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Smart antenna technology in applications such as the next-G wireless communication 

networks may improve the quality of service (QoS). One category of smart antennas is the 

switched beam smart antenna (SBA). These antennas can be grouped into plug and play 

antennas and adaptive internal antennas. Four types of switched beam smart antennas were 

investigated including a six monopole array on circular ground plane with conducting sleeve, 

five monopoles on a circular ground plane without a conducting sleeve, a reconfigurable 

monopole on a cylindrical hollow ground structure, and a reconfigurable adaptive internal 

antenna.  

The first two antennas were constructed with a switched parasitic array of elements 

combined with an RF circuit with microcontroller. Two of the four antenna prototypes were 

capable for steering the beam pattern automatically based on signal strength (RSSI) or bit 

error rate (BER) scanning. The two remaining antennas were designed for electronic 

beamforming and electronic frequency tuning. Both numerical and empirical investigations 

were undertaken to measure performance and investigate manufacture difficulties. The 

numerical investigations were undertaken using both the method of moment (MoM)-NEC 

and the finite element method (FEM)-HFSS modeling.  The fabrication and testing in an 

anechoic chamber were used to explore the actual performance of the designed antennas. The 

fabrication of the last two types of antennas was not implemented. Further work is required 

to find the optimal design for all antennas investigated. This study suggests significant 

promise for these antennas in wireless networks. 

 The six monopoles on a circular ground plane with conductive sleeve was designed 

with a centre frequency of 1.5 GHz. The circuit was built from various electronics 

components such as LNA MAX2611, RF detector AD8314 (later re-assembled using 

MAX2015), DC amplifier, PIC16F62X controller device, microwave diodes, passive 

electronics components, and DC power supply regulator. The numerical and experimental 

studies validated an impedance bandwidth based on S11 of greater than 200 MHz (13%). The 

time required to update the beam pattern automatically under RF signal fading conditions 

was estimated to be 64.5 μs. This is sufficient to overcome typical fade durations of 

approximately 5 ms. The fabricated antenna was confirmed to have the gain of approximately 

7.1 dBi. The co-polar cross- polar ratio of the main beam was 15dB.  

The plug and play SPA of five monopoles on circular ground plane without 

conducting sleeve, was initially constructed to operate on two different frequencies of ISM 
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bands simultaneously, i.e. 433 and 915 MHz. The physical structure of the antenna was 

supported by an RF microcontroller CC1010 that has both digital and RF processing.  The 

designed antenna is suitable for short range communication applications such as sensor 

networks, Bluetooth, and RFID systems. Investigations demonstrated bandwidth variations 

from 35 MHz to greater than 100 MHz can be achieved on the frequency of operation. The 

gain at 900 MHz was measured to be approximately 6 dBi. The co-polar cross-polar ratio in 

the main beam was 15 dB.  

Another plug and play antenna studied was developed to electronically reconfigure a 

single monopole on a circular cylindrical hollow ground structure. The feasibility study 

confirmed that the operation frequency was between 1.3 and 1.9 GHz depending on the 

number of monopole slices activated and pattern direction of the antenna could be 

electronically steered to maintain the maximum RF power at the selected frequency. The 

total bandwidth exceeded 750 MHz.  

A new model for a planar adaptive internal antenna suitable for the next G-WiMAX 

network was numerically studied by exploiting the reconfigurable structure of single active 

rectangular patch with two parasitic stripline folded dipoles in close proximity. The design 

was initially constructed to work at 5 GHz, however the frequency operation at both 10 and 

15 GHz was confirmed through the numerical investigation. This antenna has the potential to 

produce the large bandwidth required for a WiMAX system i.e. from 100 to 250 MHz.  

Control circuit implementation and antenna tolerances proved difficult in this work 

due to the variability of pin diode impedance, and the requirement to switch the parasitic 

elements between two states – open circuit and short circuit to ground. While these 

fabrication difficulties remain unresolved, antenna switching was achieved and 360 degree 

performance maintained with a signal variation of less than 3 dB. Possible solutions include 

the use of MEMs RF switches and careful RF circuit layout.      
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1.1 Background 

 
NCREASING demands for very fast data rates, excellent quality, wide-coverage and 

inexpensive of communication services has stimulated the rapid development of 

communication technology both for wired and wireless networks. For many years a great 

number of investigations to expand the capability of communication networks have 

continuously taken place. This includes the hardware and software aspects such as the physical 

infrastructure, protocol and billing scenarios. The integration and coordination of these parts is 

a key contribution to communication sector performance.  

Since the 1980’s, the use of wireless communication systems has grown dramatically and 

applied in many aspects of human’s life. For instance, the various features offered by cellular 

mobile phones, the wide applications of wireless LANs (Local Area Networks) and MANs 

(Metropolitan Area Networks), the fast growing of wireless sensor development, and the large 

expansion of wireless access network technologies such as WiFi (Wireless Fidelity) and 

WiMAX (Worldwide Interoperability for Microwave Access) are some real examples of 

wireless infrastructures which are part of modern life styles. In future, wireless technology will 

gain more important roles in communication systems. Regardless of its importance, the 

wireless communication system suffers from some traditional problems such as complex 

multipath propagation effects, noise effects, limited availability and expensive resources of 

bandwidth spectra, and power limitations. The improper treatment of these factors may create 

serious impairments on the performance of communication networks. Those problems are the 

constraint parameters that must be taken into consideration to obtain the high standard design 

and implementation of wireless communication systems. These factors are the most 

challenging issues to be resolved. 

For over ten decades after Guglielmo Marconi introduced the first prototype of wireless 

communication, various numbers of techniques have been investigated to address those 

constraint factors. Some of them such as multiple access scheme (i.e. CDMA - Code Division 

Multiple Access, W-CDMA and TDMA - Time Division Multiple Access), bandwidth-

efficient source coding and modulation techniques (i.e. turbo coding, STBC – Space Time 

Block Code, convolutional coding and OFDM – Orthogonal Frequency Division 

I 
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Multiplexing), sophisticated signal processing methods, and adaptive antenna technologies 

called smart antenna systems, are potential methods for overcoming the problems in wireless 

networks. In practice, there are some examples of smart antenna systems including phased 

arrays, mechanically steered arrays, SPA (switched parasitic antenna), and MIMO (multi 

input multi output).  

Smart antennas can be divided into switched beam antennas and adaptive array 

antennas [1-7]. Smart antenna technology has many applications. It has been used in earth 

exploration, military operations, radar and navigation systems, sonar and medical imaging 

equipment, and communications [8]. Smart antennas offer the possibility of enhancing the 

quality of services (QoS) and providing more efficient use of bandwidth. The increased 

bandwidth suggests more channel capacity the system can support with realistic and high speed 

of data transport [6-7, 9]. In 3rd generation and beyond of wireless communication systems, 

smart antenna designers face the challenge of minimizing the effect of channel environment 

variations [9-11] due to multipath propagation or high mobility of users. Moreover, an 

enormous increasing demand of wireless traffic volume such as multimedia applications, 

image/video, data and voice is also a challenging issue to be accommodated. The designed 

smart antenna must also be suitable for future requirements of broadband wireless systems [9] 

and [12-13]. In order to gain wide acceptance, the smart antenna should be capable of data 

transfer at rates of 2 Mbits/sec in 3G wireless system or exceed 50 Mbits/sec in the 4G 

environment [6], [14-16]. The smart antenna must be able to support some additional features 

such as robustness, reliability [6], reconfigurability, transparency [9-10] and low cost. 

Over the years, there has been a lot of research investigating options for integrating smart 

antennas into intelligent communication networks. Smart antennas differ in their level of 

“intelligence’ depending on their particular application [17-18]. 

The three parameters describing array antennas can be used to characterise smart 

antennas. These involve both electronic and mechanical steering, automatic adjustment of the 

antenna gain and combining the potential advantages of array and DSP techniques. The 

application of smart antennas in the real world becomes an interesting issue because its beam 

pattern is electronically steerable, whether using adaptive array, phased array or the switched-

parasitic techniques [18].  

Fundamentally, smart antennas can be developed by incorporating the supporting RF 

signal processing and beamforming circuits as an integrated part of the array. In the past, 

numerous types of antenna models have been used to create intelligent systems. While there is 

a huge body of related literature on smart antenna prototypes only some of them are introduced 

here. In [12], a planar six-sector Yagi-Uda patch array was formed and the beam pattern 
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steered using switching parts connected to each parasitic element. The constructed space-

filtering Yagi–Uda adaptive antennas were supported by electronically controllable switches 

[19]. A relatively small size and affordable CPW (Coplanar Waveguide) microstrip antenna 

employing the spatial filter and signal processing functionalities was assembled in [11]. The 

linear array of vertically polarised elements combined with signal processing was connected to 

a FPGA (Field Programmable Gate Array) data capture system was also considered for PCS 

(Personal Communication Services), WLAN, and GSM (Global System for Mobile 

Communication) applications. An adaptive array of four antennas integrated with Javelin 

appliqué chip into the Wi-Fi transceiver showed the potential of smart antennas to improve the 

quality of service. This kind of smart antenna technology is available in the market place at 

relatively low cost [16].  

Other types of smart antenna which are now commercially available have been produced 

by companies such as ArrayComm Inc., Metawave Communications, and ASCOM AR&T 

[20]. The ArrayComm smart antenna was designed from 12 wire elements of hexagonal array 

to be suitable for cellular systems. Metawave Communications developed both switched-beam 

and phased array smart antennas, so-called Spotlight and SmartCell. These products can be 

used in Cellular and PCS environments. Meanwhile, the specific smart antenna, created from a 

bent stacked slot antenna, for Wireless-LAN application was developed by ASCOM AR&T. 

This antenna works in the 5-6 GHz frequency band. 

Smart antennas formed from a circular monopole array (CMA) positioned on top of the 

circular ground plane structure with an RF beamforming circuit was released [21-32]. This 

antenna is commonly known as the electronically switched parasitic array antenna, SPA [33-

35] or ESPAR [36-39]. The beam pattern is steered using the electronic switching network 

(SN), configured from components such as PIN diodes or varactor diodes. However, 

throughout the PhD research, the author has mainly used a SPA configuration in which its 

switching parts were built from circuit components (resistor, inductor, and PIN diode). To 

create an SPA that can perform as an adaptive smart antenna, the RF circuit design combined 

with a microcontroller circuit were incorporated into the physical prototype of the antenna. The 

result was a switched beam smart antenna (SPA) which is relatively compact, inexpensive, has 

low power consumption, powerful and exhibits intelligence.  

Two models of prototype SPAs were investigated; a circular array of monopole wires 

and a reconfigurable patch. The concept was to develop a plug and play smart antenna 

prototype (external antenna). Another type was targeted as an internal smart antenna. The 

detailed features of both antennas are explored in the next chapters. In this chapter, the 

discussions are arranged to systematically outline the fundamental aspects of research on the 
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switched beam smart antenna prototype. The discussion is firstly introduced by summarizing 

some published works of smart antenna technologies and related applications. This is followed 

by a brief description of the past and future development of switched parasitic antennas 

together with its corresponding controller algorithms, practical applications, technical 

problems, research contributions, research methodology, thesis outline and a list of research 

publications. 

 

1.2  SPA and Control Algorithms: Past and Future 

A switched parasitic element antenna (SPA) consists of two elements types in the array, 

i.e. active elements and passive elements. Digital control is used for adaptive beamforming, the 

so-called “RF intelligent circuit”. This circuit consists of RF signal processing components, a 

controller device, and the switching network. 

Since the first proposal of SPAs by Harrington [40], there have been many different 

antenna configurations. In one common application, an active element is positioned at a centre 

of a circular ground plane, with several parasitic elements located in a circle surrounding the 

active element. These are discussed in the following sections. 

  

1. 2.1  Developments of Switched Parasitic Antennas 

SPAs (also called a “switched lobe” or “switched-beam array” [41]) are the most simple 

switchable antenna and consist of one main switching component. The SPA has a good beam 

direction pattern, which is electronically steerable. Generally, SPAs achieve a higher gain and 

outperform other types of switchable antenna arrays particularly in terms of the antenna 

efficiency as there are very few RF components. The antenna array structure can be adapted to 

variations of wireless environments including the mitigation of multipath propagation effects. 

During the last decade, many research activities have been carried out. For instance, 

Preston et al. (1998) [33] presented a technique for the direction finding technology in a 

mobile communications area. The technique employed a directional antenna array which had 

one active element and three parasitic-resonance elements. They investigated algorithms for 

direction finding controlling the angular location which included a coarse method, and a 

precise method (with single or multiple incident beams). The proposed technique had some 

advantages over previous research in this area. As an example, the antenna technology in 

which the direction beam is controlled by a small digital controller (a microcontroller circuit) 

can be used to optimise the communication channel in mobile communication systems, even in 
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the worst multipath time varying channels. The proposed antenna technique, if  installed in a 

mobile transceiver for direction finding purposes, has lower power consumption than 

conventional phased arrays, because the system avoids mechanically rotating parts. By adding 

a simple algorithm of signal processing, Preston et al. (1998) [33] successfully demonstrated 

that the multiple signals could also be manipulated to obtain the desired signal and its angle of 

arrival.  

In Preston et al. (1999) [34], presented a multi-beam technique using thirteen elements. 

This array comprised two types of elements, switched parasitic and switched active elements. 

The performance of this antenna was investigated through computer simulation using a NEC 

software package and measurements in an anechoic chamber. Preston et al. (1999) found the 

“front to back ratio” performance was approximately 20 dB and 25 dB, for both measured and 

simulated-antennas. There was an appreciable difference in gain of about 3 dB.  

Vaughan [42] presented the types of easily-constructed SPAs. The performance of wire-

antenna configurations was evaluated through computer simulation using MOM algorithm. The 

antenna system was similar to that by Preston (1998) [33]. The antenna prototype consisted of 

two types of elements (active and et al. parasitic). The basic configuration has two patterns 

suitable for a hand-held terminal operating at 1.5 GHz with a wire-radius of 0.0005λ. The 

second was similar but the parasitic components were changed with a ground plane. The third 

configuration used three elements of a Yagi-Uda antenna combination with 0.2λ distance 

between each element. Another was configured in a circular form with 16- switched-parasitic 

elements surrounded an active element. The antenna prototype was claimed to give an efficient 

radiation pattern; to reduce the bit errors of received-signals. Further experiments to investigate 

the diversity character of communication system was reported by Palantei (2002) [43]. The 

antenna technique in [42] was not implemented in a practical situation. This paper contained 

insufficient information related to the practical design spects of the SPAs. 

Another research publication [44] documented a different technique to design SPAs. The 

beam of the antenna was steered by “a digital word” to ensure the main beam was continuously 

directed to the antenna receiver (or transmitter). There were two main purposes for using this 

technique: firstly, to increase the efficiency of frequency spectrum usage and; secondly, to 

minimise some problems such as fading and interference effects encountered in mobile 

communication systems. Another innovation proposed by Varlamos and Capsalis (2002) [44] 

was the application of the genetic algorithm (GA) method to select the optimum spacing and 

weighting of antenna elements to provide a better performance of the whole antenna design. A 

“stub configuration” was included for impedance matching at each element of the antenna. 

Therefore, the input impedance of each active element was computed. The switched-parasitic 



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 6

smart antenna investigated in [44] comprised one active element and a number of passive 

elements configured in a linear array. The length and radius of each element was λ/2 and 

0.001λ, respectively. The main purpose of this configuration was to achieve maximum gain at 

every 20° in the azimuth plane. Interesting results are found by setting-up the number of 

antenna elements to 10 and 11, respectively. The average beamwidth of 11 element antenna 

decreased by about 10°, without negatively affecting the ratios between the main to the 

secondary side-lobes. Another interesting result is that the higher the number of elements in the 

array, then the narrower the beamwidth. For instance, increasing the elements from 10 to 11 

reduced the 3 dB-beamwidth by about 30°. The mean value of the side-lobes was about -4.5 

dB, with levels changed by increasing the number of elements in the array. 

Wennström and Stevansson [45] presented an antenna design that combines one active 

element linked to the transceiver part; and some switched-parasitic elements, to be switched in 

or out of resonance. This combination was designed to be applied in MIMO wireless systems. 

The objective was to minimise the cost of construction, calibration, and maintenance of the 

transceiver equipment. The authors found that the application of SPA improved the 

performance of MIMO systems. In this sense, the system has some fixed-beams comparable to 

that in a conventional antenna array, but with the size small enough to utilize in their specific 

application. The authors adopted the “STBC” (Space Time Block Code) concepts of Tarokh et 

al. [46] to mitigate the correlated-fading effects in MIMO systems. The SPA configuration 

proposed in this paper was constructed with 5-element and 7-element monopole wires in order 

to form “a four-direction symmetry” and “a 3-direction symmetry”, respectively. The active 

element was located at the centre of the antenna. To evaluate the performance of these MIMO-

SPA systems, a number of parameters; such as the frequency f = 2.15 GHz, the wavelength λ = 

0.1395 meter, and the length to radius of cylindrical-monopole elements l/r = 100; were chosen 

to be applicable in the UMTS FDD (Universal Mobile Telecommunications System– 

Frequency Division Duplex) downlink scheme. The capacity threshold and BER performance 

of system were found through the computer simulation using HFSS (High Frequency 

Structure Simulator) software from Ansoft, and Monte Carlo simulation methods. It was 

demonstrated that the capacity of MIMO-system was approximately similar to the systems 

applied a conventional array antenna. However, the system equipped with SPA increased the 

simplicity of the system and decreased the costs of hardware equipment at the transmitter and 

receiver sides. It was also shown that there was a slightly difference of about 1 dB in SNR 

gain, achieved in the MIMO-SPA system when compared to the conventional array, and a BER 

value of 10-2. 
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Recent developments of switched parasitic wire array employed either microwave PIN 

diodes or varactors in the switching networks [35, 37, 38, 47, 48]. An alternative technique 

applied the SPAs to support the specific beamforming algorithms was also investigated [49]. 

Through modification of the physical configuration combined with RF signal processing and 

controller units, the prototype of switched beam smart antenna (SPA) [21-32] was successfully 

constructed and tested. The latest SPA design involved the development of beam steering 

algorithm in small wireless devices such as handsets, PDAs, and notebook computers. This 

electronic beam steering antenna was exploited using rectangular patches with parasitic 

elements. Conceptually, by controlling the activation of these parasitic parts, the operation 

frequency and the beam direction of the antenna, can be adjusted significantly [28-29] using 

controller devices such as ChipCon CC1010, CC2040 or PIC16F62x chip families. The 

suggested frequency operation of the antenna was the unlicensed ISM bands 900 MHz or 2.4 

GHz. The latest model of switched parasitic patch antenna offers great benefit if employed on 

WiMAX systems at frequency 5, 10 and 15 GHz. 

 

1.2.2 Potential Advantages of SPA Application in Wireless Systems. 
Switched parasitic antennas are a promising antenna technology for the future. This is not 

only because of some fundamental characteristics such as small, simple, and smart [40], but 

also because of its low cost implementation. In this context, [33] and [44] have carried out 

research to combine the performance of switched-parasitic antenna with ‘a digital word” 

algorithm to provide the adaptive beam forming of antenna array. These innovations, and 

supported by some other published works, have shown that switched-parasitic antennas can be 

developed as smart antenna system. 

There are some potential advantages regarding the application of switched-parasitic 

antenna arrays that have been investigated: 

 
1.2.2.1 Low cost-smart antenna technology. 

SPA type antennas can be designed for low cost. Wennström M. [50] investigated a 

switched-parasitic antenna applied in MIMO channel of indoor wireless communication. The 

Airgo Group, in 2004, implemented a smart antenna system that includes a sophisticated signal 

processing in silicon chip to accommodate the baseband and media access control. This smart 

antenna system is based on the standard of MIMO technology [51]. It has a relatively low 

price.  

Many claims concerning the lowest implementation cost of smart antenna prototype 

developed from the switched parasitic antenna structure have been reported [21-27, 35, 37, 38]. 
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A similar, low cost beam steering smart antenna using movable parasitic patch elements 

method was reported in [52]. In Chen et al. [53] another type of SPA was fabricated to suit the 

personal computer (PC) for WiMAX applications. SPA was constructed to be connected to PC 

via the RS232 port.  

 
1.2.2.2 A novel technique for the direction-finding. 

SPA is a novel technique for the direction-finding of radio base stations in wireless 

computing networks. Electronic beam control makes the SPA is suitable for the adaptive beam 

steering purposes to track the intended target [33]. 

This application of SPAs [54] was applied in conjunction with the radio direction finding 

(RDF) algorithm of IEEE 802.11 wireless LANs. To collect “the direction information” on 

transmitter and receiver parts without influencing the functionality of the MAC layer and 

without adding the bandwidth use, the proposed technique exploited the request-to-send frame 

and clear-to-send frame in IEEE 802.11 standard. Although the technique reduces delay spread 

and increase BER, the system performance relies on some factors in communication link. The 

problems associated with this research become an interested case for further study in order to 

bring the concepts into the practical situation.  

 
1.2.2.3 A sophisticated directional antenna for Mobile Communication Networks. 

Smart antennas technology can be designed using the powerful combination of 

directional antenna and digital signal processing. The antenna can optimise the electromagnetic 

signal emission in a certain direction so the effects of fading and interference can be reduced. 

Bao and Garcia [55] employed a multi-beam adaptive array (MBAA) antenna system to act as 

a SPA [33]. The MBAA antenna was engaged in broadcasting in mobile ad hock networks area 

to steer the propagation signals and neighbour-direction finding. The new technique, so-called 

receiver-oriented multiple access (ROMA), exploited the capability an electronic multiple-

beam forming antenna to periodically handle data transfer actions within two hops in each 

node. The main objective was to achieve an improved transmission scheduling protocol. It was 

demonstrated that the new-technique outperformed another popular algorithm, UxDMA , in 

terms of throughput and packet delay as well power transmission efficiency. This free collision 

technique was used in the communication link with only two-hop topology information.  

Recent smart antenna prototypes employ the electronically switched beam mechanism 

using a powerful combination of the directional antenna prototype [56] and the latest 

development of controller programming algorithm [23]. A wide variety of wireless network 

applications in current and future generations were reported. These applications include a 
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steerable iBurst antenna [57] for Personal Computers (PC), for mounting the antenna on the 

roof top of moving vehicles, RFID applications and for base station tracking. An example of 

the antenna components with the switched beam mechanism are described in Fig.1.1. SPA 

configurations offer low implementation costs due to the small number of external devices 

required. 

The novel antenna shown in Fig.1.1 is simple, compact, inexpensive, with low power 

consumption. This plug and play smart antenna offers many advantages over similar prototypes 

published in [21-27] and [30]. The integration of the dielectric medium covering the top 

ground plane with embedded monopole wires has a positive impact by enhancing the gain of 

the antenna. This medium also protects the physical structure of antenna system from 

corrosion, mechanical impact and extreme weather variations such as rain, snow, and dust 

should the antenna be employed in an open environment. 

Figure 1.1:  Prototype plug and play steerable directional antenna. (a) 
schematic diagram (b) switching parts.  

 
The use of steerable directional antennas in modern wireless communication system has 

some impacts such as boosting the directivity, enlarging cell coverage, mitigating the multipath 

propagation effects, and minimizing the consumption of power [56]. To steer the beam pattern 

direction adaptively, the electronics was assembled in a circuit was mounted at the bottom side 

of a double sided circuit board circular ground plane. The programmed microcontroller, as part 

of RF intelligent unit, was used to maintain directionality. This plug and play smart antenna 

can achieve automatic steering and is the combination of prototypes described in [23-27], [30] 

and [56]. Extensive modifications were done on the circuit so that only a single RF controller 

chip was required to act as the transceiver unit. The controller was programmed to be capable 

of handling multiple tasks such as detecting the RF signal strength, BER checking, and steering 

of beam direction and the frequency operation via the switching network (SN).  
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1.2.2.4 SPAs with Plasma Monopole Elements 

Over the last several years, switched-parasitic plasma antenna elements have been 

developed at the Australian National University (ANU), Canberra. Linear plasma tubes are 

used as the straight wire monopoles. When the plasma is fired the tubes are conductive. The 

new technique changed the conventional method of electronic switching on (or off) the 

parasitic elements of antenna system using PIN Diodes [33-34], [58]. When the plasma is off 

the element does not contribute to the antenna. In the practical situation, the parasitic plasma 

antenna can act as a smart antenna. It is designed to suitable for SDMA applications in mobile 

communication environment. 

 

1.3 Technical Problems on Developing SPA Prototype 

A switched parasitic antenna array [33] was investigated in compliance with the TDMA 

standard in GSM communication system, especially in the application of base-station tracking. 

This antenna showed a good performance for SDMA applications as well as minimising the 

problems associated with the system [34]. Meanwhile, [42] evaluated the SPA characteristics 

through computer simulation using the MoM algorithm. In this paper, the theoretical concepts 

were suggested for mobile and personal radio communications. The concepts were 

implemented when the techniques from [58] were found to be successfully.  

Even though all the previous research activities related to the development of the SPAs 

technique demonstrated good results for some specific areas of wireless communication, a 

number of problems required further examination. For instance, the system proposed in [33] 

has significant computational complexity and the algorithm is time consuming. This weakness 

restricts certain areas of application, such as those found in mobile telephone technologies. The 

proposed-multibeam antenna using the SPA technique [34] has the problem that the 

complexity of the system increased significantly when the number of array elements was 

increased. The main problem in this research appeared to be the switching circuits. The SPAs 

systems proposed in [42] and [58], respectively, have difficulties in terms of inadequate 

controller capacity to generate the digital word to steer the switching elements, and the antenna 

is quite large.  

Other crucial problems working with switched parasitic smart antenna have been 

identified in some recent research papers [24-25], [27], and [30-31]. These difficulties include 

some asymmetry of the total impedance in each arm of parasitic monopole due to inappropriate 

DC bias adjustment and the non identical characteristics of the switching devices. If this 
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problem is not resolved it affects the symmetry of antenna pattern in some directions across the 

full 3600 coverage. Some problems occur when there is a requirement for a large bandwidth to 

provide large capacity of communication channel. This can be achieved to some extent by 

increasing the radius of wire element.  

Switched beam antennas can play an important part in base station applications especially 

for the downlink in UMTS FDD. However, the functionality of a SPA acting as the intelligent 

antenna capable of automatic beam switching based on RSSI and BER indicators is limited by 

the finite number of fixed beams which is related to the number of parasitic wire elements 

mounted on the finite ground structure. Research related to this issue is reported in [59]. 

In this research, three major weaknesses appeared during the first trials of the smart SPA 

implementation. These included the low speed of computation algorithm for the controller 

device, inaccurate design of RF circuit that tends to create the RF signal leakage and distortion 

problems due to the improper connections of the electronics parts, and the disadvantage of the 

original SPA physical model in [35] that it did not allow for direct connection of the output 

parts of microcontroller device to all parasitic monopole wires. The SN must be inserted in 

order to activate the parasitic elements to be in one of the two conditions, short or open 

circuited to the ground plane. This also protects the controller from the RF current feedback 

from the parasitic monopoles. In addition, the RF signal processing board had a short dynamic 

range and the RF components were bulky and expensive. Due to the individual dynamic range 

and the poor connection of some electronic parts, the fabricated smart SPAs only had 40 dB 

receiver dynamic range. The antenna also had a narrow bandwidth of approximately 1 MHz at 

the frequency operation 1.5 GHz. These inherent difficulties were examined as part of this 

research. 

 

1.4  Research Contributions 

One of the many purposes of the research was to address some problems associated with 

the design and implementation of a smart antenna. The study was concentrated on some issues 

in compliance with the simple, small, low cost, and powerful [40] design and implementation 

of the antenna prototype. The innovations introduced and tested involved the design of a novel 

RF circuit and controller system to do two functions: firstly to detect the RF signal from the 

antenna device via pre-signal processing components and secondly, to generate the binary digit 

sequences to set up for the adaptive beamforming task. The antenna prototype was supported 

by the switching network (SN) soldered directly at the bottom side of the ground plane. Each 

parasitic monopole wire had a separate SN part and each was directly connected to the SN. 
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Basically, the antenna prototype employed in this research is a modification one that was 

reported in [35] and [60]. This antenna prototype was a good model to develop the smart 

antenna system. There were two considerations behind this decision: the simplicity of the 

antenna physical configuration, and the flexibility of the beampattern steering to cover a full 

360° in the azimuthal plane. Electronic switching of the beam to a desired direction was 

determined from the measured RF signal strength and the activation of the SN. 

The electronic beamforming technique of an antenna with a number of monopole array 

elements configured circularly on a finite circle ground plane can have two forms either using 

the electronic switching components such as the PIN diodes [33-34], [42], [49], [58], [60-64] 

or varactor diodes [37], [65-67]. The beam-pattern direction was achieved by changing the RF 

current distribution on the parasitic elements by changing the base resistance [61] or load 

reactance [37], [65]. This mechanism also switches the parasitic monopole elements 

surrounding the single active RF-feed element to be on/off near the resonance frequency. At 

any time during antenna operation, there is only one parasitic element left open circuited to the 

ground plane and the remaining elements are short circuited. The active element 

radiates/receives the RF-signals continuously. More recently, a different technique of 

electronically beamforming using a monopole array antenna was reported in [48-49]. The 

technique [49] was implemented using different excitation methods of the monopole elements. 

A power divider was used to steer the excitation of array elements using multiple feeds. The 

adaptive beamforming capability for the array was also produced by varying the induced 

current in each parasitic element [48]. Other beamforming techniques for various applications 

of smart antennas were released [52] using GaAs PETs RF switch and [67] RF MEMS 

switches.  

In this PhD research the PIN diode was used as the switching component. Component 

selection for the switching network required Surface Mount Devices (SMD) for the reverse 

side of the ground plane. The switching network consisted of resistor, inductor/RF-choke, and 

PIN diodes. A small conformal RF-choke was used to replace the SMD inductor to block the 

RF signals in the network in more accurate way.  

The directional and the impedance matching properties of the SPA system were enhanced 

through design. Some results of the intelligent SPA investigations are given in [21-27]. The 

antenna has a relatively small physical size, constant input impedance, low power 

consumption, multi-band operation capability, a simple scenario of beam steering and 

inexpensive components [21-32], [49]. Through its adaptability designed in the electronic 

control system, this antenna type may find a wide variety of wireless applications. 
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Some attempts have been undertaken to resolve the problems [21]. The research activities 

related to those efforts can be found in [22-27], [30-31]. For example, to increase the antenna 

bandwidth, the inside and outside diameters of monopole hollow tubes were increased [22]. 

The bandwidth increased to greater than 200 MHz. Many more improvements to the problems 

encountered on the previous research activities are presented in more detail in this PhD 

research report. 
 

1.5  Research Methodology of SPA 

PhD research activities were focused on the study of various issues of smart antenna 

technology, from both theoretical and practical points of view. The antenna was designed for a 

particular communications environments. The research design scenario was mainly to assess 

antenna performance and to optimise the control algorithm of the microcontroller device to 

maximise the system performance. The research comprised of some activities that started in 

May 2004. These activities included a literature study, microcontroller programming, antenna 

design and implementation, and performance assessment. The research framework is outlined 

in Fig.1.2. 
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Figure 1.2: Framework of PhD research 
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1.5.1 Literature Study 

In the literature search, the author mapped the current status of smart antenna 

investigation and implementation in the global research and market environments. This step is 

very useful on designing and implementing the novel research schemes. 

Various techniques and the corresponding problems encountered by previous researchers 

were studied and generalised. 

1.5.2 System Design and Implementation 

The design of the antenna systems was divided into two processes, i.e. software and 

hardware designs. The first stage of this research study was a hardware implementation of the 

designed smart-SPAs. This design included the microcontroller interface and circuit, and 

testing its performance in the simple wireless communication circuit board. The design of the 

microcontroller system used devices from the PIC families (16F627 or 16F628). At the end 

period of this research program, the Chipcon CC1010 was explored. The design process 

involves machine code programming and firmware up loaded into the controller device. The 

code was written to activate the physical parts of controller device, to provide appropriate DSP 

of the incoming RF signal from the active monopole wire, and to generate a sequence of binary 

digit information to control the parasitic elements of the designed antenna to form the desired 

beam direction. The idea of including a microcontroller design as a part of antenna system was 

to produce a fully integrated SPA, a true smart antenna. In this context, the SPA must 

discriminate the strongest RF signal, compared to an initial threshold RF power level. This was 

detected from each beam direction and further processed to extract the desired-signal 

information.  

The antenna from [35] was extensively modified to accommodate the circuit into the 

antenna body. The first model used an LNA, RF detector, DC operational amplifier devices, 

the power regulator parts, switching network (SN) and the controller connected together by 

various cables and connectors onto a simple circuit board. The performance of the antenna was 

reported in [21]. Following many problems with this circuit design, a more professional 

method was applied using an electronic circuit lay-out design (PROTEL 99 software or DXP 

software) and commercial fabrication of the printed circuit board (PCB). Small electronic 

devices or SMD parts were soldering onto one side of board. A relatively small size PCB 

created a more compact smart antenna prototype. The performance of the new fabricated 

antenna was presented [22-25].  
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1.5.3 Performance Evaluation  

In general, the antenna measurements were carried out in two different environments, an 

outdoor range so-called OATS and an indoor range in an anechoic chamber. Measurements 

included input impedance and radiation field pattern of antennas, and the object scattering 

properties [68], antenna gain, S-parameters and polarisation properties [1]. Antenna 

measurements in the anechoic chamber allowed the effects of multipath fading to be controlled 

[69]. 

The antenna evaluation is carried out by rotating the AUT 360o, at a height between 1 to 

4 m. The scanning process was repeated for both horizontal and vertical antenna polarisation 

[70]. A typical set-up for the antenna measurement in the chamber throughout the PhD 

research is illustrated in Figure 1.3. 

 

Tx Antenna 

Rx Antenna 

VNA PC 

Rotate 

 
Figure 1.3: Typical antenna measurements in an anechoic chamber 

 

The measurement processes of antennas, for linear and circular polarisations have been 

discussed in [64]. In general, the procedures of antenna measurements presented in this thesis 

followed the IEEE standard test procedures. 

The aim of conventional measurements in the far-field is to establish a plane-wave field 

at the AUT [71]. There are two main sources of measurement error which affect this technique. 

The field emitted from an antenna of finite size is not a plane-wave field and therefore become 

a serious source of error if the AUT is too close. Reflected signals or additional signals 

encountered during the measuring interval also contribute to the measurement error.  
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To obtain accurate measurements, the frequency-span error and sweep-time of analyser 

devices, the average scanning set up, the height of antennas and the measurement distance, 

were considered [70]. The improper setting of these factors leads to wide data divergence and 

in the worst situation, it some times results in significant error. For instance, the distance 

between the source antenna and the AUT is at least six wavelengths. If this requirement is not 

satisfied, then it will result an erroneous measurement influenced by non plane wave radiation 

and undesired coupling between those antennas. The anechoic chamber at the Griffith School 

of Engineering allows a distance between the source antenna and AUT up to 4 meters. The 

network analyser covers the frequency range from a few hundreds MHz up to 3 GHz. 

To validate the actual performance of the antennas a numerical examination was carried 

out after fabrication and preliminary testing of SPA was complete. This allows an exploration 

of the conceptual behaviour of the antenna prototype. This research methodology can make a 

significant contribution to improving the high confidence of data obtained from the practical 

measurement in the chamber. The theoretical investigation of the antenna included the 

designing and modelling of SPA through a computer simulation using NEC and High 

Frequency System Simulator (HFSS) software packages. The numerical electromagnetic code 

(NEC) software is a method of moments technique [72]. Additional simulations of the antennas 

were undertaken using the finite element method (FEM) of HFSS [60] for verification.  

 

1.6  Thesis Outline 

This research was designed to focus on some issues related to the design and 

implementation of a simple, small, low cost, and powerful of an electronically switched-

parasitic smart antenna. The antenna system incorporates the additional design of the novel RF 

circuit and the programmed controller system. The main idea behind the research was to 

address some problems associated with wireless communication systems such as fading and 

other interference effects and to implement this antenna technology as a truly smart antenna. 

The remainder of the thesis is organized as follows: 

 

Chapter 2 presents a review wireless communication technology including past and future 

developments. There are discussions of the associated problems that may limit the performance 

of the wireless networks. Various techniques to minimise the constraint factors such as 

multipath propagation, noise effects and limited availability of bandwidth spectra are also 

presented. A discussion of the development of smart antenna technology is included and its 



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 17

application areas were studied. The chapter ends with an outline of some problems related to 

the design and realisation of this type of smart antenna.  

 

Chapter 3 presents the design requirements of the switched parasitic antenna. The RF circuit 

design which includes the conventional circuit and the commercial circuit prototypes is 

discussed. This is followed by a presentation of the antenna system design using the numerical 

computation procedures (both NEC and HFSS software packages). The antenna fabrication 

step is explained in a special sub-section. Some efforts to improve the performance of the 

designed smart antenna are presented in this chapter. The chapter concludes with the summary.  

 

Chapter 4 discusses the issues of designing, programming and testing the desired controller 

system performance. The presentation starts with an exploration of various types of controller 

algorithm developed especially for smart antenna applications in wireless communication 

systems. The discussion of various beamforming techniques is included in this chapter. The 

chapter also explores the development trends, past and future, of the switched parasitic array 

antenna and its control algorithm. This is followed by a description of software programming 

and controller algorithm mechanisms. This chapter also includes the electrical configuration of 

controller unit incorporating the RF signal processing, power supply and switching network as 

parts of an integrated wireless system. The chapter is closed by the summary. 

 

Chapter 5 provides some measurement scenarios for evaluating the actual performance of the 

fabricated intelligent SPA including the impact of the line of sight (LOS) and multipath 

propagation environments. A simple BER measurement is reviewed. There is an extensive 

discussion of some problems which limit the performance of the constructed switched beam 

smart antenna (SPA). This section covers issues such as the bias voltage variations of the 

switching network and RF coupling effects from the electronic devices. 

 

Chapter 6 offers concluding remarks of the whole PhD research outcomes and contributions to 

the development of science and technology in the area. The main topics presented in this 

chapter include the optimum performance description of the designed smart SPAs and some 

obstacles remaining for the PhD research activities. This is combined with some issues 

generalised for future work in the area. 
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1.7 Publications 

Throughout the PhD study period, a number of scientific papers have been published in 

the forms of conference papers, selected journal articles and the technical report of research 

granted by Ministry of Communication and Information, Republic of Indonesia (2007-2008). 

The classification of the published works is as the following: 

 
1.7.1 Conference Presentations 

E. Palantei and D.V. Thiel, “Electronically Switched Parasitic Smart Antenna for Wireless 

Communication”, Conference Digest of the 9th Australian Symposium on Antennas, Sydney, 

Australia, pp.24, 16-17 Feb. 2005. 

 
E. Palantei and D.V. Thiel, “An Investigation of an Electronically Switched Beam Smart 

Antenna: Numerical and Empirical Approaches.” Digest of Microelectronic Engineering 

Research Conference (MERC) 2005, South Bank, Brisbane, Australia, 2-3 November 2005. 

 
E. Palantei and D.V. Thiel, “Controller Algorithms for Single Feed Switched Parasitic 

Antennas” IEEE AP-S International Symposium, USNC/URSI National Radio Science and 

AMEREM Meetings, Albuquerque, New Mexico, USA, 9 -14 July 2006: pp.378. 

 
E. Palantei and D.V. Thiel, “Current Variations of Parasitic Monopoles: Its Impact on the 

Performance of Switched Beam Smart Antenna”, Asia-Pacific Symposium on Applied 

Electromagmetics and Mechanics (APSAEM) 2006, University of Technology Sydney (UTS), 
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1.8 Summary 

In this chapter the research project was outlined. The background, the past and future 

development of switched parasitic antennas (SPA) together with corresponding controller 

algorithms and actual applications, methodology of research, thesis outline and list of research 

publications are given. 

This research has demonstrated the development of switched parasitic smart antennas, 

recently and in the future, especially when employing the adaptive RF signal detection and 

beamforming techniques. The RF signal processing and beamforming circuits are incorporated 

inside the physical structure of SPAs. The findings of the research are significant. 
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2.1 Introduction to Wireless Communication 

 

HERE IS ENORMOUS GROWTH in wireless technology over the last two decades. 

People rely on this technology in their everyday lives. Numerous types of wireless 

communication systems have emerged, including cellular telephones, pagers, wireless 

networks, radio/TV broadcasting transceivers, terrestrial-microwave radios and satellite-based 

mobile communication systems. These are readily available to the public in most countries 

throughout the world [1]. In the future, wireless communication technology is likely to be even 

more common.  

Many scientists, practitioners, and engineers have envisioned that the wireless system 

will gain its domination by accessing communication facilities such as wireless internet and 

sensor networks [2]. Various types of wireless infrastructure, including both local and 

metropolitan wireless access, will have a significant impact on emerging broadband 

communications and computing networks with flexible and dynamic properties [3]. 

Meanwhile, its counterpart (the development of wired networks) will strengthen the backbone 

and core segments of the whole communication system.  

There has been a strong demand for a wide range of services using the “cellular and PCS 

spectra” which will involve “wire-line voice quality” and “wireless high data rates”.  The 

development of wireless communication systems has inspired many researchers to provide a 

better QoS for both indoor and outdoor applications [4]. The recently developed wireless 

communication systems have a conceptually different network design. The design 

requirements for future wireless technology include efficient tariffs and a wide service 

coverage area with a huge communication channel capacity. The cellular communication 

networks are the most successful in meeting these requirements in 3G/4G systems [3]. 

The development of wireless communication technology for 4G systems and beyond is 

more challenging due to some technical requirements that must be considered [5]. With the 

next generation of wireless communication technology, the network architecture must be 

capable of accommodating very fast data transfer, various types of communication services 

T 
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(i.e. data/text or voice communication, moving picture downloading, e-banking, etc), and 

burst-type traffic load.  

Some experts in the area, [6], are optimistic that the data rate will go as high as 1 Gb/s or 

better in the 4G system and beyond, especially using a MIMO/multi-element smart antenna. At 

this speed level, the wireless channel will in fact be a broadband communication link. These 

main targets can only be achieved if wireless engineers can design architecture that is efficient, 

adaptive, flexible and scalable. Moreover, Chen et al. (2007) [5] argue that engineers have to 

ensure that the new technology can be incorporated into the heterogeneous network. 

The revolution in wireless communication industries (due to increased market demand) 

has challenged many technology providers to participate in this competitive business 

environment. Many vendors are competing to provide more powerful and attractive 

applications with new and innovative features. Accordingly, there will be various options and 

inexpensive wireless application services widely available to customers. 

This chapter will focus on problems commonly encountered with wireless 

communication systems. It will start with third generation systems and then examine the future 

state of the art of this prospective communication technology. The discussion is supported by 

the generalisation of factors that determine the performance of wireless systems. It is followed 

by some formulas used to quantify the quality of the communication process. In conjunction 

with these wireless network issues, the importance of smart antennas in various wireless 

networks is presented. The discussion concludes with some numerical and experimental 

scenarios.  

 
2.2 Factors Limiting the Performance of Wireless Communication 

Systems 
 
The wireless communication system is designed to transfer data/information from a given 

source (transmitter) to a desired destination (receiver) via the electromagnetic propagation 

channel. A simple illustration of the wireless system is depicted in Figure 2.1. This typical 

model of a wireless communication system employs the space-time processing technique [7], 

using multiple antennas for transmission and reception.  

The application of a multi-antenna array configuration in a wireless communication 

system is a variant of smart antenna techniques. Some authors [8-9] refer to this wireless 

technology as MIMO system. This multiple antenna technique is state of the art technology 

based on system complexity and performance [9]. Nevertheless, the communication process 

shown in Figure 2.1 can be established as follows.  
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In the typical wireless system shown in Figure 2.1, the information/data source s(t) at 

time t before transmission is encoded by the space-time encoder to N code symbols {ci(t)}; 

c1(t), c2(t), …, cN(t). Each code symbol is simultaneously transmitted from a different antenna. 

In this scenario, the encoder chooses the N code symbols to transmit so that both the coding 

gain and diversity gain are maximized. The RF signal arriving at the different receiving 

antennas is subject to independent multi-path propagation effects and other effects such as 

fading, interference, and delay spreading. The signal at each receiving antenna is a noisy 

superposition of the faded version of the N transmitted signals [10].  

Information/ 
Data 

Transceiver 
A

Transceiver 
B

s(t)

)(1 tc

)(tcN

)(1 ty

)(tyN

)(
~

tS Information/ 
Data 

High rise 
building

Atmosphere

Figure 2.1 A typical wireless communication system employed the multiple antennas 
 

The complexity of wireless communication systems is determined by a number of 

parameters. These include coding and decoding, modulation and demodulation scenarios, 

antenna technique, multiple access standard and protocol, etc. For instance, in the typical 

wireless system described in Figure 2.1, the complexity of the communication system will 

increase as the number of deployed antenna arrays increases. This system complexity is 

strongly related to the computational complexity of the applied signal processing to generate 

the specified signals for transmission and to extract the desired data/information at the receiver.  

In many wireless network applications, the optimum number of antenna array installed at 

the base station or mobile terminal unit is limited. In a typical wireless PC unit employing 

multiple antennas in a cellular system, the number of antennas should be limited to four [11]. 

However, in a cellular mobile handset there should be no more than two antennas due to RF 

power constraints and limited terminal size [12-13]. This is not a significant issue in the 

advancement of higher silicon chip integration in the signal processing part of the smart 

antenna handset. 

The quality of communication services provided to customers depends on a number of 

internal and external factors that affect the performance of wireless systems. Some of these 

factors have the potential to limit performance. The internal factors influencing wireless 
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systems are generated inside the transceiver including RF filtering and additive thermal noise 

(e.g. antenna, amplifier and circuits). Both of these parameters can cause signal distortion [14]. 

One external factor affecting wireless systems is the complex multipath time-varying 

propagation environment that contributes to fading and interference. For example, multipath 

propagation is different in an open area compared to that inside a building. Other external 

factors might be generated from the atmosphere and building penetration effects (see Figure 

2.1).  However, significant external noise (e.g. terrestrial, human and galactic) can also 

seriously degrade the quality of the communication channel. 

 
2.1.1. Multipath Propagation Effects 

Traditionally, the propagation of signals from the transmitter to the receiver in wireless 

communication systems predominantly passes through a number of different channels (i.e. 

multipath). The characteristics of the propagation channel of radio waves are slightly different 

in urban, suburban or rural environments of the wireless communication network. In addition, 

in some situations the transmitter is commonly pointed in the non-line of sight (NLOS) 

direction relative to the antenna of the receiver such as in a high-rise building or in hilly 

terrain. Thus, the signals gathered at the antenna receiver are in the form of indirect radio 

waves (one or more reflections) [15-16].  

In fact, these signals are the time delayed replicas of the original transmitted signals and 

their characteristics vary from the path effects that occur in the propagation medium [17]. For 

instance, signal power can be reduced due to the physical phenomena of scattering, reflection, 

diffraction and absorption along the channel, or a delay in the phase of signals. All of these 

factors contribute to a fluctuation in the power level of the received signals at the receiver. In 

some cases, this situation will cause serious problems, such as the fading or interference effect, 

because it influences the performance of the whole system. It reduces channel capacity, 

increases BER and decreases QoS of the wireless communication network. 

Figure 2.2 shows ray paths to illustrate the way microwaves are propagated from one 

source (user A) to another destination (user B). A number of propagation paths exist (both at 

the up link and the down link) to transmit signals from user A to user B. These multipath 

propagations occur because the signals spreading in many directions. If some of the signals 

reach obstacles (such as high buildings, the hills, and trees) along their propagation link, the 

signals may be reflected, scattered, diffracted, and so on.  
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Fig. 2.2: Multipath propagation of microwaves in wireless communication system.  

As mentioned previously, all these newly generated signals are replicas of the original 

transmitted signal but their characteristics have changed slightly such as power level, time 

delay and phase. The phase change usually increases as the path length increases. In reality, 

these replica signals may arrive at the antenna destination almost at the same time as the 

directly transmitted signal (see Figure 2.2).  

At the receiver, all incoming signals are combined. Depending on the phase of signals 

there will be a constructive or destructive interference. If the phase differences amongst the 

mixed signals are greater than 90 degrees, the total power will be weaker. In a dynamic 

environment, this will result in an irregular fluctuation of power levels [17]. 

 

 
Fig.2.3: Two path links due to reflection from high building in cellular network area.  
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Consider a typical communication process between a base station and one mobile user in 

a typical rural environment as depicted in Fig.2.3. Assume the down link communication 

direction (reverse link), the mobile user is receiving messages. As shown in Figure 2.3 the two 

signals come from the transmitter (a base station) and arrive at the mobile handset. These 

signals are the direct signal (Yd) and the reflected signal from the high building (Yr), 

respectively. The common technique to predict the complex received signal at the receiver 

contributed from two path links due to reflection from high building in such network can be 

done by adopting the rays tracing approach. To represent two signals arrived at the receiving 

antenna, the geometrical model of two rays [18] as shown in Figure 2.4 is a good approach to 

use. 

Fig. 2.4: Two rays model of the wave propagation paths between a transmitter and a 
receiver. 
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Based on Fig.2.4, the expected received signal at the receiving antenna can be expressed 

as Equation (2.1). This equation is obtained by extending the approximations in [18-20]. If the 

direct ray, Yd (p1) propagates through the path-1 (p1), is expressed by 
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and the reflected ray, Yr(p2), is denoted as 
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where,  

Y0 = the reference field strength level (V/m) 

Yr = the field strength level due to reflection in the link (V/m) 
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p1, p2 = the propagation paths for direct and reflected rays, respectively 

G(Φt1), G(Φt3) = the transmission beam pattern gains for different directions 

G(Φr2), G(Φr4) = the reception beam pattern gains for different directions  

λ = the wavelength 

 
It is shown in Fig.2.4 that the reflected ray (Equation (2.2)) takes longer to travel along the 

communication path compared with the direct signal (Equation (2.1)). After certain 

propagation times both rays arrive at the receiving antenna. These paths have different phases 

which result in significant interference. In the practical situation, the received signal collected 

at the mobile user device is the combination of the two rays. Therefore, the total field at the 

receiver is given by 
 

Ytotal (t) = Yd (p1) + Yr(p2) + )(tη  (2.3) 

η(t) is the noise encountered in the wireless network. The noise has two different forms, i.e. 

coherent ηc(θc,ψc,t) and ),( iii
ψθη  incoherent noises. These effects are discussed extensively in 

the following sub-sections. For the situation only one reflection appears in the propagation link 

and by inserting Eqs.(2.1) and (2.2) into Eq.(2.3), then the following expression is found 
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where, Γ is the complex reflection coefficient and YR = Y0 Γ. However, for more than one 

reflection the generalisation of Equation (2.3) is simply represented by 

Ytotal (t) = Yd (p1) + ∑
=

n

i
ir pY

1
)(  + )(tη  (2.5) 

where, i in Equation (2.5) represent the number of reflection rays. Conceptually, the signal of 

Equation (2.5) collected at the receiver can be plotted into the vector diagram as depicted in 

Figure 2.5 to obtain a solution of the signals summation. The figure only shows one direct 

signal and two reflected signals.  

The fluctuation of signal field strength at the receiver due to the multipath propagation 

effect can cause the destruction of communication services. If η(t) component in Equation (2.5) 

is also significant enough to be considered, this propagation effect is therefore more degrading 

the quality of signal reception.  
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2.2.2 In-band Effects 
 
Any wireless communication system may encounter coherent interference due to the 

generation of unwanted signals working at the same frequency as the desired signal [16]. In 

this case, Equation 2.5 must be written as 
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i
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 (2.6) 

where: ηc is the coherent noise 

 θc ,ψc are the directions of incoming inband noise 

 
The vector diagram of the Equation (2.6) representation can be seen in Fig.2.6. The actual 

(S/N) ratio at this condition is given by Ytot / ),,( tccc
ψθη . 

All in-band signals at the antenna receiver will be detected and processed. Signal 

processing may include high to low frequency conversion, demodulation, and decoding.  In 

particular applications, the quality of communication services provided by the wireless system 

is determined by the signal to interference ratio (S/I), often referred to as the carrier to 

interference ratio (C/I). This (C/I) parameter can be obtained from the final stage of signal 

processing. This means that the higher the C/I result the better the quality of communication 

reception.  

The additional signal(s) can seriously degrade the quality of communication services. In 

digital communication systems, it may increase the rate of data transmission errors. The best 

way to improve the quality of wireless communication systems is to use different interference 

mitigation techniques.  
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Fig.2.7: In-band interferences of RF signals in a typical
cellular communication network.  

 
There are various types of interference in the practical application of wireless 

communication. Interference can be generated from the same or unsynchronised transmission 

of broadcasting equipment [15].  

In mobile cellular communications, as described in Figure 2.7, the interference is 

classified into two main categories: adjacent and co-channels interference [21]. Co-channel 

interference (CCI) is normally a consequence of residual transmitted RF signals from a 

particular site arriving at the co-channel sites [16]. The residual signal power is the inverse 

function of the distance-to-the transmitted signal power. In this particular situation, this signal 

may be significant at an adjacent neighbour cell/site. As an example of this case if cells 1 and 3 
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use the same frequency band (called frequency re-use), a small quantity of RF power 

transmitted from cell 1 can reach the neighbour cell 3 (see Figure 2.7).  

The average co-channel interference is the ratio between the desired incident microwaves 

and this additional in-band signal. Specifically, networks are designed so that the ratio will be 

greater than 10 dB depending on the distance. However, 80 dB variations of the mean co-

channel interference may occur in the short-term multipath fading short distances. The 

variation of the intended signal to the interfered signal ratio may approach 100 dB. The 

network must have a sufficient power margin at the receiver, given the narrow bandwidth of 

wireless cellular communication systems. 

As there is an increasing demand for high quality wireless communication technology 

services, especially mobile cellular applications, it is essential to prevent the onset of 

interference in the practical operation of the system. In band interference is one of the main 

problems of cellular wireless systems. It requires the implementation of interference reduction 

techniques to ensure maximum throughput of the system [21]. Therefore, it is possible to 

achieve the goal to enhance the cellular system spectral efficiency via the exploitation of 

antenna diversity techniques and multiple access technology [16]. 

Another kind of interference is inter symbol and needs to be suppressed. This is the result 

of various accuracies in coding and modulation selection. 

 

2.2.3 Incoherent Noise Effects 

Noise is generated inside the transmitter and receiver as well as in the environment. In 

communication technology, noise can be the main contributor to the degradation of signals 

propagated along the communication channel, both wire link and wireless. Noise occurs across 

a very wide band from very low to extremely high frequency ranges. Therefore, any RF signals 

transmitted from a broadcaster are likely to be affected by noise when they arrive at the 

receiver. Communication engineers must consider the effect of noise when designing wireless 

systems. For such situation in wireless network, therefore, Equation 2.6 becomes:  
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where: ),,( tccc
ψθη  is the coherent noise level 

 θc , ψc are the directions of incoming in-band noise 
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ψθη  is the mean of incoherent noise level 

 θi , ψi are the directions of incoherent noise 
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These equations do not take into account the time delays which occur over the different 

reflection paths. The vector diagram of the Equation (2.7) representation is illustrated in Figure 

2.6. The actual (S/N) ratio at this condition is given by {Ytot/ )),,(),,(( tt iiiccc ψθηψθη + }. 

In many cases, noise in communication systems determines the quality of the signal the 

transmitter can produce. The more noise in the system compared with the desired signal level, 

the weaker the performance of QoS. In modern digital communication, a poor SNR will 

correlate to the higher bit error rate (BER). The BER level in communication systems depends 

on the coding and modulation selections (or multiple access techniques applied) as well as the 

antenna technology. These factors provide evidence of the need to address the noise issue in 

enhancing the performance of wireless communication systems [22-24]. 

 

2.2.4 Wireless Network Constraints 

The demand for various wireless communication services has significantly increased 

since they first appeared in the market place. This increased demand has created challenges for 

scientists and researchers, in both industry and academia, as they attempt to resolve the 

problems that limit the effectiveness of wireless networks. These problems include the 

complex multipath time-varying propagation environment; limited availability of radio 

frequency spectrum and efficiency; and limited energy-storage capacity of batteries in portable 

units [5, 25]. Other problems include power consumption and the cost of implementing new 

network architecture.  

The next generation of wireless communication services have been designed with these 

problems in mind [26]. The success of wireless network deployment will be largely determined 

by the methods and technology applied to address these problems. The main purposes of this 

effort are to: improve voice quality; minimise the number of dropped calls; increase talk times; 

increase the coverage area of base stations; improve subscriber capacity; and decrease the costs 

of planning, implementing, managing and optimising wireless system infrastructure [25]. 

The above factors are not the only challenges in the development of wireless 

communication networks. A number of problems exist in the 4G heterogeneous network 

application systems. Such problems include the integration of different standards and protocols 

from various networks and the flexibility of the radio network architecture [5]. These issues 

require more attention if sophisticated and inexpensive wireless technology is to be developed.  
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2.3 Techniques for Improving the Performance of Wireless 
Communication Systems 

 
As with fixed communication systems, the performance of wireless mobile 

communication networks is indicated by a number of parameters such as channel capacity, 

throughput, data transmission rate, quality of signal reception/ accuracy, and the reliability of 

communication services [27]. A high quality performance can be better achieved if 

communication engineers consider and implement the standard requirements of planning, 

operating/maintaining and optimising wireless networks [1]. 

The main factors that determine the success of wireless network application in each 

generation of communication technology are the QoS, complexity and flexibility of the system, 

economic costs, and power consumption. It should be noted that there is a trade-off between 

the complexity of wireless communication systems and their implementation costs [27]. More 

advanced wireless communication systems are more expensive to implement and maintain. In 

the typical wireless communication system illustrated in Figure 2.1, there are three components 

involved in the communication process: users (both at the source and destination) of the 

intended data/information; the communication equipment, referred to as transceivers 

(transmitter and receiver) and the communication link. In order to improve the quality of 

communication services there is little the engineer can do with the users and the channel 

condition [27]. The only possible ways to maintain high quality communication are by 

exploiting the potential benefits of the communication equipment and manipulating the 

data/information inside the transceivers by employing sophisticated tools/techniques. 

Over the years, many techniques have been employed to address some of the challenges 

associated with the development of wireless communication systems. The usual technique to 

improve the S/N ratio in wireless communication network include: (a). directional antennas to 

reduce multipath effects and consequent symbol delay; (b). low noise electronics; (c). selective 

nulling of interference; (d). reduced bandwidth to minimise the effect of incoherent noise. 

The other techniques include, but are not limited to: multiple access schemes, bandwidth-

efficient source coding and modulation techniques, sophisticated signal processing techniques, 

and intelligent directional antennas (also known as smart antennas) [28-29]. Various multiple 

access methods are available at present such as FDMA, TDMA, CDMA, and OFDM. Using 

one of these multiple access techniques will significantly resolve bandwidth problems 

associated with cost and size.  

Meanwhile, coding and modulation are two different techniques that are usually applied 

together, interactively, to boost the performance of communication from the transmission error.  
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This error is due to poor signal quality (transmitted or received) or the effects of some natural 

phenomena such as noise and multipath propagation problems (fading, interference, delay 

spreading etc.). Commonly used coding techniques in the communications discipline include 

Manchester coding, convolutional coding, trellis coding, Viterbi coding, STC technique, and 

turbo coding. The modulation techniques can be in the form of BPSK, QPSK, QAM, M-array 

PSK, FSK, ASK, etc.  

Multiple array antenna techniques is also referred to as space time coding (STC). STC 

exploits the potential benefit of multiple array antennas set up at the transmitter or the receiver, 

or at both sides. The application of multiple antennas in wireless communication system could 

enhance the efficiency of the dedicated bandwidth spectrums to users [29-30]. It is especially 

useful when addressing the presence of multipath propagation environment due to some 

random events, such as reflection, scattering and diffraction. Thus, the quality of RF signal 

power is maintainable. 

Another promising method which could be applied in the large infrastructure of wireless 

communication system is the combination of coding and modulation techniques. This could 

improve the capacity, efficiency, and the optimum reuse frequency of wireless networks. To 

achieve those system performances, [17] outlined two other possible methods: the optimization 

of wireless system configuration and the RF power steering. Moreover, [17] argued that the 

optimum design of RF signal control in the complex wireless environment correlated to the 

efficient design and compactness of the antenna technology. 

 
2.4 Smart Antennas as a Solution 

The application of appropriate network communication access schemes (e.g. TDMA, 

CDMA, SDMA and OFDM) and antenna technology help to improve the performance of 

wireless communication networks. These techniques minimise problems such as the dropping 

and blocking of calls, jamming and network collisions (caused by an overload in data traffic), 

fading and interference. The huge increase in data traffic load in the high density user 

distribution wireless network has led to the need for larger capacity bandwidths to improve the 

reliability of communication. This has forced many service providers and manufacturers to 

develop an appropriate technique to address bandwidth limitations associated with data traffic 

problems. Moreover, this will be useful in addressing the hand over problems that frequently 

occur in the downtown service areas.  

The smart antenna technique has the potential to address this problem [9, 30]. Indeed, 

smart antenna must also be capable to overcome the system impairments as outlined in Section 
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2.3. An explanation of how the smart antenna can solve the hand over and traffic load 

problems is presented in Section 2.5. 

In 4G wireless networks of the future, smart antenna technology will play a significant 

role in addressing the problems of limited and expensive bandwidths and the short range of the 

air interface [24]. The potential advantages of using smart antennas to resolve problems in 

modern wireless communication include increasing capacity and range, offering new services 

to customers, improving security, and reducing multipath fading and interference [13, 30, 31].  

In addition to the benefits of smart antenna deployment in the next generation of wireless 

heterogenous networks (such as LAN, WLAN, GSM/UMTS, Cellular, RFID, Ultra Wide-

band, GPS, satellite video and radio systems, Wi-Fi, and WiMAX), Ponnekanti [32] argued 

that an adaptive antenna could also be used to prevent interference. Moreover, it is suitable for 

application in reconfigurable network architecture.  

Increased research efforts by academics and private companies to improve smart antenna 

technology indicate that this antenna will have a significant role in communication systems of 

the future. Nowadays, the smart antenna has been incorporated into the cutting-edge of 3G 

UMTS and CDMA technologies. Improvements in the performance of wireless communication 

networks, such as the Wi-Fi network (IEEE 802.11n), broadband wireless LANs (IEEE 

802.16), and mobile broadband wireless access systems (MBWA) (IEEE 802.20) (known as 

Mobile-Fi), can be gained using smart antenna technology [33]. There is a trend towards the 

full expansion of smart antenna technology in the next generation of wireless networks. 

The smart antenna created from the exploitation of properties (such as directionality, 

gain, and physical layer capability of an array of certain radiator elements combined with the 

sophisticated DSP) has the potential to improve the quality of services in particular wireless 

mesh networks [34]. Some positive outcomes in the improvement of wireless network 

performance can be achieved by mutually combining the array structure and the signal 

processing technique such as beam and null steering, diversity technique, spatial processing, 

and MIMO. Multiple-input multiple-output (MIMO) is a good technique to apply in 3G and 

4Gsystems. This may provide customers with excellent QoS in term of increasing data 

throughput for mobile high-speed data applications. In the 3G wireless TDMA system EDGE, 

MIMO provides the data transfer in excess of 1 Mbit/s, meanwhile for the 4G systems it is as 

high as 20 Mbits/s. Many investigations on MIMO have demonstrated the substantial increase 

on the data rate and capacity of wireless system. MIMO technique is an exciting research area 

and may become a key technology for future wireless systems [35].  
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2.5 Problems and Limitations of Smart Antennas 

There are many applications for the smart antennas and they enhance the performance of 

some wireless communication systems. The benefits of the smart antenna have been previously 

discussed. However, a recent investigation of the use of a smart antenna in a wireless ad-hoc 

network has shown a different result. The insertion of a smart antenna can reduce the capacity 

of the whole wireless network due to inappropriate antenna installation techniques. By 

exploiting the flexibility properties of the media access control (MAC) layer/routing technique, 

which can be modified according to a particular application requirement, the above capacity 

degradation problem is resolvable [31]. Through the accurate MAC layer modification, by 

optimising the cross layer incorporated with the smart antenna, implementation can 

significantly improve capacity. Nevertheless, it should be noted that the computational 

complexity of MIMO system (supported by the modified MAC layer algorithm) would 

increase due to an increased number of antennas. 

The architecture of both 2G and some 3G wireless networks, e.g. GSM, UMTS and 

CDMA, was implemented without considering the adoption of smart antenna technology [36-

37]. Therefore, there are limitations to the potential to exploit this technology.  

The smart antenna can only be utilised in antenna diversity and interference canceller 

techniques [36]. In addition, some factors present challenges in the deployment of smart 

antenna/MIMO technology in various wireless applications. These factors can be grouped into 

economical, societal, technical and logistical issues [6, 37].  

The main problems and limitations of smart antenna development recently, especially in 

2G/part of 3G networks, for mass production to the market, are summarised as follows:  

2.5.1 The implementation cost of smart antenna systems 

To date, the cost of implementing the smart antenna system is high. This has affected 

operators who are most likely to apply conventional techniques to maintain and optimise their 

network. Instead of using the costly smart antenna technology, some operators prefer to 

employ the cell splitting method to resolve traffic congestion issues.  

The high cost of smart antenna implementation is also related to a technical issue 

especially in the 2G network and some of the 3G networks. These networks are operated using 

FDD (Frequency Division Duplex) technology. There is an increase in cost if smart antennas 

are applied in the uplink and downlink as these communication channels are technically 

independent. The FDD technique needs an extra feedback algorithm and very costly 

technology for smart antenna calibration [37].  
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The economical problems of low acceptance of this antenna technology for use in real 

wireless systems and its low market revenue have presented challenges to the development of 

the smart antenna [6]. Moreover, according to [6] some experts [11-12, 36, 38-39] in the area 

envisioned that the indoor MIMO and outdoor smart antenna would have wider acceptance in 

wireless application in the future. However, the outdoor MIMO will be fully applied in the 

wireless cellular network by 2010. 

 
2.5.2 High computational complexity and lack of associated chip design [6].  

 

Smart antenna systems must be supported by software. This additional computational 

complexity is required for spatial multiplexing especially when multiple antennas are 

exploited. The complexity of the system will also increase as more antennas are added at both 

the transmitter and receiver. This occurs not only at the base station but also at the mobile 

terminal [38]. Additional hardware is required to connect the base station unit and the antenna 

arrays using a number of RF cables [39]. At the mobile terminal, the problem is largely due to 

the additional power requirements of the RF amplifiers, processing unit and RF switches and 

splitters.  

The lack of availability of suitable integrated circuits for RF signal processing is also a 

major problem. However, one innovation of integrating RF signal processing in MIMO 

applications was launched in early 2004. The intended application of this chip is limited to the 

WLAN sector. In the future, various types of integrated circuits with both RF and digital 

functions will be required for smart antenna development. 

 

2.5.3 The integration issue [31] 

In order to penetrate the commercial market, future developments in smart antenna 

technology must address the key challenges of the new generation of heterogeneous wireless 

networks. More recently, the smart antenna were overlooked for deployment in some 3G 

wireless networks because of integration problems. Future applications will depend on the 

integration of the smart antenna into 3G networks. Their integration into the network involves 

radio resource management, cross-layer optimisation, and networking techniques. By 

successfully addressing the integration aspect, all players in wireless networks can benefit from 

the full deployment of smart antennas in the entire network. 
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2.5.4 The logistical issue [37] 

The recent application of smart antennas in the cellular service area of densely populated 

areas is still not effective and optimal. The problem of smart antenna deployment in this area is 

lack of available space in the bulky racks of wireless equipment to install the antenna system. 

Moreover, due to the large size of the latest smart antenna and the need for expensive and 

bulky RF cables (for installing one sectored antenna array), service providers are less likely to 

use it.  

 

2.6 Approach to Smart Antenna Investigation:  Theory and Practice 
 

The success of future generations of wireless communication networks depends on their 

capability to adapt to the increased demand for communication services and the flexibility they 

provide to users.  Continuous, high quality service can be achieved if the reliability of 

communication is very high (greater than 99.95%) throughout the coverage area. The high 

mobility of users in mesh and cellular networks may require changing the constellation of 

antennas. Dynamic user mobility will also affect the traffic distribution in each network node.  

To accommodate these random phenomena, the directional antenna needs an intelligent 

unit to focus the antenna beam in the optimal direction and determine the best FR and digital 

controller algorithm required [34]. The intelligent algorithm of the smart antenna (that 

automatically steers the beam to point to the specified area according to the traffic load in the 

network cell) is an ideal concept for practical application. This typical network arrangement 

will create more efficient network resource management and optimisation in terms of the 

efficiency of spectral use and RF power transmission. The algorithm must be suitable for 

incorporation into the base station antenna in the next generation of cellular networks.  

Figure 2.8 illustrates how this intelligent algorithm can steer the directivity, gain and 

power of the smart antenna for dynamic re-sectoring. However, the number of beams that can 

be generated from the three sectored base station sites using smart antennas is limited. It will 

depend on the multipath exponent in the network due to reflection, diffraction, and scattering 

along the communication channel. In a practical situation, this multipath effect is characterised 

by the Direction of Departure (DoD) of signals in the downlink and the Direction of Arrival 

(DoA) in the uplink. Recent research related to this matter is reported by Baumgartner and 

Bonek (2006) [40]. The optimum number of beams in each sector varies from four to seven at 

the low DoD, relying on the beam forming method whether using logic cells or switched beam. 
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When the DoD is quite large, the number of beams should drop to two or three for the logic 

cell scheme and to four or five for the switched beam scheme. 

Another potential problem in the implementation of smart antennas in cellular networks 

as described in Figure 2.8 is the computational complexity of the signal processing unit. 

 

Fig.2.8:  Application of smart antennas for dynamic re-sectoring on a cellular communication system 
(Adopted from [41]). 

 

For almost two decades, there have been various approaches to smart antenna 

implementation. For instance, in the year 2000, the NTT Wireless Network Innovation 

Laboratory in Japan implemented a smart antenna technology suitable for application in mobile 

communication systems such as microcell and high-speed access systems for indoor 

environments.  

 
Figure 2.9: Smart antenna technology under development in Japan (Adapted from [42]). 
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To achieve high quality communications using smart antennas, a number of methods 

have been applied, such as using more than one antenna array elements, channel 

characterization and beam-forming. Furthermore, to gain the efficiency of frequency re-use in 

cellular communication systems some techniques, such as user discrimination and spatial 

polarization control, have been combined with the powerful directional pattern of the smart 

antenna. This is a potential breakthrough in SDMA technology. This antenna technology is 

illustrated in Figure 2.9. 

Cost-efficient and powerful antenna systems will have an important role in the next 

mobile communication system (UMTS), radar sensing, and sensor applications in automotive 

electronics.  Smart antenna technology can meet all these requirements [41].  

In an attempt to demonstrate the advantages of smart antenna technology, antennas were 

designed, fabricated and tested in an anechoic chamber. Furthermore, some signal processing 

methods, calibration and transformation procedures were evaluated to compensate for mutual 

coupling and other electromagnetic problems. One smart antenna prototype (a phased array of 

16 patches) that exploited those capabilities is shown in Fig.2.10 [41]. It is evident from the 

figure that the hardware complexity of the proposed smart antenna system increases as the 

number of patch array elements increase. 

Nowadays, smart antenna technology is more likely to be implemented commercially. 

MOTIA Inc., a vendor of smart antennas in San Jose, California (USA), provides an example 

of implementation in practice. Their smart antenna technology is based on an analog signal 

processing chip called “Javelin”. It is a 68-pin chip to steer up to four incoming signals from 

two existing sectorized-antennas. Scientists at MOTIA have claimed that the antenna 

technology is suitable for wireless LAN applications such as LOS, multipath environment, and 

at clients and access points to carry out both transmission and reception of signals. The 

increasing number of gain of the existing 802.11 b and g signals in those applications could 

vary from 6 to 18 dB. In this sense, the improvement of gain is two to four times the normal 

range. Moreover, the antenna support system has a lower power consumption and exhibits 

higher data rates [43]. 
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Figure 2.10: Microstrip-array smart antennas for the X-band 16 channel receiver (Adopted 
from [41]). 

 
In practice, the smart antenna technology of MOTIA can be developed into a multimode-

multiband version in compliance with the 802.11 a/b/g standards in the application of wireless 

LAN networks, specifically for frequency band 2.4 and 5 GHz. This technology could also be 

applied in mobile satellite communications. 

 

2.7 Summary 

This chapter has presented some issues related to wireless communication systems. The 

development of wireless networks, past and future, was reviewed. Section 2.2 presented a 

number of factors that limit the performance of the wireless network such as multipath 

propagation effects (fading, in-band interference, and noise) and wireless system constraints. 

The majority of this chapter focused on a review and discussion of the techniques to enhance 

the performance of wireless communication systems.  It is argued that smart antenna concepts 

and applications can improve network efficiency. Providing certain criteria are satisfied.  

According to research undertaken in industry and academia, smart antennas have the 

potential to provide solutions to problems in wireless communication systems. In particular the 

challenges of smart antennas are to:  

• mitigate multipath propagation effects in order to improve the reliability and 

quality of communication services; 

• reduce power consumption at the mobile terminal due to its diversity and 

nullifying gain capabilities; 

• reduce infrastructure expenditure;  

• increase wireless network capacity. 
These objectives are addressed in the following Chapters in relation to SPA antennas. 
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3.1 System Overview 

 

HE EARLY attempts to incorporate a controller unit as the part of a circular 

monopole array (CMA) for beam-steering have been reported [1-2]. The system incorporates 

electronic control and switching technology to form the smart antenna [3]. Alternative beam 

steering techniques have also been reported [4-8]. The radiation of a six element SPA [4] can 

be steered into five possible directions through the switching network (SN) consisting of 

resistor (R), inductor (L), and capacitor (C). The SN is controlled by conventional electronics 

based on the received signal strength (RSSI). In [5], the beam characteristics were evaluated 

by varying the excitation scenario of monopole elements mounted on a small circular ground 

plane. The monopole configuration consisted of one, two or three elements excited at the same 

time, and the rest of monopoles were short circuited to the ground structure. A numerical 

approach to beam forming [6] for the circular array used tunable passive monopole elements. 

The antenna designer requires an understanding of the capacitance values optimized for the 

steering the array. The capacitance values were found by computing the current amplitudes and 

phases, separately. An alternative adaptive beam steering technique required RF current 

adjustment in passive monopole elements [7]. Three switching conditions were used to vary 

the induced currents i.e. shorted to ground, connected to a fixed load, or floating (open circuit).  

Further research of switched parasitic SMAs had been published in [9-19]. These smart 

antennas were designed to automatically up date the beam direction as soon as the RF signal 

reception falls below a specified power level, so-called fading threshold. This requires RF 

electronics to collect sufficient channel quality information (CQI) for all possible beam 

directions. The supporting circuit with the switching network (SN) was connected to each 

parasitic monopole. Variations in switch condition to be in or out of the resonance frequency 

controls the beam direction. 

The novelty of this thesis lies in the designed smart antenna and its functionality to 

adaptively maintain the beam direction depending upon the condition of the communication 

link. The antenna must work independently of the transceiver circuit. In addition, one of two 

circuits was fabricated using the area underneath the antenna ground plane. A PCB was created 

consisting of RF signal preprocessing and electronic switched-beamforming circuits. Thus, all 

T 
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electronic components (mainly SMD devices) were soldered directly onto the PCB. The 

monopole elements were mounted on the top-side of ground structure. These elements were 

directly connected to the PCB. In this manner, the smart antenna design becomes suitable for 

“plug and play” operation. Other switched beam antenna models employing parasitic elements 

were assessed in [16-17]. These last antenna designs are categorised as reconfigurable 

antennas. All designs are relatively small, compact, with low power consumption, and 

inexpensive construction costs. Furthermore, this antenna design allows searching for the best 

beam direction in both receive and transmit modes. The construction of this type of antenna 

design is given in Section 3.2. 

A typical SPA is illustrated in Figure 3.1. This antenna is the modified prototype 

investigated in [20-21]. The antenna consists of a single active monopole and five passive 

monopoles mounted on the top side of the ground plane. There is no direct electric connection 

between these monopoles and the top ground plane. There is a narrow circular isolation gap 

between them. The dimension of this model was changed slightly to become smaller than the 

original one and resonates at 1.55 GHz. The physical parameters of the new antennas are given 

in Table 3.1. Antenna prototypes-1 and -2 are characterised by the inclusion of RF signal 

processing and beamforming circuits as an integrated part of the antenna. Through this novel 

concept, the switched parasitic antenna described in [20-21] can be transformed into the real 

switched beam smart antenna. A skirt of brass sheet was connected to the ground plane to 

lower the elevation of the radiation pattern [20]. 

 

3.2 RF Circuit Design  

The communications link parameters which characterize the performance of a wireless 

system include the error rate, SINR, delay time and data throughput. These parameters must be 

taken into consideration to obtain a system design with the best quality outcome. These 

parameters may incorporate both hardware and software design elements [22]. For instance, to 

minimise transmission errors in the network, efficient coding and modulation techniques of the 

wireless hardware parts are required to enlarge the coverage area. This can also be achieved 

using software to filter the data entering the network and enhancing the accuracy of data 

timing.  
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Figure 3.1: A modified-SPA device involves the RF signal processing and beamforming circuits 

located underneath the antenna ground plane. 
 

Table-3.1: The dimensions of the two prototype smart antennas. 

Antenna Dimension Parameters 
Prototype-1 Prototype-2 

Circular Ground Plane 
Radius (R) 

5.2 cm 
 ( 0.26λ) 

5.45 cm  
(0.2725λ) 

Height of Hollow 
Cylindrical Plate (b) 

6.25 cm 
(0.3125λ) 

6.35 cm  
(0.3175λ) 

Length of Passive 
Monopoles (t) 

4.95 cm 
(0.2475λ) 

4.75 cm  
(0.2375λ) 

Length of Active 
Monopole (a) 

4.05 cm 
(0.2025λ) 

4.5 cm     
(0.225λ) 

Diameter of Monopole 
Elements (d) 

0.3 cm  
(0.015λ) 

0.4 cm  
(0.02λ) 

 

 
 (a). Prototype-1  (b) Prototype-2   

Figure 3.2: The fabricated switched parasitic smart antenna: (a). Prototype-1, (b) Prototype-2.  



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 52

 
In a dynamic environment the signal level received at the receiver in a wireless 

communication system fluctuates. For example the signal reception might be degraded far 

below the specified power level or signal to noise ratio. One technique used in designing 

wireless systems is the power link budget calculation [22-23]. This method allows one to 

predict the power losses in the system and the amount of the received RF signal power 

available at the receiver.  

The smart antenna system investigated and this research comprised five main 

components i.e. the antenna structure, LNA, RF Detector, SCC (signal conditioning system) 

component and a controller system. This simple intelligent antenna system [4] is depicted in 

Fig.3.3.  

 
 
 
  
 

 
 
 

 
 
 

Transceiver
Module

Coupler/
Splitter LNA RF 

Detector SCC

8 bit
Microcontroller 

Switching
Network

SPA

 
Figure 3.3 Controller circuit soldered at the bottom side of antenna ground structure. 
 
 

A block diagram of the electronic control system (see Fig.3.3) is a closed loop to 

guarantee the adaptive beam forming mechanism and the radio wave detection system work 

together. This was designed to operate both for reception and transmission. In order to 

accommodate this idea, a power link budget calculation was undertaken. The following 

parameters were used in the power link calculation (see Fig.3.4):  

• transmission power (Ptx) ~ 10 dBm, 

• cable and connection losses both transmit (Lctx) and receive (Lcrx) parts were 2.5 

dBm, respectively,  

• transmit antenna gain (Gtx) = 10 dB,  

• receive antenna gain (Grx) was approximately 7 dBi,  

• LNA gain (GLNA) = 20 dB,  

• power dissipation at the RF-detector (Pdtr) was calculated to have 11 dBm, and  

• SCC gain (Pscc) was designed to be greater than 10 dB.  
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The free space path loss between the transmitter and the receiver for the frequency band 

1.5 GHz was calculated using [24-26] 
 
          Ploss = 20 log { /(4πD)}     (3.1) 

where:       Ploss  = path loss component (dB) 

        f  = frequency operation (Hz) 

         λ = wave length (m) 

        D = distance between transmitter and receiver (m)  
 

This simple model will be significantly different for urban, sub-urban, and rural environments 

[27]. Only the simple model of wave propagation in the multipath environment was used for 

testing the performance in this study. The antenna was constructed and tested using the 

simplest, lowest cost, lowest power consumption, smallest components to develop a prototype 

that might be easily mass produced. Two RF circuit designs developed during the PhD research 

period.  

In the design of a wireless system, a communication link is successful when sufficient 

power margin (Pm) can be provided at the receiver. The higher the value of Pm, the higher the 

reliability of the communication link. This also implies that the power margin must satisfy the 

following condition [24] 
 
 Pm > 0 dBm   (3.2) 

where: 

Pm =  S – Prs    (3.3) 

 S   = Ptx–Lctx+Gtx–Ploss+Grx–Lcrx+GLNA–Pdtr+Pscc   (3.4) 

 S   = The received signal power (dBm) 

 Prs = The minimum power requirement at the receiver  

= The sensitivity of receiver (dBm)  

 
The microwave receiver was designed to accommodate the rapid and large fluctuations of 

the RF signal due to the multipath fading and interference effects. A highly reliable receiver 

must have a good response to the extreme variations of signal power. This can only be 

achieved if the receiver has a wide range of dynamic working point [26]. In this application, 

the receiver with an 80 dB dynamic range was thought to be sufficient to guarantee reliable 

communications. This RF design goal may be achieved when the power losses along the 

communication link lie in the range of 60 to 120 dB. This is typical for a short distance 

communications application [22-23], [28]. 
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Figure 3.4: Graphical representation of the power link budget given by Equation (3.6) 

 

Figure 3.4 represents the signal to noise (S/N) ratio in the system for specified 

conditions of the link. This figure is also an assessment of how the effects of fading and 

interference might influence the S/N value. The noise power generated in the wireless model 

explored in Chapter 2 (Section 2.2) was assumed to have an approximately constant value 

while testing the antenna system in the chamber. In principle, the noise power of such system 

(η) can be computed using: 
  
 η = kTB   (3.5) 

  where: 

 k = Boltzman constant = 1.38 x 10-23 (JK-1) 

 T = temperature operation of the antenna (0K) 

 B = Bandwidth (Hz) 

 
The total noise N is found from the noise figure (Nf) parameter of the whole system has been 

added [24] and [26]. Thus if all components are measured in dB, 

 
 N = η + Nf    (3.6) 

From Equation (3.6), N is assumed to be constant for a particular environment. This is different 

to the signal power (S) which fluctuates due to changing channel conditions. This will 

influence the performance of a communication system such as the bit error rate (BER).  

 

3.2.1 RF Circuit Implementation 

A basic control circuit was designed using a prototype board for the components. 

Preliminary testing of the electronics components was done individually. The output of the 

controller chip was adjusted to adequately control the switching network (SN). The electronics 

compoents (microwave p.i.n. diodes, RF chokes or inductors, and resistors) that form the SNs 

η Nf 
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must be identical for each parasitic monopole if beam-forming symmetry is to be assured [11-

13]. 

Different electronic devices, such as the RF detectors, have different electrical properties 

within a production batch. This variation must be accommodated during the design process. 

Most electronic devices employed in this RF design step using the conventional electronics 

parts, are relatively bulky in size and expensive. To assembly all the electronics devices into a 

complete RF intelligent circuit, a simple breadboard was used, together with various cables and 

connectors to complete the circuit function.  

Figure 3.3 for the smart antenna system shows the set up for receive mode. It is obvious 

that the fluctuating power level of radio waves from free space will be filtered by the antenna 

and the LNA will amplify the signal. It should be noted that the LNA will also strengthen the 

noise level generated at the antenna device. The amount of noise power produced in this 

amplifier stage is indicated by its noise figure value [29]. The signal is passed through the short 

cable connection to the RF-detector. At this stage, the RF-signal input is converted into a 

proportional DC signal with the voltage level interval 0.5 to 311 mVolt. To be processed by the 

microcontroller system, the signal must be translated into 0 to 5 Volts range for the analog to 

digital converter (ADC) voltage range. To accommodate this requirement, a signal 

conditioning circuit was included. This circuit performs four main functions including filtering, 

level translation, amplifying, and inverting of the signal. The filtering task used for the noise 

separation, and the signal modification task of SCC were not included in this project. The 

block diagram of the SCC is given in Figure 3.5.  
 

 

Figure 3.5: The block diagram of Signal Conditioning Circuit (SCC) 
 

It should be noted that the design complexity of the SCC depends upon the purpose of 

signal processing on the microcontroller and the full design of the communication system. For 

example, the wireless system and microcontroller part can include noise suppression which 

will increase the complexity of the SCC. In this practical implementation, the output of this 

SCC was in the range 0.01 to 3.7(~4) Volts due to DC-offset problems in some digital 

electronic devices. The characteristic output versus input voltage of the SCC is shown in 

Fig.3.6. This output voltage range did not affect the performance of the microcontroller. 

However, if the ADC conversion process is included in the controller itself, a more accurate 

SCC is required. This is solved by choosing a DC operational amplifier that can provide output 

Impedance 
Matching & 

Inverting 
DC Amplifier 
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in the full range from 0 to 5 Volts. The voltage values cover the dynamic range of RF-detector 

from – 35 to + 5 dBm.  

The complete antenna is illustrated in Fig.3.7. The proposed smart antenna for various 

applications in the wireless communication fields is described in [4] and further investigated in 

[9]. The circuit and antenna system was assembled using conventional electronics components 

the ZEL-1724LN low noise amplifier, the Wiltron 71850 RF detector (100 kHz to 3 GHz), 

LM358 low power dual operational amplifier, a programmed PIC 16F62x microcontroller, a 

LM7805 voltage regulator, p.i.n. diodes and a number of resistors, inductors, and capacitors. 

Figure 3.7 shows the complete system. The p.i.n. switches and RF choke inductors are located 

immediately beneath the parasitic antenna elements and only DC connections are made to them 

from the microcontroller (red cables in Fig. 3.7). Some sensitive circuits suffer from RF signal 

leakage which might result in lower speed and accuracy of the antenna system when 

responding the rapid fluctuations of RF signals [18]. The complete RF circuit design is given in 

Appendix 1. 

0

500

1000

1500

2000

2500

3000

3500

4000

0 -0.1 -0.8 -3.3 -14 -43 -111 -204

Input Voltage (mV)

O
ut

pu
t V

ol
ta

ge
 (m

V
)

SCC Output

-200 -100 -50-10 -0.1 

 
 Figure 3.6: The characteristic output versus input voltages of the SCC 

 

The antenna performance was measured in an anechoic chamber. The free space path loss 

was calculated (equation 3.1) to be –45.50 dB at the resonant frequency f = 1.5 GHz and a 

separation distance of 3 m between a standard gain horn and this antenna. The resonant 

frequency is 1.5064 GHz with S11 = -40 dB (see Figure 3.8). The impedance bandwidth (S11 < -

10 dB) is 1.0149 MHz. This is a quite narrow (0.07% of the 1.5 GHz operation frequency). The 

measured gain of the antenna system was approximately 8 dB. 
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Figure 3.7: The switched parasitic smart antenna configured in the received mode 

 

 

Figure 3.8: The reflection coefficient S11 (dB) measurement result of smart antenna. 

 

The H-plane beam pattern is shown in Figure 3.9. Each of these beam patterns was found 

by electronically switching one parasitic element to be open circuited to the circular ground 

plane and the remaining elements short circuited. The process of steering the beam pattern was 

taken sequentially with settings from the microcontroller. It is clearly evident in Figure 3.9 that 

the directions of the main lobe are approximately 400, 1000, 1650, 2600, and 3400. This means 

that there is an inconsistency of the direction beam thought to be generated by inaccuracies in 
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the switching circuits. Theoretically, there must be a 720 step in the beam direction for each 

switching configuration. This is discussed in more detail later. 

Other parameters such as the values of the – 3 dB beamwidth and the front to back ratio 

(FTBR) of each beam pattern illustrated in Figure 3.9 were found from the measured data. The 

beamwidth and front to back ratio are summarized in Table 3.2. On average the beamwidth of 

each beam pattern is greater than 1000. The FTBR values of the antenna were good when the 

beam direction was 400, 2600, and 3400. On the remaining directions the FTBR are relatively 

poor due to problems with the switching network.  

 
Table 3.2: The beamwidth and FTBR value of each direction of the smart antenna beam pattern 

 

Beam Pattern 
Direction 

Beamwidth 
(0) 

FTBR (dB) 

400 78.6 8.3 
1000 117.5 3.675 
1650 197.5 3.7 
2600 108 6.89 
3400 124.7 13.7 

 
 

 

Figure 3.9: The plot of the measured H-plane beam pattern for all 5 beam directions. 
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3.2.2 RF Printed Circuit Design 

The antenna control circuit was laid out as a printed circuit on the reverse side of the 

ground plane using Protel 99SE software. There were a number of the RF requirements 

implemented in the design. These included geometrical symmetry of the monopoles 

appropriately positioned on the circular ground plane and the position of the switching 

electronics adjacent to the base of the monopoles. The circuit was manufactured at the 

electronics workshop at the University. The PCB lay out is depicted in Figure 3.10. 

 
                 a) Top side  b) Bottom side 

Fig. 3.10: PCB lay out etched on one side of double side ground plane.  

 

As shown on Fig.3.10, there are five printed through holes surrounding a single hole at 

the centre of the circular board. These five holes were used to mount and solder one end of the 

parasitic monopoles. The size of each hole was matched to the outside diameter of the 

monopole wire. This provided mechanical support for the monopoles in addition to being 

soldered on to the connection pads. As clearly seen at the top view each hole was isolated to 

the rest of conducting area of ground plane using a circular gap. Therefore, while the 

monopoles were top soldered, there was no the direct electrical contact between monopoles 

and the top conducting ground area. 

While this initial design was first reported in [4], a number of innovations were included 

to minimize the effects of RF signal leakage and distortion in the antenna system. These 

include a new RF circuit design containing a number of functional blocks such as LNA, RF-

detector, signal conditioning circuit (SCC), a controller system, switching network (SN), and 

the DC power regulator circuit was also printed. This functional unit is illustrated on Figure 

3.11. The DC power supply circuit is not included in the figure but is a requirement. At the 

base of the five passive monopole elements (indicated by the red-solid line arrow (→)) each 
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monopole was connected to an individual switching network. These elements were switched 

between short/open circuit to the ground. 
 

   
 

                              S C C     R F - Fe e d          R F d e te c tor   L N A     D C  R e g u l a t or  

P as s i ve  
m on o p o l e  

C o n tr o l l e r  
de v i c e  

  D C  
p o w e r  l i n e    

 

Figure 3.11: RF circuit design etched at the bottom side of circular ground plane. 

 

During this research, two versions of the PCB were implemented. One modification was 

implemented to accommodate different circuit configurations such as LNA, RF detector, SCC, 

and switching networks. As an example, the photograph of Fig.3.11 was manufactured earlier 

using the RF detector AD8314 and later implemented using the RF detector MAX2015. 

Another difference between the two PCB prototypes was the geometrical position of the 

passive monopoles mounted on the ground plane in order to obtain improved symmetry of the 

antenna beam patterns. In this context, the difference in performance between prototypes is 

clearly evident in later sections. 

The majority of the electronic devices used to form the smart antenna system in [4] were 

replaced by surface mount devices (SMD). The electrical properties of these SMD components 

were very different to the previous components and so the performance was re-assessed. The 

components are relatively small in size, inexpensive, have low power consumption, and widely 

available in market place. The dynamic range and sensitivity of the antenna system on 

responding the large fluctuation of RF signal was improved by using the low noise amplifier 

(LNA) MAX 2611 and RF detector AD8314 components. On the later antenna circuit, the RF 

detector MAX2015 was used and the performance improved. The circuit was powered using a 

+ 5 Volts single supply. This voltage was generated from the DC regulator power supply 
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circuit (LM7805 IC and two filter capacitors). This regulator provides a constant 5 V under 

most load conditions. The external voltage must be in the range of 7.5 <VIN < 20 Volts and the 

current drain from the regulator must lie in the range 5 mA ≤ IO ≤1A. There were two power 

sources used for that purpose i.e. a single battery of 9 Volts and 18 Volts of DC power supply. 
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Figure 3.12:  Characteristics of RF circuit design 
 

The combination of both LNA and RF-detector devices in Fig.3.12, as for instance using 

MAX2611 and MAX2105, contribute to a dynamic range of more than 80 dB. The RF 

sensitivity was measured using an RF frequency synthesiser at 1.5 GHz and results are 

illustrated in Fig.3.12. The RF detector maps the RF input over the power level range from +5 

to -95 dBm into the equivalent RMS voltages from 0 to less than 1 Volts. The SCC amplifies 

the detector output by four and matches the dc amplifier stages. 

This circuit plays two important roles: (a) sensing the received RF signals, via a single 

monopole wire exactly located at the centre area (see Fig.3.11), and (b) controlling the 

radiation pattern of antenna. The novelty of this circuit lies in its control function so the 

received RF signal level is maximized by steering the beam lobe into a specified direction.  

 

3.3 Antenna Fabrication 

The switched parasitic antenna (SPA) investigated in this research project was initially a 

modification of the antenna model in [20-21]. The dimensions of their model were slightly 

changed to be smaller than the original one. The fabricated antenna is illustrated in Fig.3.2. 

This antenna prototype was designed to be capable of fast beam-steering to focus its main lobe 

to a specified direction by exploiting the powerful cooperation between RF signal processing 
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and beamforming circuits. Nevertheless, the optimum combination of the switching network 

and the controller system was important because it determined the quality and the accuracy of 

the antenna such as beam shape and angle direction.  

The mutual coupling between the monopoles and the RF cross coupling from the 

electronics part of intelligent circuit were investigated. The configuration is given in Fig.1.1 

and Appendix 1. To obtain the proper electronic beam steering, the switching network must be 

accurately designed.  

The binary digital output from the microcontroller device was nominally 0 and +5 Volts 

(standard TTL voltage). The DC current flow into the PIN diodes was limited using a series 

resistor to prevent diode failure. The forward current employed in the diodes should be 

typically less than 1 A [30]. In this application the current range was controlled to be between 

1 mA to 10 mA.  

In the physical implementation of antenna, a female SMA connector was soldered to the 

single active monopole element at the centre of the ground plane and connected to a single RF-

feed line. Five monopole wires of the same material (brass tubes) surround the active 

monopole. The length of parasitic monopoles was slightly longer than the active element to 

improve the directional performance of the antenna [21]. By changing the monopoles to be 

short or open circuited to the ground plane, the antenna beam direction is changed by the SN. 

The performance of the antennas was compared to the results obtained from the computer 

simulations using HFSS and NEC. The time to change the beam direction of antenna shown in 

Figure 3.3 was calculated from the switching time of the microcontroller to be 64.5 uSec. The 

maximum power dissipation of the RF circuit was less than 25 Watt. 

 

3.4 Antenna Modeling 
3.4.1 Numerical Computation using NEC MoM Algorithm 

The antenna constructed in [4] and investigated numerically in [11-12] was adapted from 

the model in [20] with a number of modifications. In [11-12] the numerical model was 

implemented using the MoM algorithm of [31] in the NEC software package [32].  
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Figure 3.13: The geometrical visualisation of the circular cylindrical ground structure (top view). 

 

The circular cylindrical ground structure includes an array of six monopole elements, one 

active and five passive. The array is mounted on a circular ground plane. The ground structure 

has rotational symmetry about the Z-axis with the ground plane centred in the X-Y plane. The 

wire radius was 0.001λ.  

In the model, the circular ground plane was constructed from a mesh of small segments 

of thin wires of radius 0.001λ. For electrical continuity, the procedure used to determine the 

coordinates of the ground mesh followed the relationships between Cartesian and Cylindrical 

coordinates. 

The computation procedure is based on Figure 3.13. The ground plane and the skirt was 

constructed using a thin wire mesh. Radial wires from the centre and circular wires intersect to 

make the structure (see Fig. 3.14). The value of Φwas determined from the angle separation Ω 

between the adjacent parasitic elements (A, B, C, D and E). This was done to ensure that the 

monopole elements were mounted on a wire segment of the ground structure. If 5 parasitic 

elements form an array with five beam directions, there is 720 or (3600/n) angular separation 

between the elements, where n is the number of parasitic elements. A small fraction of angle 

division (a factor of 10, 20, or 40) was used to obtain the value ofφ = 7.20, 3.60, or 1.80, 

respectively, to get a uniform model of ground plane. The angle division determines the 

smoothness of the straight line approximation to a circle. Once φ  was obtained, the 

coordinates of (Xk, Yk) for each segment of the circular ground plane were found using both 

Eqs. (3.7) and (3.8). 

 
 

Ω 

Φ 
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where Rk is the radius of kth segment of circular ground plane. φ =φ k is the angle for the patch 

and wire path sectors. X, Y, and Z are the axis coordinates, respectively. 

A similar procedure was used to construct the ground skirt mesh. The coordinates of the 

skirt path elements were computed using the same equations. Finally, all specified segment 

coordinates were input into the NEC wire-mesh model.  

Once the geometrical coordinates of the wire and patch segments were known these 

geometries could be duplicated with the factors of 50, 100 or 200 times for φ = 7.20, 3.60 and 

1.80. It is obvious that the duplication numbers are closely related to the angle separation 

between the parasitic monopole elements. The bigger the duplication number, the larger the 

size of matrix generated by NEC software. This results in a longer execution time. A visual 

display of the antenna was generated using NECVU tools (see Figure 3.14).  

Another important aspect was the number of segments used to represent the monopoles 

and the base loading values for each passive element. The monopole wires were modelled 

using 18 segments. The centre monopole was loaded with a 50 Ω resistance to resemble the 

SMA connector and feed cable. The one open-circuit parasitic monopole (i.e. out of the 

resonance frequency) was created using a series loading of 106 Ω and 20 pF at the segment 

next to the earth plane. These specific values represent the condition of p.i.n. diode in reverse 

bias (open circuited to the ground plane) [12-13]. The ideal short circuit can be represented by 

loading the lumped component with 0 Ω. Other monopoles were not loaded. 

In the MoM algorithm the current and charge in every segment of the antenna structure 

model as calculated and from this, the far field radiation pattern is calculated. To obtain the 

VSWR and radiation pattern properties in the frequency range from 900 MHz to 2.4 GHz, the 

computation time was greater than two hours on IBM PC AT Compatible Intel Pentium IV 

family of 3 GHz clock frequency. 
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(a)                                                         (b) 

Fig.3.14: Antenna structure for NEC MoM modeling: (a) antenna-device geometry (b) top-side view 
simulated for 200 radials and 11 circular elements (φ = 1.80). Both visualizations were 
displayed using NECVU. 

 
Figure 3.15: The polar pattern of antenna model for 3300 direction 
 

3.4.2 HFSS Computation 

The physical antenna model in [20] was investigated using FEM (HFSS software 

package) to verify the NEC modelling results. In this research project, the antenna model was 

recomputed to get a more accurate model of the fabricated antenna. This involved a simplified 

form of the switching network used for beam forming. The antenna design is illustrated in 

Figure 3.16.  

The antenna dimensions shown in Figure 3.16 were used in NEC modelling and the 

fabricated antenna (see Table 3.1). The numerical investigation using the high frequency 
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system simulator (HFSS) was done for additional verification and to check the experimental 

properties of the fabricated smart antenna. This is reported more extensively in Chapter 5. 
 

3.5 Improving Smart Antenna Performance 

The characteristics of a smart antenna can be exploited to achieve better system 

performance [33-36]. As a simple example, it is possible to enlarge the coverage of 

communication services using multiple antennas or an array of antenna elements at the base 

station. To improve the channel capacity and the spectrum efficiency, the switched beam 

mechanism for automatic steering to a specified direction is possible. 

 
Figure 3.16: The numerical model of switched parasitic smart antenna implemented using HFSS 

software. 
 

While the antenna design was modified several times to improve the bandwidth, the 

power transmission management, sensitivity and dynamic range of the antenna, the most 

important properties are the shape and direction angle of the beam-pattern. This section reports 

additional improvements. 

 

3.5.1 Bandwidth improvement 

The bandwidth is directly related to the capacity of the communication channel. A larger 

the bandwidth will result in a larger information/data capacity. It also determines the number of 

potential users that can be serviced for a certain quality of service (QoS).  



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 67

One method to increase the bandwidth of the switched parasitic smart antenna 

investigated in this research is to vary the diameter of the cylindrical monopole elements. The 

real antenna dimensions shown in Table 3.1 were used in modelling and measurement. 

The experimental and numerical investigation suggested that the bandwidth of the 

antenna can be increased by enlarging the diameter of the monopoles. Increasing the diameter 

of a monopole decreases the resonant frequency [3]. The antenna can be re-tuned by decreasing 

the length of the monopoles. A significant increase in impedance bandwidth was observed 

between the first antenna with the second antenna. This was demonstrated both theoretically 

and practically. Numerical investigations using NEC programming showed that the 1st 

prototype has a 211.61 MHz (14%) bandwidth and the second has a 249.29 MHz (16.1%) 

bandwidth for the -10 dB S11. Practical measurement, the bandwidth revealed that the first was 

175.41 MHz (11.32%) and the second was 401.96 MHz (25.93%). These results are shown in 

Fig. 3.17. 

1000 1200 1400 1600 1800 2000 2200
-35

-30

-25

-20

-15

-10

-5

0

Frequency (MHz)

S1
1 

(d
B)

Simulated Prototype-2
Simulated Prototype-1
Measured Prototype-1
Measured Prototype-2

 

Figure 3.17: Numerical and experimental results showing the resonant frequency and bandwidth. 
 

3.5.2 Beam direction adjustment 

The correct direction of the main beam and the symmetrical nature of the radiation 

patterns was used to determine if the switched beam mechanism of the antenna was working 

properly. The antenna is characterised by radially symmetry so that the beam pattern should be 

symmetrical. However, in practical construction, this was hard to achieve. Several of the 

radiation patterns were degraded due to problems related to the RF and switching circuits and 
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some technical problems during the manufacturing process. These have been determined in 

[12] and are extensively discussed in Chapter 5. 

There are at least three factors requiring accurate construction of the antenna: the 

electrical properties of the controller device electronic switching parts, mechanical symmetry 

including the grounding position of the SN, and matching impedance in [12]. A number of 

solutions are recommended in future manufacture. These include using the “vias” concept on 

the double sided PCB especially at the area immediately surrounding the microwave p.i.n. 

diode. This reduces the effects of additional inductance and capacitance loading due to PCB 

tracks. The soldering technique of diodes at the base of monopoles was reviewed to avoid the 

asymmetrical impedance and effective length variation of monopoles.  

 

3.5.3 Coverage area & bandwidth enhancement using multiple RF feeds 
 

Methods to enhance the coverage area were investigated. NEC computation was 

exploited to check the possibility of employing multiple RF feed ports on a smart antenna 

system. The multiple ports were implemented in modelling by dividing the RF power 

excitation of 1 Watt with a single port scheme, to 5 excitation ports, each with 0.2 Watts 

applied to five monopoles. The centre monopole was grounded at a parasitic reflector element. 

The arrangement required at least 4 monopoles to be active and only one left inactive on 

receiving or transmitting the microwave signal. The simple power divider/ combiner of 

Wilkinson model can be used to split or combine the RF signal. Numerical analysis showed 

that the multiple RF feed configuration outperforms the single one. A single RF feed port 

provides the bandwidth of 240 MHz while multiple ports have a 315 MHz bandwidth [see 

Fig.3.18]. There will be some power loss through the divider circuit. 
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Figure 3.18: The impedance bandwidth comparison of single and multiple ports. 

The positive impact of using the multiple RF port in smart antenna looks also to improve 

the coverage area because the antenna beamwidth has been reduced. There are still five main 
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beam directions for this antenna and so the gain at the angle between the switched main beams 

is reduced. There is no advantage in this technique.  

 

3.5.4 Improving the antenna sensitivity and dynamic range 

The design of RF receivers must take into consideration rapid depth fluctuation of RF 

signal due to the multipath propagation problems. A high quality receiver must have an 

excellent response to overcoming this extreme variation of RF signal level. This can only be 

achieved if the receiver has a wide dynamic range. In this particular application, the receiver 

had dynamic range of 80 dB which is sufficient to tackle those problems [26]. 

The smart antenna used in this PhD research project was designed to have the capability 

to automatically steer of its beam direction to maximise the RF power in the communications 

link. The antenna fabricated provided approximately 80 dB dynamic range however the 

sensitivity must be improved for RF embedded wireless applications such as remote controls, 

automotive, home security and wireless sensor networks which require a higher sensitivity 

(typically less than –100 dBm). The fabricated smart antenna did respond RF signals of power 

less than –85 dBm. The reduced sensitivity is mostly related to the quality of the RF electronic 

components and the PCB lay-out which affect the whole antenna sensitivity. For instance, the 

LNA MAX2611 has a mismatch coupling capacitor at its output line relative to the coupling of 

RF input of RF detector MAX2105. This effect resulted in the reflection of some RF signal 

between the output LNA and input detector ports. In future fabrication all of these aspects must 

be considered. 

 

3.6 Summary 

The RF intelligent circuit consisting of RF signal pre-processing and beamforming 

circuits units incorporated into SPA prototype, exhibited great potential as a switched beam 

smart antenna. The circuit was designed to continuously detect, to maintain and to further 

interpret the fluctuating RF signal level captured from the central active monopole. The circuit 

with an appropriate control algorithm changes its beam direction to one of five possible 

directions, to maximise the power reception if and only if the RF signal dropped below the 

specified threshold. Otherwise, the beam pattern remains focused on the current direction. This 

algorithm is described in Chapter 4.  

In this chapter, two different antennas have been presented, both numerically and 

experimentally. Two commercial software packages were exploited to model the antenna 
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prototype using two different methods, the moment of method (MoM) in NEC program and the 

finite element method (FEM) in HFSS. Both techniques have almost the same results of the 

antenna properties particularly in terms of bandwidth and S11 parameters.  

The manufactured switched beam smart antenna was modified for several times to obtain 

better plug and play performance. Improvements have been achieved on the antenna properties 

such as bandwidth, the power transmission management, sensitivity and dynamic range of the 

antenna. In practical applications these enhancements of antenna performance are obtained 

using a number of methods including: 

• To improve the bandwidth there are two options. In the first method increasing the 

outside diameter of monopole wire increased the bandwidth. The second method 

examined the potential advantages of multiple antenna elements. In this PhD study, 

switching five monopoles to be active with only one remain passive improved the 

bandwidth of the antenna. 

• To enlarge the coverage area of services by beam steering to a specific direction will 

concentrate the RF energy only in this direction. As the consequence, the distance of 

the radio link will increase. In the SPA the accuracy of beam angle direction depends 

on the symmetry of total impedance in each arm of the parasitic monopoles. In practice 

by properly adjusting the current flow in the microwave p.i.n. diode will help to 

increase the beam angle accuracy.  

• To improve the antenna sensitivity and dynamic range a couple of technical 

perspectives including the accurate design of the RF signal processing unit and the 

proper selection of RF components is required.  
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4.1 Introduction 

 
UTOMATIC control systems have been employed for many years to maintain 

antenna performance. These systems may include algorithms to electronically change antenna 

parameters, such as beam direction and power transmission level, to improve performance. 

One positive impact of control algorithms combined with a sophisticated digital signal 

processing (DSP) unit in the antenna system is that the technique converts a number of fixed 

antenna types to intelligent antennas, known as smart antennas. This was discussed in Chapters 

1, 2 and 3. Through this integration the antenna is capable of automatically self-detecting, 

correcting, calibrating and steering the beam direction and frequency operation. It can also 

switch polarisation more appropriately. Thus, the antenna appears to operate intelligently. In a 

more complex intelligent antenna for wireless communications, the signal processing unit 

plays a very important role in RF signal parametric estimation and detection. This includes 

predicting the direction of arrival (DoA), and discriminating and filtering the presence of noise 

and interfering signals [1-2]. 

Beamforming techniques are methods of steering the antenna array pattern in a particular 

direction to maximise the output performance of array such as SINR (signal to interference 

noise ratio), BER (bit error rate), and throughput. Two methods can be used to steer the main 

beam in a specific direction: mechanically rotating the array direction and electronic beam 

switching [3]. The conventional technique of mechanically rotating the beam pattern has a 

relatively slow response time, is high in power consumption, requires intensive maintenance 

and needs a bulky control system [4-5]. In contrast, the electronic beamforming can be 

implemented using a simple control unit. The technique is not only used for multipath 

mitigation, interference reduction, angle of arrival determination, but it has also been employed 

to increase capacity and widen the coverage area [6].  

Beamforming techniques have been applied to radar, sonar [7], spatial microwave 

filtering, imaging applications (ultrasonic, optical and tomographic), geophysical and 

astrophysical explorations [1], underwater acoustic imaging, remote sensing, industrial 

applications (e.g. sensor array processing in manufacturing processes, automatic monitoring 

A 
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and fault detection/localisation), environmental applications (e.g. chemical sensor arrays), 

medical sectors (e.g. treatment of tumours, electrocardiograms, and biomagnetic sensor arrays)  

[2], radio astronomy [8], and the business sectors of wireless cellular communication [6], [9]. 

Other interesting applications include BTS tracking [10], land-mobile satellite communications 

[11], cellular base stations with multibeam antennas suitable for SDMA applications [12], and 

mobile communications [13]. In these applications the beamforming antenna acts as an 

adaptive array antenna to achieve a high diversity gain [14]. 

All of these applications have used an electronic signal to steer antenna array. These 

applications can be grouped into two schemes: “analog” and “digital” [15-17]. Despite the 

advantages and disadvantages offered by both analog and digital techniques, this PhD thesis 

focuses on the implementation of the digital beamforming unit for the smart antenna. Two 

adaptive digital beamforming algorithms have been investigated in [18]. These algorithms are 

suitable for application in interference and multipath mitigation on the reverse link of CDMA-

UMTS technology. 

To steer the direction of the antenna pattern there are only two states of the monopole 

“parasitic” elements to be configured on the ground plane structure, switched-on or off. This 

task is performed solely by the digital controller unit via the switching network (SN). A 

controller algorithm was designed for the adaptive scanning of the wireless link condition and 

updating the beam pattern into the direction required for maximum RF power. Two algorithms 

were developed for the prototypes, i.e. beam steering algorithms based on RF power threshold 

and BER checking. The first algorithm changes the beam direction as soon as the RF power 

reception falls below the specified level, (fading threshold). This simple algorithm uses a 

single microcontroller device and switch control as integrated parts of the physical antenna 

working independently from the transceiver system. The controller operates interactively with 

the RF signal pre-processing circuit to control and change the activation of the switching 

network of each parasitic wire element. 

The second algorithm was developed to track the RSSI (received signal strength 

indicator) level, checking the BER level and maintaining the communication link by steering 

the antenna pattern in the most appropriate direction. This design promises a robust plug and 

play operation, particularly in complex multipath propagation environments. The beam 

steering technique, which combines the signal strength and BER indicators programmed into a 

single RF controller, is suitable to combat ISI (inter symbol interference) problems in modern 

digital wireless communication networks such as the TDMA system. However, tthere are some 

difficulties in using the BER algorithm which are discussed later. 
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This chapter includes a brief discussion of the development and benefits of beamforming 

techniques. The next section reviews a number of specific beamforming techniques that are 

widely applicable, such as multiple access techniques and smart antenna technology for mobile 

radio networks. This is followed by a discussion of adaptive control mechanisms and the 

microcontroller algorithm for the SPA prototype. Chapter 4 concludes with further suggestions 

for work on controller programming algorithms for smart antennas. 

 

4.2 Beamforming Techniques  

Wireless communication channels are often affected by changing multipath propagation 

environments which can cause fading and other interference effects. Electronic beamforming 

of antenna arrays has been frequently used as a method of increasing the capacity of 

communication channels [19]. Beamforming have also been used to generate a pencil beam 

(narrow beamwidth) radiation pattern [1]. This technique was designed to bring together all 

collected data from the antenna array for further processing to maximise system performance 

and minimise disturbing factors [2]. One early beamforming algorithm, the Bartlett technique, 

was first introduced during the Second World War. This conventional beamformer was simply 

a further development of Fourier-based spectral analysis of the scanned data. Two other 

beamforming algorithms were later developed and applied to enhance the transceiver’s 

capability to discriminate closely spaced sources. These algorithms were called the adaptive 

beamforming algorithm and the classical delay estimation algorithm [2]. 

Beamforming is also described as beam focusing [20], beam scanning [21-23] and beam 

steering [5], [19], [24-26]. All these techniques are used to focus the main antenna beam 

pattern in the direction of the intended target or to steer the null towards an interfering source 

[27]. Many different applications have been reported in the literature [3], [15], [28]. For 

instance, the beamforming technique used in the up-link of recent and later generations of 

wireless cellular networks might be different to the down-link application due to the 

asymmetric traffic load characteristics of both communication links [28]. In Ryu et al. (2006) 

[29], the beamforming algorithm suitable for the adaptive smart antenna was classified into 

three categories. These are: the DOA-based algorithm (e.g. MUSIC-multiple signal 

classification, ESPRIT-estimation of signal parameters via the rotational invariance technique, 

and ML-maximum likelihood), the training-sequence-based algorithm (e.g. LMS-least mean 

square algorithm, MMSE-minimum mean squared error algorithm, and RLS-recursive least 

square algorithm), and the blind beamforming algorithm (e.g. the eigenvector-oriented method 

and CMA-constant modulus algorithm).  
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Figure 4.1: A typical antenna array employing the beamforming technique installed at the base station 

of three coverage sectors (1200) (adopted from [30]). 
 

A specific beamforming algorithm applied in the down-link direction of a typical base 

station is illustrated in Figure 4.1. In this type of beamforming, the switched beam can select 

one of a limited number of beams to enhance the received signal. As seen in Figure 4.1, lobe 

number 2 is selected for the desired signal [30]. Meanwhile, the null patterns are pointed to the 

interfering signals. Various perspectives on beamforming methods are presented in this part of 

the thesis including Capon’s beamforming algorithm [2], [9], hybrid smart antenna 

beamforming algorithms [31-33], spectral estimation algorithms [26], and complementary 

beamforming algorithms [34-36]. 

 

4.2.1 Capon’s Beamforming Algorithm  
 

 
Figure 4.2: Uniform linear array of antenna 
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where wHa(Φ)=1  

 
Consider the uniform linear array depicted in Figure 4.2. Each antenna element 

k=1,2,…,M is separated by equal distance d. Equation (4.1) formulates the array output vector. 
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The array response of the antenna elements is represented by Equation (4.2) while s(t), A(Φ) 

and η(t) at Equation (4.1) respectively represents the signal waveforms vector, steering matrix, 

and the additive white Gaussian noise. 
^
R in Equation (4.4) is the covariance matrix. 

Capon's beamforming algorithm can resolve a number of signal processing constraints in 

a phased array. The algorithm exploits the uniform array configuration (commonly ULA - 

uniform linear array or UCA - uniform circular array) to optimise array gain. This method 

sustains the maximum gain of the system in the intended direction Φ, or so-called look 

direction. In contrast, it minimises the effects of noise and other undesired (interfering) signals 

that degrade signal reception [2]. This feature makes Capon’s beamforming technique more 

applicable to particular array signal processing applications, such as aperture radar cross-

section synthesis, underwater navigation (sonar), wireless communication systems [9], 

seismology, and radio astronomy visualisation [37]. 

The main solution of the optimisation problem using Capon’s technique is given in 

Equation (4.5) where P(w) (from equation 4.3) is the array output power for a sequence 

samples Y(1), Y(2), …, Y(M). The weighting vector w is given by [2] 
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It should be noted that the resolution performance of Capon’s beamforming technique is 

influenced by two parameters; the physical size of the antenna array, and the SNR in the 

system. Other developments of Capon’s beamforming concept in various applications can be 

accessed in the literature [37-42]. 

 

4.2.2 Hybrid Smart-Antenna Beamforming Algorithm  
The hybrid beamforming algorithm (HBA) [31], works by optimising a subset of 

elements within the antenna array to obtain maximum RF power reception. The first attempt to 

assess this algorithm was undertaken by Zhang et al. [33] and further investigated by Rezk et 

al. [32]. The experimental evaluation was done by Celik et al. [31] who steered an 8-elements 

array antenna. It was shown that the HBA has a similar performance to the full array smart 

antenna, which used the adaptive scenario to maintain the quality of service (QoS). The 
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estimation prediction of the best choice of beam direction is selected by considering the array 

configuration that contributes to the strongest power reception. 

 

4.2.3 Spectral Estimation Beamforming Algorithm  

This beamforming algorithm is a combination of two other types of beamforming [26], 

i.e. the optimal beamforming algorithm and the tracking beamforming algorithm [43]. The 

spectral estimation technique is employed in modern wireless mobile networks and can 

significantly increase channel capacity. 

The spectral estimation algorithm implemented by Migliore [26] exploited the nine 

isotropic elements configured in a uniform linear array (ULA). The beamforming objective 

was decided according to the weighting vector resulting from the spectral estimation process of 

both the desired and the interfering signals. This beamforming algorithm redresses the 

limitations of the optimal beamforming method and performs better than the tracking 

algorithm. Some possible applications of wireless cellular systems, such as CDMA, can adopt 

this beamforming technique particularly in the presence of fading and interference effects. 

  

4.2.4 Complementary Beamforming Technique 

In the wireless LAN business sector, particularly the 802.11-standard, access to the 

network is based on the link detection mechanism. The wireless standard employs the CSMA 

protocol for establishing and managing communication between nodes across the entire 

network area. However, in wireless ad-hoc networks this connectivity is done using the 

directional MAC layer. A common network problem is the “hidden node problem” [34], [44] 

which occurs when two or more nodes encounter difficulty in communicating with each other. 

This is due to a number of possible causes such as overlapping and conflicting transmissions. 

This causes confusion making it difficult to decide which beam to use when the client first 

transmits [44]. This problem is entirely due to the beamforming technique employed in the 

network where nodes could not detect the presence of broadcasted signals. 

The hidden node problem can be significantly minimised by using the complementary 

beamforming (CBF) approach [34]. This technique is different to the SDMA method. The CBF 

approach is implemented by transmitting minimal power to the region outside the main 

coverage area. Through this method the undesired traffic in the carrier sensing multiple 

access/collision avoidance system (CSMA/CA) is banned, while the control system steers the 
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main lobes to particular service areas [36]. This beamforming technology may be suitable for 

improved null-steering, especially in CCI reduction in the 802.11-standard of wireless LAN. 

 

4.3 Adaptive Control Mechanism 

 The adaptive control mechanism is not new in antenna technology. This technique has 

been applied extensively in antenna arrays as an integrated part of signal detection and 

estimation [45]. The term “adaptive antenna”, which resembles the kind of antenna that 

intelligently maintains its performance automatically in response to changes in wireless 

environment parameters, was first used at the end of the 1950s [45-46]. This is illustrated in 

Figure 4.3. Fundamentally, the antenna system will continuously monitor and process the 

received RF waves for further interpretation. Based on the parametric indicators (array output) 

such as SINR [46], the RF power output or the BER level [47-51], the feedback control unit 

changes the array operation to achieve optimised performance, for instance controlling the 

pattern or adjusting the resonance frequency [52]. 

Antenna 
Array 

Array Signal 
Processing 

Feedback 
Control 

Parametric 
Estimation

Array 
Output 

 
Figure 4.3: The adaptive control mechanism to enhance the performance of antenna array (modified 

from [46]). 
  

 In this PhD research project, the adaptive control mechanism was developed in a slightly 

different way to steer the antenna by controlling the activation of the physical structure in 

response to signal variations. Two adaptive control mechanism models have been studied. The 

first prototype is depicted in Figure 3.3 of Chapter 3. This adaptive technique was designed 

specifically for the switched parasitic wire array antenna [24, 47], however it could also be 

incorporated into other types of antenna arrays. The antenna in [24] has a single active RF feed 

and five passive wire elements. The main purpose of the adaptive control mechanism in this 

antenna array is to electronically steer the beam pattern in the specified direction as soon as RF 

signal reception, such as SNR and BER, falls below the set-up threshold.  
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 As seen in Figure 3.3, the microcontroller unit generates five binary digit sequences to 

adjust the switching network operation, switched-on or off to the ground plane. This adaptively 

steers antenna direction. The proposed adaptive control mechanism is relatively 

straightforward and provides high-speed execution to update beam direction. The adaptive 

antenna works independently from the main transceiver, as a plug and play antenna. The 

second prototype was specifically developed for small wireless devices such as notebooks, 

handsets, PDAs and sensor array applications [52]. 

 

4.3.1 Adaptive Control Implementation  
 There are many benefits of using adaptive control techniques for antenna steering, 

especially to execute the beamforming, however, it is not easy to implement the adaptive 

control mechanism to achieve specific goals in some antenna array designs. A number of issues 

need to be resolved including: 

1). Trade off between performance and costs  

One of the major problems is system complexity and the implementation cost. Recent 

advances in the speed of controller devices (or processors) and lower costs have provided a 

breakthrough in the development of the adaptive control technique for antenna arrays [45]. For 

example, the prototype of the switched parasitic smart antenna assembled in [49] and [51], 

which used SMD and small electronics devices, was cheaper than those constructed in [47], 

[53] for the same adaptive control algorithm complexity. The total cost of manufacturing one 

type of SPA can now be less than Aus$ 75.00 at low volume manufacturing. 

The antenna prototypes investigated in [49] and [52] offered better performance in terms 

of processor speed, power consumption and error correction, and lower costs than the previous 

smart antenna system. However, the application of the previous antenna model (which is 

implemented using processor CC1010 and its families) is limited to ISM and sensor network 

applications. There is uncertainty as to whether it can be applied to GSM or other standards of 

modern mobile communication systems. It appears that the error correction and modulation 

schemes available on ChipCon processors are incompatible with recent digital wireless 

communication standards such as GSM. 

2). Selection of the beamforming method  

Each type of beamforming has its own requirements and purpose. For instance, the smart 

antenna prototypes designed for this PhD were intended to steer the main beam, electronically 

and adaptively, to maximise RF transmission and reception power. The hybrid smart 

beamforming technique discussed earlier (see Section 4.2.2) can then be applied. The 



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 82

weighting factors used to steer the beams are simply in the form of binary words with “1” and 

“0”, transferred to each switching network of parasitic monopoles via the corresponding output 

port of the programmed controller device (see Figure 3.11 of Chapter 3).  

3). Propagation channel characteristics 

The RF link condition influences the actual operation of the antenna [45]. Therefore, the 

performance evaluation of the adaptive control algorithm should be done in certain propagation 

channel environments to ensure that the algorithm will function satisfactorily.  

Most of the adaptive control algorithms for the designed SPA constructed throughout 

PhD study were implemented by modifying and extending the fundamental adaptive model in 

[46]. The operational functionality of one adaptive controller algorithm model [47], was 

optimised to implement some research outcomes such as those in [48], [50-51] and [59]. This 

algorithm has been tested in a simple propagation model with and without a reflector in the 

anechoic chamber. Through two tests in this indoor environment the adaptive controller 

algorithm developed for the SPA worked properly in a simple multipath fading environment 

(see Chapter 5). However, further work is needed to optimise algorithm functionality. The 

algorithm must also be tested in more complex wireless propagation environments with the 

presence of an interference source in the chamber. Additional testing must also be done in open 

areas in future investigations. 

 

4.3.2 Future Work on Adaptive Control Algorithms 
 An adaptive control algorithm was thought to have at least six potential areas of 

application but further work is required to enhance the performance of the antenna system. 

These applications include beam or null steering, array processing for signal detection, 

adaptive processing for large aperture antenna array, adaptive control algorithms for 

transmission and reception units, adaptive retro-directive antenna systems for satellite 

communications and adaptive algorithms for signal tracking purposes.  

 The following paragraphs present new developments in the adaptive technique. This 

includes a discussion of the potential expansion of adaptive algorithms [48-54] to construct 

robust smart antenna prototypes such as multi band operation, steerable directivity (or beam) to 

maximise RF power, and polarisation diversity. 

 In high-density service areas, such as the downtown cellular network, the characteristics 

of traffic distributions are not uniform in all areas. Traffic characteristics are significantly 

influenced by the mobility of users at the centre of business and entertainment areas. Steerable 
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directional antennas play a vital role in addressing traffic overload by providing additional 

lobes to service it. 

 Adaptive control algorithms applied to optimise the performance of communication 

channels from signal interference (such as noise and jamming in the network) will continue to 

evolve. For instance, the new adaptive control based genetic algorithm (GA) was adopted in 

[60] to evaluate the performance of antenna array experiencing signal interference. However, 

the real-time application of the GA into adaptive antenna array control is currently suffering 

from low re-adaptation of the computation method. This obviously affects the performance of 

the whole system. However, the opportunity to examine the new modification of the robust 

adaptive control GA-based approach is still open. 

 Advances in the development of adaptive control algorithms are presented in the 

literature [57-58], and [61-64]. These papers mention the potential for adaptive control 

algorithms to be deployed in numerous wireless applications, from satellite communication 

terminals to wireless personal networks. The papers in [64] and [65] suggest that adaptive 

control algorithms would be used in the beyond 3G (B3G) system including MIMO, channel 

coding and link adaptation. 

 The adaptive controller algorithms in [47-53] are now being upgraded and investigated 

further for application in the directional antenna of WiMAX, sensor networks, adaptive-phased 

array, and radar systems [52, 59]. The main goal of these investigations is to develop an 

intelligent, adaptable and self-configured wireless network system. 

 

4.4  Programming the Controller Unit  
The SPA controller unit was programmed to detect when the RF power level drops below 

the specified power threshold. At this time, the controller changes its output bit sequence for a 

certain time interval t to change the configuration of the switching network (SN) of each 

parasitic monopole. The change in SN configuration, switched-on or off to the ground plane, 

will continue, rotating the beam direction with each next instruction cycle (time interval) until 

maximum power reception (best beam direction) is achieved.  

Generally, two different microcontroller devices were used in implementing the switched 

parasitic smart antenna prototypes. These are the PIC Chip controller and the ChipCon 

controller. 

The microcontroller device used in the first prototype design is the “PIC (peripheral 

interface controller) 16F62X”, from the PICmicro microcontroller family. This microcontroller 

is an 18-Pin-FLASH/8-bit low cost, high performance, and CMOS chip. The PIC16F62x 

family is supported by a macro assembler, software simulator, in-circuit emulator, low-cost 
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development programmer and full-featured programmer. A third party “C” compiler support 

tool is also available [66]. This chip has a 1-bit ADC (comparator) and oscillator device to 

reduce the number of external components, thus reducing system costs, enhancing reliability 

and reducing power consumption. The capacity of the PICC ANSI C Compiler to combine the 

C standard and assembly languages in one source code has strengthened PIC chip 

programming for special applications.  

The second controller device from the ChipCon family is used to form the RF 

intelligence and beam control unit of the switched parasitic smart antennas such as the dual 

band steerable directional antenna [49] and rectangular patch with parasitic folded dipoles: 

reconfigurable antenna [52]. The controller used in the antenna design was initially 

programmed using the C-compiler of Keil uVison2. The ChipCon controller is unique in that it 

requires few external electronic components to operate a single transceiver unit. Thus, the 

prototype design of the smart antenna system is simple, compact and energy efficient. A 

typical antenna can be powered using battery elements of 3 Volts or less.  

 

4.4.1 Controller Programming Procedures 

The three processes involved in microcontroller programming (see Figure 4.4) are, C-

language source code development on a personal computer (e.g. the PIC chip controller uses 

HI-Tech software and the ChipCon uses Keil uVision2); the cross compiler generates Hex 

code, and this hex file can be downloaded into the microcontroller device. With the ChipCon 

controller devices, the programmer unit is already integrated with the evaluation board module.  

The final important process is to test the performance of the microcontroller on the 

circuit board of the wireless system. There are many PIC programming techniques reported for 

various applications [67-71] which form a preliminary guide for developing controller 

programs. 

 

4.4.2 Implemented Controller Algorithms 

 The controller devices were selected [72] on the basis of their functional features 

including memory capacity, electrical properties and the speed of instruction execution. 

 The PIC 16F62X and PIC16F877 both met the antenna design requirements. The 

PIC16F877 chip with its larger the size and complexity of the programmed computation 

algorithm offers more flexibility and is approximately twice the size of the PIC16F62X.  
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Figure 4.4: The microcontroller programming processes 

 The PIC16F62X was chosen and programmed for the first prototype. The external and 

internal circuit configuration of PIC16F62X is illustrated in Figure 4.5 and the controller 

algorithm is given in Figure 4.6. The external circuit configuration such as the crystal 

oscillator, supply voltage circuit (Vcc line), and input/output configuration lines were designed 

using the chip datasheet and other references. 

 

4.4.2.1  Threshold Crossing Algorithm 

This algorithm uses the RSSI (received signal strength indicator) parameter. The PIC 

microcontroller was programmed for two main functions. The first function is to act as a 1-bit 

ADC to detect the RF signal from the antenna, via the RF circuit, and compare this signal with 

the fading power threshold (see Figures 4.5 and 4.7). In this case, the fading power threshold 

can be set up externally through the input pin 1 (RA2/VREF) of the microcontroller system with 

an RF power level of between –35 dBm to +5 dBm. The controller was installed at the antenna 

circuit using the conventional method as discussed in Chapter 3. When incorporating 

appropriate RF devices, such as the LNA and RF detector, into the commercial PCB layout, the 

threshold can be set up to the boundary value that varies between –80 dBm to +5 dBm. This 

matches the sensitivity (dynamic range) of the RF signal processing unit. 
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Figure 4.5: Internal and external circuit configuration of the programmed PIC16F62X chip to 
implement the controller algorithm. 
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Figure 4.6: Computation algorithm of microcontroller system 

 

Another important function of the microcontroller is to determine the sequence of binary 

digits generated for the five parasitic elements of SPA. These elements must be switched 

on/off. To achieve this, one bit is reset (logic level 0) and the other set (logic level 1) must be 

configured to open-circuit one parasitic monopole and short-circuit the remaining monopoles 

to the ground.  
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Figure 4.7: A comparator unit and its corresponding typical input–output signals programmed inside 

PIC controller. The output bit sequence of 1 0 1 0…resembles the RF signal condition 
relative to the power fading threshold. The time interval T0-T1 and T2-T3 representing the 
RF signal is under multipath fading or interference effect (indicated by output logic 1). Vin 
analog is the equivalent conversion of RF signal level produced from LNA and RF detector 
stages. 

 

In Figure 4.6, the task for searching for the optimum direction of antenna 

radiation/reception is initiated when the RF-power level received from the antenna device 

drops below the pre-set fading power level. This beamforming process only takes a few 

microseconds due to the time required to execute the loop. This time is determined by a Delay 

1 loop (Figure 4.6). The time duration to execute the Delay 1 was synchronised with the 

settling-time of the RF signal passed through the RF circuit e.g. LNA, RF detector and SCC 

functional units before suitable to proceed in controller system. If Delay-1 is too short incorrect 

data is gathered and incorrect switching will result. 

The procedure of  updating the time of beam pattern tracking is discussed later in this 

thesis. This must be shorter than the expect fluctuations in signal level.  However, when the 

optimum direction has been achieved, indicated by the value of VRF greater than VFad-Th, the 

microcontroller output will be set for a sustained period of time. This is represented by the 

Delay 2 loop on the flowchart diagram (Figure 4.6). Programming Delay 2 is straightforward 

and done by recalling the Delay 1 loop in the infinite loop routine. This will be executed 

continuously until there is a changing of bit logic on the output gate of 1-bit ADC from 1 to 0 

(see Figure 4.7). 

For example assume that the output of microcontroller is 01111111, with the condition of 

VRF ≥ VFad Th,. If the condition remains unchanged during this time, microcontroller output will 

not change. If VRF < VFad Th, the microcontroller will generate the new output of 10111111, 

detect the signal level, and send the binary digits of 11011111, 11101111, 11110111 
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sequentially. The power level of the maximum received RF signal will be chosen for another 

specified-time interval.   

This up-date process is repeated as long as VRF < VFad Th is still satisfied in the 

microcontroller. Each of these output bits correlates with the main beam directions. The main 

beam angles are 00 (3600), 720, 1440, 2160, and 2880, respectively, and loop back to 3600/00. 

These angle values are not the exact directions of the antenna pattern. The exact values were 

obtained from anechoic chamber measurements.  

 

Table 4.1: Microcontroller output and equivalent beam directions of the smart antenna 
 

Microcontroller 
Output 

Pointing 
(N) 

Main Lobe 
Directions 

0  1  1  1  1  1  1  1 1 00 (3600) 
1  0  1  1  1  1  1  1 2 720 

1  1  0  1  1  1  1  1 3 1440 

1  1  1  0  1  1  1  1 4 2160 

1  1  1  1  0  1  1  1 5 2880 

 
 

A 4 MHz clock was used to control the operation of the microcontroller. The clock time 

Tclock is found using the formula [67] and [73]  

 
 Tclock = 1/fclock (4.8) 

The clock period (0.25 µSec) is the time required by the microcontroller to execute one 

instruction cycle. The number of clock cycles to execute the Delay 1 loop relies on the number 

initialized to the program counter. In this case, the initial number of 255 decimal was selected.  

This is equal to 0xFF (hexadecimal number) and is counted down in a loop until it equals zero. 

Thus, the Delay 1 algorithm requires 255 cycles. If the additional three cycles to enter and exit 

the Delay 1 routine of Figure 4.6 are also considered, the total number of internal clock cycles 

equals 258. Finally, the time required for the Delay 1 loop is 64.5 µSec. This could be 

decreased to obtain a faster tracking time by reducing the required time to compute the Delay 1 

loop and increasing clock frequency. With five possible beam directions, the update time to 

obtain the optimum direction will vary from the fastest 64.5 µSec to the lowest 322.5 µSec (or 

0.3225 mSec). All of these update times are shorter than the fading interval of 5.5 mSec 

encountered in a typical wireless communication environment.   

It should be noted that when programming with the PIC16F62X family, the uncertainty 

of output signal of 1-bit ADC component would always appear due to the response time and 

input offsets in microcontroller itself. This output signal is illustrated in Figure 4.7. In practice, 

this will influence the sensitivity of the wireless system and reduce its response time to RF 
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signal fluctuations. This may generate a delay of a few microseconds before the bit sequences 

change and the antenna direction is determined. 

 

4.4.2.2 BER Algorithm 

When the distance between the transmitter and receiver is great, multipath propagation 

effects may significantly influence the performance of the wireless networks. For instance, 

longer paths result in more than one delayed version of the desired signal arriving at the 

receiver. Signals interfere with each other when the delay difference between the different 

multipath components is significant, quantified by the time delay spread. This leads to Inter 

Symbol Interference (ISI) at the receiver. Other phenomena such as distortion and additive 

noise along the bandlimited analog channel can diminish the performance of wireless networks 

[74-75]. This can result in poor quality of signal (QoS) reception, even when the signal level is 

high, particularly in TDMA systems (Figure 4.8). Even when the time delay spread is small, 

the phases of the multipath signal components can combine destructively over a narrow 

bandwidth if a strong multipath signal is present. This causes the received signal level to fade. 

Fading in wireless communication systems can also be caused by user terminal movement 

(both translation and rotation) in particular service areas. The typical variation in RF energy in 

this wireless environment may approach 40 dB below the mean signal strength, and is 

approximately 5.5 mSec with the average duration of fades [76]. 

The effects of multipath propagation in wireless networks are not usually significant 

while analogue speech signals are transmitted through the channel. Although these effects can 

be disturbing, they are not critical [76]. They may cause serious problems when digital data or 

signaling is involved in the transmission, as shown in Figure 4.8. In this particular wireless 

communication system employing TDMA technology, any errors on the transmitted frames 

will degrade system performance. This is indicated by the high BER or significant delay. 

Moreover, the decline in performance of a typical digital communication network tends to be 

more dramatic regardless of network performance. In these circumstances the threshold 

crossing controller algorithm is insufficient to tackle data error transmission due to the effects 

of system complexity and the channel environment. Therefore, bit error rate (BER) checking 

was involved in the second controller algorithm. Figure 4.9 presents a flowchart of this 

controller algorithm.  
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Figure 4.8: A particular wireless communication system employed TDMA technology. 
 

In principle, this algorithm is an expansion of the previous algorithm with the insertion of 

one more program step to check the BER level. Although the received signal strength is good, 

serious data errors may still occur. Therefore, it is can be important to verify the bit error rate.  

 In the implementation, two independent comparators were selected by writing the code 

instruction CMCON = 0x04. The two comparators are available as part of the microcontroller 

hardware. Four input lines of the configured 1-bit ADC are connected to ports RA0/AN0, 

RA3/AN3/CMP1, RA1/AN1, and RA2/AN2 of the PIC16F62X, respectively. In contrast, two 

output lines, i.e. C1Vout and C2Vout, are used to represent the output conditions of both 

comparators. For instance, C1Vout can be chosen to represent the signal condition based on 

RSSI while C2Vout is used for BER indication, which corresponds with a certain SNR level at 

the receiver. 
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Figure 4.9: BER checking algorithm. 
 
  The second method of implementing the algorithm (illustrated in Figure 4.9) involves 

using ChipCon controller devices. The circuit of the antenna was assembled using the 

programmable microcontroller ChipCon CC1010 and a few additional external electronic 

components. Thus, in terms of implementation costs, this scheme offers the cheapest antenna 

design. The device can be programmed to improve communication quality by involving the 

BER checking functionality and can be used with an in-built frequency hopping spread 

spectrum (FHSS) technique. There are two data error correcting methods available in the 

CC1010, i.e. NRZ (non return to zero) and Manchester coding. Both data coding techniques 

are widely used in RFID applications.  

 The control unit was programmed to detect the RSSI level and BER, and to steer the 

antenna beam in the best possible direction (see Figure 4.9). For a certain RSSI level and a 

BER below the specified threshold, the controller sends a different bit output that changes the 

SN configuration of each parasitic monopole. Alternatively the controller chip will retain its bit 

output to maintain beam direction. This will maintain signal quality in the face of fluctuations 

in the communication channel arising from multipath propagation, mobile communication 

nodes, local noise, or other phenomena. The smart antenna implemented using this method is 

particularly suitable as the base station terminal for short-range communications such as 
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Bluetooth networks, wireless sensor networks, and the reader antenna of RFID systems when 

tracking mobile and active nodes.  

 

4.5  Summary 

This Chapter has demonstrated the vital role of the controller device and firmware in 

constructing robust smart antennas. Recent advances lowering costs and increasing the speed 

of signal processing help to resolve some of the traditional barriers to the development of smart 

antenna technology, such as the trade off between intelligent circuit complexity and 

implementation costs.  Appropriate design criteria, including the selection of electronic 

components and materials can reduce the fabrication cost of switched parasitic smart antenna 

prototypes to less than Aus$75.00.  

The adaptive controller algorithms designed for switched parasitic smart antennas were 

implemented. The controller unit will either change the beam direction or retain the pattern at 

the current position to maximize RF energy reception.  

Two types of controller algorithm for a single port SPA were developed. The first 

algorithm was implemented based on the received signal strength indication (RSSI) level 

generated at the receiver. The second controller algorithm included BER information. The 

proposed algorithms have relatively high speed steering capabilities varied from 0.3225 ms to 

64.5 µs.  
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5.1 Introduction 

 

NTENNA performance was examined using numerical computation analysis 

and experimental measurements in an anechoic chamber. These research activities were used to 

verify the antenna design [1]. Only part of the numerical modelling was discussed in Chapter 3. 

Other aspects are included in this chapter. The important performance parameters of the 

antenna design include the reflection coefficient (S11), VSWR, the bandwidth, the pattern 

properties, and the polarisation characteristics [2]. The antenna efficiency was not investigated 

in this thesis. Previous investigations in switched parasitic arrays were presented in [3] and [4]. 

 

5.2 Experimental Antenna Performance Evaluation 

5.2.1 Measurements Procedures  
5.2.1.1 Reflection Coefficient and Impedance Bandwidth 

The impedance bandwidth is determined from the S11 curve by taking into account the 

reflected power level threshold of -10 dB [5-15]. The bandwidth is the range of frequencies 

where the S11 curve lies below that threshold level. The reflection coefficient measurement was 

undertaken using a Vector Network Analyser (HP model 8714ET) to the reflection mode. Only 

one port of VNA was calibrated with the feed cable. The antenna was then connected to the 

port using that cable and the S11 curve was recorded digitally and processed using Matlab 

software.  

5.2.1.2 Pattern Measurements 

 The antenna beampattern is a 2 dimensional angular distribution of the transmitted 

energy [2]. All pattern measurements were conducted in an anechoic chamber at Griffith 

University. 

Line of Sight (LOS) Measurement 

 
 The beampattern measurement in an anechoic was implemented using the measurement 

set up shown in Figure 5.1. The transmitting antenna (a standard gain pyramidal horn) was 

A 
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positioned at one end, and the antenna (device under test, DUT) was placed in the far field. The 

received signal was recorded as the antenna was rotated over 3600. The distance between horn 

antenna and DUT, the transmitting power level from Tx antenna, the height of Tx and Rx 

antennas, and the polarization, were specified before the scanning measurement started. 

Throughout the antenna measurements, the distance between the aperture centre of the Tx and 

Rx antennas was kept constant at 3 m, the height of both antennas was 1 meter above the floor 

of the chamber, and the radiating power level was 0 dBm. 

 Two measurements were investigated: a line of sight (LOS) measurement with no 

reflection surface, and a single reflection multipath effect. These two measurements were used 

to explore the performance of both the antenna and the programmed controller algorithm. 

Another aim was to validate the numerical computation model results. From these 

measurements the gain, the radiation pattern, and the polarisation properties were determined. 

 
Figure 5.1: A schematic diagram of measurement set up in an anechoic chamber with line of 

sight -LOS (no multipath) considered. 
 
 
Multipath Fading Measurement 

An antenna test with the presence of a single, planar reflecting surface was used to 

examine the effect of the multipath fading. The antenna measurement set up shown in Figure 

5.2 was also located in the anechoic chamber. The reflection material and its position in the 

chamber was determined to ensure the reflected and the direct RF signals will interfere at the 

DUT antenna aperture. A rectangular metal steel reflector plate was positioned at one side of 

the chamber between horn antenna and the DUT. The size of the rectangular plate was 1 m x 

0.5 m. It was supported by a box of absorber foam and raised so that the centre line was 

positioned at the same height as the two antennas. 
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5.2.1.3 Measurement of Antenna Gain 

Gain measurements can be grouped into two categories i.e. the absolute gain 

measurement and the gain-transfer (or gain-comparison) measurement [2]. The gain 

measurements reported in this thesis used the second category. The gain was measured 

experimentally by comparing the directional curve characteristics of the recorded S21 for both a 

pyramidal reference horn and the smart antenna at various scanning frequencies. 

 
Fig. 5.2: Measurement configuration in an anechoic chamber with a single reflection surface 
 

The two identical horn antennas were connected to the corresponding connectors of the 

coaxial cables located at the Tx and Rx sites (see Figure 5.1). The S21 parameter of the 

reference antenna was recorded. One horn antenna was then replaced with the antenna under 

test and the S21 recorded. The gain was calculated using the Friis transmission formula. The 

power level received at the receiver, PRX (calculated from Equation 3.4), is given by the link 

budget equation 

 
RXCTXCLossRXTXTXRX LLPGGPP __ −−−++=  (5.1) 

where: PRX is the received power in dBm, PTX is the transmitted power in dBm, GRX is the gain 

of received antenna in dB, GTX is the gain of transmitted antenna in dB, LC_RX is the cable and 

connector power losses at receiver in dB, LC_TX is the cable and connector power losses at 

transmitter in dB, and PLoss is the absorption loss along the wireless channel in dB. 

 
The gain of the antenna under test GSmart in dB can be written 
 

}2/{}2/{)( _21_21 LossHornSmartSmart PSSdBG +−=  (5.2) 
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where S21_Smart is the recorded S21 of the smart antenna, and S21_Horn is the recorded S21 of the 

horn antenna. PLoss was calculated from Eq.3.1 described previously.  

The accuracy of the gain measurement is determined by factors such as the quality of 

calibration process, the accuracy on determining the distance between the effective aperture of 

radiating and receiving antenna elements, and the aperture alignment. In practice, the effective 

calibration is achieved when the parameters LC_RX and LC_TX of Equation 5.1 are removed. The 

effective aperture position of the horn antenna is the centre of the rectangular area of the 

aperture. The effective aperture position of the smart antenna structure is determined by the 

active radiating element located at the centre of circular ground plane. If the radius (D) of the 

circular ground of the SPA is used to determine the distance from this antenna to the aperture 

area of horn antenna, the path loss calculation will become 

       

( )⎭
⎬
⎫

⎩
⎨
⎧

+
=

Dd
PLOSS π

λ
4

log20  (5.3) 

 
where: d is the distance between the aperture area of two identical horn antennas, and (d + D) 

is the distance between the aperture area of horn antenna and the effective radiating area of 

SPA at the centre of the antenna.  

 

5.2.1.4 Measurement of Polarisation Characteristics  

 The polarisation of an electromagnetic wave is defined in terms of the direction of the 

electric field transmitted from the antenna, in a plane perpendicular to the radial direction [2]. 

The polarisation properties of any antenna design are an important parameter [16, 17] and 

influence the link budget calculation. 

The polarisation properties of an antenna are represented by three main parameters: 

• the axial ratio (AR),  

• for circular polarisation, the orientation of the Electric field vector: right hand 

circular (RH) or left hand circular (LH), and  

• for linear polarisation, the tilt angle of the Electric field with respect to a 

Cartesian coordinate system. 

  
In this research project, the antenna under test is predominantly linearly polarised and 

so only the co- and cross- polarisation were investigated. The smart antenna was set in the 

receiving mode during the experiment and was changed between vertical and horizontal 

orientation in order to perform polarisation measurements. The horn antenna was linearly 

polarized.  
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5.2.1.5 BER Measurement 

The bit error rate (BER) is determined by a comparison between the received bit data 

sequences and the transmitted data. The quantity of the link is the level of data error detected at 

the receiver [18]. Methods to evaluate the adaptive antenna performance in terms of BER level 

was introduced in [18-22]. Some of these papers proposed the evaluation of BER performance 

through numerical and experimental investigations to provide accurate and validated analysis. 

Researchers [21] and [22] implemented BER testing of smart antennas in an indoor 

environment. This theoretical evaluation seems not really appropriate because the 

approximations are too simple to accurately model the real measurement for a wireless 

communication system. The BER level obtained from the experiments represents the error rate 

that may occur for a certain modulation technique and did not include the effects of multipath 

propagation and external noise. The authors only considered the additive noise from the 

internal transmitter system itself. A more realistic analysis requires the inclusion of the noise 

from outside the transmitter, both additive and multiplicative sources.  

In this PhD thesis, the numerical technique used in [21], and [22], was extended to 

include the characteristics of real radio channels by adopting several approaches described in 

[18]. This method to characterise a typical real wireless channel is explained below.  

Consider the wireless system set up for BER testing in the chamber as seen in Figure 

5.3. The expected BER level at the receiver can be represented by [21, 22] 

∫
∞

⎭
⎬
⎫

⎩
⎨
⎧

=
x

dxxSNRerfcxPBER
22

)(
2
1  (5.4) 

where: P(x) is the probability density function (PDF) for a certain channel model, erfc {…} is 

the error function, SNR is the signal to noise power ratio, and x is the received signal strength 

(or voltage envelope). 
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Figure 5.3: BER measurement set up in an anechoic chamber. 

Assuming that there is a good clearance between the two antenna devices and in the simple 

situation where no multipath components are present, then the probability density function 

(PDF) of such typical channel model in Fig.5.3 is given by [18] 

( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ −
−= 2

2

2
exp

2
1)(

σπσ
xxxP   (5.5) 

In Eq.5.5 σ is the standard deviation of signal envelope (or σ2 is the variance), x  is the mean 

value of the random signal level, x is defined in (Eq.5.4). Inserting Eq.5.5 into Eq.5.4 and 

assuming for a particular situation of a wireless cellular system [18], the predicted BER can be 

derived as 

 ( )
∫
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    (5.6) 

In Lee (2004) it was discussed that if both x and σ were expressed in the decibels scale, then x/ 

= 20 log x (or σ/ = 20 log σ) should be introduced. The parameter x takes a value greater than 

or equal to 0 (in dB scale). Assuming σ = 2 V and X  = 0 V, the simple predicted BER can be 

expressed as 

 ∫
∞

⎭
⎬
⎫

⎩
⎨
⎧

⎭
⎬
⎫

⎩
⎨
⎧−=

x

dxxSNRerfcxBER
228

exp
32
1
π

     (5.7) 

If Eq.5.7 is expressed as a function of x in decibels, then the formula becomes 
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    (5.8) 

For a particular modulation technique, as for instance, BPSK modulation, the SNR parameter 

is comparable to the Eb/No as the rate of symbols transmission equals to the bit rate [21]. 

Eq.5.8 is extensively used for computing the expected BER level at the receiver employing the 

smart antenna system.  
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Figure 5.4: Predicted BER performance at the receiver of two different approaches: (dashed 

line) previous research by [21] and [22]; and (continuous-line) Equation 5.5. 
 

5.2.2 Performance Assessment of Switched Beam Smart Antenna  

 Two categories of the switched beam smart antenna (SPA) were evaluated; the plug and 

play prototype, and the reconfigurable adaptive internal antenna (see Figure 5.5). The first 

group consisted of three variations:  

(a) Two SPA of six monopole elements on circular ground plane with conducting sleeve 

(called prototype-1 and prototype-2),  

(b) SPA of five monopole elements on circular ground without sleeve (called prototype-3),  

(c) Reconfigurable monopole on circular cylindrical hollow ground structure (called prototype-

4).  
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The first three types (i.e. prototypes-1, -2 and -3) were investigated both numerically and 

experimentally. The second SPA type is an adaptive internal antenna (prototype-5). Antenna 

prototype-4 and the adaptive internal antenna (prototype-5) were evaluated through the 

numerical computation studies only.  

 

Switched Beam Smart Antennas 

Plug and Play Antennas Adaptive Internal Antenna 

Six Monopole Elements on 
Circular Ground with 

Conducting Sleeve 
(Prototypes-1 and -2) 

Five Monopole Elements 
on Circular Ground 

without Conducting Sleeve 
(Prototype-3) 

Reconfigurable Monopole 
on Circular Cylindrical 

Hollow Ground Structure 
(Prototype-4) 

Reconfigurable 
Rectangular Patch with 
Folded Dipoles Antenna 

(Prototype-5) 

 
 
Figure 5.5: The diagram of switched beam antenna (SPA) categories developed in this thesis. 
 
5.2.2.1 The Plug and Play SPA  

The term of plug and play is rarely used in describing antenna technology. Here, the 

term is used to describe adaptive antennas (smart antennas) that automatically vary 

performance to optimize the communications link. Published research papers that have used 

this term include [4], [9-11], [13-15], [21] and [23]. The following section discusses the 

performance of the designed SPA prototypes in more detail. Prototype-1 was extensively 

discussed in Chapter 3, and is therefore not included in the next discussions. 

 

5.2.2.1.1 Six Monopoles on Circular Ground Plane with Conducting Sleeve (Prototype-2) 

Prototype (2) is illustrated in Figure 5.6.(a). This photograph shows six monopoles 

positioned on the circular ground plane with a conducting sleeve of metal sheet. The reflection 

coefficients (S11) obtained from the five different beam positions (see Table 5.1) are depicted in 

Figure 5.6.(b). The curves of S11 parameters, both numerical and experimental, show similar 

features and resonant frequencies and there is no significant change for the different beam 

directions. The small variations are caused by variations in mechanical tolerances. 

Furthermore, the resonance frequency is constant, at about 1.5 GHz, for every beam direction. 

There is good agreement with numerical simulation. This phenomenon and some other 

important arguments were reported previously [13]. This antenna has a relatively large 



Elyas Palantei (2143112) 

PhD Thesis at Griffith School of Engineering, Griffith University, Australia 107

bandwidth (>200 MHz). This was verified both numerically and experimentally (see 

Fig.5.6.(b)). Such bandwidth capacity is suitable for GSM communication which is about 140 

MHz at the frequency 1900 MHz [24]. For comparison, the similar antenna size and 

construction in [25] results the bandwidth of 203 MHz. 
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 (a) (b) 

Figure 5.6: The electronic switched beam smart antenna: (a) the fabricated prototype, (b) the 
reflection coefficients (S11), numerically and experimentally, obtained from five 
different SN configurations.  

 
Radiation patterns are shown in Figure 5.7. Each beam pattern has a different envelope 

as the bias current at each SN from the PIC controller was different. The output levels were 

accurately adjusted. The optimal bias regulation appears when the current flow to the 

microwave PIN diode was in the range 13.6 mA to 18.5 mA. Under these settings, the beam 

steering performance exhibited better results in terms of the accuracy of beam direction, i.e. the 

main beam direction was switched by 720 for consecutive switch positions. Other settings of 

the bias currents degraded beam steering performance. These not only affected the accuracy of 

beam direction, but also skewed the radiation pattern. 

The gain of the SPA prototype was obtained by measuring S21 parameters of both the 

reference antenna (horn) and the antenna under test-AUT (SPA). The recorded S21 responses 

for both horn and the SPA antennas are shown in Fig.5.8. Using a transmit power of (+ 9 

dBm), the distance between AUT and the radiated antenna (3 meter), frequency (1.55 GHz), 

the power loss due to the cable and connector at both the receiver and transmitter parts (-5 

dBm), then the measured gain of the designed antenna was found. At this frequency the 
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recorded horn antenna gain was approximately 12.5 dBi. The measured gain of the intelligent 

SPA from the Friis transmission method was approximately 7.1 dBi. 

 
Tabel 5.1: Switching Network (SN) Configurations of SPA prototype-2 

Switching Network (SN) Status  
Configurations 

#A #B #C #D #E 

Beam 
Direction 
(o) 

Frequency 
Resonance 
(GHz) 

I OFF ON ON ON ON 55 1.5  

II ON OFF ON ON ON 120 1.5 

III ON ON OFF ON ON 195 1.5 

IV ON ON ON OFF ON 265 1.5 

V ON ON ON ON OFF 330 1.5 

 

Maximum power transfer between the transmitter and the receiver occurs when the 

polarisation properties are aligned. The polarised SPA was tested both for its co- and cross- 

polarization schemes. The polarization profile is shown in Fig.5.9. The difference between the 

average S21 power levels between the co- and cross-polarization measurements at 1.55 GHz 

was approximately 25 dB. This is a very strong result. 

Figure 5.10 shows the beam pattern of the SPA system with the direction control 

algorithm activated. The antenna searches for the maximum RF signal reception. The test 

configuration is shown in Fig.5.2 where a simple multipath propagation case was considered. 

The pattern of SPA was obtained at 1.5 GHz using the horn antenna gain of approximately 

12.5 dBi. The SPA functioned as the receiving antenna. The transmitted power generated from 

the vector network analyzer was set to + 9 dBm. The fading threshold was adjusted to – 63.6 

dBm on the antenna controller. The SPA beam direction was initially directed at 720 away 

from the direct line of site using appropriate SN configuration. The antenna was then rotated 

through 3600. As shown on the figure, as soon as the SPA was plugged into the network, it 

actively searched for the maximum power reception by direction switching. The signal at the 

beginning of the record shows a power level of about -11.3 dBi. However, it rapidly changed 

dramatically to be greater than –5.9 dBi. This level was maintained through all angles. The 

intelligent SPA kept the RF signal reception above the specified threshold during 3600 rotation. 

When the signal falls below the threshold, the SPA changes its beam reception to maximize the 

RF signal. The maximum variation in the received signal was 1.8 dB. 
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Figure 5.7: The beam pattern of SPA from five possible directions, i.e. Φ=550, 1200, 1950, 
2650, and 3300, respectively.  
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Fig.5.8: The recorded S21 for the gain measurement of antenna prototype-2 
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Fig 5.9: The experimental co- and cross polarizations profiles of the intelligent SPA (prototype-2).  
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Fig.5.10:  The beam pattern of the SPA antenna is tracking for maximum RF signal reception. 
 

As described in Chapter 3, communications between the terminals in a particular digital 

wireless networks may be successful if the power margin allocated into the system is sufficient. 

For the wireless communication system in the chamber depicted in Fig.5.3 for the LOS 

situation, the power margin at the receiving SPA antenna was computed using Eq.3.3. By 

adopting a typical digital communication scheme [19], the power margin (Pm) at the receiver is 

reqo

b

o

b
m N

E
N
EP −=   (5.9) 

In Eq.5.9, 
o

b

N
E  represents the energy per bit to noise density ratio and 

reqo

b

N
E is the ratio of the 

energy per bit Eb to noise density N0 required for achieving the given BER level. Recalling the 

parameters used to calculate the power link budget (Chapter 3) the potential data rate can be 

computed as the function of the expected BER level employing the smart antenna at the 

receiver. For example, for PTX= 9 dBm, GTX=Horn= 10 dBi, GRX=SPA= 7 dBi, LC_TX=LC_RX= 2.5 

dBm, Noise Figure (Nf)= 7 dB, the computed free space losses at 1.5 GHz for the distance 

between transmit and receiving antennas of about 3 meter is approximately 48 dBm. Taking 

into account the Boltzmann’s constant = 1.38 x 10-20 mW/Hz/0K, the room temperature T = 

290 0K, and with the assumption that B in Eq.5.7 is comparable the same to the data rate [19], 

Eq.5.9 can be rewritten as 
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 B
P
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N
E

n

RX

o

b log1098.137 −==        (5.10) 

For the same measurement situation shown in Fig.5.3, adopting BPSK or QPSK modulation to 

transmit the data and if the predicted BER level 10-14 at Eb/No (SNR) of 7 dB (see Figure 5.4) is 

required, the power margin Pm is given by 

 B
N
E

N
E

reqo

b

o

b
mP log1098.130 −=−=      (5.11) 

Theoretically, this will result in a very high data rate. In practical applications, for instance in a 

crowded indoor environment, there is an additional losses of less than 60 dBm due to the 

building wall characteristics, absorption along the hall and the effects of multipath propagation 

such as fading and interference must be considered as well on the computations from Eq.5.6 - 

Eq.5.11. This results on the significant data speed drop to be 10 Mbps, approximately. The data 

rate decreases as the distance between the transmitting and receiving terminals increases. Thus 

the communication channel characteristics influences the performance of a wireless network. 

This is also strong evidence of the importance of the BER testing to validate whether the 

constructed controller algorithm of the smart antenna is working to the specified design 

requirements.  

 

5.2.2.1.2 Five Monopoles Elements on Circular Ground without Sleeve (Prototype-3) 

 This antenna is an advanced development of the previous antenna prototype reported by 

[4], [8-9]. It was designed antenna to operate in the ISM radio bands of 433 and 915 MHz. The 

programmable microcontroller Chipcon CC1010 [10], [26] requires very few external 

electronic components. This controller device was programmed to improve the quality of 

communications by including BER checking functionality and using the in-built frequency 

hopping spread spectrum (FHSS) technique. The Chipcon CC1010 has a DSP core which can 

be incorporated in the beam forming algorithm. The antenna has the capability of steering its 

beam in four possible directions. The functional block diagram and the switching network 

circuit of this smart antenna is portrayed in Figure 5.11. The switching configurations and the 

corresponding beam directions are given in Table 5.2. 
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Fig.5.11: Plug and play steerable directional antenna: (a) schematic diagram (b) switching 

parts (SN) circuit. 
 

Tabel 5.2: Switching network (SN) configurations of steerable directional antenna  

Switching Network (SN) Status  
Configurations 

#A #B #C #D 

Beam 
Direction 
(o) 

I OFF ON ON ON 0/360 

II ON OFF ON ON 90 

III ON ON OFF ON 180 

IV ON ON ON OFF 270 

 
 Prototype-3 (see Figs.5.11 and 5.12) consists of five monopole wires, one active (#O) 

and four passives (#A, B, C and D), mounted on a circular ground plane. The numerical 

computation model and the physical construction of the designed smart antenna are shown in 

Figure 5.12. The simulated antenna model of Fig.5.12.(a) was the simplified prototype [4], and 

[9]. The additional ground skirt used in previous modelling was removed to reduce NEC 

computational complexity. This improved the memory efficiency and hence the computational 

time required to complete the model. The removal of the skirt did not affect the accuracy of the 

bandwidth calculation significantly in simple models. The model also included lumped 

impedance representations of the loading on every monopole element. Thus, the central feed 

monopole was loaded with a 50 ohm load and the short and open circuited parasitic elements 

had lumped impedance RC combinations to represent the switches. The detailed technical 

procedures on modelling such antenna structure were reported in [4] and [9]. 
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Fig. 5.12: Prototype-3: (a) simulated, and (b) fabricated models. 

 

 The controller chip was located under the ground plane of the physical antenna 

(Fig.5.12.(b)) and serves as the simple UHF RF transceiver with very low energy consumption. 

Inside the chip, there is an internal T/R switch to preserve the antenna matching in both 

transmitting and receiving modes. The RF signal input from the active monopole (#0) was 

boosted by a LNA and then down converted to IF using a mixer stage. At the IF stage, the 

signal was filtered and amplified before being directed to the demodulator. However, the RSSI 

level also appears in port AD2 (RSSI/IF). The bit data was fed to RFBUF register for further 

processing. Meanwhile, in the transmitting mode, the bit data stream at RFBUF that are ready 

to be transmitted, are digitally modulated using FSK. The role of the frequency synthesiser 

(consisting of crystal oscillator, phase detector, charge pump, internal loop filter, VCO, and 

frequency dividers) is crucial to providing the local oscillator signal both at the mixer (Rx 

mode) and RF power amplifier (Tx mode). 

 The performance of the constructed antenna was examined through both numerical and 

experimental investigations. The assessment was limited to impedance bandwidth, beam 

pattern properties, gain and polarisation characteristics. A plot of the four possible directions of 

beam pattern at the frequencies of 433 and 915 MHz, respectively for full 3600 azimuthal 

coverage predicted using NEC program are given in Figs.5.13 (a)-(d). The antenna pattern 

comparison of the numerical and experimental testing is shown on Fig.5.13 (e) for 433 MHz 
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and Fig.5.13 (f) for 915 MHz, respectively. The beamwidth of the simulated pattern was 

approximately 120 degrees and FTBR varied from 7 to 10 dB. 

 

   
 (a) (b) (c) 

 
 (d) (e) (f) 

 
Figure 5.13: Beam patterns of steerable antenna (prototype-3) for 433 MHz (blue dotted line) 

and 915 MHz (red continuous line): (a)-(d) simulated patterns for four directions; 
(e)-(f) comparison between simulated and measured patterns for two directions, 
i.e. 00 and 1800. 
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(b) 

Figure 5.14: Performance of smart antenna (prototype-3): (a) reflection coefficients for two 
size of monopole outside diameters i.e. 3 and 6 mm, (b) transmission coefficients 
utilized for the measured gain calculation. 

 

A common way to improve the bandwidth of the antenna is to increase the monopole 

diameter. At the higher frequency operation of this antenna, doubling the radius of wire 

monopole from 3 to 6 mm increased the impedance bandwidth slightly (see Fig.5.14a). At 400 

MHz antenna, the bandwidth was approximately 35 MHz (8.75%). This bandwidth increased 

to more than 50 MHz (12.5%) when the diameter of radiating monopole was increased to 6 

mm. However, the more significant bandwidth improvement of about 50 MHz (5.5%) occurs 

in the frequency range of 915 MHz with the total bandwidth greater than 100 MHz (10.93%).  

The gain was measured in the anechoic chamber. The S21 results are shown in Fig.5.14 

(b). The computed gain at 900 MHz found to be approximately 6.1 dBi. The polarisation 

profile is illustrated in Fig.5.15. There is a difference of approximately 15 dB of the average 

S21 level between the co- and cross polarisation measurements. 
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Fig.5.15: The experimental co- and cross- polarisations of the antenna prototype-3 at 900 

MHz. 
 
5.2.2.1.3 Reconfigurable Monopole on Circular Cylindrical Hollow Ground Structure 

(Prototype-4) 
The potential advantage of monopole length variations of the active radiating monopole 

was demonstrated in [7]. It was shown that changing the effective length of an active monopole 

4.5 mm (11.11%) while all other antenna parameters were kept constant, resulted in change in 

the resonance frequency of about 0.1 GHz (6.6 %) without significantly altering the bandwidth. 

Inspired by this concept, a monopole antenna that can be reconfigured in length 

electronically using the switching components (p.i.n. diode) was investigated. A monopole 

wire mounted on the circular cylindrical hollow ground structure is one of the simpler physical 

antennas (see Fig. 5.16). A monopole antenna provides the broad range of frequency operation 

and is very attractive for particular applications [2], [17]. In this study, for the given length k of 

monopole wire, its effective length was varied by dk length in order to adjust the resonance 

frequency. Depending on the frequency band of interest, the values of dk and initial length k 

can be designated thus the corresponding S11 at -10 dB level do not overlap in order to obtain 

the wider overall bandwidth. 

A number of technical issues were addressed in the construction of the antenna. For 

instance, the biasing of the p.i.n. diode on the monopole wire, limited its expansion length to 

twice, i.e. 2 x dk unit length.   
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Figure 5.16: Reconfigurable monopole antenna model: (a) schematic diagram, (b) numerical 

model using HFSS. 
 

The simulated performance of the reconfigurable monopole antenna is shown in 

Figs.5.17, 5.18 and 5.19, respectively. A large overall bandwidth is possible by adjusting the 

effective length of the monopole by electronically switching additional monopole segments dk 

using a p.i.n. diode. Slightly different results for S11 where obtained using FEM-HFSS and 

MoM-NEC as shown in Figs. 5.17 and 5.18. However, the resonance frequency of the antenna 

is shifted resulting in the overall bandwidth larger than that for a fixed length.  
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Fig.5.17: The reflection coefficient of reconfigure-able monopole antenna computed using FEM-HFSS 
algorithm 
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Fig.5.18: The reflection coefficient of reconfigurable monopole antenna computed using MoM-NEC 
algorithm 
 

The monopole has the total bandwidth of approximately 750 MHz (46.6%) when two 

switching parts were connected. The proposed reconfigurable antennas can be used for the 

frequency tuning [11].  

 
5.2.2.2 Reconfigurable Adaptive Internal Antenna (Prototype-5) 

 A PCB version of an adaptive antenna was explored through the use of two 

symmetrically located parasitic C shaped elements. The objective was to investigate the 

possibility of switching the frequency and/or radiation pattern. Such changes can be controlled 

dynamically and autonomously, to maintain antenna performance during all operation 

conditions. The basic design of this antenna was introduced in the paper [11] and further 

investigated in [12]. The potential applications of the designed antenna were reported in these 

papers. 

      
Figure 5.19: The reconfigurable antenna: (a) rectangular patch antenna with parasitic folded dipoles. 

The pin diodes ABCD are shown in grey, (b). E-field distribution of antenna structure 
modelled using FEM algorithm 
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The antenna consisted of single rectangular patch at the centre and two stripline folded 

parasitics positioned at two edges, (right and left sides), next to a ground plane (see Fig.5.20). 

The patch was fed via a conducting probe protruding through the dielectric substrate. A ground 

plane of 65x100 mm dimension is located underneath the dielectric layer in addition to a 

ground plane on the top surface representing the receiver electronics. Table 5.3 lists the 

material properties used in simulation. The two parasitic elements have p.i.n. diode switches 

(labelled A, B, C, and D in Fig. 5.20 (a)) which can be switched into one of four conditions, 

shorted or open to ground and connected or disconnected to the active patch. These diodes 

form part of the switching circuit located on the bottom side of the ground plane underneath 

the radiating elements.  

 Shorting one parasitic to ground via A directs the pattern to a direction away from A. 

Connecting the other elements to the active patch via C changes the antenna frequency because 

the effective area of the driven layer is enlarged. Both folded dipoles can also be set in “open 

circuit configuration” (un-shorted to ground and disconnected to patch) so only the rectangular 

patch itself is active. The effect of these configurations is shown in Figs.5.20 (b), 5.21, 5.22 

and 5.23. All possible switching configurations are listed in Table 5.4. 

Table 5.3: The structure and dimension of reconfigurable patch antenna with parasitic folded dipole 
 

Antenna Dimension Structures 
Thickness (mm) Width (mm) Length(mm) Radius(mm) 

Dielectric material: Roger RT/ Duroid 5880 
(tm), Relative Permitivity. = 2.2 

0.5 65 100 - 

Conducting wire: Copper, Rel. Permit = 1 0.5 - - 1.5 
PCB track (PEC) 0.05 65 57.5 - 
Rectangular patch (PEC) 0.05 20 40 - 
Folded dipoles (PEC) 0.05 20 40 - 
Ground plane (PEC) 0.05 65 100 - 

 
Table 5.4: Antenna switching configurations 
 

Switching Configurations Objective 
p.i.n. diode A p.i.n. diode B p.i.n. diode C p.i.n. diode D 

fo 
(GHz) 

Main Beam 
Direction (0) 

Set the initial 
operation 0ff 0ff 0ff 0ff 10/11 0/180 
Set to other 
frequency 
operation and 
direct the pattern 
away from the 
right parasitic 

0ff 

 
 
On 

 
 
0ff On 

 
 
5/15 45/225 

Set to the same 
frequency 
operation above 
but direct the 
pattern away 
from the right 
parasitic 

On 

 
 
 
0ff 

 
 
 
On 0ff 

 
 
5/15 

315/135 

Change to 
another possible 
frequency 
operation 

0ff 
 
On 

 
On 0ff 

 
14/15 345/165 
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The reconfigurable antenna was initially designed to work at 5 GHz to suit next-G 

WiMAX mobile terminals. It was modelled using FEM utilising the HFSS software [27]. The 

modelling results showed operation bands at 10 and 15 GHz. Fig.5.20 (b) shows the E-field 

distribution across the active structure at 5 GHz. The antenna is linearly polarised as the E-field 

is predominantly parallel to the antenna axis. 

While most patch antennas have narrow bandwidths, this patch with folded parasitic 

elements has a relatively larger bandwidth due to the parasitic effects. The antenna dimensions 

were optimized to ensure the antenna operates successfully in the desired frequency bands. In 

the model, the p.i.n. diode was represented by a perfect conductor for “ON” states and an open 

circuit for “OFF” states [28]. The various switch conditions have a significant effect on the 

current surface distribution across the antenna (see Fig.5.21). In Fig.5.21 (a), the surface 

current Jsurf distribution is concentrated on the rectangular patch with little current on the 

folded dipoles. In this case, the Jsurf variation is from zero to a maximum 1.936x102 (A/m). 

For the switching condition shown in Fig.5.21 (b) the Jsurf is significant on the left dipole. 

Overall, at the active conducting antenna elements (rectangular patch and folded dipole), the 

surface current varies from zero to a maximum of 1.56x102 (A/m). When both dipoles are 

connected to the active patch (Fig.5.21 (c)) the currents are significant on both dipoles. 

  
 (a) (b) (c) 

Fig.5.20: The current surface vectors (Jsurf-A/m) of the conducting layers, i.e. rectangular patch and 
folded dipoles for 3 different configurations: (a) both folded dipoles “isolated”, (b) the right side dipole 
was short-circuited to ground and the left one connected to active patch, (c) both dipoles connected to 
active patch. 
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Fig.5.21: The S11 of reconfigurable antenna in five switch configurations listed in Table 5.4 

 
The return loss (S11) of reconfigurable patch antenna for 3 different switching states is 

illustrated in Fig.5.22 assuming a transmission line feed impedance of 50 ohms. A change in 

the switching condition affects the operating band of the antenna. With one folded dipole 

connected to the active patch while the dipole is shorted to ground, the antenna is tuned to both 

5 and 15 GHz. However, when both folded dipoles are isolated by their two switches, the 

frequency tuning changes to 10 and 11 GHz. When both dipoles are connected to the patch, the 

only resonant frequency is 15 GHz. The impedance bandwidth of each reconfigured element 

structures varies from more than 100 MHz to 250 MHz. The S11 >0 db is an artifact in the 

software. 

The effect of switching contributes to the deflection of the azimuthal beam pattern 

direction by approximately 450 in the right or left directions (see Fig.5.23 (a)-(c)) depending on 

which dipole is shorted to ground. Meanwhile, if both folded dipoles are connected to the 

active patch element then the main beam is deflected by 150 as shown in Fig.5.23 (d). 
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(a) (b)  

      
 (c) (d) 

Fig. 5.22: The radiation pattern (dB) of the reconfigurable antenna for four switching conditions on the 
azimuthal plane (θ=00): (a) all folded dipoles are in “floating condition” at 10 GHz band, (b)-(c) one 
folded dipole connected to active patch and the rest (right or left) short circuited to ground at 5 or 15 
GHz bands, (d) all dipoles connected to patch and un-shorted to ground at 15 GHz band.  
 

5.3 Factors Limiting Performance 

From the four prototypes of switched beam smart antennas (see Fig.5.5), the first two 
types were investigated through both the numerical computation and experimental studies. 
Some potential problems were identified with the other two prototype antennas. These factors 
may limit the performance particularly at higher frequencies. 
 The factors identified were reported in [3-4], [6-15]. These factors can be classified into 

five main issues:  

1. the sensitivity and dynamic range factors [6-7], [14]  

2. the RF circuit design constraints [4], [9-10], [13] 
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3. power supply effects [9], [14]  

4. the antenna and circuit integration [11-12] and  

5. the electronic component availability and selection.  

Some of these factors are discussed in this section. 

 
5.3.1 Bias voltage and diode variations of switching network 

The controller device used in many antennas in this study was the one of 16F62x PIC 

family. One of two essential functions of the controller is to provide the DC bias required of 

the pin diode on each parasitic monopole. The DC output from the IC is a binary digit logic 

state, 0 (~ 0 Volt) or 1 (~ +4.7 Volts). This can be measured at the output pin of controller 

device in open circuit condition. Problems can occur when connected to a switching circuit. 

This circuit was presented in Chapter 3. The problem lies in the conducting wire connected to 

the diode. This is an extension to the monopole and changes its effective length. To avoid the 

problem, the DC bias voltage must be isolated using a capacitor/resistor combination. In 

addition, the DC voltage level fed to SN is not identical at each output port. This variation 

depends on such issues as fabrication variations, the current drain on the processor etc. As the 

DC bias is a crucial part on the design, improper DC bias adjustment changes the antenna 

pattern parameter [3-4]. It was shown experimentally that decreasing the bias current to about 1 

mA, from its optimum range, the shape and direction of the patterns significantly changed. 

In the practical implementation of switched parasitic smart antenna, five microwave 

p.i.n. diodes (HSMP-3895 chip) were used. DC measurement [3-4] indicated that different 

diodes had different working conditions due to manufacturing variations (see Figure 5.24). 

While all diodes displayed the same curve slope, the threshold levels were significantly 

different. This results in a variation in the forward resistance of each SN due to the fact that the 

internal resistance and capacitance of p.i.n. diode is a function of the bias current/voltage. For 

example, a 0.1 Volt difference in bias voltage, from 0.8 to 0.9 Volts, resulted in a variation in 

forward resistance of about 2 kΩ. This significantly affects the symmetry of the pattern. 

The effect of both diode variation and DC bias was further investigated using NEC 

modelling. The beam pattern of the antenna was set to the 3300 direction by arranging 4 

parasitics # A, B, C, and D, to be short circuited to the ground plane, and the remaining 

parasitic (#E) left open circuited. The short and open circuit configurations were implemented 

on the NEC antenna model realistically by inserting lumped impedance elements for the diode 

states. Short circuits were represented by setting this lumped impedance element to zero 

resistance. The lumped element of 106 Ω resistance and 30 pF capacitance resembles a p.i.n. 

diode in an open circuit condition. The radiation pattern produced from the antenna model was 
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approximately symmetrical. In this test, one of the four short circuited parasitics (#D) was 

grounded using a finite resistance value. Fig. 5.25 shows the results for a perfect short circuit, 

and seven different values of resistance values. The ideal short circuit of #A,B,C monopoles, 

and the open circuit of #E wire were not changed. The experimental and numerical 

investigations show similar behaviour in that the beam shape is changed significantly. The 

numerical computation showed that for resistance values greater than 35 Ω, the pattern 

symmetry and direction changes noticeably. More significant changes occurred when the 

resistance of #D increased from 100 Ω to 3000 Ω. These impedance variations are likely, given 

manufacturing tolerance and small variations in the forward bias voltage as shown in Fig. 5.24. 
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Figure 5.23: Diodes characteristics variation: (a) resistance, (b) current. 
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Figure 5.24: Effect of bias and diode variations on the radiation pattern of a 5 elements SPA. 
 

5.3.2 RF coupling effects from the electronics 

The smart antenna was designed to be relatively small size, with low power 

consumption, inexpensive implementation costs, and a plug and play system. The control 

circuit layout which consisted of the RF signal processing and beam forming circuits was 

created to use the available space of circular ground plane at the bottom side. The surface 

mounted electronic devices were soldered on the PCB tracks in this area. The power regulator 

circuit was also integrated in this PCB to provide a constant + 5 Volts DC supply to the whole 

control circuit. In one version of the antenna, one parasitic wire was closely positioned to this 

power supply (less than 2 cm). This part can generate thermal changes. The thermal gradient 

can affect diode performance. In addition, the additive white noise spreads across all frequency 

bands. In the HF range or greater, this noise has a significant effect on sensitive receiver 

components. The possibility of RF coupling along the inductive tracks can influence the 

radiation pattern of the antenna.  

 
5.3.3 Improper grounding effect 

Inadequate local grounding of the p.i.n. diode will lead to an increase in the effective 

length of the parasitic monopole. This is not important when an element is set to open circuit, 

but can play a significant role when the element is set to short circuit. Adequate grounding and 

the proximity of the connections to the diode are essential requirements to the satisfactory 
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operation of the antenna. The grounding points in the area around each parasitic element and 

the pad area used to solder in the p.i.n. diode was reviewed. The design of the control circuit 

requires strong connections between the top and the bottom sides of the circular ground plane 

using vias, especially at those areas immediately surrounding the base of each monopole. This 

reduces the additive inductance and capacitance effects from the circuit layer of PCB. NEC 

modelling demonstrated that an increase in effective length of one monopole of 1.85 mm was 

sufficient to cause significant distortion of the radiation pattern. This problem is illustrated in 

Figure 5.26. Note at 1.5 GHz a 0.02λ0 = 4 mm. 
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Figure 5.25: The effect on the radiation pattern of an increase in the electrical length of one parasitic 

monopole. 
 

5.3.4 Technical Problems on Integrating SN and Triggering Bias  

 The switching network integration and the bias supply are two major factors that 

commonly appeared in the development of reconfigurable antennas [29-32], [11-12]. For 

instance, to implement the reconfigurable monopole [11] for use as the frequency tuning the 

proper bias voltage from the controller unit. Also, while more segments were inserted on top of 

other elements to increase the coverage bands, the complexity of the bias track layout to each 
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diode increased as well. This difficulty may be overcome when using the dielectric material to 

enclose the monopole wire so the holes for the bias track can be made. The size of the holes 

should be properly designed to allow for insertion of the short thin wire. The control unit and 

the corresponding SN of this antenna configuration are positioned at the bottom of circular 

ground. The similar problem explained above was also encountered on the development of 

another reconfigurable antenna, i.e. cactus antenna etc. [29-30]. The complexity of SN 

configuration increased when more array elements are inserted. 

All in all, the signal processing and controller parts together with its corresponding SN 

are the very important aspects to be constructed appropriately in order to obtain the high 

quality of reconfigurable antennas.  The improper treatment of these factors can have the 

serious impact to degrade of antenna performance. These issues are directly related to the cases 

explored previously. 

 

5.4 Summary 

Four types of switched beam smart antennas were explored. These antennas are: 

• SPA of six monopoles on circular ground plane with conducting sleeve,  

• SPA of five monopoles on circular ground plane without conducting sleeve, 

• Reconfigurable monopole on circular cylindrical hollow ground structure, and 

• Reconfigurable adaptive internal antenna.  

The first three types were developed to create the plug and play smart antenna. The SPA of six 

monopoles on circular ground plane with conducting sleeve was tested not only for LOS 

configuration but also for the simple multipath propagation environment in the chamber. 

Recent developments of this type of SPA can update its beam pattern every 64.5 μs, in severe 

fading conditions, in order to maintain maximum RF power. This antenna was not tested for 

the BER measurement and in the near future, this issue must be considered in any performance 

testing. 

For most wireless intelligent networks, data (or information) is transmitted in digital 

form. For any fabricated technologies/devices, it is important to know the BER performance in 

a typical user situation. As an example, the SPA prototype was evaluated in terms of the 

expected BER where the measurement scenario included the model of the real wireless channel 

environment. By considering the effects of the multiplicative noises (which contained fading 

and interference effects) and the additive noise, the SPA was predicted to perform well. At the 

SNR 7 dB, the SPA should offer a BER about 10-13 which is excellent performance. This 

allows high speed data transmission of approximately 10 Tbps. These results are logical using 
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such an analytical approach. One explanation is that the distance between the transmit antenna 

and AUT (SPA) is very short (3 meter was used). However, those ideals (BER and data rate 

change) may not be achieved when the antenna is tested in the real environment where many 

parameters determine the actual performance such as path loss (which is increasing while the 

distance increase), increased noise and interference, the measuring equipment constraints and 

so on. For example, when the free space path loss is less than 60 dB in indoor wireless 

environment, the data rate of SPA will drop to 10 Mbps. 

Research on other reconfigurable antennas may contribute to other application areas. 

Further work must be focused on the fabrication of these numerically computed prototypes. 

Based on the theoretical investigation, the SPA created from the reconfigurable patch structure 

allow the antenna design to be more compact, light weight, with low implementation cost, low 

power consumption, and user friendly. This antenna innovation meets the future generation of 

wireless networks.   
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6.1 Introduction 

 
ARIOUS types of switched beam smart antenna were investigated. The main 

contribution of this research was the development of an intelligent antenna system constructed 

from passive array elements and supported by integrated adaptive RF processing and a control 

circuit. The majority of antenna structures consisted of a single active radiating element and a 

number of parasitic elements surrounding the active element. One typical SPA had a single 

active radiating (or receiving) element and a number of parasitic elements stacked on top of the 

active wire (see Figure 5.16 for the clear description).  

The novel idea relates to the integration of an RF intelligent circuit as part of the 

antenna structure. This circuit in the reception mode functioned to continuously detect, process, 

and interpret the quality of received RF signal. Decisions were based on the RF classification, 

whether good signal (i.e. high SNR and low BER) or bad signal (i.e. low SNR and high BER) 

and the controller circuit steers the main beam to remain in the current position or to change 

the beam to the specified direction. In the transmit mode, the antenna beam is focused to 

maintain maximum RF power at the target. The examination (conceptually and partly 

experimental) of the control algorithms, for switched beam steering, frequency tuning and 

polarisation diversity, show the interesting possibility of implementing all as one smart antenna 

system incorporated with a typical wireless apparatus such as satellite receiver, handset 

telephone, laptop/palmtop and GPS device.  

This chapter contains the summary and conclusion of the broad discussion on some 

issues related to the development of switched beam smart antenna as previously outlined in 

Chapters 1 to 5. Chapter 6 addresses a number of important topics such as the optimum 

performance description of the designed smart antennas and some technical recommendations 

for future investigations. The detailed presentation of those issues is given in sub Sections 6.2 

and 6.3.  

  

6.2  Optimum Performance Description  

The basic concept of the switched beam smart antennas (SBA) was developed from 

previous research work, for instance, in [1-4] by incorporating the RF intelligent circuit as part 

of the physical antenna structure. It was experimentally demonstrated that such smart antenna 

V 
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properties can accommodate fading and interference effects in communication networks. The 

configuration of parasitic elements, short or open circuited to the ground, could be varied using 

this intelligent circuit [5-16].  

Two categories of SBA prototype, the plug and play and the reconfigurable adaptive 

internal antennas, were constructed and tested. Two types of plug and play smart antenna, 

referred to sub Section 5.2.2 of Chapter 5 (antennas (a) and (b)), were examined both 

numerically and experimentally. The structures in the latter group were evaluated through 

numerical computation only. These two antennas are still under investigation for WiMAX 

applications. These antennas will be fabricated later when an optimal design has been obtained.  

The further development of the SBA prototype included frequency tunability and the 

pattern reconfigurability [12-13]. These two dynamic properties could be achieved by steering 

both the active and parasitic components of the antenna structure.   

 The research activities involved in the performance of the designed smart antennas 

identified during the numerical and experimental examinations are summarised in Table 6.1. 

There are seven main properties that describe the optimum performance of the constructed 

antenna. These are the reflection coefficient (S11), VSWR, bandwidth, gain, resonance 

frequency, beamwidth and FTBR. Other antenna parameters such as the current distribution 

on both the active and parasitic elements, the electric and magnetic vector distributions, and 

configuration speed were also published by the author. 

 

Table 6.1: The Optimum Antennas Specifications 

Antenna Types Parameters Numerical Experimental 
Reflection Coefficient (S11) < - 25 dB < - 20 dB 
Beam Pattern Property:   
(a). Beamwidth (0) ~ 90  ~ 90 
(b). FTBR Vary from 0 to 3 

dBi 
Vary from 0 to 10 
dBi 

Gain NA 7.1 dBi 
VSWR  ~ 1.11 ~ 1.22 
Bandwidth (MHz) > 200  > 200 

SPA of six monopoles on circular 
ground plane with conducting 
sleeve.  
Antenna dimension: ground plane 
radius (54.5 mm);  monopole  outside 
diameter (4 mm); active monopole 
length (45 mm); passive monopole 
length (47.5 mm); skirt height (63.5 
mm).  (Prototype-1 and -2) 

Resonance Frequency 
(GHz) 

1.5  1.5 

 
Reflection Coefficient (S11) < -12 dB < -12 dB 
Beam Pattern Property:   
(a). Beamwidth ~ 120 (0) ~ 90 (0) 
(b). FTBR 
 

Vary from 7 to 
10 dBi 

Vary from 5 to 10 
dBi 

Gain NA ~ 6.1 dBi 
VSWR  < 1.3 - 
Bandwidth (MHz) 50 to 100 - 

SPA of five monopoles on circular 
ground plane without conducting 
sleeve. 
Antenna dimension: ground plane 
radius (100 mm); monopole diameter 
(3 and 6 mm); active monopole length 
(195 mm); passive monopole length 
(235 mm). (Prototype -3) 

Resonance Frequency 
(GHz) 

0.433/0.912 0.433/0.912 
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Reflection Coefficient (S11) < -20 dB NA 
Beam Pattern Property:  NA 
(a). Beamwidth < 900 NA 
(b). FTBR - NA 
Gain > 2.5 NA 
VSWR  < 1.2 NA 
Bandwidth (MHz) > 750 NA 

Reconfigurable monopole on 
circular cylindrical hollow ground 
structure. 
Antenna dimension: ground plane 
radius (52 mm); skirt height (62.5 
mm); length of active monopole (40 
mm); monopoles outside diameter (3 
mm); (Prototype -4) Resonance Frequency 

(GHz) 
1.35/1.4/1.5 (NEC) 
1.5/1.7/1.8 (HFSS) 

NA 

 
Reflection Coefficient (S11) ~ (- 15 dB) NA 
Beam Pattern Property:  NA 
(a). Beamwidth < 900 NA 
(b). FTBR - NA 
Gain - NA 
VSWR  < 1.3 NA 
Bandwidth (MHz) > 500  NA 

Reconfigurable adaptive internal 
antenna (Rectangular Patch with 
Parasitic Folded Dipoles). 
Antenna dimension: ground plane  
(65x100x0.05 mm3) ; rectangular 
patch (20x40x0.05 mm3); folded 
dipoles (20x40x0.05 mm3); conducting 
wire: Cooper, rel. permittivity=1 
(radius=1.5 mm); dielectric material: 
Roger RT/Duroid 5880 (tm), rel. 
permittivity = 2.2 (65x100x0.5 mm); 
(Prototype -5) 

Resonance Frequency 
(GHz) 

5, 10/11, 14/15 NA 

 

In the literature [17], smart antennas (SA) may be classified into three groups 

depending on the complexity of RF signal processing and controller algorithms, i.e. SA with 

high level of intelligence, SA with medium level of intelligence, and SA with low level of 

intelligence. Due to the simple construction of RF processing and the low complexity of its 

controller algorithm two SBA prototypes, such as SBA of six monopoles on circular ground 

plane with conducting sleeve and SBA of five monopoles on circular ground plane without 

conducting sleeve, can be classified as SA with low level intelligence. However, the other two 

SA designs, i.e. reconfigurable monopole on circular cylindrical hollow ground structure, and 

reconfigurable adaptive internal antenna (reconfigurable patch with parasitic dipoles), could be 

constructed to have more complex RF processing and controller algorithms than previous 

designs. These SA designs have a medium level of intelligence to allow both pattern 

steerability and resonant frequency tunability.  

All antenna models developed in this research could be transformed to have the highest 

intelligence level by using multiple feed ports. From this point of view, the complexity of the 

RF intelligent circuit depends on the number of active antenna elements used for transmitting 

(or receiving) the RF signals. The larger the number of active elements used, the more complex 

the RF intelligence required. 
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6.3  Further Investigations 

 
The design of a sophisticated microcontroller required consistent and continuous 

innovation to obtain optimal operation. In future, the advanced investigation of this antenna 

type should be applied to various wireless environments, not only for indoor but also outdoor 

environments. Other experimental investigations could consider reconfiguration either in the 

line of sight (LOS) scheme between the transmitting and receiving antennas or the non line of 

sight (NLOS). To ensure the smart antenna with its corresponding controller algorithm works 

properly, it is important to conduct tests at various environments. Factors, such as the 

sensitivity and dynamic range factors, the RF circuit design constraints, the electric power 

supply, the antenna and circuit integration and the electronic component availability and 

selection, have significant influence to the performance of these antennas, and could be the 

subject of future research. For example: 

1). The impact of using microwave p.i.n. diode as a simple, low cost and low power 

consumption electronic switch were extensively described in [5-16]. In Chapter 2 it was 

explained that the use of p.i.n. diode was considered to cause intermodulation effects. In a 

particular situation this may generate interference on the monopole wires. Reliable switching is 

crucial to provide the appropriate beam control [10] and [14] and high performance. Various 

switching devices such as RF MEMs, GaAs switching, and Varactor are amongst the potential 

switching components that may be deployed to replace the microwave p.i.n. diode [18]. A 

further discussion and investigation on numerous switching components is of interest because 

of the important role such components play. 

2). The design of the RF circuits could be improved. The layout of RF circuit should be 

properly done to minimise the effect of the additive inductance and capacitance. In practice, 

the unequal tracks length from the output port of controller unit to parasitic wires yields the 

asymmetrical impedance of each arm of parasitic elements. This affected the accuracy of beam 

switching mechanism and skewed the pattern. All the RF circuit and antenna design throughout 

the PhD study were not optimised so that optimization tools could greatly improve 

performance. 

3). For the next generation of wireless networks, digital data (or information) is transmitted. 

The development of a BER checking algorithm is essential to be incorporated into the smart 

antenna system. Research on the development of this algorithm is very attractive and 

challenging especially while considering the effects of the multiplicative noises (which contain 

the fading and interference effects) and the additive noise.  
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The adaptive controller algorithms designed for switched beam smart antennas were 

implemented by scanning the microwave power fluctuations resulting from multipath 

propagation effects, and then post processing the signals through the RF circuit. The controller 

unit will result in one of two different decisions, based on the comparison between the input 

RF signal and the preset threshold power:  

(a) to take the action to change the beam direction or  

(b) to keep the pattern at the current position for maximizing RF energy reception.  

The weighting factors used to steer the beams are in the form of binary digit sequence, “1” and 

“0”. This binary logic, in practice, has the equivalent voltage (or current) levels which are less 

than 0.5 Volts and greater than 2.0 Volts to represent bit 0 and 1, respectively, depending on 

the switching configuration and controller selection. The proper optimization of the weighting 

factors will determine the accuracy of beam steering. This issue will be an interesting extension 

to this research especially when the adaptive preset power threshold based on the average RF 

power reception from each possible beam direction is applied.  

 
Lastly, the research on the reconfigurable antennas is an interesting area but attention 

must be directed towards the fabrication of prototypes. Based on the theoretical investigation, 

the SBA created from the reconfigurable patch structure allows for a more compact design, 

light weight, low implementation cost, low power consumption, and user friendly. This 

antenna innovation meets the future generation needs of wireless networks. 
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Appendix 1: 
 

 
 

Figure A-1.1: A typical RF intelligent circuit for the switched beam smart antenna (SPA) 
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Figure A-1.2: Switching network (SN) configuration for the parasitic wires 
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Appendix 2: Gain Measurement 
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Figure A-2.1: A wireless communication configuration to calculate the measured gain using Friis 

transmission method. 
 

 Consider a wireless communication system in the isolated RF room (see Fig.A-2). To 

find the measured gain of the constructed antenna, two different antennas are required for 

transmitting and receiving, respectively. Two identical horn antennas working at 1.5 GHz were 

separated by distance D. According to Friis transmission formula the predicted power level 

received at the receiver in dBm is represented by  

 
RXCTXCLossRXTXTXRX LLPGGPP __ −−−++=  (Eq.A-2.1) 

 
where: P

RX 
is the received power   P

TX 
is the transmitted power  

G
RX 

is the gain of received antenna   G
TX 

is the gain of transmitted antenna  

L
C_RX 

is the cable and connector power losses at receiver  

L
C_TX 

is the cable and connector power losses at transmitter  

P
Loss 

is the total power losses along the wireless channel  

 In practice, P
TX

 is firstly specified on VNA set-up before the measurement started. L
C_RX

 and 

L
C_TX

 are known parameters obtained from the specification sheets. Meanwhile, P
Loss

 can found 

using the following formula: 

⎭
⎬
⎫

⎩
⎨
⎧

=
Sphere

dBPLoss
λlog20)(  (Eq.A-2.2) 

where: 

 λ is the wave length and equals to {the speed of light (C)/the resonance frequency (f)} 

 sphere is equal to {4πD} 

 D is the distance between the transmit and receive antennas (see Fig. A-2) 


