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ABSTRACT

Reconfigurable antennas (RAs) are at the frontier of current antenna research 

and are excellent antenna candidates for advanced wireless communication ap­

plications. The basic structure of a RA is similar to that of a conventional one; 

however, by using electrical, mechanical or other means to change the fundamen­

tal operating mechanism of an individual radiator, the frequency and radiation 

characteristics of the RA can be varied significantly. This makes a single RA 

equal to multiple antennas with fixed functionalities. Thanks to the agility and 

diversity of RAs, they find wide application in Software Defined Radios, multiple- 

input-multiple-output (MIMO) systems, diversity communication systems, satel­

lite communications, and military communication systems.

One of the greatest design challenges for antenna reconfigurability is changing 

one characteristic of an antenna, such as the frequency response, without afiPecting 

others (polarization or radiation pattern), since the frequency response and the 

radiation characteristics of an antenna are always highly related. Furthermore, 

for RAs using electronic components to achieve reconfigurability, the design of an 

effective dc bias network that has a limited influence on the antenna performance 

is another important design issue for antenna engineers.

In this dissertation, motivated by the increasing significance of RAs as well 

as the demand for new design methods for compact RAs with simple dc bias 

networks, a thorough investigation is presented on RAs in terms of frequency, 

polarization, pattern, as well as compound frequency and polarization RAs. A 

few novel RAs with dc bias networks are designed, fabricated and measured. 

And they have demonstrated many advantages over other corresponding reported



designs.

In addition, a literature review reveals that, although a considerable number 

of papers on RAs have been published, much fewer are reported on the study of 

the applications of RAs in wireless communication systems. In order to examine 

the practical application of RAs, the proposed polarization and pattern RAs are 

incorporated separately in 2 x 2 MIMO orthogonal frequency division multiplexing 

(OFDM) systems. Real-time channel measurements are conducted in both line- 

of-sight (LOS) and non-LOS (NLOS) scenarios. Compared to the systems with 

non-reconfigurable antennas, a significant enhancement of the system capacity is 

accomplished.
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Chapter 1

Introduction

1.1 Motivation

Antennas axe regarded as indispensable and crucial components of wireless communi­

cation systems [1-2]. Traditional antennas are normally designed with fixed characteristics 

and their structures are tailored to fit particular applications. On the other hand, recon- 

figurable antennas (RAs) are those that have the capability to change their operating 

frequency, polarization, radiation pattern or combinations of the above by using elec­

trical, mechanical or other means. Compared to RAs, traditional antennas need to be 

redesigned when the requirements on antenna characteristics are varied, even by a slight 

margin. As a result, it is quite challenging for traditional antennas to perform their tasks 

in the following applications or scenarios.

The first scenario is where a number of air-interface communication standards are 

integrated into a single wireless device. Nowadays, it is common practice for a single 

radio device to handle several services over a wide frequency range. For example, smart 

mobile phones or laptops may be required to support different standards, such as wireless 

local area network (WLAN), Worldwide Interoperability for Microwave Access (WiMAX),

1



Chapter 1. Introduction

Bluetooth, Global Positioning System (GPS), 3G, 4G, and millimetre-wave WLAN (60 

GHz) in the near futiire. To this end, the antennas need to cover multiple frequency 

bands.

Prom the antenna perspective, multiband, wideband and frequency RAs are three 

potential candidates to be employed in systems requiring multiple operating bands. How­

ever, if only a portion of this operating band is required at any given time, such as in a 

cognitive radio, then a frequency RA would be the most appropriate choice. Compared to 

multiband and wideband antennas, one of the merits of frequency RAs is that the antenna 

can provide noise rejection in the bands that are not in use, so that the filter requirements 

of the front-end circuits can be greatly reduced. In addition, it will be severely challeng­

ing for multiband antennas if more and more wireless services are packed into one device, 

since it is quite difficult to achieve satisfactory bandwidth in each band. Furthermore, 

compared to multiband or wideband antennas, frequency RAs are more compact so that 

they will be more suitable for current and future mobile terminal devices. The further 

advantage of using frequency RAs is that across the entire frequency tuning range the ra­

diation characteristics remain almost stable, which may be a great challenge for multiple 

and wideband antennas.

The second appUcation is the Software Defined Radio (SDR), which can operate at dif­

ferent frequencies and/or polarizations by using many protocols. For example, a cognitive 

radio, which serves as a particular form of SDR, is considered as a promising approach 

to improve the utilization efficiency of radio spectrum resources. A cognitive radio com­

munication system will operate at variable frequencies, thereby requiring frequency agile 

antennas. For other SDR systems, polarization agility may also be needed. In addition, 

for mihtary communication systems, in order to enhance the system capability to resist 

interference and tracking, systems are required to operate at different frequencies in dif­

ferent time slots. To this end, the antennas of such systems should support multiple
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frequency bands.

The third scenario is affordable and compact beam-scanning systems. It is known 

that the cost, the bulk and the complicated structure of currently available phased array 

systems usually prevent their extensive use in many commercial applications. Therefore, 

a single antenna, or an antenna array without phase shifter that is capable of steering 

the beam, will be a promising solution for applications requiring low cost and compact 

beam-scanning arrays.

The last application is in diversity communication systems, such as multiple-input- 

multiple-output (MIMO) systems, exploiting antenna diversity to enhance the received 

radio signal quality and/or increase spectrum efficiency in multipath environments. An­

tenna pattern and/or polarization agilities are usually employed to provide diversity for 

those systems.

If traditional antennas are employed for the applications mentioned above, where the 

characteristics of the antennas should be variable, the number of antennas of a single com­

munication system will be increased. The drawbacks of the increasing number of antennas 

are the higher cost, larger volume of system, and system performance deterioration due 

to the mutual coupling of the antennas. Therefore, in order to satisfy the requirements 

of modern communication systems for flexibility of antenna performance, reconfigurable 

antennas that are capable of changing their frequency and radiation characteristics are 

highly sought after [5]-[101 .

1.2 Review of the Current Research on RA Designs 

and Applications

In 1981, antenna engineers started to use shorting posts to change the frequency and 

polarization of microstrip patch antennas [6], although this reconfigurability cannot be
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electrically controlled. In 1982, Bhartia proposed a frequency reconfigurable antenna by 

mounting varactor diodes on the radiating edges of a microstrip patch [7], and this is the 

first work on RAs. In 1999, 12 well-known universities, research institutes and companies 

in the United States participated in a project named “Reconfigurable Aperture Program 

(RECAP)”, launched by the United States Defence Advanced Research Projects Agency 

(DARPA) [8]. After that, numerous research papers on RAs have been published in 

antenna-related journals and conference proceedings.

Based on the reconfigurable parameters, the research work can be divided into four 

main categories:

• Frequency RA

• Polarization RA

• Pattern RA

• Combinations of the above categories

Based on the techniques used to realize reconfigurability, RAs can also be classified 

into three main groups:

• Using electrical devices, such as PIN diodes, varactor diodes, radio frequency mi- 

croelectromechanical system (RF-MEMS)

• Using mechanical changes

• Using material changes

In the following sub-sections, the current research on RA designs will be introduced 

based on the antenna parameters that are made reconfigurable.



1.2.1 Frequency RAs

Frequency RAs can change the antenna operating frequency continuously or discretely 

while maintaining the polarization and radiation pattern stable across the entire frequency 

tuning range. Frequency RAs can be classified into four main groups based on the type of 

antennas employed. They are microstrip patch antennas, microstrip dipole antennas, pla­

nar inverted F antennas (PIFA) and microstrip slot antennas. The following introduction 

to frequency RAs will be presented using the above classification.

Initial work [7], [9-14] proposed to implement frequency RAs by loading the radiating 

edges of a patch antenna with varactor diodes. By changing the bias voltages of the 

varactor diodes, the effective electrical size of the patch can be varied, which can produce 

a 1.1-1.2 frequency tuning ratio [7], [9]. By increasing the number of varactor diodes, 

the frequency tuning ratio can be increased to 1.6 [10]. It is worth noting that varactor 

diodes mounted on the non-radiating edges of a patch can also realize frequency-agile 

antennas [11-12]. The structure shown in Fig. 1.1 (a) is a high-gain partially reflecting 

surface RA [12]. The operating frequency is electronically tuned by incorporating an 

array of phase-agile reflection cells on a thin substrate above the ground plane of the 

resonator antenna, where the reflection phase of each cell is controlled by the bias voltage 

applied to a pair of varactor diodes. The antenna shown in Fig. 1.1 (b) is a differentially- 

fed frequency-agile microstrip patch antenna [14]. By loading three pairs of varactor 

diodes on the microstrip patches, the antenna can achieve a 2.0 frequency tuning ratio. 

Antennas proposed in [15-21] employ PIN diodes to realize frequency discrete tuning. The 

tuning mechanism is similar to those using varactor diodes, namely changing the resonant 

length of a patch antenna. The drawback of microstrip patch frequency RAs is the small 

impedance bandwidth, as with traditional microstrip patch antennas.

In [22-29], RAs were designed by loading varactor or PIN diodes on dipole or monopole 

antennas. The advantage of such RAs is that the antenna has a larger impedance band-
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(a) (b)

Figure 1.1: (a) High-gain partially reflecting surface RA [12]; (b) DifTerentially-fed 

frequency-agile microstrip patch antenna [14

width than microstrip RAs and the radiating elements can serve as part of the dc bias 

lines for the diodes [22], [25], thus simplifying the dc bias network or eliminating the 

need for extra bias lines around the radiating parts of the antenna, so that the radiation 

pattern of the antenna can be kept almost unchanged. In Chapter 3, three frequency RAs 

based on microstrip quasi-Yagi folded dipole antennas are proposed by the author [25-27 

They can achieve discrete or continuous frequency tuning while maintaining the radiation 

characteristics. In [24], a reconfigurable printed dipole antenna was implemented using 

two silicon photoconducting switches. By using light from two infrared laser diodes to 

control the states of the switches, the electrical length of the dipole can be changed, thus 

the resonant frequency of the antenna is varied. Using fibre-optic cables to activate op­

tical switches has benefits of being electromagnetically transparent and not needing any 

bias network. However, it is quite challenging to electrically tune the antenna when it is 

integrated in a wireless communication system since the switches on the antenna should 

be controlled by extra light sources.

In [30-33], frequency RAs were developed based on the PIFA to realize dual-band

frequency tuning by using varactor diodes [30-31] or PIN diodes [32-33]. In [30], a varactor-



tunable slim antenna was proposed that can cover the band of the digital cellular system 

(DCS; 1710-1880 MHz), personal communication service (PCS; 1850-1990 MHz), universal 

mobile telecommimications system (UMTS; 1900-2200 MHz), WiBro (2300-2390 MHz), 

and wireless LAN (WLAN; 5725-5850 MHz) by using varactor diodes. In [31], a simple 

PIFA-based tunable internal antenna for multifunctional wireless personal communication 

devices was presented. Multiple resonances are created by cutting slots in the PIFA 

element. A varactor diode is implemented at an appropriate location in the PIFA structure 

to obtain the tuning performance over several targeted frequency bands. In [32], an 

oppositely shorted dual-band stacked patch PIFA was developed. The frequency tuning is 

achieved by using RF switches integrated to the shorting straps of the stacked patches. In 

33], a dual-band frequency reconfigurable PIFA antenna was introduced that can operate 

in four frequency bands. The frequency reconfigurability of the PIFA antenna is realized 

by a tuning circuit that is composed of RF switches and discrete passive components.

Microstrip slot antennas are also good candidates for frequency RA designs. By using 

varactor or PIN diodes to change the length of the slot, the frequency of the antenna can 

be tuned. Although it is easy to design frequency RAs using slot antennas, and a tuning 

ratio as great as 3.52 can be achieved [37], slot RAs have the drawback of lower gain 

and efficiency, particularly in the lower frequency bands. Therefore, frequency-agile slot 

antennas are attractive for those applications where low-efficiency antennas are required 

to cover a large frequency range. In addition, dual-polarized RAs can be designed by 

using slot antennas. In [39], single- and dual-polarized tunable slot-ring antennas were 

demonstrated. If the antenna is fed by one port, the single-polarized antenna can be 

timed from 0.95 to 1.8 GHz by using varactor diodes, as shown in Fig. 1.2 (a). If the 

antenna is fed by two ports, a dual-polarized antenna can be tuned from 0.93 to 1.6 GHz 

with independent tuning of both polarizations, as shown in Fig. 1.2 (b).

Furthermore, RF-MEMS is an emerging technology that has been used in patch-based

1.2 Review of the Current Research on RA Designs and Applications________________ 7
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Figure 1.2: (a) Single-polarized slot-ring antenna [39]; (b) Dual-polarized slot ring an­

tenna [39

41] or slot-based [42] RA designs due to the advantages of low loss and high linearity. 

However, currently available MEMS switches suffer from lower reliability than PIN diodes.

Moreover, mechanical rather than electrical changes in antenna structure [43-44 or

changes in the material characteristics of the antenna [45-47] can also deliver frequency 

tuning. In [43], a mechanically actuated tunable microstrip antenna with a parasitic di­

rector was presented. A novel piezoelectric actuation system is used to vary the spacing 

between the microstrip antenna and the parasitic radiator. The centre frequency, band­

width, and antenna gain can change as a function of variable spacing between the driven 

and parasitic elements. In [46], a tunable electromagnetic band-gap (EBG) structure was 

demonstrated and applied to a switchable microstrip antenna. The EBG structure is 

loaded with arrays of diode switches. A microstrip patch antenna is located on top of 

the EBG structure fed by an open-ended microstrip line. The operating frequency of the

microstrip patch antenna is tuned by reconfiguring the EBG substrate characteristics.
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1.2.2 Polarization RAs

Polarization reconfigurations can take place between different angles of linear polariza­

tions, between left-hand circular polarization (LHCP) and right-hand circular polarization 

(RHCP), or between linear and circular polarizations. The main difficulty in achieving 

this kind of reconfigurability is that it must be accomplished without significant changes 

in antenna input impedance characteristics. Most of the previous work for polarization 

reconfigurability concentrates on switching between LHCP and RHCP. Relatively few 

antennas have been presented that can switch between linear and circular polarization 

because it is difficult to simultaneously realize a good impedance match for circular and 

Unear polarizations. The reason is that circularly polarized radiation is generated by two 

degenerate orthogonal linear modes, and its input impedance is significantly different from 

that of the one resonant mode used to generate linearly polarized radiation.

In [48-49], two linearly polarized RAs were presented. In general, this kind of antenna 

has two operating modes with the same resonant frequency but orthogonal polarizations. 

By using switches to select between the two operating modes, the antenna can deliver 

linearly polarized reconfigurability.

In [50-56], polarization RAs were demonstrated that can switch between LHCP and 

RHCP. Since microstrip patch antennas facilitate the generation of circular polarization, 

most of the circularly polarized RAs are based on microstrip antennas. Generally, a single 

microstrip antenna utilizes perturbation [50-55] or an orthogonal dual-fed network [56] to 

generate two linearly polarized modes with the same magnitude. By using switches to 

make the phase difference of the two modes equal to +90° or -90°, the polarization of the 

antenna can be reconfigured between LHCP and RHCP.
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Figure 1.3: Circular patch polarization reconfigurable antenna [59]: (a) Top layer; (b) 

Bottom layer.

In [57-61], polarization RAs that can switch between linear and circular polarizations 

were proposed. In [57], four PIN diodes were used on a corner-truncated square patch. 

By controlling the states of the PIN diodes, the antenna can produce linear or circular 

polarization with a small overlapped impedance bandwidth (2.5%). In [58], a perturbed 

square-ring slot antenna using four PIN diodes was designed that allows radiation with 

both linear and circular polarization. Unfortunately, the biasing and control circuits 

were not physically implemented. In [59], a ring-slot-coupled microstrip circular patch 

antenna was proposed that can switch between linear and circular polarizations, which 

is shown in Fig. 1.3. It was fabricated on two single FR4 substrates separated by a 

piece of foam. The overlapped operating frequency bandwidth is 2.2% and it is difficult 

to integrate such an antenna in a compact wireless device due to its large volume. In 

60], an aperture-coupled patch antenna was presented that can provide foiu: polarization 

states, including two linear polarizations and two circular polarizations. The antenna used 

two feeding ports and eight PIN diodes, which introduces more losses and increases the

complexity of the entire antenna structure. In Chapter 4, a compact U-slot polarization



reconfigurable patch antenna is proposed by the author that can switch between hnear 

and circular polarizations [61] with a wide overlapped impedance bandwidth and axial 

ratio bandwidth. A simple bias network is used to control the PIN diodes.

1.2.3 Pattern RAs

Pattern RAs have the capability to change the main-beam shape or provide the main- 

beam scanning. The frequency characteristic should be maintained nearly unchanged for 

the different states of the antenna. Since the currents on the antenna structure directly 

determine the antenna radiation pattern, the reconfigurability of the radiation pattern is 

usually realized by manipulating the current distribution. However, as the current distri­

bution also has a strong impact on the antenna frequency response, it is very challenging 

to deliver pattern reconfigmrability without significant changes in operating frequency. 

Several methods have been employed to overcome this challenge. One of them is using 

specific antenna structures, such as reflector antennas or parasitically coupled antennas, 

so that the input feed port is almost independent from the reconfigured part of the struc­

ture, allowing the frequency characteristics to remain largely stable. Another measure 

is to compensate for the changes in antenna input impedance by using some additional 

structures or matching circuits.

There are three main techniques that can be used to achieve pattern reconfigurability, 

namely electrical changes, mechanical changes and material changes. Since most of the 

designs reported to date focus on the first technology, an introduction to pattern RAs 

based on electrical changes is given in the following paragraphs.

In general, RAs adopting electrical changes can be further divided into four main 

groups, which are described in detail below.

The first group uses electrically tuned or switched parasitic elements. By exploiting the 

coupling between the closely spaced driven and parasitic elements, the array behaviour
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can be obtained, but with a single feed point. The changes in the couphng between 

elements can cause current variation on both the driven and parasitic elements, which 

can lead to pattern reconfigurability. One of the advantages of this method lies in the 

high isolation of the driven elements firom the tuned elements, which will substantially 

preserve the frequency characteristics. In addition, this method can be applied to several 

antenna topologies.

In 1978, Harrington proposed a parasitic dipole array [62], which is shown in Fig. 1.4

(a). The array consists of a driven dipole element surrounded by parasitic dipoles loaded 

with tunable reactance. Variations in the loading reactance of each parasitic element alter 

the magnitude and phase of the ciirrent on each array element, which allows the main 

beam of the array to be steered to a desired direction. Based on this idea, a large number 

of reconfigurable parasitic array designs have been reported [63-66 .

Employing switched or tuned parasitic elements to achieve pattern reconfigurability 

can also be appUed to microstrip antennas [67-71]. In [67], a five-element switched para­

sitic microstrip patch array was presented. The array uses one driven element surrounded 

by a number of parasitic elements operating near resonance. PIN diodes are used to 

change the currents on the parasitic patches, which makes some patches act as reflectors 

and some act as directors. Therefore, steered beams can be achieved. Another similar 

design using parasitic microstrip dipoles was developed by Zhang [68-69], and is shown in 

Fig. 1.4 (b). The antenna consists of a single microstrip driven dipole with two parasitic 

elements parallel to the driven element. The lengths of the parasitic elements can be 

changed with PIN or varactor diodes, resulting in a variation of the magnitude and phase 

of the currents on the parasitic elements relative to the driven element. Therefore, the 

direction of the antenna main beam can be tilted to any of three angles.
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Figure 1.4: (a) A seven-element circular array of reactively loaded parasitic dipoles [62

(b) Reconfigurable microstrip parasitic array [68-69 .



The second group uses switches to activate one or several elements out of a few radi­

ators, resulting in steered beams [72-73]. As is shown in Fig. 1.5 (a), a planar switched- 

beam antenna was proposed [72]. It is composed of a four-element antenna array based 

on an L-shaped slot antenna element. Such an antenna element can deliver a directional 

radiation pattern in the eizimuth plane. Therefore, by using PIN diodes to activate dif­

ferent combinations of the four elements, the maximum-radiation beam can be steered to 

different directions. In [73], a pattern reconfigurable metaUic cubic cavity antenna was 

presented that can radiate through one or more of six rectangular slots. The configuration 

of this antenna is shown in Fig. 1.5 (b). PIN diodes are loaded across the slots. When a 

diode is switched on, the corresponding slot is short circuited and does not radiate. When 

a diode is switched off, the corresponding slot can radiate. The pattern reconfigiirability 

is achieved by selecting between different combinations of the radiating slots.

The third group integrates reconfigiurable phase-shifting elements into an array. Based 

on this method, beam scanning can be realized by using a phased-tuned reflectarray [74- 

80]. Specifically, the phase of each element of the reflectarray can be varied by using 

varactor diodes, MEMS switches or PIN diodes, enabling the array beam to scan across 

a certain range. A reconfigurable reflectarray requires array elements whose scattered 

field phase can be adjusted over a broad range (ideally 360°). In [75], an electronically 

tunable reflectarray based on elements tuned using varactor diodes was presented. By 

manipulating the dc voltage across each of the varactor diodes, each individual element 

can achieve a phase tuning range of 325° while maintaining a reasonably flat phase. In 

79] and [80], MEMS switches and a combination of PIN and varactor diodes were used 

to connect or disconnect components for reactive loading to change the phase response of 

each array element, respectively.

The fourth group alters the operating modes of a single antenna element to change 

the main-beam shape [81-84]. In [81], a square microstrip spiral antenna was presented.
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Figure 1.5: (a)L-shaped slot pattern reconfigurable antenna [72]; (b) Pattern reconfig-

urable cubic antenna [73
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Figure 1.6: Square-ring patch antenna with pattern diversity [84

RF-MEMS switches are used to change the length of the spiral in order to change the 

antenna operating modes. The proposed antenna can provide a broadside or 45*̂ tilted 

beam over a common impedance bandwidth. The antennas presented in [82-841 feature 

the capability to switch between boresight and conical patterns. In [82], a wide-band 

L-probe circular patch antenna with dual feeds was presented. In order to reconfigure 

the radiation pattern electrically, an integrated matching network consisting of switches 

needs to be designed. This will introduce more losses and increase the complexity of the 

entire antenna structure. In [83J and [84J, single feed pattern reconfigurable square-ring 

patch antennas were designed with air gaps to increase the impedance bandwidth, as 

shown in Fig. 1.6. Dc bias networks are used to drive the PIN diodes. In Chapter 5, a 

pattern reconfigurable U-slot patch antenna that can radiate either boresight or conical 

radiation patterns is proposed by the author [85-86]. The antenna does not need any bias 

network to control the PIN diodes, which simplifies the antenna structure and makes it

easily integrated into wireless communication systems.



1.2.4 Compound RAs

Compound RAs have the abihty to independently change the operating frequency, 

polarization, and radiation pattern of an antenna, which is the ultimate goal of reconfig- 

urable antenna design. Since a compound RA can deliver more flexibility and diversity 

than a single characteristic reconfigurable antenna, it can bring significant benefits to 

many wireless communication systems. As discussed in the previous section, it is diffi­

cult to separate an antenna’s frequency characteristics from its radiation characteristics, 

which is the major challenge for designing compound RAs. Recently, several groups have 

achieved combined frequency and radiation pattern reconfigurability [87, 88]. Fig. 1.7 

shows an annular slot antenna [87]. By loading PIN diodes across the slot at specific 

locations (Fig. 1.7 (a)), the direction of the null of the radiation pattern can be changed. 

In addition, by reconfiguring the matching network shown in Fig. 1.7 (b), the operating 

frequency of the antenna can also be tuned. In [88], a single-turn microstrip spiral antenna 

was proposed to reconfigure both the frequency and the radiation pattern.

On the other hand, relatively few reconfigurable antenna designs have been reported 

that can reconfigure the frequency and the polarization independently. In [89], a frequency 

tunable aperture-coupled microstrip antenna with vertical and horizontal polarization 

reconfigurability was reported. However, only the frequency of the vertical polarization 

can be changed, with a 1.17 frequency tuning ratio. In Chapter 6, a single-feed frequency 

and polarization reconfigurable microstrip patch antenna is proposed by the author [90 . 

The antenna can radiate one of three linear polarizations (horizontal, vertical and 45° 

linear polarizations) with a wide independent frequency tuning range for each polarization.
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Figure 1.7: (a) Front side of the annular slot antenna [87]; (b) Back side, the impedance 

matching network [87 .
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1.2.5 Applications of RAs in MIMO Systems

MIMO is considered as one of the key potential enabhng technologies to enhance the 

received radio signal quality and/or increase the system spectral efficiency. Recently, 

reconfigurable antennas have found applications in MIMO systems [91-101], enabling a 

dynamic change of the radiating characteristics of each antenna element to accommodate 

the usually fast-changing channel conditions. Specifically, the polarization or pattern 

diversity provided by reconfigurable antennas can be used to reduce the correlation of the 

sub-channels of the MIMO systems, thereby increasing the system capacity or improving 

the signal quality. In [91-96], the applications of polarization reconfigurable antennas 

in MIMO systems were introduced. In [97-101], applications of pattern reconfigurable 

antennas in MIMO systems were analysed.

1.3 Contributions and Organisation of the Thesis

1.3.1 Main Contributions of the Thesis

In this dissertation, several novel RAs including frequency, polarization, pattern, and 

compound frequency and polarization RAs are proposed, prototyped and measured. In 

addition, the proposed polarization and pattern RAs are incorporated separately in a 2 x 2 

MIMO orthogonal frequency division multiplexing (OFDM) system to demonstrate the 

improvement in channel capacity. Specifically, the major contributions of this dissertation 

are summarised as follows:

1. A method of frequency reconfigurability based on a quasi-Yagi folded dipole antenna 

is proposed in Chapter 3. This method can realize wideband frequency agility while 

keeping the radiation characteristics stable across the entire tunable frequency range. 

In addition, the folded dipole allows the dc biasing network to be located far from the



radiating elements of an antenna. Therefore, interference from the bias lines on the 

antenna performance can be greatly reduced. This biasing method can bring significant 

benefits for the millimetre-wave frequency reconfigurable antenna design, since in the 

millimetre-wave band the biasing circuits around the radiating elements will affect the 

antenna performance considerably. Based on this method, two frequency RAs in the 

microwave band including one frequency continuous tuning antenna and one frequency 

discrete tuning antenna are designed [25], [26]. Moreover, a frequency quasi-Yagi folded 

dipole antenna in the millimetre-wave band is developed [27 .

2. A polarization reconfigmable U-slot microstrip patch antenna is proposed in Chap­

ter 4. Most of the previous work on polarization reconfigurability concentrates on switch­

ing between right-hand circular polarization (RHCP) and left-hand circular polarization 

(LHCP). Relatively few antennas have been presented that can switch between linear 

and circular polarization with a wide overlapped frequency bandwidth and a 3dB axial 

ratio bandwidth. In order to address this problem, a polarization reconfigurable U-slot 

antenna is proposed that has the capability to switch between circular and linear polar­

izations [61]. The antenna is compact and employs a very simple bias network. It has the 

further advantages of large frequency and polarization bandwidth.

3. A pattern reconfigurable U-slot patch antenna using PIN diodes is proposed for 

MIMO communication systems in Chapter 5. There are two requirements for pattern 

reconfigurable antennas that serve for MIMO systems. The first is that the number of 

radiation patterns that can be reconfigured should be as large as possible. The second 

is that the correlation coefficient between different patterns should be as low as possible. 

The proposed pattern reconfigurable antenna can switch between three complementary 

radiation patterns, and the correlation coefficients between them are very small [85], [86 . 

Moreover, the overlapped frequency bandwidth is large and the antenna does not need 

any bias network to control the PIN diodes.
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4. A reconfigurable microstrip patch antenna with compound frequency and polar­

ization agility is proposed in Chapter 6. The ultimate goal of reconfigurable antenna 

design is the ability to independently reconfigure the operating frequency, polarization, 

and radiation pattern of an antenna. However, relatively few papers have been published 

on realizing compound frequency and polarization agility. A singly fed compound fre­

quency and polarization reconfigurable microstrip patch antenna with a simple structure 

is proposed [90]. It can switch between the horizontal, vertical or 45° linear polarization, 

with independent frequency tuning for each polarization state. The tuning ratio is 1.67 

for either the horizontal or vertical polarization, and is 1.4 for the 45° linear polarization.

5. In order to demonstrate the RA’s capability of enhancing MIMO system capacity, 

the polarization RA proposed in Chapter 4 and the pattern RA proposed in Chapter

5 are incorporated in a 2 x 2 MIMO-OFDM system separately [86], [96]. This part is 

described in Chapter 7. Real-time MIMO-OFDM channel measurements are conducted in 

both line-of-sight (LOS) and non-LOS (NLOS) scenarios. For the MIMO-OFDM system 

with circularly polarized reconfigurable antennas, the capacity of the system with hybrid 

polarized antennas is compared to that with the same polarized antennas. For the MIMO- 

OFDM system with pattern reconfigurable antennas, the capacity of the system with the 

proposed reconfigurable antennas is compared to that with omnidirectional antennas. The 

enhancement of the system capacity derived from the pattern diversity is also compared 

to that reported in other 2 x 2  MIMO systems with reconfigurable antennas [99]. This 

work serves as one of the few experimental analyses in the literature of the performance 

enhancement of an actual MIMO system incorporating RAs.

1.3.2 Organisation of the Thesis

The structure of the thesis is as follows.

Chapter 1 is an introduction, providing a basic insight about RAs and the motivation

1.3 Contributions and Organisation of the Thesis_________________________________^



for designing RA designs. In addition, it also provides a literature review of the state of 

the art with respect to previously reported RAs and their applications in MIMO systems.

Chapter 2 briefly introduces the theory of microstrip antennas. Furthermore, it pro­

vides the necessary background on MIMO communication systems. This chapter estab­

lishes the theoretical foundation for the research work introduced in the following chapters.

Chapter 3 describes three frequency reconfigurable quasi-Yagi folded dipole antennas, 

including two frequency RAs in the microwave band and one in the millimetre-wave band. 

The mechanism of the frequency reconfigurability for each antenna is analysed, and the 

bias network is described. Details of the simulated and measured reflection coefficients, 

gain and radiation patterns are presented and compared. The effects of the losses of PIN 

and varactor diodes on antenna gain are discussed.

Chapter 4 presents a polarization reconfigmable U-slot antenna for WLAN applica­

tions. Two antenna prototypes with identical dimensions are designed, fabricated and 

measured. The first antenna prototype enables switching between linear and circular 

polarization by using a PIN diode and a capacitor located on the U-slot. The second 

antenna prototype uses two PIN diodes to switch between the two circular polarization 

senses. The mechanism of the polarization reconfigurability is discussed and the effects 

of the losses of the PIN diodes on the antenna efficiency are investigated.

Chapter 5 describes a pattern reconfigurable antenna. The operating principle and 

the equivalent circuits of the antenna with PIN diodes are presented. Three important 

parameters which affect the input reflection coefficient of the proposed reconfigmable 

antenna are analysed. An antenna prototype is fabricated and measured. Furthermore, 

the effects of the losses of PIN diodes on the measured antenna gain and efficiency are 

discussed.

Chapter 6 presents the design of a compound frequency and polarization reconfigurable 

antenna. The mechanism of the frequency and polarization reconfigurability is described
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and the bias network for the PIN and varactor diodes is discussed in detail. Measured 

and simulated results on the antenna performance are given.

Chapter 7 describes the applications of the polarization RA proposed in Chapter 4 

and the pattern RA proposed in Chapter 5 in a MIMO-OFDM system. The envelope 

correlation coefficients of the polarization RA and the pattern RA are given. The details 

of the indoor channel measurement, including the testing environments, antenna array 

orientation, and measurement process are shown. In a real-time MIMO-OFDM channel 

measurement, the improvement of the system capacity using RAs is described and anal­

ysed, and the factors that can affect the extent of the enhancement are investigated. In 

addition, the enhancement of the system capacity is compared to that reported in other 

MIMO systems with reconfigurable antennas.

Chapter 8 summarises the major conclusions of the thesis and future work is discussed.
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Chapter 2

Background

This chapter provides background in two areas. First, a theoretical review of three 

types of microstrip antennas is given, including a quasi-Yagi dipole antenna, a U-slot patch 

antenna and a monopolar wire-patch antenna. Since our proposed reconfigurable anten­

nas are based on these microstrip antennas, it is necessary to introduce their operating 

mechanisms in advance. The second part provides the background of the Multiple-Input- 

Multiple-Output (MIMO) technology. As applications of the proposed reconfigurable 

antennas in MIMO systems will be investigated, it is worthwhile to review the basic 

concepts of MIMO technology.

2.1 Microstrip Patch Antennas

2.1.1 Basic Characteristics

Microstrip antennas are the most common form of printed antennas and have been 

extensively investigated since the 1970s [103-127]. Presently, they are very attractive 

for wireless communication systems and mobile radio due to their advantages of low 

profile, low cost, mechanical robustness, light weight and compatibility with Monolithic
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Microwave Integrated Circuit (MMIC) designs.

Often microstrip antennas are referred to as patch antennas [1]. The shape of the 

radiating patch can be square, rectangular, thin strip (dipole), circular, triangular, or any 

other configuration. Square, rectangular, dipole and circular are the most common ones 

due to their ease of analysis and fabrication and low cross-polarization radiation. The 

structure of a rectangular microstrip patch antenna is shown in Fig. 2.1. It consists of 

two parallel conductors separated by a thin dielectric substrate that is usually a small 

fraction of a wavelength (0.003Ao < h < O.OSAq; Aq is the free-space wavelength). The 

lower conductor acts as a ground plane. By properly choosing the operating mode (field 

configuration) of excitation beneath the patch, the radiation pattern of the microstrip 

patch antenna has its pattern maximum normal to the patch (broadside radiation). End- 

fire radiation can also be realized by judicious mode selection.

There are numerous substrates that can be used for the design of microstrip antennas, 

and their dielectric constants (relative permittivity) are usually in the range of 2.2-12. 

In order to obtain good efficiency and large bandwidth, electrically thick substrates whose 

dielectric constant is in the lower end of the range are usually selected. These preferred 

design parameters are in direct contrast to those used in microwave circuits, where thin 

substrates with higher dielectric constants are desirable.

2.1.2 Analysis Based on the Transmission-line Model

There are many methods of analysis for microstrip patch antennas. The most popular 

models are the transmission-line [103], [108], cavity [103], [106], [107], and full wave [105], 

109]. The transmission-line model is considered to be the simplest analysis method. It 

can provide good physical insight but with less accuracy. It is also difficult to model 

coupling. Compared to the transmission-line model, the cavity model is more accurate 

but more complex. In general, the full wave models are the most accurate and can deal
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Figure 2.1: Rectangular microstrip patch antenna.

with single elements, stacked elements, arbitrarily shaped elements, arrays, and coupling. 

However, they are the most complex models and usually give less physical insight. An 

analysis of the microstrip patch antenna based on the transmission-line model will be 

shown in the following paragraphs.

In the transmission-line model, a rectangular microstrip antenna is represented as an 

array of two radiating narrow slots, separated by a low-impedance transmission line of 

length L. Since the dimensions of the patch are finite along the length and width, the 

fields at the edges of the patch demonstrate fringing effects, which is illustrated in Fig. 2.1 

for the two radiating slots of the microstrip antenna. The amount of fringing is dependent 

on the dimensions of the patch and the height of the substrate.

For a microstrip line, its electric field lines are shown in Fig. 2.2 (a). It can be noted 

that the fields exist in two dielectrics: the substrate and air. As can be observed, most of 

the electric field lines concentrate in the substrate and parts of them reside in air. Since 

some of the waves travel in the substrate and some in air, an effective dielectric constant 

Sreff is introduced to account for the fringing effects. The effective dielectric constant 

is defined as the dielectric constant of the uniform dielectric material so that the line of 

Fig. 2.2 (b) has identical electrical characteristics [1]. For the microstrip hne with air
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above the substrate shown in Fig. 2.2 (a), the effective dielectric constant has values in 

the range of 1 < 6re// < £r-

(a)

s

h

(b)

Figure 2.2: (a) Electric field lines of a microstrip line; (b) Effective dielectric constant.

The effective dielectric constant is a function of frequency. As the frequency increases, 

the effective dielectric constant approaches the value of the dielectric constant of the 

substrate since most of the electric field hnes concentrate in the substrate. For low

frequencies, the eflFective dielectric constant is given by [110

w/h > 1 (2.1)

^reff
£j- 1. £j- 1

2 2
1 + 12h

w
- 1/2 (2.2)

For microstrip patch antennas, due to the fringing effects, the electrical dimensions of 

the patch are greater than its physical ones. As is shown in Fig. 2.3, the length of the 

patch has been extended on each end by a distance AL, which is a function of Sreff and

the ratio of antenna width to height [1

AL

~h
0.412

(£,e//+ 0.3) ( f +  0.264) 
{£„„ -  0.258)(S + 0.8)

(2.3)

As the length of the patch has been extended by AL on each side, the effective length of 

the patch is now

Lg,ff = Z/ + 2AZ/ (2.4)
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AL L AL

W

Figure 2.3: Fields fringing effect of a microstrip rectangular patch.

For the dominant TM iq mode, the resonant frequency of the microstrip antenna is

given by

1
fJ'OSO 2Ly/€r

(2.5)

where //q and So are the permeability of free space and permittivity of free space, respec­

tively, and i/Q is the speed of light in free space. Since (2.5) does not account for fringing 

effects, it must be modified to include the edge effects and is given by

/,
1

2•̂ 'e//y j ^ r e f f  \ / f ^ O ^ O  ‘2 , y L  2AZ/)y j f

(2.6)

Based on the equations described above, a design procedure is given for the microstrip 

rectangular patch antenna [1]. The procedure assumes that the resonant frequency, the 

dielectric constant of the substrate, and the height of the substrate are known.

1. For obtaining good radiation efficiency, the width of the patch is given by [120

W
1

2y*r\//̂ 0̂ 0 V 1

2

2/,

2

e. 1
(2.7)

2. Use (2.2) to determine the effective dielectric constant of the substrate

3. Determine the extension of the length AL using (2.3).
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4. The actual length of the patch can be determined by

1
L = -2AL (2.8)

^ r e f f

2.2 Microstrip U-slot Patch Antennas

The major disadvantage of a microstrip antenna is its inherently small impedance 

bandwidth. Techniques for improving bandwidth have been intensively studied over the 

past two decades [111-115], including the utilization of parasitic patches [113], coplanar 

microstrip parasitic subarrays [114], and L-shaped probe feed [115]. In addition, increas­

ing the height of the substrate and using a matching network can improve impedance 

band widths.

patch

L
air or foam I-'

ground 'plane
coax

Figure 2.4: U-slot patch antenna [116 .
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In 1995, Huynh and Lee [116] proposed a novel microstrip U-slot patch antenna with 

47% impedance bandwidth, as shown in Fig. 2.4. The dielectric medium between the 

patch and the ground plane is air. The patch is fed at the centre by a 50Q coaxial probe. 

A U-shape slot is inserted into the patch. The measured VSWR is shown in Fig. 2.5. 

The large impedance bandwidth of the antenna is attributed to the fact that the resonant 

frequency of the U-slot is close to that of the patch antenna. Therefore, a rectangular 

patch with a U-slot has a double-looped impedance characteristic on the Smith Chart 

and can realize a large bandwidth. In [117], the effects of the U-slot dimensions on the 

antenna resonant frequency are investigated in detail, and a procedure to design a U-slot 

patch antenna is given.

Figure 2.5: Measured VSWR of the U-slot patch antenna [116 .

In 2000, Tong proposed a U-slot rectangular patch antenna on a microwave substrate 

118] rather than air [116]. The antenna operates at 3.1 GHz and can achieve a 27% input 

impedance bandwidth.

In 2007, a circularly polarized antenna was designed by Tong based on the U-slot 

patch antenna, as shown in Fig. 2.6 [119]. An asymmetric U-slot is inserted in the 

microstrip square patch which sits on the top of a piece of 11-mm-thick foam substrate. 

The parameters and dimensions of the antenna are shown in Fig. 2.7. By adjusting
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the length of the arms of the U-slot (either Lui or L„r) to the optimum position in the 

y-direction, high-purity circularly polarized radiation can be achieved. In Fig. 2.7, if the 

left arm of the U-slot (L„/) is longer than the right arm, Lui > Lur, the antenna radiates 

left-hand circular polarization. Right-hand circular polarization can be obtained if Lui is 

less than Lur- The impedance bandwidth and the 3dB axial ratio bandwidth are 9% and 

4%, respectively.

asymmetrical

Figure 2.6: Geometry of the circularly polarized U-slot patch antenna [119

2.3 A Microstrip Monopolar Wire-Patch Antenna

A microstrip patch antenna operating in the dominant TMio mode radiates boresight 

radiation patterns [120]. By loading two shorting posts between the radiating patch and 

the ground plane, conical radiation patterns can be achieved [121], A conical radiation 

pattern is generally one for which the maximum directivity is off boresight (where bore­

sight corresponds to the direction normal to the plane containing the antenna) and the 

pattern shape resembles a cone. Such a patch antenna with two shorting posts that works 

like a monopole is referred to as a monopolar wire-patch antenna [121]. Fig. 2.8 shows 

its structure and the parameters and dimensions are given in Table 2.1.
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Figure 2.7: Dimensions of the circularly polarized U-slot patch antenna [119
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Figure 2.8: Monopolar wire-patch antenna [121
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Table 2.1: Parameters and dimensions of the monopolar wire-patch antenna [121]

Parameter a b h d

Value (mm) 20 172 10 3.3

The antenna is a classical microstrip patch antenna with a square patch and a ground 

plane. Two shorting posts are used to connect the patch and the ground plane, which 

makes currents concentrate on the surface of the shorting posts. In this way, the operating 

mode of the antenna is changed, thereby producing a conical radiation pattern. The 

resonant frequency of the antenna described in [121] is 1.74 GHz, which is lower than that 

of the fundamental mode of a patch antenna.

The height of the antenna is less than 0.05 Aq, which is a very low profile compared to 

a quarter-wavelength wire monopole. However, the impedance bandwidth is only 2.8%, 

which is too narrow for many wireless communication systems. Some research work has 

been reported that can increase the bandwidth to 15% [122] and 107% [123 .

2.4 A Microstrip Quasi-Yagi Dipole Antenna

The Yagi-Uda antenna is a very popular parasitic linear dipole array. The basic 

structure of a Yagi-Uda antenna consists of a driven dipole, a reflector and a director. It 

has been used extensively as an end-fire antenna widely at VHF and UHF frequencies. In 

1998, Kaneda and Itoh developed a microstrip planar quasi-Yagi antenna that can operate 

in the microwave/millimetre-wave band [125-127 .

The structure of the quasi-Yagi dipole antenna is shown in Fig. 2.9 [127], The antenna 

is designed on a 0.635-mm-thick substrate (dielectric constant 10.2) with metallization on 

both sides. The top side is composed of a microstrip feed, a broad-band microstrip- 

to-coplanar stripline (CPS) balun, one driven dipole fed by the CPS and one parasitic
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director. The bottom plane is a truncated microstrip ground, which serves as the reflector 

element for the antenna. The combination of the parasitic director and reflector elements 

directs the radiation of the antenna toward the end-fire direction.

Mkrostrip F««d

Figure 2.9: Quasi-Yagi dipole antenna [127

Fig. 2.10 shows the input impedance bandwidth of the antenna. By choosing the 

antenna parameters properly, the impedance bandwidth can be 40%-50%. The antenna 

has an end-fire radiation pattern with a front-to-back ratio of about 16 dB and a maximum 

cross-polarization level of -18 dB.

The quasi-Yagi antenna possesses several advantages over traditional wire antennas. 

First, the substrate provides mechanical support for the antenna and planar transmission- 

line compatibility. Second, a truncated microstrip ground plane is employed as the re­

flecting element, thus eliminating the need for a reflector dipole. This makes the antenna
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structure very compact, as well as being compatible with any MMIC devices.

Figure 2.10: Input impedance bandwidth of the quasi-Yagi antenna [127].

2.5 MIMO Technology

2.5.1 Concepts of MIMO Technology

Multiple-Input-Multiple-Output (MIMO) is a technology for wireless communication 

systems in which multiple antennas are used at the transmitter and/or the receiver to 

enhance the received radio signal quality and/or increase the spectral efficiency. MIMO 

technology has attracted considerable research attention since its emergence in the early 

1990s, and is still evolving [128-130]. The key characteristic of MIMO technology is that 

it can provide significant increases in data throughput and link range without additional 

bandwidth or transmit power.

When a radio-frequency (RF) signal is transmitted towards the receiver, it may en­

counter objects that reflect, diffract or interfere with the signal, resulting in multiple 

wavefronts. Therefore, the received signal is a combination of the original signal and 

the duplicate wavefronts; this is referred to as multipath propagation. The effects of the
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multipath propagation include increased signal-amplitude interference, decreased signal- 

amplitude interference, or a signal null, thereby leading to significant changing of the 

magnitude of the original signal; this is called multipath distortion or multipath fading. 

In general, multipath effects will severely affect the quality and reliability of wireless 

communication.

MIMO technology is an efficient way to overcome multipath fading. Actually, MIMO 

takes advantage of the multiple signal paths that exist between a transmitter and receiver 

to significantly improve the quality of the RF signal or data throughput available on a 

given channel with its defined bandwidth. By using multiple antennas at the transmitter 

and receiver along with some complex digital signal processing schemes, MIMO technol­

ogy enables the system to set up multiple data streams on the same channel. If the 

multipath is rich in the communication environments, the path gains between individual 

transmit-receive antenna pairs fade independently. In this way, the channel matrix is well 

conditioned with high probability, and the sub-channels of the MIMO system tend to be 

independent. By transmitting different information streams in parallel through these in­

dependent spatial channels, the receiver can separate the data streams, thereby enhancing 

the signal quahty or increasing the data rate.

Transmitter Receiver

( ^ a n n ^

Figure 2.11: MIMO system architecture.

A MIMO system consists of a transmitter and a receiver, as illustrated in Fig. 2.11.
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The Transmitter/receiver is composed of a signal-processing module and a physical an­

tenna array. At the transmit end, the data is mapped to transmitting antennas by using 

different signal-processing methods, such as space-time coding. At the receive end, the 

data is decoded and recovered.

For a MIMO system consisting of Nr receive antennas and Nt transmit antennas, the 

transmit streams go through a channel matrix H which consists of all Nr x Nt paths 

between the Nt transmit antennas at the transmitter and Nr receive antennas at the 

receiver. At a certain time t, the channel matrix H is given by

h i^ i h i , 2 h i,N r

2̂,1 ^2,2 h2,N r

^ N r ,1 hNR,2 h N R ,N r

(2.9)

where hij is the gain between the ith receive antenna and the jth transmit antenna. 

When the MIMO channel is completely known to the receiver but is unknown to the 

transmitter, the Shannon capacity of the MIMO channel is given by [130]:

SNR
C = log2\det{I

Nt
-HH+) (2.10)

where C is the system capacity in bits/second/Hz, 1̂  ̂is the NrXNr identity matrix, SNR 

is the average signal-to-noise ratio (SNR), and the superscript + denotes the conjugate 

transpose.

2.5.2 MIMO Technology Classification

An antenna array used in a MIMO system has many antenna elements placed together. 

The signals transmitted or received from different antenna elements demonstrate some 

spatial correlations with each other, which is dependent on both the correlation of the 

antenna array elements and the communication environments. The correlation coefficient
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between two receive signals, p, is given by [131

E[{ri -  r l)(r2 -  fz) (2.11)

where ri and r2 are the envelope values of the two signals, and fi and f 2 are their average 

values.

Depending on the degree of the correlations among the sub-channels, MIMO tech­

nology can be divided into three categories, namely, spatial multiplexing, diversity, and 

beamforming.

Spatial multiplexing exploits the scattering properties of the wireless MIMO channels 

by transmitting different data streams, called sub-streams, in parallel from different an­

tennas to increase link capacity [128]. In spatial multiplexing, a high-rate signal is split 

into multiple lower-rate sub-streams and each sub-stream is transmitted from a different 

transmit antenna in the same frequency channel. If these signals arrive at the receive 

antenna array with sufficiently different spatial signatures, the receiver can separate these 

sub-streams into (almost) parallel channels. Spatial multiplexing is a very powerful tech­

nique for increasing channel capacity at higher SNR. The capacity of the MIMO channel 

can be measured as the capacity of a single antenna channel times a factor which is called 

the multiplexing gain. In an ideal MIMO environment, the multiplexing gain is equal 

to the minimum of the number of the transmit antennas and the number of the receive 

antennas.

Diversity refers to the use of multiple antennas to improve the link quality between the 

transmitter and the receiver [128], [130]. It is especially effective at mitigating multipath 

fading. In diversity methods, multiple copies of the same stream (unlike the multiple dif­

ferent streams in spatial multiplexing) are coded and transmitted by different antennas. 

With an increasing number of independent copies, the probability that at least one of 

the copies is not experiencing a deep fade increases, thereby improving the quality and



reliability of reception. A MIMO channel with Nr receive antennas and Nt transmit an­

tennas potentially offers NrNt independent fading links, which refers to a spatial diversity 

order of NrNt . For digital communication systems, diversity can reduce the bit error rate 

(BER).

Diversity can be realized in five ways, namely, antenna spatial diversity, antenna pat­

tern diversity, antenna polarization diversity, time diversity and frequency diversity.

Beamforming allows spatial access to the radio channel by means of focusing the energy 

into some desired directions and nulling others, leading to an increase of the average 

SNR. The MIMO channel structure and scattering properties are not employed to define 

independent channels, but to get an equivalent single channel with improved properties. 

Beamforming can be applied at transmit and/or receive ends of the communication link.

In all, the fundamental benefits available from a MIMO system are diversity and 

multiplexing. A MIMO system can provide two types of gain: spatial multiplexing gain 

and diversity gain. However, it is clear that the full benefits of diversity and multiplexing 

cannot be realized simultaneously. The diversity assumes that the data rate is maintained 

constant and BER decreases as SNR increases, while multiplexing assumes that BER is 

held constant and data rate increases with SNR. Usually, some trade-off transmission 

schemes [132], [133] can be selected to accomplish both multiplexing and diversity gains, 

but either of them is less than that in a pure multiplexing or diversity scheme.

2.5.3 Antenna Designs for MIMO systems

As mentioned earlier, MIMO systems perform well in rich multipath environments 

when the correlation between the individual channel gains is low. This correlation is 

determined by propagation environments as well as antenna array configurations in terms 

of the correlation between antenna elements. Therefore, in addition to the propagation 

channel, the design of the antenna array plays a critical role in MIMO system performance.

42 Chapter 2. Background



Prom an antenna-engineering point of view, the design considerations include not only 

the conventional parameters of an antenna such as impedance matching, gain, radiation 

pattern and polarization, but also the envelope correlation coefficient between antenna 

array elements. The correlation is determined by both the element design and the array 

configuration such as the spacing of the elements. The envelope correlation coefficient can 

be calculated by using radiated electric fields assuming that the antennas are lossless and 

the channels are uniform and random. For a 2-element array, the envelope correlation 

coefficient Pe is given by

^  \SLFi(o,<P)-F̂{e.<i>)dn\̂ ^

where Fi{6,(j)) is a complex vector indicating the electric field radiated from the ith ele­

ment. It should be pointed out that this coefficient does not consider the effects of the 

propagation channel and it is not the correlation coefficient between the two data streams 

received by the two sub-channels. Therefore, if there is little multipath in the communi­

cation environment or if the channel model is a keyhole channel [135], the low correlation 

coefficient between the two antenna elements cannot guarantee a low sub-channel cor­

relation coefficient. However, for an antenna engineer, the antenna envelope correlation 

coefficient should be minimized in order to approach the upper bound of the diversity 

performance of the system.
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Chapter 3

Frequency Reconfigurable Antennas

3.1 Introduction

Nowadays, the largest and most desirable portion of the electromagnetic spectrum 

is allocated to licensed services, resulting in the well-known profound scarcity of this 

resource for emerging applications. With the rapid proliferation of wireless technologies, 

spectrum scarcity has become a serious problem since more and more wireless applications 

are competing for very few spectra. Cognitive radio is viewed as a novel approach for 

improving the utilization of the spectrum. Cognitive radio, built on a software-defined 

radio, is defined as a smart wireless communication system. It can intelligently detect 

which communication spectra are in use and which are not, and instantly move into vacant 

ones. In this way, spectrum utilization can be improved significantly by making it possible 

for a secondary user (who is not being serviced) to access a spectrum hole unoccupied by 

the primary user at the right location and time. As a cognitive radio system will operate 

in different frequency bands, it is apparent that the antennas of the system are required 

to be capable of covering multiple bands.

In addition, today, it is common practice for an operator to own several frequency
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spectrum bands for one service, such as the GSM system using 900 and 1800 MHz bands 

as well as WiMAX using 2.5 and 3.5 GHz bands. Moreover, for military applications, in 

order to enhance the jam resistance, the operating frequency of the system is required to 

be changed across multiple bands. Consequently, the antennas of the systems mentioned 

above should support multiple frequency bands.

Multiband, wideband and reconfigurable antennas are three potential candidates to 

be employed in systems requiring multiple operating bands. However, if only a portion 

of this operating band is required at any given time, such as in a cognitive radio, then 

a frequency reconfigurable antenna would be a better choice. Compared to multiband 

and wideband antennas, one of the merits of frequency reconfigurable antennas is that 

the antenna can provide noise rejection in the bands that are not in use so that the filter 

requirements of the front-end circuits can be greatly reduced. Furthermore, compared to 

a wideband antenna, the frequency reconfigurable antenna is more compact so that it will 

be more suitable for mobile terminal devices. The further advantage of using frequency 

reconfigurable antennas is that across the entire frequency tuning range, the radiation 

characteristics remain almost stable, which is very difficult for wideband antennas.

Most of the frequency reconfigurable antenna designs reported to date are based on the 

microstrip patch antennas [7-21] or microstrip slot antennas [34-40]. Those two types of 

antenna can realize a large frequency tuning ratio. However, the impedance bandwidth of 

those antennas is quite small (around 1-2%), which is not sufficient for many applications. 

According to our research [25-27], a frequency-agile antenna based on a microstrip dipole 

or a folded dipole can achieve frequency tuning with a greater impedance bandwidth. 

In addition, the folded dipole allows the biasing network to be located far from the 

antenna radiating elements through the metallization of the balun and coplanar-stripline 

(CPS) feed network, thus eliminating interference from the bias lines. Therefore, this 

reconfigurable antenna structure with such a biasing scheme can also be employed for
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millimetre-wave band reconfigurable antenna design, where the biasing lines around the 

radiating elements have significant influence on the performance of the antenna.

A literature review shows that few millimetre-wave frequency reconfigurable antenna 

designs exist. Compared to microwave communication, the millimetre-wave counterpart 

has advantages of high data rate, large bandwidth, small equipment size, improved se­

curity, and interference protection. Furthermore, there is a large quantity of unlicensed 

spectra available in millimetre wave band. For example, the 60GHz band has been al­

located worldwide for short-range wireless communications. This abundant unlicensed 

spectrum has the potential to enable numerous indoor wireless applications that require 

large bandwidth and high data rate, such as millimetre-wave Wireless Personal Area Net­

works (WPAN). Therefore, because of the significant benefits from communicating in the 

millimetre-wave band, millimetre-wave frequency reconfigurable antenna designs are very 

necessary and attractive.

In this chapter, a frequency reconfigurable quasi-Yagi folded dipole antenna is proposed 

for the first time. Two techniques for frequency reconfigurability are presented that allow 

either continuous tuning by using varactor diodes or discrete frequency tuning by using 

PIN diodes. Reconfigurability of the operating frequency of the antenna is realized by 

varying the effective electrical length of the folded dipole driver. Similar end-fire radiation 

patterns with low cross-polarization levels are realized across the entire tunable frequency 

range. To validate the concept, two antenna prototypes in the microwave band and one 

antenna prototype in the millimetre-wave band were designed. For the first antenna, a 

continuous tuning range of 10% enables this new reconfigurable antenna to cover a total 

frequency bandwidth of 25% (5.5-7.1 GHz) with about 4.2 to 6.35 dBi gain. For the 

second antenna, the 5.3-6.6 GHz frequency band or the 6.4-8 GHz frequency band can 

be covered separately. For the third antenna, the proposed antenna can operate in either 

the typical miUimetre-wave WPAN band (57-66 GHz) or E-band (71-76 GHz).

3.1 Introduction 47



48 Chapter 3. Frequency ReconGgurable Antennas

3.2 Folded Dipole Structures

3.2.1 A Symmetrical Folded Dipole

Before describing the three proposed frequency reconfigurable antennas, it is necessary 

to introduce the background of the folded dipole [1 .

in 1
2a
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Figure 3.1: Folded dipole.
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Figure 3.2: Current modes for a voltage V applied to the terminals of a folded dipole.

A folded dipole consists of two parallel dipoles connected at the ends forming a narrow 

wire loop, as shown in Fig. 3.1. The dimension s is much smaller than L and much smaller



than a wavelength. The folded dipole is essentially an unbalanced transmission line with 

unequal currents. Its operation is analysed by considering the current to be composed of 

two modes: the transmission line mode and the antenna mode [136]. The currents for 

these modes are illustrated in Fig. 3.2.

Suppose that a voltage V is applied across the input terminals of a folded dipole. 

The total behaviour is determined by the superposition of the equivalent circuits for each 

mode in Fig. 3.2.

For the transmission line mode of Fig. 3.2 (a), the input impedance at the terminals 

a — bore — f, looking toward the shorted ends, is given by

Zt= jZotan/3^ (3.1)

where Zq is the characteristic impedance of the two-wire transmission line.

Since the voltage between the points a and b is V/2, and it is applied to a transmission 

hne of length L/2, the transmission-line current is given by

’ • =  ^

For the antenna mode of Fig. 3.2 (b), the current for the antenna mode is given by

L = ^  (3.3)

where Zd is the input impedance of a linear dipole of length L and an equivalent radius 

Og. The equivalent radius Og is related to the actual wire radius a by

ae = (3.4)

The total current on the feed leg (left side) of the folded dipole of Fig. 3.2 is given by

_  L  V{2Z, + Z,)

' 2 AZdZt ^

3.2 Folded Dipole Structures 49
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Therefore, the input impedance at the feed is given by

V

Iin Z t + 2Z d
(3.6)

When L = A/2, it can be shown that (3.6) reduces to

in 4:Zd (3.7)

From (3.7), it is seen that the impedance of the folded dipole is four times as great as 

that of an isolated dipole of the same length as one of its sides.

3.2.2 An Asymmetric Coplanar Strip Folded Dipole

The term asymmetric coplanar strip folded dipole means that the widths of the upper 

and lower strips are different, as shown in Fig. 3.3.

Upper Strip

Lower Strip

L

jti XC'- • '  f.v,

• : >  • ■ q - v ' -  ■■

r r ' i ; : . v ..

.

▲
y
4

t

W:

b

Wi

Figure 3.3: Asymmetric coplanar strip folded dipole.

By using a similar analysis method as with the folded dipole, the input impedance of 

an asymmetric folded dipole of length L — X/2 is given by [137

in (1 + a fZ j (3.8)

where a is given by [137

a
ln{4c + 2((2c)2 - (H^i/2)2)i/2) _  ln{Wi)) 

/n(4c + 2((2c)2 - (iy2/2)2)i/2) _  /nfwa))

_  Wi/2 + b + W2/2

2

(3.9)

(3.10)
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When = W2 , a is equal to 1. The asymmetric folded dipole becomes a symmetric 

folded dipole. Then is computed using (3.8)

Zin — 4Zd (3.11)

Equation (3.11) is identical to (3.7).

3.3 A Frequency Continuous Tuning Quasi-Yagi Folded

Dipole Antenna

3.3.1 Antenna Structure and Operating Principle

Figure 3.4: Configuration of the antenna.

The configuration of the antenna is shown in Fig. 3.4. The antenna is designed on a 

two-layer microstrip substrate. The top side of the substrate consists of a microstrip feed,
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a quarter-wavelength impedance transformer, a broad-band microstrip-to-CPS balun, a 

folded dipole driver element fed by the CPS, and a dipole parasitic director element. The 

bottom side is a truncated microstrip ground, which serves as the reflector element for 

the antenna. The combination of the parasitic director and reflector elements directs the 

radiation of the antenna toward the end-fire direction. The parameters and dimensions 

of the antenna are shown in Table 3.1. It is found that the length of the folded dipole 

driver Lj, the length of the director Lg and the ratio of the widths of the upper and lower 

strips of the folded dipole driver Wg/We are important design parameters which affect 

the input impedance of the quasi-Yagi folded dipole antenna [137]. In this paper only the 

electrical length of the folded dipole driver is changed to reconfigure the centre frequency 

of the antenna in order to simplify the bias network.

Table 3.1: Dimensions of the Antenna

Parameter Wi W2 1̂ 3 W4 W5 Wr Wg

Value (mm) 1.8 3.6 1.0 0.6 0.8 2.4 1.2 0.5 1.4

Parameter Li L2 Ls L4 U Le Lj Ls Lg

Value (mm) 6.5 6.8 2.1 3.6 8.0 2.6 19.4 14.0 3.0

The surface current of the folded dipole was investigated using CST Microwave Studio, 

as shown in Fig. 3.5. It is found that the current has its maximum value in the middle 

of the upper strip of the folded dipole driver. Therefore, by mounting varactor diodes in 

the middle of the upper strip, as shown in Fig. 3.4, the input impedance of the folded 

dipole will be changed significantly so that the operating frequency of the antenna can be 

tuned. It is apparent that if the electrical lengths of the upper strip and the lower strip 

are changed simultaneously, the resonant frequency of the antenna can also be tuned. 

This case will be studied in detail in the next section.
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Figure 3.5: Surface current of the antenna.

Varactor Diodes

A

Figure 3.6: Orientation of varactor diodes.

Two low loss varactor diodes (Aeroflex Metelics MGV 125-20-0805-2) with a capaci­

tance range of 0.1-1 pF are placed in series as shown in Fig. 3.4. In Fig. 3.6, the orientation 

of the varactor diodes inserted on the upper strip of the folded dipole is shown. Fig. 3.7 

shows the series RLC equivalent circuit used to model the varactor diodes in the simu­

lation. Cj is the varactor junction capacitance. Cp and Lp are the parasitic capacitance 

and inductance, respectively. Rp represents the loss of the varactor diode.

Two diodes are used to achieve a larger tuning range, and they are placed at the centre
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A Lp=0.4 nH 

Rp=1.6Q

Figure 3.7: Equivalent circuit of the varactor diode (Cp = 0.06 pF, Cj=0.1-1.0 pF).

of the folded dipole where the current is the highest. By varying the junction capacitances 

of the varactor diodes, the electrical length of the folded dipole driver is varied, thus 

leading to a change in the input impedance of the antenna. The input impedance of the 

driven element for different varactor junction capacitances of the antenna with truncated 

ground plane was analysed using CST Microwave Studio. The results are shown in Fig. 

3.8. The model used to calculate the input impedance of the driven element, as shown 

in Fig. 3.9, is excited by a discrete port but does not include the CPS, the balun and 

soil microstrip line. The dimensions of the model are given in Table 3.1. As can be seen 

in Fig. 3.8 (b), the resonant frequency of the antenna is decreased when the junction 

capacitance increases from 0.1 pF to 1 pF.
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Figure 3.8: Antenna input impedance for different varactor diode junction capacitances

(a) Real part; (b) Imaginary Part.

Varactor 
Diodes
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Figure 3.9: The model used to calculate the input impedance of the driven element.

(a) Top layer, including the folded dipole driver, director and a discrete port; (b) Bottom 
layer, including the truncated ground plane.



3.3.2 Antenna Bias Network

The biasing scheme of the varactor diodes is shown in Fig. 3.4. Since the varactor 

diodes should be reverse biased, Pad A and Pad B are connected to the positive and 

negative bias voltages, respectively. The do bias voltages can be applied to the diodes 

through the metallization of the balun, CPS and folded dipole. It can be noted that, by 

using a folded dipole, a closed dc circuit is formed, thereby eliminating the need for extra 

bias lines to be attached to the folded dipole. If a half-wave dipole is used as the driven 

element, extra bias lines around the radiating elements would be required, which may 

cause pattern distortion.

Capacitor 1 is used to prevent the dc bias voltages from flowing into the RF source at 

the antenna terminal. Capacitor 2 ensures dc isolation between Pad A and Pad B while 

maintaining the RF continuity of the balun. The dc bias voltage is isolated from the RF 

signal of the antenna by using two dc bias networks, each consisting of a two-element 

low-pass filter. Each filter is composed of a chip inductor, a chip capacitor and a via, with 

a rejection band from 3 to 10 GHz, which covers the entire operating frequency band of 

the antenna. The equivalent circuit of the low-pass filter is shown in Fig. 3.10.
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Capacitor

\
Inductor

L= 30 nH 
C= 2.2 pF

Low pass filter

Figure 3.10: Equivalent circuit of the dc bias network used at Pad A and Pad B.

In order to examine the performance of the dc bias network, a microstrip line incor­

porated with the proposed dc bias network, as shown in Fig. 3.11, was analyzed by CST
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Microwave Studio. Regarding the width of the microstrip line, since the bias network 

connects to both the balun and the quarter-wavelength impedance transformer, two dif­

ferent width that is equal to either W3 or W2 ■̂re considered. The width of the dc bias 

line in the model is 0.5 mm, which is the same as that in Fig. 3.4.

Port 2

Microstrip Line

Ports

Port 1

Figure 3.11: The model of the bias network in the simulation

Fig. 3.12 (a) and (b) show the scattering parameters of the model for the two values 

of the width of the microstrip line, respectively. It can be seen that in both situations the 

transmission from port 1 to port 3 S31 is below -30 dB, which means that the dc bias

network can choke the RF signal successfully.
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Figure 3.12: Simulation results of the dc bias network with the width of the microstrip 

line equal to: (a) 1 mm; (b) 3.6 mm.

3.3.3 Simulated and Measured Results

The antenna was fabricated on a single Rogers substrate 4003 (0.813 mm thick and 

dielectric constant £r=3.55). A photograph of the prototype is shown in Fig. 3.13.

The simulated reflection coefficients as a function of frequency for three different var- 

actor diode junction capacitances Cj are given in Fig. 3.14. The corresponding measured 

results are plotted in Fig. 3.15. From Figs 3.14 and 3.15 it is observed that, by changing 

the junction capacitance values of the two varactor diodes from 1 pF to 0.1 pF (or by 

increasing the varactor diode bias voltages), the centre frequency can be continuously 

tuned from 6 to 6.6 GHz. The reflection coefficient bandwidth (l-Snl ^  -10 dB) at each 

frequency is greater than 15%. The frequency tuning range can be further enlarged by 

employing varactor diodes with a larger capacitance variation. Table 3.2 summarizes the 

simulated and measured antenna performance across the operating frequency range.
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Figure 3.13: Photograph of the antenna.
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Figure 3.14: Simulated input reflection coeflacients for different varactor diode junction 

capacitances.
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Figure 3.15: Measured input reflection coefficients for different values of varactor diode 

bias voltage.

Table 3.2: Summary of simulated and measured performance of the antenna

Bias Voltage (V) C,(pF)

Centre Fre­

quency (GHz)

Impedance 

Bandwidth %

Gain (dBi)

Meas. Sim. Meas. Sim. Meas. Sim.

0 1 6 6 16.7 17.4 4.48 4.8

15 0.28 6.35 6.4 15.7 13.2 5.2 5.4

30 0.1 6.6 6.75 15.0 11.9 5.36 6.45



Radiation patterns were measured using a spherical near-field (SNF) system. Sim­

ulated and measured normalized radiation patterns are compared for both the E (z-x) 

plane and the H(z-y) plane. The orientation of the rectangular coordinate system used in 

all radiation pattern figures is the same as the one shown in Fig. 3.4. Fig. 3.16 shows the 

El-plane radiation patterns at 6 GHz, 6.35 GHz and 6.6 GHz for bias voltages of 0 V, 15 V 

and 30 V, respectively. Fig. 3.17 displays the H-plane radiation patterns at 6 GHz, 6.35 

GHz and 6.6 GHz, respectively. Well-defined end-fire radiation patterns can be observed 

with a maximum cross-polarization level of -15 dB and -10 dB for the E plane and the H 

plane, respectively. It can be seen that the antenna has similar radiation patterns over 

the entire tunable frequency range. Further simulations reveal that the radiation patterns 

do not vary very much with the tuning frequencies and have a front-to-back ratio greater 

than 15 dB. Unfortunately, due to the blockage caused by the antenna positioner in the 

SNF chamber, the front-to-back ratio cannot be measured accurately.

The realized gain has also been found by the gain comparison technique [1]. Both 

the simulated and measured gains of the antenna have been plotted by combining the 

gain data across the entire tunable frequency range, as shown in Fig. 3.18. From this 

plot, it is seen that the measured gain varies from 4.2 to 6.35 dBi, while the simulated 

gain varies from 4.2 to 7.4 dBi, for the entire frequency range. The measured gain is 

less than the simulated one across the tuning range. This can be mostly attributed to 

the inaccuracies in the fabrication and measurement process and variations in discrete 

component parameters from the values given in the manufacturer’s datasheet. The loss of 

the varactor diode is represented by a series resistance of 1.6 ft. Simulation results show 

that the gain of the antenna increases by 0.04 dB when the resistance is reduced to zero. 

Therefore, the effect of the losses of the varactor diodes on the gain of the antenna is very 

small.
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Figure 3.16: Measured and simulated El-plane (z-x plane) normalized radiation patterns;

(a) 6 GHz, bias voltage is 0 V, and theoretical varactor diode junction capacitance is 1 pF;
(b) 6.35 GHz, bias voltage is 15 V, and theoretical varactor diode junction capacitance 
is 0.28 pF; (c) 6.6 GHz, bias voltage is 30 V, and theoretical varactor diode junction 

capacitance is 0.1 pF.
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Figure 3.17: Measured and simulated H-plane (z-y plane) normalized radiation patterns:

(a) 6 GHz, bias voltage is 0 V, and theoretical varactor diode junction capacitance is 1 pF;
(b) 6.35 GHz, bias voltage is 15 V, and theoretical varactor diode junction capacitance 

is 0.28 pF; (c) 6.6 GHz, bias voltage is 30 V, and theoretical varactor diode junction 

capacitance is 0.1 pF.
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Figure 3.18: Measured and simulated gains of the antenna.
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3.4 A Frequency Discrete Tuning Quasi-Yagi Folded 

Dipole Antenna

3.4.1 Antenna Structure and Operating Principle

The basic structure of the frequency discrete tuning quasi-Yagi folded dipole antenna 

is similar to the frequency continuous tuning one, and is shown in Fig. 3.19 (a). The 

main difference is that PIN diodes are used to realize the frequency discrete switching. 

The folded dipole driver element is printed with six 0.5mm gaps. Six beam-lead PIN 

diodes (MA4AGBLP912) are mounted across the gaps using electrically conductive silver 

epoxy. The orientation of the diodes is shown in Fig. 3.19 (b). According to the PIN 

diode datasheet [138], the diode represents a resistor of 4 (typical value) for the ON 

state and a parallel circuit with a capacitor of 0.025 pF and a resistor of 10 kfi for the 

OFF state. The length of the folded dipole element can be changed by switching between 

the different states of the diodes. When diodes 1 and 2 are on, and all the other diodes 

are off, the length of the folded dipole is Lj. In this case, the folded dipole is short 

and the proposed antenna resonates at a high operating frequency (denoted as State 1). 

Changing the polarity of the dc voltage turns diodes 1 and 2 off and all the other diodes 

on. In this case, the length of the folded dipole is increased to Lj + 2Wiq + 2Lio and the 

antenna resonates at a lower frequency (denoted as State 2). The bias network for this 

antenna is exactly the same as the one used in the frequency continuous tuning folded 

dipole antenna. The parameters and dimensions of the antenna are shown in Table 3.3.
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(a)

PIN diode 1

PIN diode 2
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Figure 3.19: (a) Configuration of the antenna; (b) Orientation of the PIN diodes

Table 3.3: Dimensions of the antenna

Parameter 1̂ 1 W2 Ws W4 We W7 Ws Wg Wio

Value (mm) 1.8 2.6 0.8 0.6 0.8 1.47 0.7 0.6 1.0 0.5

Parameter Li L2 L3 L4 L, Le L7 Ls L9 Lio

Value (mm) 5.4 6.0 2.4 2.6 6.0 1.05 14.3 11.2 2.7 1.5
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3.4.2 Simulated and Measured Results

The antenna was fabricated on a single Rogers substrate 4003 (0.813 mm thick and 

dielectric constant £r= 3.55). The dimensions of the substrate are 40 mm x 50 mm. A 

photograph of the fabricated prototype is shown in Fig. 3.20.

Figure 3.20: Photograph of the antenna

Fig. 3.21 displays the simulated and measured reflection coefficients as a function of 

frequency for State 1 and State 2. Prom State 2 to State 1, the resonant frequency shifts 

from 5.95 to 7.2 GHz, corresponding to a frequency tuning ratio of 1.21. The impedance 

bandwidth (liSnl ^  -10 dB) is 22.2% and 21.8% for State 1 and State 2, respectively. The 

frequency tuning range can be further enlarged by increasing the value of L iq.
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Figure 3 .21: Simulated and measured input reflection coefficients for different states of 

the antenna.

Radiation patterns were measured using a spherical near-field (SNF) system. Sim­

ulated and measured normalized radiation patterns are compared for both the E (z-x) 

plane and the H (z-y) plane planes. The orientation of the rectangular coordinate system 

used in all radiation pattern figures is the same as the one shown in Fig. 3.19. Fig. 3.22 

and Fig. 3.23 show the normalized radiation patterns at 7.2 GHz for State 1 and 5.95 

GHz for State 2, respectively. Well-defined end-fire radiation patterns are observed with 

a maximum cross-polarization level of -15 dB and -10 dB for the E plane and the H plane, 

respectively. It can be noted that the cross-polarization levels in the beam-maximum 

direction are typically lower. It also can be seen that the antenna has similar radiation 

patterns over the entire tunable frequency range. Further simulations reveal that the 

radiation patterns do not vary very much with the tuning frequencies and have a front-to- 

back ratio greater than 15 dB. Unfortunately, due to the blockage caused by the antenna

positioner in the SNF chamber, the front-to-back ratio cannot be measured accurately.
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Figure 3.22: Measured and simulated normalized radiation patterns at 7.2 GHz for 

State 1 of the antenna: (a) E-plane (z-x plane); (b) H-plane (z-y plane).
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Figure 3.23: Measured and simulated normalized radiation patterns at 5.95 GHz for 

State 2 of the antenna: (a) E-plane (z-x plane); (b) H-plane (z-y plane).

The realized gain has also been found by the gain comparison technique [1]. The gains 

in two bands are plotted in Fig. 3.24. The losses included in the simulation are from the 

forward resistances of the PIN diodes. The measured gains vary from 4.4 to 5.3 dBi for 

State 1 and 3.5 to 4.5 dBi for State 2. The gain of State 1 is higher than that of State 

2, which is due to the fact that fewer diodes are used for State 1, therefore there is less

series resistance for State 1. In addition, from Fig. 3.24 it is clear that at some frequency
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points the measured gains of the antenna are greater than the simulated results. This 

is because of the uncertainties in the exact forward resistance of the PIN diode (<4.9 Q 

specified by the manufacturer). From the PIN diode data sheet [138], it is known that the 

forward resistance of the PIN diode is about 4 at 10 GHz. Since the proposed antenna 

is operating around 6 GHz, there may be variations from the values given in the data 

sheet. In general, reasonable agreement between the simulated and measiu’ed results are

noted.
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Figure 3.24: Measured and simulated gains of the antenna.

The design and testing of the proposed antenna is useful for another purpose. Due 

to the fact that the dimensions of the PIN diode (0.6 mm x 0.15 mm) are quite small, 

the design can be scaled by a factor of ten to provide an antenna design that can tune

between a typical millimetre-wave WPAN band (57-66 GHz) and E-band (71-76 GHz).
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3.5 A Millimetre-Wave Frequency Discrete Tuning 

Quasi-Yagi Dipole Antenna

3.5.1 Antenna Structure and Operating Principle

In Section 3.4, a frequency discrete tuning quasi-Yagi folded dipole using 6 PIN diodes 

is described. The antenna’s realized gain is affected by the PIN diodes employed in 

the antenna. In this section, a new antenna structure that uses only two PIN diodes is 

proposed for millimetre-wave band applications. By switching between the different states 

of the PIN diodes, the antenna can operate in either the typical millimetre-wave WPAN 

band (57-66 GHz) or E-band (71-76 GHz). The basic structure of the antenna is shown 

in Fig. 3.25, and is similar to those presented in the previous two sections. The top side 

of the substrate consists of a microstrip feed, a broad-band microstrip>-to-CPS balun, a 

folded dipole driven element with two 0.5mm gaps fed by the CPS, and a dipole parasitic 

director element. The bottom side is a truncated microstrip ground, which serves as 

the reflector element for the antenna. The combination of the parasitic director element 

and the reflector directs the radiation of the antenna toward the end-fire direction. The 

dimensions of the antenna are shown in Table 3.4.

Table 3,4: Dimensions of the antenna

Parameter Wi W2 Ŵ3 W4 Wr

Value (mm) 0.23 0.33 0.12 0.09 0.12 0.19 0.08 0.13

Parameter Li L2 L3 L, L, Le Lr Ls

Value (mm) 0.76 0.86 0.47 0.43 0.83 1.92 1.19 0.81
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Figure 3.25: Configuration of the antenna.

Two PIN diodes are mounted across the gaps between the upper and lower strips of 

the folded dipole. The orientation of the diodes is shown in Fig. 3.25. However, since a 

PIN diode that can work up to 70 GHz was not available at the time of the experiment, 

in the process of software simulation a thin wire was used for the diode in the forward- 

bias state and the wire was removed for the diode in the reverse-bias state. It should be

noted that, since a bias network is included in the antenna design, practical PIN diodes 

that can work in the millimetre-wave band can be incorporated in the antenna and be 

electronically controlled.

The bias network for this antenna is similar to those operating in the microwave band 

presented in Sections 3.3 and 3.4. Capacitor 1 is used to prevent the dc bias voltage from 

flowing into the RF source at the antenna terminal. Capacitor 2 ensures dc isolation 

between Pad A and Pad B while maintaining the RF continuity of the balun. The dc bias 

voltage is isolated from the RF signal of the antenna by using two dc bias networks, each 

consisting of a two-element low-pass filter. Each filter is composed of a chip inductor, a
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chip capacitor and a via.

When the diodes are forward biased, the driven element is a folded dipole with a 

parasitic director which makes the antenna operate at 52-68 GHz (State 1). When the 

diodes are reverse biased, the driven element is a single dipole with two parasitic directors, 

which allows the antenna to operate at 70-76 GHz (State 2). The operating states of the 

proposed antenna and the corresponding diode states are summarized in Table 3.5.

Table 3.5: Operating states of the antenna

PIN Diodes Operating Frequency

State 1 Forward Biased 57-66 GHz

State 2 Reverse Biased 71-76 GHz

The mechanism of the frequency tuning is attributed to the different impedance char­

acteristics of the driven parts of the antenna in the different states. The input impedance 

of the driven element with truncated ground plane was analyzed using GST Microwave 

Studio. Fig. 3.26 (a) and (b) show the input impedance of the driven element for the two 

states of the proposed antenna. The model used to calculate the input impedance of the 

driven element is excited by a discrete port but does not include the CPS, the balun and 

50$7 microstrip line, as shown in the inset of Fig. 3.26 (b). As is seen from Fig. 3.26 (b), 

there is a resonance point around 75 GHz. The broad-band microstrip-to-CPS balun and 

the impedance transformer decrease the high resistance of State 2 around the resonance 

point to about 50Q. From Fig. 3.26 (a), it is seen that the imaginary part of the input 

impedance of State 1 does not cross zero from 50 to 65 GHz. As the same balun and 

impedance transformer is used for States 1 and 2, the input impedance match for State 1 

is worse than that of State 2.
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Figure 3.26: Simulated input impedance of the driven element of the antenna: (a) State 

1; (b) State 2.

3.5.2 Simulated and Measured Results

The antenna was fabricated on a liquid-crystal polymer (LCP) substrate (0.1mm thick 

and dielectric constant €r =3.2) with dimensions 7.5 mm x 7.5 mm. LCP has been shown 

to have a reasonably low loss at millimetre-wave frequencies. A standard waveguide WR- 

15 (3.76 mm x 1.88 mm) is used to feed the antenna through a waveguide-to-microstrip 

line transformer. A photograph of the antenna prototype with the waveguide is shown 

in Fig. 3.27. The waveguide-to-microstrip line transformer is inserted into a metal block 

that is used to carry the antenna.

For the antenna input reflection coefficient measurements, a thin wire was used for the 

diode in the forward-bias state and the wire was removed for the diode in the reverse-bias 

state. Fig. 3.28 displays the simulated reflection coefficients as a function of frequency 

for State 1 and State 2. For State 1, the impedance bandwidth (|5'u| ^-10 dB) is 26.6% 

with a centre frequency of 60 GHz, which can cover the 57-66 GHz band. For State 2, the 

impedance bandwidth is 8.2% with a centre frequency of 73 GHz, which can cover the 71-
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Figure 3.27: Photograph of the antenna.

76 GHz band. The measured results for the two states are shown in Fig. 3.29. For State 

1, the impedance bandwidth (|5n| ^  -10 dB ) is 57-66 GHz. But, at some frequency 

points, the input reflection coefficients go up to about -9 dB. This can be attributed 

to the losses of the waveguide-to-microstrip line transformer and the inaccuracies of the 

assembly process. However, the -9dB reflection coefficient can still be accepted by most 

apphcations in the millimetre-wave band. For State 2, the impedance bandwidth is 71-77 

GHz. Therefore, the operating frequency of the antenna can be switched between the 

millimetre-wave WPAN band and the E band.
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Figure 3.28: Simulated input reflection coefficients for the different states of the antenna
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Figure 3.29: Measured input reflection coefficients for the different states of the antenna.

Figs 3.30 and 3.31 show the simulated normalized radiation patterns at 60 GHz for 

State 1 and 73 GHz for State 2, respectively. The orientation of the rectangular coordinate 

system used in all the radiation pattern figures is the same as the one shown in Fig. 3.25.

For the E-plane (x-z plane) radiation pattern, well-defined end-fire radiation patterns can
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be observed and the pattern is symmetrical with respect to the 2 axis. For the H-plane 

(y-z plane) radiation pattern, due to the metal block that is used to carry the antenna, 

the radiation patterns become asymmetrical with respect to the ^ axis. The simulated 

gains are 6.4 dBi and 7.4 dBi for 60 GHz and 73 GHz, respectively. The antenna far-field 

radiation patterns will be measured and reported in our future work.

(a) (b)

Figure 3.30: Simulated normalized radiation patterns at 60 GHz for State 1 of the 

antenna: (a) E-plane (z-x plane); (b) H-plane (z-y plane).

(a) (b)

Figure 3.31: Simulated normalized radiation patterns at 73 GHz for State 2 of the 

antenna: (a) E-plane (z-x plane); (b) H-plane (z-y plane).
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Chapter 4 

A Polarization Reconfigurable 

Antenna

4.1 Introduction

Polarization reconfigurable antennas, also known as polarization-agile antennas, have 

attracted considerable attention due to their abihty to improve the performance of wireless 

communication systems [48-61]. Such reconfigurable antennas can provide polarization 

diversity to mitigate signal fading in multipath propagation environments and realize 

double transmission channels for fi:equency-reuse transceivers. Moreover, polarization 

diversity can be employed to increase the capacity of a multiple-input-multiple-output 

(MIMO) system by reducing the correlation of the sub-channels.

Polarization reconfigurable antennas can be classified into three categories: the switch 

between two orthogonal linear polarizations; the switch between right-hand circular polar­

ization (RHCP) and left-hand circular polarization (LHCP); the switch between circular 

and linear polarizations. Most of the previous work for polarization reconfigurability 

concentrates on switching between RHCP and LHCP [48-56]. Relatively few antennas
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have been presented that can switch between linear and circular polarizations because 

it is difficult to simultaneously realize a good impedance match for circular and Unear 

polarizations [51]. The reason is that circularly polarized (CP) radiation is generated by 

two degenerate orthogonal linear modes, and its input impedance is significantly different 

from that of the one resonant mode used to generate linearly polarized (LP) radiation. 

However, it will make the antenna more versatile if switching between linear and circular 

polarizations can be achieved [57 .

Several interesting designs have been proposed to solve this problem [57-60]. In [57], 

four PIN diodes were used on a corner-truncated square patch to produce LP and CP 

radiation with a small impedance bandwidth (2.5%). In [58], a perturbed square-ring slot 

antenna using four PIN diodes was designed that allows operation in both CP and LP 

modes. Unfortunately, the biasing and control circuits were not physically implemented. 

In [59], a ring-slot-coupled microstrip circular patch antenna, fabricated on two single FR4 

substrates separated by a piece of foam, was proposed that can switch between LP and 

CP modes. However, the overlapped impedance bandwidth is 2.2% and it is difficult to 

integrate such an antenna in a compact wireless device due to its large volume. In [60], an 

aperture-coupled patch antenna was presented that can be operated either in dual-linear 

polarizations or dual-circular polarizations using two feed ports and eight PIN diodes.

In this chapter, a microstrip U-slot patch antenna is proposed to allow switching either 

between linear and circular polarizations or between two circular polarization senses. The 

antenna is compact and can cover the wireless local area network (WLAN) fi-equency 

band with good impedance bandwidth and 3dB axial ratio bandwidth. The overlapped 

impedance bandwidth (l^nl ^  -10 dB) for the CP and LP modes is 6.1% with a centre 

frequency of 5.9 GHz, and the 3dB axial ratio bandwidth is greater than 2.8% with a 

centre frequency of 5.77 GHz for the CP mode. The proposed antenna is based on the CP 

U-slot antenna [119] introduced in Chapter 2. Compared to [119], however, the antenna
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described in this chapter uses a single-layer microwave substrate for ease of fabrication. 

In addition, two beam-lead PIN diodes are embedded into the U-slot at specific positions 

to enable the lengths of the slot arms to be varied. By turning the diodes on or off, the 

U-slot becomes either symmetrical or asymmetrical, which allows the patch antenna to 

switch between linear and circular polarization states electronically.

4.2 Antenna Structure and Operating Principle

The configiiration of the proposed reconfigmable U-slot patch antenna is shown in 

Fig. 4.1. The length of the patch, denoted as L4, is 0.35 Xg (14.2 mm), where Xg is 

the guided wavelength. This value is obtained from the parametric analysis presented 

in the next section. Xg is given by Xofy/s^ , where Aq is the wavelength in free space, 

^eff ~ (ffr + l)/2 is the effective dielectric constant of the substrate, and £^=2.2 is the 

dielectric constant of the substrate. A U-slot is inserted into a rectangular patch which is 

printed on a microwave substrate. As the physical length of the PIN diode is smaller than 

the width of the slot, conducting pads are placed in the gaps of the U-slot for PIN-diode 

attachment. The feed probe connected to the U-slot patch through the ground plane and 

substrate is offset from the top edge of the patch by L5. The parameters and dimensions 

of the antenna are given in Table 4.1.

Table 4.1: Dimensions of the reconfigurable U-slot antenna

Parameter W1 W2 WA W5

Value (mm) 0.5 0.65 5.3 13.8 30

Parameter LI L2 L3 L4 L5

Value (mm) 5.95 9.3 2.9 14.2 5.1
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Figure 4.1: Schematics of the reconfigurable U-slot antenna; (a) Top view; (b) Side

view.

In order to bias the PIN diodes, another thinner slot is cut on the top of the U-sIot 

in the antenna prototype. It separates the patch into two parts to ensure dc isolation. 

Three 30pF capacitors are placed across this thinner slot to maintain RF continuity. The 

outer part of the patch is dc grounded by a shorting pin through an inductor used as an 

RF choke. Both the dc bias voltage and the RF signal are simultaneously fed through the 

coaxial probe by using a bias-tee. Fig. 4.2 (a) and (b) show the equivalent circuit and the 

photograph of the bias-tee, respectively. It is a three-port device that can superimpose 

the bias voltage on the RF signal.

Beam-lead PIN diodes (MA4AGBLP912) are used as switching elements in the U-slot. 

According to the PIN-diode datasheet [138], the diode represents a resistance of 4 Q for 

the ON state and a parallel circuit with a capacitance of 0.025 pF and a resistance of 10

kQ for the OFF state.
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Figure 4.2: Bias-tee: (a) Equivalent circuit; (b) Photograph of the bias-tee.

The electrical length of the U-slot arm can be varied by changing between the different 

states of the diodes. When the left diode is on and the right diode is off, the RF current 

can flow across the left arm of the U-slot. In this case, the left arm of the U-slot is shorter 

than the right arm. In this way, the asymmetrical U-slot can excite two orthogonal modes 

in the patch. Adjusting the location of the PIN diodes can make the two modes have 

the same amplitude and a phase difference of 90*̂ at a given frequency, thereby enabling 

the antenna to generate CP radiation. The antenna radiates LHCP when the left arm of 

the U-slot is longer than the right one. RHCP can be achieved if the right arm is longer 

than the left one. The U-slot becomes symmetrical when both of the diodes are on or off, 

which enables the antenna to radiate linear polarization. In this case, the electric-field 

polarization is parallel to the y-axis in Fig. 4.1. The possible polarization states (RHCP, 

LHCP and LP) and the corresponding diode states are summarized in Table 4.2.



84 Chapter 4. A Polaxization ReconSgurable Antenna

Table 4.2: Polaxization states of the reconfigurable U-slot antenna

Diode (Left) Diode (Right) Polarization

State 1 OFF OFF Linear Pol.

State 2 ON ON Lineax Pol.

State 3 ON OFF RHCP

State 4 OFF ON LHCP

4.3 Parametric Study of the Patch Length

Two important parameters which affect the input reflection coefficient and axial ratio 

of the reconfigurable U-slot antenna are the patch length LA and the ratio of the lengths 

of the asymmetrical U-slot arms. Since a parametric study of the latter has already been 

reported in [117], we only examine the effects of the former parameter in this section. The 

other parameters remain constant and their values are given in Table 4.1. To complete 

the parametric analysis for five different patch lengths, full-wave simulations using CST 

Microwave Studio have been performed on the antenna shown in Fig. 4.1. As the antenna 

structure is basically symmetrical along the yz-plane, except for the bias line, the RHCP 

and LHCP should have similar axial ratio bandwidths and input reflection coefficients. 

Therefore, for the parametric analysis, only results for LHCP are presented. In addition, 

the effects on the input reflection coefficients of both LP states are examined.

Fig. 4.3 (a) and (b) show the effects of L4 on the resonant frequencies of State 1 

and State 2, respectively. From this figure, it is observed that the resonant frequencies of 

both LP modes decrease as the length of the patch increases. For LP State 1, the input 

reflection coefficient is too high to be acceptable for most applications. For LP State 2, 

the impedance match is acceptable for WLAN applications as long as LA is larger than

14.2 mm.
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Figure 4.3: Simulated performance of the antenna as a function of L4: (a) Input reflec­

tion coefficient for State 1; (b) Input reflection coefficient for State 2.

Fig. 4.4 (a) and (b) show the effects of LA on the axial ratio and input reflection 

coefficient of the CP mode, respectively. As seen from Fig. 4.4 (a), the 3dB axial ratio 

bandwidth increases as L4 decreases. However, LA cannot be smaller than 14.2 mm if 

the LP mode is desired. This can be viewed as a compromise in order for the antenna 

to provide linear polarization; hence the optimum value of LA is chosen to be 14.2 mm.
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The 3dB axial ratio bandwidth is 2.8% with respect to the centre frequency of 5.75 GHz 

when L4 is 14.2 mm. From Fig. 4.4 (b), it is seen that the CP operating frequency bands

i\S11 ^  -10 dB) are all located within the range from 5.6 to 6.3 GHz as L4 is varied,

which is wide enough to cover the 5.725-5.85 GHz frequency band.
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Figure 4.4: Simulated performance of the antenna as a function of LA: (a) Axial ratio; 

(b) Input reflection coefficient for the CP mode.
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4.4 Simulated and Measured Results

According to the above analysis and Table 4.2, a single U-slot antenna that switches 

between linear polarization, RHCP or LHCP can be designed as long as the diodes are 

independently biased. Unfortunately, the bias network required will be relatively com­

plicated. Since the aim of the work in this chapter is to validate the design concept, 

two polarization reconfigurable U-slot antennas with identical structures and dimensions 

shown in Fig. 4.1 and Table 4.1, respectively, were fabricated. The antennas can switch 

either between linear and circular polarizations (denoted as Antenna I) or between two 

circular polarization senses (denoted as Antenna II) by using different electronic elements. 

Fig. 4.5 (a) and (b) present the configurations of Antennas I and II, respectively.

B=8=E

Antenna II

(a) (b)

Figure 4.5: Configurations of the polarization reconfigurable U-slot antennas: (a) An­

tenna I; (b) Antenna II.

The antennas are printed on a 3.175-mm-thick RT/Duroid 5880 substrate (dielectric 

constant Sr=2.2, tanS=0.0009). Since Antenna I and Antenna II have the same structure 

but with different electronic elements, a photograph only of Antenna I is given in Fig. 

4.6.
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Figure 4.6: Photograph of the antenna.

For Antenna I, a 30pF capacitor is soldered onto the right pad to create a short circuit 

across the right arm of the U-slot. Meanwhile, a PIN diode D1 is mounted across the 

other arm using electrically conductive silver epoxy. When a forward bias is applied to 

turn on Z)l, the diode acts as a resistor of 4 and the RF current can flow across the slot. 

In this case, the two arms of the U-slot are of the same length, which leads to the linear 

polarization mode. The LHCP mode can be obtained when D1 is turned off by changing 

the polarity of the dc voltage. Antenna I can also provide switching between RHCP and 

linear polarization if the positions of the capacitor and the pin diode are interchanged.

Simulated and measured input reflection coefficients as a function of frequency for the 

CP and LP modes are shown in Fig. 4.7. Simulated and measured axial ratios at boresight 

for the CP mode are given in Fig. 4.8. From the experimental results, it is observed that 

the impedance bandwidths for the LP and CP modes are 6.1% and 13.5%, respectively, 

with almost the same centre frequency of 5.9 GHz, which can cover the entire 5.725-5.85 

GHz WLAN band. The measured SdB axial ratio bandwidth at boresight extends from 

5.7-5.86 GHz.



4.4 Simulated and Measured Results 89

CQ
•o

c/3

Frequency (GHz)

Figure 4.7: Simulated and measured input reflection coefficients for the LP and CP 

modes of Antenna I.
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Figure 4.8: Simulated and measured axial ratios for the CP mode of Antenna I.
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For Antenna II, two PIN diodes (D2, D3) are embedded across the two arms of the 

U-slot. The orientation of the two PIN diodes is shown in Fig. 4.5 (b). As the bias 

voltage is supplied from the coaxial probe, opposite dc voltage polarities are applied to 

D2 and D3. If a positive voltage is supplied, D2 is turned off and D3 is turned on and the 

antenna radiates LHCP. When a negative voltage is supplied, D3 is turned off and D2 is 

turned on and the antenna radiates RHCP. Fig. 4.9 presents the simulated and measured 

reflection coefficients as a function of frequency for the LHCP and RHCP modes. It can 

be observed that the frequency bandwidths of both CP senses are similar to the result of 

the CP mode of Antenna I in Fig. 4.7. However, it is clear that the impedance match of 

LHCP is better than that of RHCP, which can be mostly attributed to the existence of 

the microstrip bias line. Simulations show that if we put the bias line on the other side 

of the patch, the impedance match of RHCP will be better than that of LHCP.

Frequency (GHz)

Figure 4.9: Simulated and measured input reflection coeflftcients for the LHCP and 

RHCP modes of Antenna II.
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Figure 4.10: Simulated and measured axial ratios for the LHCP and RHCP modes of 

Antenna II.

Radiation patterns were measured for the LP and CP modes in a spherical near-field 

(SNF) system. For the CP modes, the axial ratio was measured as well. Fig. 4.10 

shows the simulated and measured axial ratios for both CP senses. The 3dB axial ratio 

bandwidths of LHCP and RHCP are 3.1% and 2.8%, respectively, with the same centre 

frequency of 5.77 GHz.

In Figs 4.11-4.14, the simulated and measured normalized radiation patterns of both 

E plane and H plane at 5.78 GHz are compared. The orientation of the rectangular 

coordinate system used in all radiation pattern figures is the same as the one shown in 

Fig. 4.1. The radiation plots are as follows: Fig. 4.11 and Fig. 4.12 show radiation 

patterns for LP and CP modes of Antenna I, respectively; Fig. 4.13 and Fig. 4.14 show 

radiation patterns for LHCP and RHCP modes of Antenna II, respectively. From Fig. 

4.11 to Fig. 4.14, it can be observed that the cross polarization levels for the linear and 

circular polarizations remain below -12 dB. In addition, it can be noted that the radiation 

patterns remain almost the same for the different polarization states.
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Figure 4.11: Simulated and measured normalized radiation patterns at 5.78 GHz for 

the LP mode of Antenna I: (a) y-z plane; (b) x-z plane.

Figure 4.12: Simulated and measured normalized radiation patterns at 5.78 GHz for
the CP mode of Antenna I: (a) y-z plane; (b) x-z plane.
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Figure 4.13: Simulated and measured normalized radiation patterns at 5.78 GHz for 

the LHCP mode of Antenna II: (a) y-z plane; (b) x-z plane.

60 300

90 270

120

Sim. Co-pol 

Sim. X-pol

----Mea. Co-pol

—• —• Mea. X-pol

240 120
Sim. Co-pol 

Sim. X-pol

-- - Mea. Co-pol

— • —• Mea. X-pol

(a) (b)

Figure 4.14: Simulated and measured normalized radiation patterns at 5.78 GHz for
the RHCP mode of Antenna II: (a) y-z plane; (b) x-z plane.
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Figure 4.15: Simulated and measured gains for Antenna I.
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Figure 4.16: Simulated and measured gains for Antenna II.



Additionally, the realized gain was measured using the gain comparison technique. 

The losses of the cable and bias-tee have been calibrated out of the gain measurement. 

The measured gains of the LP and CP modes for Antenna I are plotted in Fig. 4.15. Prom 

the figure, it is observed that the measured gains vary from 6.3-7.5 dBic and 6.25-7.3 dBi 

for the CP and LP modes across the WLAN band, respectively, which agree reasonably 

well with the simulated results. It can be noted that for Antenna II the gain of RHCP 

is 0.6 dB less than that of LHCP. The reason for the difference is that the values of the 

resistance of the two PIN diodes for the ON state are not exactly the same; hence the 

losses caused by the PIN diodes are different. Another possible reason for the difference 

can be attributed to measurement error.

Moreover, the losses of the PIN diodes also affect the efficiency of the antenna. The 

measured efficiency is obtained from the difference between the measured gain and di­

rectivity. The measured efficiencies of Antenna I for the LP and CP modes at 5.78 GHz 

are 73% and 82%, respectively. The difference is due to the fact that for the LP mode 

the PIN diode acts as a 40 resistor but for the CP mode the PIN diode is turned off. 

Therefore, the loss for the CP mode is less than that of the LP mode. In addition, the 

measured efficiencies of Antenna II for the LCHP and RHCP modes at 5.78 GHz are 86% 

and 78%, respectively. The efficiencies of Antenna II are different from those of Antenna 

I since the loss elements for Antenna I and Antenna II are different, and there are also 

slight variations in the resistance of individual diodes.
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Chapter 5

A Pattern Reconfigurable Antenna

5.1 Introduction

Pattern reconfigurable antennas (RAs) have received significant attention due to their 

abihty to improve the performance of wireless communication systems. They can elec­

tronically change the far-field radiation pattern characteristics, such as the shape of the 

pattern or the main-beam location, while maintaining the frequency response. They have 

the potential to avoid noise sources by changing the null position, to save energy by better 

directing the signal toward intended users, to mitigate signal fading in multipath environ­

ments by using pattern diversity, and to provide better coverage by redirecting the main 

beam [62-84].

Very recently, pattern reconfigurable antennas have found new applications in multiple- 

input-multiple-output (MIMO) systems to enhance the system capacity by reducing the 

correlation of sub-channels. Specifically, this is implemented by switching between dif­

ferent configurations of reconfigurable antenna arrays according to the varying channel 

conditions. The pattern diversity in some of the configurations can be used to realize low 

correlation of the sub-channels.
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In order for a pattern reconfigurable antenna to be employed in a MIMO system, 

the correlation coefficient of the different antenna radiation patterns should be as low as 

possible. Usually it should be lower than 0.5 so that the pattern reconfigurable antenna 

can provide enough diversity for the MIMO system [134]. Among the reported pattern 

reconfigurable antenna designs, several [82-84] feature the capability to switch between 

boresight and conical patterns. A conical radiation pattern is generally one for which 

the maximum directivity is off boresight (where boresight corresponds to the direction 

normal to the plane containing the antenna) and the pattern shape resembles a cone. 

Since the maximum-beam directions of these two patterns are significantly different, the 

correlation of the two patterns should be quite low. Therefore, this type of pattern 

reconfigurable antenna can be a good candidate to be incorporated in MIMO systems for 

improving the system capacity. Unfortunately, regarding the above pattern reconfigurable 

designs [82-84], the antennas have some disadvantages that will hinder their application 

to MIMO systems. In [82], a wide-band L-probe circular patch antenna with dual feeds 

was presented. Nevertheless, an integrated matching network consisting of switches needs 

to be designed in order to reconfigure the radiation pattern electronically. In [83] and 

84], single-feed pattern reconfigurable square-ring patch antennas were designed with air 

gaps to improve the impedance bandwidth. The air gap increases the antenna volume. 

In addition, dc bias networks were used to drive the PIN diodes, which increases the 

complexity for the antenna to be applied into a wireless communication system.

In this chapter, a new pattern reconfigurable microstrip U-slot patch antenna using 

eight PIN diodes is proposed. Eight shorting posts are implemented around the patch 

to change the operating mode of the antenna from the monopolar-patch mode to the 

normal-patch mode. In addition, the two modes are designed to resonate in similar 

frequency ranges. Therefore, the proposed antenna can electronically reconfigure the 

radiation pattern between conical and boresight patterns with an overlapped impedance
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bandwidth. Furthermore, the plane with the maximum power level of the conical pattern 

can be varied between two orthogonal planes when the antenna operates in the monopolar- 

patch mode. Owing to a novel design of the switch geometry, the antenna does not need 

dc bias lines to control the PIN diodes. The measured overlapped impedance bandwidth 

(I'S'iil ^  -10 dB) of the two modes is 6.6% with a centre frequency of 5.32 GHz.

Compared with the antennas in [82-84], the proposed antenna has three main ad­

vantages. Firstly, only a single bias-tee, which superimposes the bias voltage on the 

RF signal, is needed to control the PIN diodes in the proposed antenna. Consequently, 

the complex bias network for PIN diodes or the matching network for dual feeds is not 

required as part of the printed antenna structure, which greatly simplifies the device. 

Secondly, the proposed antenna is compact and of low profile since it is designed on a 

single-layer microwave substrate. Thirdly, compared to the antennas in [82-84] which can 

switch between two radiation patterns, the proposed antenna has three different patterns 

in a similar frequency band. A greater number of patterns gives the proposed antenna 

more flexibility to improve the system capacity of a wireless link.

5.2 Antenna Structure and Operating Principle

5.2.1 Design Guidelines

Microstrip patch antennas excited in the normal-patch mode for boresight radiation 

and in the monopolar-mode for conical radiation have been reported in [120] and [121], 

respectively. In [121], the monopolar mode is excited by two shorting posts located to the 

left and right of the feeding point, as shown in Fig. 5.1 (a). If PIN diodes are used to 

connect the shorting posts and the microstrip patch, it is possible for this single antenna to 

operate in the monopolar-patch mode or in the normal-patch mode by switching between 

the diff̂ erent states of the PIN diodes. However, according to [121], the resonant frequency
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of the monopolar mode is much lower than the fundamental normal-patch mode. In order 

to design an antenna with two modes resonating in similar frequency ranges and having 

a reasonably large frequency bandwidth, we have taken three measures in the design 

process.

(a) (b) (c)

Figure 5.1: Configurations of the patch antenna with PIN diodes; (a) Antenna in Ref. 

121] with two shorting posts; (b) Antenna with four shorting posts; (c) Antenna with 

eight shorting posts.

Firstly, compared with the antenna in [121], we use two shorting posts at either side of 

the feed point. In order to simplify the bias network, the shorting posts are implemented 

around the edges of the patch and connected to the patch via PIN diodes, as shown in 

Fig. 5.1 (b). It is well known that the resonant frequency of a patch antenna loaded with 

reactive components can be varied depending on the type of reactance used [7], [143 . 

When the shorting posts are connected to the microstrip patch, the antenna operates in 

the monopolar-patch mode. In this case, the increase in the number of shorting posts 

will increase the resonant frequency. On the other hand, when all the shorting posts 

are disconnected from the patch, the antenna operates in the normal-patch mode. In 

this case, the increase in the number of shorting posts will reduce the resonant frequency. 

Therefore, the frequency difference between the two modes becomes smaller as the number 

of shorting posts increases. The effects of the number of shorting posts on the antenna’s
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resonant frequency will be detailed in Section 5.3.

Secondly, we examine the normalized far-field radiation patterns for the antennas 

operating in the monopolar-patch mode in Fig. 5.1 (a) and (b), as given in Fig. 5.2 (a) 

and (b), respectively. The antennas are analyzed using the time domain solver of CST 

Microwave Studio. For the antenna in Fig. 5.1 (a), as described in [121], two identical 

conical patterns are located in two orthogonal planes (p = ±45°. For the antenna in Fig.

5.1 (b), the maximum power levels of the conical pattern in the plane (p = ±90° are 6 dB 

greater than those in the plane (̂  = 0°. In order to have another similar conical pattern 

with the maximum power level located at the plane (p — 0̂  for the antenna in Fig. 5.1 

(b), four shorting posts are inserted into the substrate around the other two edges of the 

microstrip patch, as seen in Fig. 5.1 (c).

Finally, as the probe-fed microstrip patch antenna has a small impedance bandwidth 

that precludes its use in typical communication systems, a U-slot is etched on the patch 

to increase its impedance bandwidth [116 .

(a) (b)

Figure 5.2: Simulated normalized radiation patterns: (a) Antenna in Ref. [121]; (b) 

Antenna of Fig. 5.1 (b).
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5.2.2 Antenna Structure

The layout of the proposed pattern reconfigurable U-slot antenna is shown in Fig. 5.3. 

A U-slot is inserted into a square patch of dimensions LI x LI. Each side of the patch 

is connected to two shorting posts via PIN diodes. The radius of the shorting posts r 

is 0.7 mm. The feed probe connected to the U-slot patch through the ground plane and 

substrate is offset from the top edge of the patch by L5. Since the length of the PIN 

diode is less than the width of the gap L8, conducting ring pads are placed around the 

shorting posts to enable attachment of the PIN diodes. The parameters and dimensions 

of the antenna are given in Table 5.1.

Diode

L2

DicxleB'

l5 ^
DiodeA I I  n

L4|L_L6^i 
Diode A /

DrodeB

Patch

Oiock ft
L1! L9

E
PIN , 

Diode^

Diode B

ling Pad [ Shorting Post

Patch, Ring Pad

Shorting 
Post Ground Bias

tee

SMA
Connector

Dielectric
Substrate

Figure 5.3: Schematics of the pattern reconfigurable U-slot antenna.
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Table 5.1: Dimensions of the pattern reconfigurable U-slot antenna

Parameter LI L2 L3 L4 L5

Value (mm) 12.6 50 5.5 5.4 4.2

Parameter L6 L7 L8 L9 r

Value (mm) 4.6 0.7 1.7 9.8 0.7

o o

Rs

6
(a)

.C t ^ R p

(b)

Figure 5.4: Equivalent circuits for PIN diode: (a) Forward biased; (b) Reverse biased.

Beam-lead PIN diodes (MA4AGBLP912) are used as the switching elements. The 

equivalent circuits used in the simulation software are presented in Fig. 5.4. According to 

the PIN-diode datasheet [138], the resistor {Rs) is 4 in the forward-bias state and the 

capacitor {Ct) in the parallel circuit is 0.025 pF in the reverse-biased state. The resistor 

{Rp) is 10 kQ representing the net dissipative resistance of the diode in the reverse-bias 

state. For the zero-bias state, the value of Rp is almost infinity which is equal to an open 

circuit, and the loss caused by the resistor {Rp) is negligible.

The orientation of the diodes is shown in Fig. 5.3. As all PIN diodes are mounted 

between the ground and the centre patch, only a bias-tee attached to the SMA connector 

is needed to control the PIN diodes. When the bias voltage is supplied from the coaxial 

probe, opposite bias conditions are applied to diodes in groups A and B due to their
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reverse orientation. When the dc voltage is zero, all diodes are turned off. In this case, 

the antenna operates in the normal-patch mode and radiates a boresight pattern (State 

1). When the dc voltage is negative, the diodes in group B are on, and the other diodes 

are off. In this case, the antenna has four shorting posts connected and can be regarded 

as a monopolar-patch antenna, which radiates a conical pattern with the meiximum power 

level in the z-y plane (State 2). Changing the polarity of the dc voltage from negative to 

positive, the diodes in group A are on, and all the other diodes are off. In this case, a 

similar conical pattern can be observed with the maximum power level in the z-x plane 

(State 3). The possible radiation patterns of the reconfigurable U-slot antenna and the 

corresponding diode states are summarized in Table 5.2.

Table 5.2: Three states of the pattern reconfigurable U-slot antenna

Diodes Group A Diodes Group B Radiation Patterns

State 1 Zero Biased Zero Biased Boresight pattern

State 2 Reverse Biased Forward Biased Conical pattern with maximum 

power level in the z-y plane

State 3 Forward Biased Reverse Biased Conical pattern with maximum 

power level in the z-x plane

5.3 Antenna Equivalent Circuit and Parametric Study

5.3.1 Antenna Equivalent Circuit

Three important parameters which affect the input reflection coefficients of the two 

modes of the proposed reconfigurable antenna are the radius of the shorting posts, the 

distance between the shorting post and the patch L8, and the number of shorting posts.



Also, it is well known that the U-slot plays an important role in the performance of the 

patch antenna. Since a parametric study of the U-slot has already been reported [117], 

we only examine the effects of the former three parameters in this paper. The other 

parameters remain constant and their values are given in Table 5.1. As the shorting posts 

have the same effects on the reflection coefficients of States 2 and 3 for the monopolar- 

patch mode, only the results for State 2 are presented for the parametric analysis.

In order to better analyze the effects of the parameters, the equivalent circuits of the 

antenna with PIN diodes for States 1 and 2 are given in Fig. 5.5 (a) and (b), respectively. 

In the equivalent circuits, a parallel resonant RLC circuit is used to model the patch 

antenna with a U-slot. The purpose of the electrical models in Fig. 5.5 is to give a 

physical insight into the behaviour of the antenna for the parametric analysis, but not to 

exactly predict the antenna input impedance. A similar method has been used in [144 

for the parametric analysis of a microstrip patch antenna.

Fig. 5.5 (a) shows the equivalent circuit of the antenna operating in the normal-patch 

mode. The microstrip patch with a U-slot is represented by a RLC circuit {R, L, C). For 

the normal-patch mode, only the PIN diodes and the shorting posts that are attached to 

the radiating edges are considered in the equivalent circuit, and the effects of the two PIN 

diodes and shorting posts at each edge are combined together to simplify the equivalent 

circuit. As the PIN diodes are all zero biased, according to the PIN diode datasheet, Rp 

is almost infinity. Therefore, the equivalent circuit of the PIN diode in this state is an 

inductor Li in series with a capacitor Ct- The parasitic capacitance between the shorting 

posts and the patch is modeled by a capacitor €2 - The shorting post is represented by 

a shunt inductor L2. The imaginary part of the input admittance Yin from the reference 

plane on the right-hand side of Fig. 5.5 (a) was investigated using CST Microwave Studio. 

Simulation results show that Yin is capacitive with a capacitance within the antenna 

operating frequency range.
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Figure 5.5: The equivalent circuits of the proposed antenna: (a) State 1 (normal-patch 

mode); (b) State 2 (monopolar-patch mode).

Fig. 5.5 (b) shows the equivalent circuit of the antenna operating in the monopolar- 

patch mode. As with the circuit of the normal-patch mode, the microstrip patch with 

a U-slot is also represented by a RLC circuit {R,L,C). In the monopolar-patch mode 

(State 2), four PIN diodes (diodes A) are reverse biased. According to the analysis in the 

last paragraph, the total effects of the shorting posts with PIN diodes in the zero-bias 

state is capacitive. The only difference between the zero-bias and reverse-bias states is



the value of the net dissipative resistor Rp of the PIN diodes. Therefore, a capacitor C3 is 

used to model the total capacitive effects of the shorting posts connected with diodes A. 

A resistor R3 is used to represent the losses in the four PIN diodes. On the other hand, 

four shorting posts are connected to the patch by PIN diodes B that are in the forward- 

bias state. Those PIN diodes are modeled by an inductor Li in series with a resistor 

Eg. In addition, the effects of the shorting posts and the parasitic capacitance between 

the patch and the shorting posts are represented by an inductor and a capacitor C2, 

respectively. The imaginary part of the input admittance Yin from the reference plane on 

the right-hand side of Fig. 5.5 (b) was investigated. Simulation results show that is 

inductive with an inductance within the antenna operating frequency range.

5.3.2 Parametric Study

Fig. 5.6 (a) and (b) show the effects of the radius of the shorting posts r on the 

resonant frequencies of the monopolar-patch and normal-patch modes, respectively. It is 

observed that the resonant frequency of the monopolar patch mode increases with the 

radius of the shorting posts. This is due to the fact that when the radius increases the 

inductance from the shorting posts reduces, which makes Lj„ decrease; hence, the resonant 

frequency of the parallel circuit in Fig. 5.5 (b) increases. For the normal-patch mode, 

the resonant frequency remains almost unaffected by the radius change of the shorting 

posts. This is because Cin in Fig. 5.5 (a) is almost stable within the changing range of the 

shorting-post radius, which is evidenced by the simulation results. Therefore, the radius 

of the shorting posts can change the resonant frequency of the monopolar-patch mode 

but has little effect on that of the normal-patch mode.

5.3 Antenna Equivalent Circuit and Parametric Study___________________________ 107
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Figure 5.6: Simulated performance of the proposed antenna as a function of r: (a) Input

reflection coefficient of the monopolar-patch mode; (b) Input reflection coefficient of the 
normal-patch mode.
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Figure 5.7: Simulated performance of the proposed antenna as a function of L8: (a) 

Input reflection coefficient of the monopolar-patch mode; (b) Input reflection coefficient 
of the normal-patch mode.



Fig. 5.7 (a) and (b) show the effects of L8  on the resonant frequencies of the monopolar- 

patch and normal-patch modes, respectively. As seen from Fig. 5.7, the resonant fre­

quency of the monopolar-patch mode increases when L8 is reduced. However, the reso­

nant frequency of the normal-patch mode decreases with L8 . This can be attributed to 

the fact that, when L8  decreases, the parasitic capacitance between the shorting posts 

and the patch, C2 , increases. The increased capacitance C2 reduces the inductive effect 

(Lin) from the reference plane in Fig. 5.5 (b), but increases the capacitive effect (Cin) 

from the reference plane in Fig. 5.5 (a) and C3 in Fig. 5.5 (b). The decreased Lj„ and 

the increased C3 have opposite effects on the resonant frequency of the monopolar-patch 

mode (the resonant frequency of a parallel RLC circuit). However, the simulation results 

show that the effect of outweighs that of C3, which leads to an increase of the resonant 

frequency of the monopolar-patch mode. On the other hand, the greater capacitance 

will decrease the resonant frequency of the parallel circuit in Fig. 5.5 (a), which will shift 

the resonant frequency of the antenna in the normal-patch mode to a lower value.

In the design guidelines (Section 5.2.1), it is stated that an increase in the number 

of shorting posts will increase the resonant frequency of the monopolar-patch mode, but 

reduce that of the normal-patch mode. The reason is as follows. For the monopolar-patch 

mode, the increased number of shorting posts means that, for the diodes in the forward- 

bias state, more inductors (Lj„) are paralleled, which makes the effective inductance 

decrease. On the other hand, for the diodes in the reverse-bias state, more capacitors C3 

are paralleled, which makes the effective capacitance increase. Simulation results show 

that the decrease of the total inductance outweighs the increase of the total capacitance 

on the resonant frequency of the RLC circuit in Fig. 5.5 (b). Therefore, the resonant 

frequency of the monopolar-patch mode is increased when the number of shorting posts 

increases. On the other hand, for the normal-patch mode, since the PIN diodes connected 

to the radiating edges are all zero biased, the increased number of shorting posts means
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more capacitors are paralleled, which makes Cj„ increase; hence the resonant frequency 

of the normal-patch mode (the resonant frequency of a parallel RLC circuit in Fig. 5.5

(a)) is decreased.

5.4 Simulated and Measured Results

f ip n n p

90 100 110 120 130 140 150*160

Figure 5.8: Photograph of the pattern reconfigurable U-slot antenna.

Based on the above analysis, a pattern reconfigurable U-slot antenna was designed 

and fabricated. The proposed antenna is etched on a 3.175-mm-thick RT/Duroid 5880 

substrate (dielectric constant £^=2.2, tanS = 0.0009). A photograph of the fabricated 

prototype is shown in Fig. 5.8. Figs 5.9 and 5.10 show the simulated and measured 

reflection coefficients as a function of frequency for three different states of the antenna, 

respectively. Compared with the simulated results the measured resonant frequencies for
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States 2 and 3 are slightly higher. This discrepancy can be mostly attributed to the 

inaccuracies in the fabrication of the shorting posts. As is shown in Section 5.3.2, the 

resonant frequency of the monopolar mode is quite sensitive to the radius and position of 

the shorting posts. However, the simulated overlapped impedance bandwidth (|-Sii| ^  -10 

dB) of the three states is 6.5% with a centre frequency of 5.24 GHz. The corresponding 

measured bandwidth is 6.6% centred at 5.32 GHz, which agrees reasonably well with the

simulated results.
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Figure 5.9: Simulated input reflection coefficient of the antenna.
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Frequency (GHz)

Figure 5.10: Measured input reflection coefficient of the antenna.

Radiation patterns were measured for the three states of the proposed antenna using 

a spherical near-field (SNF) antenna measurement system. Simulated and measured nor­

malized radiation patterns are compared for both co-polarization and cross-polarization. 

Figs 5.11, 5.12 and 5.13 display the radiation patterns at 5.3 GHz for State 1, State 2 and 

State 3, respectively. For State 1, boresight radiation patterns with a maximum cross­

polarization level of -20 dB are shown. For State 2, a symmetrical conical pattern with 

the maximum power level in the z-y plane directed at (elevation angle) 44° is plotted in 

Fig. 5.12 (a) and (b). For State 3, an asymmetrical conical pattern with the maximum 

power level in the z-x plane directed at (elevation angle) 45*̂  is shown in Fig. 5.13 (a) 

and (b). It can be seen from Fig. 5.13 (a) that the pattern is asymmetrical and there is 

a IdB difference between the left and right maximum power levels of the conical pattern. 

This is due to the position of the probe feed. Simulation results show that, if we put the 

probe feed at the centre of the patch, the difference between the left and right maximum
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power levels in Fig. 5.13 (a) will become smaller. However, in that case the overlapped 

impedance bandwidth of the two modes will be reduced. This can be viewed as a com­

promise for the antenna to provide good overlapped impedance bandwidth and radiation 

patterns. In Figs 5.11, 12 and 13, the simulated cross-polarization patterns for the three 

states are not given since their values are very small compared to the measured ones.
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Figure 5.11: Measured and simulated normalized radiation patterns of the antenna at

5.3 GHz for State 1: (a) z-x plane; (b) z-y plane.
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Figure 5.12: Measured and simulated normalized radiation patterns of the antenna at

5.3 GHz for State 2: (a) z-x plane; (b) z-y plane.

300

270

240

60 300

- 90 270 —

120 240

Mea. Co-pol 

-  Mea. X-pol

- 90

Mea. Co-pol 

-  Mea. X-pol

Figure 5.13: Measured and simulated normalized radiation patterns of the antenna at

5.3 GHz for State 3: (a) z-x plane; (b) z-y plane.



Additionally, the realized gain was measured using the gain comparison technique. 

The losses of the cable and bias-tee have been caUbrated out of the gain measurement. 

The measured gains for the three states are plotted in Fig. 5.14. The measured efficiencies 

of State 1, State 2 and State 3 at 5.3 GHz are 86.6%, 45.1% and 45.4%, respectively, where 

the measured efficiency is obtained from the difference between the measured gain and 

directivity. Prom Fig. 5.14, it can be seen that the measured gain of State 3 is 0.5 dB 

greater than that of State 2, which can be mostly attributed to the asymmetry of the 

conical pattern of State 3 and slight variations in the resistance of individual diodes. 

Furthermore, at 5.3 GHz the gain of State 1 is approximately 3 dB greater than those of 

States 2 and 3, which is mainly due to the losses of the PIN diodes. On the one hand, for 

States 2 and 3, four PIN diodes, each acting as a 4Q resistor (Rs), are attached to the 

antenna, but for State 1 all PIN diodes are turned off. To examine the effects of Rs, we 

have simulated several different values of Rs at 5.3 GHz. Simulation results show that 

when Rs decreases to zero the realized gain increases by 2 dB and 1.75 dB for States 2 

and 3, respectively. On the other hand, for States 2 and 3, diodes with finite value Rp also 

have more losses than the diodes in the zero-bias state, which is approximately lossless. 

Simulation results show that at 5.3 GHz when Rp changes from 10 kfi to infinity the 

realized gain increases by 0.32 dB and 0.27 dB for States 2 and 3, respectively. Therefore, 

the losses of States 2 and 3 are much greater than that of State 1 and the corresponding 

gains are much lower. In order to increase the gains of States 2 and 3, low-loss elements 

such as radio-frequency microelectromechanical-system (RF MEMS) switches could be 

used. However, the disadvantages of using currently available RF MEMS are a higher 

cost and lower reliability than PIN diodes.
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Chapter 6

A Reconfigurable Antenna with 

Frequency and Polarization Agility

6.1 Introduction

The reconfigurable antennas proposed in Chapters 3, 4 and 5 and most of the designs 

reported to date [6-86] feature reconfigurability of only one characteristic of the antenna 

rather than multiple reconfigurability. However, the ultimate goal of reconfigurable an­

tenna design is to realize full reconfigurability of the operating frequency, polarization, 

and radiation pattern of an antenna in order to respond to the usually fast-changing 

communication environments. A major challenge to achieve this goal is the separation of 

an antenna’s frequency characteristic from its radiation characteristic. Recently, several 

groups have achieved combined frequency and radiation pattern reconfigurability [87, 88 . 

An annular slot antenna [87] and a single-turn microstrip spiral antenna [88] were pro­

posed to reconfigure both the frequency and the radiation pattern. Unfortunately, few 

reconfigurable antenna designs have been reported that can reconfigure the frequency and 

the polarization independently In [89], a frequency tunable aperture-coupled microstrip
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antenna with vertical and horizontal polarization reconfigurability was reported. How­

ever, only the frequency of the vertical polarization can be changed, with a 1.17 frequency 

tuning ratio. Since a combined fi-equency and polarization reconfigurable antenna has the 

capacity to deliver more flexibility and diversity than a single frequency- or polarization- 

agile antenna, it can bring significant benefits to many wireless communication systems. 

For example, software defined radios, which can be reconfigured by using many protocols, 

may operate at different frequencies and/or polarizations.

In this chapter, a single-feed combined fi'equency and polarization reconfigurable mi­

crostrip patch antenna is proposed with a maximum 1.67 frequency tuning ratio. The 

antenna can radiate one of three linear polarizations with a wide independent frequency 

tuning range for each polarization. The antenna has a simple structure so that it can 

be scaled to other frequencies easily. The polarization-agility mechanism is based on the 

principle presented in [6]. Compared to [6], however, the polarization of the proposed 

antenna can be electronically controlled by using PIN diodes. Moreover, the frequency 

of each polarization state can be tuned independently by using varactor diodes. To the 

best of our knowledge, this is the first single-port reconfigurable antenna design with 

independent control of the resonant frequency of three polarizations.

6.2 Reconfigurable Antenna Design

6.2.1 Antenna Structure and Operating Principle

The layout of the antenna is shown in Fig. 6.1. The length of the square substrate and 

the patch is 70 mm and 34 mm, respectively. The feed point is located along the diagonal 

line and 9 mm from the bottom of the patch edge. The centre of each edge of the patch 

is connected to a shorting post via a PIN diode (MA4PBL027). The diode represents a 

forward resistance of 2.8 O for the ON state and a parallel circuit with a capacitance of
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0.03 pF and a resistance of 10 kfi for the OFF state. Two varactor diodes (MGV 125- 

20-0805) with a 0.1 to 1.0 pF junction capacitance tuning range for a corresponding bias 

voltage from 20 to 2 V are located beside the PIN diode at each edge. The orientation of 

the diodes is also shown in Fig. 6.1. A Keithley 2400 SourceMeter is used to provide a 

constant bias current for PIN diodes and variable bias voltages for varactor diodes.

II
A

PIN Diode
34 mm

Varactor
Diode

Figure 6.1: Schematics of the reconfigurable antenna.

A square patch antenna fed along the diagonal line without any connection to the 

ground plane will radiate x- and y- oriented modes, which have the same resonant fre­

quency and equal amplitude and phase. By adding shorting posts in the middle of the 

patch edges a (Fig. 6.1), the resonant frequency of the y-oriented mode can be increased 

without affecting the x-oriented mode. This is because edges a are the radiating edges 

for the y-oriented mode. By attaching shorting posts which can be represented by induc­

tors, the resonant frequency of the y-oriented mode is increased [6]. But the a;-oriented 

mode will not be affected since its radiating edges are /3. Similarly, by adding shorting 

posts in the middle of the patch edges the resonant frequency of the x-oriented mode



can be raised without affecting the ^-oriented mode. Therefore, a single mode (x- or y- 

oriented) can be selected by shifting the resonant frequency of the undesired mode to be 

above that of the desired one. For each mode, two varactor diodes are mounted along the 

corresponding radiating edges to change the resonant frequency.

6.2.2 DC Bias Network

The diodes are divided into two groups. In order to bias the two groups of diodes 

separately, two independent dc bias voltages are applied to the terminals labeled Vi and 

V2 , respectively, with respect to the square patch. The square patch is dc grounded. A 

surface-mount inductor (47 nH) is placed in series with each dc feed line at each terminal 

to choke the RF signal. A surface-mount capacitor (27 pF) is used to maintain the RF 

continuity (short circuit to the ground) and provide dc isolation between the two diode 

groups.

When Ki < 0 V, the PIN diodes in group A are turned on and the edges a of the 

patch are shorted to ground. In this case, the varactor diodes in group A do not work as 

tunable capacitors since they are forward biased. When l/i > 0 V, the PIN and varactor 

diodes in group A are reverse biased. The junction capacitance of the varactor diodes 

decreases when Vi is increased. It is noted that the PIN diodes used in the antenna can 

stand a reverse voltage of up to 90 V. Such a high voltage allows the diodes to work with 

no risk of breakdown since the required reverse-bias voltage for the varactor diodes is only 

up to 20 V. Diodes in group B can work in the same way as group A since Vi and V2 are 

independent.

When Vi < 0 V and V2 > 0 V (patch is dc grounded), the edges a are connected to 

the shorting posts. Therefore, the frequency of the y-oriented (undesired) mode is shifted 

to be above the x-oriented one (desired). We choose the x-oriented one as the antenna 

operating mode (State I). In this case, the varactor diodes in group B that are attached
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to the edges ^ are used to tune down the frequency of the x-mode continuously according 

to the junction capacitance (or reverse-bias voltage) of the varactor diodes. The analysis 

of the frequency tuning of the patch antenna by using varactor diodes is reported in [7], 

so it is not repeated here.

When T4 > 0 V and V2 < 0 V, we choose the y-oriented mode as the antenna operating 

mode (State II), and the varactor diodes in group A are used to tune the antenna resonant 

frequency.

When both V\ and V2 are positive, the antenna radiates 45° linear polarization (State 

III). In this case, the varactor diodes in groups A and B should be biased with the 

same reverse voltage in order to tune the frequency of this polarization. Furthermore, 

simulation results show that the input reflection coefficient is too high to be acceptable 

for most applications when both Vi and V2 are negative. The possible polarization states 

of the reconfigurable antenna and the corresponding diode states are summarized in Table 

6.1. Fig. 6.2 shows the simulated results of the current distributions on the patch for the 

three polarization states of the antenna.

Table 6.1: Different polarization states of the reconfigurable antenna

PIN Diodes in 

Group A

PIN Diodes in 

Group B

Polarization Active Varactor 

Diodes

State I Forward Biased Reverse Biased x-oriented Group B

State II Reverse Biased Forward Biased y-oriented Group A

State III Reverse Biased Reverse Biased 45°-oriented Group A and B
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^  ~

(a)

(b)

*: >>
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Figure 6.2: Current distributions on the patch:(a) State I; (b) State II; (c) State III.
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6.3 Simulated and Measured Results

6.3.1 Input Reflection Coefficients

Based on the above analysis, an antenna prototype was fabricated on a 3.175-mm-thick 

RT/Duroid 5880 substrate (dielectric constant Er=2.2, tan5= 0.0009). Fig. 6.3 shows a 

photograph of the fabricated prototype.

Figure 6.3: Photograph of the antenna prototype.

Figs 6.4 and 6.5 show the measured and simulated input reflection coefficients as a 

function of frequency under different bias voltages (varactor diode capacitances) for State 

I and State II, respectively. Due to the symmetrical structure, for different varactor diode 

capacitances, the simulated results for State I and State II are the same. As is seen from 

the measured results shown in Figs 6.4 and 6.5, the resonant frequency of the antenna 

can be tuned from 1.35 GHz to 2.25 GHz by varying the reverse-bias voltage from 2.2 V 

to 22 V (or 25 V), corresponding to a 1.67 tuning ratio. Minor bias-voltage changes are 

needed to compensate for the slight performance variations of individual diodes operating 

in the different polarization states.



126 Chapter 6. A ReconSgurable Antenna with Frequency and Polarization Agility

0

-10 .

-20 .
CO
T3

v-30 .
CO

-40

-50
1.2 1.4 1.6 1.8 2.0 2.2 2.4

Frequency (GHz)

Figure 6.4: Measured and simulated input reflection coefficients for different bias volt­

ages (varactor diode junction capacitances) for State I. The red and the green lines in the 
inset show the parasitic resonance of the antenna for the bias voltages of 2.2 V (1.0 pF) 

and 3.1V (0.75 pF), respectively.
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Figure 6.5: Measured and simulated input reflection coeflftcients for different bias volt­

ages (varactor diode junction capacitances) for State II. The red and the green lines in 
the inset show the parasitic resonance of the antenna for the bias voltages of 2.2 V (1.0 

pF) and 3.1V (0.75 pF), respectively.
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In addition, as shown in the insets of Figs 6.4 and 6.5, there are parasitic resonances 

for the antenna under bias voltages of 2.2 V and 3.1 V (or corresponding capacitances). 

It should be pointed out that the parasitic resonance will not affect the performance 

of the operating modes since the radiation patterns at those frequencies, which have a 

null at boresight, are significantly different from a boresight patch antenna. Moreover, 

in practice, filters will be implemented in a system to reject other interference signals 

further. The parasitic resonances of the antenna under other voltages are not shown as 

they are higher than 2.5 GHz.

-40

V,=9.4V 

V,=7.3V V^=9.9V 

Vj=7.6V & 0=0.27 pF 

& 0=0.34 pF

& 0=0.52 pF

V,=Vj=2.2V 

-  & 0=1.0 pF

------- Mea. Results
------- Sim. Results
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Frequency (GHz)
2.2

Figure 6.6: Measured and simulated input reflection coefficients for different bias volt­

ages (varactor diode junction capacitances) for State III.

Fig. 6.6 shows the measured and simulated input reflection coefficients of the antenna 

for State III. Prom the measured results, it can be seen that the frequency of the antenna 

can be varied from 1.35 to 1.9 GHz across a bias voltage from 2.2 V to 7.6 V, corresponding 

to a 1.4 tuning ratio. Compared to State I or II, this tuning range is smaller. This is due 

to the fact that the feed-point location that determines the antenna impedance match is 

optimized for States I and II.



The slight discrepancy between the simulated and measured results in Figs 6.4, 6.5, 

and 6.6 can be mostly attributed to inaccuracies in the fabrication process and variations 

in the discrete component parameters from the values given in the manufacturer’s data 

sheet. For the three polarization states of the antenna, the impedance bandwidth (|S'n| < 

-10 dB) is greater than 20 MHz when the resonant frequency of the antenna is above 1.4 

GHz.

6.3.2 Far-field Radiation Pattern

Radiation patterns were measured for the three polarization states of the proposed 

antenna. Simulated and measured normalized radiation patterns are compared in both 

E and H planes. The E-plane corresponds to the z-x plane {ip = 0°) and the z-y plane 

(v? = 90°) for State I and II, respectively. Because of the dc bias lines attached to the 

antenna, it is difficult to realize a 360° azimuth scan. A scan of 180° of the principal plane 

was conducted during the measurement.

Figs 6.7, 6.8, and 6.9 show the radiation patterns at 1.7 GHz for States I, II and III, 

respectively. In the above figures, boresight radiation patterns can be observed with a 

maximum cross-polarization level of -15 dB for all the polarization states. The cross- 

polarization level is less than -10 dB across the entire frequency tuning ranges for all the 

polarization states. Owing to the limited space, the measured and simulated radiation 

patterns for other frequencies are not presented.
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Figure 6.7: Measured and simulated normalized radiation patterns at 1.7 GHz for State 

I. Figs (a) and (b) are the E-plane and H-plane radiation patterns, respectively.
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Figure 6.8: Measured and simulated normalized radiation patterns at 1.7 GHz for State 

II. Figs (a) and (b) are the El-plane and H-plane radiation patterns, respectively.
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Figure 6.9: Measured and simulated normalized radiation patterns at 1.7 GHz for State 

III. Figs (a) and (b) are the E-plane and H-plane radiation patterns, respectively.

Additionally, the measured and simulated realized gains were compared for the three 

polarization states, as shown in Fig. 6.10. The measured realized gain varies from -2.6 to
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6.4 dBi from 1.4 to 2.25 GHz. The gains axe reduced with the operating frequency. This 

is because the antenna becomes electrically smaller at lower frequencies. In addition, at 

high capacitance levels, increased RF current flowing through the diodes makes the P R  

loss increase, which leads to lower gains. In addition, the side effects of PIN diodes and 

varactor diodes on the antenna gains are examined. For the PIN diode, it acts as a 2.8 12 

resistor when it is switched on. Simulation results show that the antenna realized gain is 

almost stable when the value of this resistor changes to zero. Therefore, the PIN diodes 

have little effect oh the antenna gain. For varactor diodes, the loss of a varactor diode 

is represented by a series resistance of 1.6 il. Simulation results show that the realized 

gain of the antenna increases by 1 dB when the resistance is reduced to zero. In order to 

minimize the effects of varactor diodes on the antenna gain, the diodes with lower series 

resistance should be used.

Frequency (GHz)

Figure 6.10: Measured and simulated gains of the antenna.



Chapter 7

Applications of Reconfigurable 

Antennas in MIMO Systems

7.1 Introduction

The multiple-input-multiple-output (MIMO) technique has demonstrated a potential 

to increase spectral efficiency (more bits per second per hertz) and link reliability (reduced 

fading). It is characterized by multiple antenna elements at the transmitter and receiver. 

Compared to single-input-single-output (SISO) systems, MIMO systems exploit the spa­

tial properties of the multipath channel, thereby providing a new dimension which can be 

used to enhance the communication performance [145-147]. Therefore, MIMO technology 

is currently being considered as a strong candidate for the physical-layer transmission 

scheme of next generation wireless communication systems.

Since modern wireless communication environments usually change fast, in order to 

achieve optimized system performance it is necessary for a MIMO system to be able to 

change its coding and signal-processing schemes as well as its radiating and receiving char­

acteristics according to the varying channel conditions and system requirements. MIMO

131



techniques which fulfil this purpose are called reconfigurable MIMO techniques. The 

MIMO techniques that have the ability to vary the signal-processing algorithms in order 

to adapt to the changed channel characteristics are called software-reconfigurable MIMO 

techniques. Those having the capability to change the physical antenna configurations 

according to some desired antenna array properties, resulting in improved system per­

formance, are called hardware-reconfigurable MIMO techniques. Due to the scope of the 

research of the author, only hardware-reconfigurable MIMO techniques are investigated. 

Generally, there are two antenna diversity schemes employed in hardware-reconfigurable 

MIMO systems, namely polarization diversity and pattern diversity. Since reconfigurable 

antennas are capable of varying their polarizations and radiation patterns, they can be in­

corporated in reconfigurable MIMO systems to realize different antenna diversity schemes.

Recently, some research work [91-101] has been devoted to employing reconfigiu-able 

antennas to increase MIMO system capacity. Generally, there are two methods to enhance 

MIMO system capacity by employing reconfigurable antennas. The first is to reduce the 

sub-channel correlation by using polarization or pattern reconfigurable antennas. Specif­

ically, this is implemented by switching between different configurations of reconfigurable 

antenna arrays according to the varying channel conditions. The polarization or pattern 

diversity in some of the configurations can be used to achieve low sub-channel correlation. 

The second is to increase the received signal power by changing the antenna radiation 

patterns according to the channel information.

In this chapter, the effects of reconfigurable antennas on MIMO system capacity are 

investigated. The work is divided into two parts. First, the polarization reconfigurable 

antennas proposed in Chapter 4 are incorporated in a 2 x 2 MIMO-orthogonal frequency 

division multiplexing (MIMO-OFDM) demonstrator and the channel measurements are 

conducted in both line-of-sight (LOS) and non-LOS (NLOS) indoor environments. Mea­

sured results show that transmit/receive antennas radiating different polarizations are
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able to improve the system capacity significantly compared to antennas with the same 

polarization. Second, the pattern reconfigurable antennas proposed in Chapter 5 are in­

corporated in the same MIMO-OFDM system. Omnidirectional antennas are used as a 

reference for capacity comparison; similar channel measurements are conducted as for the 

polarization reconfigurable antennas. It is shown that compared to omnidirectional anten­

nas, pattern reconfigurable antennas can enhance system capacity, with 17% improvement 

in a LOS scenario and 12% in a NLOS scenario at a signal-to-noise ratio (SNR) of 10 dB.

7.2 Application of Polarization Reconfigurable An- 

tenneis in MIMO Systems

Many researchers have investigated the ability of antenna polarization diversity to 

improve MIMO system capacity [92-94]. In [92-94], the enhancement of MIMO system 

capacity by using antenna linear-polarization diversity (vertical and horizontal) has been 

analysed. However, relatively few papers have examined the effects of circular-polarization 

diversity on MIMO capacity. In [95], the behaviour of a MIMO system with circular- 

polarization reconfigurable antennas was simulated and the diversity gain was shown, but 

the capacity gain result was not reported. Therefore, a measurement-based analysis of 

system capacity is still needed.

In this section, the real-time channel of a 2 x 2 MIMO-OFDM system with four 

circular-polarization reconfigurable antennas is measured in both LOS and NLOS indoor 

environments. System capacities versus SNR are calculated for different antenna config­

urations.



7.2.1 Polarization Reconfigurable Antennas in the MIMO-OFDM  

System
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Frequency (GHz)

(a)

Frequency (GHz)

(b)

Figure 7.1: Measured performance of the scaled reconfigurable antennas; (a) S param­

eters; (b) Axial ratios.
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A microstrip U-slot patch antenna that allows switching between RHCP and LHCP 

has been presented in Chapter 4. The measured overlapped bandwidth (|S'u| ^  -10 

dB and axial ratio less than 3 dB) for LHCP and RHCP is 2.8% centred at 5.77 GHz. 

Since the MIMO demonstrator designed by the CSIRO ICT Centre (Sydney, Australia) 

operates at 5.25 GHz, the antenna in Chapter 4 is scaled to work at 5.25 GHz. The 

measured reflection coefficients and axial ratios of the scaled antenna are shown in Fig. 

7.1(a) and (b), respectively. The measured realized gain is about 7.4 dBic for LHCP and 

RHCP at 5.25 GHz.

Table 7.1: Four configurations of the reconfigurable antennas

Array Configuration

1

Antenna 1

LHCP

RHCP

RHCP

LHCP

Antenna 2

RHCP

LHCP

RHCP

LHCP

At each end of the MIMO-OFDM system, there are two reconfigurable antennas work­

ing as a two-element array. However, this does not imply that the array operates as a 

traditional beamforming array. Rather, each antenna has its own radiation characteristics. 

As each reconfigurable antenna has two polarization states, there are four configurations 

of the reconfigurable antennas at each end, as shown in Table 7.1. For each measurement, 

the configuration of the receive antennas is the same as that of the transmit antennas. 

In this paper, the system with antenna configuration 1 or 2 is referred to as the hybrid- 

polarization system, and the system with antenna configuration 3 or 4 is referred to as 

the single-polarization system.

When two antennas are located close to each other, the mutual coupling can produce 

pattern distortion and should be eliminated. Therefore, the spacing of the two antennas
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at both ends is set to be one wavelength in order to keep the mutual couphng to an 

acceptable level. Measured results in Fig. 7.1 (a) show that the antenna mutual coupling 

is less than -25 dB at this spacing for both the single- and hybrid-polarization systems.

When evaluating the MIMO antenna array performance, the envelope correlation co­

efficient is another critical parameter as it provides a measure of antenna diversity per­

formance. The antenna diversity will be better if the correlation coefficient is lower. The 

envelope correlation coefficient pe can be calculated using the farfield radiation patterns 

of the antenna [134

2

Pe = (7.1)//. j w ■« r ■//4,1 w«r«
where Fi{9,(f)) is a complex vector indicating the electric field radiated from the ith ele­

ment. A series of approximations are used to calculate the integrations in (7.1).

N

f  f{d)sin6d6 = [f{Oj)sin{9i)]A6., 
•^0 i = l

7T

(7.2)

(7.3)

(7.4)

The envelope correlation coefficient between the patterns generated at the two ports 

of the antenna array for different configurations (Table 7.1) is estimated by using equation

(7.1) based on the simulated radiation patterns. Table 7.2 gives the envelope correlation 

coefficients for different antenna array configurations at 5.25 GHz. It is evident that the 

envelope correlation coefficients of the configurations (1, 2) having polarization diversity 

are lower than those (3, 4) with the same antenna polarizations. In addition, it is observed 

that all the coefficients are below 0.5, which satisfies the criterion for enabling the antenna 

to provide a good level of diversity [134 .
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Table 7.2: Envelope correlation coefficients of different array configurations

Array Configuration Pe

1 2.62x10-^

2 2.62x10-^

3 1.12x10-2

4 1.19x10-2

7.2.2 MIMO-OFDM Demonstrator

Actual MIMO-OFDM channel coefficients were measured using the MIMO-OFDM 

hardware demonstrator [148] designed in the CSIRO ICT Centre. It operates at 5.25 GHz 

and supports an operational bandwidth of 40 MHz. The receive antennas are connected 

to an antenna array positioner controlled by a computer. The channel training sequence 

is designed to estimate the firequency response over 114 OFDM subcarriers in a 40 MHz 

bandwidth with a subcarrier spacing of 312.5 kHz.

7.2.3 Meaisurement Location and Process

The 2x 2 MIMO-OFDM channel measurement was conducted in the CSIRO ICT 

Centre indoor environment, which consists of both concrete and gypsum-board walls, 

glass windows and wooden doors. The channel is measured in LOS over a 5m distance 

and NLOS over a 10m distance. The layout of the LOS and NLOS testing scenarios is 

shown in Fig. 7.2. For the LOS scenario, both the transmitter and receiver are located 

in the same laboratory (Lab 1) equipped with some metal bookshelves and cabinets. For 

the NLOS scenario, the transmitter is moved to Lab 2 while the receiver remains in Lab

1.
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Concrete Wall

Gypsum-board Wall

Glass Window 

Wooden Door

Figure 7.2: Layout of the indoor MIMO-OFDM test environment.

Each reconfigurable antenna is placed vertically as shown in Fig. 7.3. In the LOS 

scenario, the reconfigurable antennas at transmit (Txl) and receive ends are configured to 

face each other. In the NLOS scenario, the reconfigurable antennas at transmit (Tx2) and 

receive ends are configured to face the negative y and negative x directions, respectively.

1A

Figure 7.3: Orientation of the reconfigurable antennas.
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Transmitter

MIMO-OFDM
Transmitter
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\

ntenna Positioner

MIMO-OFDM
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Figure 7.4: The schematic of the MIMO-OFDM system measurement setup. The dc 

power supply for the reconfigurable antennas is not shown in this schematic.

Figure 7.5: MIMO-OFDM receiver with reconfigurable antennas.

For each measurement, the antenna positioner moves the receive antenna array to 80 

location samples with 0.05 wavelength increments. The position of the transmit antennas 

is fixed.

In each scenario only the antenna polarizations are changed. Any other factor that 

can possibly vary the channel characteristics, such as the number of scatterers and their

positions, remains the same. The measurement was performed during the night to avoid



human activities, so the test environment is entirely static. The schematic of the MIMO- 

OFDM system measurement setup is shown in Fig. 7.4. A photograph of the MIMO- 

OFDM demonstrator with reconfigurable antennas at the receive end and the dc power 

supply is shown in Fig. 7.5.

7.2.4 Channel Measurement and Capacity Estimation

The MIMO-OFDM channel is characterized by its coefficient matrix, the elements of 

which are the complex ratio of the signal output from the ith receive antenna over the 

signal input to the jth  transmit antenna at the kth OFDM subcarrier and the Ith location 

sample. The Shannon capacity of a MIMO-OFDM channel is given by [149

1 m n S N R _______________________________I-

where C is the system capacity in bits/second/Hz, m is the number of sub-carriers, n is 

the number of location samples. Nr is the number of receive antennas, Nt is the number
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of transmit antennas, 1̂  ̂ is the Nr x Nr identity matrix, is the normalized

channel matrix, the superscript -I- denotes the conjugate transpose, and SNR is the average 

signal-to-noise ratio over all receive array elements. The capacity of a wideband channel 

is the value of the capacities averaged over all subcarriers of the MIMO-OFDM system 

and the 80 location samples.

From (7.5), it is known that there are two ways to improve the capacity of a MIMO 

system. The first is to increase the amount of power received, which is reflected in the 

SNR. The second is to reduce the sub-channel correlation coefficient by increasing the

diversity of the system, which is reflected in H{i, j, k, I) ■ k, I) . The received power

and system diversity are related to the performance of the antennas.

It is convenient to use the normalized channel matrix so that the system capacity 

can be derived as a function of the SNR per receive antenna averaged over all OFDM



subcarriers, receive antenna location samples and MIMO sub-channels. The normalization 

is performed as follows
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H{i, j, k, I) = (7 g)

where \\H\\ denotes the Probenius norm of the channel matrix.

When analysing the power transmission of a hybrid-polarization system, it is known 

that if the transmit antenna is LHCP, the power received by a RHCP antenna will be lower 

than that received by a LHCP antenna, especially in a LOS scenario. A similar statement 

can be made for the transmission of a RHCP antenna. Therefore, in a LOS scenario, the 

hybrid-polarization system always receives less power than the single-polarization system, 

which will lead to a lower value of ||/f||. If the channel matrix of each array configuration 

is normalized to a common factor, compared to the single-polarization system, the hybrid- 

polarization system will siiffer a capacity loss due to the smaller ||i/||. In order to separate 

the effect of sub-channel correlation on the system capacity from the effect of power gain, 

two different channel-matrbc normalization methods are employed.

The first is that the channel matrix of each antenna array configuration is normalized 

independently (Method I). In this case, the power gain is not included in the capacity 

calculation. Therefore, only the effect of the sub-channel correlation is kept in the capacity 

evaluation. The second is that the channel matrix of each antenna array configuration 

is normalized with respect to that of a selected configuration (Method II). In this paper, 

antenna configuration 4 is picked as the reference. In this way, not only the subchannel 

correlation but also the relative received power difference is preserved in the capacity 

calculation.



7.2.5 Results and Analysis

Fig. 7.6 (a) and (b) show the system capacity improvement for different antenna array 

configurations in the LOS scenario calculated by Method I and Method II, respectively. 

Fig. 7.7 (a) and (b) show the system capacity improvement for diflFerent antenna array 

configurations in the NLOS scenario calculated by Method I and Method II, respectively. 

For each scenario, the capacity improvement is the difference in capacity between each 

antenna array configuration and configiiration 4. Then the improvement is normahzed 

with respect to the capacity of configuration 4.

From Figs 7.6 and 7.7, it is seen that, in both scenarios and for both calculation 

methods, the system capacities for array configurations 1 and 2 are very close to each 

other although there is a small variation. The same happens to configurations 3 and 4. 

The slight difference can be attributed to two factors. The first is that the channels are 

not exactly the same when the antennas are switched from configuration 1 to 2 or from 

configuration 3 to 4 since the polarization of each antenna in the channel is changed. The 

second is that there is a shght variation in the performance of the four antennas, such as 

the axial ratio and the realized gain, due to inaccuracies in the fabrication process.

In the LOS scenario it can be noted that, compared with a single-polarization sys­

tem, its hybrid-polarization counterpart delivers significant improvement to the system 

capacity for both calculation methods. At an SNR of 15 dB, for instance, the peak im­

provements are approximately 36% and 16% for Method I and Method II, respectively. 

This is because by using antenna polarization diversity the subchannel correlation is re­

duced and the system capacity is improved, especially for the environment with insufficient 

scatterers. However, it is apparent that the percentage improvement of Method II is lower 

than that of Method I (20% lower at an SNR of 15 dB). The reason is that the ||if|| of 

the hybrid-polarization system is smaller than that of the single-polarization system due 

to the power loss. Using Method II, this effect is taken into account because the chan-
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Figure 7.6: In the LOS scenario, the percentage improvement of the reconfigurable 

MIMO system capacity versus SNR for: (a) Method I; (b) Method II.

nel matrix of each antenna array configuration is normaUzed to that of antenna array 

configuration 4. In this way, the normalized channel matrices of the hybrid-polarization 

systems are scaled down by a factor due to the normalization; hence the improvement of 

the capacity is reduced.
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In addition, the total power received by each antenna array configuration with respect 

to that of antenna array configuration 4 is shown in Table 7.3. From the table, it is seen 

that in the LOS scenario configuration 1 or 2 receives less power than configuration 3 

or 4, which agrees well with the analysis in Section 7.2.4. The difference of the received 

power between configurations 1 and 2 or configurations 3 and 4 can be mostly attributed 

to the slight variance of the behaviour of the four reconfigurable antennas and the test 

environments.

Table 7.3: Relative power received for different antenna configurations in LOS and NLOS 

scenarios

Con.l Con.2 Con.3 Con.4

LOS 0.64 0.55 0.90 1.0

NLOS 0.86 0.85 0.92 1.0

In the NLOS scenario, for calculation Method I, it is seen from Fig. 7.7 (a) that the 

hybrid-polarization system always performs better than the single-polarization system. At 

an SNR of 15 dB, for instance, the peak improvement is 6.7%. This smaller improvement 

compared to the LOS case is due to the fact that there is a rich miiltipath environment 

in an indoor NLOS scenario so that the subchannel correlation of the single-polarization 

system has been already quite low. Therefore, the improvement of the system capacity by 

reducing the subchannel correlation is limited. On the other hand, it can be observed from 

Table 7.3 that the received power difference between the single- and hybrid-polarization 

systems in the NLOS scenario becomes smaller. This is mostly attributed to the fact that 

the scatterers and reflectors that produce rich multipath propagation also scatter much 

power from the transmit polarization into the orthogonal polarization [150]. Therefore, 

the hybrid-polarization system will not suffer much power loss in the NLOS scenario. 

However, the power difference between the hybrid and single polarization systems still
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leads to a capacity improvement reduction for Method II. Therefore, at an SNR of 15 dB, 

the relative increase of capacity is 1.9% with respect to the single-polarization system, as 

shown in Fig. 7.7 (b).
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Figure 7.7: In the NLOS scenario, the percentage improvement of the reconfigurable 

MIMO system capacity versus SNR for: (a) Method I; (b) Method II.



7.3 Application of Pattern Reconfigurable Antennas 

in MIMO Systems

Very recently, pattern reconfigurable antennas have found new applications in MIMO 

systems [97-101]. In [97], a MIMO system with pattern reconfigurable antennas was 

tested in an anechoic chamber with artificial objects acting as scatterers that make up a 

multipath environment. The system capacity increase is mostly attributed to the increase 

of average receiver signal-to-noise ratio (SNR) by changing the main-beam direction. In 

98-101], the capacity of a MIMO system was increased by exploiting antenna pattern 

diversity to introduce sub-channel decorrelation to the MIMO system.

In this section, the pattern reconfigurable U-slot antennas proposed in Chapter 5 are 

incorporated in a 2 x 2 MIMO-OFDM system. Channel measurements are conducted 

in both LOS and NLOS indoor environments. Omnidirectional antennas are used as 

reference antennas for capacity comparison. It is known that an omnidirectional antenna 

can receive rich multipath, which can lead to low sub-channel correlation [100]. Therefore, 

a capacity comparison between systems with reconfigurable and omnidirectional antennas 

is necessary for highlighting the effect of pattern diversity on the sub-channel correlation.

7.3.1 Pattern Reconfigurable Antennas in the MIMO-OFDM  

System

The antennas incorporated in the MIMO-OFDM system are the pattern reconfigurable 

antennas proposed in Chapter 5. At each end of the MIMO-OFDM system, there are two 

reconfigurable antennas working as a two-element array. However, this does not imply 

that the array operates as a traditional beamforming array. Rather, each antenna has its 

own radiation characteristics. As each reconfigurable antenna has three states, there are 

nine configiurations of the antennas at each end. For each measurement, the configuration
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of the receive antennas is the same as for the transmit antennas. Table 7.4 gives the nine 

configurations of the reconfigurable antennas.

Table 7.4: Nine array configurations of the reconfigurable antennas at transmit end

Array Configuration

1

6

Antenna 1

State 1

State 1

State 1

State 2

State 2

State 2

State 3

State 3

State 3

Antenna 2

State 1

State 2

State 3

State 1

State 2

State 3

State 1

State 2

State 3

When two antennas are located close to each other, the mutual coupling can produce 

pattern distortion and should be eliminated. Therefore, the spacing of the two antennas 

at both ends is set to be one wavelength in order to keep the mutual coupling to an 

acceptable level. The measured results in Fig. 7.8 show that the mutual coupling is 

lower than -20 dB for all configurations at this spacing. The mutual coupling results for 

configurations 4, 7 and 8 are not shown since they have the same results as configurations

2, 3 and 6, respectively.

For the reference antenna, in our study, commercially available omnidirectional an­

tennas (Sky-Cross SMA-5250-UA) are used that have omnidirectional patterns with peak 

gain at 2.2 dBi. The spacing of the two antennas is also set to be one wavelength to keep 

the mutual coupling below -20 dB.

The envelope correlation coefficient between the patterns generated at the two ports
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Figure 7.8: Measured mutual coupling coefficients for diflFerent antenna configurations.

of the antenna array for different array configurations (Table 7.4) is estimated by using 

equation (7.1) based on the simulated radiation patterns. Table 7.5 gives the envelope 

correlation coefficients for different antenna array configurations at 5.25 GHz. It is evident 

that the envelope correlation coefficients of the configurations (2, 3, 4, 6, 7, 8) having 

pattern diversity are lower than those (1, 5, 9) with the same antenna patterns, and they 

are all below 0.5, which satisfies the criterion for enabling the antenna to provide a good 

level of diversity [134

7.3.2 M IM O -O F D M  demonstrator

The MIMO-OFDM demonstrator is identical to the one reported in Section 7.2.2

Therefore, it is not repeated here.
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Table 7.5: Envelope correlation coefficient of the nine configurations of the array

Array Configuration

0.85x10- 2

0.02x10 - 2

0.16x10-2

0.02x10-2

1.60x10,-2

0.05x10-2

0.16x10- 2

0.05x10-2

4.12x10-2

7.3.3 Measurement Location and Process

The channel test environment and process are the same as those reported in Section 

7.2.3. Therefore, they are not repeated here. It should be noted that the reference 

antennas are located with the omnidirectional pattern aligning with the horizontal plane 

(x-y plane).

7.3.4 Results and Analysis

The definition of the MIMO-OFDM channel coefficient matrix and the equations to 

calculate the system capacity and to normalize the channel matrix are the same as those 

presented in Section 7.2.4, so they are not repeated here.

In the MIMO-OFDM channel measurement, the peak gain of the omnidirectional 

antenna is 2.2 dBi. But the gains of different states of the reconfigurable antennas vary 

from 2.S-6.4 dBi at 5.25 GHz. The antenna gain of each configuration is preserved in



|iy||. The lower gain of the omnidirectionaJ antenna can lead to a lower value of \\H\. 

Therefore, compared to the pattern reconfigurable antenna, if all channel matrices axe 

normalized to a common factor, the reference antenna will suffer a capacity loss due to 

the smaller ||if| .

In this section, we aim to show that the proposed antenna has the ability to improve 

the system capacity by using pattern diversity to reduce the sub-channel correlation. If 

the gain of the antenna is taken into account, the extent of the enhancement of the system 

capacity derived only from the pattern diversity will not be explicitly shown. Therefore, 

the gain effect on the capacity should be eliminated in order to realize a fair comparison. 

In order to separate the effect of pattern diversity on the system capacity from the effect 

of antenna gain, two different channel matrix normalization methods are employed.

The first is that the channel matrix of each antenna configuration is normalized in­

dependently (Method I). In this case, the antenna gain is not included in the capacity 

calculation. Therefore, only the effect of the sub-channel correlation is kept in the capac­

ity evaluation. The second is that the channel matrix of each antenna configuration is 

normalized with respect to that of the reference antenna (Method II). In this way, not only 

the sub-channel correlation, but also the relative received power difference, is preserved 

in the capacity calculation.

For channel matrix normalization Method I, it can be observed from Fig. 7.9 that, 

compared with omnidirectional antennas, the proposed pattern reconfigurable antennas 

improve the system capacity by 17% and 12% for the LOS and NLOS cases, respectively, 

at an SNR of 10 dB. This is because with antenna pattern diversity the sub-channel corre­

lation is reduced. Therefore, the system capacity is improved, especially for environments 

with insufficient scatterers. In our experiments the best array configurations, which lead 

to the largest system capacity improvement, are configuration 6 and configuration 8 for 

the LOS and NLOS scenarios, respectively. An explanation of this is as follows. Although
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the antennas with omnidirectional patterns in the horizontal plane are considered to be a 

good solution for MIMO systems, as they can receive rich multipath signals in that plane, 

it turns out that there are still many multipath components outside the azimuth plane 

which can be received by other states of the reconfigurable antennas. Therefore, system 

capacity improvement is possible using pattern reconfigurable antennas.

Furthermore, as is seen from Fig. 7.9, the percentage improvement of the system 

capacity for the LOS scenario is greater than that for the NLOS scenario. This is due to 

the fact that there is rich multipath in an indoor NLOS scenario so that the subchannel 

correlation of the system is already quite low. In this way, the improvement of the system 

capacity by reducing the sub-channel correlation is limited for an NLOS environment. 

Therefore, the extent of the improvement of the system capacity by reducing the MIMO 

sub-channel correlation in the LOS scenario is larger than that in the NLOS scenario.

<D
E
<D
O
Q.
E

o
(0
Q.
(Q
O

SNR (dB)

Figure 7.9: Percentage improvement of the reconfigurable antenna MIMO system capac­

ity versus SNR for Method I. The corresponding omnidirectional antenna MIMO system 
capacity is used as the benchmark.
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For channel matrix normalization Method II, the best configuration is antenna array 

configuration 1 (Table 7.4) in terms of the system capacity for both scenarios. It can 

be seen from Fig. 7.10 that, at an SNR of 10 dB, the peak improvement is 285% and 

264% for the LOS and NLOS scenarios, respectively, which are much higher than those 

in Fig. 7.9. The reason that antenna configiuration 1 outperforms other configurations 

as well as omnidirectional antennas to such a great extent lies in the higher gain of the 

antennas in configuration 1. Specifically, the ||i/|| of the system with configuration 1 

is much greater than that with other configurations. By Method II, this effect is taken 

into account because the channel matrix of each antenna configuration is normalized to 

a common value. In this way, the normalized channel matrix of antenna configuration 1 

is scaled up by a large factor due to the normalization; hence, the improvement of the 

capacity is significantly greater.

SNR (dB)

Figure 7.10: Percentage improvement of the reconfigurable antenna MIMO system ca­

pacity versus SNR for Method II. The corresponding omnidirectional antenna MIMO 
system capacity is used as the benchmark.



7.3.5 Discussion

Prom channel matrix normalization Method I, it is known that the pattern diversity 

of the pattern reconfigurable antenna can be exploited to improve the system capacity by 

reducing the sub-channel correlation, which is evidenced by the fact that antenna config­

urations 6 and 8 outperform the other configurations as well as the omnidirectional one 

in the LOS and NLOS scenarios, respectively. When the gains of different configurations 

are considered, however, it is found that the effect of antenna gain outweighs the effect 

of the channel decorrelation on the system capacity. Therefore antenna configuration 1, 

which has the largest antenna gain, becomes the best in both scenarios. In this situation, 

the pattern diversity loses its effect on system capacity due to the large gain difference of 

the different antenna states.

In order to employ the pattern diversity of the proposed antenna in practice (the gain 

difference is included in the capacity calculation), we need to improve the reahzed gains 

of antenna States 2 and 3. As discussed at the end of the Chapter 5, compared to State

1, the lower gains of State 2 and 3 are mostly attributed to the losses of the PIN diodes. 

Therefore, low-loss switches, such as RF MEMS, should be used to make the gains of 

States 2 and 3 close to that of State 1. An updated antenna prototype with RF MEMS 

could be designed and adopted in our future work.

Reference [99] also demonstrates the capability of a pattern reconfigurable antenna to 

improve the MIMO system capacity. Compared to [99], our work has three main differ­

ences. First, the mechanism of the pattern reconfigurability of the antenna in [99] uses 

mutual coupling of two closely spaced antennas. The pattern diversity will be reduced if 

the antenna element distance is increased. Therefore, spatial diversity, which is another 

effective scheme to improve the system capacity, cannot be efficiently employed together 

with pattern diversity in a MIMO system. However, as the way to reconfigure the pattern 

of our antenna is to change the antenna operating modes, there is no space limitation on
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our antenna. Second, in our experiments, at an SNR of 10 dB, the capacity percentage 

improvement is 17% and 12% for the LOS and NLOS scenarios, respectively. These re­

sults are better than the average 10% improvement reported in [99]. Admittedly, since 

the capacity measurement is heavily dependent on the test environment, the improvement 

could be significantly different for other test scenarios. Third, the reference antenna in

99] is chose to be one particular configuration of the antenna, while in our work omni­

directional antennas are used for reference. Since omnidirectional antennas can receive 

rich multipath in the horizontal plane, this comparison can highlight the effect of pattern 

diversity on MIMO system capacity.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this thesis, the research work concentrates on the design of new reconfigurable anten­

nas (RAs) and the study of their apphcations in multiple-input-multiple-output (MIMO) 

systems. Firstly, a literature review of the previously reported RA designs is given, which 

demonstrates the available techniques and methods to design RAs. Secondly, motivated 

by the gaps between the current reported designs and the requirements of diversity sys­

tems on RAs, several reconfigurable antennas are proposed including frequency RAs, a 

polarization RA, a pattern RA, and a compound frequency and polarization RA. The 

performance of these antennas is summarized as follows:

For the frequency RAs, a planar quasi-Yagi antenna with a folded dipole driver element 

is employed. The centre frequency of the antenna is tuned by changing the effective 

electrical length of the folded dipole driver, which is achieved by using either varactor 

diodes or PIN diodes. Three antenna prototypes are designed, fabricated and measured. 

The first antenna enables continuous tuning from 6.0 to 6.6 GHz using varactor diodes, 

and the reflection coefficient bandwidth (|S'n| ^-10 dB) at each frequency is greater than
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15%. The second antenna enables discrete tuning using PIN diodes in either the 5.3-6.6 

GHz band or the 6.4-8.0 GHz band. The third antenna operates in the miUimetre-wave 

band and is capable of switching between the millimetre-wave Wireless Personal Area 

Network (WPAN) band (57-66 GHz) and E band (71-76 GHz). These proposed frequency 

RAs can provide good out-of-band rejection, thereby reducing the requirements for the 

filters of the front-end circuits. In addition, the dc biasing network of these frequency 

RAs is located far firom the radiating elements, thus having little influence on the antenna 

performance. Moreover, the radiation characteristics remain almost unaffected across the 

entire tunable frequency ranges, and low levels of cross-polarized radiation are realized. 

The reconfigurable quasi-Yagi antennas have the further advantage of being compact, 

which makes them suitable for use in fixed- and steered-beam reconfigurable arrays.

For the polarization RA, a U-slot microstrip patch antenna with polarization reconfig­

urability is designed for wireless local area network (WLAN) applications. PIN diodes are 

appropriately positioned to change the lengths of the U-slot arms, which alters the antenna 

polarization states. To verify the design concept, two antenna prototypes with identical 

dimensions and structures are designed, fabricated and measured. The first prototjqje 

switches between linear and circular polarizations, while the second prototype switches 

between the two senses of circular polarization. The measured impedance bandwidth ex­

tends from 5.6 to 6.3 GHz and 5.72 to 6.08 GHz for the CP and LP modes, respectively, 

which can cover the entire WLAN band. An axial ratio bandwidth of 2.8% with a centre 

firequency of 5.77 GHz for CP modes is achieved. A simple dc bias network to control the 

PIN diodes is employed. The reconfigurable U-slot patch antenna is compact and easy to 

manufacture, which makes it highly suited to advanced wireless communication systems.

For the pattern RA, a compact pattern reconfigurable U-slot patch antenna is pre­

sented. Shorting posts around the patch are used to enable the antenna to operate in 

either a monopolar-patch or a normal-patch mode, which makes the antenna switch be­
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tween three different radiation patterns. It is compact but can realize an overlapped 

frequency bandwidth of 6.6% (|5u| ^  -10 dB) with a centre frequency of 5.32 GHz for 

the two operating modes. Compared to most conventional pattern reconfigurable an­

tennas, the proposed antenna does not need additional dc bias lines to control the PIN 

diodes, which greatly simplifies the antenna structure. Due to the simple structure and 

the pattern reconfigurability, the antenna has the ability to improve the performance of 

wireless communication systems considerably.

For the compound frequency and polarization RA, a new reconfigmable antenna with 

both frequency and polarization agility is presented. The antenna consists of a square 

microstrip patch with a single probe feed located along the diagonal line. The centre 

of each edge of the patch is connected to a shorting post via a PIN diode for polariza­

tion switching and two varactor diodes for frequency tuning. By switching between the 

different states of the PIN diodes, the proposed antenna can produce radiation patterns 

with horizontal, vertical or 45® linear polarization. By varying the dc bias voltages, the 

operating frequency of each poleirization of the antenna can be independently tuned. The 

frequency tuning range is from 1.35 to 2.25 GHz (|5ii| ^  -10 dB) for either the horizontal 

or the vertical polarization and from 1.35 to 1.90 GHz for the 45° linear polarization. 

Compared to most reported frequency or polarization reconfigurable antennas, the pro­

posed design has extra polarization or frequency agility, which makes it more suitable for 

applications in modern diversity communication systems.

Finally, applications of polarization RAs and pattern RAs in MIMO systems are inves­

tigated by incorporating RAs in a 2 x 2 MIMO- orthogonal frequency division multiplexing 

(MIMO-OFDM) system. Two different channel matrix normalization methods are em­

ployed to separate the effect of sub-channel correlation on the system capacity from the 

effect of antenna gain. Therefore, the enhancement of the system capacity derived only 

from the polarization or pattern diversity can be explicitly shown. For the MIMO-OFDM
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system with circularly polarized reconfigurable antennas, the capacity of the system with 

antennas having different polarizations is compared to that having the same polarizations. 

For the MIMO-OFDM system with pattern reconfigurable antennas, the capacity of the 

system with the proposed reconfigurable antennas is compared to that with omnidirec­

tional antennas. In real-time MIMO-OFDM channel measurements conducted in both 

line-of-sight (LOS) and non-LOS (NLOS) scenarios, the system capacity is improved by 

36% and 6.7% for the LOS and NLOS scenarios, respectively, at an SNR of 15 dB by 

using polarization RAs. The enhancement is about 17% and 12% for the LOS and NLOS 

scenarios, respectively, at an SNR of 10 dB by using the pattern RAs. A comparison 

of the above improvement using pattern RAs and those reported in other 2x 2  MIMO 

systems with pattern RAs is also made.

8.2 Future Work

1. New and effective reconfiguration techniques for a full agility of the three charac­

teristics (frequency, polarization and radiation pattern).

As illustrated in Chapter 6, most of the reconfigurable antenna designs focus on the 

reconfigurability of only one characteristic of the antenna. Some of the designs can ac­

complish the compound reconfigurability of two characteristics. However, to the best of 

the author’s knowledge, there is no reconfigurable antenna reported which can realize a 

full reconfigurability of all three characteristics. This is mostly attributed to the strong 

linkage between an antenna’s firequency response and its radiation characteristics, which 

makes it extremely challenging to independently control operating firequency, polarization 

and radiation pattern. Therefore, new and effective techniques are needed to break the 

linkage in order to achieve full reconfigurability of an antenna.

2. Reconfigurability of the entire transmitter and receiver.
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It is well known that antennas axe only one part of the entire transmitter and receiver 

systems. If reconfigurable antennas are incorporated in wireless communication systems, 

the other parts of the transmitter and receiver should also be capable of reconfiguring their 

characteristics. Only in this way can the system utilize the diversity derived from antenna 

agility, especially for the frequency RAs. Up to now, the research on the reconfigurable 

antenna and filter is well and extensively conducted. The study of other parts of the 

transmitter and receiver systems, however, is still in its initial stage.

3. Evaluation of the benefit-to-cost ratio at a system level.

Many researchers, including the author, have investigated the performance enhance­

ment of a MIMO system using reconfigurable antennas. For example, the system capacity 

can be improved by using polarization or pattern reconfigurable antennas. However, com­

pared to traditional antennas, reconfigurable antennas need extra electronic devices, smart 

materials or mechanical devices to realize reconfiguration, which increase the total costs 

of the antenna. So far, there is no mature evaluation system to assess the ratio between 

the improvement of the system performance and the increased antenna cost. Since the 

profits are unknown to the investors, there are still barriers for the large-scale commercial­

ization of reconfigurable antennas. However, in some particular fields where the cost of 

the system is less of an issue, such as national security systems or military communication 

systems, reconfigurable antennas can find extensive application.
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Appendix A

Symbols

Ao Free-space wavelength

Er Dielectric constant

Ereff Effective dielectric constant

Q Ohm

H MIMO channel matrix

Complex conjugate transpose of H

t A certain time

hij Gain between the ith receive antenna and the jth transmit antenna

\H\\ Frobenius norm of the channel matrix

Nr Number of receive antennas

Nt Number of transmit antennas

Fi{9,4>) Complex vector indicating the electric field radiated from the ith antenna

C System capacity in bits/second/Hz 

Nr X Nr identity matrix

I) Normalized channel matrix
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Appendix B

Abbre viat ions

BER Bit Error Rate

CPS Coplanar Stripline

DARPA Defence Advanced Research Projects Agency

dB Decibels

DCS Digital Cellular System

EBG Electromagnetic Band-gap

GPS Global Positioning System

LCP Liquid Crystal Polymer

LHCP Left-hand Circular Polarization

LOS Line of Sight

LP linearly polarized

MIMO Multiple-Input-Multiple-Output

MMIC Monolithic Microwave Integrated Circuit

NLOS Non-LOS

OFDM Orthogonal Frequency Division Multiplexing

PCS Personal Communication Service
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PIFA Planar Inverted F Antenna

RA Reconfigurable Antenna

RECAP Reconfigurable Aperture Program

RF Radio Frequency

RF-MEMS Radio Frequency Microelectromechanical System

RHCP Right-hand Circular Polarization

SDR Software Defined Radio

SISO Single-Input-Single-Output

SNF Spherical Near-field

SNR Signal-to-Noise Ratio

UMTS Universal Mobile Telecommunications System

WiMAX Worldwide InteroperabiUty for Microwave Access

WLAN Wireless Local Area Network

WPAN Wireless Personal Area Network
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