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Abstract 

In the last years, Multiple Input Multiple Output (MIMO) systems have become the 

cornerstone of the future of Wireless communications. The performance of these 

systems in terms of channel capacity has meant that transmission rates that were 

impossible some years ago can be real nowadays. 

Unfortunately, MIMO systems have a characteristic that can mean a problem in the 

Wireless and mobile market, in where the eagerness to minimize the size of the devices 

is one of the mainly objectives. This non-desirable characteristic is the difficulty when 

compacting multiple active antennas (and, hence, their corresponding radiofrequency 

chains) in a handset terminal. Therefore, the idea of finding other alternatives that could 

emulate the behaviour of having multiple antennas represents a quite attractive and wide 

research area. 

The use of parasitic elements seems to be the most effective alternative when 

designing compact antennas for MIMO systems. In fact, the inclusion of these elements 

around an active antenna allows us to orient the beam towards different directions, what 

can be a quite interesting approach to have multiple antennas. Therefore, the idea is 

simple: just having one active element and a set of parasitics surrounding it, we can 

orient the beam towards different directions in order to maximize the channel capacity 

with a small impact on the features and with clear advantages in terms of compacting 

and cost. 

In this sense, parasitic elements can be used in order to implement different kinds of 

antennas. Two of the most common are Adaptive Antennas and rotating Switched 

Parasitic Antennas. In this thesis, we will explore both possibilities, and two different 

antenna technologies will be researched: monopoles antennas and patch antennas. A 

complete study of both of them will be carried out and the research will be oriented to 

two mainly aspects: antenna performance and achieved channel capacity. 
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Chapter 1 
 

Introduction and motivation of the 

project 
 

 

 

1.1. Introduction to MIMO systems. 

Since Guglielmo Marconi carried out with the first radio transmission of the history 

at the end of the twentieth century, Wireless communications have had a spectacular 

development. All the different improvements have been done under the idea of trying to 

send as much information as possible, with the highest transmission rate, as quickly as 

the system can. 

With the development of the Internet and the modern data transmission systems, the 

requirement of high data rates when transmitting information in a Wireless environment 

has focused the effort of countless investigations. 

When a radio signal is sent by a transmitter, this signal is called to have reflections in 

different objects that are placed between transmitter and receiver (trees, cars, buildings 

and many others). Therefore, at the receiver, we have the contribution of multiple 

signals. This phenomenon is called multipath and, traditionally, it has been considered 

as one of the limiting factors of Wireless communications. 

In the last few years, the research in Wireless communications changed and, instead 

of avoiding the multipath, some authors suggested the idea of taking advantage of it in a 

rich environment in terms of scattering. In order to take advantage of this, it was 

necessary to design a system with multiple antennas. At the end of the twentieth 
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century, the work of Winters [22], Foschini and Gans [23] and Telatar [24] meant the 

introduction of Multiple Input Multiple Output (MIMO) systems.  

Meanwhile, different researches about MIMO were carried out. In this sense, in 

1998, Bell Labs tested the first successful technology demonstration under laboratory 

conditions. On the other hand, Gigabit Wireless Inc. And Stanford University tested 

with success the first outdoor prototype demonstration in 1999. But we had to wait until 

2002 for having the first commercial product available manufactured by Iospan 

Wireless Inc. 

MIMO systems use multiple antennas both at the transmitter and at the receiver 

exploiting the spatial diversity in order to increase the channel capacity and, therefore, 

the transmission rate. A set of virtual parallel channels are created and the information is 

sent through them. 

In the same way that Shannon proposed in the mid-twentieth century, the equations 

governing the theoretical capacity of Single Input Single Output (SISO) systems [27], 

Telatar in [28] suggested the spectral efficiency of MIMO systems, providing equivalent 

expressions as those that were suggested by Shannon fifty years before. It is shown in 

[28] that the channel capacity is increased linearly with the minimum number of 

transmitter and receiver antennas when the channel coefficients are identically 

independent distributed (i.i.d.) complex Gaussian entries. 

It is clear that MIMO systems present quite important advantages in the field of 

Wireless communications, but, unfortunately, they suffer from an increasing in the 

complexity when encoding and decoding the information in the transmitter and in the 

receiver. Robust algorithms are needed if we are interested in exploiting all their 

potential. And not only this, they are highly dependent on the characteristics of the radio 

channel. In this sense, a rich channel in terms of scattering is absolutely indispensable. 

On the other hand, it is necessary that the signals that arrive to the receiver are as much 

uncorrelated as possible. 

1.2. State of the art of MIMO systems. 

Nowadays, MIMO systems probably represent the very close future of Wireless 

communications and their use, with other techniques such as Orthogonal Frequency 

Division Multiplexing (OFDM), is the new frontier that must be explored. 
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MIMO is present in multiple standards of Wireless communications, but, probably, 

the most important of them are IEEE 802.11n, WiMAX (IEEE 802.16) and its 

implementation in fourth generation of mobile communications (4G). 

- Contribution of MIMO to IEEE 802.11n. 

IEEE 802.11n improves the performance of traditional IEEE 802.11b and 

802.11g in a way that the transmission rate is highly increased. The use of 

MIMO in this standard allows us to have transmission rates up to 600Mbps, 

what represents ten times more than the theoretical limit of 802.11g. For 

achieving that, IEEE 802.11n provides antenna diversity and spatial 

multiplexing. 

 

Fig. 1.1. MIMO architectures applied to IEEE 802.11n [26]. 

As it is shown in Fig. 1.1, this standard combines both the use of MIMO 

and the use of OFDM. The spatial diversity that MIMO and Space Time 

Block Coding (STBC) techniques provide increases PHY layer data rates. 

However, one of the most important features in IEEE 802.11n is the 

possibility of using Low Density Parity Check (LDPC) codes. Recently, 

LDPC are being investigated in order to enhance the performance of IEEE 

802.11n [19].  

- Contribution of MIMO to IEEE 802.16. 

The standard IEEE 802.16 is also known as WiMAX (Worldwide 

Interoperability for Microwave Access). WiMAX is one of the last mile 

technologies and it allows the users to receive the data by a microwave link 

and retransmissions using radio frequency waves. Due to it, this technology is 
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quite interesting to deploy in places where the use of cable or optical fibre has 

high costs. 

The use of MIMO in WiMAX means a quite important improvement in the 

signal reception and an increasing in the transmission rates and spectral 

efficiency. 

- Contribution of MIMO to 4G 

The future of mobile communications is the deployment of the 4G 

networks. The specification of the 4G standard aims to have transmission 

rates of 100Mbps for high mobility communication (i.e. data transfers done in 

trains and cars) and 1Gbps for low mobility communications (i.e. data 

transfers done by a person walking in a city). 4G will be based completely on 

the Internet Protocol (IP) and it will provide broadband solutions to the need 

of high data transmission rates. 

Because of this requirement, the idea of MIMO in combination with 

OFDM appears as the best solution. In fact, if the Code Division Multiple 

Access (CDMA) was used in the radio technology of 3G systems, 4G systems 

will use instead OFDM combined with MIMO in order to increase the 

channel capacity and the spectral efficiency. 

Unfortunately, MIMO systems have a requirement that can mean a problem when 

implementing in devices with size restrictions. In fact, its implementation in 4G implies 

that multiple antennas will have to be compacted in a small mobile phone. Compaction 

of active antennas and their corresponding RadioFrequency (RF) chain is one of the 

possible limitations of this technology and, in the last few years, multiple researches 

have been carried out in order to solve this problem. On the other hand, even if we can 

compact the antennas, too small separation of the antennas will imply a high spatial 

correlation of the signals, what will mean a decreasing in the channel capacity compared 

to the i.i.d case [33]. We will also have the problem of mutual coupling between the 

antennas. Mutual coupling will be higher if the space between them is small. 

One of the most extended solutions to this problem (and the one that we are going to 

explore in this thesis) seems to be the use of parasitic elements surrounding an active 

antenna in order to simulate the presence of multiple antennas [7], [8], [9]. 

Parasitic elements were primarily used by Yagi and Uda at the beginning of the 

twentieth century. They invented a directional antenna with high performance. This kind 
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of antennas can orient the beam due to the presence of the parasitic elements that can act 

as directors or reflectors [1].  

In the field of mobile communications, Vaughan [12] suggested different examples 

of the use of the Switched Parasitic Antenna (SPA) in handset devices. The idea is to 

use one single active element connected to a radio transceiver with its corresponding RF 

chain, with a set of passive elements around it. The passive elements are called parasitic 

elements and they can alter the radiation pattern by switching their termination 

impedance. This switching makes that the current that flows through these elements 

changes and, hence, it has an impact on the active element. The transceiver is connected 

all the time to the active element and, therefore there is not any switch or element in the 

received signal path. 

Parasitic antennas have been widely studied by several authors. In this sense, there 

are two main possibilities: parasitic antennas using monopoles or parasitic antennas 

using patches. 

The design of SPA using monopoles is by far the more investigated. The usual 

scenario is to have the active and passive elements on a ground plane that can be 

considered infinite in terms of wavelengths. Different examples of the use of monopoles 

in the design of the SPA can be consulted in [9], [10], [11]. On the other hand, other 

designs are suggested in [14] and [36], but they are not called to be implemented in 

handset devices since they are not compact enough.  

Although the results we get when using monopoles are quite good and they could be 

implemented in commercial devices [12], in the last years, a big effort has been carried 

out in order to obtain the same features and performance, but using another technology 

that is cheaper, more compact and easier to integrate in commercial devices, such as 

mobile phones. This technology is microstrip antennas, also known as patch antennas 

[1]. In this sense, different investigations have been carried out. Although the typical 

configuration is the one formed by an active patch antenna surrounded by a set of 

parasitic elements following different structures [15], [16], [17], different researches 

have suggested other alternatives. That is the case of the design suggested in [34], where 

a reconfigurable stacked patch antenna is studied. [34] presents a patch antenna that is 

formed by a driven bottom patch and a parasitic top patch, in a way that the length of 

the top patch can changed in order to achieve beamsteering (it is also necessary to have 

two different substrates).  

Recently, a new approach to solve the problem was suggested in [35]. The idea is the 

use of parasitic elements to implement the SPA and, in addition, achieve circular 
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polarization. Obtaining circular polarization is a quite attractive advantage of this design 

and it opens a quite wide field in the design of SPA using patches. On the contrary, the 

main difficulty of this design is that it seems quite hard to place in a real device a low 

impedance condition between a patch and the ground plane. On the other hand, it can be 

quite difficult to switch off a parasitic patch as we could do with parasitic monopoles 

because, due to the presence of the other patches, this patch will start to radiate by 

coupling. 

In the present thesis, we are going to study both possibilities when implementing the 

SPA, and they will be used for implementing two different antennas: the Adaptive 

Antenna and the rotating SPA. 

The use of parasitic elements has been widely researched for the implementation of 

adaptive antennas [8], [13], [14]. The idea is to have two active elements which beams 

can be oriented towards different directions in order to maximize the channel capacity. 

This change is controlled in real time by different algorithms. When designing an 

adaptive antenna, we can have either just one active element surrounded by a set of 

parasitic elements or more than one active element with a set of parasitic elements 

around it. Depending on the configuration, the mutual coupling between elements will 

be higher or lower. Regardless of the number of active elements, each of the passive 

elements will be terminated by an active load that will change dynamically its value in 

order to modify the beam. For that purpose, it will be necessary the use of an algorithm 

that controls the values of these loads. Consequently, the use of these algorithms implies 

a direct increasing in the software complexity, although there have been important 

advances in this field in the last years. The most widely extended technique when 

designing algorithms for controlling adaptive antennas is the use of genetic algorithms 

[8]. 

On the other hand, parasitic elements can be also used in order to implement the 

rotating SPA [7], [9]. The idea now is slightly different than the one we had with the 

adaptive antenna. We will use parasitic elements in order to modify the orientation of 

the beam of one active element, and the beam will rotate periodically covering different 

positions of the space. In this way, we will be able to simulate the fact of having 

multiple antennas. 

As we have explained, the aim of designing a SPA is the reduction of the number of 

active elements in order to make easier the compaction of the antennas in small devices. 

However, in the recent few years, not only the implementation of the SPA has been 

investigated in order to reduce the number of active elements and RF chains, but also 



Chapter 1 – Introduction and motivation of the project 

 

7 
 

different alternative methods have appeared. As it will be shown in the present thesis, 

one of the limitations of the rotating SPA is that it can not be used in the transmitter 

part, what means that different alternatives should be explored. Kalis, Kanatas and 

Papadias suggest in [30] the idea of mapping diverse bit streams onto orthogonal bases 

defined in the beamspace domain of the transmitting array farfield region. It has been 

shown that, using this idea, the capacity of the system can be increased. In this system, 

parasitic elements and a single RF chain is also use at the transmitter. 

Probably the most important technological limitation of the SPA is the devices that 

are in charge of switching. [25] provides an extensive research about the design of 

switches and switch circuits by using RF Micro Electro Mechanical Systems (MEMS). 

The main problem is that the design of switches for RF signals is more difficult than 

designing them for Direct Current DC signals. In addition, their lifetime is affected by 

multiple factors such as the environment. Therefore, in a hypothetical implementation of 

the SPA in commercial devices, special attention should be paid to the switching 

technique. In the present thesis, we have assumed ideal switches in the design of the 

SPA with monopoles and varactors diodes that can change ideally from a low 

impedance condition to a high impedance condition (and vice versa) when designing the 

SPA with patches. The choice of varactors diodes has been done attending to the fact 

that they are widely used in the design of RF and microwave devices. In this thesis we 

have not made an exhaustive study of the switching technique because it was not the 

aim, but it should be studied deeply in a possible implementation of the SPA. The 

addition of varactor diodes to the antenna implies two important aspects: 

- It is necessary to include a bias circuit. 

- The varactor diodes must switch their load value as quickly as possible if we 

want to achieve high data transmission rates with the system.  

Although the aim of this project is the study of the rotating SPA and the adaptive 

antenna using parasitic elements, it will be necessary to have a statistical model that can 

provide information about the hypothetical channel capacity that could be achieved by 

the rotating SPA in a physical implementation of the prototypes. In 1968, Clarke 

provided a statistical model for mobile radio environment in [29]. Since then, and based 

on his research, different channel models have been suggested in order to simulate the 

real link by using statistical concepts. This is the case of [31], where a simple model 

based on a circular disc of uniformly distributed scatterers placed between the 

transmitter and the receiver is used. Svantesson in [32] extended this model to a MIMO 

scenario with general antenna radiation patterns, testing different channel scenarios 
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obtained by varying different parameters of the model. The model that is used in the 

present thesis is a generalization of the one that is suggested in [9]. 

As for the channel capacity when using adaptive antennas, different authors have 

shown that, with a good switches-selection algorithm, optimum results can be achieved 

[8]. 

1.3. Motivation and contribution of the thesis. 

In the last years, there has been an increasing interest in the study of MIMO systems 

in the field of Wireless communications. In fact, some authors think that MIMO systems 

are actually the cornerstone of the future of this kind of communications. Because of 

this, it represents a quite interesting research topic with multiple applications. 

The main characteristic of MIMO systems is the use of multiple antennas both in the 

transmitter and in the receiver, so as to maximize the channel capacity. However, 

although multiple antennas provide high values for channel capacity, this can become in 

a problem in devices where the space is limited, such as mobile phones.  

The reason is that it is quite difficult to integrate a set of active elements and their 

respective RF chains in a small space. An additional effect is the mutual coupling 

increasing when the antennas are too close. Taking this into account, it would be quite 

interesting if we could implement a MIMO transceiver with less active elements (no 

more than one or two) with their corresponding RF chains that can achieve the same 

results.  

In the case of the adaptive antenna, the idea will be to orient the beam towards those 

directions that make that the channel capacity is increased, in order to have similar 

results to those we have in traditional MIMO systems. 

On the contrary, when having the rotating SPA, the idea would be to scan different 

areas of the space during the symbol period, so as to be able to process the signals from 

different scatterers. Obviously, it will have an impact on the Signal to Noise Ratio 

(SNR), but it will be shown that the features we can achieve with this technique allow 

us to have good performance in terms of channel capacity and antenna features.  

Two types of antennas will be explored: monopoles with parasitic elements and patch 

antennas with parasitic elements. As we have commented, the idea is to use only one or 

two active antenna elements and a set of parasitic elements. Therefore, only one or two 
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RF chains in the transceiver will be necessary, and the complexity and cost of the 

transceiver will be lower, while the design still delivers a high channel capacity. With 

the parasitic elements, we will potentially be able to adapt the beam or correlation 

property of the antenna array to achieve the same performance as with traditional 

multiple active antenna elements in a MIMO system. The two proposed antenna 

solutions will be analyzed in terms of improving different parameters such as 

directivity, correlation, gain or matching, by examining different array configurations. 

Therefore, with the present thesis we try to carry out a wide study about the impact 

on the MIMO channel capacity when we use a SPA instead of a traditional antenna. A 

complete study about the impact on the different channel parameters will be carried out. 

Therefore, it will be necessary not only the study of the link from the point of view of 

the communication theory but also from the point of view of antenna theory. With this 

requirement, we try to avoid having good results in terms of channel capacity, but with a 

device that is physically impossible to implement because its performance is not good if 

we analyse the antenna parameters. Hence, first of all we will design, study and check 

the antenna we suggest by specific antenna software, and then a study about their 

features (basically channel capacity) in a MIMO environment will be checked. 

On the other hand, we are going to use two commercial programs for all the tests we 

are going to carry out. The first one is CST Microwave Studio
®

. This software allows us 

to develop antennas and check them. For doing it, it provides us all the parameters we 

need when we want to characterize a radiation structure, such as scattering parameters, 

farfield radiation patterns, directivity, radiation efficiency and many others. The second 

one is Matlab
®
. We will implement functions in this software so as to compute the value 

of the correlation coefficient and diversity gain of two given radiation patterns, and also 

to simulate a statistical channel model. 

1.4. Outline. 

The content of this thesis has been organized in eight chapters and six appendixes. 

Chapter 2 provides a wide overview of the theoretical aspects of MIMO systems. 

The working principles of MIMO will be covered and a mathematical justification of 

this kind of systems will be studied. We will try to justify the requirements we need 

when designing a MIMO link in order to have good values of the channel capacity. 

Finally, we will introduce two fundamental concepts that will be very important in this 

thesis: correlation coefficient and diversity gain. 
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The new kind of antenna will be introduced in Chapter 3. We will explain a brief 

overview about the SPA and its requirements, and also a circuital equivalent will be 

suggested in order to understand the behaviour of the parasitic elements. 

Chapter 4 will be focused on the purpose of provide a mathematical characterization 

of one of the possible applications of the parasitic elements: the rotating SPA. First of 

all, the signal received by the antenna will be studied in the time domain in order to 

have a compact expression for it. After that, the signal will be studied in the frequency 

domain and we will check that the rotating SPA goes from spatial diversity to frequency 

diversity. Due to it, the received signal is expanded in frequency, appearing a set of 

frequency sub-bands. We will also explore the frequency restrictions of the antenna and 

a vectorial form of each frequency sub-band will be provided. The use of the rotating 

SPA will have an impact on the SNR of the system. In this chapter, we will also explain 

this impact and what the implications of this non-desirable effect would be. Finally, 

Chapter 4 will study what happens when we sample the rotating SPA. We will check the 

implications of sampling the radiation pattern of the antenna and the results when we 

sample the pattern with different sampling rates. 

The next three chapters are focused on the antenna design for the system we suggest. 

Chapter 5 provides the set of antenna specifications we will need in the design, and it  

will also explain the antenna feeding.  

The design of the antenna using monopoles is widely analyzed in Chapter 6. We start 

introducing the main concepts of monopole antennas and we study the behaviour when 

modifying different parameters of the structure. Once we have modelled the structure, 

we can introduce the parasitic elements to study their behaviour testing different 

configurations. We will also study the limit in the number of parasitic elements that we 

can introduce in the structure and the theoretical channel capacity we can achieve with 

the antenna we suggest. Finally, we will analyse the performance of an antenna formed 

by two active monopoles surrounded by a set of parasitic elements (this antenna will be 

a good candidate when implementing an adaptive antenna). 

Chapter 7 will explore the solution by using patch antennas. A theoretical 

explanation about microstrip antennas is provided and, after that, the suggested SPA 

using patches is presented and studied in terms of antenna specifications. We will 

suggest two antennas: one that covers two directions and another one which beam can 

be oriented to four directions. As in Chapter 6, we will study the theoretical channel 

capacity that we can provide with this antenna. Finally, we will also investigate an array 
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of two active elements that could be potentially used in the design of an adaptive 

antenna. 

The last chapter, Chapter 8, is assigned to provide the most important conclusions of 

the project and different possible lines of future work are suggested. 

As we have commented, we will study the theoretical channel capacity of the system 

for the rotating SPA. Therefore, it is necessary to have a statistical model in order to 

compute this value. Appendix A offers the description of the channel model we have 

used and how the parameters are calculated. 

Appendix B explains how we can calculate the correlation coefficient when we have 

a set of discrete values of the radiation pattern instead of having a continue value of it. 

As it is deduced in Chapter 4, the rotating SPA can not be used at the transmitter part 

because of the frequency expansion. It does not mean that we can not use the 

advantages of the parasitic elements at the transmitter part. In fact, we can use them for 

implementing adaptive antennas. In Appendix C, different applications are suggested in 

order to use the SPA at the transmitter side. 

The parasitic elements can be either open-circuited or short-circuited. Hence, we 

need a device that can provide us this behaviour. This behaviour can be obtained by the 

use of active loads, what is explained in Appendix D. 

Appendix E explores two possible strategies for increasing the channel capacity by 

using alternatives coding forms, like STBC, or by using other modulation techniques, 

like MIMO OFDM. 

Finally, Appendix F contents the different MATLAB
®
 functions that were coded for 

computing different results of the project.  
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Chapter 2 
 

Theoretical background of MIMO 

systems 
 

 

 

2.1. Introduction. 

In a mobile and Wireless environment, strong fading occurs due to multipath 

propagation. Traditionally, this behaviour is not desired and the receiver must act 

against it, using techniques such as channel equalization. The main problem multipath 

propagation presents in that kind of systems is the Inter Symbol Interference (ISI).  

A few years ago, a new kind of communication system appeared: MIMO. The idea 

of MIMO is to try to use the multipath propagation for improving the performance of 

the system. In fact, with it, we will achieve high spectral efficiency. Spectral efficiency 

is the capacity of the channel per unit bandwidth (measured in bps/Hz). In order to 

obtain high spectral efficiency with MIMO systems, it is necessary to have a technique 

of multiplexing called spatial multiplexing, where different signals are transmitted from 

different antennas at the same time. The set of antennas of the receiver receives a 

superposition of all the transmitted signals. Due to it, it is necessary that the receiver 

solves a linear equation system to demodulate the data stream. Spatial multiplexing can 

be used with or without transmit channel knowledge. 

Therefore, the received signals by the multiple antennas (with different position, 

polarization or radiation patterns) are combined so as to avoid the fading. It means an 

increasing in the SNR, what leads to an increasing in the channel capacity. For 
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achieving it, it is necessary to have an environment rich in scattering. The main problem 

that MIMO systems have is that the received signals must be as much uncorrelated as 

they can. 

On the other hand, MIMO is used in Wireless systems, particularly in WiFi (standard 

IEEE 802.11n). This standard works at the frequency of 2.44GHz. Hence, we will 

characterize the radiation structures we are going to study in order to optimize their 

behaviour at this frequency. Therefore, the results we get in the present thesis can be 

extensible to another technology, working at another frequency and using the concept of 

MIMO. 

2.2. Working principle of MIMO systems. 

We have already explained that, due to the use of the space by Wireless 

communications when transmitting information, the transmitted signals in such a 

scenario are affected by multiple scatterers that can be located in a set of random 

positions in the telecommunications link. These scatterers correspond to many objects, 

such as buildings, people, trees, ground and cars, among others. Another related 

problem is that some of these scatterers can be in movement, what can make more 

difficult the decoding of the transmitted information. 

Usually, the receiver is also in movement. A consequence of it is that the signals in 

mobile communications are affected by fading. Fading is a random behaviour that is the 

main consequence of the environments where the multipath is present. Its effect is that, 

sometimes, the signal is lost due to a destructive contribution of different signals that 

arrive to the receiver. 

Traditionally, fading has been considered as a problem in Wireless communications. 

Different solutions have been proposed for trying to avoid (or minimize) its effects, but 

the most important is called diversity. Basically, the idea beyond diversity lies in adding 

redundancy to the system. The necessity of this redundancy means that we need to have 

two or more received signals that must have an uncorrelated fading, this is, when one or 

more of the received signals are in a fade, at least one of the others should not be. 

In fact, when transmitting and receiving through several antennas in a simultaneously 

way, the reliability of the link can be highly improved, mitigating the fadings and 

diminishing the error rate. If all the links of the MIMO channel suffer fadings in an 

independent way and the transmitted signal is adequately formed, the receiver can 
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combine the received signals such that the resulting one compensates largely the fadings 

of the SISO channel. That means that the SNR will be highly improved. Spatial 

diversity gain of the MIMO system represents the improvement in the SNR averaged in 

time, regarding to the SNR in the SISO channel.  

As a consequence of this, it seems reasonable to think that we need a method that 

combine the different received signals in this scenario trying to get the original 

transmitted data. There are different ways for implementing diversity, but MIMO 

systems use spatial diversity, because these systems use several antennas (both in 

transmission and in reception) and, as a consequence of it, different channels are created 

in the link. 

In addition of spatial diversity, MIMO systems usually use beamforming in order to 

improve the received signals. Beamforming has to do with concentrating a high quantity 

of energy towards certain directions of the space, what means an increasing in the SNR. 

As it has been commented before, MIMO systems use spatial diversity what leads to 

the use of the spatial multiplexing. In spatial multiplexing, the stream of data the 

transmitter sends is multiplexed into several parallel streams, and each stream is 

transmitted simultaneously by different antennas. Therefore, in a MIMO system, each 

transmitting antenna transmits one part of the original data stream (i.e. each antenna 

transmits a different signal) and the receiver will have to recover the original data. On 

the other hand, all of the antennas transmit at the same frequency. 

The set of transmitted signals will arrive to the receiver, each of them through 

different paths from different transmitting antennas. Hence, the received signal from the 

multiple antennas of the receiver is a combination of the set of different streams of the 

transmitting antennas. As we will explain in Section 2.3, we will have to solve an M 

linear equation system (where M is the number of receiving antennas). 

The aim we are trying to find is that, since the receiver will detect the same signal 

after passing through different path in the multiple receiving antennas, at least, one of 

these signal detections will not be in a fade. This implies that the channel capacity will 

increase since the correlation coefficient between the received signals of different 

antennas is low. In addition, we will need a rich scattering scenario because a rich 

multipath propagation channel is required. 

Fig. 2.1 shows how MIMO takes advantage of the multipath and of the number of 

antennas both in the transmitter and in the receiver. It is checked that the higher the 

number of antennas is, the better values of the channel capacity we have. Another effect 
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that is present in any telecommunication system is that the channel capacity increases if 

the SNR increases. 

 

Fig. 2.1. SNR vs. Channel capacity of a MIMO system when having different number of antennas 

both at the transmitter and at the receiver. 

One of the key points of MIMO technology is how MIMO recovers the original 

transmitted signal from the multiple signals that arrive to the receiver. This is a difficult 

task and it is necessary to have a specific Digital Signal Processing (DSP) chains that do 

this work. Apart from this, it is also necessary to have different special and robust 

algorithms at the receiving end to decode and combine the multiple received signals that 

represent the original transmitted information. Therefore, due to the use by MIMO of 

spatial multiplexing, the receiver is complex in terms of hardware (antennas, RF and 

DSP chains) and software (algorithms to decode the original signal from the multiple 

received signals). That is why, in the last few years the use of Orthogonal Frequency 

Division Multiplexing (OFDM) as modulation technique in MIMO systems, is being 

used. OFDM faces the problems originated by multipath environment in a quite 

efficiently way. As a matter of fact, the IEEE 802.11n standard recommends the use of 

MIMO-OFDM. 

In OFDM, different subcarriers are chosen and all of them are orthogonal one to each 

other. It means that cross-talk between the channels that are formed is eliminated. Each 

subcarrier is modulated with different information with a low bit rate. In comparison 

with conventional Frequency Division Multiplexing (FDM), the design of both 

transmitter and receiver is simplified and quite good performance is achieved by using 

the Fast Fourier Transform (FFT) and the Inverse Fast Fourier Transform (IFFT). 

Another advantage of the use of OFDM modulation is that the use of the spectrum is 

maximized. 
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MIMO is called to be used in mobile standards such as 3GPP and 3GPP2 and in the 

4G mobile systems.  

2.3. Mathematical characterization of a MIMO system. 

The basic scheme a traditional MIMO system has is as the one that is shown in Fig. 

2.2. 

 

Fig. 2.2. Traditional MIMO system scenario.  

As we can see in Fig. 2.2, we have N antennas for the transmission and M for the 

reception. Each received signal can be expressed as follows: 

𝑦𝑀 =  𝑀𝑖 ⋅ 𝑥𝑖

𝑁

𝑖=1

+ 𝑛𝑀     (2.1) 

𝑤𝑒𝑟𝑒 𝑦𝑀 ≡ 𝑀𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑏𝑦 𝑡𝑒 𝑀𝑡 𝑟𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑎𝑛𝑡𝑒𝑛𝑛𝑎            

               𝑀𝑖 ≡ 𝑐𝑎𝑛𝑛𝑒𝑙 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑒 𝑖𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎  
       𝑎𝑛𝑑 𝑡𝑒 𝑀𝑡 𝑟𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑎𝑛𝑡𝑒𝑛𝑛𝑎                                 

         𝑥𝑖 ≡ 𝑖𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝑡𝑒 𝑖𝑡 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 

       𝑛𝑀 ≡ 𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑊𝑖𝑡𝑒 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 𝑁𝑜𝑖𝑠𝑒  𝐴𝑊𝐺𝑁  𝑓𝑜𝑟 𝑡𝑒 𝑀𝑡  
𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙                                                          

From (2.1), we can extend the equation to a vectorial form as follows: 

𝒀 = 𝑯𝑿 + 𝒏     (2.2) 
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            𝑤𝑒𝑟𝑒 𝒀 =  𝑦1   𝑦2  …   𝑦𝑀 
𝑇 ≡ 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 

𝑿 =  𝑥1  𝑥2  …   𝑥𝑁 
𝑇 ≡ 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙𝑠         

                     𝑯 =  𝑗𝑖    𝑤𝑖𝑡 𝑖 ∈  1, 2,… ,𝑁 , 𝑗 ∈  1, 2,… ,𝑀 ≡ 𝑐𝑎𝑛𝑛𝑒𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

                              𝑡𝑎𝑡 𝑖𝑠 𝑡𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑜𝑓 𝑡𝑒 𝑐𝑎𝑛𝑛𝑒𝑙 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑒 𝑖𝑡  
                              𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑎𝑛𝑑 𝑡𝑒 𝑗𝑡 𝑟𝑒𝑐𝑒𝑖𝑣𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 

  𝒏 =  𝑛1  𝑛2  …   𝑛𝑀 
𝑇 ≡ 𝐴𝑊𝐺𝑁 𝑓𝑜𝑟 𝑡𝑒 𝑟𝑒𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑎𝑛𝑡𝑒𝑛𝑛𝑎𝑠 

If we expand the expression of (2.2) we get: 

 
 
 
 
 
𝑦1

𝑦2

𝑦3

⋮
𝑦𝑀 

 
 
 
 

=

 
 
 
 
 
11 12 … 1𝑁

21 22 … 2𝑁

31 32 … 3𝑁

⋮ ⋮ ⋱ ⋮
𝑀1 𝑀2 … 𝑀𝑁 

 
 
 
 

⋅  

𝑥1

𝑥2

⋮
𝑥𝑁

 +

 
 
 
 
 
𝑛1

𝑛2

𝑛3

⋮
𝑛𝑀 

 
 
 
 

⇒ 

⇒

 
 
 

 
 

𝑦1 = 11 ⋅ 𝑥1 + 12 ⋅ 𝑥2 + …+ 1𝑁 ⋅ 𝑥𝑁 + 𝑛1

𝑦2 = 21 ⋅ 𝑥1 + 22 ⋅ 𝑥2 + …+ 2𝑁 ⋅ 𝑥𝑁 + 𝑛2

𝑦3 = 31 ⋅ 𝑥1 + 32 ⋅ 𝑥2 + …+ 3𝑁 ⋅ 𝑥𝑁 + 𝑛3

⋮
𝑦𝑀 = 𝑀1 ⋅ 𝑥1 + 𝑀2 ⋅ 𝑥2 + …+ 𝑀𝑁 ⋅ 𝑥𝑁 + 𝑛𝑀

      (2.3) 

Obviously, the receiver should be able to estimate the transmitted signal X. 

Assuming that we have knowledge about the channel H, and that the noise n is AWGN 

with mean 0 and standard deviation σn, we can estimate X from the following 

expression: 

𝑿 = 𝑯−1 ⋅  𝒀 − 𝒏     (2.4) 

As we can check in (2.4), we will be able to compute X if  𝑯 ≠ 0. This condition 

makes that if the received signals are correlated, we will not be able to estimate the 

transmitted signal X. 

The correlation is a property that expresses how similar two statistical variables are. 

Therefore, if, for some reason, two received signals are correlated (for example they are 

a linear combination one of the other one), the determinant of the channel matrix will be 

0. The correlation is a value that can go from 0 (the two signals are completely 

uncorrelated) to 1 (the two signals are completely correlated). So ideally we look for 

that the correlation between two signals is 0, although in the Section 2.4 we will show 

that correlation values different from 0 can be accepted. 
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2.4. MIMO channel capacity and diversity gain. 

The big advantage of MIMO systems is that they can improve significantly the 

channel capacity and, for doing it, it is not necessary to increase the transmitted power 

or the bandwidth. 

In the nineties, different researches (such as [24]) were carried out in order to provide 

different expressions for the MIMO channel capacity. These expressions tried to be 

equivalent to those that were suggested by Shannon some years before for SISO 

channels [27]. The deduced expressions assure high spectral efficiency, which is 

increased linearly by the number of antennas. 

The quality of a MIMO system in a fading multipath environment is characterized by 

the maximum available capacity. This parameter depends on the available channel state 

at receiver and transmitter, the SNR and the correlation between the channel gains on 

each antenna element.  

From the Shannon’s expression for the channel capacity for SISO systems, both the 

SNR and the number of equivalent sub-channels with their respective gains provided by 

the eigenvalues of 𝑯 ⋅ 𝑯∗ determine the spectral efficiency of MIMO systems. This is 

quite important to highlight because, in MIMO systems, both the number of equivalent 

sub-channels and their gain constitute the main advantage of these systems in 

comparison with the traditional SISO. 

Taking it into account, we can write the expression of the channel capacity of a 

MIMO system as follows [37]: 

𝐶 = 𝑙𝑜𝑔2   𝑰𝑀𝑥𝑀 +
𝑆𝑁𝑅

N
⋅ 𝑯𝑀𝑥𝑁 ⋅ 𝑯𝑀𝑥𝑁

∗        (2.5) 

𝑤𝑒𝑟𝑒 𝑁 ≡ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎𝑠                                                 

 𝑀 ≡ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑐𝑒𝑖𝑣𝑖𝑛𝑔 𝑎𝑛𝑡𝑒𝑛𝑛𝑎𝑠                                            

𝑆𝑁𝑅 ≡ 𝑆𝑖𝑔𝑛𝑎𝑙 𝑡𝑜 𝑁𝑜𝑖𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 𝑎𝑡 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟                                

                𝑯 =  𝑗𝑖  ≡ 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑝𝑎𝑡 𝑔𝑎𝑖𝑛 𝑓𝑟𝑜𝑚 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 𝑖 𝑡𝑜 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑗      

MIMO systems increase the channel capacity of a Wireless communication system 

that works in a rich multipath environment. It has shown that MIMO systems provide 

this feature since they can provide several independent communication channels 
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between the transmitter and the receiver. In an ideal multipath channel, the theoretical 

maximum of MIMO capacity increases linearly by a factor 𝑘, where 𝑘 is the smallest 

number of antennas between the number of the transmitter and the number of the 

receiver.  

Therefore, for high values of SNR it can be verified that the increasing of the channel 

capacity as a function of the SNR is almost linear by a factor 𝑚𝑖𝑛(𝑀,𝑁). 

Even so, this capacity can be highly improved by using the frequency diversity that 

hybrid MIMO-OFDM systems provide. 

However, in a real implementation of a MIMO system, this ideal channel capacity is 

reduced due to the correlation of the signals at the receiver. Therefore, this parameter is 

fundamental when we design a MIMO system, due to the increasing capacity in a low 

correlated scenario. 

As we have introduced in Section 2.3, for achieving a high capacity in MIMO 

systems or a large diversity gain, the signals received by different antennas must have 

low correlation (ideally 0). 

 

Fig. 2.3. Theoretical average channel capacity of a 2x2 MIMO system as a function of SNR for 

different correlation values according to the Kronecker model [18]. 

In Fig. 2.3 we can see that the correlation coefficient and the channel capacity are 

highly related: for the same value of the SNR, the lower the correlation coefficient is, 

the higher the channel capacity is. 

From the farfield radiation patterns of two antennas, and assuming a Clarke’s 

scenario, we can define the correlation coefficient of the signals received by two 

patterns as follows [40]: 
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𝜌 =
 𝐺1

   ⋅ 𝐺2
∗   𝑑Ω

4𝜋

  𝐺1
   ⋅ 𝐺1

∗   𝑑Ω
4𝜋

  𝐺2
   ⋅ 𝐺2

∗   𝑑Ω
4𝜋

     (2.6) 

𝑤𝑒𝑟𝑒 𝐺1
   ≡ 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑡𝑡𝑒𝑟 𝑜𝑓 𝑡𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 1                                                 

𝐺2
   ≡ 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑡𝑡𝑒𝑟 𝑜𝑓 𝑡𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 2                                   

𝑑Ω = 𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙 ≡ 𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑔𝑙𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡                                      

If we expand 𝐺1
    and  𝐺2

   , we obtain: 

 𝐺1
   = 𝐺1𝜃𝜃 + 𝐺1𝜙𝜙 

𝐺2
   = 𝐺2𝜃𝜃 + 𝐺2𝜙𝜙 

 ⇒

𝐺1
   ⋅ 𝐺2

∗   = 𝐺1𝜃 ⋅ 𝐺2𝜃
∗ + 𝐺1𝜙 ⋅ 𝐺2𝜙

∗

𝐺1
   ⋅ 𝐺1

∗   = 𝐺1𝜃 ⋅ 𝐺1𝜃
∗ + 𝐺1𝜙 ⋅ 𝐺1𝜙

∗

𝐺2
   ⋅ 𝐺2

∗   = 𝐺2𝜃 ⋅ 𝐺2𝜃
∗ + 𝐺2𝜙 ⋅ 𝐺2𝜙

∗

     (2.7) 

If we replace (2.7) in (2.6), we will be able to calculate the correlation coefficient 

just solving the expression, as shown in (2.8). 

𝜌 =
  𝐺1𝜃 ⋅ 𝐺2𝜃

∗ + 𝐺1𝜙 ⋅ 𝐺2𝜙
∗  𝑑Ω

4𝜋

   𝐺1𝜃 ⋅ 𝐺1𝜃
∗ + 𝐺1𝜙 ⋅ 𝐺1𝜙

∗  𝑑Ω
4𝜋

   𝐺2𝜃 ⋅ 𝐺2𝜃
∗ + 𝐺2𝜙 ⋅ 𝐺2𝜙

∗  𝑑Ω
4𝜋

     (2.8) 

On the other hand, when we compute the correlation coefficient, values lower than 

0.5 would achieve a good value for the diversity gain, which would lead to good results 

for the channel capacity [9]. 

In fact, in Fig. 2.4 it is shown the reduction of diversity gain as a function of the 

correlation coefficient. 

As we can check in Fig. 2.4, this reduction is quite low if the correlation coefficient 

is lower than 0.5, and it starts to increase quickly for correlation coefficients higher than 

this value. 
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Fig. 2.4. Reduction of diversity gain vs. Correlation coefficient. 

Diversity gain is the increase in the signal to interference ratio due to the use of two 

or more parallel communication channels. In Fig. 2.5 we can see that for two 

uncorrelated antennas and an accepted Bit Error Rate (BER) of 1%, the theoretical 

diversity gain is 10dB. 

 

Fig. 2.5. Cumulative Probability vs. SNR.  

Diversity gain is quite related to correlation coefficient. In fact, we can calculate it 

using the following expression [40]: 

𝐷𝐺 = 10 ⋅  1 −  0.99 ⋅ 𝜌 2      (2.9) 

𝑤𝑒𝑟𝑒 𝐷𝐺 ≡ 𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝐺𝑎𝑖𝑛                                                                                       

𝜌 ≡ 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡                                                           
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Once we have explained a brief theoretical background of MIMO systems, we are 

going to introduce the particular application to the present project and what we are 

looking for with this research. 
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Chapter 3 
 

Switched Parasitic Antenna 
 

 

 

3.1. Different way for implementing a MIMO transceiver. 

We have seen that the main characteristic of MIMO systems is that they try to take 

advantage of the fact of having a multipath environment. For doing it, in traditional 

MIMO systems, it is necessary to have multiple antennas both in the transmitter and in 

the receiver. 

This necessity is a problem in some devices where the space is limited. The best 

example is mobile devices. Nowadays, the industry wants to manufacture devices with a 

lot of functionalities in a small space, so the necessity of having multiple antennas is a 

limitation when we want to integrate them in a mobile phone for providing MIMO 

connectivity. Probably, the integration of antennas is one of the most difficult and 

expensive parts in the integration process. And not only the antenna, but we also need to 

integrate its corresponding RF chain to be able to process the RF signal. Integration of 

RF chains is also a quite difficult and expensive process. 

This is the cornerstone of the present project. The idea we want to explore is: could 

we implement and simulate the behaviour of a MIMO transceiver using just one or two 

active antennas? And, if so, how to do it? We will try to answer these questions and, to 

do it, we will implement the SPA. 

The method is that we will have one or two active antenna elements (with their 

corresponding RF chain connected to each one) and a set of parasitic elements around 
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the antenna. Depending on what parasitic elements are short-circuited, we will be able 

to orient the beam towards different regions of the space.  

 

Fig. 3.1. General diagram of the SPA with one single active element and two parasitics.  

In Fig. 3.1 we can see the general scheme for the suggested SPA for the particular 

situation of one active element and two parasitics. As we can check, the model we 

suggest in this project will be more compact than having multiple antennas. 

As the beam will be able to be oriented towards different directions, it will have a 

similar behaviour to have multiple antennas. The advantage we have is that we reduce 

the cost of the device and the cost of integrating it. However, this system also presents 

some key points we need to take into account: 

- As we want to implement it in a small device, we will try to design the 

antenna as compact as we can, so we must pay attention to the coupling 

effects that are stronger when the elements of a radiation structure are closer. 

- We need that the two farfield radiation patterns of two switch configurations 

must be as more uncorrelated as possible. This aim is also necessary in the 

traditional MIMO systems. 

- In the case of the rotating SPA, we need to cover all the positions we want to 

scan at each symbol period. Therefore, if we call 𝑇𝑠  to the symbol period, 𝑇𝑟  

to the antenna rotation period, 𝑇𝑝𝑜𝑠  to the time the antenna is in one of the 

possible directions towards it can point and 𝑀 to the possible directions the 

beam can be oriented to, we can write:  

 𝑇𝑠 ≥ 𝑇𝑟
𝑇𝑟 ≥ 𝑀 ⋅ 𝑇𝑝𝑜𝑠

 ⇒ 𝑇𝑠 ≥ 𝑇𝑟 ≥ 𝑀 ⋅ 𝑇𝑝𝑜𝑠      (3.1) 

If we do not satisfy 𝑇𝑠 ≥ 𝑇𝑟 , we will invade the time slot of the next symbol. 

- One of the features we look for in any communication system is high symbol 

rate, so considering the last point, it would be necessary to have fast RF 
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switches for changing the direction of the beam. This key point represents a 

quite interesting research topic for a possible industrial application of the 

suggested scheme. 

- Due to the time requirements we have fixed, the value of the SNR of the 

rotating SPA will be lower, so we will have to act against this disadvantage. 

Therefore, the aim will be to try to minimize the impact of these key points on the 

proposed solution, so that it can be implemented. 

On the other hand, we need also to define the antenna technology we are going to 

use. We can design a wide variety of antennas, but in this project we have chosen two 

possibilities. The first one is to use monopoles on a finite ground plane. The second one 

is to implement it using patch antennas. Patch antennas are a good solution when we 

want to integrate the antenna in a small device, such as a mobile phone. So, it could be a 

good new approximation for solving the proposed transceiver. There are different 

authors that have worked on the SPA using monopoles in the last years. On the contrary, 

the use of patch antennas instead of monopoles for implementing what we are looking 

for has not been studied so much, and only a few authors have worked on it. Hence, the 

second solution represents a big field for innovation and research. 

3.2. Equivalent circuit of the system. 

In Fig. 3.2 we can see the equivalent circuit of the suggested system, and from it, we 

will be able to write the equations that define the system, following a similar analysis to 

the one followed in [8]. 

 

Fig. 3.2. Equivalent circuit of the suggested system.  
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From Fig. 3.2, it is easy to deduce the following equation: 

𝑰𝑺 =  𝒁𝑻 + 𝒁𝑺 
−1 ⋅ 𝑽𝑺     (3.2) 

𝑤𝑒𝑟𝑒  𝑰𝑺 =  𝐼𝑆1 𝐼𝑆2 … 𝐼𝑆𝑁 𝑇 ≡ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑎𝑡 𝑓𝑙𝑜𝑤𝑠 𝑡𝑟𝑜𝑤 𝑒𝑎𝑐 𝑜𝑓       
                                                           𝑡𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 

           𝑽𝑺 =  𝑉𝑆1 𝑉𝑆2 … 𝑉𝑆𝑁 𝑇 ≡ 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑡𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 
                                     𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 

              𝒁𝑺 = 𝑑𝑖𝑎𝑔 𝑍𝑆1,𝑍𝑆2,… ,𝑍𝑆𝑁 ≡ 𝑖𝑛𝑝𝑢𝑡 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛  
                                                       𝑠𝑜𝑢𝑟𝑐𝑒𝑠 𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 

 𝒁𝑻 ≡ 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟            

We can also write: 

𝐕𝐎 = 𝑮 ⋅ 𝑰𝒔     (3.3) 

𝑤𝑒𝑟𝑒  𝑽𝑶 =  𝑉𝑂1 𝑉𝑂2 … 𝑉𝑂𝑀  𝑇 ≡ 𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑎𝑡 𝑎𝑟𝑟𝑖𝑣𝑒𝑠 𝑎𝑡 𝑒𝑎𝑐                
                                                     𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

𝑮 ≡ 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑡𝑎𝑡 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑠 𝑎𝑛𝑦 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐                  
𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑒 𝑐𝑎𝑛𝑛𝑒𝑙                                                      

It is important to know that the 𝑀 elements of the receiver include both the active 

elements and the parasitic elements. 

Finally, we also have: 

𝑽𝑹 = 𝒁𝑳 ⋅  𝒁𝑹 + 𝒁𝑳 
−1 ⋅ 𝑽𝑶      (3.4) 

𝑤𝑒𝑟𝑒  𝑽𝑹 =  𝑉𝑅1 𝑉𝑅2 … 𝑉𝑅𝑀  𝑇 ≡ 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 𝑏𝑦 𝑒𝑎𝑐                      
                                                    𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

𝒁𝑳 = 𝑑𝑖𝑎𝑔 𝑍𝐿1,𝑍𝐿2,… ,𝑍𝐿𝑀 ≡ 𝑙𝑜𝑎𝑑𝑠 𝑜𝑓 𝑒𝑎𝑐 𝑒𝑙𝑒𝑚𝑒𝑛𝑡            
                                  𝑜𝑓 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 

𝒁𝑹 ≡ 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟                  

Therefore, using (3.2), (3.3) and (3.4) we get: 

𝑽𝑹 = 𝒁𝑳 ⋅  𝒁𝑹 + 𝒁𝑳 
−1 ⋅ 𝑮 ⋅  𝒁𝑻 + 𝒁𝑺 

−1                       
𝑯

⋅ 𝑽𝑺 = 𝑯 ⋅ 𝑽𝑺     (3.5) 
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As we can see, we get a compact formulation of the suggested MIMO system. 

Moreover, it is quite simple now the modelization of the parasitic elements. In fact, if a 

parasitic element is connected to the 𝑖𝑡 receiving antenna, then 𝑍𝐿𝑖 is the variable that 

controls the element. In such a case, we only have interest in access to some of the 

variables of the vector 𝑉𝑅𝑖 , so we can define a permutation matrix 𝑺𝑹 for doing it: 

𝑽𝑹 = 𝑺𝑹 ⋅ 𝑽𝑹     (3.6) 

Obviously, 𝑺𝑹 will be a matrix of dimensions 𝑀𝐴𝑥𝑀 (being 𝑀𝐴 the number of active 

elements of the receiver side), and 𝑽𝑹  will be a vector of dimensions 𝑀𝐴𝑥1.  

If we replace (3.5) in (3.6) we finally get: 

𝑽𝑹 = 𝑺𝑹 ⋅ 𝑯   
𝑯 

⋅ 𝑽𝑺 = 𝑯 ⋅ 𝑽𝑺     (3.7) 

In the equation of (3.7), 𝑯  corresponds to the channel matrix of the suggested MIMO 

system. 

Therefore, finally we achieve the typical expression of a communication channel, so 

we will be able to estimate the Shannon channel capacity using an alternative formula 

than the one we suggested in (2.5): 

𝐶 =  𝑙𝑜𝑔2  1 +
𝛼𝑖 ⋅ 𝑃𝑡 ⋅ 𝑠𝑖

2

𝜍𝑛2
 

𝑟

𝑖=1

     (3.8) 

𝑤𝑒𝑟𝑒 𝑃𝑡 ≡ 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟                                                          

𝑠𝑖 ≡ 𝑖𝑡 𝑠𝑖𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑒 𝐻  𝑚𝑎𝑡𝑟𝑖𝑥                                     

𝑟 ≡ 𝑟𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡𝑒 𝐻  𝑚𝑎𝑡𝑟𝑖𝑥                                                              

𝜍𝑛
2 ≡ 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝐴𝑊𝐺𝑁                                           

       𝛼𝑖 ≡ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑛 𝑡𝑒 𝑖𝑡 𝑐𝑎𝑛𝑛𝑒𝑙 
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Chapter 4 
 

Mathematical characterization of the 

rotating SPA 
 

 

 

4.1. Introduction. 

As it has been commented in Section 1.2 and 1.3, we can design either an adaptive 

antenna or a rotating SPA when using parasitic elements. 

In this section we are going to focus on the design of a rotating SPA. The reason is 

that, as it will be shown, implementing a rotating SPA has quite strong implications in 

multiple features of the system.  

4.2. Received signal in the time domain. 

Let us assume a directive antenna that can rotate 360𝑜  periodically. During a symbol 

period, the antenna gets linear combinations of signals that arrive to the receiver from 

different azimuthal angles. 

From here, we will assume also (from equation 3.1) that 𝑇𝑟 = 𝑀 ∙ 𝑇𝑝𝑜𝑠 . 

SPA will be able to point towards 𝑀 possible directions. On the other hand, 𝑃 

signals, from 𝑃 scatterers, will arrive to the antenna. 

The received signal in the transceiver will be periodic because the 𝑀 positions will 

be taken each 𝑇𝑟  and it will be repeated indefinitely. 
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We can define 𝑔𝑜 𝜙  as the radiation pattern of the antenna when the first possible 

position is covered, 𝑔1 𝜙  to the second possible position and so on until 𝑔𝑀−1(𝜙) to 

the last possible position. Also we define 𝑠(𝑡) as the signal that arrives to the antenna. 

Thereby, if we define 𝑟𝑚  𝑡  as the signal in the transceiver, we can write: 

𝑟𝑚  𝑡,𝜙 = 𝑔𝑚  𝜙 ∙ 𝑠 𝑡      (4.1) 

On the other hand, 𝑔𝑜(𝜙) is a discrete sequence of points (in this case, as many as 

the software CST Microwave Studio
®
 provides) that represents the radiation pattern for 

the initial position. We are only interested in those values that are in the same direction 

as each of the 𝑃 scatterers, i.e. 𝑃 points. Also, we are only interested in the value of 𝑠(𝑡) 

at each of those 𝑃 points. So, the signal that arrives to the transceiver for each of the 𝑀 

possible positions is the result of 𝑃 contributions. Thus, (4.1) can be rewritten as: 

𝑟𝑚  𝑡,𝜙 =  𝑔𝑚 (𝜙𝑝) ∙ 𝑠𝑝(𝑡)

𝑃−1

𝑝=0

     (4.2) 

𝑤𝑒𝑟𝑒 𝑔𝑚 𝜙𝑝 ≡ 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 𝑓𝑜𝑟 𝑡𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛              

                                  𝑚 𝑜𝑓 𝑡𝑒 𝑀 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑡𝑒 𝜙𝑝  𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛. 

        𝑠𝑝 𝑡 ≡  𝑠𝑖𝑔𝑛𝑎𝑙 𝑡𝑎𝑡 𝑎𝑟𝑟𝑖𝑣𝑒𝑠 𝑡𝑜 𝑡𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑓𝑟𝑜𝑚 𝜙𝑝  𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

On the other hand, we can define: 

𝑥 𝑡 =  
1 0 ≤ 𝑡 ≤

𝑇𝑟
𝑀 

0 𝑜𝑡𝑒𝑟𝑤𝑖𝑠𝑒

       4.3  

Being, in addition, 𝑥(𝑡) a periodic signal with a period of 𝑇𝑟 , as it has been explained 

before  𝑥 𝑡 = 𝑥 𝑡 + 𝑇𝑟  . The signal 𝑥(𝑡) will define the activation of the switches.  

Therefore, we can write that the received signal of the transceiver, 𝑟(𝑡), is as the one 

that is specified in (4.4). 

𝑟 𝑡 = 𝑟0 𝑡,𝜙 ∙ 𝑥 𝑡 + 𝑟1 𝑡,𝜙 ∙ 𝑥  𝑡 −
𝑇𝑟
𝑀
 + 𝑟2 𝑡,𝜙 ∙ 𝑥  𝑡 − 2

𝑇𝑟
𝑀
 + ⋯+ 

                    + 𝑟𝑀−1 𝑡,𝜙 ∙ 𝑥  𝑡 −  𝑀 − 1 
𝑇𝑟
𝑀
 =  𝑟𝑚  𝑡,𝜙 ∙ 𝑥  𝑡 − 𝑚

𝑇𝑟
𝑀
 

𝑀−1

𝑚=0

     (4.4) 
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If we replace (4.2) in (4.4): 

𝑟 𝑡 =   𝑔𝑚 𝜙𝑝 ∙ 𝑠𝑝 𝑡 ∙ 𝑥  𝑡 −𝑚
𝑇𝑟
𝑀
 

𝑃−1

𝑝=0

𝑀−1

𝑚=0

     (4.5) 

On the other hand, the radiation pattern at any of the 𝑀 possible directions is the 

same as the initial position, but rotated. In other words, radiation pattern at the second 

position is the same as at the first position but rotated 
2𝜋

𝑀
 radians. 

If we define 𝑔0 𝜙  as the pattern at the initial position, we have: 

 

𝑔1 𝜙 = 𝑔0  𝜙 −
2𝜋

𝑀
 

𝑔2 𝜙 = 𝑔1  𝜙 −
2𝜋

𝑀
 = 𝑔0  𝜙 − 2

2𝜋

𝑀
 

𝑔3 𝜙 = 𝑔2  𝜙 −
2𝜋

𝑀
 = 𝑔0  𝜙 − 3

2𝜋

𝑀
 

⋮

𝑔𝑀−1 𝜙 = 𝑔0  𝜙 −  𝑀 − 1 
2𝜋

𝑀
  

 
 
 
 

 
 
 
 

⟹ 𝑔𝑚  𝜙 = 𝑔0  𝜙 −𝑚
2𝜋

𝑀
 ⇒ 

⇒ 𝑔𝑚 𝜙𝑝 = 𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
      (4.6) 

If we replace (4.6) in (4.5): 

𝑟 𝑡 =   𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ∙ 𝑠𝑝 𝑡 ∙ 𝑥  𝑡 − 𝑚

𝑇𝑟
𝑀
 

𝑃−1

𝑝=0

𝑀−1

𝑚=0

     (4.7) 

As we have said, 𝑥(𝑡) is periodic, so we can write [2]: 

𝑥 𝑡 =  𝑎𝑙 ⋅ 𝑒
𝑗𝑙 𝜔𝑟 𝑡

∞

𝑙=−∞

     (4.8) 

As it is known from [2], we can describe any periodic square wave as: 

 𝑦 𝑡 =  
1  𝑡 ≤ 𝑇1

0 𝑇1 <  𝑡 ≤
𝑇0

2

 

𝑦 𝑡 = 𝑦(𝑡 + 𝑇0)

 ⇒ 𝑦 𝑡 =  𝑎𝑘 ⋅ 𝑒
𝑗𝑘 𝜔𝑟 𝑡

∞

𝑘=−∞

     (4.9) 
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𝑤𝑖𝑡  𝑎𝑘 =
𝜔0 ∙ 𝑇1

𝜋
∙ 𝑠𝑖𝑛𝑐  

𝑘 ∙ 𝜔0 ∙ 𝑇1

𝜋
 =

𝑠𝑖𝑛(𝑘 ∙ 𝜔0 ∙ 𝑇1)

𝑘 ∙ 𝜋
 

Hence, taking into account that 𝑥(𝑡) is a periodic square wave (that is shifted  
𝑇𝑟

2
 

compared with 𝑦(𝑡)), the Fourier series of 𝑥(𝑡) is: 

𝑥 𝑡 =  𝑎𝑙 ⋅ 𝑒
𝑗𝑙 𝜔𝑟  𝑡−

𝑇𝑟
2𝑀

 

∞

𝑙=−∞

     (4.10) 

𝑤𝑖𝑡  𝑎𝑙 =
𝑠𝑖𝑛  𝑙 ∙ 𝜔𝑟 ∙

𝑇𝑟
2𝑀 

𝑙 ∙ 𝜋
=
𝑠𝑖𝑛  𝑙 ∙

2𝜋
𝑇𝑟

∙
𝑇𝑟

2𝑀 

𝑙 ∙ 𝜋
=
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
 

Finally, if we replace (4.10) in (4.7): 

𝑟 𝑡 =   𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ∙ 𝑠𝑝 𝑡 ∙  

𝑠𝑖𝑛  
𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
⋅ 𝑒 𝑗𝑙 𝜔𝑟 𝑡−𝑚

𝑇𝑟
𝑀
−
𝑇𝑟

2𝑀
 

∞

𝑙=−∞

𝑃−1

𝑝=0

𝑀−1

𝑚=0

= 

         =  𝑒𝑗𝑙 𝜔𝑟 𝑡 ∙
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
  𝑔0  𝜙𝑝 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙𝜔𝑟 ∙

2𝑚−1
𝑀

∙𝑇𝑟 ∙ 𝑠𝑝 𝑡 

𝑀−1

𝑚=0

𝑃−1

𝑝=0

∞

𝑙=−∞

= 

         =  𝑒𝑗𝑙 𝜔𝑟 𝑡 ∙
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
  𝑔0  𝜙𝑝 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀 ∙ 𝑠𝑝 𝑡 

𝑀−1

𝑚=0

𝑃−1

𝑝=0                                   
𝑟𝑙 𝑡 

=

∞

𝑙=−∞

 

         =  𝑟𝑙 𝑡 ⋅ 𝑒
𝑗𝑙 𝜔𝑟 𝑡

∞

𝑙=−∞

     (4.11) 

4.3. Received signal in the frequency domain. 

Consulting the properties of the FT in [2], we can check that multiplying in the time 

domain a signal by a complex exponential means a frequency shift in the frequency 

domain, as it is shown in (4.12). 

𝑒𝑗𝜔0𝑡 ∙ 𝑥 𝑡 
        𝐹𝑇        
       𝑋(𝜔 −𝜔0)      (4.12) 

Therefore, if we use this property in (4.11), we will have that the FT of  𝑟(𝑡) is: 
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𝑅 𝜔 = 𝐹𝑇 𝑟(𝑡) = 𝐹𝑇   𝑟𝑙 𝑡 ⋅ 𝑒
𝑗𝑙 𝜔𝑟 𝑡

∞

𝑙=−∞

 =  𝐹𝑇 𝑟𝑙 𝑡 ⋅ 𝑒
𝑗𝑙 𝜔𝑟 𝑡 

∞

𝑙=−∞

 

=  𝑅𝑙(𝜔 − 𝑙𝜔𝑟 )

∞

𝑙=−∞

      4.13                                                     

On the other hand, we can also calculate the FT of 𝑟𝑙 𝑡  and we get: 

𝑅𝑙 𝜔 =
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
  𝑔0  𝜙𝑝 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀

∙𝑇𝑟 ∙ 𝑆𝑝 𝜔 

𝑀−1

𝑚=0

𝑃−1

𝑝=0

     (4.14) 

If we replace (4.14) in (4.13) we get: 

𝑅 𝜔 =  
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
  𝑔0  𝜙𝑝 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀

∙𝑇𝑟 ∙ 𝑆𝑝 𝜔 − 𝑙𝜔𝑟 

𝑀−1

𝑚=0

𝑃−1

𝑝=0

∞

𝑙=−∞

= 

           =   
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀  

𝑙 ∙ 𝜋
 𝑔0  𝜙𝑝 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀

∙𝑇𝑟

𝑀−1

𝑚=0                               
𝑤 𝑙 ,𝑝

𝑃−1

𝑝=0

∞

𝑙=−∞

∙ 𝑆𝑝 𝜔 − 𝑙𝜔𝑟 = 

           =   𝑤𝑙 ,𝑝

𝑃−1

𝑝=0

∞

𝑙=−∞

∙ 𝑆𝑝 𝜔 − 𝑙𝜔𝑟      (4.15) 

The expression we have deduced in (4.15) is quite interesting because of the 

implication it has. If we pay attention, it has been shown that, in the frequency domain, 

the received signal 𝑟(𝑡) is a set of infinite replications of the signal that arrives to the 

receiving antenna 𝑠(𝑡), where this signal is the result of the contribution of the signals 

that arrive from the 𝑃 different azimuthal angles  𝑠 𝑡 =  𝑠𝑝(𝑡)𝑃−1
𝑝=0  . Each one of 

these replications will have a different weight that will be defined by 𝑤𝑙 ,𝑝 . 

Therefore, the effect of the system we suggest is that spatial multiplexing turns into 

frequency multiplexing. 

On the other hand, we have seen that the fact of having infinite replications is the 

result of the periodicity of 𝑥(𝑡), as it is shown in (4.8). That is the reason why, in the 

transceiver, the signal 𝑟(𝑡) has infinite harmonics. In (4.9) we could realize that these 

harmonics will have a sinc-shaped envelope. The function sinc has the peculiarity of 
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having the most of its energy concentrated in the main lobe and the energy of the side 

lobes is shrinking. 

Thereby, this means that 𝑟(𝑡) can be considered as a band limited signal. Hence, 

instead of using the infinite harmonics of the signal, we are only interested in the first 𝐿, 

because the most part of the energy will be concentrated in them. 

In Fig. 4.1 the Fourier series coefficients for two typical values of 𝑀 for the SPA are 

shown. 

 

Fig. 4.1. Fourier series coefficients for two values of M.  

As we can see in Fig. 4.1 (a) and (b), in both cases, the most part of the energy is 

concentrated in the fundamental tone and in the first harmonics. In this way, in (a), the 

91.45% of the signal energy is concentrated in the fundamental tone and the 𝐿 = 2 

lower harmonics (red dashed line in the figure). On the other hand, in (b), the 87.56% 

of the signal energy is concentrated in the fundamental and in the 𝐿 = 4 lower 

harmonics (red dashed line in the figure). 

Therefore, as it has been demonstrated in (4.15), infinite frequency bands appear 

when using the SPA, but, in terms of frequency multiplexing, we are only interested in 

the replication at the fundamental frequency and the first 𝐿 replications that correspond 

to the first 𝐿 harmonics, because the rest of replications will have a small amplitude 

(what allow us to not consider them). 

Thereby, we can write (4.15) as: 
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0

0.2

0.4

0.6
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𝑅 𝜔 =   𝑤𝑙 ,𝑝

𝑃−1

𝑝=0

𝐿/2

𝑙=−𝐿/2

∙ 𝑆𝑝  𝜔 − 𝑙𝜔𝑟      (4.16) 

Doing it, 𝑅 𝜔  will now consist of 𝐿 + 1 replications of 𝑆 𝜔 . 

On the other hand, obviously, the last deductions have been done using the signal in 

base band (low pass equivalent). When transmitting the information in a real system, we 

will modulate the signal, so we will have a frequency shift, and the different signals will 

be centered on the carrier frequency (as it is shown in Fig. 4.2 and Fig. 4.3). 

 

Fig. 4.2. Spectrum of S(ω). 

So, for example, if we assume 𝐿 + 1 = 5, we have that 𝑅 𝜔  is as in Fig.4.3. 

 

Fig. 4.3. Spectrum of R(ω). 

From (4.16) and Fig. 4.3, we can conclude that the physical rotation of the antenna 

leads to frequency shifts of the received signal. 

The frequency shifts are shown in Fig. 4.3. For simplicity, all the replications appear 

with the same amplitude, but, as we have already explained, the amplitudes of them 

decrease due to the fact that the weights follow the shape of a sinc function.  
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4.4. Frequency restrictions. 

Taking Fig. 4.3 into account, we can conclude that we need a certain requirement on 

the rotation speed: 

a) So that the sub-bands do not overlap, we should respect: 

𝜔𝑐 −
𝐵𝑊

2
≥ 𝜔𝑐 −𝜔𝑟 +

𝐵𝑊

2
⇒ 𝜔𝑟 ≥ 𝐵𝑊     (4.17) 

Let us call 𝑇𝑠  to the period of the symbol we want to transmit, and assuming 

𝐵𝑊 =
2𝜋

𝑇𝑠
, we have that: 

𝜔𝑟 ≥
2𝜋

𝑇𝑠
     (4.18) 

b) We have checked that with the suggested system, spatial multiplexing of 

MIMO systems turns into frequency multiplexing. So, we have to guarantee 

that: 

𝜔𝑟 ≪ 𝜔𝑐      (4.19) 

So we can summarize the last two points in the following condition: 

1

𝑇𝑠
≤ 𝑓𝑟 ≪ 𝑓𝑐      (4.20) 

It is also quite important to think that, due to the spread of the spectrum, we can 

invade sub-bands where we can have other signals because they are reserved for other 

applications. Therefore, a possible solution should be to have a filter of wideband BW 

centred at the carrier frequency (𝑓𝑐 = 2.44𝐺𝐻𝑧 for IEEE 802.11n) after the antenna so 

as to not have any component overlapped with another application.  

4.5. Vectorial form for each sub-band. 

On the other hand, we can also write (4.11) in a vectorial form as follows (taking just 

the 𝐿 first replications instead of infinite): 
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𝑟 𝑡 =  𝑟𝑙 𝑡 ⋅ 𝑒
𝑗𝑙 𝜔𝑟 𝑡

𝐿
2 

𝑙=−𝐿 2 

                                                                                                                

     =  𝑒𝑗𝑙 𝜔𝑟 𝑡 ∙
𝑠𝑖𝑛  

𝑙 ∙ 𝜋
𝑀

 

𝑙 ∙ 𝜋       
𝑎 𝑙

  𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀 ∙ 𝑠𝑝 𝑡   

𝑀−1

𝑚=0

𝑃−1

𝑝=0

𝐿
2 

𝑙=−𝐿 2 

         

            =  𝑒𝑗𝑙 𝜔𝑟 𝑡 ∙ 𝑎𝑙   𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗𝑙2𝜋∙

2𝑚−1
𝑀 ∙ 𝑠𝑝 𝑡 

𝑀−1

𝑚=0

𝑃−1

𝑝=0                               
𝑟𝑙 (𝑡)

𝐿
2 

𝑙=−𝐿 2 

⇒                             

⇒

 
 
 
 
 
 
𝑟−𝐿/2 𝑡 

𝑟−𝐿/2+1 𝑡 

⋮
𝑟𝐿/2−1 𝑡 

𝑟𝐿/2 𝑡  
 
 
 
 
 

       
𝒓𝒍(𝒕)

 =

 
 
 
 
 
 
𝑎−𝐿/2 0 … 0 0

0       𝑎
−
𝐿
2

+1      
… 0 0

0 0 ⋱ 0 0
0 0 …  𝑎𝐿/2−1 0

0 0 … 0  𝑎𝐿/2 
 
 
 
 
 

                           
𝑨

⋅                                                                                                             

                                       ⋅  

 
 
 
 
 
 
 
 
 
 
 
 
 
 𝑔0  𝜙1 −𝑚

2𝜋

𝑀
 ⋅ 𝑒−𝑗 −

𝐿
2
 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0

…  𝑔0  𝜙𝑃 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 −

𝐿
2
 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0

 𝑔0  𝜙1 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 −

𝐿
2

+1 2𝜋∙
2𝑚−1
𝑀

𝑀−1

𝑚=0

…  𝑔0  𝜙𝑃 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 −

𝐿
2

+1 2𝜋∙
2𝑚−1
𝑀

𝑀−1

𝑚=0

⋮ ⋱ ⋮

 𝑔0  𝜙1 − 𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 

𝐿
2
−1 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0

…  𝑔0  𝜙𝑃 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 

𝐿
2
−1 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0

 𝑔0  𝜙1 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗  

𝐿
2
 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0

…  𝑔0  𝜙𝑃 −𝑚
2𝜋

𝑀
 ⋅ 𝑒−𝑗 

𝐿
2
 2𝜋∙

2𝑚−1
𝑀

𝑀−1

𝑚=0  
 
 
 
 
 
 
 
 
 
 
 
 

                                                         
𝑽

⋅

 
 
 
 
 
𝑠1 𝑡 

𝑠2 𝑡 

⋮
𝑠𝑃−1 𝑡 

𝑠𝑃 𝑡  
 
 
 
 

       
𝒔(𝒕)

   (4.21) 

𝑤𝑒𝑟𝑒 𝑟−𝑙  ≡ 𝑠𝑢𝑏𝑏𝑎𝑛𝑑 𝑎𝑟𝑜𝑢𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓𝑐 −
𝑙𝜔𝑟

2𝜋
                                 

          𝑨 ≡ 𝐹𝑜𝑢𝑟𝑖𝑒𝑟 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑝𝑎𝑡𝑡𝑒𝑟𝑛 (𝑡𝑒𝑦 𝑎𝑙𝑠𝑜 𝑎𝑟𝑒 

                    𝑎𝑛 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑒 𝑠𝑡𝑟𝑒𝑛𝑔 𝑜𝑓 𝑒𝑎𝑐 𝑠𝑢𝑏𝑏𝑎𝑛𝑑 𝑖𝑛 𝑡𝑒 𝑠𝑖𝑔𝑛𝑎𝑙) 

        𝑽 ≡ 𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑡𝑎𝑡 𝑚𝑎𝑘𝑒𝑠 𝑙𝑖𝑛𝑒𝑎𝑟 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 𝑜𝑓 𝑡𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 

𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑔𝑖𝑣𝑒𝑛 𝑏𝑦 𝑠 𝑡                                                             

          𝒔 𝒕 ≡ 𝑣𝑒𝑐𝑡𝑜𝑟 𝑡𝑎𝑡 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑠 𝑡𝑒 𝑠𝑒𝑡 𝑜𝑓 𝑡𝑒 𝑃 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 

𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑓𝑟𝑜𝑚 𝑡𝑒 𝑃 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒𝑠                   

4.6. Features when using the rotating SPA. 

In this section we are going to study the impact on the features we get when using the 

rotating SPA. 

It has been also shown in Section 4.5 that each of the sub-bands consists of 

independent linear combinations of the transmitted signal. Therefore, we get a MIMO 

receiver taking into account that the traditional MIMO receivers deduce the transmitted 
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signal from the linear combination of the 𝑁 signals that arrive to each of the 𝑀 

receiving antennas. Hence, each sub-band can be interpreted as having the same effect 

than each of the multiple antennas of the traditional MIMO systems. 

The fact of using the rotating SPA at the transmitter implies a reduction in the cost of 

the system (fewer active elements and, hence, fewer RF chains) and an improvement in 

the compaction of the system. Therefore, the next question is: does the fact of using the 

rotating SPA at the receiver have any impact on the features of the system? The answer 

is yes, because, as it is shown in [7], the use of the rotating SPA has an impact on the 

SNR in comparison with the SNR we would have if we used a conventional non-

rotating antenna. 

Therefore, if we accept the results of [7], calling 𝑆𝑁𝑅𝑐𝑜𝑛 𝑣  to the SNR that we would 

have if the antenna was non-rotating, 𝑆𝑁𝑅𝑟𝑜𝑡  to the SNR for the rotating antenna and 𝐿 

to the number of sub-bands that we take, it is fulfilled that: 

𝑆𝑁𝑅𝑟𝑜𝑡 =
𝑆𝑁𝑅𝑐𝑜𝑛𝑣
𝐿 + 1

     (4.22) 

Therefore, as in any communications system, the improvement of one parameter 

implies an impact on another one. In our case, we improve in terms of price and 

compaction of the system, but we have a negative effect on the SNR. 

On the other hand, if we pay attention to the equation (2.5), the capacity of the 

system has to do obviously with the SNR, so a reduction in the SNR will imply a 

decrease in the channel capacity. 

On the other hand, if the environment is rich in scattering, the limiting factor of the 

system will be the number of Fourier components. Hence, if 𝑀 = 4 positions, as it is 

shown in Section 4.3, it seems reasonable to use a number of 𝐿 = 4 sub-bands. It 

implies that the value of the SNR for the rotating SPA will be the value we will have if 

we have a traditional MIMO system but divided into four. This fact has an impact on the 

formula of the channel capacity, and the expression (2.5) will be modified as it is shown 

in Appendix A. 

Finally, taking into account the decrease in the channel capacity, the question we can 

think is obvious: can we compensate this decrease? Fortunately, the answer is yes, but it 

will be necessary the use of modulation techniques such as OFDM or coding techniques 

such as STBC. These techniques are explained in Appendix E. 
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4.7. Mathematical formulation for the sampled rotating antenna. 

Actually in any communications system, it is necessary a digital signal processing 

step after the radiofrequency chain. Therefore, we should study what happens when 

sampling the radiation pattern. 

Using the equations of Section 4.2, we can define the radiation pattern (𝑎(𝑡)) as 

follows: 

𝑎 𝑡 =   𝑔𝑚 𝜙𝑝 ∙ 𝑥  𝑡 − 𝑚
𝑇𝑟
𝑀
 

𝑃−1

𝑝=0

𝑀−1

𝑚=0

                                            

=   𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ∙ 𝑥  𝑡 − 𝑚

𝑇𝑟
𝑀
 

𝑃−1

𝑝=0

𝑀−1

𝑚=0

     (4.23) 

We also assume that the radiation pattern is sampled every 𝑇𝑐  seconds. If we want to 

sample the radiation pattern in all the possible directions, 𝑇𝑐  must satisfy the following 

condition: 

𝑇𝑐 ≤
1

𝑏
∙
𝑇𝑟
𝑀
 𝑤𝑖𝑡 𝑏𝜖ℕ      (4.24) 

Therefore, we can write 𝑎𝛿(𝑡) as the radiation pattern 𝑎(𝑡) when it is sampled: 

𝑎𝛿 𝑡 =  𝑎 𝑡 ∙ 𝛿 𝑡 − 𝑛𝑇𝑐 

∞

𝑛=−∞

= 

            =    𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ∙ 𝑥  𝑡 − 𝑚

𝑇𝑟
𝑀
 ∙ 𝛿(𝑡 − 𝑛𝑇𝑐)

𝑃−1

𝑝=0

𝑀−1

𝑚=0

∞

𝑛=−∞

     (4.25) 

The expression (4.25) consists of a set of Dirac pulses, but what we would like to 

have is a constant value of the antenna pattern function during 𝑇𝑐  seconds after it 

changes the value. This issue is easy to get just computing the convolution between 

𝑎𝛿(𝑡) and a rectangular pulse 𝑝(𝑡) with duration 𝑇𝑐  seconds. If we do it, we get: 

𝑎𝑠 𝑡 = 𝑎𝛿 𝑡 ∗ 𝑝 𝑡 =  𝑎𝛿 𝜏 ∙ 𝑝 𝑡 − 𝜏 𝑑𝜏
∞

𝜏=−∞

=                                                                   

=     𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 ∙ 𝑥  𝜏 − 𝑚

𝑇𝑟
𝑀
 ∙ 𝛿(𝜏 − 𝑛𝑇𝑐)

𝑃−1

𝑝=0

𝑀−1

𝑚=0

∞

𝑛=−∞

∙ 𝑝 𝑡 − 𝜏 𝑑𝜏      (4.26)
∞

𝜏=−∞
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The expression shown in (4.26) is quite difficult to handle, so it would be better to 

study the sampling issues in the frequency domain. Hence, let us compute the FT of 

𝑎(𝑡): 

𝐴 𝜔 = 𝐹𝑇 𝑎 𝑡  = 𝐹𝑇

 
 
 

 
 

  𝑔0  𝜙𝑝 −𝑚
2𝜋

𝑀
 

𝑃−1

𝑝=0             
𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑥  𝑡 −𝑚
𝑇𝑟
𝑀
 

 
 
 

 
 

= 

           = 𝐹.   𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑥  𝑡 −𝑚
𝑇𝑟
𝑀
  = 

           = 𝐹𝑇  𝑏0 ∙ 𝑥 𝑡 + 𝑏1 ∙ 𝑥  𝑡 −
𝑇𝑟
𝑀
 + ⋯+ 𝑏𝑀−1 ∙ 𝑥  𝑡 − (𝑀 − 1)

𝑇𝑟
𝑀
        (4.27) 

As we can check in [2], the FT of a signal that is shifted in time is: 

𝑥 𝑡 − 𝑡0 
        𝐹𝑇        
       𝑒−𝑗𝜔 𝑡0 ∙ 𝑋 𝜔      (4.28) 

Using (4.28) in (4.27) we get: 

𝐴 𝜔 = 𝑏0 ∙ 𝑋 𝜔 + 𝑏1 ∙ 𝑒
−𝑗𝜔

𝑇𝑟
𝑀 ∙ 𝑋 𝜔 + ⋯+ 𝑏𝑀−1 ∙ 𝑒

−𝑗𝜔
 𝑀−1 𝑇𝑟

𝑀 ∙ 𝑋 𝜔 = 

           = 𝑋 𝜔  𝑏𝑚  ∙ 𝑒
−𝑗𝜔

𝑚𝑇𝑟
𝑀

𝑀−1

𝑚=0

     (4.29) 

As it was explained in equation (4.3), 𝑥(𝑡) is a periodic square wave shifted 
𝑇𝑟

2𝑀
. 

Therefore using Fourier pairs and properties of [2] we can still study (4.29): 

𝐴 𝜔 = 𝑒−𝑗𝜔
𝑇𝑟

2𝑀  
2𝑠𝑖𝑛  𝑘 ∙ 𝜔𝑟 ∙

𝑇𝑟
2𝑀 

𝑘

∞

𝑘=−∞

∙ 𝛿 𝜔 − 𝑘 ∙ 𝜔𝑟  𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗𝜔𝑚
𝑇𝑟
𝑀 = 

           =  
2𝑠𝑖𝑛  𝑘 ∙

2𝜋
𝑇𝑟

∙
𝑇𝑟

2𝑀 

𝑘

∞

𝑘=−∞

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗𝜔  
𝑇𝑟

2𝑀
+
𝑚𝑇𝑟
𝑀

 ∙ 𝛿 𝜔 − 𝑘 ∙ 𝜔𝑟  = 

           =  
2𝑠𝑖𝑛  𝑘 ∙

𝜋
𝑀 

𝑘

∞

𝑘=−∞

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗𝑘𝜔 𝑟
 2𝑚+1 𝑇𝑟

𝑀 ∙ 𝛿 𝜔 − 𝑘 ∙ 𝜔𝑟 = 

           =  
2𝑠𝑖𝑛  𝑘 ∙

𝜋
𝑀
 

𝑘

∞

𝑘=−∞

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗𝑘
2𝜋
𝑀
 2𝑚+1 ∙ 𝛿 𝜔 − 𝑘 ∙ 𝜔𝑟      (4.30) 
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As we can see in (4.30), 𝐴 𝜔  is a set of infinite impulses. Each of these impulses is 

weighted by a coefficient which envelope follows the shape of a sinc function. 

Therefore, and as it was explained in section 4.3, we can consider, instead of the infinite 

impulses, the first 𝑘 because they will have concentrated the most part of the energy. 

Under this assumption and considering the first one (when 𝑘 = 0) and other 𝐾 = 4, we 

have the spectrum shown in Fig. 4.4. 

 

Fig. 4.4. Spectrum of A(ω). 

Therefore we can rewrite (4.30) as: 

𝐴 𝜔 =  
2𝑠𝑖𝑛  𝑘 ∙

𝜋
𝑀 

𝑘

𝐾/2

𝑘=−𝐾/2

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗
2𝜋
𝑀
 2𝑚+1 ∙ 𝛿 𝜔 − 𝑘 ∙ 𝜔𝑟      (4.31) 

Back to (4.26), we can compute the FT of 𝑎𝑠 𝑡  using the FT properties [2] as 

follows: 

𝑎𝑠 𝑡 = 𝑎𝛿 𝑡 ∗ 𝑝 𝑡 
        𝐹𝑇        
       𝐴𝑠 𝜔 =  𝐹𝑇 𝑎𝑠 𝑡  = 𝐴𝛿 𝜔 ⋅ 𝑃 𝜔      (4.32) 

First one, we can calculate 𝐴𝛿 𝜔  by using again the transform pairs and properties 

of the FT [2]: 

𝐴𝛿 𝜔 = 𝐹𝑇 𝑎𝛿 𝑡  = 𝐹𝑇   𝑎 𝑡 ⋅ 𝛿 𝑡 − 𝑛𝑇𝑠 

∞

𝑛=−∞

 =                                                   

                = 𝐹𝑇  𝑎 𝑡 ⋅  𝛿 𝑡 − 𝑛𝑇𝑠 

∞

𝑛=−∞

 =
1

2𝜋
 𝐹𝑇 𝑎 𝑡  ∗ 𝐹𝑇   𝛿 𝑡 − 𝑛𝑇𝑠 

∞

𝑛=−∞

  = 

       =
1

2𝜋
 𝐴(𝜔) ∗

2𝜋

𝑇𝑐
 𝛿  𝜔 −

2𝜋𝑣

𝑇𝑠
 

∞

𝑣=−∞

 =
1

𝑇𝑐
 𝐴 𝜔 −

2𝜋𝑣

𝑇𝑠
 

∞

𝑣=−∞

      4.33  
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If we replace (4.31) in (4.33) we get: 

𝐴𝛿 𝜔 =
1

𝑇𝑐
  

2𝑠𝑖𝑛  𝑘 ∙
𝜋
𝑀
 

𝑘

𝐾/2

𝑘=−𝐾/2

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗
2𝜋
𝑀
 2𝑚+1 ∙ 𝛿  𝜔 −

2𝜋𝑣

𝑇𝑐
− 𝑘 ∙ 𝜔𝑟 

∞

𝑣=−∞

     (4.34) 

Second one, we can calculate 𝑃 𝜔  as follows [2]: 

𝑝 𝑡 =

 
 
 

 
 1      𝑡 <

𝑇𝑐
2 

0      𝑡 >
𝑇𝑐

2 

         𝐹𝑇        
       𝑃 𝑤 = 𝑇𝑐 ⋅ 𝑠𝑖𝑛𝑐  𝜔

𝑇𝑐
2𝜋
      (4.35) 

At this moment, we can easily compute 𝐴𝑠 𝜔 , just replacing (4.34) and (4.35) in 

(4.32): 

𝐴𝑠,𝑝 𝜔 = 𝑠𝑖𝑛𝑐  𝜔
𝑇𝑐
2𝜋
   

2𝑠𝑖𝑛  𝑘 ∙
𝜋
𝑀
 

𝑘

𝐾/2

𝑘=−𝐾/2

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗
2𝜋
𝑀
 2𝑚+1 ∙ 𝛿  𝜔 −

2𝜋𝑣

𝑇𝑐
− 𝑘 ∙ 𝜔𝑟 

∞

𝑣=−∞

  (4.36) 

Equation (4.36) shows that the sampled antenna pattern function consists of a set of 

infinite spectral copies with different weights multiplied by a sinc function. The 

separation between each spectral copy is 2𝜋 𝑇𝑐
 . 

The result of equation (4.36) is easier to understand by using a graphical 

representation. For doing it, we can divide (4.36) into two functions: 

𝐴𝑠 𝜔 = 𝑌 𝜔 ⋅ 𝑍 𝜔    (4.37) 

𝑤𝑒𝑟𝑒 𝑌 𝜔 = 𝑠𝑖𝑛𝑐  𝜔
𝑇𝑐
2𝜋
                                                                                            

𝑍 𝜔 =   
2𝑠𝑖𝑛  𝑘 ∙

𝜋
𝑀 

𝑘

𝐾/2

𝑘=−𝐾/2

 𝑏𝑚

𝑀−1

𝑚=0

∙ 𝑒−𝑗
2𝜋
𝑀
 2𝑚+1 

∞

𝑣=−∞

⋅          

∙ 𝛿  𝜔 −
2𝜋𝑣

𝑇𝑐
− 𝑘 ∙ 𝜔𝑟                                         
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The graphical representation of 𝑌 𝜔  is as in Fig. 4.5. 

 

Fig. 4.5. Spectrum of Y(ω). 

On the other hand, the graphical representation of 𝑍 𝜔  is as it is shown in Fig. 4.6 

(assuming 𝐿 = 4 as in Fig. 4.4): 

 

Fig. 4.6. Spectrum of Z(ω). 

As we have written in (4.37), we obtain 𝐴𝑠 𝜔  by multiplying both signals of Fig. 

4.5 and Fig. 4.6, and the result is displayed in Fig. 4.7. 

 

Fig. 4.7. Spectrum of As(ω). 
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Notice that if we compare the continuously rotating antenna function 𝐴 𝜔  and the 

sampled rotating antenna function 𝐴𝑠 𝜔 , we can see that the second one has more 

infinite harmonics than the first one (which only has 𝐿). This does not mean that we 

improve the multiplexing gain, because it is a consequence of sampling any signal. 

4.8. Performance of the sampled rotating antenna. 

If we analyse Fig. 4.6, we can conclude that if we want to respect the Nyquist 

sampling theorem, it is necessary to satisfy the following condition: 

𝜔𝑐 −
𝐿

2
𝜔𝑟 >

𝐿

2
𝜔𝑟 ⇒ 𝜔𝑐 > 𝐿 ⋅ 𝜔𝑟      (4.38) 

If we respect (4.38), the sampled rotating antenna will have similar performance 

compared to the continuous rotating antenna. 

From equation (4.38) and from the figures Fig. 4.6 and Fig. 4.7, it is easy to deduce 

that the higher the sampling frequency is (𝜔𝑐 ≫ 𝐿 ⋅ 𝜔𝑟 ), the more similar to the 

continuously rotating antenna the sampled antenna pattern function is. In Fig. 4.8 we 

can see the difference if we do the sampling with different sampling frequencies.  

 

Fig. 4.8. Spectrum of As(ω) for different values of the sampling frequency. 

In Fig. 4.8, the sampling frequency in (a) is higher than in (b). We can appreciate that 

in (a), the sampled radiation pattern is centred in a narrower frequency band. We can 

also check that in this situation the higher harmonics of the signals are lower. Hence, we 

can conclude that in (a), the sampled radiation pattern is quite similar to the original one 

(without sampling). On the contrary, we can check in (b) that the level of the harmonics 
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is not worthless and the sampled radiation pattern is not centred in a narrow band. 

Hence, the sampled radiation pattern in (b) is less similar to the original one (without 

sampling) than in (a). 

So we can conclude that the features and performance we get with the sampled 

rotating antenna are quite good if we choose an appropriate value of the sampling 

frequency. This value should be 𝜔𝑐 ≫ 𝐿 ⋅ 𝜔𝑟 . Theoretically, if we choose this value for 

the sampling frequency, the system should work, but, in this situation we have a non 

desirable effect caused by the non ideal switches. The problem is that for sampling we 

need a sampled & hold circuit, but the higher the sampling frequency is, the faster the 

switches of the circuit must work. On the other hand, the more often we perform a 

switch, the more often the broadband impulse noise occurs. So this noise has an impact 

on the features we get. It is also important to think about the cost of the system, because 

the cost of a sample & hold circuit is higher if the sampling speed is higher. So we need 

to find an optimum value for the sampling frequency taking into account all these 

variables. 

4.9. Conclusions. 

From equation (4.16) and Fig.4.3, we can conclude that the physical rotation of the 

antenna leads to frequency shifts of the received signal. 

On the other hand, traditional MIMO systems use spatial diversity to increase the 

capacity of the system. In this way, using the 𝑁 signals that arrive to each of the 𝑀 

antennas, they use algorithms to determine the original sequence of data. In rotating 

SPA case, to have a set of sub-bands in frequency can be understood as the equivalent 

of having multiple antennas in traditional MIMO systems. This is because, now, it will 

be necessary algorithms that can recover the original sequence from these sub-bands.  

As we have seen, the number of sub-bands that appear is infinite. In a real system, it 

is not possible to take into account the infinite sub-bands, but a number 𝐿 of sub-bands 

will be taken into account instead, in a way that we will be able to reconstruct the signal 

as closely as possible from these 𝐿 sub-bands. Fortunately, as it was commented in 

section 4.2, each sub-band is multiplied by a weight, in a way that each weight, 

corresponding to each sub-band, is a harmonic. The envelope of these harmonics is a 

sinc. This is the reason why the energy is concentrated in the first harmonics. Therefore, 

taking a reasonable number 𝐿 of harmonics, we will be able to recover the information 

of the original signal. As it was shown in Fig. 4.1, the number 𝑀 of the possible 
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positions that are covered by the SPA has an important impact on the level of the 

harmonics and, hence on the number of frequency components that are necessary in 

order to recover the original signal as closely as possible. 

On the other hand, the appearance of the sub-bands has to do with the diversity gain. 

Therefore, we are not interested in that the number of sub-bands is too low. This means 

that, if the scattering is sufficiently rich, the limiting factor of the system will be the 

number of sub-bands. 

It implies that it is necessary to find a number 𝑀 that will be optimum for the 

possible positions of the rotating SPA. This number will provide a number 𝐿 of sub-

bands high enough and feasible to recover the signal. 

But, on the other hand, a high value of 𝑀 means that the antenna has to cover a high 

number of positions. As it will be shown later in Section 6.6, to cover more positions of 

the space implies a higher correlation coefficient between radiation patterns and, hence, 

there will be a decrease in the diversity gain. To avoid it, it will be necessary to have 

antennas which beam is as narrower as possible, because in this case the radiation 

pattern will be more uncorrelated. 

Since the rotating SPA expands the frequency bandwidth, it can not be used in the 

transmitter part because this frequency expansion would violate the spectrum 

regulations, overlapping other applications (such as satellite communications, television 

broadcasting and many others). Therefore, in the transmitter we can not use a rotating 

SPA, but it does not mean that the transmitter can not use a SPA with other purpose. In 

fact, frequency expansion is produced because the SPA rotates periodically, so the 

question is obvious: is there any application that uses SPA and the capacity of the 

MIMO system is increased? The answer is yes, and the solution is to implement an 

adaptive antenna. This antenna will be a SPA that uses the parasitic elements to 

orientate the beam towards different positions. In this way, and using an adaptive 

algorithm, depending on the scenario, the antenna will point the beam towards the 

direction that maximizes the capacity, changing this direction if the capacity is 

maximum when pointing towards other direction. This possible application and others 

are explained briefly in Appendix C. 

Thereby, by placing two adaptive SPAs at the transmitter, we could achieve a MIMO 

system that maximizes the capacity due to the fact that the beam points towards one or 

other one direction depending on the channel at every time. Thus, as we can see, we 

maximize the capacity with a non rotating antenna and, hence, we will not have 

frequency expansion. 
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As for the SNR, it has been shown that the implementation of the rotating SPA 

means that the value of the SNR decreases, what will have an impact on the features of 

the system. Therefore, it seems reasonable to think of different alternatives that can 

compensate that decrease. Some of them are suggested in Appendix E. 

Finally, it has been shown that the sampled rotating antenna can provide quite good 

performance, but this performance is quite dependant on the value of the sampling 

frequency.   
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Chapter 5 
 

Antenna specifications 
 

 

 

5.1. Introduction. 

As we have commented in the Section 1.3 of the present thesis, we are going to 

explore two possible antenna technologies for solving the system we suggest: 

monopoles and patches. 

Regardless of the technology we are analyzing, there are some parameters that are 

necessary to be studied to check if the antenna works correctly. We will also need to 

specify how we are going to feed the antenna. 

5.2. Fundamental parameters of the antenna design. 

There are a lot of parameters that define the performance of an antenna. In our case, 

we will focus on the following key points to determine how the design will be: 

a) Matching. This is a logical specification, because we look for radiating as 

much injected energy as possible. It means that it will be essential to study 

the scattering parameter S11 (or S11 and S22 if we have two active elements 

instead of one) in all the simulations. Specifically, we need that this 

parameter presents a value below −10𝑑𝐵 to validate the design. The 

explanation about why we choose this value is because, in that situation, we 

get that the value of the squared reflexion coefficient is 0.1, what means that 
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the 90% of the injected signal is radiated by the antenna. For achieving an 

acceptable matching we have different options: 

- The first one is to design a matching network. There are different ways 

to design a matching network but it implies to add another structure to 

the device. As we have said in the previous sections, one of the 

potential applications of the system we present is handset devices, 

where the space is a limiting factor. Therefore, to add a matching 

network does not seem to be a good idea because we should try to 

minimize the number of structures we have in the device. Hence, we 

must try to find another solution. 

- The second one is to try to control the antenna matching with the 

elements we have in the device, what means, for example, to modify the 

distance between parasitic element and monopole, length of the 

elements or shape of them, among others. This is the solution we are 

going to explore, and as we do not know which parameter can affect to 

the matching, we will need to do different simulations to know it and 

after this, we will be able to parameterize the structure.  

b) Radiation pattern. It can happen that the antenna presents a quite good 

matching but it does not have good radiation properties. If we want to know 

how the antenna radiates, we have to check the radiation pattern (either in 3D 

or in polar) to see if the antenna satisfies the specifications we want. So the 

next step is to try to specify which these specifications are. We have said that 

the idea is to change the radiation pattern using the parasitic elements to cover 

different areas of the space, trying to simulate the multiple antennas of 

traditional MIMO systems. So the first specification we need to cover is that 

the correlation coefficient between two radiation patterns (each one for one 

direction) must be low. A low correlation coefficient is highly related to a 

quite directive antenna. So, the radiation pattern should be as much directive 

as possible if we want to assure that the correlation coefficient is low.  

c) Electromagnetic coupling. The electromagnetic coupling is a non desirable 

effect and it is caused due to the proximity between elements. Each element 

can induce electromagnetic currents in the elements that are next to them and 

it can change the properties of the device, such as directivity, radiation 

efficiency, matching and many others.  
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The effect of electromagnetic coupling is obviously stronger if the elements 

are too close. As we have explained, we are looking for designing an antenna 

solution as much compact as we can, so the coupling will be a limiting factor 

of our system, and it will determine how much we can compact the system. 

d) Total efficiency and radiation efficiency. The total efficiency of the antenna 

(𝑒𝑜) takes into account the reflexion losses (𝑒𝑟), the conduction losses (𝑒𝑐) 

and the dielectric losses (𝑒𝑑). Therefore, we can write the mathematical 

expression of the total efficiency as it is specified in (5.1). 

𝑒𝑜 = 𝑒𝑟 ⋅ 𝑒𝑐 ⋅ 𝑒𝑑      (5.1) 

On the other hand, radiation efficiency of the antenna (𝑒𝑐𝑑 ) is defined as the 

product between 𝑒𝑐  and 𝑒𝑑 . 

𝑒𝑐𝑑 = 𝑒𝑐 ⋅ 𝑒𝑑      (5.2) 

Therefore, the total efficiency relates the radiated energy to the energy that 

feeds the antenna. On the contrary, the radiation efficiency relates the radiated 

energy to the injected energy in the antenna.  

The efficiency is a value that belongs to the interval [0, 1]. In both cases, 

ideally, we should try to have an efficiency of 1. 

e) Directivity and gain. These two parameters are highly related between them. 

In fact, this relation is shown in (5.3). 

𝐺 = 𝑒𝑐𝑑 ⋅ 𝐷 ⇒ 𝐺 𝑑𝐵 = 𝑒𝑐𝑑  𝑑𝐵 + 𝐷[𝑑𝐵𝑖]     (5.3) 

In both cases, the higher their value is, the better features and performance we 

will have. 

f) S parameters. The study of the S parameters is fundamental when designing 

an antenna because they are a valuable indication of the energy that is 

reflected, transmitted and coupled. 

If the antenna has only one active element, we will only have to study the |S11| 

parameter. This parameter will provide us the information about if the 

antenna is matched or not. On the other hand, when having an antenna with 

more than one active element we will also have to study the |S ij| parameters 
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(with 𝑖 ≠  𝑗). These parameters will compute the energy that is coupled in the 

active element 𝑖 from the active antenna 𝑗. 

5.3. Antenna feeding. 

There are different ways for feeding an antenna. One of the most common is to use a 

coaxial cable, and this is the one we are going to use in this project.  

 

Fig. 5.1. Coaxial cable. 

As we can see in Fig. 5.1, we will have to design two parameters to define the 

coaxial cable: the inner radius of the core (we will call it 𝑎) and the outer radius of the 

metallic shield (we will call it 𝑏). The idea of the coaxial cable we use is that we will 

connect the outer metallic shield to the ground plane and the inner core will be 

connected directly with the radiating active element. 

On the other hand and as we have said in Section 5.2, we want that the most of the 

injected energy is radiated. As we want to connect the antenna to other devices, the 

standard input impedance of the antenna should be 50Ω (the standard one). Therefore 

the characteristic impedance of the coaxial cable should be 50Ω. So, we can define the 

measures of 𝑎 and 𝑏 by using the expression of the characteristic impedance of a coaxial 

cable as follows: 

𝑍𝑜 =
𝜂

2𝜋
𝑙𝑛
𝑏

𝑎
=

1

2𝜋
 
𝜇𝑜
휀𝑜휀𝑟

𝑙𝑛
𝑏

𝑎
=

120𝜋

2𝜋

1

 휀𝑟
𝑙𝑛
𝑏

𝑎
=

60

 휀𝑟
𝑙𝑛
𝑏

𝑎
     (5.4) 

Finally, it is easy from (5.4) to obtain a value for 𝑎 and 𝑏. Let us assume that the 

dielectric is Teflon (휀𝑟 = 2.2) and let us fix 𝑎 = 0.6𝑚𝑚, we get that the outer coaxial 

radius is 𝑏 = 2.06𝑚𝑚.  
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Chapter 6 
 

SPA using monopoles 
 

 

 

6.1. Introduction. 

In this section we are going to study different configurations for implementing the 

SPA using monopoles. We will have one or two active monopoles and a set of parasitic 

elements around them on a ground plane. The study will be focused on the different 

antenna parameters we have enumerated in Section 5.2 and the correlation coefficient 

we achieve with them. On the other hand, in the following simulations, if we do not 

specify the contrary, the length values are in mm and the frequency values in GHz. 

In the different simulations we are going to carry out in order to achieve the SPA 

using monopoles, we are going to simulate the radiofrequency switches as if they were 

ideal. This choice has been done for a mere purpose of simplicity in the model. As it is 

explained in Appendix D, there are different ways of implementing these switches. 

6.2. Monopole antenna. 

If we apply the Image Theory to a dipole, the result is that we can replace this by a 

current element of half length and a perfect conductor plane. This element is called 

monopole. 

On the other hand, one of the most commonly used antennas is the half wavelength 

dipole, which farfield radiating fields are the ones shown in (6.1) [1]. 
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𝐸𝜃 ≃ 𝑗𝜂
𝐼𝑜𝑒

−𝑗𝑘𝑟

2𝜋𝑟
 
𝑐𝑜𝑠  

𝜋
2 𝑐𝑜𝑠𝜃 

𝑠𝑖𝑛𝜃
 ;  𝐻𝜙 ≃ 𝑗

𝐼𝑜𝑒
−𝑗𝑘𝑟

2𝜋𝑟
 
𝑐𝑜𝑠  

𝜋
2 𝑐𝑜𝑠𝜃 

𝑠𝑖𝑛𝜃
      (6.1) 

𝑤𝑒𝑟𝑒 𝐼𝑜 ≡ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑎𝑡 𝑓𝑙𝑜𝑤𝑠 𝑡𝑟𝑜𝑢𝑔 𝑡𝑒 𝑚𝑜𝑛𝑜𝑝𝑜𝑙𝑒                                     

𝜂 ≡ 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑚𝑒𝑑𝑖𝑢𝑚                                     

𝑘 = 2𝜋
𝜆 ≡ 𝑤𝑎𝑣𝑒 𝑛𝑢𝑚𝑏𝑒𝑟                                                                   

Fig. 6.1 shows the radiation pattern of a half wavelength dipole. 

 

Fig. 6.1. 3D amplitude radiation pattern of a half wavelength dipole [1].  

Therefore, if we place a monopole of length 𝜆 4  on an infinite ground plane, the 

radiation above the plane will be the same as the one shown in (6.1) and Fig. 6.1. The 

radiation below the interface will be zero.  

Table 6.1 shows the comparison between different radiation parameters of the 

monopole and the dipole. 

Parameter Monopole Dipole 

Current I I 

Radiated power W 2W 

Radiation resistance Rr/2 Rr 

Impedance Z/2 Z 

Directivity 2D D 
 

Table 6.1. Comparison between monopole and dipole.  
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The first consequence we have is that if we use a monopole and a conductor plane, 

the space will be reduced to the half, what is a quite good aspect for the system we 

suggest, where the space is limited. 

As we have said, the explanation of this behaviour lies in the direct application of the 

Image Theory. This theory analyses the performance and the characteristics of an 

antenna near an infinite conductor plane using virtual sources (images) that are 

introduced to take into account for the reflections. These sources are imaginary and 

when they are combined with the real ones, they form an equivalent system. The 

mathematical demonstration of this theory is not included in this thesis and it can be 

looked up in any antenna theory book [1]. However, in Fig. 6.2 we can see the electric 

and magnetic sources and their images near electric and magnetic conductors. 

 

Fig. 6.2. Electric and magnetic sources and their images near electric and magnetic conductors [1].  

We have said that using a conductor plane and a monopole, we will reduce the space 

of the system. Unfortunately, it would be necessary that the conductor plane was 

infinite, what is physically impossible. However, if the plane is big in terms of 𝜆, the 

behaviour should be similar. Regardless of that, we will have to take into account the 

effect of the size of the ground plane. 
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6.3. Antenna formed by a monopole and a ground plane. 

Fig. 6.3 shows the monopole antenna on a ground plane. 

 

Fig. 6.3. Monopole antenna on a ground plane.  

This scheme will be the basis of all the designs we do, so it is quite interesting to 

parameterise this structure to check the impact on the features we get. Basically, we will 

do three tests. First one will be to vary the monopole’s length. Second one, we will vary 

the radius of the monopole. And finally we will test different sizes for the ground plane. 

6.3.1. Variation of the monopole length. 

As we have said, using Image Theory, if the monopole length is 𝜆 4  (where 𝜆 is the 

wavelength), the equivalent will be a half wavelength dipole. That means that the 

resonant frequency of the monopole can be estimated as follows: 

 
𝑙 = 𝜆

4 ⇒ 𝜆 = 4 ⋅ 𝑙

𝑐 = 𝜆 ⋅ 𝑓 ⇒ 𝜆 = 𝑐
𝑓 
 ⇒ 𝑓 =

𝑐

4 ⋅ 𝑙
     (6.2) 

𝑤𝑒𝑟𝑒 𝑓 ≡ 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦                                                                                  

𝑐 = 3 ⋅ 108𝑚/𝑠 ≡ 𝑙𝑖𝑔𝑡 𝑠𝑝𝑒𝑒𝑑 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚                                      

𝑙 ≡ 𝑚𝑜𝑛𝑜𝑝𝑜𝑙𝑒 𝑙𝑒𝑛𝑔𝑡                                                                             



Chapter 6 – SPA using monopoles 

 

59 
 

If we simulate the monopole on the ground plane for different length values we get 

the result that is shown in Fig. 6.4. 

 

Fig. 6.4. |S11| vs. Frequency for different monopole length values.  

As it is known, we can determine the resonant frequency by examining the scattering 

parameter S11. That is what we do in Fig. 6.4. On the other hand, we can check that the 

result we obtain after simulating is quite close to the one we would obtain using (6.2). 

The small difference we obtain is due to two aspects: 

a) It has been shown and we can check in [1] that depending on the radius of the 

wire, the length of the dipole for the first resonance is about 𝑙 =

0.47𝜆 𝑡𝑜 0.48𝜆. Therefore, although we do not have a physical dipole, we 

have said that, using Image Theory, we can model the behaviour of the 

monopole on the ground plane from the dipole.  

b) Image Theory assumes an infinite ground plane conductor and, obviously it is 

not possible physically. However, this effect is almost insignificant if the 

ground plane is big in terms of wavelength. Even so, this effect will also have 

an impact on the results we get. 

6.3.2. Variation of the monopole radius. 

If we vary the monopole radius we should not have a very high variation of the 

resonant frequency. In fact, we can check it in Fig. 6.5. We see that a variation in the 

radius means a low variation in the resonant frequency. 
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Fig. 6.5. |S11| vs. Frequency for different values of the monopole radius.   

The explanation of this behaviour is highly related to one of the two key points we 

enumerated in Section 6.3.1. Specifically when we explained that the frequency 

resonant is about 𝑙 = 0.47𝜆 𝑡𝑜 0.48𝜆. The reason is that the thinner the wire is, the 

closer the length is to 𝑙 = 0.48𝜆, and the thicker the wire is, the closer the length is to 

𝑙 = 0.47𝜆. Therefore, it means that in the monopole on the ground plane we will have a 

small variation in the resonant frequency. 

6.3.3. Variation of the size of the ground plane. 

Finally, we are going to check what happens if we test different values for the length 

of the ground plane. We can check the results in Fig. 6.6. 

 

Fig. 6.6. |S11| vs. Frequency for different values of the length of the ground plane.  
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As we can see, the effect is that, as we expected, the higher the ground plane is in 

terms of wavelength, the more resonant the structure is. It means that, if we want that 

the structure is better matched at a certain frequency, the length of the ground plane 

should be as higher as possible in terms of wavelength.  

6.4. Antenna formed by a monopole, a parasitic element and a 

ground plane. 

As we have said, the use of parasitic elements allows us to orient the beam towards 

different directions of the space to simulate the behaviour of having multiple antennas 

like in traditional MIMO systems. In this section we are going to parameterize a simple 

structure that consists of an active antenna, a ground plane and a parasitic element (see 

Fig. 6.7). 

 

Fig. 6.7. Active monopole and parasitic element on a ground plane.  

6.4.1. Variation of the distance between monopole and parasitic. 

Although the parasitic element is not feed (it is a passive element), its presence 

affects the characteristic of the whole structure. We can check in Fig. 6.8 that, 

depending on the distance between the monopole antenna and the parasitic element, the 

matching level is affected. 
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Fig. 6.8. |S11| vs. Frequency for different values of the distance between active element and parasitic 

element.  

We check that the parasitic element has an effect on the matching, so it is predictable 

that if we add more parasitic elements, we will have different values of the matching. 

Particularly, the higher the distance between parasitic and active element is, the lower 

the matching will be. Therefore, we can conclude that we will need to match the whole 

structure when we design it so as to achieve the highest radiated energy as possible. On 

the other hand, we can also check that the distance between parasitic element (or 

elements) and active element does not affect to the resonant frequency. 

6.4.2. Variation of the length of the parasitic. 

Once we have seen how the distance between active and passive elements affects to 

the matching, we are going to test different values for the parasitic element at the 

distance where we got the best result in Section 6.4.1 (at 𝑑 = 5𝑚𝑚 ≃ 𝜆
25 ). We will 

check in the next sections that the length of the parasitic element is quite important in 

the radiation pattern and, particularly, it will define if the parasitic element is a director 

or a reflector. In this test we only want to check how the parasitic length affects to the 

parameter S11. 
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Fig. 6.9. |S11| vs. Frequency for different values of the parasitic length.  

If we analyse Fig. 6.9 we can conclude that the parasitic length has a quite high 

impact on the level of matching of the structure. However, as we have seen in 6.4.1, this 

parameter is not the only one that has an effect on S11, because the distance between 

parasitic and active element also affects. 

To sum up, after the tests of Section 6.4.1 and Section 6.4.2, we can conclude that 

the matching of the network is an agreement between distance between parasitic and 

active elements and parasitic length (monopole length will have an effect on the 

resonant frequency). 

On the other hand, we will have to design a structure that is matched when the 

parasitic element is short-circuited and when it is open-circuited. In the next sections we 

will study the effect of having the switch in the two possible situations. 

6.4.3. Radiation pattern (parasitic element lower than active element). 

In this section we are going to study the radiation pattern when the length of the 

parasitic element is lower than the length of the active element. As we have said before, 

depending on the configuration of the switches we will be able to orientate the beam 

towards different directions. Therefore, we are going to study the pattern for the two 

possible situations of the switch: open-circuited and short-circuited. 

On the other hand, in Sections 6.4.1 and Section 6.4.2 we have worked with an 

antenna in which the parasitic element is open-circuited and we have not pay attention 

to the matching when the parasitic element is short-circuited. We have done it because 

we were interested in knowing the impact of the different parameters (basically distance 
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between parasitic and active element and length of the parasitic) on the matching of the 

structure. Obviously, if we want to design a SPA, we have to study both possible 

positions of the switch to check if we have good matching results in both situations. 

After different tests, we have seen that if the distance between parasitic and active 

element is 25𝑚𝑚 ≃ 𝜆
5 , we get good values of matching for both situations. Therefore, 

in this section we will have the scenario we show in Fig. 6.10 (with the parasitic 

element open-circuited in 6.4.3.1 and short-circuited in 6.4.3.2). 

 

Fig. 6.10. Scenario for testing the radiation pattern of a monopole and a parasitic element on a 

ground plane when the parasitic element is lower than the active one.  

6.4.3.1. Parasitic open-circuited. 

In this section we are going to study the results when the parasitic element of Fig. 

6.10 is open-circuited. We can calculate the radiation pattern in 3D and we get the result 

shown in Fig. 6.11. 

As we can see in Fig. 6.11, the parasitic element does not modify a lot the radiation 

pattern of an isolated monopole on a ground plane and we get four directions where the 

radiation is higher. Therefore, when the parasitic element is open-circuited it will have 

an impact on the matching of the structure but the impact on the radiation pattern will be 

insignificant. 
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Fig. 6.11. Radiation pattern in 3D of one monopole and one open-circuited parasitic element on a 

ground plane when the parasitic element is lower than the active one.  

On the other hand it is quite interesting to analyse the radiation pattern in polar 

coordinates, particularly for the value of 𝜃 where the radiation is maximum, which is for 

𝜃 = 45𝑜 . 

 

Fig. 6.12. Radiation pattern in polar coordinates of one monopole and one open-circuited parasitic 

element on a ground plane when the parasitic element is lower than the active one for θ=45
o
. 

We can check in Fig. 6.12 that, the radiation pattern of an isolated monopole on a 

ground plane is quite similar to the one we get when the parasitic element is open-

circuited (Fig.6.13). 
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Fig. 6.13. Radiation pattern in 3D of an isolated monopole on a finite ground plane.  

However it is better to analyse the difference between them using the representation 

of the radiation pattern in polar coordinates (Fig. 6.14). 

 

Fig. 6.14. Radiation pattern in polar coordinates of an isolated monopole on a finite ground plane.  

If we compare Fig. 6.12 and Fig. 6.14, we realise that when we analyse the isolated 

monopole we have four directions towards the radiation is maximum. When we analyse 

the monopole with the parasitic element we see that, although we can still distinguish 

four directions towards the radiation is maximum, the direction that point towards the 

parasitic element (𝜙 = 0𝑜 ) is higher than the rest. So we can conclude that the inclusion 

of the parasitic element modifies a bit the direction of the maximum of radiation but we 

do not get an antenna with a high directivity value. 
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6.4.3.2. Parasitic short-circuited. 

If we short-circuited the parasitic element of Fig. 6.10, we get the radiation pattern in 

3D of the Fig. 6.15. 

 

Fig. 6.15. Radiation pattern in 3D of one monopole and one short-circuited parasitic element on a 

ground plane when the parasitic element is lower than the active one.  

As we can check, the directivity has increased but not as much as we would like (we 

would like to have one single narrow beam). Again, we can check the results better if 

we study the polar radiation pattern for 𝜃 = 45𝑜  (Fig. 6.16). 

 

Fig. 6.16. Radiation pattern in polar coordinates of one monopole and one short-circuited parasitic 

element on a ground plane when the parasitic element is lower than the active one for θ=45
o
. 
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It is obvious that now, although we still have four directions with a local maximum 

in the radiation, we have one direction (𝜙 = 0𝑜 ) where we have the maximum of 

radiation. Even so, we should try to design one more directive antenna.  

6.4.4. Radiation pattern (parasitic element higher than active element). 

This section is quite similar to 6.4.3, but now we are going to study the radiation 

pattern when the parasitic element is higher than the monopole. Fig. 6.17 shows the 

scenario we are going to have to test the system. 

 

Fig. 6.17. Scenario for testing the radiation pattern of a monopole and a parasitic element on the 

ground plane when the parasitic element is higher than the active one.  

6.4.4.1. Parasitic open-circuited. 

If we simulate the antenna we present in Fig. 6.17, we get the radiation pattern at the 

frequency of 𝑓 = 2.44𝐺𝐻𝑧 shown in Fig. 6.18. 
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Fig. 6.18. Radiation pattern in 3D of one monopole and one open-circuited parasitic element on a 

ground plane when the parasitic element is higher than the active one.  

As we can see in Fig. 6.18, now we get that the directivity has increased and we have 

one direction quite well defined where the radiation is maximum. We can check it better 

with the polar diagram (Fig. 6.19). 

 

Fig. 6.19. Radiation pattern in polar coordinates of one monopole and one open-circuited parasitic 

element on a ground plane when the parasitic element is higher than the active one for θ=45
o
.  

If we pay attention to Fig. 6.19 we see that, now, we get a more directive radiation 

pattern that points to the direction of the parasitic element.  

6.4.4.2. Parasitic short-circuited. 

If we short-circuit the parasitic element of Fig. 6.17 we get the radiation pattern in 

3D we show in Fig. 6.20. 
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Fig. 6.20. Radiation pattern in 3D of one monopole and one short-circuited parasitic element on a 

ground plane when the parasitic element is higher than the active one.  

We can check that now we get a quite similar radiation pattern in comparison with 

the one we got in Section 6.4.4.1. The main difference is that the direction of the 

radiation maximum is the opposite of the direction of the parasitic element. 

We can also check the polar diagram to see this behaviour in Fig. 6.21. 

 

Fig. 6.21. Radiation pattern in polar coordinates of one monopole and one short-circuited parasitic 

element on a ground plane when the parasitic element is higher than the active one for θ=45
o
. 

6.4.5. Variation of the parasitic radius. 

Finally, we are going to finish the tests of Section 6.4 testing how the parasitic radius 

affects to the matching of the structure. We have seen that both parasitic length and 

distance between parasitic and active element have an effect on the parameter S11, so it 



Chapter 6 – SPA using monopoles 

 

71 
 

is reasonable to think that the parasitic radius will also affect to this parameter. We can 

check in Fig. 6.22 that we are right. 

 

Fig. 6.22. |S11| vs. Frequency for different values of the parasitic radius.  

6.4.6. Conclusions. 

After the tests we have done in Section 6.4, we can conclude the following key 

points: 

a) The resonant frequency is controlled mainly by the length of the active 

monopole. The variation of the rest of parameters, such as parasitic length or 

distance between active and parasitic elements, does not affect much in this 

parameter.  

b) All the maximum directions are above the ground plane. This is logical 

because, as it is postulated in Image Theory, the field below would be zero 

due to the effect of the plane. 

c) If the parasitic element is lower than the monopole and it is open-circuited, 

the radiation pattern is almost identical than the one we get with an isolated 

monopole on a finite ground plane. 

d) If we have a parasitic element lower than the active monopole and it is short-

circuited to the ground plane, we get a radiation pattern that is more directive 

than when we have the parasitic open-circuited. In fact, we have a maximum 

in the radiation towards the direction of the parasitic element. 
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e) The best results for the directivity are obtained when the parasitic element is 

higher than the active monopole. Both with the parasitic open-circuited and 

with it short-circuited, we get two more directive diagrams. The difference 

between them is the direction of the radiation maximum that is in opposite 

directions. 

f) When the parasitic element is short-circuited we have two possibilities: 

- First one is that the parasitic length is lower than the active monopole. 

In this situation the radiation maximum points to the direction of the 

parasitic element. In this case, the parasitic element gets the name of 

director. 

- Second one is that the parasitic length is higher than the active 

monopole. In this situation the maximum of the radiation pattern 

points to the direction of the active monopole. In this case, the 

parasitic element gets the name of reflector. 

For understanding this behaviour, we are going to study it from the equations 

that define how we feed an array of antennas. First of all, the voltages of each 

element must be calculated from the mutual impedance matrix: 

 

𝑉1

𝑉2

⋮
𝑉𝐾

 =  

𝑍11 𝑍12 … 𝑍1𝐾

𝑍21 𝑍22 … 𝑍2𝐾

⋮ ⋮ ⋱ ⋮
𝑍𝐾1 𝑍𝐾2 … 𝑍𝐾𝐾

  

𝐼1
𝐼2
⋮
𝐼𝐾

     (6.3) 

In the expression (6.3), 𝑍𝑖𝑖 =   𝑉𝑖/𝐼𝑖  𝐼𝑗=0 ∀𝑗≠𝑖  is the autoimpedance of the 𝑖𝑡 

element, which fits with its input impedance when it is isolated in the free 

space, and 𝑍𝑖𝑗 =   𝑉𝑖/𝐼𝑗  𝐼𝑖=0 ∀𝑖≠𝑗
 is the mutual impedance between the 𝑖𝑡 

element and the 𝑗𝑡 element. Mutual impedance provides us the value of the 

voltage in open-circuit that appears in the 𝑖𝑡 element induced by the current 

that flows through the 𝑗𝑡 element if both are isolated in the free space. 

On the other hand, from (6.3) it is easy to find the value of the current vector 

as follows: 

 

𝐼1
𝐼2
⋮
𝐼𝐾

 =  

𝑍11 𝑍12 … 𝑍1𝐾

𝑍21 𝑍22 … 𝑍2𝐾

⋮ ⋮ ⋱ ⋮
𝑍𝐾1 𝑍𝐾2 … 𝑍𝐾𝐾

 

−1

 

𝑉1

𝑉2

⋮
𝑉𝐾

     (6.4) 
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We can analyse arrays with parasitic elements by direct application of (6.4). 

In this case, some of the values of the voltage vector will be zero (those that 

correspond to the parasitic elements). We can also realise from (6.4) that the 

current that flows through all the elements of the array (and consequently 

through the parasitic elements) is, in general, different from zero. This current 

in the parasitic elements is induced by the rest of the elements, through the 

mutual impedances. We can see the influence of the mutual impedances by 

checking the expression of the current of a parasitic element that we can get 

from (6.4) as follows: 

𝑉𝑘 = 0 ⇒ 𝐼𝑘 =
−1

𝑍𝑘𝑘
 𝑍𝑖𝑘 𝐼𝑖
𝑖≠𝑘

     (6.5) 

After this brief explanation, the change of behaviour with the length of the 

monopole is due to that the parasitic element with a lower size has a 

capacitive character, while the higher one is inductive. This sign change in 

the phase of the autoimpedance of the parasitic element changes also the sign 

of the current phase (equation 6.5), what changes the sign in the progressive 

phase of the array and, therefore, the direction of the radiation maximum. 

g) We can have one first SPA if we take the model when we have one parasitic 

element higher than the active monopole. In fact, if we compare Fig. 6.19 and 

Fig. 6.21, we realise that the radiation pattern is quite similar and the 

difference is towards where it points. 

This solution presents three problems: 

- First one, as the radiation patterns are not very directive, it leads to 

have a value of the correlation coefficient that is not very low 

(although it is lower than 0.5). Specifically, this value is 0.23 

(𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑔𝑎𝑖𝑛 =  9.89𝑑𝐵). 

- We have said that, in a MIMO channel, the channel capacity increases 

with the number of antennas. It means, in our case, that the channel 

capacity will increase with the number of directions towards the beam 

can point, although the more directions we can cover, the less SNR we 

will have for each one. In this case, we have only two possible 

directions, so we are quite limited in the channel capacity. 

- The two radiation patterns are not exactly symmetric. 



Chapter 6 – SPA using monopoles 

 

74 
 

On the other hand, this first solution has three advantages: 

- It is simple. We only have two elements (the active monopole and the 

parasitic) and the ground plane. 

- It is cheap. We only need one RF chain after the system because we 

only have one active element and we just have one parasitic, so the 

prize of the system will be low. 

- It is compact. As we have few elements, it will be easy to compact in 

a small device. 

6.5. Monopole SPA covering four positions. 

In this section we are going to study the SPA that can be rotated towards four 

different space regions. According to what we have shown in the previous sections, we 

will need four parasitic elements to be able to do it. We will explore the different 

switches configurations that we can have, and we will decide which one is the best one 

in terms of antenna matching, radiation pattern, directivity, gain and correlation. 

6.5.1. One parasitic open-circuited. 

In this section we are going to study the SPA with four parasitic elements distributed 

as a cross (one of them open-circuited and the other three short-circuited). We will study 

the parameter S11 and the radiation pattern in this situation. As the structure is 

symmetric, the results will be the same regardless which one of the parasitic element is 

the one that is open-circuited.  

On the other hand we will show how the radiation patterns moves towards the four 

possible directions when we change the parasitic that is open-circuited. It will be also 

very important to study the correlation coefficient between the radiation patterns. 

Fig. 6.23 shows the scenario we have already described. 
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Fig. 6.23. Monopole SPA with four parasitic elements (one of them open-circuited and the other 

three short-circuited). 

In Fig. 6.24 we can see that the structure is well matched for the IEEE 802.11n 

frequency. 

 

Fig. 6.24. |S11| vs. Frequency of the monopole SPA with four parasitic elements (one open-circuited 

and the other three short-circuited). 

Fig. 6.24 shows that the structure can work perfectly at the IEEE 802.11n frequency. 

On the other hand, Fig. 6.25 shows the radiation pattern of the structure. We can see 

that, as the parasitic elements are higher than the active monopole, the maximum of 

radiation points towards the opposite direction that points the three short-circuited 

parasitic elements.  
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Fig. 6.25. 3D radiation pattern of the monopole SPA with four parasitic elements (one open-

circuited and the other three short-circuited). 

We can see that we get a good value of the directivity and the radiation pattern is 

quite oriented towards one of the directions. 

Antenna vision Radiation pattern Diversity Gain and 

correlation coefficient 

  

correlation coefficient = 

= 0.0477 

DG =9.9888 

DG[dB]=9.9951 

  

correlation coefficient = 

= 0.0995 

DG =9.9514 

DG[dB]=9.9788 

  

correlation coefficient = 

= 0.0444 

DG =9.9903 

DG[dB]=9.9958 

 

Table 6.2. Radiation pattern, correlation coefficient and diversity gain for each switches 

configuration of the monopole SPA with four parasitic elements (one open-circuited and three 

short-circuited). 

Finally, in Table 6.2 we show that the radiation pattern turns around depending on 

the switches configuration, and that the achieved results are quite good in terms of 
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diversity gain and correlation coefficient (the comparison to get these parameters is 

done with the radiation pattern of Fig. 6.25). 

6.5.2. Two adjacent parasitics open-circuited. 

The scenario we have for testing in this section is the one that is shown in Fig. 6.26. 

 

Fig. 6.26. Monopole SPA with four parasitic elements (two adjacent open-circuited and the other 

two short-circuited). 

We will carry out the same tests we did in Section 6.5.1 and we will study the same 

parameters. 

It is shown in Fig. 6.27 that the structure is well matched for the IEEE 802.11n 

frequency. 

On the other hand, we can check the radiation pattern. As in the Section 6.5.1, we 

can see in Fig. 6.28 that, as the parasitic elements are higher than the active monopole, 

the maximum of radiation points towards the opposite direction that points the two 

short-circuited parasitic elements.  
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Fig. 6.27. |S11| vs. Frequency of the monopole SPA with four parasitic elements (two adjacent open-

circuited and the other two short-circuited). 

 

Fig. 6.28. 3D radiation pattern of the monopole SPA with four parasitic elements (two adjacent 

open-circuited and the other two short-circuited). 

Finally, in Table 6.3 we show that the radiation pattern turns around depending on 

the switches configuration, and that the achieved results are quite good in terms of 

diversity gain and correlation coefficient (the comparison to get these parameters is 

done with the radiation pattern of Fig. 6.28). 
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Antenna vision Radiation pattern Diversity Gain and 
correlation coefficient 

  

correlation coefficient = 

= 0.1112 

DG =9.9383 

DG[dB]=9.9735 

  

correlation coefficient = 

= 0.1972 

DG =9.8076 

DG[dB]=9.9156 

  

correlation coefficient = 

= 0.1384 

DG =9.9057 

DG[dB]=9.9588 

 

Table 6.3. Radiation pattern, correlation coefficient and diversity gain for each switches 

configuration of the monopole SPA with four parasitic elements (two adjacent open-circuited and 

the other two short-circuited). 

As we can see, the results we get in Table 6.3 are worse than those we got in Table 

6.2 in terms of correlation coefficient. However, we still have acceptable results for the 

correlation coefficient and diversity gain. 

6.5.3. One parasitic short-circuited. 

This section is going to explore the dual operation of Section 6.5.1. We will carry out 

the same tests than in this previous section so as to check how the structure works. 

Therefore, the antenna we have now is shown in Fig. 6.29. 
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Fig. 6.29. Monopole SPA with four parasitic elements (one of them short-circuited and the other 

three open-circuited). 

If we study the parameter S11 (see Fig. 6.30), we realize that the matching is quite 

good and better than the one we have in Section 6.5.1. Due to it, we can also check that 

now, the bandwidth is higher. Therefore, this configuration is better in terms of 

matching. 

 

Fig. 6.30. |S11| vs. Frequency of the monopole SPA with four parasitic elements (one short-circuited 

and the other three open-circuited). 

As for the radiation pattern, we get the same behaviour as in Section 6.5.1: as the 

parasitic elements are higher than the active monopole, the maximum of radiation points 

towards the opposite direction that points the short-circuited parasitic element. In 

opposition with the results of the matching we had in Section 6.5.1, the directivity we 

get with the new design is a bit lower (therefore, the results now are worse in terms of 

directivity). Fig. 6.31 shows the 3D radiation pattern. 
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Fig. 6.31. 3D radiation pattern of the monopole SPA with four parasitic elements (one short-

circuited and the other three open-circuited). 

Finally, in Table 6.4 we show that the radiation pattern turns around depending on 

the switches configuration and that the achieved results are quite good in terms of 

diversity gain and correlation coefficient (the comparison to get these parameters is 

done with the radiation pattern of Fig. 6.31). 

Antenna vision Radiation pattern Diversity Gain and 
correlation coefficient 

  

correlation coefficient = 

= 0.2939 

DG =9.5672 

DG[dB]=9.8079 

  

correlation coefficient = 

= 0.2948 

DG =9.5646 

DG[dB]=9.8067 

  

correlation coefficient = 

= 0.2836 

DG =9.5977 

DG[dB]=9.8217 

 

Table 6.4. Radiation pattern, correlation coefficient and diversity gain for each switches 

configuration of the monopole SPA with four parasitic elements (one short-circuited and three 

open-circuited). 
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It can be checked in Table 6.4 that the results we get in terms of correlation 

coefficient and diversity gain are clearly worse now than in Section 6.5.1. However, 

they still are acceptable because they respect the specification we defined in Section 2.4. 

6.5.4. Conclusions. 

After the different tests that have been carried out in this section, we have checked 

that, with the suggested antenna, we could rotate the beam towards four directions with 

good results for the correlation coefficient. We also get good directivity results in all of 

them. 

Although we get good results for all of them, the better values for the correlation 

coefficient and diversity gain are achieved with the design of Section 6.5.1.  

Table 6.5 shows the values of the directivity, gain and efficiencies of this design.  

Directivity 

[dBi] 

Radiation 

efficiency 

Radiation 

efficiency [dB] 

Total 

efficiency 

Total efficiency 

[dB] 

Gain 

[dB] 

5.77 0.9828 -0.07513 0.9307 -0.3119 5.70 
 

Table 6.5. Antenna parameters of the monopole SPA for covering four positions.  

As it is shown in Table 6.5, the values of the directivity and gain are not very high, 

while efficiency values are quite good.  

Table 6.6 presents the dimensions of the antenna we suggest. 

Element Geometrical 

dimensions [mm] 

Active monopole length 31.50 (≃ 𝜆 4 ) 

Active monopole radius 1.13 

Parasitic elements length 44.30 

Parasitic elements radius 0.70 

Distance monopole-parasitic 15.37 (≃ 𝜆 8 ) 

Ground plane thickness 0.035 

Substrate width (x axis) 100 (≃ 4𝜆 5 ) 

Substrate width (z axis) 100 (≃ 4𝜆 5 ) 
 

Table 6.6. Dimensions of the elements of the monopole SPA for covering four positions.  

On the other hand, we could think that combining the switches configurations of the 

Section 6.5.1 and Section 6.5.2 we should be able to rotate the beam towards eight 
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different positions. This is not possible because the length and the distances in both 

designs are different. It has been necessary to do for matching the structure.  

6.6. Impact of the distance between parasitic elements on the 

correlation coefficient. 

We have said in Section 2.4 that the channel capacity of a MIMO system increases 

linearly by a factor 𝑘, where 𝑘 is the smallest number of antennas between the number 

of the transmitter and the number of the receiver. We could think that the more antennas 

we have (or possible beam rotations in our case), the better results we will get. 

Therefore, a reasonable question would be: does it exist any limit for the number of 

receiving antennas (or possible beam rotations in our case) or can we have as much 

antennas as we want? The first answer to this question is obviously the need of space, 

because the more antennas (or parasitic elements) we have, the more space we will need 

and the more difficult to compact it will be. So it seems that the first limit is the space. 

We can also give a second answer that is related to the first one and it has to be with the 

correlation coefficient. In fact, let us imagine one SPA with a specific configuration of 

the switches. We will have then a specific radiation pattern. If we now change the 

switches configuration we will have the same radiation pattern but, this time, it will be 

rotated a specific number of degrees. The correlation coefficient will measure how 

similar both radiation patterns are. On the other hand, the closer the radiation patterns 

are (that means, the less rotation of the radiation pattern we have), the more similar the 

radiation patterns will be. We also know that the configuration of the switches means 

the direction of the beam, so the closer the parasitic elements are, the more similar the 

radiation patterns will be. Therefore, the closer the parasitic elements are, the higher the 

correlation coefficient should be. So, we can not have as much antennas (or parasitic 

elements) as we want because of the space limitation and the correlation coefficient 

limitation.  

We can also explain this behaviour thinking of the signals we will get if the parasitic 

elements are too close. It means that the radiation patterns will be quite similar, so the 

signals we receive will be practically the same, what means that they will be quite 

correlated. If we revise Section 2.4, we need that the correlation coefficient between the 

received signals in the receiver is as lower as we can to be able to know the transmitted 

data using (2.4). 
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Table 6.7 is the evidence that we can not have as much parasitic elements as we want 

because they have a direct effect on the correlation coefficient and diversity gain. 

Number of 

parasitic elements 

around the active 

monopole 

Angle between two 

adjacent parasitic 

elements [
o
] 

Correlation 

coefficient 

Diversity 

gain 

Diversity 

gain [dB] 

Directivity 

[dB] 

Length of the 

parasitic 

elements [mm] 

2 180 0.1418 9.9010 9.9568 5.50 37.50 

3 120 0.0092 9.9996 9.9998 6.08 38.00 

4 90 0.0477 9.9888 9.9951 5.77 44.30 

5 72 0.1062 9.9446 9.9759 5.86 44.03 

6 60 0.1119 9.9385 9.9732 5.52 45.20 

8 45 0.2728 9.6283 9.8355 5.28 45.75 

9 40 0.3629 9.3324 9.6999 6.32 47.85 

10 36 0.3859 9.2414 9.6574 5.39 49.00 

12 30 0.4414 8.9948 9.5399 5.39 51.00 

16 22.5 0.5203 8.5713 9.3305 5.17 52.00 

18 20 0.5616 8.3122 9.1972 5.33 53.88 

20 18 0.5894 8.1213 9.0962 5.66 54.50 

24 15 0.6301 7.8155 8.9296 5.55 55.50 
 

Table 6.7. Impact on diversity gain and correlation coefficient of the proximity between two 

adjacent parasitic elements.  

As we can check in Table 6.7, the tests have been done between 15𝑜  and 180𝑜  for 

the angle between the two adjacent parasitic elements. Obviously, due to the symmetry, 

we will have the same results between 0𝑜  and 180𝑜  than between 360𝑜  and 180𝑜 . That 

is why in Fig. 6.32 and Fig. 6.33 we can cover the range between 0𝑜  and 360𝑜 . 

On the other hand, the length between monopole and parasitic elements has been 

exactly the same in all the tests, but the length of the monopoles has been modified each 

time so as to have the structure well matched. 

We can also check that the directivity changes from one test to the next one, but in 

all the cases the results we get are acceptable. 

Fig. 6.32 shows the dependence between proximity of the parasitic elements and 

correlation coefficient. 
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Fig. 6.32. Correlation coefficient vs. Angle between two adjacent parasitic elements. 

If we analyse Fig. 6.32 we can conclude the following key points: 

a) If the angle between the two adjacent parasitic elements is lower than 30𝑜 , 

the correlation coefficient will be higher than 0.5, so the systems will not be 

valid. Therefore, in terms of correlation coefficient, the limit of our structure 

is when we have an angle between two adjacent parasitic elements of 30𝑜 , 

what corresponds to a set of twelve parasitic elements. 

b) If the angle between two adjacent parasitic elements is higher than 30𝑜 , the 

results we get are quite good in terms of correlation coefficient. Obviously, 

the higher this angle is, the better results we get. So, in this situation the limit 

will be the cost and the space. Hence, for these values of the angle, the limit is 

imposed by the cost and the compaction of the device: the lower the angle is, 

the higher the price will be and the more difficult the compact will be 

(regardless we get good results in terms of correlation coefficient). 

c) We can see that the tendency between 0𝑜  and 180𝑜  is decreasing but we do 

not have this behaviour when the angle between parasitic elements is 180𝑜 . 

The reason probably has to do with the fact that the ground plane is not 

infinite and it has an effect on the radiation pattern. Even so, the correlation 

coefficient we have in this situation is quite good. 

d) As we have said, due to the symmetry, the results we get when the angle is 

between 0𝑜  and 180𝑜  are exactly the same as those we get when the angle is 

between 180𝑜  and 360𝑜 . 

Complementary, Fig. 6.33 shows the dependence between proximity of the parasitic 

elements and diversity gain (dual of Fig. 6.32). 
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Fig. 6.33. Diversity gain vs. Angle between two adjacent parasitic elements. 

We can appreciate that we have exactly the dual information in Fig. 6.33 than in Fig. 

6.32. 

6.7. Channel capacity of the rotating SPA. 

This section will explain the achieved channel capacity we get when we simulate the 

MIMO channel using the channel model detailed in Appendix A. The study has been 

done under the assumption of having a rotating SPA at the receiver. Particularly, we 

will explore the results we get in two different possible situations: 

1) Two omnidirectional antennas at the transmitter and one rotating monopole 

SPA formed by one active antenna surrounded by four parasitic elements at 

the receiver (as the one we have presented in Section 6.5.1). 

2) Four omnidirectional antennas at the transmitter and one rotating monopole 

SPA formed by one active antenna surrounded by four parasitic elements at 

the receiver (as the one we have presented in Section 6.5.1). 

As it is commented in Appendix A, we will carry out a set of simulations 

(specifically 10000 trials) so as to achieve results as much reliable as possible. This 

requirement is absolutely essential due to the random behaviour of the calculation of the 

channel capacity using the model we suggest.  

Taking it into account, the next aspect we can think is that we will not have a 

constant value for the channel capacity because of this random behaviour, so it would be 

quite interesting if we could represent a figure that could provide information similar to 

have the Probability Density Function (PDF) of the channel capacity. 
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This figure will be the normalized histogram envelope. After the simulation we can 

plot the histogram if we calculate the minimum capacity value we get and the 

maximum, and we divide this interval in a number of fringes (let us assume 40 fringes). 

The next step is to divide each bar by the total number of simulations (in this case 

10000). Now, the sum of all the values of each single bar will be one. Therefore, with 

the normalize histogram envelope we have the information that provide the probability 

that the channel capacity has a specified value. 

6.7.1. Case 1: two antennas at the transmitter and one SPA at the receiver. 

If we place two omnidirectional antennas at the transmitter and one single SPA at the 

receiver, we get, after 10000 trials, the histogram we can see in Fig. 6.34 for the channel 

capacity. 

 

Fig. 6.34. Histogram of the channel capacity when having two omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver: (a) SNR=4dB, (b) SNR=10dB.  

As we can check in Fig. 6.34, the results we have are quite interesting because we get 

an average value of the channel capacity of around 1.9𝑏𝑝𝑠/𝐻𝑧 when having 𝑆𝑁𝑅 =

4𝑑𝐵, and around 4.3𝑏𝑝𝑠/𝐻𝑧 when 𝑆𝑁𝑅 = 10𝑑𝐵, what means that the system provides 

good performance. We can also check that, as it is expected, if we increment the value 

of the SNR, we get higher results for the channel capacity because the histogram is 

shifted towards the right.  

Taking the histogram as reference, we can calculate the normalized histogram 

envelope in order to provide the statistical probability of having a specified value of the 

channel capacity. We can do it for different values of the SNR so as to check the 
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behaviour when increasing this parameter. Fig. 6.35 shows the normalized histogram 

envelope we have in this scenario for different values of the SNR. 

 

Fig. 6.35. Normalized histogram envelope of the channel capacity when having two omnidirectional 

antennas at the transmitter and one single rotating SPA at the receiver for different values of the 

SNR.  

It is shown in Fig. 6.35 that the higher the SNR is, the better values for the channel 

capacity we have. On the other hand, we can also check that values below 3𝑑𝐵 provide 

not very successful results for the channel capacity. Another important conclusion is 

that the SNR has a bigger set of possible values if the SNR increases, what means that 

the standard deviation is higher if the value of the SNR is higher.  

 

Fig. 6.36. CDF of the channel capacity when having two omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver for different values of the SNR.  

On the other hand, it is also quite interesting to study the Cumulative Distribution 

Function (CDF). This function provides the probability that a random variable 𝑋 with a 
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given probability distribution has a value less than or equal to a given value 𝑥  𝑃(𝑋 ≤

𝑥) . Fig. 6.36 shows the CDF for different values of the SNR. 

It is shown that the higher the SNR is, the better results we get because the 

probability of having a value of the channel capacity lower than a specific value is lower 

when the SNR is higher. Therefore, we can check we have the behaviour we expected. 

6.7.2. Case 2: four antennas at the transmitter and one SPA at the receiver. 

The different tests we are going to carry out in this section are going to be the same 

as in Section 6.7.1 but we will have four omnidirectional antennas at the transmitter 

part. Taking into account that, as it was specified in Section 2.4, the theoretical 

maximum MIMO channel capacity increases linearly by a factor 𝑘 (when the SNR is 

high), where 𝑘 is the smallest number of antennas between the number of the transmitter 

and the number of the receiver. Hence, in this section we will expect to have a higher 

value of the channel capacity. 

Fig. 6.37 shows the histogram of the channel capacity we get when having four 

omnidirectional antennas at the transmitter and one monopole SPA at the receiver for 

two values of the SNR. 

 

Fig. 6.37. Histogram of the channel capacity when having four omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver: (a) SNR=4dB, (b) SNR=10dB. 

Following the same behaviour than in Fig. 6.34, when the SNR increases, the 

histogram is shifted towards the right. Fig. 6.37 also means that we get better results of 

the channel capacity when adding more number of antennas at the transmitter. 
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On the other hand, the results we get are quite good because, theoretically, we could 

achieve an average value of the channel capacity of around 2𝑏𝑝𝑠/𝐻𝑧 when the SNR is 

4𝑑𝐵, and 5𝑏𝑝𝑠/𝐻𝑧 if the value of the SNR is 10𝑑𝐵. 

Again, it is also quite interesting to show the normalized histogram envelope for 

different values of SNR when having four omnidirectional antennas at the transmitter 

and one single SPA at the receiver. 

 

Fig. 6.38. Normalized histogram envelope of the channel capacity when having four omnidirectional 

antennas at the transmitter and one single rotating SPA at the receiver for different values of the 

SNR.  

We can check in Fig. 6.38 that the higher the SNR is, the better the channel capacity 

value is. Obviously we have this behaviour and it is exactly the same as the one we had 

in Fig. 6.35 when having two omnidirectional antennas at the transmitter. The difference 

is that now we need a lower value for the SNR for achieving acceptable values of the 

channel capacity. In fact, it is shown that, with quite low values of the SNR like −1𝑑𝐵, 

we have an acceptable result. Another interesting behaviour we have with the new 

situation is that the normalized histogram envelopes seem to follow a shape of a typical 

Gaussian distribution. Therefore, we can conclude that the PDF of the channel capacity 

for this situation is Gaussian, and as it can be checked, the lower the SNR is, the higher 

the standard deviation of the PDF will be. 

Therefore, it has been shown that we have the same behaviour than in traditional 

MIMO systems, what means that the capacity increases with the number of antennas. 

Again, it is also quite interesting to show the CDF for this case. 
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Fig. 6.39. CDF of the channel capacity when having four omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver for different values of the SNR.  

Fig. 6.39 shows the same behaviour as Fig. 6.36, but now with better values for the 

CDF.  

6.8. Array of two monopole SPAs. 

Once we have studied the behaviour of the SPAs, we could think of using an array of 

that kind of antenna. In fact, we have said that the channel capacity increases with the 

number of antennas, so it is reasonable to think that if we use an array of SPA, the 

capacity will be increased. This is true, but we will have to study now other parameters 

because of the new configuration.  

If we had before one single active antenna surrounded by a set of four parasitic 

elements, now we have two active antennas. That means that the coupling between 

elements (above all the coupling between the two actives elements) will be higher. Due 

to it, we will have to study the S12 (or symmetrically the S21) parameter.  

On the other hand, the presence of more parasitic elements can make that we have a 

non-desirable behaviour for different configurations of the switches. If we analyse Fig. 

6.40, we can realise that for the switches configuration of the figure, the behaviour of 

the antenna of the left will be quite similar to the one we had with the single SPA. It 

means that the radiation pattern will be oriented towards the negative part of the x axis, 

because the other three parasitic elements will act as reflectors (see Section 6.4.6). On 

the contrary the SPA of the right would have the same behaviour unless we did not have 

the presence of the short-circuited elements of the first SPA. That means that the three 

other parasitic elements of the second antenna will act as reflectors and the beam will be 
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oriented towards the negative part of the x axis, but the three parasitic elements of the 

first antenna will also act as reflectors and they will orient the beam towards the positive 

part of x. 

 

Fig. 6.40. Array formed by two monopole SPAs. 

We will also have to consider another topic: as we now have another active element, 

it will be necessary to have another RF chain. This has a quite high impact on the 

compact necessities. 

After having explained the different considerations that are important in the new 

configuration, we are ready to study the results we get for the different switches 

configurations. As we have eight parasitic elements, theoretically we could have 28 

different configurations of them. However, we are not interested in all of them and in 

this section, for simplicity, we are going to focus only on four possible situations. 

Therefore, at the same time, we will have short-circuited or open-circuited the same 

parasitic elements. That means that we only have to study two configurations because 

the other two are symmetrical.  

Table 6.8 shows the position of the switches for the first configuration and the 

radiation pattern achieved for each active element. 

We can see that the results we get in Table 6.8 are good in terms of radiation pattern. 

In fact, the value of the directivity is 6.49𝑑𝐵. On the other hand, it is necessary to 

compare both radiations patterns using the correlation coefficient. The achieved results 

are: 

𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  0.0320  𝐷𝐺 [𝑑𝐵]  =  9.9978𝑑𝐵 
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Antenna vision Radiation pattern of the 

first SPA 

Radiation pattern of the 

second SPA 

 
  

 

Table 6.8. First configuration of the switches of the monopole SPA array and its corresponding two 

radiation patterns.  

On the other hand we have to check the S parameters to study the matching and 

coupling of the structure. The results are shown in Fig. 6.41. 

 

Fig. 6.41. S parameters of the array formed by two monopole SPAs for the first switches 

configuration. 

If we check Fig. 6.41, we can conclude that: 

a) The structure continues being absolutely matched, because both parameters 

S11 and S22 are low enough at the working frequency.  

b) Although the structure is still matched, the level of this matching has been 

diminished if we compare with the single SPA.  

c) The coupling between elements is reasonable once we have checked both 

parameters S12 and S21. 

d) As it was expected, both parameters S11 and S22 are exactly the same, and the 

same happens with S12 and S21. 
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Once we have finished with the first configuration, the next step is to study the 

second possible configuration of the switches to see how the features we get in this case 

are. Table 6.9 shows the position of the switches for the second configuration and the 

radiation pattern achieved for each active element. 

Antenna vision Radiation pattern of the 

first SPA 

Radiation pattern of the 

second SPA 

 

  
 

Table 6.9. Second configuration of the switches of the monopole SPA array and its corresponding 

two radiation patterns.  

We can check that the results we get in Table 6.9 are not as good as in Table 6.8 in 

terms of radiation pattern. The main difference is easily observed in the radiation pattern 

of the second monopole. The reason has been already explained before and it is because 

of the presence of, not only the four parasitic elements that rounds the monopole, but 

also of the other parasitic elements of the first monopole. Anyway, the directivity is 

good in both cases (5.69𝑑𝐵 and 6.46𝑑𝐵). As for the correlation coefficient and 

diversity gain values, we get that the achieved results are: 

𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  0.0558  𝐷𝐺 [𝑑𝐵]  =  9.9934𝑑𝐵 

It seems that, although the radiation pattern of the second active antenna changes a 

lot in the sense that now it presents two quite differentiated radiations for the maximum 

radiation, we get good results in terms of correlation coefficient and also in terms of 

directivity.  

On the other hand, Fig. 6.42 shows the value of the S parameters. 
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Fig. 6.42. S parameters of the array formed by two monopole SPAs for the second switches 

configuration. 

We can see now that we get better results than what we had with the first switches 

configuration. Another difference is that now S11 and S21 are not the same because now 

the structure is not symmetrical. 

After studying the results we have, the conclusion is that it is feasible to implement 

the suggested array because the results are quite good in terms of matching, coupling, 

correlation coefficient (and consequently diversity gain) directivity, efficiencies and 

gain. 

The size of the elements of the array is exactly the same as the one that were 

presented in Table 6.6, with a distance between active elements of 100𝑚𝑚 (≃ 4𝜆 5 ). 

As we have said before, we have only represented two positions of the switches 

because the other two are symmetric. In any case, it has been shown that for one 

position of the switches (the second one, and therefore also the fourth one), the radiation 

pattern of one of the active antennas is distorted in comparison with the one we had with 

the single SPA because of the presence of the other parasitic elements of the other 

antenna. However, it does not seem to be a problem in the performance of the system. 

The implementation of a SPA array will have obviously an impact on the space 

because we will need more, but it can represent a good solution in some cases. For 

example, it was commented in Section 4.6 that, when having a rotating SPA, the more 

directions the beam can point towards, the lower the SNR will be (because the higher 

the number 𝐿 of Fourier components will be). So, let us imagine an array of two active 

elements where each of them has two possible switches configurations. The effect will 

be similar to the one we had with one single SPA, but now the SNR of each antenna will 

be increased. Therefore it will be a good solution in a scenario where the SNR is poor 
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and we have the rotating SPA, but, by contrast, we incur in the necessity of having a 

bigger space. 

6.9. Implementing a monopole SPA with two active elements. 

It is known that, in a MIMO system, the channel capacity is increased in accordance 

with the number of antennas. The determination of the optimal number and position of 

the antennas can be done only in some simple cases because multiple parameters must 

be taken into account when determining it. However, it is obvious that if the number of 

antennas is increased in the same physical space, the mutual coupling will become 

stronger and the system will not be physically realizable. 

As we have explained, MIMO systems present quite attractive advantages but, 

despite all these advantages, they have had a slow physical implementation in 

commercial Wireless devices. One of the reasons for that delay in their 

commercialization is the hardware requirements of MIMO because, although the 

antenna elements are cheap, we do not have the same characteristic with the elements of 

the transceiver (low noise amplifier, down frequency converter and analog to digital 

converter).  

One possible affordable solution lies in the optimization of the space by fixing the 

number of antennas and implementing an element selection method. Element selection 

method (also known as antenna selection method) has been widely investigated by 

different authors [3], [20]. The idea is simple and consists of selecting a subset of the 

available antennas to maximize the system features (i.e. the data transmission rate). 

In antenna selection methods, we will have more antenna elements than RF chains, in 

a way that depending on the channel characteristics, we will choose a subset of these 

antennas. For doing that, the available RF chains will be connected to the antennas we 

have selected by means of RF switches such as varactor diodes.  

The main implication of this method is obvious: as we have less RF chains, the cost 

of the system decreases drastically. On the other hand, we can recover from the effect of 

using fewer antennas using other methods to improve the array gain [39]. 

Recently, Coon and Sandell suggested in [21] a hybrid technique combining bulk and 

per-tone selection, that could be used in MIMO-OFDM systems. In fact, [21] shows that 

optimal performance can be achieved with this technique. The idea is the use of bulk 
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selection, where one or more antennas are selected from an available set, and per-tone 

selection, providing an additional degree of freedom to the antenna selection. 

 

Fig. 6.43. Combined bulk/per-tone selection [21].  

Unfortunately, although it has been shown that antenna selection techniques provide 

good results in terms of transmission rates, its application is limited due to the 

requirement of having perfectly matched and stable response microwave switches, with 

its logical implication of increasing the cost. Furthermore, due to the coupling between 

elements, the size of the structures is also increased.  

Again, parasitic elements can mean the perfect solution in terms of cost and 

compaction. Therefore, the idea is, instead of having a number of antennas (from a set) 

that are jointed to a RF chain, we have a number of fixed (and small) antennas that are 

connected to their corresponding RF chain and that can change the beam due to the 

presence of parasitic elements. Therefore, we will potentially be able to increase the 

channel capacity because the effect will be similar to the one that we have in antenna 

selection methods.  

One of the advantages of the adaptive antenna in comparison with the rotating SPA 

is that it can be used either at the transmitter or at the receiver because now we do not 

have the problem of the frequency expansion (see Section 4.3). 

Therefore, we can think of having two active antennas surrounded by a set of 

parasitic elements that can orient the beam of both antennas, constructing an Adaptive 

MIMO antenna [8]. 

The scenario could be, for example, the one we show in Fig. 6.44. 
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Fig. 6.44. Monopole SPA with two active elements.  

Each of the parasitic elements is called by a letter because in Table 6.11, we will 

refer to them as this letters. 

Ideally, this design can provide quite attractive results in terms of channel capacity. 

The main problem of it stems from the strong coupling that appears between the two 

active elements and the difficulty when adapting the whole structure as shown in Fig. 

6.45.  

 

Fig. 6.45. S parameters of the monopole SPA with two active elements for one possible switches 

configuration. 

As we can check in Fig. 6.45, although the matching level (parameters S11 and S22) 

can be considered as good, the problem appears in the coupling between the active 

elements (parameters S12 and S21), because the value should be better (typically, it 

should be less than −20𝑑𝐵). However, the result of correlation coefficient and diversity 

gain makes it reasonable think that this antenna can provide good performance in a real 

system: 
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𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  0.0487  𝐷𝐺 [𝑑𝐵]  =  9.9950𝑑𝐵 

Therefore, the results we have imply that, from the point of view of the channel 

capacity, the structure could provide good results because the correlation coefficient is 

quite low. However, the strong coupling between elements is a non-desirable behaviour 

that could have a negative impact on the performance and, hence, it should be taken into 

account. 

As we have four parasitic elements that can be either short-circuited or open-

circuited, we can have 24 possible combinations. However, we will not have to study all 

of them because of the symmetry of the structure. Therefore, it can be checked that it 

will only be necessary to study seven of the sixteen possible combinations (the only 

difference between two symmetric combinations will be the direction of the beam). 

Table 6.11 shows the radiation patterns, correlation coefficient, directivity, gain and S 

parameters of each combination. Notice that if the parasitic element is open-circuited it 

will be represented as the boolean value zero, and if it is short-circuited, it will be a 

boolean one. 

Table 6.10 displays the dimensions of the structure. 

Element Geometrical 

dimensions [mm] 

Active monopoles length 27.50 (≃ 𝜆 4 ) 

Active monopoles radius 1.57 

Parasitic elements length 23.75 

Parasitic elements radius 0.90 

Distance monopole-monopole 40 (≃ 𝜆 3 ) 

Distance monopole-parasitic (x axis) 100 (≃ 4𝜆 5 ) 

Distance parasitic-parasitic (z axis) 97.14 (≃ 4𝜆 5 ) 

Ground plane thickness 0.035 

Substrate width (x axis) 400 (≃ 3.2𝜆) 

Substrate width (z axis) 400 (≃ 3.2𝜆) 
 

Table 6.10. Dimensions of the elements of the monopole SPA with two active elements.  

As we can check in Table 6.10, the problem of having multiple active elements is 

that the size increases. The reason why this happens is because of the mutual coupling 

between elements. If the space is smaller, the mutual coupling makes that the system is 

not implementable. 
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Although we have not implemented physically the suggested antenna in Fig. 6.44, 

there have been some authors that have carried out different tests with adaptive antennas 

similar to the one we present, and the results have been quite satisfactory in a real 

indoor environment. 

This is the case of [8], where and adaptive antenna has been simulated and tested 

later in a real indoor Wireless environment. The tests produce quite good results for the 

different algorithms for controlling the beam orientation, showing that with a small 

number of iterations of the algorithm, the achieved channel capacity is maximized. 

In our case, although the antenna has not been tested in a real environment, the 

results we present in Table 6.11 mean that, as the correlation coefficients of the 

configurations are quite low, we could also achieve good results for the channel 

capacity. 

On the other hand, in Section 7.6, we will provide an alternative solution for the 

implementation of the adaptive antenna using patches. It will be shown that we can 

reduce the size of the structure and the coupling between elements. The matching level 

will also be quite good, and the same will happen with the directivity, gain and 

correlation coefficient. 

As we have commented before, Table 6.11 displays quite good results in terms of 

correlation coefficient and also in terms of directivity, gain and matching. The only non-

desirable effect is that the beam is not very narrow and the coupling between elements is 

high. However, it could be considered acceptable and the channel capacity could be 

optimized due to the extremely low values of the correlation coefficients. 
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A B C D Radiation pattern of the 

first active monopole 

Radiation pattern of the 

second active monopole 

Parameters of interest 

 

 

0 

 

 

0 

 

 

0 

 

 

1 

  

 

corr. coef. = 0.0945 
𝐷1 = 7.869𝑑𝐵𝑖 𝐷2 = 7.873𝑑𝐵𝑖
𝐺1 = 7.845𝑑𝐵 𝐺2 = 7.850𝑑𝐵

 

 𝑆 [𝑑𝐵] =  −17.38 −11.95
−11.95 −17.86

  

 

 

0 

 

 

1 

 

 

0 

 

 

1 

  

 

corr. coef. = 0.1035 
𝐷1 = 6.868𝑑𝑖 𝐷2 = 6.873𝑑𝐵𝑖
𝐺1 = 6.830𝑑𝐵 𝐺2 = 6.836𝑑𝐵

 

 𝑆 [𝑑𝐵] =  
−17.64 −12.24
−12.24 −18.14

  

 

 

1 

 

 

0 

 

 

0 

 

 

0 

  

 

corr. coef. = 0.0902 
𝐷1 = 7.098𝑑𝐵𝑖 𝐷2 = 6.529𝑑𝐵𝑖
𝐺1 = 7.073𝑑𝐵 𝐺2 = 6.511𝑑𝐵

 

 𝑆 [𝑑𝐵] =  
−16.20 −11.14
−11.14 −17.66

  

 

 

1 

 

 

0 

 

 

1 

 

 

0 

  

 

corr. coef. = 0.0702 
𝐷1 = 6.539𝑑𝐵𝑖 𝐷2 = 6.543𝑑𝐵𝑖
𝐺1 = 6.516𝑑𝐵 𝐺2 = 6.521𝑑𝐵

 

 𝑆 [𝑑𝐵] =  −17.05 −10.94
−10.94 −17.45

  

 

 

1 

 

 

1 

 

 

0 

 

 

0 

  

 

corr. coef. = 0.0662 
𝐷1 = 7.818𝑑𝐵𝑖 𝐷2 = 7.294𝑑𝐵𝑖
𝐺1 = 7.784𝑑𝐵 𝐺2 = 7.289𝑑𝐵

 

 𝑆 [𝑑𝐵] =  −17.5 −11.69
−11.69 −19.25

  

 

 

1 

 

 

1 

 

 

0 

 

 

1 

  

 

corr. coef. = 0.0632 
𝐷1 = 6.742𝑑𝐵𝑖 𝐷2 = 7.214𝑑𝐵𝑖
𝐺1 = 6.700𝑑𝐵 𝐺2 = 7.206𝑑𝐵

 

 𝑆 [𝑑𝐵] =  −17.85 −11.96
−11.96 −20.38

  

 

 

1 

 

 

1 

 

 

1 

 

 

0 

  

 

corr. coef. = 0.0487 
𝐷1 = 7.214𝑑𝐵𝑖 𝐷2 = 7.215𝑑𝐵𝑖
𝐺1 = 7.197𝑑𝐵 𝐺2 = 7.199𝑑𝐵

 

 𝑆 [𝑑𝐵] =  
−18.72 −11.44
−11.44 −19.25

  

 

Table 6.11. Radiation patterns and parameters of interest of the SPA using two active elements.  
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6.10. Conclusions. 

Chapter 6 has tried to give an extensive overview for the construction of the SPA 

using monopoles. Different structures have been presented and their performance has 

been studied in terms of channel capacity, correlation coefficient (and, consequently, 

diversity gain), matching, directivity, gain, radiation efficiency, coupling and size. After 

all the tests that have been carried out, we can extract a set of conclusions: 

a) It is necessary that the ground plane is big in terms of wavelength so as to be 

considered as infinite ground plane. 

b) It has been shown what parameters of the structure controls each parameter of 

the design and what happens when we modify one of them. 

c) Depending on the size of the monopole, we will have a different behaviour in 

the radiant structure. It was shown that if the parasitic element is short-

circuited and it is higher than the active monopole, the parasitic element acts 

as a reflector. On the contrary, if the parasitic element is lower than the active 

element, the parasitic element will act as director. 

d) The simplest SPA we can construct is one formed by one active monopole 

and one parasitic element higher than the monopole. With this antenna we 

will be able to orient the beam towards two different directions separated 

180𝑜 . 

e) Three possible SPAs have been shown using four parasitic elements. We have 

checked that all of them provide acceptable results in terms of correlation 

coefficient, and any of them could be chosen for implementing the SPA. 

Regardless of that, one of the suggested designs provides the best results. 

f) It has been shown that there is a limit in the number of parasitic elements we 

can have in the structure. That means that we can not have as much parasitic 

elements as we want because of two reasons. The first one is that, when using 

the rotating SPA, the SNR will be lower in accordance with the number of 

parasitic elements. The second one is that the radiation pattern will become 

more similar if we compare the one we have with one position for the 

switches and the one we have with the next adjacent position, what will mean 

that the correlation coefficient between both will be high. It has been shown 

that, if the angle between two adjacent parasitic elements is lower than 30
o
, 

we do not have an acceptable value of the correlation coefficient. It means 
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that it is not a good idea to have more than twelve parasitic elements in the 

structure. 

g) The achieved channel capacity is quite good when using the rotating SPA 

and, as it was expected, there are different parameters that have an impact on 

it. In fact, the higher the SNR is, the higher the channel capacity is, or the 

higher the number of transmitting antenna we have, the higher the channel 

capacity is. For studying the channel capacity, we have used a statistical 

model specified in Appendix A. 

h) We can also think of using an array of SPA. As we have said in the last point, 

the channel capacity will be increased, but we can also take advantage of this 

fact and to use it in different situations, such as scenarios where the SNR is 

low (when having a rotating SPA). The results we get with the array we 

suggest are quite good and the coupling between them is not a limited factor. 

i) Finally, we can implement an adaptive antenna with two active elements. 

Theoretically, it will have quite good results for the channel capacity because 

the correlation coefficients between radiation patters are extremely low. 

Therefore, Chapter 6 has shown that it could be a good opportunity if we implement 

the SPA in a commercial application (both for implementing a rotating SPA and for 

implementing an adaptive antenna). However, in the next section we are going to 

explore another technology so as to achieve the same results or improve them. The 

antenna technology we have chosen is the microstrip antennas (or patch antennas) 

because of their easily compaction in a small device. 
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Chapter 7 
 

SPA using patches 
 

 

 

7.1. Introduction. 

In the last years, there has been an increasing interest in the use of planar technology 

for the design of transmission lines. This interest is a consequence of a set of quite good 

characteristics this kind of technology offers. 

Patch antennas (also known as microstrip antennas) consists of a metallic patch on a 

dielectric substrate and a ground plane below. The dielectric substrate forms the Printed 

Circuit Board (PCB). An example of patch antenna is shown in Fig. 7.1. 

 

Fig. 7.1. Patch antenna [1]. 
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Patch antennas have a set of advantages why they have received special attention 

since they were suggested: 

a) They are simple and they have a reduced cost when manufacturing because 

its fabrication is carried out using printed-circuit technology.  

b) Easy integration in any device due to their small size. This is due to the use of 

planar technology. On the other hand, the weight is low, what is also an 

important factor when trying to compact and integrate. 

c) They are also simple to fabricate. The manufacture of patch antenna is carried 

out using photolithographic techniques. This allows us to fabricate a large 

number of elements with exactly the same process. As this fabrication 

technique is used, patch antennas are absolutely compatible with Monolithic 

Microwave Integrated Circuits (MMIC). 

d) Selecting the appropriate parameters for the structure, patch antennas are 

quite versatile in terms of matching, polarization and radiation pattern. 

Unfortunately, they also present some disadvantages such as: 

a) They have a narrow wideband due to the fact that they are a quite resonant 

structure. It means that their quality factor Q is high. 

b) They present low radiation efficiency, because only a small part from the 

stored energy of the cavity formed by the ground plane and the patch is 

radiated to the free space. 

c) They have poor polarization purity. 

Regardless of these disadvantages, analysing the entire potential patch antennas 

have, this technology seems to be a quite good candidate for the antenna design we are 

studying in the present thesis. 

The shapes of patch antennas are diverse, being rectangular patch and circular patch 

the most common designs. 

There are different ways for feeding the structure, but we have chosen to use coaxial 

cable for the different designs that are presented in the present thesis. The coaxial cable 

has been designed in the same way as we explained in Section 5.3. The feeding 

mechanism when using coaxial cable in order to feed a microstrip antenna is quite 
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simple. The outer metallic shield is welded to the ground plane, while the core goes 

through the substrate of the antenna in order to weld the core with the metallic patch. 

It is also quite important to emphasize that the dielectric is electrically thin 

(0.003𝜆𝑜  <   <  0.05𝜆𝑜 , where 𝜆𝑜  is the free space wavelength) in order to avoid 

leaks and superficial waves. On the other hand, permittivity belongs to the range 

2.2 <  휀𝑟  <  12, so as to have the field lines confined around the microstrip line. 

In a rectangular patch antenna, the dielectric substrate forms a parallel waveguide 

and the fields are generated inside this waveguide using a way to feed the structure 

(typically a waveguide or a coaxial cable). The radiation mechanism is due to the 

discontinuity between the edges of the patch and the region beyond. In fact, the fields 

from the feeding source are propagated radially out from the probe and when they arrive 

to this transition the radiation occurs. Nevertheless, the effect of the borders is present 

and it depends on the thickness and permittivity of the dielectric. 

Again, as in the case when using monopoles, if we do not specify the contrary in the 

following simulations, the length values are in mm and the frequency values in GHz. 

7.2. Rectangular patch antenna. 

First of all, we are going to explore the rectangular patch antenna. We have specified 

before the dimensions that dielectric thickness and permittivity should have. Hence, we 

should give values to the size of the patch. If we consult any book about antenna theory 

[1] or any document about microstrip antennas, we can check that the length of a patch 

antenna must be half the effective wavelength (𝜆𝑒𝑓𝑓 ), where the effective wavelength is 

defined as the quotient between the wavelength in the vacuum and the square root of the 

permittivity. Taking it into account we can write the following expression: 

 

𝐿 ≃
𝜆𝑒𝑓𝑓

2
 

𝜆𝑒𝑓𝑓 =
𝜆𝑜

 휀𝑟
 

 
 
 

 
 

⇒ 𝐿 ≃
𝜆𝑜  휀𝑟 

2
=

𝜆𝑜
2 휀𝑟

=
𝑐

2𝑓 휀𝑟
     (7.1) 
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𝑤𝑒𝑟𝑒    𝑐 ≡ 𝑙𝑖𝑔𝑡 𝑠𝑝𝑒𝑒𝑑 = 3 ⋅ 108𝑚/𝑠                                                                      

𝑓 ≡ 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2.44𝐺𝐻𝑧                                         

휀𝑟 ≡ 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡𝑒 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒                      

Another key point of the design of the patch antenna is the choice of the point where 

we connect the coaxial cable to the patch. This choice has to do with the matching and it 

is done by testing different positions and selecting the one that provides better results. 

 

Fig. 7.2. Perspective of the patch antenna. 

Fig. 7.2 is provided to know the shape of the patch that has been designed for 

studying its behaviour. 

Fig. 7.3 shows the patch antenna resonating at 2.44GHz. 

 

Fig. 7.3. |S11| vs. Frequency of the patch antenna.  
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We can check in Fig. 7.3 that the resonant frequency is the one we were looking for, 

and we can also see that, as it was said, patch antennas are narrow band. 

On the other hand, the thickness of the ground plane and the patch are 35µ𝑚 and the 

thickness of the dielectric substrate is 3.175𝑚𝑚. The choice of the substrate thickness 

has been done taking into account the restriction specified before. Exactly, as the 

working frequency is 2.44𝐺𝐻𝑧, we get that the wavelength is 𝜆𝑜  =  12.3𝑐𝑚. It implies 

that, for the selected frequency we get: 

0.003𝜆𝑜 <  < 0.05𝜆𝑜 ⇒ 0.37𝑚𝑚 <  < 6.14𝑚𝑚     (7.2) 

As we can check, the selected thickness h satisfies the last restriction.  

We have chosen fibreglass as material for the dielectric substrate, what means that 

the value of the permittivity is 휀𝑟 = 4.7. Therefore, replacing this value in equation 

(7.1) we get that the theoretical value of the patch side should be approximately 2.8𝑐𝑚. 

Expression (7.1) is a theoretical approximation, but after some simulations in CST 

Microwave Studio
®
, the best results were obtained for a value of 𝐿 = 2.6𝑐𝑚 for the 

patch side (what is a quite close result). As for the feeding point, the results were 

obtained by feeding the structure at the patch side divided by six from the centre.  

There are two different models that study the radiation of the patch: transmission line 

model and cavity model. It is quite interesting to know the consequences they show. 

Particularly, we can use the cavity model to explain the distribution of the fields inside 

the structure. 

 

Fig. 7.4. Patch antenna: (a) field distribution (perspective), (b) field distribution (front),                 

(c) equivalent magnetic currents [4]. 

Fig. 7.4 (a) shows the field lines when the value of d is the one we get when applying 

(7.1). The whole structure can be modelled as a cavity delimited by two conductors (the 
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metallic patch and the ground plane) and four slots (the vertical discontinuities). The 

radiation will be originated in the four slots that close the cavity formed by the structure. 

Each of them can be modelled as a sheet of equivalent magnetic current. On the other 

hand, we can check that the field lines have a curve form. This fact implies that they can 

be decomposed into two components: one following the x axis and another one 

following the y axis. By examining Fig. 7.4 (b), it is easy to realise that the components 

in the y axis are in cross-phase and their contributions are cancelled. Therefore, we only 

have now the components in x axis and, hence, the current sheets can be placed directly 

on the substrate as in Fig. 7.4 (c). As we can see, we have two types of currents: 

- The currents in 𝑧 = ± 𝑙
2  have opposite directions and they have a variation 

following the expression 𝑠𝑖𝑛 𝜋𝑥 𝑑  . They do not origin radiation in the 

broadside direction (normal direction to the antenna plane). 

- The currents in 𝑥 = ±𝑑
2  are not cancelled and they contribute in a 

constructive way to the radiation. 

Fig. 7.5 shows the graphical representation of the last explanation. 

 

Fig. 7.5. Magnetic currents of the patch antenna.  

Finally, it is important to mention that patch antennas are equivalent to magnetic 

current with linear polarization in their fundamental mode. Therefore, it is necessary to 

combine one vertical mode and one horizontal mode, both in phase quadrature, if we are 

interested in achieving circular polarization.  

Although, as we have seen, transmission line model and cavity model provide useful 

information in order to understand the behaviour of patch antennas, the analysis of these 

two models is not the aim of the present thesis. Nevertheless, it is also interesting to 
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mention some results these models provide. In fact, they show how the polarization of 

the patch is and what kind of radiation it has: 

a) The polarization of the patch is linear, although it is possible to achieve 

circular polarization. When designing an antenna, it is a good idea to achieve 

circular polarization so as to have better reception and wave propagation 

performance. 

b) In the perpendicular direction to the patch, an addition in phase of the fields 

takes place, what makes that a maximum of the radiation exists in the normal 

direction to the patch. Therefore, the patch is a broadside antenna. 

 

Fig. 7.6. 3D radiation pattern of the patch SPA.  

It is shown in Fig. 7.6 that, exactly, the patch antenna has a maximum in the 

broadside direction. On the other hand, we get a good directivity value.  

In addition, it will be quite important to know the impact of the substrate thickness 

on the matching level of the structure.  

Fig. 7.7 shows that the substrate thickness has an impact on the matching level, and it 

has also to do with the resonant frequency. Therefore, it would be quite interesting to 

choose a value that provides a good matching level and control the resonant frequency 

by modifying the size of the patch. 
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Fig. 7.7. |S11| vs. Frequency of the patch antenna for different values of the substrate thickness.  

Finally, it is also quite interesting to show how the suggested structure radiates. We 

can see in Fig. 7.8 the radiation mechanism we have already explained in this section. 

 

Fig. 7.8. Field lines of the rectangular patch antenna. 

Once we have explained how the rectangular patch works, we are going to design the 

SPA using patches in the next sections. 

7.3. Patch SPA covering two positions. 

We have seen the radiation of the patch in Section 7.2. Hence, the next question is 

the same as the one we had when we designed the SPA using monopoles: can we 

modify the direction of the beam in order to cover more positions in the space? In 

Chapter 6 we described that we could do it by using parasitic elements around an active 

monopole. Therefore, we are going to apply the same idea to patch antennas. However, 
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when using parasitic elements in patch antennas, there is a slight difference than when 

using it in monopoles. 

The difference we are talking about is that, when we used monopoles, we had one 

active element surrounded by a set of parasitics. The active one radiated and the 

parasitic that was short-circuited had an impact on that radiation pattern, but the 

parasitic element did not radiate. On the other hand, the parasitic elements that were 

open-circuited did not have any effect. When we use arrays of patch antennas, we have 

an effect called radiation by coupling. This effect makes that it is impossible short-

circuit one patch because when one of them is radiating, it will affect to all of them, and 

the others will start to radiate due to the coupling. That means that we should think of 

using another mechanism so as to be able to orient the beam. Therefore, we can not 

have a patch antenna in the middle of the structure that defines the radiation pattern and 

a set of parasitic patch elements around it that modify the radiation, because all of them 

will start to radiate. 

The idea we present in this thesis is to use one active central patch joined to other 

parasitic patches. The way they are joined is by using two microstrip lines. These two 

microstrip lines are joined between them by using one varactor diode that emulates the 

behaviour of a switch: if the varactor diode is configured in order to present a low 

impedance, the effect will be the same as the one we have when short-circuiting, and if 

the varactor diode is configured in order to present a high impedance, the effect will be 

the same as the one we have when open-circuiting. On the other hand, it was 

commented in Section 6.4.6 that, depending on the size of the parasitic elements in 

comparison with the active one, they were either directors or reflectors. As we have 

already explained, now the parasitic elements do not modify the beam of the active one, 

and what we have instead, is that depending on the configurations of the varactors, one 

of the parasitic elements starts to radiate and they determine the radiation pattern and, 

consequently, the direction of the beam. Therefore, now the size does not have any 

relation with being director or reflector, but with the resonant frequency. 

It was shown in (7.1) that the resonant frequency is inversely proportional to the size 

of the patch. We have already explained also that we will have one active patch and a 

set of parasitic elements surrounding it, but, in this case, the parasitic will not modify 

the beam of the active one, but they will define the beam instead. Therefore, the 

parasitic patches should define the first resonant mode of the structure, what means that 

their size will have to be bigger than the size of the central patch. 
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Fig. 7.9. Patch SPA for covering two positions. 

In Fig. 7.9 we can check that, exactly, the parasitic elements are bigger than the 

active element. We can also check that the feeding point is the patch side divided by six 

from the centre. As for the varactor diodes, they are represented by the two blue lumped 

network elements. On the other hand, the dimensions are collected in Table 7.1. 

Element Geometrical dimensions 

[mm] 

Active patch side 5 (≃ 𝜆 25 ) 

Parasitic elements side 26 (≃ 𝜆 5 ) 

Microstrip line length 8 (≃ 3𝜆 50 ) 

Microstrip line width 0.5 (≃ 𝜆 250 ) 

Gap between microstrip lines 1.5 

Metallic elements thickness 0.035 

Substrate thickness 3.175 

Substrate width (x axis) 113.5 (≃ 9𝜆 10 ) 

Substrate width (z axis) 56 (≃ 𝜆 2 ) 
 

Table 7.1. Dimensions of the elements of the patch SPA for covering two positions.  

The values of Table 7.1 were calculated after having parameterized the whole 

structure, that is, after different trials testing what parameter was in charge of 

controlling the different output values (such as matching or resonant frequency). We 

have explained that the first resonant frequency is controlled by the size of the parasitic 

element, but it is also important to know what happens when we modify the active 

element size, the length and width of the microstrip lines and the gap length between the 

microstrip lines. 
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7.3.1. Variation of the active element size. 

As we have already explained, due to the fact that the parasitic size is bigger than the 

size of the active patch, the first resonance will be produced by the parasitic. Therefore, 

the dimension of the central patch will not have a strong impact on the resonant 

frequency since its size is quite smaller than the size of the parasitic, but we should 

study if a variation of this parameter has an impact on other features. 

 

Fig. 7.10. |S11| vs. Frequency of the patch SPA for different values of the active element size.  

Analyzing Fig. 7.10, it is concluded that, although it has a small impact on the 

resonant frequency, the strongest impact when modifying the central patch size is on the 

matching level. In fact, a small variation of this parameter can mean that the whole 

structure is not matched. 

On the other hand, and as it is usual in this kind of radiating structures, we must take 

into account not only one parameter when trying to match, but we must have an 

agreement among more than one parameter, because they all have an impact on the 

value of |S11|. 

7.3.2. Variation of the microstrip lines. 

The next parameters we can study are the dimensions of the microstrip lines that 

connect, via a varactor diode, the active central patch with the parasitic elements that 

surround it. Therefore we should study both the line length and the line width. 

If we modify the length of the line we obtain the results shown in Fig. 7.11. 
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Fig. 7.11. |S11| vs. Frequency of the patch SPA for different values of the microstrip line length. 

On the other hand, Fig. 7.12 shows what happens when modifying the microstrip 

width. 

 

Fig. 7.12. |S11| vs. Frequency of the patch SPA for different values of the microstrip line width. 

We can conclude that it seems that the length of the microstrip line has an impact on 

two parameters: 

- On the matching level. Depending on the value of the microstrip line length, 

the matching level is modified. Even so, the matching level does not seem to 

be a problem when modifying the microstrip length because, as we have 

explained, there are more circuit parameters that have to do with the matching 

level, so this feature could be improved just modifying other parameters. 

- On the resonant frequency. It seems to be the most important consequence of 

varying the microstrip line width, because a small modification of this 

parameter means a big variation of the resonant frequency. Therefore, 
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although the first resonant frequency is controlled by the parasitic patch 

(when it is bigger than the active one), the width of the microstrip lines 

affects to this parameter. 

On the other hand, the width of the microstrip lines affects basically to the matching 

level, and has almost nothing to do with the resonant frequency. 

Therefore, the tests of the dimensions of the microstrip line that connects active 

element with parasitic element, can be summarized in that the length controls mainly the 

resonant frequency (although its value has also an impact on the |S11| parameter), and 

the width has a strong impact on the matching level. The explanation of that can be 

understood using microwave theory. In fact, if we consult any microwave book [5], we 

can check that wide microstrip line means a low input impedance, and narrow 

microstrip line means a high input impedance. So, if we modify the width of the line, it 

will imply a variation in the input impedance, and, consequently, in the matching level.  

7.3.3. Variation of the gap between microstrip lines. 

The last element we can modify is the gap width between the two microstrip lines. 

When we have to decide the width of this gap, we can not forget that in this space we 

will compact the varactor diode, what means that not all the values for this parameter 

are feasible. Therefore, the ideal value should be in accordance to the size of the 

varactor diode allowing us to weld it to the microstrip line. The smallest gap width that 

allows us to compact the varactor diode in the structure will be the best one. Regardless 

of that, the aim of this trial is to understand the impact that this gap has on the features. 

 

Fig. 7.13. |S11| vs. Frequency of the patch SPA for different values of the gap width between 

microstrip lines.  
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Analysing Fig. 7.13, it is clear that the main impact of the gap width between microstrip 

lines has to do with the resonant frequency, because, although it has also an effect on 

the matching level, the values of the achieved |S11| for the different resonant frequencies 

suggest that the structure is well matched. 

7.3.4. Features of the patch SPA covering two positions. 

Once we have explained the impact on the features of the different elements of the 

structure, we can design the SPA for covering two positions. Table 7.1 shows the 

specifications of the suggested antenna. 

We can check in Table 7.2 that, exactly, we are able to implement the SPA, because 

we are going to change the orientation of the beam just controlling the impedance of the 

varactor diodes. 

Varactors 

configuration 

Radiation pattern Electromagnetic field lines 

Varactor 1 ON 

Varactor 2 OFF 

 

  

Varactor 1 OFF 

Varactor 2 ON 

 

  
 

Table 7.2. Radiation pattern and electromagnetic field lines for each varactors configuration of the 

patch SPA for covering two positions. 

In Table 7.2, Varactor 1 corresponds to the one that is placed in the negative part of 

the x axis, and Varactor 2 to the other one.  

It is quite interesting to realize that the direction of the beam is the opposite of the 

parasitic element that is short-circuited with the active one. 

As for the correlation coefficient and diversity gain, we get the following results: 

𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = 0.3405 
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𝐷𝐺 = 9.4147 ⇒ 𝐷𝐺 𝑑𝐵 = 9.7381 

This result means that the suggested antenna satisfies the restriction that the 

correlation coefficient must be under 0.5, as it is specified in Section 2.4. 

On the other hand, just studying the field lines, we check that, as we are looking for, 

depending on what varactor diode is on or off, the radiation corresponds to the patch 

which varactor makes it be short-circuited. 

It is also quite important to know the values of the directivity, gain and efficiencies 

in the direction of the maximum for both possible configurations. Table 7.3 provides 

these results (the numbering of the radiation patterns corresponds to the order of Table 

7.2, i.e. “pattern 1” corresponds to the first pattern of Table 7.2). 

 Directivity 

[dBi] 

Radiation 

efficiency 

Radiation 

efficiency 

[dB] 

Total 

efficiency 

Total 

efficiency 

[dB] 

Gain [dB] 

Pattern 1 6.740 0.9344 -0.2946 0.9135 -0.3930 6.445 

Pattern 2 6.791 0.9269 -0.3296 0.9268 -0.3300 6.462 
 

Table 7.3. Antenna parameters of the patch SPA for covering two positions.  

As it is shown in Table 7.3, the values of the directivity, gain and efficiencies are 

good because they are relatively high, what makes that the designed antenna can be used 

for implementing the SPA for MIMO links. Regardless of that, in Section 7.4.2, it will 

be shown that these results can be improved if we design a SPA for covering four 

positions instead of just two. 

Finally, it is fundamental to study the matching level of the antenna for both cases. 

Fig. 7.14 shows the matching for the first configuration of the varactors. 

Meanwhile Fig. 7.15 corresponds to the other possibility of the configuration for the 

varactor diodes. 

Comparing Fig. 7.14 and Fig. 7.15, it is obvious that the second configuration 

presents a better value for the matching at the resonant frequency. This behaviour is due 

to the feeding point, because the central patch is not feed in the centre (as it was 

previously commented), what makes that the structure is not exactly symmetric. 

Regardless of this fact, the matching level shown by the structure for each possible 

varactors configuration is perfectly acceptable because both levels are around −18𝑑𝐵 

and −40𝑑𝐵. 
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Fig. 7.14. |S11| vs. Frequency of the patch SPA (first configuration of the varactors).  

 

Fig. 7.15. |S11| vs. Frequency of the patch SPA (second configuration of the varactors).  

7.4. Patch SPA covering four positions. 

Section 7.3 has suggested the design of the SPA using patches for covering two 

positions. In that section, we have already checked that the antenna satisfies the design 

parameters specified for the present thesis in Section 5.2.  

On the contrary, the antenna we suggest in Section 7.3 has a small disadvantage: its 

beam can only cover two positions of the space. Although this limitation can not mean a 

problem in some communication environments, as it was explained in Section 2.2, 

MIMO systems try to take advantage of having a multipath environment in a high 

scattering scenario in order to improve the channel capacity using spatial multiplexing. 

Implementation of spatial multiplexing needs to have multiple antennas in the 

transmitter and/or the receiver. In this thesis, the aim is try to replace the set of antennas 

in the receiver with a beam that can point towards different directions in order to 
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simulate the same behaviour as having multiple antennas. Therefore, if the more 

antennas we have, the better values of channel capacity we get in MIMO systems, with 

the idea we suggest, the more directions the beam can be oriented, the better channel 

capacity we will achieve. Hence, it seems that it would be a good idea trying to 

implement a SPA that covers more than two directions. 

Particularly, a SPA that covers four directions will be design in this section. 

Unfortunately, implementing a SPA that covers more directions of the space present 

two disadvantages: 

- As it was explained in Section 4.6, the required SNR for the rotating antenna 

is inversely proportional to the number of directions the beam can point. That 

means that, if we are interested in covering more positions, the SNR we need 

will be higher. 

- Covering more positions means that more parasitic patches will be required. 

Therefore, the size of the antenna will be increased. 

However, apart from these two disadvantages, to have a SPA using patches will 

provide a quite interesting improvement in the system performance with an acceptable 

impact on the size. Besides, the required SNR is not excessively high, and can be 

assumed by a typical communication link. 

7.4.1. Design of the SPA. 

The design of the SPA for covering four positions is carried out following the same 

structure than the one we have already explained in Section 7.3.  

Therefore, we just have to add to the last structure two more parasitic elements with 

their corresponding microstrip lines and varactor diodes. On the other hand, it will be 

necessary to adjust the different parameters of the structure for the new configuration. 

Following the indications we know from the Section 7.3 for modifying the resonant 

frequency or the matching level (among others) we get the SPA for the new situation. If 

we do it, we have an antenna that radiates at the frequency we are looking for (𝑓 =

2.44𝐺𝐻𝑧). Unfortunately, the directivity presents a problem because, as we can check in 

Fig. 7.16, the radiation is maximum towards one direction, but in the opposite direction 

we also have a local maximum, what is a non desirable effect. 
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Fig. 7.16. Radiation pattern of the patch SPA for covering four positions. 

Therefore, we should try to think a possible solution that makes that the radiation 

pattern has just one direction where the radiation is maximum. 

The solution of this problem lies in the use of matching strips next to each parasitic 

patch. 

As it was said in Section 7.3, the varactor diodes of the suggested antenna will make 

that the injected current via the coaxial cable in the central patch will achieve the 

parasitic element which varactor diode present a low impedance condition. Due to it, 

this patch will start to radiate. But this does not mean that the rest of the parasitic 

patches do not radiate, because they will start to radiate due to electromagnetic 

couplings with the first patch that started to radiate. 

The fact of having more elements radiating due to electromagnetic coupling implies 

the appearance of non desired effects, such as having one direction where the radiation 

is maximum and another opposite direction with a local maximum (although the 

radiation towards this second direction is lower). 

As we have said, the solution the present thesis suggests for this problem is the use of 

matching strips in each of the four parasitic elements that surround the central patch. 

This strip is quite small, and it makes that, depending on the varactor configuration, its 

presence does not affect practically in some of the patches, but, in other patches, it has a 

quite important effect. 

On the other hand, it is known from microwave theory that to change from an open-

circuit condition to a short-circuit condition is equivalent to move through an electric 

circuit a distance of 𝜆𝑔/4. 
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An open-circuit condition is equivalent to have an infinite impedance, what makes 

that the electromagnetic currents are not able to flow. This effect is the one we are 

looking for when adding the matching strips, what means that the electromagnetic 

currents will not flow through the patch responsible of the second non desired local 

maximum. 

On the contrary, the strip of the patch that starts to radiate will not affect almost to 

this patch because its effect is quite similar to have one short-circuit. 

The explanation of why the behaviour of the matching strip is different depending on 

the patch (it presents either a short-circuit condition or an open-circuit condition) is 

because of the electrical path the currents follow. In fact, the current follows an electric 

path from the active central element to the parasitic which varactor diode presents a low 

impedance condition that makes that the matching strip has a behaviour of short-circuit. 

But when this patch radiates, the electrical path the currents follow in order to achieve 

other patches makes that the matching strip is equivalent to have a open-circuit 

condition, what makes that the currents can not flow through these patches. 

Therefore, the conclusion is evident: it is quite important to design these matching 

strips, because the length they present will determine if we are able to have this 

behaviour. 

It will also be necessary to redesign the different elements of the radiating structure. 

Therefore, the new structure will have the shape of Figure 7.17. 

 

Fig. 7.17. Patch SPA for covering four positions. 
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Table 7.4 presents the dimensions of the antenna we suggest. 

Element Geometrical 

dimensions [mm] 

Active patch side 5 (≃ 𝜆 25 ) 

Parasitic elements side 26.06 (≃ 𝜆 5 ) 

Matching strip size 4 (≃ 𝜆 30 ) 

Microstrip line length 5 (≃ 𝜆 25 ) 

Microstrip line width 0.5 (≃ 𝜆 250 ) 

Gap between microstrip lines 1.5 

Metallic elements thickness 0.035 

Substrate thickness 3.175 

Substrate width (x axis) 109.62 (≃ 9𝜆 10 ) 

Substrate width (z axis) 109.62 (≃ 9𝜆 10 ) 
 

Table 7.4. Dimensions of the elements of the patch SPA for covering four positions.  

7.4.2. Features of the patch SPA covering four positions. 

Once we have explained the working principles of the new antenna and the different 

elements it needs, we can study the features we get using this antenna. 

Table 7.5 shows that, exactly, we are able to implement the SPA, because we are 

going to change the orientation of the beam just controlling the impedance of the 

varactor diodes, and this beam will be able to point towards four different directions. 

In Table 7.5, Varactor 1 corresponds to the one that is placed in the negative part of 

the x axis, Varactor 2 to the one that is placed in the negative part of the z axis, Varactor 

3 to the one that is placed in the positive part of the x axis and Varactor 4 to the one that 

is placed in the positive part of the z axis. 

Again, it is quite interesting to realize that the direction of the beam is the opposite of 

the parasitic element that is short-circuited with the active one. 

The study of the field lines shows clearly that, as we are looking for, depending on 

what varactor diode is on or off, the radiation corresponds to the patch which varactor 

makes it be short-circuited. 
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Varactors 

configuration 

Radiation pattern Electromagnetic field lines 

Varactor 1 ON 

Varactor 2 OFF 

Varactor 3 OFF 

Varactor 4 OFF 

 
  

Varactor 1 OFF 

Varactor 2 ON 

Varactor 3 OFF 

Varactor 4 OFF  

  

Varactor 1 OFF 

Varactor 2 OFF 

Varactor 3 ON 

Varactor 4 OFF 

  

Varactor 1 OFF 

Varactor 2 OFF 

Varactor 3 OFF 

Varactor 4 ON 

  
 

Table 7.5. Radiation pattern and electromagnetic field lines for each varactors configuration of the 

patch SPA for covering four positions. 

It is also quite important to know the directivity in the direction of the maximum and 

also the gain. Table 7.6 provides these results (the numbering of the radiation patterns 

corresponds to the order of Table 7.5, i.e., “pattern 1” corresponds to the first pattern of 

Table 7.5). 

 Directivity 

[dBi] 

Radiation 

efficiency 

Radiation 

efficiency 

[dB] 

Total 

efficiency 

Total 

efficiency 

[dB] 

Gain [dB] 

Pattern 1 8.797 0.9540 -0.2045 0.9423 -0.2583 8.593 

Pattern 2 8.824 0.9086 -0.4164 0.8818 -0.5461 8.408 

Pattern 3 8.802 0.9283 -0.3231 0.9066 -0.4259 8.479 

Pattern 4 8.798 0.9254 -0.3368 0.9126 -0.3973 8.462 
 

Table 7.6 Antenna parameters of the patch SPA for covering four positions. 
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As it is shown in Table 7.6, the values of the directivity, gain and efficiencies are 

quite good because they are relatively high, what makes that the designed antenna can 

be used for implementing the SPA for MIMO links. 

On the other hand, we have to study the matching level of the antenna for the four 

possible varactors configurations. From Fig. 7.18 to Fig. 7.21, it is shown the matching 

for each possible configuration. 

 

Fig. 7.18. |S11| vs. Frequency of the patch SPA for covering four positions (first configuration of the 

varactors). 

 

Fig. 7.19. |S11| vs. Frequency of the patch SPA for covering four positions (second configuration of 

the varactors). 
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Fig. 7.20. |S11| vs. Frequency of the patch SPA for covering four positions (third configuration of the 

varactors). 

 

Fig. 7.21. |S11| vs. Frequency of the patch SPA for covering four positions (fourth configuration of 

the varactors). 

As we can check in Fig. 7.18-7.21, although the behaviour is different depending on 

the varactors configuration, the structure is absolutely matched in all of the situations. 

Finally, it is important to study the values of the correlation coefficient and diversity 

gain. 

The correlation coefficient is a value that is computed by comparing two radiation 

patterns. As in this antenna the radiation pattern is slightly different depending on the 

varactors configuration, it is necessary to compare each radiation pattern with the rest. 

Table 7.7 shows the results we get in terms of correlation coefficient and diversity gain. 
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  Correlation 

coefficient 

Diversity 

gain 

Diversity gain 

[dB] 

Pattern 1 Pattern 2 0.0202 9.9980 9.9991 

Pattern 1 Pattern 3 0.3602 9.3427 9.7047 

Pattern 1 Pattern 4 0.0190 9.9982 9.9992 

Pattern 2 Pattern 3 0.0293 9.9958 9.9982 

Pattern 2 Pattern 4 0.2610 9.6605 9.8500 

Pattern 3 Pattern 4 0.0307 9.9954 9.9980 
 

Table 7.7. Correlation coefficient and diversity gain of the patch SPA. 

Table 7.7 shows that the suggested design for the patch SPA will provide good 

results in terms of channel capacity because the correlation coefficient is always below 

0.5 and additionally, in some cases, its value is really low. 

7.5. Channel capacity of the rotating SPA. 

In this section, the same aspects than those that were computed in Section 6.7 will 

be studied, but computed for the SPA using patches for covering four positions that was 

designed in Section 7.4. Again, we are assuming one rotating SPA at the receiver and 

we will simulate a MIMO channel, using the model that is explained in Appendix A for 

the following two possible situations: 

1) Two omnidirectional antennas at the transmitter and one rotating patch SPA 

covering two positions at the receiver (as the one we have presented in 

Section 7.3). 

2) Four omnidirectional antennas at the transmitter and one rotating patch SPA 

covering two positions at the receiver (as the one we have presented in 

Section 7.3). 

In this case, a Monte Carlo simulation with 10000 trials will also carried out in order 

to get a result as much reliable as possible.  

The channel capacity values distribution will be studied in a histogram and, from it, 

the normalized histogram envelope and CDF will be computed. 
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7.5.1. Case 1: two antennas at the transmitter and one SPA at the receiver. 

Placing two omnidirectional antennas at the transmitter and one rotating SPA at the 

receiver, the histograms shown in Fig. 7.22 provide the results of the simulations for 

two possible values of the SNR. 

 

Fig. 7.22. Histogram of the channel capacity when having two omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver: (a) SNR=4dB, (b) SNR=10dB. 

Checking Fig. 7.22, we can realise that the shape of both histograms are quite similar 

but, as it is expected, the values are shifted towards the right when the SNR is higher 

because the channel capacity increases. The results we get are quite good because, with 

the suggested antenna, theoretically, we could provide results for the channel capacity 

of around 1.8𝑏𝑝𝑠/𝐻𝑧 if the SNR is 4𝑑𝐵 and 4.4𝑏𝑝𝑠/𝐻𝑧 if this value is increased to 

10𝑑𝐵. 

Fig. 7.22 is the evidence that if we increase the SNR we get quite good results in the 

channel capacity. On the other hand, the results are quite acceptable and they can be 

considered as a fairly good value for a conventional communications system. 

However, as it is known, we can study the probability of having the different values 

of the channel capacity by using the histogram. If we take the histogram and we 

normalize it, we can have an indicator of the PDF of the channel capacity. Of course, we 

do not get the PDF because we have a finite set of values, but we can get similar 

conclusions if we study the normalized histogram envelope. Fig. 7.23 shows the 

normalized histogram envelope for a MIMO system using the rotating SPA 

implemented with patches when having two omnidirectional antennas at the transmitter 

side and one single rotating SPA at the receiver. 

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2
0

50

100

150

200

250

300

350

400

450

channel capacity [bps/Hz]

(a)

3 3.5 4 4.5 5
0

100

200

300

400

500

600

channel capacity [bps/Hz]

(b)



Chapter 7 – SPA using patches 

130 
 

 

Fig. 7.23. Normalized histogram envelope of the channel capacity when having two omnidirectional 

antennas at the transmitter and one single rotating SPA at the receiver for different values of the 

SNR.  

As it is expected, when the value of the SNR starts to increase, the normalized 

histogram envelope shifts towards the right, what means that the channel capacity will 

have an increment. Another interesting aspect of the behaviour of the normalized 

histogram envelope is that the higher the SNR is, the more expanded the graph is. That 

means that the possible values for the channel capacity represent a wider set if the SNR 

is higher. This behaviour implies that the standard deviation when estimating the 

average value of the channel capacity will be higher when the SNR is higher. 

Regardless of this, all the envelopes have a peak in the shape and it is quite illustrative 

in order to calculate the average channel capacity for the different cases. 

Complementary, Fig. 7.24 displays the shape of the CDF for different values of the 

SNR. 

The interpretation of Fig. 7.24 is that, the higher the SNR is, the higher the 

probability that the achieved channel capacity is over a specific value. 

Fig. 7.24 has two aspects that must be highlighted: 

- The higher the SNR is, the bigger the set of the possible channel capacity 

values. This behaviour has already been explained with the normalized 

histogram envelope. 

- The higher the SNR is, the lower the probability that the achieved channel 

capacity is under a specific value. 
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Fig. 7.24. CDF of the channel capacity when having two omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver for different values of the SNR.  

It has been shown in this section that the results in terms of channel capacity are 

fairly good when using a rotating SPA at the receiver and an array of two antennas at 

the transmitter. Even though these results are quite acceptable in a real system, Section 

7.5.2 will show that they can be improved just adding more elements at the transmitter 

part. 

7.5.2. Case 1: four antennas at the transmitter and one SPA at the receiver. 

As it has been explained, the theoretical MIMO capacity can be increased just with 

placing more antennas either at the transmitter or at the receiver. Therefore, the next 

step seems clear: we should explore the channel capacity when we have in the 

transmitter more antennas in the transmitter side. 

The histograms shown in Fig. 7.25 show the results of the simulations for two 

possible values of the SNR, when placing four omnidirectional antennas at the 

transmitter and one SPA at the receiver. 

Checking Fig. 7.25, we can conclude that we have the same behaviour than in Fig. 

7.22, but, now, the channel capacity has been increased because of the use of more 

antennas. Therefore, the results continue being good because, with the suggested 

antenna, theoretically, we could provide results for the channel capacity of around 

2𝑏𝑝𝑠/𝐻𝑧 if the SNR is 4𝑑𝐵 and 5𝑏𝑝𝑠/𝐻𝑧 if this value is increased to 10𝑑𝐵. 
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Fig. 7.25. Histogram of the channel capacity when having four omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver: (a) SNR=4dB, (b) SNR=10dB. 

We can also study the normalized histogram envelope for the new scenario. The 

results are shown in Fig. 7.26. 

 

Fig. 7.26. Normalized histogram envelope of the channel capacity when having four omnidirectional 

antennas at the transmitter and one single rotating SPA at the receiver for different values of the 

SNR.  

Again, as it is expected, when the value of the SNR increases, the normalized 

histogram envelope shifts towards the right, because the channel capacity is higher. On 

the other hand, we also have the same behaviour than in Fig. 7.23: the possible values 

for the channel capacity represent a wider set if the SNR is higher. Therefore, the 

standard deviation when estimating the average value of the channel capacity is higher 

when the SNR is higher. Finally, it is also quite important to realize that the envelopes 

have now a shape quite similar to a Gaussian distribution and it is easy to provide the 

average value of the channel capacity. 
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Complementary, Fig. 7.27 shows the shape of the CDF for different values of the 

SNR. 

 

Fig. 7.27. CDF of the channel capacity when having four omnidirectional antennas at the 

transmitter and one single rotating SPA at the receiver for different values of the SNR.  

Fig. 7.27 provides the same conclusions than Fig. 7.24, but for the new scenario. 

Again, the results are good in terms of channel capacity, and we have had a slight 

improvement due to the inclusion of two more transmitting antennas. 

7.6. Array of two patch SPAs. 

As it has been shown in Section 7.5, the addition of more antennas in the system 

implies an increasing in the channel capacity. So, it would be a good idea if we had an 

array of SPAs at the receiver.  

Therefore, it is necessary to know what happens when having an array of SPAs from 

the point of view of the antenna theory. Hence, in this section we are going to study the 

radiation pattern, matching, coupling and other parameters of an array formed by two 

SPAs. 
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Fig. 7.28. Array formed by two patch SPAs. 

As in the array that was explained in Section 6.8, we have the same problem in some 

of the possible configurations of the varactors. Let us assume that for each SPA, the 

radiating element is the one that has the biggest value of the x coordinate. For the 

antenna that is in the left, the behaviour will be quite similar to the one we have when 

using a single SPA. But for the SPA of the right it will not be like that, because it will 

have parasitic elements at both sides, and all of them will affect to the radiation pattern. 

On the other hand, another disadvantage is obvious: to add more SPAs means to 

include more RF chains, what implies higher cost of the device and more space. 

As it was also explained in Section 6.8, instead of covering all the possible 

configurations of the switches, for simplify the problem, we are going to focus only in 

four of them. Therefore, again, we will have at the same time the same parasitic 

elements radiating in both SPAs. 

In Table 7.8, it is shown what varactors have a low impedance condition and the 

radiation pattern of each antenna.  

The results we get in Table 7.8 are good in terms of radiation pattern. 
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Antenna vision Radiation pattern of 

the first SPA 

Radiation pattern of 

the second SPA 

 
  

 

Table 7.8. First configuration of the varactors for the patch SPA array and its corresponding two 

radiation patterns.  

Table 7.9 shows the values of directivity, gain and efficiencies. 

 Directivity 

[dBi] 

Radiation 

efficiency 

Radiation 

efficiency 

[dB] 

Total 

efficiency 

Total 

efficiency 

[dB] 

Gain [dB] 

Pattern 1 8.85 0.9407 -0.2654 0.9141 -0.39 8.58 

Pattern 2 8.84 0.9450 -0.2457 0.9254 -0.3367 8.60 
 

Table 7.9. Antenna parameters of the array of patch SPAs for the first varactors configuration.  

Table 7.9 shows that the values of the directivity, gain and efficiencies are fairly 

good because they are high. In fact, they are quite similar to those we got for the single 

SPA in Table 7.6. 

On the other hand, it is also fundamental to compare both radiation patterns in terms 

of correlation coefficient and diversity gain. If we do it, we get: 

𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  0.1830  𝐷𝐺 [𝑑𝐵]  =  9.9275𝑑𝐵 

As we can check, the values of the correlation coefficient and diversity gain are 

acceptable because they fulfil the criterion that was explained in Section 2.4. 

As for the S parameters, Fig. 7.29 displays the results we get. Checking Fig. 7.29, we 

can conclude that the matching level (parameters S11 and S22) is good (around −35𝑑𝐵) 

and the coupling (parameters S12 and S21) is quite low (less than −20𝑑𝐵) at the 

frequency of interest. Therefore, the array would work perfectly at the frequency we are 

interested in. It is also quite important to highlight that, due to the symmetry of the 

structure, both parameters S11 and S22 are equal, and the same happens with S12 and S21. 
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Fig. 7.29. S parameters of the array formed by two patch SPAs for the first varactors configuration.  

The second possible configuration of the varactors provides the results we can check 

in Table 7.10. 

Antenna vision Radiation pattern of 
the first SPA 

Radiation pattern of 
the second SPA 

 
  

 

Table 7.10. Second configuration of the varactors of the patch SPA array and its corresponding two 

radiation pattern.  

Checking Table 7.10, we can see that the radiation pattern of the second SPA is not 

very good. The reason is because, as we have explained at the beginning of this section, 

in this situation, the patch that is radiating in the second SPA has the effect of the 

parasitics that it has at both sides. 

 Directivity 

[dBi] 

Radiation 

efficiency 

Radiation 

efficiency 

[dB] 

Total 

efficiency 

Total 

efficiency 

[dB] 

Gain [dB] 

Pattern 1 8.96 0.9267 -0.3305 0.8963 -0.4753 8.63 

Pattern 2 8.74 0.8825 -0.5428 0.8078 -0.9268 8.20 
 

Table 7.11. Antenna parameters of the array of patch SPAs for the second varactors configuration.  

Table 7.11 shows that the values of the directivity, gain and efficiencies are quite 

good for the first pattern but we do not have the same features for the second pattern. 
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Regardless of this fact, the values of the second pattern are not so bad and they can be 

considered as acceptable. 

As for the correlation coefficient and diversity gain we have: 

𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  0.1637  𝐷𝐺 [𝑑𝐵]  =  9.9422𝑑𝐵 

As we can see, the results are quite acceptable, so we could use this system in a 

MIMO link. 

Finally Fig. 7.30 shows the S parameters. 

 

Fig. 7.30. S parameters of the array formed by two patch SPAs for the second varactors 

configuration.  

Again, we can conclude that the values of S11 and S22 are good (around −20𝑑𝐵) and 

the values of S12 and S21 are quite low (less than −20𝑑𝐵) at the frequency of interest. 

However, they are worse than those we had for the first configuration of the varactors. 

On the other hand, as we do not have now a symmetric structure, both parameters S11 

and S22 are not exactly equals and the same happens with S12 and S21. 

As for the size of the array, the dimensions of each element are exactly the same than 

the ones that are contained in Table 7.4. The distance between the central element of 

both antennas of the array is 109.62𝑚𝑚  ≃ 9𝜆 10  .  

We have shown that it is feasible to implement this array of SPAs because we have 

had good results when we have studied the matching, coupling, correlation coefficient, 

diversity gain, directivity, efficiencies and gain. 
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The tests have been focused on just two possible positions of the varactors because 

the other two are symmetric and the results are the same. It has also been shown that in 

the second possible situation of the varactors, the radiation pattern for one of the 

antennas is quite modified from the one we have when the single antenna, due to the 

presence of the parasitic elements of the other antenna. Regardless of this non-desirable 

effect, we can conclude that it is not a quite important problem in the performance and 

features of the whole structure. 

Finally, as it was also explained at the end of Section 6.8, the suggested array could 

be a quite good solution in a poor scenario in terms of SNR if we are interested in 

implementing a rotating SPA because of the same reason that was explained in that 

section. However, the array will have inevitably an impact on the size restrictions of the 

structure. 

7.7. Implementing a patch SPA with two active elements. 

As in Section 6.9, we could think of implementing an adaptive antenna using 

patches.  

As we have explained in Section 7.3, when we implement the SPA using patches we 

have a slight difference than when using monopoles, and the parasitic elements radiate 

and also modify the beam orientation instead of just modifying the beam orientation. 

Therefore, in this situation, we will not have two active elements and a set of parasitic 

elements in order to have different beam orientations for improving the channel 

capacity. However we could have the same behaviour using the array we suggest in 

Section 7.6. At the same time we will have two beams that will be point to different 

directions in order to maximize the channel capacity.  

As in Section 6.9, theoretically, we would have good results in terms of channel 

capacity because of the low values of the correlation coefficients. These values are 

given in Section 7.6 and they fulfil the restriction of being below 0.5. On the other 

hand, we get different advantages in comparison with the adaptive antenna using 

monopoles: 

- The size is reduced. In fact, the dimension in x axis when using patches is 

half the dimension when using monopoles, and a quarter part in z axis. 

Additionally, we are using planar technology instead of quarter wavelength 

monopoles. 
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- The values of directivity and gain are better with patches than with 

monopoles. 

- As for the coupling and matching level, we get better results if we use 

patches. 

On the contrary, the adaptive antenna using monopoles provide better values of the 

correlation coefficient. Even so, the correlation coefficients when using patches can be 

also considered as low, what would mean good results for the channel capacity.  

7.8. Circular polarization. 

One of the potential advantages of using patch antennas in the design of the SPA is 

the possibility of providing circular polarization in a quite simple an easy way. Circular 

polarization can be obtained just modifying the antenna elements or the feeding. 

Circular polarization is the consequence of having two orthogonal modes that are 

excited with a 𝜋 2  time-phase difference between them. There are different ways that 

can provide circular polarization but in this thesis we are going to suggest three of them 

and we are going to explain their advantages and disadvantages and if it is feasible to 

implement in the structure we suggest. 

In order to know if the circular polarization is achieved or not, we have to study the 

value of the axial ratio in the direction we are interested in. According to [1], the axial 

ratio is the ratio of the major axis to the minor axis of the curve traced for the 

electromagnetic wave at a given position as a function of time. The value of the AR is 1 

when having pure circular polarization. In the case of having linear polarization, this 

value is infinite. 

The first possibility for achieving circular polarization consists of feeding the 

element at two points (Fig. 7.31). Two signals arrive to these two points in phase 

quadrature, what makes necessary have either a  𝜋 2  power divider or a 𝜋 2  hybrid, 

such as the branch line hybrid, which design can be studied in any microwave book [5]. 
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Fig. 7.31. Circular polarization by having two feeding points: (a) using a power divider, (b) using a 

hybrid [1]. 

Fig. 7.31 uses a transmission line for feeding instead of a coaxial cable, but it would 

be exactly the same if we use coaxial cable. The only difference is that the excitation 

points will be under the patch, and both at the same distance from the centre. 

Although with this technique we can achieve circular polarization with quite high 

purity, it has disadvantages that make it not be physically implementable in the design 

we present in this thesis. The most important is the size restriction and that we need a 

microwave device, such as a branch line, in order to get the phase quadrature. 

Therefore, the complexity and size of the device increase. 

However, it was tried to achieve circular polarization following this idea, but in 

another possible way. The idea was that from each of the four sides of the central patch, 

it was tried to implement a power divider, in a way that the path difference between 

both branches of the divider was 𝜆/4. Each of both branches was connected to one side 

of the outer patch, and the patch was rotated 45𝑜  in order to get it. We had this structure 

four times (one per each patch). The problem was that, as the space is limited because 

we are trying to compact the structure as much as possible, it was quite difficult to 

compact the structure. And not only this, but another problem was that, due to the size 

restrictions, we had a quite high coupling between the elements. As for the matching of 

the structure, it was necessary to match it again because of the inclusion of the new 

elements. Therefore, finally, it was not possible to implement this idea with successful 

results. 

Hence, this first possibility for achieving circular polarization seems to be not 

possible for the purposes of the present design. 

Fortunately, we can think of two more possibilities in order to achieve circular 

polarization and they do not need to have more than one coaxial cable. 
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Hence, the second possibility is by cutting very thin slots in the centre of the patch as 

it is shown in Fig. 7.32. The dimensions of these slots are calculated in equations (7.3a) 

and (7.3b) [1]. 

𝑐 =
𝐿

2.72
=

𝑊

2.72
     (7.3𝑎) 

𝑑 =
𝑐

10
=

𝐿

27.2
=

𝑊

27.2
     (7.3𝑏) 

 

Fig. 7.32. Circular polarization by cutting very thin slots in the centre of the patch [1].  

If we think of using this alternative for the SPA, the thin slots will have to be done in 

the four parasitics that surround the active antenna. 

During the realization of this project, different simulations of this possibility were 

carried out but the results were not good, because it was impossible to achieve the 

circular polarization in the direction of maximum radiation. 

The third possibility for achieving circular polarization is by trimming the ends of 

two opposite corners of the patch and feeding at points 1 or 3 as shown in Fig. 7.33. 

 

Fig. 7.33. Circular polarization by trimming the end of two opposite corners [1]. 
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Again, trimming the two opposite corners must be done in the four parasitic patches 

that surround the active antenna in the SPA we suggest. 

Different simulations were also carried out with this alternative but we had exactly 

the same problem than when cutting the thin slots in the centre of the patch. 

7.9. Conclusions. 

Chapter 7 has provided an exhaustive study of the design of the SPA using patches. 

At the beginning, an introduction of patch antennas has been explained in order to know 

how this kind of antenna works and what parameters define its behaviour. After that, 

different antenna designs have been explained and they have been investigated in terms 

of antenna theory (correlation coefficient, diversity gain, matching, directivity, gain, 

radiation efficiency, coupling and size) and of communication theory (channel 

capacity). 

After the different tests that have been carried out, it seems that this technology can 

be used for implementing the SPA instead of the suggested solution of Chapter 6 using 

monopoles. There are different characteristics that lead to this conclusion: 

a) The use of microstrip technology has an obvious impact on the size, because 

the antennas are more compact. That means that the SPA using patches is a 

quite interesting candidate to be implemented in personal hand devices. 

b) We get better results in terms of antenna characteristics since we have better 

values of directivity, gain and radiation efficiency.  

c) The values of the correlation coefficient and diversity gain fulfil the 

specification of the present thesis, being the first one below 0.5. This is the 

only key point where the monopole SPA achieves better results, but the one 

we have with the patch SPA can be considered as quite acceptable and, 

therefore, it can take advantage of having a rich environment in terms of 

scattering. 

d) As for the achieved channel capacity in different possible scenarios, the 

results represent a quite good opportunity for using it in a real 

telecommunications link that tries to provide MIMO technology. 
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Although, we have focused on the design of a SPA that can cover four directions of 

the space, we have also shown that it is possible to have a SPA using patches that can 

cover two positions of the space, with its corresponding size reduction. 

One of the most important difficulty that the SPA using patches has, is the fact that, 

as any array of patch antennas, the coupling between elements is quite high, and 

although some patches are not the ones that start to radiate, these elements will finally 

radiate by coupling. This problem makes that the design of any element that is added to 

the patches in order to mitigate the effect of this coupling is necessary. This element is 

the matching strips added at one of the sides of the patches. 

It is quite important to highlight that the way the patch SPA works is slightly 

different from the way the monopole antenna does. When we had the monopole SPA, 

the active central element radiated and the parasitic elements modified its radiation 

pattern. The patch SPA has a different working principle since the patches that surround 

the central patch are the ones that radiate instead of the central one, and the presence of 

the other elements and their placement makes that the beam is oriented towards one side 

or another one. Therefore, it is necessary that the element that is radiating has a low 

impedance condition (equivalent to short-circuit) in the varactor that matches it with the 

central patch. 

It seems that, due to the size restriction and coupling between elements, it is not 

possible to implement the patch SPA with more than four parasitic elements. Even so, it 

is not a problem, because as it was explained in Section 4.6, the higher the parameter 𝑀 

is, the more Fourier components we will have to consider and, therefore, the lower the 

SNR will be when designing a rotating SPA. On the other hand, it has been shown that 

the results we have in terms of channel capacity are fairly good. 

Finally, we can also implement an array using two patch SPAs and, as it is expected, 

the channel capacity is increased. The only problem is that, obviously, the size of the 

structure is increased and the coupling between elements needs to be avoided. Using 

this structure, we will potentially be able to implement an adaptive antenna using 

patches. 

Therefore, this chapter has shown that patch antennas have a quite high potential to 

be implemented in a commercial device that provides MIMO features and tries to be 

more economic than the antennas that conventional MIMO systems need to work. 
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Chapter 8 
 

Conclusions of the project and future 

work 
 

 

 

8.1. Conclusions of the project. 

The main aim of this thesis has been the study and design of a SPA with the intention 

that this device can provide good results both from the point of view of the antenna 

theory and from the point of view of communication theory. Therefore it has been 

necessary to study antenna parameters such as matching, coupling, correlation 

coefficient between radiation patterns, diversity gain, directivity, gain or efficiency, and 

channel parameters such as capacity. 

Although it has been shown that MIMO systems improve the channel capacity using 

multiple antennas, it can imply a problem in terms of compaction and cost. And not 

only this, usually, it presents problems when we want to have hand devices that provide 

MIMO coverage because the proximity of multiple antennas makes that the coupling 

between them is not acceptable and, hence, it is impossible to implement in a real 

handset.  

Therefore, our work has focused on the idea of trying to simulate the effect of 

multiple antennas just using one physical active element. For a real implementation of 

this system, we studied the design and its different parameters in order to have a small 

impact on the performance of the system. 
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Traditional MIMO systems take advantage of the fact of having an environment 

highly rich in terms of scattering. That means that the multipath propagation is quite 

important in the system. Therefore, these systems use the spatial diversity of these 

channels in order to improve the channel capacity. It has been shown that, with one of 

the possible antennas we suggest in this thesis (the rotating SPA), we have a frequency 

expansion due to the periodic character of the radiation pattern, and we have a set of 

infinite replications of the received signal. It has two fundamental implications: 

a) We go, from spatial multiplexing, to frequency multiplexing, since the 

different sub-bands can be interpreted as having the same effect of the 

multiple antennas in a traditional MIMO system. 

b) Since the frequency is expanded, it means that we can not use the rotating 

SPA in the transmitter because we can invade adjacent sub-bands that can be 

designated to cover other applications. 

Although we have infinite frequency replications of the received signal, it has been 

shown that, due to their shape, we do not incur in a big mistake if we just consider only 

few of them. 

Unfortunately, the use of the rotating SPA has an impact on the performance of the 

system, particularly in the SNR. In fact, it has been shown that the SNR decreases 

linearly with the number of Fourier components we take of the received signal in 

comparison with the SNR we would get using a conventional antenna of traditional 

MIMO systems. The problem is that it is necessary to have an agreement because the 

more Fourier components we take, the higher frequency multiplexing gain will be, but 

the lower the SNR will be. On the other hand, the number of Fourier components is 

related to the number of positions that the beam can be oriented to. We have shown that, 

antennas that can rotate towards four different positions provide good results in terms of 

channel capacity and it is necessary to take just five replications (the fundamental tone 

and four more harmonics) of the received signal. 

On the other hand the thesis provides a study of what happens with the sampling 

rotating antenna and its implications. 

Another possible antenna that can be implemented using parasitic elements is the 

adaptive antenna. This antenna can orient the beam towards different directions trying 

to maximize the channel capacity. Hence, it is necessary an algorithm that controls the 

orientation of the beam. We have shown that we could get good results in a real 
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implementation of the system, since the values of the correlation coefficient are 

extremely low, what implies an increasing in the channel capacity. 

Once we have studied the key points from the point of view of signal processing, two 

types of antenna technologies are suggested in order to solve the SPA. 

The first possibility is the use of a monopole surrounded by a set of parasitic 

elements. This one is the simplest one and it provides good results. We have studied the 

impact that the modification of different parameters has on the antenna and we have 

implemented a prototype of the antenna. Once we have obtained the different radiation 

patterns, we can assure that we could have good results for the channel capacity in a 

physical implementation and test of the antenna. The values we would get imply that the 

suggested antenna could be a potential candidate to be implemented in a real system. 

The second possible antenna technology is the use of patch antennas. Patch antennas 

suppose a quite good opportunity because of their ease when compacting and the 

features they provide. Therefore, a complete study has been done with this technology 

and the results have been even better than the one we obtained with the monopoles, both 

in terms of antenna performance (directivity, gain or efficiency) and in terms of channel 

capacity and compactness. Hence, it seems that it could be a better idea if we implement 

the rotating SPA using patch antennas. 

Although, as it has been said, the rotating SPA can be used only in the receiver, it 

does not mean that the use of parasitic elements is only limited to the reception part. In 

fact, as the expansion in frequency is due to the rotation of the antenna, parasitic 

elements can be used also in the transmission if the antenna is not rotating. That is the 

case of the other suggested possibility, the adaptive antenna. In appendix C, we also 

provide an overview for the use of the SPA in the transmitter. 

8.2. Future work. 

As one can realise, MIMO field is a quite wide range and the same happens with the 

design of antennas for these systems. In addition, MIMO technology is a quite novel 

technology that in the last few years has meant a real alternative in the design of the 

modern Wireless communications. And its potential does not finish here because it is 

called to be used in the next generation of communications (4G communications). 

Therefore, it is obvious that there exist a quite wide range of future work related to 

MIMO systems in general and, SPA for MIMO systems in particular. 
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The first possible future investigation line is the construction and test of the two 

antennas we suggest in the present thesis (the one that uses monopoles and the one that 

uses patches). The tests should be done in a reverberation chamber in order to know if 

the results of the simulations are approximated to those we would have with the real 

antenna. Once the hardware is checked and tested, different tests could be carried out in 

order to evaluate the channel capacity. Therefore, a multipath environment should be 

created in a real placement that provides a rich channel in terms of scattering, testing the 

antennas and their performance. 

One of the improvements of the antennas we suggest is that, it could be a quite 

attractive idea if they could have a wider bandwidth. This is one of the main problems 

of patch antennas, and we could try to think about possible solutions in order to increase 

the bandwidth. 

One of the advantages that patch antennas present is that it is relatively easy and 

simple to have circular polarization. In this thesis different tests were carried out in 

order to get this characteristic but, unfortunately, it was not possible. Hence, it seems to 

be a quite interesting challenge for future investigation and research. 

Finally, and probably the most attractive of the future research lines is the use of 

different coding schemes such as STBC and modulation techniques like MIMO-OFDM. 

In fact, we have explained that, for example, with the rotating SPA, we have an impact 

on the value of the SNR, so we should try to find a solution that can mitigate this effect. 

These techniques could also be used in the adaptive antenna. The use of STBC and/or 

MIMO-OFDM can represent a quite important improvement in MIMO systems and, 

hence, they could be used in a hypothetical system that could use the SPA. It seems that 

the use of these techniques can represent an important improvement in the performance 

of the system, so they represent an important area of research. A brief overview of these 

techniques is provided in Appendix E. 
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Appendix A 
 

Statistical channel model for the rotating 

SPA 
 

 

 

This appendix tries to explain a statistical channel model that can provide the results 

for the theoretical channel capacity that can be achieved by a system that implements 

the rotating SPA at the receiver part. 

We have introduced in Section 2.4 that, by using the correlation coefficient, we can 

determine if the suggested system will work or not. The limit we imposed was that the 

correlation coefficient should be lower than 0.5. The problem of this criterion is that it 

does not provide a value of the capacity we get, and it only determines if the system will 

provide us better or worse results.  

Different authors have suggested different statistical models for computing the 

channel capacity of MIMO systems. In this appendix, we are going to suggest a 

statistical model that provides a value for the channel capacity using the antenna 

radiation pattern we get after the antenna tests. The model that is going to be used is a 

generalization of the one that is suggested in [9]. 

From (3.7) we have that the channel output follows the following general equation: 

𝒀 = 𝑯𝑿 + 𝑽     (𝐴. 1) 

In the expression (A.1),  𝒀 𝑀𝑥1 is the received signal,  𝑯 𝑀𝑥𝑁  is the fading channel, 

 𝑿 𝑁𝑥1 is the transmitted signal and  𝑽 𝑀𝑥1 is the AWGN. 
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For modelling the system, we are going to consider one single user over a flat fading 

channel. The channel response is flat over frequency (approximation valid if the 

communication bandwidth is much less than the channel coherence bandwidth). We 

will also have 𝑁 antennas at the transmitter and 𝑀 at the receiver (in our case 𝑁 

antennas at the transmitter and 𝑀 possible beam directions of the SPA). Finally, the 

entries of the noise matrix are independent and identically distributed complex Gaussian 

with zero mean and variance one.  

We are going to model a cube of 20𝑚𝑥20𝑚𝑥20𝑚 where we will place the 

transmitter and the receiver. The receiver will be the rotating SPA and the transmitter 

will be either two omnidirectional antennas or four omnidirectional antennas. We have 

chosen to have always omnidirectional antennas at the transmitter because the objective 

of the thesis is the study of the behaviour of the SPA as a receiver. Therefore, the choice 

of the election of omnidirectional antennas has been done in order to not have to 

characterize the transmitter. It means that in a real physical situation it will not be 

possible because we can not have omnidirectional antennas, so the results we will get 

will provide some theoretical information about the hypothetical channel capacity we 

will be able to have. 

 

Fig. A.1. Virtual scenario for testing the channel capacity of the rotating SPA.  

On the other hand, in this scenario we will place a number of scatterers in random 

positions, which will be responsible of the different signal contributions that will arrive 

to the receiver. 

We have written in (2.5) the expression for the Shannon channel capacity for a 

MIMO system, but it has been also explained in Section 4.6 that the SNR of the rotating 

SPA is decreased linearly with the number 𝐿 of Fourier components of the received 
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signal. The number 𝐿 of Fourier components that must be taken into account is closely 

related to the number 𝑀 of possible directions towards the antenna beam can be 

oriented.  

Therefore, considering (4.22) in (2.5), we can now write: 

𝐶 = 𝑙𝑜𝑔2   𝑰𝑀𝑥𝑀 +
𝑆𝑁𝑅𝑐𝑜𝑛𝑣
 𝐿 + 1 ⋅ 𝑁

⋅ 𝑯𝑀𝑥𝑁 ⋅ 𝑯𝑀𝑥𝑁
∗        (𝐴. 2) 

Typically, in the two possible antennas we have presented in this thesis (using 

monopoles and using patches), we have focused on the study of antennas that can cover 

four directions of the space. Section 4.3 assures that, if 𝑀 = 4, it is enough if we 

consider 𝐿 = 4 Fourier components. 

Hence, in this model we are going to particularize (A.2) for 𝐿 = 4: 

𝐶 = 𝑙𝑜𝑔2   𝑰𝑀𝑥𝑀 +
𝑆𝑁𝑅𝑐𝑜𝑛𝑣

5 ⋅ 𝑁
⋅ 𝑯𝑀𝑥𝑁 ⋅ 𝑯𝑀𝑥𝑁

∗        (𝐴. 3) 

Equation (A.3) assumes that the rotating SPA can cover 𝑀 = 4 positions of the 

space. 

We can calculate the auxiliary path gain 𝑯′  from the expression (A.4). 

𝑯𝑖 ,𝑗
′ =  𝛼𝑝𝑒

𝑗𝑘  𝑟𝑡𝑥 𝑗→𝑠𝑝 +𝑟𝑠𝑝 →𝑟𝑥 𝑖  𝐺𝑡𝑥 𝑗 𝜃𝑝 ,𝜙𝑝 𝐺𝑟𝑥 𝑖 𝜃𝑝 ,𝜙𝑝 

𝑃

𝑝=1

     (𝐴. 4) 

In the expression (A.4), 𝑃 is the number of scatterers we have, 𝛼𝑝  is the complex 

Gaussian distributed reflection coefficient of the scatterer 𝑝 with zero mean and unit 

variance, 𝑟𝑡𝑥 𝑗→𝑠𝑝  denotes the distance between the 𝑗𝑡 transmitter to the 𝑝𝑡 scatterer, 

𝑟𝑠𝑝→𝑟𝑥 𝑖  denotes the distance between the 𝑝𝑡 scatterer to the 𝑖𝑡 receiver, 𝐺𝑡𝑥 𝑗 𝜃𝑝 ,𝜙𝑝  

is the value of the radiation pattern of the 𝑗𝑡 transmitter in the direction of the 𝑝𝑡 

scatterer, 𝐺𝑟𝑥 𝑖 𝜃𝑝 ,𝜙𝑝  is the value of the radiation pattern of the ith receiver in the 

direction of the 𝑝𝑡 scatterer and 𝑘 is the wave number 

 𝑘 =
2𝜋

𝜆
, 𝑤𝑒𝑟𝑒 𝜆 𝑖𝑠 𝑡𝑒 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡 . 

On the other hand, if we want to have a correct representation of the achieved results 

of different situations, it is necessary to normalize the channel response with regard to 



Appendix A – Statistical channel model for the rotating SPA 

152 
 

its gain. Therefore, once we have calculated 𝑯′, we have to calculate the factor 𝑏 by 

which we have to divide 𝑯′. The normalizing factor is the one that makes that the 

Frobenius norm of 𝑯′ is equal to  𝑀 ⋅ 𝑁  [18].  

 𝑯′ 
𝐹

=     𝑎𝑖 ,𝑗
′  

2
𝑁

𝑗=1

𝑀

𝑖=1

⇒  
𝑯′

𝑏
 
𝐹

=     
1

𝑏
⋅ 𝑎𝑖 ,𝑗

′  
2𝑁

𝑗=1

𝑀

𝑖=1

= 

=
1

𝑏
⋅     𝑎𝑖 ,𝑗

′  
2

𝑁

𝑗=1

𝑀

𝑖=1

=
1

𝑏
⋅  𝑯′ 𝐹 =  𝑀 ⋅ 𝑁 ⇒ 𝑏 =

 𝑯′ 𝐹

 𝑀 ⋅ 𝑁
     (𝐴. 5) 

Therefore 𝑯 will be 𝑯′ divided by the normalizing factor 𝑏: 

𝑯 =
1

𝑏
⋅ 𝑯′ =

 𝑀 ⋅ 𝑁

 𝑯′ 𝐹
⋅ 𝑯′     (𝐴. 6) 

Since the channel matrix 𝑯 is a function of the random position and reflection 

coefficient of the scatterers, the capacity 𝐶 calculated with the formula (A.3) is a 

random variable. That is why we need to perform a Monte Carlo simulation with as 

much trials as necessary to achieve reliable results. The number of necessary trials is not 

fixed and it depends on multiple factors. In our case we have realized that with 10000 

trials we get good and reliable results. Obviously, as we are using the Monte Carlo 

method we will have a big computational load for calculating the channel capacity. On 

the other hand, we will have to fix the value of the SNR for the tests, and obviously, the 

higher the value of the SNR is, the better the results are. 

On the other hand, the model we have already presented in this appendix has been 

modeled in MATLAB
®
. The code is provided in Appendix F. 
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Appendix B 
 

Correlation coefficient calculation 
 

 

 

This appendix tries to explain how to compute the correlation coefficient when the 

two radiation patterns are a set of discrete points (instead of being a continuous 

function). 

Equation (2.6) in Section 2.4 provides the formula for computing the correlation 

coefficient. This is the theoretical one and it assumes that the electromagnetic fields are 

continuous. Of course they are, but the problem is that, when calculating them in a 

computer, we do not have a continuous data set, but a discrete one. The more data we 

have, the more realistic the results will be. Unfortunately it has two consequences: 

- We can not have as much points as we want in order to compute the equation 

because we need an agreement between accuracy and computational cost. 

- The correlation coefficient calculation is carried out using some integral 

calculations. Integral is a mathematical continuous operation. Therefore, as 

we have a set of discrete values, we should approximate the integral to 

another discrete operation. The integral we want to compute is a surface 

integral in the whole sphere surface 4𝜋. Hence, we can replace the integral 

calculation by separating the whole surface into a set of infinitesimal squares 

which area sum is equal to the area of the original surface. Each of the 

squares must be weighted taking into account the value of the electromagnetic 

field at this point.  
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Fig. B.1 shows the graphical representation of how to calculate the integral when 

having a set of discrete points. 

 

Fig. B.1. Representation of a continuous surface in a discrete way.  

By examining Fig. B.1 we can realize that we can project each infinitesimal square 

into two dimensions. The first side can be approximated as 𝛥𝜙 when this increment is 

sufficiently small. The second side can be easily approximated as the difference 

𝑐𝑜𝑠  𝜃 −
Δ𝜃

2
 − 𝑐𝑜𝑠  𝜃 +

Δ𝜃

2
 .  

Therefore, we can write the equivalent discrete calculation of (2.6) as follows: 

𝜌 ≃

   𝐺12 𝜃,𝜙             ⋅  𝑐𝑜𝑠  𝜃 −
Δ𝜃
2
 − 𝑐𝑜𝑠  𝜃 +

Δ𝜃
2
   180

𝜃=1 ⋅ Δ𝜙360
𝜙=1

     𝐺11 𝜃,𝜙             ⋅  𝑐𝑜𝑠  𝜃 −
Δ𝜃
2
 − 𝑐𝑜𝑠  𝜃 +

Δ𝜃
2
   180

𝜃=1 ⋅ Δ𝜙360
𝜙=1  ⋅     𝐺22 𝜃,𝜙             ⋅  𝑐𝑜𝑠  𝜃 −

Δ𝜃
2
 − 𝑐𝑜𝑠  𝜃 +

Δ𝜃
2
   180

𝜃=1 ⋅ Δ𝜙360
𝜙=1  

     (𝐵. 1) 

𝑤𝑒𝑟𝑒 𝐺12 𝜃,𝜙             ≡ 𝐺1
   ⋅ 𝐺2

∗   ,𝐺11 𝜃,𝜙             ≡ 𝐺1
   ⋅ 𝐺1

∗   ,𝐺22 𝜃,𝜙             ≡ 𝐺2
   ⋅ 𝐺2

∗     

As we have said, the smaller 𝛥𝜙 and 𝛥𝜃 are, the more accurate the result is. In this 

thesis, we have chosen 𝛥𝜙 = Δ𝜃 = 1𝑜 , because of two reasons: 

- The minimum degree increment that CST Microwave Studio
®
 allows is 1𝑜  

when computing the results. 
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- The computational cost is low for the implemented MATLAB
®
 function that 

calculates the correlation coefficient and the diversity gain. This function is 

included in Appendix F. 

With this value, we get a quite acceptable agreement among reliability, accuracy and 

computational cost.  
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Appendix C 
 

Using the SPA at the transmitter 
 

 

 

As it is deduced in Section 4.3, the use of the rotating SPA in the receiver of a 

MIMO system supposes a frequency expansion of the received signal. That means that 

we get frequency multiplexing from spatial multiplexing. 

This fact makes that, due to this frequency expansion, it is not possible to implement 

the rotating SPA at the transmitter part because we will incur in an overlapping of other 

frequency bands that can be destined to other commercial applications. 

Therefore, the next question that emerges is: could we use the advantages that 

parasitic elements offer (as regards high integration ease and low number of necessary 

active elements and RF chains) in order to use them at the transmitter part? The answer 

to the last question is yes. In fact, there exist multiple applications of the parasitic 

elements in transmitting antennas. During this thesis, we have presented the adaptive 

antenna as a possible application of the SPA at the transmitter, but there are more 

possibilities. 

C.1. Implementation of an adaptive antenna. 

In this thesis, we have focused on the implementation and design of a SPA. It has 

been shown the implications it has from the point of view of the communication theory 

and the performance it provides from the point of view of the antenna theory. Parasitic 

elements can be used for implementing the rotating SPA but they can also be used in 
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other antennas that are interested in just orienting the beam towards different directions 

of the space.  

An example of this kind of antenna is shown and studied in terms of communication 

theory in [8]. The basic idea is to have a number of parasitic element surrounding one or 

more active antennas, and each parasitic element is terminated on an electronically 

controllable load (that can be implemented by using varactors as active loads). The 

antenna response is adaptively modified by changing the value of these loads trying to 

improve and maximize the channel capacity of the system. The results of [8] show that 

the suggested solution improves the performance and features of the MIMO 

communication system with a low impact on the cost and complexity. 

Therefore, the adaptive antenna will be able to modify the beam direction (using 

parasitic elements), avoiding to orient the beam towards those directions where the 

signal presents a fading or the received signal is the result of a destructive interference. 

In the case of implementing an adaptive antenna, we will not have a set of infinite 

replications of the received signals because we will not have any periodicity in the 

radiation pattern. Therefore, we will not have now frequency expansion of the signal 

because the beam will point towards one or another one direction depending on which 

of them maximizes the channel capacity. Consequently, we will not invade any adjacent 

frequency band of other application and we will not incur in any overlapping. 

The only aspect that must be taken into account and solve is that now, it is necessary 

to have an adaptive algorithm that selects the direction towards the antenna must point, 

selecting for that the values of the active loads. This makes fundamental the fact of 

studying in real time the conditions of the environment in order to know perfectly the 

channel response at each instant. This implies an impact on the software complexity of 

the system. On the other hand, this algorithm should achieve the optimum configuration 

of the loads in a small number of iterations if we want to take advantage of the use of 

adaptive antennas. 

Again, [8] suggests two possible algorithms. The first one is the Variable Dynamic 

Binary Genetic Algorithm (VD-BGA) and the second one is a slight variation of this 

algorithm in order to use the adaptive antenna both in the transmitter and in the receiver. 

It is also shown that the channel capacity can be maximized after a quite low number of 

iterations of the genetic algorithm. 
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C.2. Implementation of on-off keying using parasitic elements.  

On-Off Keying (OOK) is the simplest form of Amplitude Shift Keying (ASK) 

modulation. Traditional OOK modulations represent the digital data as the presence or 

absence of a carrier wave, in a way that the presence of a carrier during a period 

represents a binary one, and the absence during the same duration means a binary zero. 

OOK has multiple applications for sending information in fields like RF links or optical 

links. 

In this appendix we are going to explain how to use a OOK modulation in a MIMO 

system that uses a beamforming technique in the transmitter. 

In MIMO systems, a data stream is taken and divided into so many parts as 

transmitting antennas we have. Therefore, each antenna will send a different signal 

(although all of them will use the same frequency). Hence, we have a scheme similar to 

a typical serial-parallel converter. 

Let us imagine that we have one active element surrounded by 𝑁 parasitic elements 

at the transmitter end. That means that the beam can be oriented towards 𝑁 possible 

directions (equivalent to have 𝑁 possible beams). Therefore, we will be able to send 

𝑁 + 2 different symbols. This idea is explained in [30]. 

 

Fig. C.1. Radiation patterns for OOK modulation [30]. 
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Fig. C.1 is a graphical explanation and it shows an example of this application where 

we have an active element surrounded by two parasitic elements. 

Therefore, this technique takes advantage of the parasitic elements using them as a 

modulation technique. 
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Appendix D 
 

Active loads 
 

 

 

Both in the SPA using monopoles and in the SPA using patches, it is necessary to 

have a device that provides a low impedance condition (equivalent to a short-circuit) or 

a high impedance condition (equivalent to an open-circuit) if we are interested in 

activating the different parasitic elements. The devices that provide these characteristics 

are called active loads and, in this appendix, we are going to introduce them. 

Different authors have researched about the use of active loads in antenna devices 

that use parasitic elements and they have suggested different alternatives. In the 

bibliography of the present thesis, there are different documents that study these 

alternatives and that suggest possible solutions to it. 

Basically, the idea consists of having an imaginary impedance between the two 

points we are interested in so as to get the same behaviour that the one we would have if 

the parasitic element was hypothetically either short-circuited or open-circuited. Each of 

these loads will have different values and they will change so as to be able to orient the 

beam. 

As we have explained, when implementing an adaptive antenna, it is necessary to 

have an algorithm (for example a genetic algorithm) that provides the best values for the 

active loads. The algorithm will suggest different values for the active load for each of 

the different parasitic elements. That means that for covering the different regions of the 

space, the active load will change. This requirement is not simple. Therefore, we will 

need some device that can change its active value. There are two options: 
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a) It is known that the length of the transmission lines implies a reactive value. 

So, the idea seems quite simple: if we have variable length transmission lines, 

we will achieve different values for the active load. The problem of this 

solution is that it is not compact, what is a problem if we want to integrate it 

in a device where the space is limited. On the other hand, it is a quite difficult 

and expensive task to have transmission lines of variable length. 

b) There is a device which name is varactor diode (or varicap) that can help us to 

this purpose. Varactor diodes are a type of diode that works due to the change 

in the voltage barrier of a PN union when having a reverse bias applied 

voltage. When this voltage gets higher, this barrier gets also higher and the 

capacity of the diode gets lower. Therefore, we have a variable capacitor 

controlled by voltage thanks to this behaviour. These devices have 

application in different fields of the telecommunications, such as Frequency 

Modulation (FM) transmissions or radio. They are also used in microwave 

applications as limiters (as the capacitance varies, the impedance also 

changes, so the circuit can be mismatched and the reflected power will be 

higher). 

This alternative has the advantage that just with a control voltage signal we 

can have different values of the load. 

 

Fig. D.1. Internal structure of a varactor diode.  

On the other hand, it is necessary to add a bias circuit in order to polarize the 

diode. It implies that, when designing the structure, we have to save a piece 

of space for this purpose because, if we do not do it, the circuit will not work. 

Therefore, the use of varactor diodes has a small impact on the space, 

although the bias circuitry is quite simple. Regardless of this fact, the size of 
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the varactor diodes is quite small and, hence, its use is highly recommended 

in space limited structures. 

Varactor diodes present a quite good performance since they can work from 

DC to several tens of GHz with quite high RF features. They also present 

very low power consumption, what makes them be potential candidates in the 

use in portable devices where the battery life time is a limiting factor. 

It is also quite important to highlight that varactor diodes provide a quite 

short switching time. This behaviour is quite important because we have to 

remember that we are interested in increasing the channel capacity and, 

therefore, in sending the information at a high transmission rate. If the 

transmission rate is high, the symbol period will be low and, hence, the 

switching time between one position of the beam and the next one should be 

much lower than this time. Therefore, if the device does not fulfil this 

limitation, it will be useless. 

Finally, nowadays, the design of varactor diodes (extensible to the design of other 

MEMS) is a field that is not mature enough and represents a quite interesting research 

area, where innovation and development of other improvements can mean a high impact 

on the performance of the system. Therefore, one of the parallel lines of research of this 

thesis could be the study of different ways for improving these devices so as to make 

that the device used for changing the orientation of the beam is not a limiting factor of 

the structure.  

Fig. D.2 shows the market forecast for RF MEMS, and we can check that the share 

of mobile phones (and, hence, handset devices) increases every year. 

 

Fig. D.2. Market forecast for RF MEMS [25]. 
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Therefore, we have studied in this appendix the different alternatives for the 

inclusion of active loads in the system. The choice must be done under the point of view 

that they must have a small impact on the space and the switching must be as faster as 

possible. In this sense, a big field of innovation exists for possible future work. 
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Appendix E 
 

STBC and MIMO-OFDM 
 

 

 

One of the most attractive fields of the future of MIMO communications is the use of 

different coding techniques and/or different kinds of modulation that can improve the 

channel capacity. In this sense, the use of STBC as coding technique and hybrid 

techniques like MIMO-OFDM when modulating represents one of the cornerstones of 

the future of Wireless communications. 

E.1. Overview of STBC.  

Space-time block coding is a technique that is widely present in Wireless 

communications. The idea is to transmit multiple copies of data streams using multiple 

antennas in order to have multiple received versions of the information to improve the 

reliability. STBC are based on the idea that, due to the fact that the transmitted signals 

must traverse an environment rich in scattering, one or more of these copies will be 

purer than others. Therefore, the use of this redundancy provides us the opportunity of 

recovering the original information with a lower error probability. STBC combines in 

the receiver all the copies of the received signal in an optimal way so as to be able to 

recover the transmitted data with the maximum possible reliability. 

The simplest STBC was suggested in [38] and this scheme is known as Alamouti’s 

scheme. It uses two transmit antennas providing full diversity and full data rate.  
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The idea of the Alamouti’s code was generalized to a random number of transmitting 

antennas. An STBC is usually represented by a matrix. Each row of this matrix 

represents a time slot and each column represents each of the transmitter antennas. 

Probably, one of the best advantages of STBCs is that they provide quite high 

performance with low decoding complexity, achieving maximum diversity gain. 

Different documents of the bibliography provide good results when using STBCs to 

exploit the maximum available channel capacity. Particularly, [9] studies the BER for 

different values of the SNR using the SPA and STBC as a receiver in a scenario similar 

to the one simulated in the present thesis. 

E.2. Overview of MIMO-OFDM.  

Throughout this thesis, we have checked the potential that MIMO has in the future of 

Wireless communications. This potential can be increased with the use of OFDM as 

modulation technique. 

OFDM distributes the data into several carriers at different frequencies in a way that 

each of these carriers is orthogonal. OFDM is a quite attractive modulation technique in 

MIMO environments because it is quite robust to the multipath, to the selective 

frequency fading and to the RF interferences. Therefore, OFDM provides high spectral 

efficiency, RF interferences resistance and low distortion in multipath environments. 

 

Fig. E.1. Spectrum of an OFDM signal.  

As the multiple sub-carriers are selected to be orthogonal (Fig. E.1), the modulation 

can be done just by using an Inverse Discrete Fourier Transform (IDFT) that, for its 
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part, can be implemented very efficiently in software by the IFFT. In the receiver, it is 

only needed to do the inverse operation and, just with the FFT we will recover the 

original data. 

Therefore, the use of OFDM as modulation technique seems to be the best 

complement in MIMO systems in order to increase the channel capacity. And, hence, it 

can be the best choice in a system as the one we suggest in this thesis. It seems that the 

use of MIMO-OFDM in the system we suggest could be a perfect complement. 
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Function corr_and_dg_calculation.m 

function [corr_coef diversity_gain 

diversity_gain_dB]=corr_and_dg_calculation(G1_values,G2_values) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 
%%% The function corr_and_dg_calculation calculates the values of the 
%%% correlation coefficient and diversity gain of two radiation 

%%% patterns. 
%%% 
%%% The function receives two parameters: 
%%% 
%%%     - G1_values: matrix with the first radiation pattern (and more 
%%%     information) that the software CST Microwave Studio provides 

%%%     when it computes the farfield radiation pattern of an antenna. 
%%%     - G2_values: matrix with the second radiation pattern (and 

%%%     more information) that the software CST Microwave Studio 
%%%     provides when it computes the farfield radiation pattern of an 

%%%     antenna. 
%%% 
%%% The function returns three parameters: 
%%% 
%%%     - corr_coef: correlation coefficient. 
%%%     - diversity_gain: diversity gain. 
%%%     - diversity_gain_dB: diversity gain in dB. 
%%% 
%%% 
%%% AUTHORS: María del Carmen Corisco Beltrán & Javier Dones Luengo 
%%%          (INTERNATIONAL ERASMUS STUDENTS) 
%%%  
%%% FUNCTION FOR THE MSc PROJECT:  ANTENNA SOLUTIONS FOR MIMO SYSTEMS 

%%%           USING PARASITIC ELEMENTS 
%%% 
%%% VERSION: 1.0           University of Reading                  2011 
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%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
% First of all we extract the different variables that CST Microwave 

% Studio provides in the matrix that represents the farfield radiation 
% pattern of the antenna. We do it for both radiation patterns we 

% have. 

  
theta1=G1_values(:,1); 
phi1=G1_values(:,2); 
abs_E1=G1_values(:,3); 
abs_theta1=G1_values(:,4); 
phase_theta1=G1_values(:,5); 
abs_phi1=G1_values(:,6); 
phase_phi1=G1_values(:,7); 
axial_ratio1=G1_values(:,8); 

  
theta2=G2_values(:,1); 
phi2=G2_values(:,2); 
abs_E2=G2_values(:,3); 
abs_theta2=G2_values(:,4); 
phase_theta2=G2_values(:,5); 
abs_phi2=G2_values(:,6); 
phase_phi2=G2_values(:,7); 
axial_ratio2=G2_values(:,8); 

  

% Once we have the different variables we need, we compute the complex  
% value of the radiation patterns. 

  
G1_theta=(abs_theta1.*exp(j.*phase_theta1.*pi./180)); 
G1_phi=(abs_phi1.*exp(j.*phase_phi1.*pi./180)); 
G2_theta=(abs_theta2.*exp(j.*phase_theta2.*pi./180)); 
G2_phi=(abs_phi2.*exp(j.*phase_phi2.*pi./180)); 

  
% We compute the neccesary values for calculating the integrals of the 
% numerator and denominator of the correlation coefficient formula. 

  
G1G2_theta=G1_theta.*conj(G2_theta); 
G1G2_phi=G1_phi.*conj(G2_phi); 
G1G2=G1G2_theta+G1G2_phi; 
G1G1_theta=G1_theta.*conj(G1_theta); 
G1G1_phi=G1_phi.*conj(G1_phi); 
G1G1=G1G1_theta+G1G1_phi; 
G2G2_theta=G2_theta.*conj(G2_theta); 
G2G2_phi=G2_phi.*conj(G2_phi); 
G2G2=G2G2_theta+G2G2_phi; 

  
% We define the step and the variables for computing the integral 
% calculations we need. 

  
step=1; 
G1G2_sum=0; 
G1G1_sum=0; 
G2G2_sum=0; 

  
% ******************************************************************** 
% **************** CORRELATION COEFFICIENT CALCULATION *************** 
% ******************************************************************** 
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for(k=1:length(theta1)) 

  
    if((theta1(k)==0)||(theta1(k)==180)) 

  

        factor=(cos(0)-cos((step/2)*pi/180))*step*pi/180; 

     
    else 

         
        factor=(cos((theta1(k)-(step/2))*pi/180)-

cos((theta1(k)+(step/2))*pi/180))*step*pi/180; 

     
    end 

     
    G1G2_sum=G1G2_sum+(G1G2(k)*factor); 
    G1G1_sum=G1G1_sum+(G1G1(k)*factor); 
    G2G2_sum=G2G2_sum+(G2G2(k)*factor); 

  
end 

  
corr_coef=abs(G1G2_sum/sqrt(G1G1_sum*G2G2_sum)); 

  

  
% ******************************************************************** 
% ******************* DIVERSITY GAIN CALCULATION ********************* 
% ******************************************************************** 

  
aux=(1-(abs(0.99*corr_coef)^2)); 

  
if(aux<0) 

     
    diversity_gain=0; 
    diversity_gain_dB=-inf; 

  
else 

     
    ep=sqrt(aux); 
    diversity_gain=10*ep; 
    diversity_gain_dB=10*log10(diversity_gain); 

  
end 
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Function statistical_capacity_calculation.m 

function 

capacity_matrix=statistical_capacity_calculation(G_values_matrix,tx_nu

mber) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 
%%% The function statistical_capacity_calculation calculates the  

%%% capacity values of a system after a number of realizations due to 
%%% its random behaviour. We will compute the values of the channel 
%%% capacity for different values of the SNR. 
%%% 
%%% The function receives two parameters: 
%%% 
%%%     - G_values_matrix: matrix with the module and phase both in 

%%%   phi and in theta of the M different positions the beam can be 
%%%   oriented to. Each group of four columns of the matrix 
%%%     corresponds to one position. The vales are taken from the ones 
%%%    that the software CST Microwave Studio provides when it 

%%%    computes the farfield radiation pattern of an antenna.  
%%%     - tx_number: number of antennas at the transmitter. 
%%% 
%%% The function returns one parameter: 
%%% 
%%%     - capacity_matrix: matrix with the values of the channel 

%%%   capacity. 
%%% 
%%% 
%%% AUTHORS: María del Carmen Corisco Beltrán & Javier Dones Luengo 
%%%          (INTERNATIONAL ERASMUS STUDENTS) 
%%%  
%%% FUNCTION FOR THE MSc PROJECT:  ANTENNA SOLUTIONS FOR MIMO SYSTEMS 

%%%           USING PARASITIC ELEMENTS 
%%% 
%%% VERSION: 1.0           University of Reading                  2011 
%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
% We fix the values of the SNR in order to calculate the capacity for 

% each of them. As the channel capacity is a random variable, we also 
% define the number of realizations for calculating the channel matrix 
% in order to study its statistical behaviour. 

  
SNR=-5:4:15; 
number_of_realizations=10000; 

  
% We compute the value of the channel capacity by calling the function 
% capacity_calculation for each value of the SNR the number of 

% realizations specified in the variable number_of_realizations. 

  
for(j=1:length(SNR)) 

  
    for(i=1:number_of_realizations) 

     
        

capacity(i)=capacity_calculation(G_values_matrix,SNR(j),tx_number); 
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    end 

  
    capacity_matrix(j,:)=capacity; 

  

end 

  

  
% ******************************************************************** 
% ************* NORMALIZED HISTOGRAM ENVELOPE CALCULATION ************ 
% ******************************************************************** 

  
% We define the number of intervals of the histogram and the colours 

% for the graphical representation of the results for each value of 
% the SNR. 

  
intervals=40; 
colours=['b' 'g' 'r' 'y' 'k' 'm']; 

  

% We initialize the normalized histogram envelope and we open a new 

% figure. 

  
normalized_histogram_envelope=[]; 
figure 

  
% We calculate the normalized histogram envelope for each value of the 

% SNR and we represent it in a graphical way. 

  
for(j=1:length(SNR)) 

     
    h=hist(capacity_matrix(j,:),intervals); 
    normalized_histogram_envelope(j,:)=h./sum(h); 
    

x_axis_normalized_histogram_envelope(j,:)=min(capacity_matrix(j,:)):((

max(capacity_matrix(j,:))-

min(capacity_matrix(j,:)))/intervals):(max(capacity_matrix(j,:))-

((max(capacity_matrix(j,:))-min(capacity_matrix(j,:)))/intervals)); 

     
    

plot(x_axis_normalized_histogram_envelope(j,:),normalized_histogram_en

velope(j,:),colours(j),'LineWidth',1.5) 
    hold on 

  
end 

  
% We add the legend and the label of the x and y axis of the graphical 
% representation of the normalized histogram envelope. 

  
legend('SNR = -5dB','SNR = -1dB','SNR = 3dB','SNR = 7dB','SNR = 

11dB','SNR = 15dB','Location','Best') 
xlabel('channel capacity [bps/Hz]') 
ylabel('normalized histogram envelope') 
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% ******************************************************************** 
% ************************* CDF CALCULATION ************************** 
% ******************************************************************** 

  

% We define a step for covering all the values of the capacity and 
% calculate the CDF. 

  
step=0.001; 

  
% We initialize the CDF and we open a new figure. 

  

figure 
CDF=[]; 

  
% We calculate the CDF for each value of the SNR and we represent it 

% in a graphical way. 

  
for(j=1:length(SNR)) 

  
    % We define the minimum value and the maximum value of the 

    % capacity. 

 
    minimum=min(capacity_matrix(j,:)); 
    maximum=max(capacity_matrix(j,:)); 

  

    % We initialize the values of the down limit and up limit and we 

    % do the same with a counter. 

     
    down_limit=minimum; 
    up_limit=down_limit+step; 
    counter=1; 

  
    % We do the calculations until we get the maximum value of the 
    % capacity. 

     
    while(up_limit<maximum) 

  
        % We calculate the CDF at each point. 

         
        CDF(counter)=length(find(capacity_matrix(j,:)<=up_limit)); 
        x_axis_CDF(counter)=up_limit; 

  
        % We update the values of the variables of the loop. 

         
        down_limit=up_limit; 
        up_limit=down_limit+step; 
        counter=counter+1; 

  
    end 

  
    % We represent the CDF. 

     
semilogy(x_axis_CDF,CDF./number_of_realizations,colours(j),'LineWidth'

,1.5) 
    hold on 
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end 

  
% We add the legend and the label of the x and y axis of the graphical 
% representation of the CDF. 

  

legend('SNR = -5dB','SNR = -1dB','SNR = 3dB','SNR = 7dB','SNR = 

11dB','SNR = 15dB','Location','Best') 
xlabel('channel capacity [bps/Hz]') 
ylabel('CDF') 
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Function capacity_calculation.m 

function capacity=capacity_calculation(G_values_matrix,SNR,tx_number) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 
%%% The function capacity_calculation calculates the channel capacity 

%%% of the system. 
%%% 
%%% The function receives three parameters: 
%%% 
%%%     - G_values_matrix: matrix with the module and phase both in 

%%%    phi and in theta of the M different positions the beam can be 
%%%     oriented to. Each group of four columns of the matrix 
%%%     corresponds to one position. The vales are taken from the ones 
%%%     that the software CST Microwave Studio provides when it 

%%%     computes the farfield radiation pattern of an antenna.  
%%%     - SNR: SNR in dB that we would have if the antenna was the 

%%%     conventional one. 
%%%     - tx_number: number of antennas at the transmitter. 
%%% 
%%% The function returns one parameter: 
%%% 
%%%     - capacity: value of the channel capacity. 
%%% 
%%% 
%%% AUTHORS: María del Carmen Corisco Beltrán & Javier Dones Luengo 
%%%          (INTERNATIONAL ERASMUS STUDENTS) 
%%%  
%%% FUNCTION FOR THE MSc PROJECT:  ANTENNA SOLUTIONS FOR MIMO SYSTEMS 

%%%           USING PARASITIC ELEMENTS 
%%% 
%%% VERSION: 1.0           University of Reading                  2011 
%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
% First of all we define the number of scatterers and the number of 

% the directions the beam can be oriented to. 

  
scatterers_number=20; 
pos_number=length(G_values_matrix(1,:))/4; 

  
% We compute the value of the SNR from its value in dB. 

  
SNR=10^(SNR/10); 

  
% We calculate the random positions of the scatterers in the three 

% axes. 

  
posx_scatterers=20*(rand(1,scatterers_number)-0.5); 
posy_scatterers=20*(rand(1,scatterers_number)-0.5); 
posz_scatterers=20*(rand(1,scatterers_number)-0.5); 

  
% We calculate the alpha parameter of the model. 

  
alpha=randn(1,scatterers_number)+(j*randn(1,scatterers_number)); 
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% We define the value of the wavelength. 

  
lambda=(3*(10^8))/(2.4*(10^9)); 

  

% We place the transmitters and we save the values in a matrix. 

  
tx_position_calculation=linspace(-10,10,tx_number+2); 
for(m=1:tx_number) 

     
    tx_matrix(m,:)=tx_position_calculation(m+1); 

  
end 

     
% We place the receiver. 

  
rx=[0 5 0]; 

  
% We calculate the coefficients of the channel matrix. 

  
for(l=1:tx_number) 

     
    % We select each transmitter one by one. 

     
    tx=tx_matrix(l,:); 

     
    for(k=1:pos_number) 

         
        % We take the values that correspond to the specific position 

        % of the receiver. 

     
        G_values=G_values_matrix(:,((4*(k-1))+1):((4*(k-1))+4)); 
        abs_theta=G_values(:,1); 
        phase_theta=G_values(:,2); 
        abs_phi=G_values(:,3); 
        phase_phi=G_values(:,4); 
        G_theta=(abs_theta.*exp(j.*phase_theta.*pi./180)); 
        G_phi=(abs_phi.*exp(j.*phase_phi.*pi./180)); 
        G=G_theta+G_phi; 

     
        % We initilize the cumulative sum. 

         
        cumulative_sum=0; 

  
        % We calculate the cumulative sum. 

         
        for(cumulative_sum_counter=1:scatterers_number) 

             

            % We take each scatterer and we calculate the angle 

            % between it and the receiver, calling the function 
            % angle_calculation. 

  
            pos_scatter=[posx_scatterers(cumulative_sum_counter) 

posy_scatterers(cumulative_sum_counter) 

posz_scatterers(cumulative_sum_counter)]; 
            [theta phi]=angle_calculation(pos_scatter); 
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            % We calculate the distance between transmitter and 

            % scatterer and between scatterer and receiver. 

             
            distance_tx_scatterer=norm(pos_scatter-tx); 
            distance_scatterer_rx=norm(pos_scatter-rx); 

  
            % We take the value of the radiation pattern at the 

            % specified values of the angles. 

             
            g_rx=G((phi*181)+theta+1); 

             
            % We update the cumulative sum. 

  
            update=alpha(cumulative_sum_counter)*exp(-

j*2*pi/lambda*(distance_tx_scatterer+distance_scatterer_rx))*g_rx; 
            cumulative_sum=cumulative_sum+update; 

  
        end 

  

        % We save the new channel coefficient. 

         
        H(l,k)=cumulative_sum; 

  
    end 

     
end 

  
% We normalize the channel matrix. 

  
frob_norm=norm(H,'fro'); 
H_norm_aux=H.*(sqrt(pos_number*tx_number)/frob_norm); 
H_norm=conj(H_norm_aux'); 

  
% Once we have calculated the channel matrix, we compute the channel 
% capacity by applying the formula. 

  
capacity=real(log2(det(eye(pos_number)+((SNR/(tx_number*5)).*(H_norm*(

H_norm')))))); 
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Function angle_calculation.m 

function [theta phi]=angle_calculation(scatterer) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 
%%% The function angle_calculation calculates the values of the angle 
%%% between the receiver antenna and the scatterer specified as 

%%% parameter. 
%%% 
%%% The function receives one parameter: 
%%% 
%%%     - scatterer: scatterer with which we want to calculate the 

%%%   angle. 
%%% 
%%% The function returns two parameters: 
%%% 
%%%     - theta: angle with the z axis. 
%%%     - phi: angle with the x axis. 
%%% 
%%% 
%%% AUTHORS: María del Carmen Corisco Beltrán & Javier Dones Luengo 
%%%          (INTERNATIONAL ERASMUS STUDENTS) 
%%%  
%%% FUNCTION FOR THE MSc PROJECT:  ANTENNA SOLUTIONS FOR MIMO SYSTEMS 

%%%           USING PARASITIC ELEMENTS 
%%% 
%%% VERSION: 1.0           University of Reading                  2011 
%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
% We move the axes origin towards the position of the receiver. 

% Therefore, we calculate the new coordinates of the scatterer. 

  
change_coord_scatterer=[scatterer(1) scatterer(2)-5 scatterer(3)]; 

  
% We calculate r as the Euclidean distance between scatterer and 

% receiver. We will use r when calculating theta. 

  
r=sqrt((change_coord_scatterer(1)^2)+(change_coord_scatterer(2)^2)+(ch

ange_coord_scatterer(3)^2)); 

  
% We calculate r_aux as the Euclidean distance between scatterer and  
% receiver in the x-y plane. We will use r_aux when calculating phi. 

  
r_aux=sqrt((change_coord_scatterer(1)^2)+(change_coord_scatterer(2)^2)

); 

  
% We calculate theta. 

  
theta=round(acos(change_coord_scatterer(3)/r)*180/pi); 

  
% We calculate phi. We have to check if r_aux is zero. If so, phi will 

% be zero. On the other hand, if the component y of the scatterer is 
% negative, phi will be 360 minus the value we get. Finally, if phi is 
% 360, we return phi as zero. 
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if(r_aux==0) 

     
    phi=0; 

  

else 

     
    phi=round(acos(change_coord_scatterer(1)/r_aux)*180/pi); 

     
    if(change_coord_scatterer(2)<0) 

         
        phi=360-phi; 

     
    end 

     
    if(phi==360) 

     
        phi=0; 

     
    end 

     
end 
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