

over the center conductor of the ring-slot and was fed with two coaxial lines through the 

back of the cavity. This means that dual-circular polarization could be achieved without 

increasing the overall size of the antenna. The antenna matching was achieved using a 

capacitive feed network as proposed in [30].  

 

Several simulation studies were performed in order to formulate a simple design procedure 

and to get an intuitive understanding of how the proposed antenna works. CST Microwave 

StudioTM was used to perform these simulations [31].  

 

As a first prototype a CPW ring-slot radiator with a linear polarization with an AMC reflector 

was also analyzed and manufactured. This prototype used a capacitive feed structure similar 

to that used in [27]. This antenna arrangement was investigated in order to show that the 

ring-slot geometry is an ideal basis for the further development of compact antennas with 

dual-polarization sense. The investigation also shows the advantages of using a coaxial back-

fed structure as opposed to a side-fed CPW structure. 

 

The end result and contribution of the research presented in this work is a very low profile 

and small footprint antenna with reasonable gain and bandwidth, with two ports for dual-

circular polarization operation, and very good front-to-back ratio and cross-polarization. To 

the author’s knowledge this is the smallest antenna published up to date that has a suitable 

bandwidth for use in 2.4 GHz wireless local area network (WLAN) communication systems. 

The proposed antenna is also the first dual-circularly polarized antenna for which a 
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metamaterial reflector has been used to achieve a compact and unidirectional antenna. The 

new antenna has a smaller footprint than most previously published dual-polarized antennas 

[2-9], and a better front-to-back ratio than any of the previously published works [2-10].  

1.4 OVERVIEW OF STUDY 

In Chapter 2 a literature study is presented which relates to various aspects of the proposed 

antenna designs. Metamaterial reflectors and various antenna geometries were investigated. 

The literature study also shows that ring-slot antennas are versatile structures which can be 

implemented to have both frequency and polarization diversity. Various dual-circularly 

polarized antennas are compared in terms of size and performance. The literature study 

concludes by giving background knowledge and possible benefits of the proposed dual-

circularly polarized antenna design. 

 

In Chapter 3 a simulation study is presented to investigate various aspects relating to the 

design of a dual-circularly polarized ring-slot antenna loaded with an AMC reflector. This 

investigation was performed through various CST simulations. Both CPW and microstrip 

feeding structures were investigated. A dual capacitive feed configuration with polarization 

diversity was also investigated, as well as an analysis on a square patch AMC reflector. The 

rest of the Chapter focuses on the design of two ring-slot antennas loaded with AMC 

reflectors, the first of which is a capacitively-fed CPW ring-slot antenna and the second a 

dual-circularly polarized ring-slot antenna. 

 

Chapter 4 presents results for two prototypes of ring-slot antennas loaded with AMC 

reflectors. The Chapter shows how the measurements were performed and how the measured 

data was processed. The measured results are shown to be in good agreement with the 

simulated results. 

 

Chapter 5 concludes this thesis by giving an overview of what was achieved by this work. 

A full comparison of results achieved by this and previous work is presented. Future 

improvements and possible applications are also discussed.  



 

 

CHAPTER 2   LITERATURE STUDY 

2.1 CHAPTER OBJECTIVES 

This chapter will review the literature available that deals with the various aspects related to 

the design of a compact dual-circularly polarized antenna with uni-directional properties. In 

Section 2.2 of this study, background knowledge on metamaterial reflectors is given. This 

section also discusses the different types of metamaterial reflectors found in literature. 

Section 2.3 investigates various kinds of compact antennas found in literature, and how these 

antennas could potentially be used to implement a dual-circularly polarized antenna. This 

section also discusses how antennas with AMC reflectors have been implemented in 

previous research. In Section 2.4 different types of slot antennas are investigated. In this 

section the various feeding mechanism of the ring-slot geometry is also discussed. In Section 

2.5 results of dual-circularly polarized antennas found in literature are discussed and 

compared. This chapter concludes by giving background knowledge on the proposed dual-

circularly polarized antenna. 

2.2 METAMETERIAL BASED REFLECTORS 

2.2.1 Advantages of using a metamaterial surface reflector 

Flat metal reflectors are often used to achieve uni-directional radiation properties from bi-

directional or omni-directional antennas. The presence of the conductor can improve the 

antenna gain by redirecting the energy in the back lobe into a forward direction, which is 

known to increase the gain by 3 dB [23]. When a perfect electric conductor (PEC) reflector 

is placed in close proximity to a radiator, the image currents of the antenna tends to cancel 

out, resulting in degraded radiation patterns [26].  This is because a PEC reflector has a 

reflection phase of 180°. Another disadvantage of using a closely spaced metal reflector is 

that it makes impedance matching only possible over a narrow bandwidth [28]. In order to 

avoid these problems metal reflectors are typically placed a λ/4 away from the radiator, 

resulting in an antenna with a substantial height [13, 14]. 

  



CHAPTER 2 LITERATURE STUDY 

 

Department of Electrical, Electronic and Computer Engineering 6 

University of Pretoria 

A perfect magnetic conductor (PMC) has a reflection phase of 0° which allows for in-phase 

reflection when placed in close proximity to a radiator, without severe impedance matching 

degradation [28]. Both PMC and PEC reflectors supports a parallel-plate mode that is also 

excited in the region between the radiator and the closely spaced reflector, which causes an 

increase in stored electromagnetic energy and results in a reduced radiation efficiency [23, 

28]. They also support surface waves, which will propagate until they reach a discontinuity 

like an edge or a corner at which point these waves scatter into free space, which often results 

in a significant ripple in the radiation pattern [26].   

 

In the work done by Vallecchi et al. [32], a simulation study was performed comparing the 

directivities and input impedances of a planar dipole on top of PEC and a PMC reflector at 

various spacing distances. When a small spacing between the reflectors and the dipole was 

used, it was found that for the PEC case the directivity was significantly higher, while for 

the PMC case had a better return loss. They investigated a third case where a dipole was 

placed on top of a metamaterial based reflector in close proximity. It was found that the 

metamaterial based reflector case combined the advantages of both PEC and PMC ground 

planes [32]. This case achieved a higher forward directivity than the PEC case and a better 

impedance bandwidth than the PMC case [32]. 

2.2.2 Fundamental concepts of metamaterial surfaces 

The term metamaterial is often used to describe a material that is artificially engineered to 

have unique or unusual electromagnetic properties [33, 34]. Electromagnetic bandgap (EBG) 

metamaterials has the property of exhibiting a stopband (over a limited frequency band) 

where surface waves cannot propagate and antenna radiation efficiency is improved [23, 34]. 

The most common terms used to describe metamaterial reflectors in literature are: high 

impedance surfaces (HIS), artificial magnetic conductors (AMC) and reactive impedance 

surfaces (RIS) [32, 34]. Note that these terms often describe similar types of structures and 

are often used interchangeably. Metamaterial surfaces have also been reported in multiband 

and ultra-wideband (UWB) applications [25, 35]. The term frequency selective surfaces 

(FSS) are also commonly used to describe some these types of metamaterial surfaces [25, 
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35]. These structures are known to be large, and the area of each unit cell has to be increased 

dramatically for each band that is added.  

 

The structure of a single layer metamaterial reflector usually consists of a repeating pattern 

(unit cell) etched on top of a substrate and a ground plane at the bottom of the structure. In 

many cases, a via connecting each unit cell to the ground plane is added [36]. An EBG 

surface has a reflection phase that varies continuously from +180° to -180° as a function of 

frequency. The region from < 180° to > 0° is known as the inductive region, and the < 0° to 

> -180° region is known as the capacitive region. At the 0° reflection phase point (��) the 

surface impedance is very high and behaves like a PMC, whereas when the phase tends 

asymptotically towards ±180° it has a very low impedance and behaves like a PEC [32, 37]. 

AMC reflectors are usually designed to operate near the 0° region, since in this region the 

front-to-back ratio will be at its highest. When a AMC reflector is designed to operate in the 

90° ±45° inductive region, it can be shown to enhance the operating bandwidth of the EBG 

surface, although operating in this region is known to cause pattern degradation in some 

cases [28, 32]. 

 

The fundamental concepts of how AMC reflectors work were summarized by Sievenpiper 

et al. [26]. This work proposed the popular “mushroom” structure which consist of 

conductive square or honeycomb shaped patches with vias connecting the unit cells to the 

ground plane. According to this work the operation of an AMC reflector is similar to that of 

a corrugated metal slab commonly used in corrugated waveguide antennas [26]. A flat 

conducting metal sheet has a very low surface impedance. When closely spaced λ/4 slabs is 

added, the surface impedance is transformed to a high impedance. Similarly the “mushroom” 

structure transforms the low impedance of the ground plane into a high impedance, as shown 

in figure 2.1. The capacitance can be adjusted by changing the ratio of the patch size and the 

spacing between the patches. The inductance and the bandwidth of the surface impedance is 

increased by increasing the height of the structure. Equation (2.1) shows the relationship 

between the surface capacitance, inductance and the ±90° reflection phase bandwidth. This 

arrangement allows the profile to be significantly smaller in profile than a wavelength [26]. 
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Equation (2.1) also applies to AMC and RIS surfaces, although the inductance is modelled 

differently [28].  

 

 

 

 

Figure 2.1.  Transformation of the corrugated surface into a high impedance surface [23]. 

2.2.3 AMC geometries 

This subsection will focus on investigating different AMC geometries found in literature. 

The authors Sohn et al. [37] performed a comparative study on four types of AMC surfaces 

namely: a uniplanar compact EBG (UC-EBG) [38], a first order Peano curve [39], a second 

order Hilbert curve [40], and a “mushroom” type AMC surface [26]. The UC-EBG and the 

Peano curve achieved a similar reflection phase bandwidth. The Hilbert curve achieved the 

lowest reflection phase bandwidth, although it also had the smallest unit cell size. Both the 

Hilbert and the Peano curve only have one axis of symmetry, which makes these structures 

undesirable for polarization diversity applications. The “mushroom” geometry was found to 

have the largest reflection phase bandwidth and the unit cell size was similar to that of the 

UC-EBG and the Peano curve EBG. It has been suggested that the presence of the vias could 

cause an additional ripple in the radiation pattern if the vias are not flush to the surface of 

the unit elements [32]. 

 

In [12] the authors did a simulation study comparing the “mushroom” with a patch AMC 

(without any vias) and found that the “mushroom” structure yielded a marginally better 

reflection phase bandwidth [12]. The authors also investigated the Jerusalem cross AMC 

  C 

+   - 

  L 
<< λ 

<< λ << λ 

~ λ/4 
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structure [41] and concluded that the reflection phase bandwidth was substantially less than 

the patch AMC [12]. In [42] the authors presented results of a UWB circularly polarized 

antenna on top of dual-layer AMC surface. Both layers of the AMC consisted of periodic 

patches. A single layer patch AMC was also designed and the results of the antenna on both 

types of AMC structures were compared and it was found that the dual-layer structure 

achieved a marginally improved impedance bandwidth.   

 

Baracco et al. [43] proposed a spiral AMC surface. This is an interesting geometry because 

it is one of a few AMC geometries which is asymmetrical, and which is suitable for use as a 

reflector for an antenna with circular polarization. Due to the asymmetry of the structure, it 

is suspected that this type of geometry will not be suited for dual-circularly polarized 

antennas. 

 

A commonly used AMC surface is the “dog-bone” shaped geometry [11, 32]. This type of 

structure can be made significantly smaller in the direction orthogonal to the polarization 

sense (direction of the cross-polarization) than the patch structures discussed earlier, and can 

achieve a phase reflection bandwidth similar to that of the patch structure. This structure 

only has one axis of symmetry, which makes this type of AMC structure only suitable for 

single linearly polarized antennas. 

2.3 COMPACT ANTENNAS AND DESIGN CONSIDERATIONS 

In this section various antennas are investigated that could potentially be used to implement 

a compact dual-circularly polarized antenna with a unidirectional radiation pattern. In the 

literature it was found that AMC reflectors were implemented on a vast array of printed 

radiators such as: curl antennas [43], dipoles [32], monopoles [11, 44], patch antennas [1, 

28, 34, 45, 46], and slot antennas [12, 23, 25].  

 

Curl antennas are often used in applications where circular polarization is required.  This 

type of antenna is inherently circularly polarized which means that it only requires a simple 

feed network in order to produce a circular polarization sense [43]. In order to have dual-

circular polarization, two curl antennas with opposite polarization sense would be required, 
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which would increase the overall size without increasing the gain, since only one of the 

antenna elements can be excited at a given time. This make the use of curl antennas 

undesirable for use in circular polarization diversity applications.  

 

Vallechi et al. [32] proposed a fully planar folded dipole placed on top of a “dog bone” 

shaped AMC reflector. The dipole used in this work was very compact, having an overall 

lateral size of only 0.3λ0 × 0.054λ0. The problem with dipoles antennas in general, is that 

they often require a balun (balanced to unbalanced transformer) in order to function properly, 

since dipoles are balanced structures and feeding structures like coaxial cables and 

microstrip transmission lines are unbalanced structures [32]. These balun structures can take 

up a significant amount of space. For the case of the work in [32], the balun transformer had 

overall size larger than that of the dipole.  

 

Jiang et al. [11] published results for a very compact printed monopole radiating above a 

“dog bone” shaped AMC. The final dimensions of this antenna were 0.5λ0 × 0.3λ0 × 0.028λ0. 

It achieved a -10 dB input reflection bandwidth of 5.5%, maximum gain of 6.2 dBi, and 

front-to-back ratio of 25 dB and cross-polarization discrimination better than 20 dB. What 

is interesting from these results is that the AMC structure only consisted of four unit 

elements, and still managed to achieve good results. Mckinzie et al. [44] proposed a dual 

linear antenna consisting of two orthogonally overlapping bent wire monopoles placed on 

top of an AMC reflector. The final dimensions of this antenna were 0.3λ0 × 0.3λ0 × 0.02λ0 

and achieved an isolation of 25 dB over the impedance bandwidth of 2.6%. This 

implementation only achieved a maximum gain of 3 dBi with a front-to-back ratio of only 7 

dB, although it is suspected that this pattern degradation is caused by the fact that the 

monopoles were placed too close to the AMC reflector.  

 

Patch antennas can also benefit from being implemented with AMC reflectors. This is 

usually done by placing the unit cell elements in between the ground plane and the patch [1, 

28, 34, 45, 46]. Ren et al. [46] did a simulation study using a patch antenna on top of an 

AMC structure with various lateral sizes and number of unit elements. It was found that the 

bandwidth increases as the number of elements increases. When the lateral size of the AMC 
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reflector was increased, it was found that the bandwidth only increased up to an optimal 

point and then decreased as the size continues to increase. These results show that when 

considering the bandwidth of the antenna with loaded with an AMC reflector, it is important 

to consider the overall dimensions of the AMC structure as well as the unit cell dimensions. 

The end result of this research was a patch antenna on top of an AMC consisting of a 4 × 4 

patch array, with the height of the AMC substrate being 0.05λ0. The structure has overall 

dimensions of 0.833λ0 × 0.833λ0 × 0.0625λ0, and operated from 2.4 GHz to 2.6 GHz with a 

return loss better than 10 dB. This implementation achieved a gain and front to back ratio of 

4.2 dBi and 15 dB respectively.  

2.4 SLOT ANTENNAS 

2.4.1 Different types of slot antennas found in literature 

A slot radiator above an AMC reflector is often regarded as an open cavity problem, where 

the objective is to minimize the radiation leakage from the open sides of the cavity [12]. 

Joubert et al. [12] showed that the energy leakage from the open cavity can be minimized if 

the cavity dimensions (the upper and lower cavity surfaces are respectively the AMC 

reflector ground plane and the slot radiator ground plane) are optimized [12]. It was found 

that when the cavity dimensions are chosen incorrectly a significant portion of the energy 

can radiate outwards from the cavity’s open walls. This work also presented results of a 

CPW-fed rectangular slot radiator backed by an AMC reflector. The final dimensions of the 

slot radiator were 1.02λ0 × 0.82λ0 × 0.063λ0. This antenna achieved a 5% impedance 

bandwidth, low cross-polarization, and a front-to-back ratio of 25 dB.  

 

Various other slot geometries were found in literature such as the square slot antenna [47], 

rhombus shaped slot antennas [48], the stair-shaped slot antenna [49], and the ring-slot 

geometry [15, 24, 27, 50 - 53]. Chen et al. [47] proposed a UWB square slot antenna fed 

with an offset patch feed structure. This implementation achieved an impedance bandwidth 

of 124% and had an overall lateral size of 1.55λ0 × 1.55λ0, which is fairly compact when 

considering the large operating bandwidth. The results from this work show some pattern 

breakup and a very low cross-polarization discrimination (close to 0 dB) in various 
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frequency regions within the band.  Lin et al. [48] proposed a CPW-fed multiband rhombus 

shaped slot antenna, which operated in the 2.4/5.2/5.8-GHz WLAN bands. From the results 

it is clear that this implementation achieved very low cross-polarization discrimination. 

Wang et al. [49] proposed a compact circularly polarized stair shaped slot antenna. This 

implementation had an overall lateral size of 0.545λ0 × 0.363λ0, and achieved a 3 dB axial 

ratio bandwidth better than 31%. This antenna also achieved reasonable radiation patterns 

and good cross-polarization discrimination.  

2.4.2 Ring-slot antennas found in literature 

The ring-slot or annular slot antennas are known to have a compact structure and is often 

used in aircraft and spacecraft applications [54].  Ring-slot antennas are versatile structures 

and can be designed to have frequency and polarization diversity [14, 27, 50, 52].   

 

Several methods exists to produce circular polarization in a ring-slot antenna. One such 

method involves breaking the symmetry of the ring-slot in order to produce two orthogonal 

modes [24, 51]. Another commonly used method involves the use of an L- or a V-shaped 

feed structure [15, 50]. The use of a splitter network where the outputs are 90° out of phase 

have also been shown to be a good way to produce circular polarization in ring-slot antennas 

[14].  

 

Ring-slot antennas usually have relatively narrow impedance bandwidths [19], although 

several methods exists that can significantly increase the bandwidth. Elek et al. [23] showed 

that the bandwidth of a CPW-fed ring-slot can be improved by the use of a quarter- wave 

impedance transformer, although this is an undesirable feed structure since it increases the 

size of the structure significantly. A capacitive coupled feed structure is a more compact 

solution to this problem. Sim et al. [27] published results of a dual-band CPW-fed ring-slot 

antenna with a capacitively coupled feed. The results shows a -10 dB input reflection 

bandwidth which covers a frequency range 1.97 GHz to 4.25 GHz (73.3%) and 4.92 GHz to 

5.93 GHz (18.6%). In the first frequency band a peak gain of 5 dBi was measured and a 

cross-polarization discrimination of better than 10 dB. In the second band the co-polarization 

radiations patterns exhibits deep nulls and a cross-polarization discrimination close to 0 dB. 



CHAPTER 2 LITERATURE STUDY 

 

Department of Electrical, Electronic and Computer Engineering 13 

University of Pretoria 

The overall lateral size of the antenna was 0.52λ0 × 0.52λ0 at the center frequency of the first 

band (3.11 GHz). Gallo et al. [52] published results of capacitively-fed dual-linear UWB 

ring-slot antenna shorted at two points. The results show a return loss and isolation of 10 dB 

and 15 dB respectively over a bandwidth 120%. The overall lateral size of the antenna was 

0.5λ0 × 0.5λ0. When comparing the result from the ring-slot antennas in [27] and [52] to the 

CPW-fed ring in [23], it is clear that a capacitively coupled ring-slot antennas are 

advantageous in terms of bandwidth and overall size.  

2.5 ANTENNAS WITH DUAL-CIRCULAR POLARIZATION 

2.5.1 Dual-circularly polarized antennas in literature 

Dual-circularly polarized antennas are usually implemented in a single or dual feed 

configuration. An example of a single feed dual-circularly polarized antenna is when a slot 

antenna without a reflector is circularly polarized, the top beam would have the opposite 

circular polarization sense than the bottom part of the beam [15, 49].  This is undesirable 

since the antenna needs to be turned 180° in order to change polarization sense.   Another 

type of single feed dual-circularly polarized antennas is when a dual-band antenna is 

designed to have different circular polarization senses in each of the bands. This type of 

configuration is commonly used in RFID applications [55]. In order to have single feed dual-

circular polarization over the same bandwidth and in the same direction, PIN diodes or RF-

MEMS switches are required, which can significantly increase manufacturing costs [3]. The 

work by Row et al. [50] showed that a ring-slot antenna with an “arrow” shaped feed and 

three pin-diodes could switch between RHC, LHC and a single linear polarization depending 

on the state of the diodes.  

 

In order to implement dual-circular polarization over the same bandwidth and in the same 

direction, a dual feed configuration is needed. Microwave components such as circulators, 

and directional couplers are often used to generate dual-circular polarization [5]. These 

components are convenient since they are known to have a high isolation [5]. Dual-circular 

polarization is often attained by feeding a dual-linear antenna with a 90° hybrid coupler [3, 

5, 9]. Depending on the excitation port this directional coupler can produce outputs that are 
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either plus or minus 90° out of phase, which in turn can then either produce a RHC or LHC 

polarization [3].  

 

Hong et al. [9] proposed a dual-circularly polarized microstrip cogwheel shaped annular ring 

antenna. A planar reflector was placed underneath the antenna structure at a distance of 

approximately λ/4. Three-wire transmission lines were used to feed the antenna at two 

points, and a 90° hybrid coupler was used to produce the dual-circular polarization. The 

overall size of the antenna was 0.85λ0 × 0.85λ0 × 0.28λ0, and the results shows an effective 

bandwidth of larger than 8.5 %, where the effective bandwidth is defined as the frequency 

region where the axial ratio is better than 3 dB and the return loss and isolation are greater 

than 10 dB. Lai et al. [5] presented results for a dual-circularly polarized patch antenna fed 

by two H-shaped slots and a 90° hybrid coupler. The overall size of the antenna was 0.73λ0 

× 0.73λ0 × 0.067λ0. The results show an effective bandwidth of 16%, a front-to-back ratio of 

11 dB, and a cross-polarization discrimination of 16 dB. When looking at the feeding 

structures of these two antennas, it is clear that the hybrid coupler can take up a significant 

amount of space.  In order to make antennas more compact, couplers with varactor diodes 

are often used [3].  

 

For patch antennas many other feeding structures can be used to produce dual-circular 

polarization [2, 3, 7, 10]. Wu et al. [2] proposed a dual-circularly polarized patch antenna 

that is fed with a suspended L-shaped lines, which was located in between the patch and the 

ground plane. The suspended line is connected to the patch by three probe feeds, where two 

of the probes were placed near the ends of the L-shaped line, and one probe was placed in 

the corner of the L-shaped line. The suspended line structure was connected to the LHCP 

and RHCP feed connectors via two probe feeds at the ends of the L-shaped line. The overall 

size of the antenna was 0.8λ0 × 0.8λ0 × 0.125λ0. The results show an effective bandwidth of 

12%, a cross-polarization discrimination of 10 dB, and a fairly good front-to-back ratio of 

15 dB. 

 

Narbowics et al. [3] proposed a dual-circularly polarized patch antenna that has a feed 

network that uses even and odd mode excitations of a CPW transmission line in order to 
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generate dual-circular polarization. The even mode was excited by a CPW line that splits off 

into two slot lines, where one of the slot lines are 90° longer than the other. These lines in 

turn feed the patch antenna orthogonally. The odd mode was excited through a microstrip 

feed that crosses the CPW line orthogonally and is then terminated in a radial stub, causing 

a microstrip to CPW transition. This is a novel method to generate dual-circular polarization, 

although the problem with this implementation is that there is a significant difference 

between the gain achieved for the LHC excitation (even mode) and RHC excitation (odd 

mode). The realized circular gains for the LHC- and RHC excitation were 7.23 dBic and 

5.77 dBic respectively. The overall size of the antenna was 0.8λ0 × 0.8λ0 × 0.125λ0. The 

results show an effective bandwidth of 12%, a cross-polarization discrimination of 10 dB, 

and a fairly good front-to-back ratio of 15 dB. 

 

The authors in [7] published results for a dual-circularly polarized patch antenna that is 

implemented with a microstrip ring feed network. The microstrip ring structure was placed 

behind the ground plane of the patch antenna and travelled, radially through four cross slots, 

which was used to couple to the patch radiator. In order to decrease backwards radiation a 

metal cavity was placed behind the cross-slots. The ports were placed on either side of the 

microstrip ring structure, in order to excite the LHC and RHC polarizations. The overall size 

of the antenna was 0.94λ0 × 0.94λ0 × 0.189λ0. The results show an effective bandwidth of 

16%, a cross-polarization discrimination of 17 dB, a front-to-back ratio of 13 dB, and a 

maximum gain of 9.8 dBic. A similar type of DCP patch antenna was proposed in [10]. The 

antenna in this work used a microstrip ring structure with two cross slots to feed a corner 

truncated patch with a square hole. The structure had a very compact overall size 0.5λ0 × 

0.5λ0 × 0.025λ0. The results from this antenna showed an effective bandwidth of only 1%. 

The antenna also had a fairly good front-to-back ratio and cross polarization discrimination 

of better than 15 dB.  

 

2.5.2 Proposed dual-circularly polarized ring-slot antenna 

A compact dual-circularly polarized antenna with uni-directional properties should have the 

following properties: a high impedance bandwidth, high isolation between the feeding ports, 
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radiations patterns with high front-to-back ratios, and a high cross-polarization 

discrimination. By examining the results from previous dual-circularly polarized antennas 

(as discussed in Section 2.5.1), it was found that these antennas  either have low front-to-

back ratios, low cross-polarization discriminations or they are large in terms of overall size.  

 

The ring-slot geometry (discussed in Section 2.4.2) was found to be a suitable candidate for 

this problem since it is known to be compact and can achieve a fairly high impedance 

bandwidth when a capacitive feed structure is used [27, 30, 52]. The proposed antenna 

consists of a ring-slot antenna where two capacitive feeds are connected to a branch-line 

coupler in order to produce dual-circular polarization, backed by an AMC reflector. The 

structure of the AMC reflector consists of a 2 × 2 single layer patch array. The patch structure 

was chosen because it is known to be polarization invariant [28].  

 

The reduced size branch-line coupler proposed by Joubert et al. [29] was used and placed 

over the center conductor of the ring-slot and was fed with two coaxial lines through the 

back of the cavity. To the best of the author’s knowledge, this type of feeding arrangement 

has not been implemented in this way in any previous publications. The advantage of using 

this type of feeding structure is that dual-circular polarization could be achieved without 

increasing the overall size of the antenna. The new antenna has a smaller footprint than most 

previously published dual-polarized antennas [2-9], and a better front-to-back ratio than any 

of the previously published works [2-10]. 

 

 

 

 



 

 

CHAPTER 3   SIMULATION STUDY 

3.1 CHAPTER OBJECTIVES 

This chapter aims to investigate various aspects relating to the design of a dual-circularly 

polarized cavity-backed ring-slot antenna loaded with an AMC reflector. This investigation 

was performed through various CST simulations.  

 

In Section 3.2 several CPW-fed ring-slot antennas are analyzed. The purpose of this 

simulation study was to determine what influence the parameters of the ring-slot has on the 

input impedance and radiation characteristics. This section aims to show how the addition 

of a capacitive feed network can improve the impedance bandwidth without increasing the 

overall size of the antenna.  

 

In Section 3.3 ring-slot antennas with microstrip capacitive feeds are analyzed. The 

parameters of the capacitive network was categorized to show how this feeding mechanism 

differs from the CPW case. A dual-feed configuration was also investigated in order to show 

how well it works as a polarization diverse antenna. 

 

In Section 3.4 the square patch AMC reflector was analyzed using both CST simulations and 

the theory described in [26, 28]. This section also includes the design and simulation results 

of a capacitively-fed CPW ring-slot antenna loaded with an AMC reflector.  

 

In Section 3.5 the design and simulation results of a dual-circularly polarized cavity-backed 

ring-slot antenna loaded with an AMC reflector is presented.  

 

3.2 CPW-FED RING-SLOT ANTENNAS 

3.2.1 Simulation study of a CPW-fed ring-slot antenna 

Simulation results for a CPW-fed ring-slot antenna are presented in this section. The 

structure is similar to that of the work in [23, 53], and consists of circular slot cut out of a 

planar conducting plane and placed on top of a substrate,  as shown in Figure 3.1. The 
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structure was fed with a ~50 Ω CPW transmission line, where the width of the center line 

and gap size were 3 mm and 0.25 mm, respectively. The slot length l is defined as the 

circumference along the center of the slot, and should be approximately equal to a 

wavelength.  

 

 

Figure 3.1.  CPW-fed ring-slot antenna. 

 

The purpose of this simulation study was to determine what effect that the slot width w and 

slot length l have on the input impedance.  This experiment also investigated the effect that 

the ground plane size L has on the overall performance of the antenna. The simulations were 

performed using CST Microwave StudioTM [31]. Due to the narrow band nature of the 

simulation study, the “Frequency domain solver” was used for all the simulations in this 

chapter [31]. To increase the accuracy of the simulations, adaptive meshing was applied at 

the center frequency (2.45 GHz). 

 

The radiating slot element substrate was chosen as Rogers RO4003, with εr = 3.38, tan δ = 

0.0021, with a height of 0.813 mm. Note that the datasheet for Rogers RO4003 suggests that 

L 
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relative permittivity εr of 3.55 be used for electromagnetic computation, although this 

discrepancy is not sufficiently substantiated.  

 

A waveguide port was used to excite the CPW line, and a reference plane was added at the 

end of the CPW line, as shown in Figure 3.1. For this study the ground plane size L was 

chosen as 100 mm. The antenna was matched to 50 Ω at 2.45 GHz by adjusting the slot 

width to 4 mm and a slot length to 161.8 mm. Figures 3.2 and 3.3 illustrates how impedance 

matching of a ring-slot antenna can be achieved, by adjusting one parameter at a time. For 

the cases where the slot width is adjusted while the slot length was kept constant, the shape 

of the curve becomes less pronounced as the slot width is increased, as shown in Figure 3.2.  

The results in Figure 3.3 shows that the reactance becomes higher (more inductive) as the 

slot width is increased. For the cases where the slot length is adjusted while the slot width is 

kept constant, both the input resistance and reactance shifted in frequency. Figures 3.4 and 

3.5 shows how the impedance changes at 2.45 GHz as the parameters w, l is adjusted, 

respectively.  

 

 
Figure 3.2.  Input resistance over frequency, where one parameter was adjusted at a time from the 

referance case. The reference is the case where w = 4 mm, l = 161.8 mm.  
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Figure 3.3.  Input reactance over frequency, where one parameter was adjusted at a time from the 

referance case. The reference is the case where w = 4 mm, l = 161.8 mm. 

 

 
Figure 3.4.  Input impedance over slot length l at 2.45 GHz, where w = 4 mm. 
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Figure 3.5.  Input impedance over slot width w at 2.45 GHz, where l = 161.8 mm. 

 

The next part of this experiment was to determine how the performance of the antenna is 

affected if the ground plane size L is reduced. Figure 3.6 shows the return loss over frequency 

for several CPW-fed ring-slot antennas at various values of L. The slot width and slot width 

of each case was adjusted in order for the antenna to resonate at 2.45 GHz. Table 3.1 shows 

the value of the adjusted parameters, the maximum gain (dBi), and the cross-polarization 

discrimination (dB). From the results in Figure 3.6, an increase of the -10 dB input reflection 

bandwidth is noted as the ground plane size is decreased, which is most prominent in the 

low end of the band. A possible reason for this is that the loss of the antenna is increased as 

the ground plane size is reduced. Table 3.1 shows a decrease in gain and an increase in cross-

polarization discrimination as the ground plane size is decreased. From these results it is 

clear that size of the ground plane needs to be carefully considered in order to achieve the 

desired characteristics. 
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Figure 3.6.  Amplitude of S11 over frequency, for CPW-fed ring-slot antennas designed at various 

ground plane sizes. 

 

Table 3.1. Optimized parameters and summary of pattern data when parameter L is adjusted. 

Chosen 

L (mm) 

Optimized slot 

width w (mm) 

Optimized slot 

length l (mm) 

Gain (dBi) H-plane cross-pol. 

discrimination (dB) 

60 3.5 154.2 4.05 17.83 

70 4 158.8 4.40 11.84 

80 4.1 159.9 4.57 8.56 

90 4.1 161 4.73 6.82 

100 4 161.2 4.98 5.98 

 

3.2.2 Capacitively-fed CPW ring-slot antenna. 

In this section results for a capacitively-fed CPW ring-slot antenna are presented. The 

structure is a simplified version of the antenna proposed in [27]. The feeding mechanism 

consists of a radial stub with a stub angle θ, a stub width w2, and separated from the center 
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CPW transmission line, with dimensions similar to that of the structure in Figure 3.1. The 

simulation setup was also similar to that of the previous section.  

 

 

Figure 3.7.  Capacitively-fed CPW ring-slot antenna. 

 

The purpose of this simulation study was to characterize the effect that the feeding 

parameters (θ, w2, and d) has on the input impedance. For this study the ground plane size L 

was chosen as 60 mm. As a first step the antenna was matched to 50 Ω at 2.45 GHz. The slot 

width w, slot length l, and stub width w2 were chosen as 7 mm, 140 mm, and 3 mm 

respectively. The feed parameters θ and d were then adjusted to 107° and 0.45 mm, 

respectively. 

 

Figures 3.8 and 3.9 illustrates the effect on the input impedance by adjusting one of the 

feeding parameters at a time. For the cases where either the w2 or d were adjusted the input 

resistance either increased or decreased, while the input reactance remained fairly constant. 

On the other hand when θ was adjusted the input reactance either increased or decreased, 

while the input resistant remained fairly constant. It is also important to note that these 
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reactive and resistive changes were fairly consistent over the frequency band, which is a 

convenient property for impedance matching. Figures 3.10 to 3.12 shows how the impedance 

changes at 2.45 GHz as the parameters θ, w2, and d is adjusted. These results shown are 

consistent with the parametric results on capacitively-fed microstrip annular ring antennas 

in [30].  

 

 
Figure 3.8.  Input resistance over frequency, where one parameter was adjusted at a time from the 

referance case. The reference is the case where θ = 107°, w2 = 3 mm, and d = 0.45 mm.  

 

 
Figure 3.9.  Input reactance over frequency, where one parameter was adjusted at a time from the 

referance case. The reference is the case where θ = 107°, w2 = 3 mm, and d = 0.45 mm. 
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Figure 3.10.  Input impedance over stub angle θ at 2.45 GHz, where w2 = 3 mm and d = 0.45 mm. 

 

 
Figure 3.11.  Input impedance over feed gap d at 2.45 GHz, where θ = 107° and w2 = 3 mm. 
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Figure 3.12.  Input impedance over stub width w2 at 2.45 GHz, θ = 107° and d = 0.45 mm. 

 

 

The dimensions w and l were chosen as fixed values so far, so in this next study three 

different cases are investigated. This was done in order to see if the performance of the 

antenna changes drastically for different values of the slot dimensions. Figure 3.13 shows 

the return loss over frequency for three capacitively-fed ring-slot antennas. The stub angle θ 
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for the cases requiring more than two parameters to be adjusted [31]. 
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discrimination. The case where w = 10 mm and l = 130 mm achieved the highest maximum 

gain and the optimized value of θ was significantly smaller than the other cases. This is a 

convenient property for an orthogonal dual feed case, where the feed stub angle must be less 

than 90°.  
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 Figure 3.13.  Amplitude of S11 over frequency, for three different design cases. 

 

Table 3.2. Optimized parameters and summary of pattern data when parameter L is adjusted. 

Chosen 

slot width 

w (mm) 

Chosen 

slot length 

l (mm) 

Optimized Feed 

stub angle θ 

(degrees) 

Optimized 

Feed gap d 

(mm) 

Gain 

(dBi) 

H-plane cross-pol. 

discrimination (dB) 

7 130 110 1 4.05 21.7 

7 140 107 0.45 4.40 20 

10 130 83 1.7 4.57 19.32 

 

Figure 3.14 shows the E-field distribution for the case where w = 7 mm and l = 130 mm. 

This figure illustrates the basic operation of a capacitively-fed ring-slot antenna. Since the 

structure is symmetrical in the E-plane, no significant cross-polarization component exists. 

In the H-plane however a cross-polarization component can exists, due to the asymmetry in 

this plane. Figure 3.15 shows the radiation patterns in the E-plane and H-plane. The E-plane 

pattern shows a null on the horizon, and no significant cross-polarization fields.  
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Figure 3.14.  E-field distorbution for the w = 7 mm and l = 130 mm case. 

 

 
Figure 3.15.  Radiation pattern in the E-plane and H-plane for the w = 7 mm and l = 130 mm case. 
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a capacitive stub and was placed on the top side of the substrate. The main advantage of 

using this type of feeding configuration is that it has a convenient structure for the 

implementation of a dual-circularly polarized antenna, which would require a dual-feed 

configuration that is connected to a branch line coupler. The single feed configuration was 

first investigated, in order to better understand how the input impedance changes as the feed 

parameters are adjusted.  A probe feed was used to excite the microstrip line, since it was 

found that the use of a waveguide port in this configuration can negatively impact the 

radiation pattern.  

 

 

Figure 3.16.  Ring-slot antenna with a single center-fed microstrip capacitive feed, with the 

following optimized dimensions: l = 140 mm, w = 10 mm, d = 4.5 mm and  θ = 90°.  

 

For this study the ground plane size L was chosen as 60 mm. The width of the microstrip 

line wm was chosen as 1.75 mm, which corresponds with a 50 Ω transmission line. The width 

of the angular feed stub w2 was also chosen as 1.75 mm. In order to leave enough space for 
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parameter d2 was chosen as 9.5 mm. The antenna dimensions l, w, θ and d were optimized 
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in order to achieve an optimal performance in terms of matching and cross-polarization 

discrimination in the frequency band of interest. The values of these parameters are shown 

in Figure 3.16 and the achieved return loss in shown in Figure 3.17. The return loss across 

the bandwidth of interest is approximately 35 dB, which is comparable to the results of the 

capacitively-fed CPW ring-slot antennas in Figure 3.13.  

 

 
Figure 3.17.  Return loss over frequency at the probe feed. 

 

 

The maximum gain and cross-polarization discrimination of 3.8 dB and 22.4 dB was 

achieved, respectively. When comparing these result to the results from the capacitively-fed 

CPW ring-slot antennas shown in Table 3.2, the results from the antenna in Figure 3.16 

achieved a lower gain and a higher cross-polarization discrimination. Figure 3.18 shows the 

radiation pattern in the two principle planes, which is comparable with the pattern data in 

Figure 3.15. Figure 3.19 shows the E-field distribution on the antenna surface. The field 

strength in the H-plane is significantly less than field strength in the E-plane. This means 

that a second feed could potentially be placed in one of the regions with low intensity E-field 

density with minimal cross talk between the feed elements.  
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Figure 3.18.  Radiation pattern in the E-plane and H-plane. 

 

 

 
Figure 3.19.  E-field distorbution. 

 

Since a probe feed was used to excite the microstrip line, mathematical de-embedding was 

required in order to obtain the impedance at the reference point, which is located where the 

microstrip line ends, as shown in Figure 3.16. Equation (3.1) shows the standard lossless 

transmission line equation used to transform the impedance from the feed point to the 

reference position. The characteristic impedance Z0 and the wavenumber β were determined 

through CST for a given value of the microstrip line width wm.  
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Figures 3.20 to 3.22 show how the impedance changes at 2.45 GHz as the parameters θ, w2, 

and d are adjusted. The results from Figure 3.20 shows that when θ was adjusted the input 

reactance either increased or decreased, while the input resistant remained fairly constant, 

similar to the trend shown in Figure 3.10. For the cases when either w2 or d were adjusted 

the input resistance either increased or decreased, although an inverted relationship to the 

results shown in Figure 3.11 and 3.12 is observed. Also note while the input reactance also 

changed significantly as the parameters w2 or d were adjusted. This makes the matching more 

difficult than for the capacitively-fed CPW ring-slot case. Matching can still be achieved by 

first adjusting the parameters w2 or d until the desired input resistance is achieved, then by 

adjusting θ, the desired input reactance can be achieved.  

 

 
Figure 3.20.  Input impedance at the reference over stub angle θ at 2.45 GHz, where d = 4.5 mm, 

w2 = wm = 1.75 mm. 
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Figure 3.21.  Input impedance at the reference over feed gap d at 2.45 GHz, where θ = 90°, w2 = 

wm = 1.75 mm. 
 

 

 
Figure 3.22.  Input impedance at the reference over stub width w2 at 2.45 GHz, where θ = 90°, d = 

4.5 mm, wm = 1.75 mm. 

 

Note that the optimal matching was achieved when θ = 90°, which is too large for the use of 

a orthogonal dual-feed network. So a method of reducing this angle (other than increasing 

the slot width) was investigated. It was found that by reducing the width wm, the input 

inductance can be increased and the stub angle θ can then be decreased. Figure 3.23 shows 

the input impedance at the reference as the width wm is adjusted.  
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Figure 3.23.  Input impedance at the reference over feed width wm at 2.45 GHz, where θ = 90°, d = 

4.5 mm, w2 = 1.75 mm. 

 

3.3.2 Ring-slot antenna with center-fed microstrip capacitive feed. 

In this section a ring-slot antenna with a single center-fed microstrip capacitive feed was 

extended to an orthogonal dual-feed configuration. The structure is shown in Figure 3.24. 

The impedance matching was found to work in a similar way to the single feed case, although 

for the dual-feed case the isolation between the ports also becomes a crucial design concern. 

It was found that only the slot width w and the slot length l have a significant effect on the 

isolation. The maximum achievable isolation was found to be mainly determined by the slot 

width w, while the frequency where the maximum isolation is located was found to be 

determined by the slot length l.  
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Figure 3.24.  Ring-slot antenna with dual center-fed microstrip capacitive feeds. 

 

As a first design attempt the antenna parameters were optimized while keeping the microstrip 

width wm at 1.75 mm (~50 Ω). The goal was to achieve a minimum return loss and a 

maximum isolation in the bandwidth of interest. Figure 3.25 shows the return loss and 

isolation for this design attempt (labelled “Case 1”). The results shows a return loss and 

isolation of 20 dB and 12 dB in bandwidth of interest, respectively. The return loss is 

significantly higher than the results achieved for the single feed case. In order to improve 

the return loss, the width wm was also optimized together with the other parameters. The 

results for this design attempt is also shown Figure 3.25 (labelled “Case 2”), and the 

optimized parameters for both cases are shown in Table 3.3.  From the result is clear that the 

return loss improved significantly from the initial design.  
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Figure 3.25.  S-parameters over frequency for two design cases. 

 

Table 3.3. Optimized parameters of the two design cases.  

Case slot width 

w (mm) 

slot length 

l (mm) 

Stub angle 

θ (degrees) 

Feed gap 

d (mm) 

Stub 

width w2 

(mm) 

Feed width 

wm (mm) 

1 10 145 80 5 1.75 1.75 

2 10 145 66 5 1.75 1.2 

 

The results in Figure 3.25 shows that the isolation remained fairly constant even though the 

stub angle θ was decreased from 80° to 66°, which seems counter-intuitive. In order to 

investigate the origin of the weak isolation, the E-field distribution on the antenna surface 

was simulated, as shown in Figure 3.26. Note that t = 0 was defined as the time where the 

field had a maximum in the +y direction. What was learned from this simulation is that a 

portion of the field that travels along the center conductor couples to the microstrip line of 

the second feed.  A portion of the coupled energy gets re-radiated by the second capacitive 

feed and causes a fairly significant cross-polarization component, as shown in Figure 3.26b. 
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Figure 3.26.  E-field distorbution for a Port 1 excitation: (a) ωt = 0,(b) ωt = π/4. 

 

In order to generate a circular polarization in the antenna, both ports were fed simultaneously 

with a 90° phase difference. For a LHCP excitation the ports were fed with a voltage ratio is 

 v1¯ /v2¯   = 1∠90°. For this excitation a boresight axial ratio of 5.5 dB at 2.45 GHz was 

observed, which is undesirably high for many applications. It is suspected that this was 

caused asymmetrical field components shown in Figure 3.26b. As an attempt to improve the 

axial ratio, different amplitude ratios of |v1/v2| was experimented with. The results are shown 

in Figures 3.27 and 3.28. These results show a significant improvement in axial ratio as the 

voltage amplitude ratio |v1/v2| was decreased. This is a convenient solution since this type of 

signal excitation can be realized by using an un-equal split branch-line coupler, and would 

work equally well for a LHC or RHC excitation. When the phase ratio ∠v1/v2 was adjusted 

from 90°, no improvement was noted. It was found however that the phase could be varied 

by ±1° without any noticeable adverse effects on the axial ratio.  The radiation pattern in 

shown in Figure 3.29 for a |v1/v2| = 0.7 excitation. For this excitation, a gain of 3.5 dBic was 

achieved, which is lower than what was achieved of the single-feed case.  

 

 

(a) (b) 
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Figure 3.27.  Axial ratio over theta angle θ at 2.45 GHz in the YZ-plane, for various excitations of 

|v1/v2|∠90°. 

 

 
Figure 3.28.  Axial ratio over theta angle θ at 2.45 GHz in the XZ-plane, for various excitations of 

|v1/v2|∠90°. 
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Figure 3.29.  Radiation patterns in the YZ-plane and XZ-plane at 2.45 GHz, for a v1¯ /v2¯  = 0.7∠90° 

excitation. 

 

3.4 RING-SLOT ANTENNAS LOADED WITH AMC REFLECTORS 

3.4.1 Square patch AMC analysis and design. 

In Section 2.2.2 the basic operation of an AMC reflector was explained. This section will 

present the design and analyses of a square patch AMC reflector. This analyses is based on 

the equations in [26, 28]. The work by Sievenpiper et al. [26] showed that the surface 

impedance of a “mushroom” type AMC can be described in terms of an equivalent 

capacitance and inductance. The capacitance is dependent on the size of the patches and the 

spacing between the patches, while the inductance is dependent on the height of the via that 

connects the top and bottom sections of the AMC surface [26]. The surface impedance of an 

AMC reflector is described in Equation (3.2). According to [28], the capacitance and 

inductance is equivalent to that of a CPW transmission line on top of a ground plane. The 

dimensions of the AMC patch array is shown in Figure 3.30. The height of the AMC 

structure was defined as h. In order to simulate an infinite sized patch array AMC surface, a 

single unit cell was placed inside the boundary conditions shown in Figure 3.30. Note that 

the PEC side walls are orthogonal to the direction of the E-field, while PMC side walls are 

parallel to the direction of the E-field. 
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Figure 3.30.  CST simulation setup with dimensions of AMC unit cell. 

 

The reactance XC is defined in Equation (3.3) and the equivalent capacitance is defined in 

Equations (3.4 - 3.6) [28]. Equations (3.4) states that the capacitance C is approximately 

equal to the capacitance per unit length multiplied by the effective length a
~
. According to 

[28], the effective length must be chosen less than the patch size a. The authors did not go 

into detail of how this value should be chosen. Working back from the example they gave, 

it was determined that they used an effective length of a
~
 = 0.7a. Equation (3.6) shows how 

the effective permittivity ε was calculated. In this equation it is assumed that half of the 

energy is located in the free space above the AMC, while the other half is located in the 

region between the patches and the ground plane.  
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The reactance XL is defined in Equation (3.7) and the equivalent inductance is defined in 

Equations (3.8 - 3.9) [28]. Equation (3.7) shows that the inductance can be expressed as an 

equivalent transmission line with a characteristic impedance Zh. The surface impedance η 

can then be converted to a reflection coefficient using Equation (3.10). 

 

 
 

 
 

 
 

 
 

By choosing εr = 3.38, s = 1.5 mm, h = 3.048 mm, and a
~
 = 0.7a, the patch size was adjusted 

until Equation (3.10) resulted in a 0° phase at 2.45 GHz. The same was done for a CST unit 

cell simulation, as shown in Figure 3.30, where the direction of the E-field was defined in 

the direction one of the PEC walls. When equation (3.10) was used the optimized patch size 

was found to be 26.3 mm. For the CST simulation the optimized patch size was found to be 

25.5 mm, where the parameter εr, s, h was chosen the same. The results from Equation (3.10) 

was compared to a CST unit cell simulation, as shown in Figure 3.31, where the direction of 

the E-field was defined in the direction one of the PEC walls. The simulated and calculated 

results in Figure 3.31 are in good agreement. 
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Figure 3.31.  Simulated and calculated reflection coefecient. 

 

Now that a solid mathematical foundation has been established, some design aspect of AMC 

reflectors can be investigated. As mentioned in Section 2.2.2 the fractional phase bandwidth 

is dependent on the capacitance and the inductance of the surface, as shown in Equation (2.1) 

[26]. For a given center frequency however, it seems that the capacitance does not influence 

the achievable fractional bandwidth. This can be illustrated by rearranging Equation (2.1), 

as shown in Equation (3.11). From this it is clear that the fractional bandwidth can only be 

increased by increasing the surface inductance or be choosing a higher the center frequency. 

 

 
 

The fractional phase bandwidth is often defined as the frequency range over which the phase 

response is greater than -90° and less than +90°. Some authors have noted that a good 

impedance match is often only achievable where the phase is greater than -45° and less than 

45° [11, 12]. In order to determine the ±45° fractional phase bandwidth, the Equation (3.10) 

was solved numerically for a given height and the capacitance was adjusted until the 

reflection phase was 0° at the desired frequency (2.45 GHz). Figure 3.32 shows how the 

bandwidth increases as the height is increased. Note when εr was increased, the bandwidth 

decreased for higher values of h. Figure 3.33 shows unit cell size for a given substrate height 

and Figure 3.34 shows unit cell size for a given relative permittivity εr of the substrate. The 
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results in Figures 3.32 and 3.33 show that the overall size of the unit cell can be reduced by 

either increasing the height h or increasing the relative permittivity εr of the substrate. 

 

 
Figure 3.32.  Calculated ±45° fractional phase bandwidth  for a given AMC height h and patch 

spacing s. 

 

 
Figure 3.33.  Calculated unit cell sizes (a + s)  for a given AMC height h and patch spacing s. 
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Figure 3.34.  Calculated unit cell sizes (a + s)  for a given AMC relative permitivity εr height h and 

patch spacing s. 

3.4.2 Capacitively-fed CPW ring-slot on top of an AMC reflector. 

The cavity-backed ring-slot antenna loaded with the AMC reflector as shown in Figure 3.35.  

The substrate used for both the radiating slot and the AMC reflector was Rogers RO4003, 

with εr = 3.38 and tan δ = 0.0021. For the radiating slot element a substrate height h1 was 

chosen as 0.813 mm. The height of the substrate h2 primarily controls the bandwidth of the 

AMC reflector and was chosen as 3.048 mm in order to have a ±45° reflection phase 

bandwidth of 6.5%. 

 

 
Figure 3.35.  Printed CPW-fed ring-slot antenna above an AMC reflector. 

 

The basic AMC reflector structure consisted of 2 × 2 array of patches spaced 3.0 mm below 

the radiating element. It was found that when the spacing between the antenna and the AMC 

reflector was reduced, the front-to-back ratio was significantly worsened. The AMC reflector 

dimensions a and s was chosen as 25.5 mm and 1.5 mm, respectively, in order for the 
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structure to resonate at 2.45 GHz. A rectangular cavity dimension L = 56 mm was used for 

this design. A slot width of w1 = 10 mm was chosen, and optimized slot length of l = 134 

mm was used. 

 

The parametric study showed that the two dimensions have an almost independent effect on 

the real and imaginary parts of the input impedance. Figure. 3.36 shows that the imaginary 

part of the input impedance changes significantly as the angle θ is adjusted, while the real 

component stays relatively constant. Figure. 3.37 shows the effect of varying d while 

keeping the angle θ constant, with the imaginary part almost unchanged as function of 

dimension d. These results are consistent with the parametric study in Section 3.12, which 

shows that the feed structure is fairly unaffected by the AMC reflector. 

 

 
Figure 3.36.  Input impedance of the ring-slot antenna as the stub angle was varied. The distance d 

was kept at a constant value of 1.89 mm. 
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Figure 3.37.  Input impedance of the ring-slot antenna as the parameter d was varied. The angle θ 

was kept at a constant value of 70°. 

 

Table 3.4 summarizes some design dimensions and characteristics for different slot widths 

(all performed for the same cavity dimension L = 56 mm). The CPW feedline dimensions 

wCPW = 3 mm and sCPW = 0.25 mm were used. From these results it is clear that the impedance 

bandwidth increases as the slot-width increases. The front-to-back ratio and the cross-

polarization are optimum for a specific slot width, which may be affected to a minor degree 

by the choice of the rectangular cavity dimension. The design process involved choosing the 

slot width and determining the optimum cavity dimension, and then an optimization process 

for the slot length and feed parameters to achieve impedance matching of the antenna. Figure 

3.38 shows the reflection coefficient of the w1 = 10 mm case and shows a -10 dB input 

reflection bandwidth of 5.5 %. 

 

Table 3.4. Ring-slot radiators with different slot widths.  

Slot width 

w1 [mm] 

Slot length l 

[mm] 

θ 

[degrees] 

d  [mm] -10 dB 

Band. [%] 

F/B ratio 

[dB] 

X-pol. 

[dB] 

7 124 77.6 1.51 4.1 20.1 21.1 

10 132 70 1.89 5.5 31 27 

13 131 24 0.5 6 30.7 15.1 
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Figure 3.38.  Input reflection coeficient for the case where w1 = 10 mm. 

 

The radiation patterns was also simulated for the w1 = 10 mm case. Figure 3.39 shows the 

radiation patterns in the principle planes at the center frequency. The co-polarization patterns 

are fairly similar in the ±90° region. Figure 3.40 shows how the gain changes over frequency. 

The results show a gain better than 6.9 dBi over the 2.4 GHz to 2.5 GHz bandwidth, with 

maximum gain of 7.23 dBi. Figures 3.41 and 3.42 shows how the front-to-back ratio and the 

cross-polarization discrimination changes over frequency, respectively. In the bandwidth of 

interest a front-to-back ratio better than 23 dB and a cross-polarization discrimination better 

than 25 dB was achieved.  

 

 
Figure 3.39.  Radiation patterns in the E-plane and H-plane at 2.45 GHz, for the case where w1 = 

10 mm. 
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Figure 3.40.  Gain over frequency for the case where w1 = 10 mm. 

 
Figure 3.41.  Front-to-back ratio over frequency for the case where w1 = 10 mm. 

 
Figure 3.42.  H-plane cross-polarization discrimination ratio over frequency for the case where w1 

= 10 mm. 

0

2

4

6

8

10

2.3 2.35 2.4 2.45 2.5 2.55 2.6

G
ai

n
 (

d
B

i)

Frequency (GHz)

16

18

20

22

24

26

28

2.3 2.35 2.4 2.45 2.5 2.55 2.6

F
ro

n
t-

to
-b

ac
k
 r

at
io

 (
d
B

)

Frequency (GHz)

16

18

20

22

24

26

28

2.3 2.35 2.4 2.45 2.5 2.55 2.6

H
-p

la
n
e 

cr
o
ss

-p
o
l.

 (
d
B

)

Frequency (GHz)



CHAPTER 3 SIMULATION STUDY 

 

Department of Electrical, Electronic and Computer Engineering 49 

University of Pretoria 

3.4.3 Dual-fed microstrip ring-slot loaded with an AMC reflector. 

In this section the dual-fed antenna from Section 3.2.2 was placed on top of an AMC reflector 

which consisted of 2 × 2 array of patches spaced 3.0 mm below the radiating element. Once 

again the substrate heights h1 and h2, was chosen as 0.813 mm and 3.048 mm respectively. 

This section also attempts to determine whether the coaxial cables that is required for a 

center-fed implementation, can have a significant effect on the performance of the antenna. 

As a first design attempt the parameters of the antenna was optimized without any coaxial 

feed lines. A second design attempt included the loadings effects of the coaxial cable, by 

modeling it as two lossy conductive cylinders that extends from the ground plane of the 

AMC reflector to the center conductor of the ring-slot antenna. The S-parameters for both 

designs are shown in Figure 3.43, and the optimized parameters are shown in Table 3.5. 

 

 
Figure 3.43.  S-parameters of the dual-feed antennas. 
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Table 3.5. Optimized parameters for the two design cases.  

Case Slot 

width w1 

[mm] 

Slot 

length l 

[mm] 

Stub 

angle θ 

[degrees] 

Feed 

gap d1 

[mm] 

Stub 

width w2 

[mm] 

Feed 

width wm 

[mm] 

Patch 

size a 

[mm] 

Patch 

spacing 

s [mm] 

1 10 145 65 5 1.75 1.2 23.2 1.5 

2 10 127.5 70 2.83 0.88 0.45 25.5 1.5 

 

 

For the first design (Case 1) a -10 dB input reflection bandwidth of 5.6 % was achieved, 

which is similar to what was achieved with the CPW-fed antenna discussed in Section 3.3.2. 

Across the 2.4 GHz to 2.5 GHz bandwidth of interest an isolation of better than 19 dB was 

achieved. As mentioned earlier the resonant frequency can be shifted higher or lower by 

adjusting the slot length. The resonant frequency can also be shifted in frequency by 

adjusting the patch size to gap ratio a/s, although it was found when this ratio was adjusted 

too far from its natural resonance frequency, the front-to-back ratio can be significantly 

reduced. 

 

For a second design attempt (Case 2) metal cylinders with a diameter of 2.1 mm was added 

to the simulation model.  The diameter of the cylinders corresponds to the outside diameter 

of a SUCOFORM SM 86 coaxial cable. The inside corners of some of the AMC patches 

were slightly modified because an open gap (r1 = 1.6 mm) was etched to electrically isolate 

the outer coaxial cable conductor from the AMC patches, as shown in Figure 3.44. The 

placement of the coaxial cables d2 was found to be very important. When the coaxial cables 

are not centrally located within the structure, it was found that the AMC reflector did not 

function as intended, causing the impedance matching to only be possible over a 

significantly smaller bandwidth. When d2 was chosen as 3 mm, a reasonable -10 dB input 

reflection bandwidth of 4.6 % could be achieved. For this design the isolation was 13 dB 

across the bandwidth of interest, which is significantly less than what was achieved in the 

previous case. This reduction in isolation can be attributed to the low value of the feed gap 

d1 = 2.83 mm that was used, in order to achieve the desired impedance bandwidth.  
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Figure 3.44.  AMC reflector used for Case 2. 

 

Figure 3.45 shows the radiation pattern for the Case 2 antenna that is excited at Port 1. The 

purpose of this simulation was to show how well the antenna works when used as a dual-

linear antenna. The antenna achieved a maximum gain of 6.92 dBi, a front-to-back ratio of 

24 dB, and a cross-polarization discrimination of 18 dB. These results show that the antenna 

works fairly well as a dual-linear polarized antenna. When the axial ratio study discussed in 

Section 2.2.3 was repeated and a voltage ratio of |v1/v2| = 0.6 was once again found to result 

in the highest axial ratio beam width at the center frequency. When the axial ratio over 

frequency was investigated it was found that a voltage ratio of |v1/v2| = 0.75 produced the 

highest 3 dB axial ratio bandwidth. 
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Figure 3.45.  Radiation patterns in the YZ-plane and XZ-plane at 2.45 GHz, for a Port 1 excitation 

on the Case 2 antenna. 

 

3.5 RING-SLOT ANTENNAS LOADED WITH AMC REFLECTORS 

3.5.1 Reduced size Branch line coupler design. 

A conventional branch-line coupler for a Rogers RO4003 substrate would have a diameter 

of around 27 mm, which is too large to fit on the center conductor of the ring-slot, and hence 

a miniaturized version of such a coupler had to be used. The polar curves proposed in [29] 

were used to construct the branch-line coupler. Figure 3.46 shows the reduced size branch-

line coupler fed with 50 Ω microstrip lines. The radial length from the center of the ring-slot 

structure to the middle of the curved microstrip line as a function of ϕ is described in 

Equation (3.11). rx is the minimum radius of the function. The constants B1 and B2 are the 

amplitudes of the sinusoids for the low impedance and high impedance lines respectively.  

 

-50

-40

-30

-20

-10

0

-180 -135 -90 -45 0 45 90 135 180

R
ad

ia
ti

o
n
 p

at
te

rn
 (

d
B

)

Theta θ (GHz)

YZ-Plane: Co-pol. YZ-plane: X-pol.

XZ-plane: Co-pol. XZ-plane: X-pol.



CHAPTER 3 SIMULATION STUDY 

 

Department of Electrical, Electronic and Computer Engineering 53 

University of Pretoria 

 

Figure 3.46.  Simulation setup that was used to test the performance of the branchline coupler. 

 

 

 

Numerical investigation on the antenna described in Section 3.3.3 showed that an unequal 

90° hybrid coupler is required for the largest 3 dB axial ratio. It was found that a |v1/v2| = 

0.75 or 1.25 dB difference in magnitude between the two input ports of the dual-feed antenna 

is fairly optimum. For the case where the outputs (inputs of the dual-linear antenna)  are 

chosen as Port 2 & 3, respectively, RHC polarization the phase and magnitude difference 

between capacitive feeds should be 90° and -1.25 dB (for LHC -90° and 1.4 dB). The branch-

line coupler was designed to achieve the desired coupling with a return loss and isolation 

better than 15 dB across the bandwidth of interest. The final dimensions for the branch-line 

coupler are as follows: w2 = 1.75 mm, w3 = 1.86 mm, w4 = 2.86 mm, rx = 9.5 mm, B1 = 0.79 

mm, and B2 = 1.13 mm. The S-parameters of the designed coupler is shown in Figure 3.47. 

The amplitude and phase difference is shown in Figures 3.48 and 3.49, respectively. 
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Figure 3.47.  Amplitude and phase difference of the branch-line coupler. 

 

 
Figure 3.48.  Amplitude difference of the branch-line coupler. 
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Figure 3.49.  Phase difference of the branch-line coupler. 

 

3.5.2 Dual circular ring-slot antenna loaded with an AMC reflector. 

In this section the simulated results of the proposed dual circular ring-slot antenna loaded 

with an AMC reflector is presented. The dual linear antenna described in Section 3.3.3 (Case 

2) was integrated with the branch-line coupler in Section 3.4.1. The microstrip branch-line 

coupler shown in Section 1.5.1 was placed on top of the center conductor of the ring-slot 

plane, to feed the two capacitive microstrip feedlines from the inside of the slot, as shown in 

Figure 3.50. Probe feeds were used to excite the 50 Ω microstrip-line inputs of the coupler. 

The coaxial cables were modelled as conductive cylinders which connected the ground plane 

of the AMC reflector with the center conductor of the ring-slot radiator and the AMC 

structure shown in Figure 3.44 was used.  
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Figure 3.50.  Dual-feed ring-slot antenna fed with a reduced size branch-line coupler. 

 

When the S-parameters were simulated it was found that the minimum S21 was at slightly 

lower than 2.45 GHz. To compensate for this the slot length l was reduced to 125.3 mm. The 

simulated S-parameters of this implementation is shown in Figure 3.51. The results show a 

10 dB isolation bandwidth of 4 % and a return loss of better than -12 dB across the bandwidth 

of interest. When comparing these results with the S-parameter results for the dual-linear 

case shown in Figure 3.43, it is clear that the -10 dB input reflection bandwidth 

approximately corresponds to the 10 dB isolation bandwidth for the dual-circular case and 

vice versa for the isolation response of the dual-linear antenna.  

 

 
Figure 3.51.  S-parameters of the dual-circular antenna. 
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Figure 3.52 shows the radiation patterns in the principle planes for a Port 1 excitation 

(RHCP). A front-to-back ratio better than 35 dB, and a cross-polarization discrimination of 

better than 20 dB is observed. Figure 3.53 shows a realized gain greater than 6 dBic in the 

band of interest with a maximum gain of 6.7 dBic. Figures 3.54 and 3.55 respectively shows 

how the front-back ratio and the cross-polarization discrimination changes over frequency.  

 

 
Figure 3.52.  Radiation patterns at 2.45 GHz for a Port 1 excitatiom. 

 

 
Figure 3.53.  Bore-sight gain over frequency. 
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Figure 3.54.  Front-to-back ratio over frequency. 

 

 
Figure 3.55.  Cross-polarization discrimination over frequency. 
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Figure 3.56 shows the axial ratio over angle θ for various angles of ϕ. From this data a 3dB 

axial ratio beamwidth of around 90° is observed, which corresponds with the 3 dB 

beamwidth shown in Figure 3.52. The bore-sight axial ratio was found to be better than 3 dB 

in the bandwidth of interest and the minimum axial ratio was found to be 1.2 dB, as shown 

in Figure 3.57.  

 

 

Figure 3.56.  Axial ratio at 2.45 GHz for a Port 1 excitation. 

 

 
Figure 3.57.  Bore-sight axial ratio over frequency. 
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CHAPTER 4   MEASURED RESULTS 

To validate the simulation results from the previous sections, two prototypes were 

manufactured and measured. The first was based on the CPW-fed ring-slot design presented 

in Section 3.4.2. The second prototype was based on the dual circularly polarized design 

presented in Section 3.5.2. The S-parameters of the manufactured prototypes were measured 

using a calibrated HP8150 VNA. The gain and relative pattern measurements were measured 

at the Compact Antenna Range of the University of Pretoria. 

4.1 CPW-FED RING-SLOT ANTENNA 

4.1.1 Prototype assembly and S-parameter measurements 

For the CPW-fed ring-slot antenna loaded with an AMC reflector the 10 mm slot width case 

(see Table 3.4) which achieved the best front-to-back ratio and cross-polarization was 

manufactured and measured. Figure 4.1 shows photographs of the manufactured prototype.  

 

The prototype consisted of three single sided PCBs (printed on Rogers RO4003 substrate), 

where the ring-slot PCB had a height of 0.813 mm and the AMC reflector consisted of two 

layers of 1.524 mm substrate. The structure was held together at each corner by Teflon 

fasteners, and a 3 mm spacers (also Teflon) was placed in between the ring-slot and AMC 

reflector. The plastic fasteners also ensured that no air gap in between the AMC PCBs were 

present. 

 

To compensate for the mounting holes in the structure, the dimensions of the AMC was 

changed to a = 25.5 mm and s = 1.3 mm. The manufactured prototype resonated at 2.43 

GHz, which is approximately 1% below the design center frequency of 2.45 GHz. It is 

suspected that this difference is mainly due to the relative permittivity εr tolerances of the 

substrate. The antenna was experimentally tuned (using copper tape) by increasing angle θ 

slightly. A comparison between the simulated and measured reflection coefficient (before 

and after the angle θ was tuned) of the antenna is shown in Figure 4.2.  
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Figure 4.1.  CPW-fed ring-slot antenna prototype: (a) top view of ring-slot PCB, (b) top view of 

AMC reflector PCB, (c) assembled prototype with angle θ adjustment. 

 

The reflection coefficient data shows that the response of the simulated and the measured 

data is similar, although the measured data is shifted lower in frequency. The measured data 

after the adjustment shows a slightly different response, where the minimum return loss 

being lower. This due to the fact that adjusting the angle θ only changes the imaginary part 

of the impedance is changed. When a larger frequency adjustment is desired other parameters 

also needs to be adjusted. The sets of data correspond well, with suitable impedance 

bandwidth (approximately 5.5%) to operate satisfactorily in the 2.4 GHz WLAN frequency 

band.  

(a) (b) 

(c) 
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Figure 4.2.  Simulated and measured S-parameter results. 

4.1.2 Realized gain and radiation pattern measurements 

For the adjusted prototype, the realized gain as well as the E- and H-plane radiation patterns 

were measured. A simplified representation of the measurement setup inside the Compact 

Antenna Range is shown in Figure 4.3. The horn antenna at the focus point of the reflector 

was used as the source, while the device under test (DUT) was used as the receiver.  

 

 

Figure 4.3.  Gain measurement setup at the Compact Antenna Range. 
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The pattern measurements involved four azimuth sweeps measuring the co-polarizations and 

cross- polarizations in both the E- and the H-plane. The radiation patterns were measured at 

2.45 GHz, and the data is shown in Figure 4.4 and Figure 4.5 respectively. The cross-

polarization in the E- and H-plane was found to be better than 20 dB. The measured front-

to-back ratio was found to be 15 dB which is significantly less than the expected 27 dB from 

the simulated results. It is suspected that this is due to coupling between the coaxial cable 

used to feed the CPW-line and the open cavity AMC structure. 

  

 

Figure 4.4.  Simulated and measured E-plane radiation patterns at 2.45 GHz. 

 

Figure 4.5.  Simulated and measured H-plane radiation patterns. 
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In order to determine the realized gain, the co-polarization of the prototype was measured at 

the boresight position, over a frequency range of 2.3 GHz to 2.6 GHz. The prototype was 

then replaced with a reference horn antenna of which the gain is accurately known. The data 

was captured and the realized gain was calculated as shown in Equation (4.1), which states 

that the realized gain is equal to the through measurement (S21) of the DUT divided by the 

through measurement of the reference antenna and multiplied by the known realized gain 

data of the reference antenna. Note that the same coaxial cable was used for both 

measurements. Figure 4.6 shows that the simulated and measured gain compares well in the 

bandwidth of interest. A gain of better than 6.5 dBi was achieved across the 5.5 % bandwidth. 

 

 

 

 

Figure 4.6.  Simulated and measured bore-sight gain. 
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4.2 DUAL-CIRCULARLY POLARIZED RING-SLOT ANTENNA 

4.2.1 Prototype assembly and S-parameter measurements 

The dual circularly polarized antenna described in Section 3.5.2 was also manufactured and 

measured to validate the theory. The manufactured PCBs are shown in Figure 4.7. The 

assembly of the prototype was similar to that described in Section 4.1 with the notable 

difference of the addition of coaxial cables (SUCCOFORM SM 86) that were used as feeds 

to the branch-line coupler. For ease of manufacturing the length of the coaxial cables were 

chosen as ~7.5 cm. The coax cables was fed through holes in the AMC structure (see Figure 

4.7c). The inner conductors of the cables were fed through the small holes connecting to the 

microstrip lines and soldered at the top (see Figure 4.7a). The outers of the cables were 

soldered to the center conductor of the ring-slot (see Figure 4.7b). The assembled prototype 

is shown in Figure 4.8a. 

 

Figure 4.7.  Manufactured PCBs: (a) top view of the ring-slot PCB, (b) bottom view of the ring-

slot PCB, (c) top view of the AMC reflector PCB. 

 

(a) (b) 

(c) 
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Figure 4.8.  Dual-circularly polarized antenna prototype: (a) before adjustment, (b) after 

adjustment. 

 

The S-parameters of the prototype before adjustment is shown in Figure 4.9. The prototype 

showed optimum isolation between the two ports at 2.4 GHz. The antenna was 

experimentally tuned, using copper tape, by effectively increasing angle θ for both the ports. 

For the tuned antenna the optimum isolation shifted to 2.423 GHz.  

 

A comparison between the simulated S-parameters and measured S-parameters of the 

adjusted antenna is shown in Fig. 4.10. A 10 dB isolation bandwidth of 4% was achieved. 

The measured return loss of the two ports differed somewhat from each other, but still better 

than 10 dB across an almost 12% bandwidth.  

 

Figure 4.9.  Measured S-parameter results before adjustment. 
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Figure 4.10.  Simulated and measured S-parameter results after adjustment. 

4.2.2 Realized gain and radiation pattern measurements 

The measurement of the radiation patterns and the gain for both ports were performed in a 

similar way to the method described in Section 1.1.2, where the radiation patterns were 

measured in the XZ- and the YZ-plane, as defined in Figure 4.12. Figure 4.13 shows a 

photograph of the prototype inside the compact range. 

 

 

Figure 4.12.  Diagram showing how the ports and axis were defined for the measurement. 
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Figure 4.13.  Antenna under test in the Compact Range. 

The linear polarization gain data (dBi) was converted to circularly polarized gain (dBic) by 

using Equations (4.2) and (4.3), where GHP and GVP refers to the horizontal and vertical 

realized gain. Note that it does not matter if the source antenna is rotated +90° or -90° degrees 

in order to change between horizontal and vertical polarization, as long as it done in a 

consistent way as to avoid an 180 phase inversion, which will result in an inverted circular 

polarization sense that will be calculated. 
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Figures 4.14 and 4.15 shows the simulated and measured radiation patterns for Port 1 and 

Port 2 in the XZ-plane and the YZ-plane. A front-to-back ratio and cross-polarization of 25 

dB and 18 dB were achieved respectively. The simulated and measured gain of the antenna 

is shown in Figure. 4.15. A maximum gain of 7.4 dBic and 6.8 dBic was measured for port 

1 and port 2 respectively. The measured gain was better than 6.3 dBic was achieved across 

the 4% isolation bandwidth. 

 

 
Figure 4.14.  Simulated and measured radiation patterns at 2.45 GHz, where Port 1 and Port 2 were 

measured in the XZ-plane and the YZ-plane, respectively. 
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Figure 4.14.  Simulated and measured radiation patterns at 2.45 GHz, where Port 1 and Port2 were 

measured in the YZ-plane and the XZ-plane, respectively. 

 

 

Figure 4.15.  Simulated and measured bore-sight gain over frequency. 
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was setup in such a way that the prototype could be rotated in both the Theta θ and the Phi 

ϕ angles, as indicated in Figure 4.16.  

 

 

Figure 4.16.  Axial ratio setup at the Compact Antenna Range. 

 

In order to determine the axial ratio beam-width, the positioner was set up to start at the 

position (θ, ϕ) = (-80°, 0°). The prototype was spun 360° in the Phi ϕ direction, while taking 

several measurements at 2.45 GHz. The process was then repeated for several incremental 

steps in the θ angle until an angle +80° was reached. The axial ratio was determined by 

dividing the maximum by the minimum measured data for each θ angle. The measured axial 

ratio over angle theta results are shown in Figure 4.17. The resulting 3 dB axial ratio was 

achieved over a beam width of 110°. Figure 4.18 shows the bore-sight axial ratio over 

frequency. The measured axial ratio was better than 3 dB over a bandwidth of 4.7%. 
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Figure 4.17.  Measured axial ratio at 2.45 GHz of the dual-feed antenna in the YZ-plane. 

 

 
Figure 4.18.  Measured bore-sight axial ratio over frequency. 
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CHAPTER 5   CONCLUSION 

5.1 SUMMARY OF WORK 

In the literature study presented in Chapter 2, various aspects relating to the proposed design 

were investigated. In order to achieve uni-directional radiation patterns, metamaterial 

reflectors were investigated. It was found that these kinds of structures could significantly 

reduce the overall height of an antenna. It was also found that these structures can also offer 

significantly improved front-to-back ratios, albeit only over a limited bandwidth.  Various 

antenna geometries were investigated namely: curl antennas, dipoles, monopoles, patch 

antennas, and slot antennas. The ring-slot geometry was found to be a compact structure 

which can achieve a fairly high impedance bandwidth when a capacitive feed network is 

used. The literature study also showed that ring-slot antennas are versatile structures that can 

be implemented to have both frequency and polarization diversity [14, 27, 50, 52]. In the 

literature study various dual-circularly polarized antennas were compared in terms of their 

size and performance. The literature study concluded with some background knowledge and 

possible benefits of the proposed dual-circularly polarized antenna design. 

 

In Chapter 3 a simulation study was performed to investigate various aspects relating to the 

design of a dual-circularly polarized cavity-backed ring-slot antenna loaded with an AMC 

reflector. This investigation was performed through various CST simulations. Both CPW 

and microstrip feeding structures were investigated.  It was found that the addition of a 

capacitive feed network can improve the impedance bandwidth without increasing the 

overall size of the antenna. A dual capacitive feed configuration was also investigated and it 

was found to work well as a feed for a dual-linearly polarized antenna. The square patch 

AMC reflector was analyzed using both CST simulations and the theory described in [26, 

28]. The analysis shows that the bandwidth of the AMC reflector is mainly determined by 

the height of the structure, while the permittivity of the material and the choice in gap spacing 

determines the minimum size of the AMC unit cell. The rest of the chapter focused on the 

design of two cavity-backed ring-slot antennas loaded with AMC reflectors, the first of 

which was a linearly polarized capacitively-fed CPW ring-slot antenna and the second was 

a dual-circularly polarized ring-slot antenna. 
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Based on the design of the ring-slot cavity-backed antennas loaded with AMC reflectors in 

Chapter 3, two prototypes were manufactured and measured. The results are shown in 

Chapter 4. The S-parameters of the prototypes differed slightly from the simulation results, 

which shows that the simulation model requires some adjustment. Both the radiation patterns 

and the realized gain were measured in the Compact Range at the University of Pretoria. For 

the case of the CPW-fed ring-slot antenna the measured front-to-back ratio was significantly 

lower than what was achieved in simulation. It is suspected that this is due to coupling 

between the coaxial cable used to feed the CPW-line and the open cavity AMC structure. 

Chapter 4 also shows how the measurements were performed and how the measured data 

was processed. The results were found to be in good agreement with the simulated results. 

5.2 CONTRIBUTIONS 

The proposed dual-circularly polarized antenna is a novel extension of the single polarized 

antennas proposed in [23, 27]. In order to achieve a unidirectional radiation pattern, the 

cavity-backed ring-slot radiator was loaded with an AMC reflector, which consisted of a 2 

× 2 patch array. The two capacitive feeds were connected to a reduced size branch-line 

coupler proposed by Joubert et al. [29]. This coupler was placed over the center conductor 

of the ring-slot and was fed with two coaxial lines through the back of the cavity.  

 

As a first prototype a CPW ring-slot radiator with a linear polarization with an AMC reflector 

was also analyzed and manufactured. This prototype used a capacitive feed structure similar 

to that used in [27]. Experimental results for the final antenna design with a size of 0.457λ0 

× 0.457λ0 × 0.056λ0 exhibits a 5.5% impedance bandwidth, maximum gain of approximately 

7 dBi, a front-to-back ratio of 15 dB, and good cross-polarization.  

 

The end result and contribution of the research presented in this work is a very low profile 

and small footprint antenna with reasonable gain and bandwidth, with two ports for dual-

circular polarization operation, and very good front-to-back ratio and cross-polarization. 

Only a few dual-circularly polarized antennas have been reported in literature [2 – 10]. These 

antennas have been shown to either have low front-to-back ratios, low cross-pol 
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discriminations or they are large in terms of overall size. A comparison with results achieved 

by other dual-circularly polarized antennas is presented in Table 5.1. From the table, it is 

clear that the newly proposed antenna has a significantly better front-to-back ratio, good gain 

and reasonable bandwidth for its size. Note that the fractional bandwidth in Table 5.1 was 

defined as the bandwidth over which the return loss and isolation were better than 10 dB, as 

well as an axial ratio better than 3 dB. To the author’s knowledge this is the smallest dual-

circularly polarized antenna published up to date that has a suitable bandwidth for use in 2.4 

GHz wireless local area network (WLAN) communication systems. 

 

Table 5.1. Comparison of dual-circularly polarized antennas. 

Ref. Size 

(λ0) 

Eff. band. 

(%) 

Gain 

(dBic) 

Cross-pol. 

(dB) 

F/B ratio 

(dB) 

[2] 0.8×0.8×0.125 16 7 13 15 

[3] 0.73×0.7×0.013 3.5 6 10 10 

[4] 1.62×0.82×0.017 1.5 5 10 10 

[5] 0.73×0.73×0.067 3.5 6 11 16 

[6] 0.82×082×0.15 5 4 - - 

[7] 0.94×0.94×0.189 16 9 17 13 

[8] 1.8×1.35×0.056 15 10 15 18 

[9] 0.85×0.85×0.28 8.5 7 10 10 

[10] 0.5×0.5×0.025 1 - 15 15 

This 

work 

0.5×0.5×0.067 4 6 18 >30 

5.3 FUTURE WORK 

The current design only achieved a 10 dB isolation bandwidth of 4%, which is undesirable 

for many applications. This narrow isolation bandwidth was shown to be due to the limited 

bandwidth of the AMC reflector. Future work may include finding a way to improve the 

isolation without having to increase the height of the AMC structure. One possible solution 

would be to use dual L- or V- shaped feeds that are designed to have opposite circular 



CHAPTER 5 CONCLUSION 

 

Department of Electrical, Electronic and Computer Engineering 76 

University of Pretoria 

polarization sense, where each feed is excited via a transmission line [15, 50]. This type of 

implementation could have significantly higher isolation at the cost of a narrower impedance 

bandwidth, due to the resonant nature of an AMC reflector.  

 

Antennas used in WLAN application are often multiband in order to operate in all the 

commonly used bands such as 2.4 GHz, 5.2 GHz, and 5.8 GHz. Both ring-slot antennas and 

AMC reflectors have been shown to work in multiband applications [25, 27, 35]. Future 

work might also include the design of a multiband compact polarization diverse ring-slot 

antenna with unidirectional radiation patterns.  
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