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ABSTRACT OF THE DISSERTATION 

EFFECTIVE RECONFIGURABLE ANTENNA DESIGNS TO ENHANCE 

PERFORMANCE AND ENABLE WIRELESS POWERING 

by 

Shishir Shanker Punjala 

Florida International University, 2009 

Miami, Florida 

Professor Niki Pissinou, Major Professor 

With the increase in traffic on the internet, there is a greater demand for wireless 

mobile and ubiquitous applications. These applications need antennas that are not only 

broadband, but can also work in different frequency spectrums. Even though there is a greater 

demand for such applications, it is still imperative to conserve power. Thus, there is a need to 

design multi-broadband antennas that do not use a lot of power. Reconfigurable antennas can 

work in different frequency spectrums as well as conserve power. The current designs of 

reconfigurable antennas work only in one band. There is a need to design reconfigurable 

antennas that work in different frequency spectrums. In this current era of high power 

consumption there is also a greater demand for wireless powering. This dissertation explores 

ideal designs of reconfigurable antennas that can improve performance and enable wireless 

powering. This dissertation also presents lab results of the multi-broadband reconfigurable 

antenna that was created.  A detailed mathematical analyses, as well as extensive simulation 

results are also presented. The novel reconfigurable antenna designs can be extended to 

Multiple Input Multiple Output (MIMO) environments and military applications. 
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Chapter 1 

Introduction 
 

Conventional antenna designs such as dipoles and Microstrip antennas [13] do not 

support multiple radiation patterns and use a lot of power. A patch antenna [13] uses a larger 

amount of current supply if it wishes to reach out to a farther distance. The radiation pattern of 

a dipole shown in fig.1.1 can be changed by using software techniques, but the antenna cannot 

change its radiation pattern by varying its size. Reconfigurable antennas can change their 

radiation patterns, as well as use the same amount of current supply to improve the quality of 

received signal at the receiver end. The existing reconfigurable designs are studied and their 

shortcomings are explained in this dissertation. This research shows that wireless powering in 

mediums such as a concrete slab is possible. This research improves the existing designs of 

reconfigurable antennas, as well as shows a new reconfigurable antenna design to enhance the 

performance of wireless devices and enable wireless powering.               

 

 

 

 

 

 

 

 

Fig.1.1 Radiation Pattern of a Dipole 

1.1 Background 

Reconfigurable antennas consist of switches and radiators. The radiators can be either 

planar patches or dipoles. The switches can turn a section of radiators off and thus stop them 
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from radiating. By using more radiators, the quality of the received signal can be improved 

increasing the input power supply. Since dipoles are obsolete, this dissertation focuses only on 

reconfigurable patch antenna designs. 

1.2 Motivation 

Even though a dipole antenna can be used over a certain range of frequencies, it has 

only one very good frequency point called the resonating frequency, at which it works best. A 

reconfigurable antenna can work best at more than three frequencies, if designed optimally. 

Since a reconfigurable antenna has more resonating frequencies, it can be used to enable more 

applications. The current antenna designs are larger in size and involve only one feeding point. 

This research would make the antenna more compact, provide multiple radiation patterns as 

well as more than one feeder point. The improvements in this dissertation will bring about a 

successful implementation of the reconfigurable antenna in mobile devices.  

Reconfigurable antenna design provides multiple points that can be used to read signals 

from to take in power. Research in the past has never shown whether wireless powering in a 

concrete slab is possible. Reconfigurable antennas can be used to power sensors inside a 

concrete slab. The proposed improvements would not only enhance antenna performance in 

transmission, but also provide huge advantages in wireless powering.  

1.3 Research Problem 

Improvised designs would enhance portability in mobile devices as well as have higher 

bandwidth. Many sensors are buried inside a concrete slab, to measure parameters such as 

temperature and humidity. If these sensors are powered wirelessly, with reconfigurable 

antennas, then it would be a significant improvement in enabling wireless powering. During 

the transmission of radio frequency energy from one antenna to another, the electric field could 

either be incident parallel to the receiving antenna or be incident at a certain angle. This 

incident electric field on the surface of the receiving antenna can be used to power a sensor 
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wirelessly. The research problem has three main goals: studying the existing reconfigurable 

antenna designs [1, 2], recreating them in Ansoft HFSS and improving them, as well as to 

design a new reconfigurable antenna that enhances performance and enables wireless 

powering.  

1.4 Significance and Contribution 

Antennas are critical components of communication and radar systems [70], but 

sometimes their inability to adjust to new operating scenarios can limit system performance. 

Making antennas reconfigurable [70], so that their behavior can adapt with changing system 

requirements or environmental conditions can eliminate these restrictions and provide 

additional levels of functionality. Reconfigurable antennas on portable wireless devices can 

help to improve a noisy connection and redirect transmitted power to conserve battery life. In 

large phased arrays, reconfigurable antennas could be used to provide additional capabilities 

that may result in wider instantaneous frequency bandwidths, more extensive scan volumes, 

and radiation patterns with more desirable side lobe distributions. 

Reconfigurable antennas providing numerous advantages such as reconfigurability in 

polarization, frequency, and radiation pattern [67]. Furthermore, these antennas can reduce 

parasitic effects, losses and costs. Reconfigurable antennas have been used to achieve pattern 

and frequency diversity in Single Input Single Output (SISO) links, and are being used in 

Multiple Input Multiple Output (MIMO) systems [68, 69] to improve link capacity. New 

designs of reconfigurable antennas have been shown in this dissertation that can improve 

performance and enable mobile and ubiquitous computing applications. 

1.5 Methodology 

All simulations of antennas in this dissertation have been done using Ansoft HFSS. 

Different excitation methods such as a lumped port, waveport and a slot were used to excite the 

antennas. The concrete slabs were excited using plane waves. The new antenna designs have 
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been simulated in Ansoft HFSS v11, and the Rectangular Reconfigurable Antenna was made 

on a double sided PCB with an RF connector and tested using a network analyzer. 

1.6 Organization of the Dissertation 

This dissertation is organized as follows: In Chapter 2, a comprehensive literature 

survey of wireless powering, a concrete slab and reconfigurable antennas are presented. The 

permittivity of a concrete slab and reworked results of two reconfigurable antennas are also 

presented in Chapter 2. In Chapter 3, a concrete slice was prepared in Ansoft HFSS v8, and it 

has been shown that wireless powering in a concrete slab is possible using a Hilbert 3D-2 

antenna. In Chapter 4, a novel planar reconfigurable antenna design is presented along with the 

simulation results. The existing reconfigurable antenna designs have been simulated in a 

concrete slab, and their results are also presented and analyzed in Chapter 4. In Chapter 5, a 

new reconfigurable antenna that can be created for any frequency range is presented. The 

design equation of this novel reconfigurable antenna, as well as an extensive mathematical 

derivation of its electric field, is presented in Chapter 5. The power radiated equation and its 

directivity are also presented. Chapter 6 concludes the dissertation and summarizes the results 

of the work. Areas for future work are also suggested in this chapter.  
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Chapter 2 

 Related Work 
 

2.1 Introduction 

Communication [52] is defined as a process where there is an exchange of information 

between two sides. If the exchange of information involves electromagnetic or radio waves, 

then the process is called radio communication. An antenna is defined [13, 45] as a device that 

either radiates or receives radio waves. Typically, an antenna is excited by using a coaxial line 

[13] that transports electromagnetic energy from the transmitting unit into the antenna. An 

antenna system has a radiation pattern, which gives the user an idea of the direction in which 

the antenna radiates. Software defined radio techniques can be used to change the direction in 

which an antenna is radiating. Different antenna designs were reworked, and their 

shortcomings are explained with the results in this chapter.  

Fractal antenna theory design [52] is an extension of Euclidian geometry. Fractal 

antennas [37] are specific types of antennas which consist of multiple copies of a single 

antenna. Antenna research deals with two core issues- design and its implementation-, to 

develop multiband smaller size antennas. These fractal shaped designs [38] were used to 

enhance the existing designs of microstrip antennas, which led to the eventual realization of 

reconfigurable antennas. Reconfigurable antennas are a specific design of antennas that are 

used to save power. 

2.2 Antenna Theory 

An antenna is a system of elevated conductors that connect the transmitter or the 

receiver to free space. In order to understand an antenna system, let us consider fig. 2.1. A 

transmission line is a point to point radio frequency carrier device with minimum attenuation 

and radiation losses. The transmission line has to be matched in such a way that a forward  
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moving wave travels only in the forward direction. A dipole antenna is a specific type of  

 

 

 

 

Fig. 2.1 Transmission System 

antenna in which the two ends are at equal potential relative to the mid-point, and the antenna 

itself is fed at the centre by the transmission line. The parameters typically discussed in this 

chapter include: 

• Input Return Loss 

• Antenna Far Field 

• Directivity Pattern 

• Resonating Frequency 

• VSWR 

2.3 Types of Antennas 
  

The various types of antennas that were studied are described below. 
 

2.3.1 Dipole Antennas 

Developed by Heinrich Rudolph Hertz [54] in the late 19th century, a Dipole is an 

antenna made by a simple copper wire, and is a center-fed driven element for transmitting or 

receiving radio frequency energy. The amplitude of current on a dipole antenna decreases 

uniformly, from maximum at the center to zero at the ends. 

 

 

 

 

 

Fig. 2.2 Dipole Antenna 
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A dipole shown in fig. 2.2 radiates on both sides and can have any length, but usually it 

is just under ½ wavelengths long. A dipole which is ½ wavelengths long is known as a 

resonant, or a half wave dipole, and has input impedance that is purely resistive and lies 

between 30 and 80 ohms. A half wave dipole provides a good match to 50 ohms coaxial cables, 

as well as to transmitters and receivers which have 50 ohm output and input impedances. The 

length of a dipole can be approximately determined from the following formula 

  

 

Where  is the length in feet, and  is the frequency in MHz 

2.3.2 Array Antennas 
  

Many applications require different radiation patterns that cannot be achieved by a 

single radiating element. An array antenna consists of multiple radiating elements formed in a 

mathematical or a geometrical arrangement. The radiation pattern of an array antenna is a 

combined radiation pattern of all the radiating elements. The array antenna shown in fig. 2.3 

consists of multiple radiating elements placed on the z axis with a space d between them.    

 

 
 

 

 

 

 

 

 

 

 

Fig. 2.3 Array Antenna 
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2.3.3 Fractal Antennas 

Fractal electrodynamics [37] is a field of electrodynamics which combines fractal 

geometry and electromagnetic theory to solve the problems of radiation, propagation, and 

scattering in antennas. A fractal is a rough or fragmented geometric shape [54] which can be 

subdivided in parts, each of which is a reduced-size copy of the whole. Fractals are generally 

self-similar and independent of scale. A case of a log periodic antenna [37] folding inwards is 

considered to be a fractal antenna. A simple example of a fractal antenna could be an ordinary 

wire antenna shaped into many similar shapes. The size of the antenna would thus be very 

large. Since each shape of the fractal antenna is analyzed as a conjunction of capacitors and 

inductors, the fractal antenna would thus be a combination of multiple capacitors and 

inductors. It should be understood that the number of resonances would not depend on the size 

of the radiating structure, but on the combination of capacitors and inductors being used.  

  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Fractal Antenna 

2.3.4 Microstrip Antennas  
 

Microstrip antennas, also called patch antennas, consist of a metallic strip placed on a 

small fraction of a wavelength on a substrate situated on a ground plane. There are many 
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substrates [13] that can be used for the design of microstrip antennas, and their dielectric 

constants are generally in the range of 2.2  Thick substrates with low dielectric 

constant values provide better efficiency, larger bandwidth and loosely bound fields for 

radiation into space. 

 

 

 

  

 

 

 

 

 

 

 

Fig. 2.5 Microstrip Antenna 

Microstrip antennas can also be circular, square, elliptical or triangular shaped. 

Microstrip antennas can be excited by numerous methods. The popular feeding methods used 

to excite microstrip antennas are microstrip line, coaxial probe, aperture coupling and 

proximity coupling. 

2.3.5 Microstrip Fractal Patch Antennas 
 

As stated earlier, fractal antennas are a conjunction of multiple capacitors and 

inductors. This self similarity concept in fractal antennas provides more than one resonating 

frequency. This concept of fractal antenna design was extended to microstrip antennas. So a 

single microstrip fractal antenna consists of many self similar antennas, thus forming a 

microstrip fractal patch antenna. Microstrip antennas with fractal geometry have been found [2, 

38, 40] to have a higher degree of directivity and multiple resonating frequencies. 
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Fig. 2.6 Microstrip Antenna with fractal geometries 

 

 

2.4 Theory of Plane Waves 

This research deals with improving the design of reconfigurable antennas to enhance 

performance, and to enable wireless powering in mediums such as a concrete slab. Thus, it is 

important to understand the propagation of electric field in other mediums when their surface is 

excited by a plane wave. The propagation of electric field involves two cases: when the electric 

field is incident normal to the surface of the medium (normal incidence), and when the electric 

field is incident perpendicular to the surface of the medium (oblique incidence).   

2.4.1 Normal Incidence 
 

The reflection and transmission of plane waves when the electric field is incident 

normal to the surface of the medium [12, 14] is discussed first. The incident, reflected and 

transmitted electric and magnetic fields, are denoted by the subscripts i, r and t respectively. 

Each particular medium has its own parameters of permeability µ and permittivity ε, as shown 

in fig. 2.7.  
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Fig. 2.7 Plane Wave reflection and transmission for normal incidence 

 

If the  incident  electric field  has an amplitude , polarized in the x direction with a 

component , then the expressions for the incident, reflected and transmitted electric field 

components can be written as 

 

 

 

 

 

 

 

 

In the above equations,  and  are the reflection and the transmission coefficients 

respectively. The magnetic field components can be written as 
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Finally, the equations for the reflection and transmission coefficients can be written as 

  

 

 

 

 
2.4.2 Oblique Incidence 

A plane is formed by a unit vector perpendicular [12, 14] to the reflection interface, and 

the vector in the direction of incidence. In order to provide more clarity, the electric and 

magnetic fields would have their own parallel and perpendicular components, and the 

reflection and the transmission coefficients would also change depending on the polarization of 

the incident electric field. Perpendicular polarization [14] is also known as horizontal 

polarization, and parallel polarization is also known as vertical polarization. 

2.4.2.1 Snell’s Law of Reflection 

Snell’s Law of Reflection [14] states that the angle of reflection is always equal to the 

angle of incidence. Snell’s Law of Refraction provides a relation between the angle of 

incidence and the angle of transmission, in terms of the ratio of phase velocities. The ratio of 

the phase velocity in free space to the phase velocity in the medium is defined as the index of 

refraction of a medium n.   

 

 

 

Where c is the velocity of light.  
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Snell’s law of Refraction can be written as 

 

 

 
The subscript r denotes the relative permeability and relative permittivity.  

For nonmagnetic materials, , so in this  case 

 

 

 

where   is the intrinsic impedance of a dielectric medium. 

 
2.4.2.2 Perpendicular Polarization 

In the first case, we assume that the incident electric field is perpendicular [55] to the 

planar surface as shown in fig. 2.8. The plane wave is incident on the planar surface at an 

angle, and the equations for the incident, reflected and transmitted electric and magnetic fields 

can be written as 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 Plane Wave reflection and transmission for perpendicular polarization 
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By using Snell’s Law, the equations for the reflection and transmission coefficients can be 

written as 

 

 

2.4.2.3 Parallel Polarization 

In the second case, we assume that the incident electric field is parallel [55] to the 

planar surface as shown in fig. 2.9. The plane wave is incident on the planar surface at an 

angle, and the equations for the incident, reflected and transmitted electric and magnetic fields 

can be written as 
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Fig. 2.9 Plane Wave reflection and transmission for parallel polarization 
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By using Snell’s Law the equations for the reflection and transmission coefficient can be 

written as 

 

 

 

2.4.2.4 Brewster’s Angle 

Brewster’s angle [14]  is defined as the incidence angle , at which the Fresnel 

reflection coefficient . 

2.4.2.4.1 Perpendicular Polarization 

For Perpendicular Polarization, the Brewster’s angle  can be written as 
 
 

 

 

 does not exist for nonmagnetic materials, that is when . 

2.4.2.4.2 Parallel Polarization 
 

For parallel polarization, Brewster’s angle  can be written as 

 

 

For nonmagnetic materials, Brewster’s angle  can be written as 
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For ,    

 

2.5 Permittivity of Concrete 

The permittivity of a concrete slab [7] has been modeled assuming that it is a lossy 

dielectric, and that a slab has a real part and an imaginary part. The permittivity of a concrete 

slab can be written as 

 

 is the real part of complex permittivity of a concrete slab and  is the imaginary part of 

permittivity of a concrete slab. By modeling a concrete slab as a Debye material [7], its 

frequency dependent complex relative permittivity obeys the following                   

                                                                                                                                                                                                                                                                                                                 

 
 
 
 

 
Table .1 Fitted Parameters for the Concrete Samples [7] 

Moisture 
Content 

    

0.2% 
12% 

4.8± 0.002 
 12.84± 0.03 

4.507± 0.002 
7.42± 0.02 

0.82± 0.01 
0.611± 0.006 

6.06  
0.06  

 20.6  
0.2  

 
 
              

 

 
 

Where  is the difference between the values of the real part of the complex 

relative permittivity, and τ is the relaxation time. The above equation represents the first model 

of relative permittivity of a concrete slab. In order to take into account the additional energy 
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loss due to conductivity [7], an additional term is added to the imaginary part in the above 

equation to form the second model of relative permittivity of a concrete slab. 

 

 

 

 

 

 is the dc conductivity of a concrete slab,  is the permittivity of free space and  is the 

effective conductivity of a concrete slab.  

                                                      

 
 

 
 

 
 

Fig. 2.10 Relative Permittivity of Concrete for the first Debye Model 
 

The relative permittivity of a concrete slab vs. frequency (Hz) was plotted. In the above 

graphs, the imaginary part and the real part of relative permittivity vary with the frequency. 

The real part of relative permittivity of a concrete slab is high at low frequencies, and slowly 

decreases as the frequency increases and reaches a stable point. The imaginary part of the 

relative permittivity of a concrete slab reaches a peak value, and then slowly decreases as the 
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frequency increases. The imaginary part of the relative permittivity of a concrete slab was 

plotted for the second Debye model. 

 

 

 

 
                   
                   
 
 
 
 
 
 
 
 
 

 
 

Fig. 2.11 Relative Permittivity of Concrete for the second Debye Model 
 

 
The imaginary part of relative permittivity decreases as the frequency increases for both 

the moisture content values of 12% and 0.2%. 

2.6 Radio Frequency Spectrum 

Radio communications [16] involve the usage of electromagnetic waves of different 

frequency spectrums. Different frequency ranges are used for different applications. Since the 

research presented in this dissertation focuses on reconfigurable antenna design, it is important 

to understand different frequency ranges, and the services that use these frequency ranges in 

radio wave communication.  

2.6.1 Extremely Low and Very Low Frequencies (ELF & VLF) (<30 KHz) 

Communications through sea water, where transmitting a signal is difficult because of 

bandwidth limitations, use frequencies below 3 KHz. Propagation in the ELF and the VLF 

range is by surface wave, and by the earth-ionosphere waveguide [16]. The effective height of 
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the ionosphere in the ELF band is approximately 90 Km. Submarines that communicate with 

land bases through ocean water use the ELF band. Huge land based transmitting antennas are 

required to transmit the signal, and relatively low data rates are possible. Sea water [16] is 

highly conductive, and the attenuation in one skin depth of sea water or any other dielectric is 

8.86 dB. Since the attenuation in sea water is very high, the longest wavelengths have to be 

used for the attenuation to be kept to usable values. The propagation constant  in sea water 

is complex, has high conductivity losses, and is given by 

 

 

 

2.6.2 Ionosphere 

The ionosphere is the upper region of the atmosphere [16], approximately 50 Km above 

the surface of the earth, where atmospheric gasses have been ionized by solar flux and cosmic 

radiation. Ionization occurs because of rare atmospheric gases and radiation caused by 

atmospheric attenuation that exists at the highest and the lowest altitudes of the ionosphere 

respectively. Up to 80 Km altitude [16], the earth’s dry atmosphere is well mixed. Dissociation 

of ions varies with altitude above 80 km of the earth’s surface because of varying densities of 

ionized gases.   

2.6.3 Low and Medium Frequencies (LF & MF) (30 KHz to 3 MHz) 

Marine and aeronautical radio navigations [16] use the LF band from 30 KHz to 500 

KHz. Atmospheric noise is a major factor in the LF and MF frequency bands. Amplitude 

modulation (AM) uses the band segment between 535 KHz and 1705 KHz. Ground wave 

propagation [16] utilizes the MF band from 300 KHz to 3 MHz. Ionospheric absorption is high 

during the daytime in the LF and the MF bands.  
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2.6.4 High Frequencies (HF) (3 to 30 MHz) 

Worldwide radio communications [16] that are designed on the basis of ionospheric reflections 

use the HF band. Ionospheric transmission provides a channel of small attenuation. Narrow 

band applications [16] of bandwidth less than 3 KHz use the HF band.  

2.6.5 Very High Frequencies and Ultrahigh Frequencies (VHF & UHF) (30 MHz to 3 GHz) 

Mobile communications services (MCS), personal communication services (PCS), and 

satellite-based services utilize the VHF and the UHF frequency ranges. Geomagnetic activity 

[16] causes significant ionospheric reflections from 50 to 60 MHz. Cellular telephone services 

[16] use the frequency range between 800 and 900 MHz. Paging and messaging use the 900 

MHz band, and the PCS uses the bands from 1700 to 2200 MHz. Personal and local area 

networks use frequencies above 2400 MHz.   

2.6.6 Above Ultrahigh Frequencies (Above 3 GHz) 

Satellite-based communications [16] use the UHF bands. Propagation is generally Line 

of Sight with occasional tropospheric scattering. Propagation in satellite systems [16] is done 

through the ionosphere, and signal polarization is rotated because of the combined effect of the 

earth’s magnetic field and the free ion concentration. 

2.6.7 UWB Systems 
 

FCC regulations in the United States permit [16] Ultra Wideband (UWB) 

communications in the 3.1 to 10.6 GHz frequency spectrum.  

2.7 Wireless Powering 
 

During the transmission of radio frequency energy from one antenna to another, the 

electric field is either incident parallel to the receiving antenna, or is incident at an angle. If the 

electric field is parallel to the receiving antenna, it receives maximum voltage supply, and if 

the electric field [16] is incident at an angle, it receives voltage as a function of the angle at 

which the electric field is incident on it. 
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Table . 2 Radio Frequency Spectrum [16

Frequency 

] 

Band Characteristics Services 

3 Hz-30 KHz ELF, VLF High atmospheric 
noise, inefficient 
antennas. 

Submarine, navigation, 
sonar. 

30-300 KHz LF High atmospheric 
noise 

Long-range navigation 
beacons. 

0.3-3 MHz MF High atmospheric 
noise, good ground 
wave propagation. 

Navigation, maritime 
communication, AM 
broadcasting. 

3-30 MHz HF Moderate 
atmospheric  
noise, ionospheric  
reflections that 
provide long distance 
links, affected by 
solar flux 

International Shortwave 
broadcasting 
, ship-to-shore, t 
Telephone, telegraphy 
, long range aircraft 
communication, 
amateur radio.  

30-300 MHz VHF Ionospheric 
reflections, line of 
sight propagation 

Mobile, FM 
broadcasting, air traffic 
control, television, radio 
navigation aids. 

0.3-3 GHz UHF Line of sight  
propagations, 
efficient  
portable antennas. 

Television, radar, 
Global Positioning 
Systems (GPS), PCS, 
mobile phones,  
wireless local area 
networking, 
  land-mobile 
communications,  
satellite 
communications 

3-30 GHz SHF Line of sight 
propagation 

UWB, fixed broadband, 
3G PCS,  
Microwave links, land-
mobile communication, 
wireless LANs and 
and PANs, fixed 
broadband, 3G PCS. 

30-300 GHz EHF Line of sight  
propagation, 
atmospheric 
absorption 

Radar, military and 
secure,Communications, 
satellite links, mm-wave 
personal-area 
networking. 

300-  GHz IR-optics Line of sight  
propagation, 
 atmospheric 
absorption 

Optical 
communications, fiber  
optical links. 
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Fig. 2.12 Wireless Power Transmission 

 
2.7.1 Current Consumption of Typical Sensors 

 
A temperature sensor [9] consumes 300 μA (μ=Micro=10 6− ) for 50μSec for a stable 

reading every five seconds, and a humidity sensor consumes 2.8mA for 150 msec for a stable 

reading every thirty seconds. The radio frequency energy incident on the receiving antenna has 

to be converted to electrical energy [8] to enable wireless powering. 

2.8 Antenna Simulation Parameters 

In order to understand the performance of an antenna, a detailed understanding of the 

simulation parameters of an antenna is necessary. 

2.8.1 S- Parameters 

When an antenna is excited at one end, the measurements of reflected current or voltage 

reveals the frequencies at which the antenna works best. This measurement can be done using 

the S-parameters. The S-parameter matrix for the 2-port network generates higher order 

matrices for larger networks [56, 57]. In this case, the relationship between the reflected and 

the incident power waves, as well as the S-parameter matrix is given by   
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If port 2 is terminated in a load identical to the system impedance then, by the 

maximum power transfer theorem, will be totally absorbed making  equal to zero, and vice 

versa. Thus, the above two equations are reduced to 

 

 

 

 

 

 

Each parameter can be defined as: 
 

• is the input port voltage reflection coefficient 

• is the reverse voltage gain 

• is the forward voltage gain 

• is the output port voltage reflection coefficient 

 
 

The frequency at which  is least is the resonating frequency. It is the frequency at which the 

antenna works best. 

2.8.2 Directivity 
 

Directivity of an antenna [13] is defined as the ratio of radiation intensity in a given 

direction from the antenna, to the average radiation intensity in all other directions. 
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If the direction is not specified, then the direction of maximum radiation intensity is 

used and is expressed as 

 

 

 

D= directivity (no dimensions) 

= maximum directivity (no dimensions) 

U= radiation intensity (W/unit solid angle) 

= maximum radiation intensity (W/unit solid angle) 

= radiation intensity of isotropic source 

= total radiated power (W) 

 
2.8.3 VSWR 

In a transmission line, a standing wave ratio (SWR) [58] is the ratio of the amplitude of 

a partial standing wave at an antinode (maximum), to the amplitude at an adjacent node 

(minimum). Generally, the SWR is defined as a voltage ratio called the voltage standing wave 

ratio (VSWR). A VSWR value 1.2:1 denotes a maximum standing wave amplitude, which is 

1.2 times greater than the minimum standing wave value. The VSWR for an antenna has to be 

lower than 2. 

2.9 Reconfigurable Antennas 

A reconfigurable antenna consists of switches and radiating parts. The Reconfigurable 

Sierpinski Gasket antenna (RSGA) [2, 36] shown in fig. 2.13 consists of three similar 

triangular radiating parts. The top triangle is connected to the bottom two triangles by switches, 

as shown in fig. 2.13. The switches can be turned on or off, and the size of the antenna as well 

as radiation patterns can be varied. The Reconfigurable Sierpinski Gasket antenna shown in  
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Fig. 2.13 Reconfigurable Sierpinski Gasket Antenna 

 

fig. 2.13, consists of five feeding points (the three free vertices of the three triangles and the 

two switches). This antenna can be used over a range of frequencies from 1 to 20 GHz, over 

which it resonates at two frequencies. 

2.9.1 Reconfigurable Sierpinski Gasket Antenna 

Two important parameters that constitute into forming a Sierpinski Gasket Antenna are 

the base b and the height h. To extend the concept of self similarity to antennas, the right half 

plane of a right angled triangle  is  joined  to  the  left  half  plane  of  another  right angled 

triangle, to form one triangle.  

 

 

 

 

 

 

 

 

Fig. 2.14 Reconfigurable Sierpinski Gasket Antenna with iterations 

 

If one iteration is added to the triangle already formed, then two more triangles are 

added to the existing geometry [2, 36]. It is important to understand that the parameters h and s 
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become half with every iteration, which is an addition of a new triangle, as is shown in fig. 

2.14. The radiation pattern of an antenna is related to the distributions of currents on its 

surface, so if the amount of current flowing to a particular part of the antenna is varied at 

different frequencies, then its radiation pattern varies. Thus the characteristics of self similarity 

of a fractal antenna are used in the design [2, 18, 38] as the fractal antennas radiate at different 

frequencies.  

2.9.1.1 Reworked Results of the Reconfigurable Sierpinski Gasket Antenna 
 

The base of the entire Sierpinski triangle is 3.74 mm and the height is 3.26 mm. The 

antenna was excited at the top vertices by using a lumped port, as shown in fig. 2.15. The 

antenna was simulated in the frequency range of 1 to 20 GHz.  The first iteration is when all 

the triangles are radiating, and the second iteration is when the top two triangles are radiating. 

All simulations were done using Ansoft HFSS v11. The height of the substrate was taken to be 

1.5 mm. The material of the substrate was RT Durroid 5880. Below the substrate, a copper 

ground plane was placed. The dimensions of the ground plane and the substrate are 

8mm 4mm. The thickness of the copper sheets was taken as 0.017 mm. 

 

 

 

 

 

 

 

 

 

 
   

 

Fig. 2.15 Simulated Reconfigurable Sierpinski Gasket Antenna 
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Fig. 2.16 Input Return Loss  for the first iteration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.17 Input Return Loss  for the second iteration 
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Fig. 2.18 VSWR for the first iteration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19 VSWR for the second iteration 
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Fig. 2.20 Radiation Pattern for the first iteration 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2.21 Radiation Pattern for the second iteration 
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2.9.1.2 Data Analysis and Shortcomings 
 

Input Return Loss  from fig. 2.16 for the first iteration shows that there is a 

resonating frequency at 8 GHz. Input Return Loss  from fig. 2.17 for the second iteration 

shows that there is a resonating frequency at 16 GHz. VSWR for the first and the second 

iteration shows a very high value until 8GHz. The radiation patterns show an omnidirectional 

radiation pattern for this antenna. There is no justifiable mathematical design equation which 

can be used by an engineer to design this antenna for a specific bandwidth. The input return 

loss for each iteration reveals only one resonating frequency. If more iterations are to be added, 

then the design becomes complex. 

2.9.2 Reconfigurable Planar Inverted Fractal Antenna (RPIFA)  

The inverted planar antenna consists of two important elements: the planar radiating 

element and the ground plane. It is a variant of the monopole antenna, where the radiating 

element has been made parallel to the ground plane. The resulting electric field that emerges 

after exciting the RPIFA antenna is due to the radiating electric field and its ground plane. The 

 

 

 

 

 

 

 

 
 
 
 
 
 

Fig. 2.22 Reconfigurable PIFA Antenna [1] 
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RPIFA antenna is highly favored for its smaller size and lower profile, and is [1] widely 

preferred in wireless devices. PIFA antennas   have   many   additional   advantages, such as 

being cost effective to manufacture, very easy to fabricate, having higher bandwidth and 

favorable electrical performance. 

2.9.2.1 Reworked Results of the Reconfigurable Planar Inverted Fractal Antenna (RPIFA) 
 

 A copper ground plane has been used for the RPIFA. The switches for this antenna [1] 

have been simulated as perfect electric conducting cylinders. The feeds were simulated as 

perfect electric conducting cylinders, which were excited by using lumped ports. The 

dimensions of the ground plane [1] are W0=60 x L0=114 mm. At a height of 4 mm above the 

ground plane is a metallic patch of dimensions L1=45 x W1=40 mm. At the end of this patch is 

a slit divided into three parts, each of which has a width of 4 mm. The length of the three parts 

are lslit1=15 mm, lslit2=15 mm and lslit3=9 mm respectively. These three parts are connected 

by switches. The three slits were modeled as boxes of copper. The dimensions of the second L 

shaped patch element are L2=50 mm x W2=19 mm, and L3=10 mm x W3=25 mm. A total of 

14 switches connect the radiating elements to the ground plane. The thickness of the copper 

sheets was taken as 0.017 mm. 

 

 

 

 
 

 

 

 

 

 

 

Fig. 2.23 Input Return Loss ( ) at lumped port 1 
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Fig. 2.24 Input Return Loss ( ) at lumped port 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.25 VSWR at lumped port 1 
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Fig. 2.26 VSWR at lumped port 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.27 Radiation Pattern for the Reconfigurable PIFA Antenna 
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2.9.2.2 Data Analysis and Shortcomings  
 

This antenna was simulated in the original paper [1] using a matrix along with signal 

processing techniques. Unfortunately, the simulation techniques used [1] were not described 

clearly. Though the results could change with the size in the lumped port, they are 

discouraging. The input return losses ( ) hardly show any resonating frequencies, so the 

antenna is hardly radiating any power. The VSWR for this antenna is also extremely high. A 

major setback for this antenna is that reconfigurability is not properly defined. This antenna has 

only one iteration with or without the presence of switches. Once again, there is no design 

equation to help the designer to design this antenna for a specific bandwidth.  

2.10 Summary  

The RSGA antenna works between the frequency range of 3 GHz to 30 GHz. It can be 

used for UWB and fixed broadband applications. Research has to be done to check if wireless 

powering in a concrete slab is possible. Research has to also be done to see if reconfigurable 

antennas can facilitate wireless powering. Finally, a new reconfigurable antenna has to be 

developed which is easy to design, has mathematical design equations and has good 

performance. The reconfigurable antennas described in earlier sections have a lot of 

disadvantages, and they need to be rectified. A concrete surface needs to be recreated in Ansoft 

HFSS.  

  



 

36 
 

Chapter 3 

Wireless Powering in a Concrete Slab 
 

3.1 Introduction 
 

This chapter deals with powering a sensor buried inside a concrete slab at a certain 

depth by delivering power to the load resistance of the sensor antenna. Antennas inside a 

concrete slab should be able to receive power from the electromagnetic energy that penetrates 

the concrete slab. If an antenna outside a concrete slab is radiating power, then that power 

penetrates the surface of the concrete slab and decays according to the parameters of a concrete 

slab. So researching the parameters of a concrete slab, as well as investigating the attenuation 

of the electric field as the depth increases is very important to determine the power received by 

an antenna. This chapter also investigates which antenna is the best to receive maximum power 

inside a concrete slab. As stated earlier in section 2.5, a concrete slab is a penetrable material 

which requires a detailed research and understanding into its electrical properties, if it has to be 

used in any application.  

The theoretical Debye model [7] has been used to understand the behavior of a concrete 

slab with respect to frequency, moisture content and other factors. In the analyses, [7] a 

concrete slab has been treated as a dielectric material having both the real and complex part of  

permittivity and effective conductivity, which are dependent on frequency. Measurements have 

been performed to understand the frequency-dependent nature of the electrical properties of a 

concrete slab.  

When a plane wave is incident on the surface of a concrete slab, some part of it is 

reflected back and the remaining passes into the slab. The power that the antenna receives 

depends on the polarization of the incident plane wave, as well as the attenuation due to 

propagation through a concrete slab. If the polarization of the incident waves and the angle of 
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incidence determines the power received, then those factors become very important and have 

to be taken into consideration.  

3.2 Uniform Plane Waves in a Concrete Medium-Principal Axis and Oblique Angle  
 

Let us consider that a uniform plane wave is incident on a concrete slab. As of now, the 

direction and orientation of the electric field is not considered for simplicity. Since the wave is 

travelling from free space into a concrete slab interface, we assume that the incident electric 

field has a certain magnitude. This magnitude of the electric field decays with the attenuation 

of a concrete slab as well as the depth. Let us suppose that the incident electric field is given by 

 

 
The attenuation in a  concrete slab was calculated using the equation 

 
 

   

 
 

 
 
         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1 Incident Electric Field on a Concrete Slab 
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3.2.1 Direction of Propagation of a Uniform Plane Wave 
 

In the above figure, the concrete slab is placed along the z-axis. If the electric field has 

an x component, then it would be interpreted as the electric field is incident perpendicular to 

the concrete slab (Normal Incidence), and if the electric field has a y component, then it would 

be interpreted as the incident electric field is polarized perpendicular to the concrete slab. 

Lastly, if the electric field has an x component and a z component, then it would be interpreted 

as the incident electric field is polarized parallel to the concrete slab. In fig. 3.1, the electric 

field has parallel polarization, since it has an x component as well as a z component. If  is the 

incident electric field on a concrete slab, and  is the transmitted electric field through a 

concrete slab, then  is the electric field reflected of the surface of the slab. So the transmitted 

and incident electric fields for different polarizations can be written as 

 

 

 

 

 

 

Where T is the transmission coefficient and z is the depth in a concrete slab. In the above 

expressions, the phase constant of a concrete slab can also be considered in the exponential 

term. The Intrinsic Impedance of a concrete slab  is given by 

 

 

 are the permeability, permittivity and the effective conductivity of a concrete 

slab respectively. 
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The Intrinsic impedance of free space is given by 
 
 

 

 
 

 are the intrinsic impedance, permittivity and permeability of free space. 
 
The transmission coefficients are given by 
 
 

 

 

 

 
 

 

 
 
The Average Power Density of the electric field in free space is given by 
 
 

 

 
 
The Average Power Density of the electric field in a concrete slab is given by 
 
 

 

 
 

3.3 Power received by an antenna 
 

Power received by an antenna when it is excited by a plane wave was calculated using 

the equation 

 

Power Received  
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E is the magnitude of electric field, T is the transmission coefficient, α is the attenuation, Z is 

the depth in the concrete slab,  is the length of the antenna and  is the radiation resistance of 

the antenna. Since the material used in this case is a concrete slab, it is essential to use 

wavelength in a concrete slab rather than wavelength in free space. The wavelength in a 

concrete slab is given by 

 

                

The length of the dipole was taken to be   for a linear dipole, and for a circular small loop the 

effective length was used as 

 

    

Where S is the area of the loop, and the factor  is introduced because the open 

circuit voltage is proportional to the magnetic flux density, which is normal to the plane of the 

loop. 

3.4 3D Fractal Hilbert Dipole Antennas 

3D-fractal rectangular Koch dipole and 3D fractal Hilbert dipole antennas [60] exhibit 

lower resonant frequencies and small volume occupations. For a self-similarity fractal, the 

fractal dimension is given by the equation 

 

 

Where N is the number of copies of the whole object, and γ is the scale factor for each copy.  

A fractal-dimension is a measure of the space-filling properties and the complexity of 

the fractal shape [61]. The two methods that can be used to enhance the design of a fractal 

antenna are: designing miniaturized antenna elements and designing self similar antenna 
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elements. Designing miniaturized antenna elements leads to antennas which are more discrete 

for the end user. Designing self similar multiband antennas allows a user to integrate several 

aspects of a system into one antenna. Antennas designed using both these strategies can be 

incorporated into highly advanced array and smart antenna designs. Usually, the fractal [62] is 

restricted to 1D and 2D-space designs. The benefits of space-filling 3D-fractal antenna 

elements [63] are limited, but it can be efficient in a self-similarity design.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 3D Fractal Hilbert Dipole Antenna [18] 

The 3D fractal shaped wire antennas can give resonance compression and multiband behavior. 

The length and the radiation resistance of the 3D fractal Hilbert antenna are given in the table 

below. 

 
Table . 3 Radiation resistance of a Hilbert 3D-2 Antenna [18] 

Antenna Total wire length 
(cm) 

 at resonance 
(ohms) 

Hilbert 3D-2 184.99 0.16 
 
 

This antenna has a higher length and a lower radiation resistance. If the power received 

equation (3.13) in section 3.3 is closely examined, it is observed that a higher length and a 

lower radiation resistance enable an antenna to receive more power. 
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3.5 Power Accepted 
 
For a general radiating structure, the accepted power is given by 

 

 

 is the power accepted in watts and ds is the local port boundary unit. Real is the real part 

of the complex number. E is the radiated electric field and  is the complex conjugate of the 

magnetic field H.  

For the simple case of an antenna with one lossless port containing a single propagating 

mode, the above expression reduces to 

 

 

 

Where a is the complex modal excitation specified and  is the single-entry generalized 

scattering matrix. 

3.6 Simulations and Results 

The first question that has to be answered is whether wireless powering in a concrete 

slab is possible. If assumed that there is a radiating structure in a concrete slab, then the amount 

of power entering a concrete slab can be calculated from the incident power and the reflections 

of a port. The thickness of the concrete slab was taken to be very thin (5 mm), and another 

surface which was very close (5 mm from the surface of the concrete slice) was defined as a 

wave port in Ansoft HFSS v8. The reflections of the surface of the concrete slab have to be 

plotted to estimate approximately the power that penetrates a concrete slab. The electric field 

inside the concrete slice for two extreme cases of moisture content (0.2% and 12%) was 

simulated. The electric field values in the middle of the concrete slice were taken, and its 
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propagation through a concrete slab for a depth of 10 cms was calculated using the equation 

(3.13) in section 3.3. The power received was plotted as a function of frequency for the values 

of a Hilbert 3D-2 antenna in table . 3 using matlab. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.3 Input Return Loss S 11 (dB) of the surface of the concrete slice 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.4 Electric Field inside a concrete slice (0.2 %) for the incident electric field having X 
and Y components 
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Fig. 3.5 Electric Field inside a concrete slice (12 %) for the incident electric field having X and 
Y components 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Fig. 3.6 Electric Field inside a concrete slice (12 %) for the incident electric field having 

an X component 
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Fig. 3.7 Electric Field inside a concrete slice (0.2 %) for the incident electric field having 
an X component 

 

 

The power received by an antenna vs. frequency was plotted neglecting the loss resistance of 

the antenna for the above four cases, and the behavior was found to be approximately the same. 

Table . 4 Magnitude of electric field for the four cases [3] 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.8 Power received by a Hilbert 3D-2 Antenna for the First Debye model of relative 
permittivity of concrete 

Moisture Content Component E 

12 % X 1.2655 
0.2 % X 1.3278 
12 % X and Y 1.1082 
0.2 % X and Y 1.6969   
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3.7 Additional Simulations and Results 
 

To investigate further the behavior of electric field penetrating a concrete slice, the 

thickness of the concrete slice was increased to 1 cm and the simulations were done in Ansoft 

HFSS v11. The results were found to be the same for a concrete slice with moisture contents 

0.2 % and 12 %. The reflections of the surface of the concrete slice and the electric field inside 

the slice were plotted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.9 Input Return Loss S 11 (dB) of the surface of the concrete slice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.10 Electric Field inside the concrete slice  
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3.8 Summary 
 

The reflections of the surface of the concrete slice in fig. 3.3 and fig. 3.9 have shown 

that it is easier to penetrate a concrete slab at lower frequencies. The electric field plots show 

sufficient electric field to power a sensor inside a concrete slab. The results from fig. 3.3 and 

fig. 3.8 have shown that if the Hilbert 3D-2 Antenna is designed such that the resonant 

frequency is between 40 MHz and 900 MHz, then the power received by an antenna would be 

adequate to power a sensor. The Hilbert 3D-2 antenna used in this research has a resonant 

frequency of 51.4 MHz which satisfies our cause. As dipoles are becoming obsolete, research 

has to be done to investigate if microstrip antennas and reconfigurable antennas can be used to 

enable wireless powering.  
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Chapter 4 

Reconfigurable Antennas & Wireless Powering 
 

4.1 Introduction 
 

Sensors that are buried inside a concrete slab for various data collection purposes are 

usually powered with batteries or wires. The concept of wireless powering arises from the fact 

that sensors can also be powered from the power delivered to the load resistance of an antenna. 

As a fractal surface has a larger surface area, it is an ideal choice to wirelessly power a sensor 

inside a concrete slab. If the antenna is large, then two or more sensors can be powered by a 

single antenna. Existing reconfigurable antenna designs [1, 2] have been used to show that 

sensors buried inside a concrete slab can be powered wirelessly using reconfigurable antennas.  

A new reconfigurable planar inverted fractal antenna design that improves performance 

and enables wireless powering will be shown in this chapter. The concepts of the 

Reconfigurable Planar Inverted Fractal antenna (RPIFA) and the Reconfigurable Sierpinski 

Gasket Antenna (RSGA) explained in sections 2.9.1 and 2.9.2, have been merged to create a 

Reconfigurable Planar Inverted Sierpinski Gasket Fractal Antenna (RPISGFA). The antenna 

buried inside a concrete slab has to absorb power from the plane wave incident on the concrete 

slab. Any device in free space can be powered from the RF energy that its antenna receives 

from another antenna.  Sensors in free space and in a concrete slab can be powered based on 

the electric field incident on the surface of the receiving antenna. The concept of self similarity 

in antennas, which increases the length of that part of the antenna that is capable of receiving 

electromagnetic energy inside a concrete slab, is demonstrated in this chapter.  

4.2 Reconfigurable Antennas vs. Dipoles for Wireless Powering 

A reconfigurable patch antenna has switches which enable it to stop a particular part of 

the antenna from radiating. A microstrip patch antenna does not have switches, and thus cannot 
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stop any part of itself from radiating. In the transmitting mode, the switches in a reconfigurable 

patch antenna can be used as points where excitation can be applied. Similarly, in the receiving 

mode, coaxial lines can be applied along with the switches to extract the received signal. So 

when a reconfigurable patch antenna is compared to a microstrip patch antenna or a dipole 

antenna, the first noticeable difference is that the reconfigurable patch antenna has more 

excitation points.   

As shown in fig. 2.12, when an antenna receives radio frequency energy from another 

antenna, it has only one excitation point where the coaxial lines receive the power delivered to 

the antenna. If the receiving antenna in fig. 2.12 is replaced with a reconfigurable antenna such 

as the RPIFA shown in section 2.8.2, then multiple receiving coaxial lines can be used to 

power multiple sensors. An antenna with one receiving coaxial line will have high reflections 

as it is receiving the entire power incident on the antenna. The presence of multiple coaxial 

lines will decrease the number of reflections when an antenna receives power from another 

antenna. Thus, reconfigurable antennas can be used to enable wireless powering. 

4.3 Reconfigurable Planar Inverted Sierpinski Gasket Fractal Antenna (RPISGFA)  
 

In order to understand how the RPISGFA was created, it is necessary to understand the 

Planar Inverted Fractal Antenna (PIFA), and the concept of self-similarity of a Sierpinski 

Gasket Antenna.  A Planar Inverted Fractal Antenna is considered to be an Inverted Fractal 

antenna with the wire radiator element replaced by a planar radiating element to increase the 

bandwidth. A Planar Inverted Fractal Antenna [64] consists of three elements: a rectangular 

planar element located parallel and above a ground plane, a plate or a pin that short circuits the 

radiating element and the ground plane, and an excitation mechanism for the radiating element.  

The radiating element is placed parallel to and above the ground plane [64] to reduce 

the height of the antenna while maintaining a resonant trace length. Capacitance introduced to 

the input impedance of the antenna by the parallel section is compensated by implementing a 
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short circuiting pin. Excitation current to the radiating element is divided between the radiating 

element and the ground plane. Since the excitation current is divided between the radiating 

element and the ground plane, the resulting electromagnetic field of the antenna [64] is a joint 

field of the radiating element and the ground plane. This antenna functions as a perfect energy 

reflector [64] when the dimensions of the ground plane are very large (or close to infinity). The 

PIFA antenna has reduced backward radiation toward the user’s head, thus minimizing the 

electromagnetic wave power absorption (SAR). Since the PIFA antenna has moderate to high 

gains in both states [64] of vertical and horizontal polarization, it is extensively used in 

wireless communications where the orientation of the antenna varies, and in an environment 

where large amount of reflections are present. In such situations, the total field is the vector 

sum of horizontal and vertical states of polarization. The radiation pattern of the PIFA antenna 

is the [64] relative distribution of radiated power as a function of direction in space, and is 

determined in the far-field region as a function of directional coordinates. Power flux density, 

field strength, phase, and polarization are the radiation properties of the PIFA antenna.  

An object is said to be self similar [65], if it is exactly or approximately similar to a part 

of itself. Self similarity is a typical property of fractals. Scale invariance is a form of self-

similarity, where at any magnification [65] there is a smaller piece of the object that is similar 

to the whole. This property of scale invariance and self similarity has to be used to design an 

antenna which can enable many applications in the 3-30GHz, stated earlier in table . 2.  In 

order to convert the existing Sierpinski gasket antenna into a Reconfigurable Planar Inverted 

Sierpinski Gasket Fractal Antenna, four additional switches were added. The two bottom 

radiating triangles are connected to the top radiating triangle by two switches, and four other 

switches connect the antenna to the ground plane. Excitation was applied at the top vertex of 

the top triangle as shown in fig. 4.1. One of the switches that connects the radiating part to the 

ground plane can be used to short the planar element to the ground plane. When all the three 
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triangles radiate, it is considered to be the first iteration, and when only the first triangle 

radiates, it is considered to be the second iteration.  

 

 

 

 

 

 
 
 
 

Fig. 4.1 RPISGFA 
 

4.4 Simulations and Results of the RPISGFA 
 

The base of the entire Sierpinski triangle is 27.28 mm, and the height is 47.35 mm. The 

dimensions of the ground plane are 80mm 75mm. A slot was attached to the top triangle, and 

one face of the slot was assigned as a wave port in Ansoft HFSS v11. The dimensions of the 

slot are 11mm 5mm. In the second iteration, the switches that connect the radiating triangles 

to the ground plane were also switched off to make sure that only the top triangle was 

radiating. The thickness of the ground plane and the radiating part was taken be 0.017 mm. The 

switches that connect the antenna to the ground plane were simulated as perfect electric 

conductors, and copper material was used for switches that connect the top triangle to the 

bottom triangles. Since the switches that connect the antenna to the ground plane were 

simulated as perfect electric conductors, it can be assumed, for this case, that all the switches 

are shorting the radiating triangles to the ground plane. The input return loss , VSWR and 

radiation pattern were plotted for this antenna, when the all three triangles were radiating, and 

only the top triangle was radiating.  
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Fig. 4.2 Input Return Loss  for the first iteration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 Input Return Loss  for the second iteration 
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Fig. 4.4 Radiation Pattern for the first iteration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Radiation Pattern for the second iteration 
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Fig. 4.6 VSWR for the first iteration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 VSWR for the second iteration 
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4.5 Data Analysis 
 

When the input return losses of the RPISGFA and the RSGA in section 2.9.1 are 

compared, remarkable improvements in the performance of the RPISGFA is observed. The 

RPISGFA has three resonating frequencies in both the iterations. The antenna in both the 

iterations has very low input return loss from 19 GHz to 30 GHz. The radiation patterns have 

two main lobes and many side lobes. The VSWR is very high until 11 GHz and 7 GHz for the 

first iteration and the second iteration respectively. The RPISGFA can be used for most of the 

applications that use the frequency range of 3 to 30 GHz. 

4.6 Simulations and Results of the RPISGFA in a concrete slab 

The antenna was kept 12 cm inside a concrete slab, excited by a plane wave source 10 

cm above the surface of the concrete slab in Ansoft HFSS v11. The reflections of the surface of 

the concrete slab were plotted as the input return loss as a function of frequency for a concrete 

slab having 0.2 % and 12 % moisture content. The electric fields on the surface of the antenna 

for a concrete slab having 0.2 % and 12 % moisture content were also plotted. In this case, all 

the switches were simulated as perfect electric conductors. 

 

 

 

 

 

 

 

 

 
 
 
 
 

Fig. 4.8 Input Return Loss  for a concrete slab (0.2 % moisture content), having the 
RPISGFA 12 cm inside  
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Fig. 4.9 Input Return Loss  for a concrete slab (12 % moisture content), having the 
RPISGFA 12 cms inside it 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.10 Electric field on the surface of the RPISGFA buried inside a concrete slab having 
0.2 % moisture content 
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Fig. 4.11 Electric field on the surface of the RPISGFA buried inside a concrete slab having 
12 % mo isture content 

 
4.7 Additional Simulations and Results of the RPISGFA in a concrete slab 
 

The antenna was also kept 10 cm inside a concrete slab, excited by a plane wave source 

10 cm above the surface of the concrete slab in Ansoft HFSS v11. The reflections of the 

surface of the concrete slab were plotted as the input return loss as a function of frequency for 

a concrete slab having 0.2 % and 12 % moisture content. The electric fields on the surface of 

the antenna for a concrete slab having 0.2 % and 12 % moisture content were also plotted.  

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.12 Input Return Loss  for a concrete slab (0.2 % moisture content), having the 

RPISGFA 10 cm inside it 
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Fig. 4.13 Input Return Loss  for a concrete slab (12 % moisture content), having the 

RPISGFA 10 cm inside it 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.14 Electric field on the surface of the RPISGFA buried inside a concrete slab having 

0.2 % moisture content 
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Fig. 4.15 Electric field on the surface of the RPISGFA buried inside a concrete slab having 

12 % moisture content 
 
 

 

4.8 Data Analysis 

The data of reflections from the concrete slab in figures 4.8, 4.9, 4.12 and 4.13 show 

that the best frequency range to penetrate the concrete surface would be from 700 MHz to 900 

MHz. The electric fields on the surface of the RPISGFA are high enough to power a sensor 

such as the temperature sensor or the humidity sensor inside a concrete slab. 

4.9 Simulations and Results of the RPIFA 

The RPIFA described in section 2.9.2 was also kept 12 cm inside a concrete slab, 

excited by a plane wave source 10 cm above the surface of the concrete slab, in Ansoft HFSS 

v11. The electric fields on the surface of the antenna for a concrete slab having 0.2 % and 12 % 

moisture content were also plotted. 



 

60 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.16 Electric field on the surface of the RPIFA buried inside a concrete slab having 0.2 
% moisture content 

 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 4.17 Electric field on the switches of the RPIFA buried inside a concrete slab having 0.2 

% moisture content 
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Fig. 4.18 Electric field on the surface of the RPIFA buried inside a concrete slab having 12 
% moisture content 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 4.19 Electric field on the switches of the RPIFA buried inside a concrete slab having 12 
% moisture content 
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4.10 Summary 
 

The RPISGFA has very low input return losses and can be used to enable many 

applications which require an antenna with good performance. The above results of the RPIFA 

and the RPISGFA in a concrete slab confirm that reconfigurable antennas are very good to 

enable wireless powering. High electric fields were detected on the surface of the antennas, and 

these fields can be used to power sensors wirelessly.  
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Chapter 5 

Rectangular Reconfigurable Antenna (RRA) with Ultra 
Wideband Tuning Ability 

 
 

5.1 Introduction 
 

Reconfigurable antennas have been designed with the objective that an antenna should 

have multiple resonating frequencies, and should be able to modify its radiation pattern at will. 

Multiple designs of reconfigurable antennas [1] [2] have never been able to reveal the electric 

field equations for the antenna. Each iteration of a reconfigurable antenna will have a different 

resonating frequency and a different radiation pattern. An antenna has to be designed with the 

objective that it should exhibit broadband behaviour, and has to be compact.  

Reconfigurable antennas can change their radiation patterns, as well as use the same 

amount of current supply to reach out to a farther distance. This research will advance the 

existing designs of reconfigurable antennas, as well as design a new reconfigurable antenna to 

enhance the performance of wireless devices and enable wireless powering. Instead of 

increasing the input excitation current or voltage supply to the antenna, the number of radiating 

surfaces can be increased to form a dynamic reconfigurable antenna which can change its size 

or radiation pattern depending on what the application requires. A reconfigurable antenna can 

work best at more than three frequencies, if designed optimally. Reconfigurable antennas are 

cost effective to manufacture [1], very easy to fabricate, have higher bandwidth, and 

favourable electrical performance. Reconfigurable antennas have multiple applications such as 

Bluetooth, Satellite Digital Multimedia Broadcasting and Wireless Local Area Network 

(WLAN).  

A Rectangular Reconfigurable Antenna (RRA) is presented in this chapter. The antenna 

system consists of 8 rectangular radiating patches. The power radiated equation, as well as the 

equivalent circuit for the antenna is presented in this chapter. The electric field equations for 
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this antenna are also presented. A detailed investigation of this antenna, as well as the 

simulation results showing the s- parameters and the radiation characteristics, are presented and 

discussed. Finally, experimental results from the network analyser are also presented.  

5.2 RRA 
 

The Rectangular Reconfigurable Antenna (RRA) [4] shown in fig. 5.1 consists of nine 

radiating elements and eight switches. Simulations were conducted with an FR4 epoxy, as well 

as an RT Durroid 5880 substrate and a ground plane. The first rectangle connects to the first 

ring of rectangles through four switches, and the first ring of rectangles connects to the second   

 

 

 

 

 
 
 
 
 

 
 
 
 
 

Fig. 5.1 RRA 
 

ring of rectangles through four other switches. The Rectangular Reconfigurable Antenna [4] 

consists of three iterations. When the first rectangle is radiating, it is considered to be the first 

iteration; when the first set of four switches is on, it is considered to be the second iteration; 

and when the second set of four switches is on, it is considered to be the third iteration. 

5.3 Design of the RRA 
 
In order to understand how the RRA was designed, it is necessary to understand a PCB and the 

design of a basic rectangular patch antenna. The design of the RRA and its equivalent circuit is 

also presented in this section. 
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5.3.1 Printed Circuit Boards 
 

An antenna is made out of a double-sided Printed Circuit Board (PCB). Double-sided 

PCBs as shown in fig. 5.2, contain metal on the top and at the bottom. The middle layer is a 

substrate such as the FR4 epoxy or the RT Durroid 5880. Once the design of the antenna is 

decided on, the top metal layer of the PCB that has to be removed is taken off by a process 

called etching. A drilling machine such as the S65 Potomac can also be used to remove the 

metal layer. Generally, copper is used for the top and the bottom layers. A capacitor is made of 

two metals with a substrate in between. Since the PCBs replicate a capacitor, each PCB board 

comes with the specifications of capacitance losses, thickness of the copper sheets and the 

substrate. 

 

 

 

 

 

 

 

 

Fig. 5.2 PCB 

5.3.2 Antenna Design 
 

As shown in fig. 5.3, an antenna is designed on the bases of its width and the height 

from the ground plane to the patch. 

 

 

 

 

 

 

Fig. 5.3 A Typical Antenna Design 
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The following formula is used to find out whether an antenna would work in a frequency range 

(GHz or MHz) 

 

where c is the velocity of light, f is the frequency and  is the wavelength. 

So if we want to find out if an antenna would work in a frequency range, then let us 

assume the maximum frequency is 15 GHz. From the above formula, we have 

 

 

So now we know that if the maximum dimension (from one end of the antenna to the other 

end) exceeds 20mm, then the antenna would not work. The maximum dimension of the 

antenna could be stretched to about 25 or 28 mm. 

5.3.2.1 Cavity Model 
 

Microstrip antennas [13] behave like dielectric load cavities and exhibit higher order 

resonances. The fields between the patch and the ground plane can be found out by treating the 

region within the dielectric substrate as a cavity bounded by electric conductors (above and 

below it), and by magnetic walls. A rectangular patch antenna has four Transverse Modes, 

 In the TM modes (Transverse Magnetic), there is no 

magnetic field in the direction of propagation. 

 

  

 

 
 
 

 

 

Fig. 5.4  of a rectangular patch antenna 
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5.3.2.1.1 Field Configurations (Modes) -  
 

The vector potential  satisfies the homogeneous wave equation of 

 

 

 

 is given by 

 

 are wavenumbers along the x, y and z directions. 

The electric and magnetic fields within the cavity are related to the vector potential  by 

 

 

 

 

 

 

subject to the boundary conditions of  

 

 

 

 

The primed coordinates are used to represent the fields within the cavity. When the 

above boundary conditions are applied, it can be shown that the wavenumbers  are  
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given by 

 

 

 

The vector potential  within the cavity is 

 

 

Where represents the amplitude coefficient of each mnp mode.  

Hence, the wavenumbers are subject to the constraint equation 

 

 

The resonant frequencies of the cavity are given by 

 

 

The electric and magnetic fields within the cavity, because of a rectangular patch antenna are 

given by 
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The electric and magnetic fields within the cavity of the RRA are given by 

 

 

 

 

 

 

 

 

 

 

 

Where n denotes the number of rectangles that are radiating, and its range is given by 

. 

 
5.3.2.1.2 Fields Radiated (Radiating Slots) -  

 
The far-zone electric fields radiated by each rectangular patch can be written as 
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Where 

 

 

 

 

For very small heights,  reduces to 

 

 

Where  

 
5.3.2.2 Directivity 

 
Directivity of an antenna is given by the formula 

 

 

Using the electric field equation for very small heights in section 5.3.2.1.2, the maximum 

radiation intensity and radiated power for a rectangular patch antenna can be written as 

 

 

 

 

 

Thus, the radiated power of the RRA can be written as 

 



 

71 
 

Where W denotes the width of the rectangular patch and n denotes the number of rectangles 

that are radiating. 

 

The directivity of a single patch is 

 

 

Thus, the directivity of the RRA is 

 

 

Where for a single slot is given by 

 

 

 

 

 

 

 for the RRA is given by 

 

 

 
5.3.2.3 Transmission Line Model 
 

A microstrip antenna behaves like a homogeneous line of one dielectric [13] (only the 

substrate), and the effective dielectric constant of the antenna approaches the value of the 

dielectric constant of the substrate. For low frequencies, the effective dielectric of a rectangular 

patch antenna is constant. At intermediate frequencies, its values initially increase and 
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approach the dielectric constant of the substrate. The effective dielectric constant of a 

rectangular patch antenna is given by 

 

 

 

 

 
 
 
 
 
 
 
Fig. 5.5 Effective and physical lengths of a rectangular patch antenna [13] 

 
The effective length of the patch antenna is given by 
 
 

 

 
 
Since the length of the patch is extended by  on both sides, the effective length would thus 

become 

 
 

A rectangular patch antenna has all its electric field lines directed into the substrate. 

Thus the rectangular patch antenna does not have magnetic field in the direction of propagation 

(TM transverse mode). To determine the dominant mode with the lowest resonance, the 

resonant frequencies need to be examined. For all microstrip antennas h L and h W. For the 

dominant mode where L W h (as shown in fig. 5.4), the resonating frequency (Hz) of 

the rectangular patch antenna is a function of the length given by 
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Where  is the free space velocity of light. 
 

For an efficient radiator, a practical width [66] that leads to a good radiation pattern is  

 

 

where  is the free-space velocity of light and  is the resonating frequency. 

The length of the patch L can be determined by 

 

Since the length and the width of a rectangular patch antenna are inversely proportional to the 

resonating frequency, if the length and the width are varied, then the resonating frequency 

would also change. This idea of varying the length and the width to obtain multiple resonating 

frequencies was used to create the RRA. The centre rectangular patch of the RRA can be 

designed for a frequency, and an incremental length can be used to create rings of rectangles. 

The RRA has five rectangles which have different lengths and widths, thus giving it five 

different resonating frequencies.  

5.3.2.3.1 Conductance 
 

Each radiating rectangular patch is represented by a parallel equivalent admittance Y 

(with conductance G and susceptance B), as shown in fig. 5.6. 

 

 

 

 

 

 

 

Fig. 5.6 Rectangular Patch with its equivalent circuit transmission model 
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Since each radiating rectangular patch is represented by a parallel equivalent 

admittance, the RRA can be represented by a series of parallel equivalent admittances, as 

shown in fig. 5.7. The slots which represent the rectangular patches are numbered.  

The equivalent admittance [13] of slot # 1, shown in fig. 5.6, is given by 

 

 

Fig. 5.7 Equivalent circuit transmission model of the RRA 

 

For a slot of finite width W 

 

 

 

 

Where h is the height of the antenna and  is the wavelength. 

Since slot # 2 is identical to slot # 1, the equivalent admittances, conductances and 

susceptances are equal to each other. 
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Thus,                                                    

The conductance of the first slot is given by 

 

Using the power radiated equation for a single rectangular patch, the conductance can be 

written as 

 

 

Asymptotic values of the above two equations are 

 

 

In order to derive the conductance and the susceptance of the RRA, the equivalent 

circuit and the design of the RRA have to be closely examined. The rings of rectangular 

radiators are attached to each other, as shown in fig. 5.1. The outer and inner rings of 

rectangular radiators are connected to each other through four switches, and the inner ring of 

radiators is connected to the central rectangular patch through four other switches.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Analysis of the Equivalent circuit transmission model of the RRA 
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The connections between the equivalent circuits of the rectangles that are attached to 

each other are shown by solid lines, and the connections between the equivalent circuits of the 

rectangles that are connected to each other through switches are shown by dotted lines in fig. 

5.8. The equivalent admittance of the RRA is a sum of all individual admittances and is given 

by 

 

 

 

 

Thus the equivalent conductance and the equivalent susceptance are 

 

 

 

 

 

5.4 Simulation of the RRA  
 

The Rectangular Reconfigurable antenna was excited with a coaxial probe and a slot, 

using an FR4 epoxy and an RT Durroid 5880 substrate, in Ansoft HFSS v11. The center 

rectangle was designed for a frequency of 10 GHz. This antenna was also implemented on a 

PCB, and instead of switches, a copper surface of dimensions 2mm 2mm was used to connect 

the radiating parts in simulations, as well as in the PCB implementation. The center rectangle 

was first constructed with 2mm 2mm switches, and was surrounded by the first ring of 

rectangles. The second ring of rectangles was constructed in the same way. Initially, the 

antenna was designed for a maximum frequency of 10 GHz, but it was simulated and tested up  

to 15 GHz. Since the maximum frequency was thought to be 10 GHz, the maximum dimension  
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can be calculated as 

 
 

Where c is the velocity of light and f is the maximum frequency. Substituting the values of c 

and f we get 

 

 
Finally we get 
 
 

 
 

The maximum length of the substrate could not be more than 30 mm, but in this case a 

substrate of length 33.06 mm and breadth 35.86 mm was used to simulate the antenna up to 15 

GHz when it was excited using the coaxial probe feed. This decision to simulate and test the 

antenna up to 15 GHz was taken, as there could be coupling between the radiating parts that 

could alter the results. These coupling effects could be reduced by introducing filters at the end 

points of the switches. The width of the centre rectangle is w1=9.06 mm and the length is 

l1=11.86 mm. The rectangles opposite to each other have the same dimensions in the first and 

the second rings of rectangles. The second ring of rectangles consists of four rectangles with 

dimensions: l2=13.06 mm and w2=5mm; l3=5mm and w3=25.9mm. The dimensions of the 

third ring of rectangles are: l4=27.06mm and w4=3mm; l5=3mm and w5=35.89mm.  The 

thickness of the radiating part and the ground plane is 0.017mm. This antenna would have five 

resonating frequencies in the third iteration, as this antenna has five dimensions of rectangles, 

and each particular dimension would produce one resonating frequency.  

5.4.1 Simulation of the RRA with a coaxial probe feed 
 

The radius of the inner cylinder of the coaxial probe was 1 mm, and the height was 

taken to be 4 mm. The input return losses, VSWR and the radiation pattern, were compared 

when the antenna was simulated using an FR4 epoxy and an RT Durroid 5880 substrate. 
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Fig. 5.9 Input Return Losses when the antenna was simulated using an RT Durroid 5880 

substrate for the third iteration 
 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 

 
Fig. 5.10 Input Return Losses when the antenna was simulated using an FR4 epoxy substrate 

for the third iteration 
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Fig. 5.11 Radiation Pattern when the antenna was simulated using an RT Durroid 5880 
substrate for the third iteration 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.12 Radiation Pattern when the antenna was simulated using an FR4 epoxy substrate for 
the third iteration 
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Fig. 5.13 VSWR when the antenna was simulated using an RT Durroid 5880 substrate for the 
third iteration 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.14 VSWR when the antenna was simulated using an FR4 epoxy substrate for the third 
iteration 
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Fig. 5.15 Radiation Pattern when the antenna was simulated using an RT Durroid 5880 

substrate for the second iteration 
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.16 Radiation Pattern when the antenna was simulated using an FR4 epoxy substrate for 
the second iteration 
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Fig. 5.17 VSWR when the antenna was simulated using an RT Durroid 5880 substrate for the 
second iteration 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.18 VSWR when the antenna was simulated using an FR4 epoxy substrate for the second 
iteration 
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5.4.2 Data Analysis 
 

The RT Durroid 5880 material is considered to be a better substrate than the FR4 epoxy 

material. PCBs with an RT Durroid 5880 substrate have lesser capacitance losses, and are thus 

costlier than PCBs with an FR4 epoxy substrate. When the RRA was excited using a coaxial 

probe, it was found that it was in resonance throughout the entire frequency range from 1 GHz 

to 15 GHz. The radiation characteristics showed that the antenna has a bidirectional radiation 

pattern for the second and the third iterations. The VSWR is also below 2 for the entire 

frequency range. When the results of the RRA are compared to the results of the RSGA, 

RPIFA and the RPISGFA, a major improvement in the performance is achieved.   

5.4.3 Simulation of the RRA with a slot feed 

In the third iteration, a slot of dimensions 4mm 2mm was attached to the outer ring of 

rectangles, and a face of the slot was excited as a waveport. In the second iteration, the 

thickness of the outer ring of rectangles was made zero, and a slot (of dimensions 8mm 2mm) 

whose face was excited as a waveport, was attached to the inner ring of rectangles. The input 

return losses, VSWR and the radiation pattern, were compared when the antenna was simulated 

using an FR4 epoxy and an RT Durroid 5880 substrate for the second and the third iterations. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.19 Input Return Losses when the antenna was simulated using an RT Durroid 5880 
substrate for the third iteration 
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Fig. 5.20 Input Return Losses when the antenna was simulated using an FR4 epoxy substrate 
for the third iteration 

 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 

 

 
 
 
 

Fig. 5.21 Radiation Pattern when the antenna was simulated using an RT Durroid 5880 
substrate for the third iteration 
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Fig. 5.22 Radiation Pattern when the antenna was simulated using an FR4 epoxy substrate for 

the third iteration 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.23 VSWR when the antenna was simulated using an RT Durroid 5880 substrate for the 
third iteration 
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Fig. 5.24 VSWR when the antenna was simulated using an FR4 epoxy substrate for the third 
iteration 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.25 Radiation Pattern when the antenna was simulated using an RT Durroid 5880 
substrate for the second iteration 
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Fig. 5.26 Radiation Pattern when the antenna was simulated using an FR4 epoxy substrate for 
the second iteration 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 5.27 VSWR when the antenna was simulated using an RT Durroid 5880 substrate for the 
second iteration 
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Fig. 5.28 VSWR when the antenna was simulated using an FR4 epoxy substrate for the second 

iteration 
 

5.4.4 Data Analysis 

The input return losses reveal two resonating frequencies when the antenna was 

simulated using an RT Durroid 5880 substrate, and four resonating frequencies when the 

antenna was simulated using an FR4 epoxy substrate. The radiation pattern characteristics 

show that the antenna has a bidirectional radiation pattern for the second and the third 

iterations. The value of VSWR falls below 2 when the antenna resonates.  

5.5 Lab Results 

Since simulation results varied depending on the method of excitation and substrate 

used, it was necessary to confirm that this antenna gives five resonating frequencies. This 

antenna was implemented on a PCB (FR4 epoxy substrate), and tested from 1 GHz to 20 GHz 

using an Agilent 8720 ES network analyzer, with a 3.5 mm test port cable with an SMA 

conductor. The input return losses and the VSWR plots (for the third iteration) from the 

network analyzer are presented and analyzed. 
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Fig. 5.29 Input Return Losses from the Network Analyser-1 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.30 Input Return Losses from the Network Analyser-2 
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Fig. 5.31 Input Return Losses from the Network Analyser-3 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 5.32 Input Return Losses from the Network Analyser-4 
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Fig. 5.33 Input Return Losses from the Network Analyser-5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.34 VSWR from the Network Analyser 
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5.6 Summary 
 

The Rectangular Reconfigurable antenna can be analysed mathematically, and has 

multiple resonating frequencies. The design of the Rectangular Reconfigurable antenna is very 

simple, and more rectangular rings can be added to create more iterations. This antenna can be 

designed for the MHz and GHz frequency ranges. The antenna was found to be an 

ultrawideband antenna from our simulations, when it was excited using a coaxial probe feed. 

Analysing the results from the network analyser, it was found that this antenna definitely has 5 

resonating frequencies, 3 of which are below -20 dB, and 2 of which are below -10 dB. This 

antenna can facilitate wireless powering, as it can be designed for any frequency range; and the 

eight switches can be used as eight separate feeder points to take power that is incident on the 

antenna. This antenna is small enough to be used in wireless applications, and the performance 

of these wireless applications can be enhanced by using this antenna. The fact that 5 resonating 

frequencies have been obtained is a significant contribution to the field of antenna research. 
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Chapter 6 

Conclusions and Future Work 

 
This dissertation explores the idea of enabling wireless powering in a concrete slab 

through enhanced reconfigurable antennas designs. The following are the major contributions 

made by this dissertation: 

1. Simulations of a concrete slab in chapters 2 and 3 show that wireless powering in a 

concrete slab is possible, and can be done efficiently. The penetration of the surface of a 

concrete slab by a plane wave has not been done previously. Investigation of the 

penetration of the surface of a concrete slab, and the electric fields on the surface of the 

reconfigurable antennas inside the concrete slab, have shown that sensors can be powered 

wirelessly inside a concrete medium.  

2.  A novel planar inverted fractal antenna design has been shown in chapter 3. The results 

from the RPISGFA have shown that the antenna has four resonating frequencies, which is a 

huge improvement when compared to the RSGA and the RPIFA.  

3. Since the RPISGFA was made of two copper sheets above and below each other, a simpler 

antenna design with better performance was needed. The RRA has a simple design, and is a 

traditional microstrip antenna. Previous reconfigurable antenna designs have not been able 

to reveal the electric field, as well as the power radiated and directivity equations. 

Extensive mathematical analysis of the RRA is presented in this dissertation. Simulation 

results of the RRA with different substrates when it was excited using the coaxial probe 

and the slot are also presented.  

4. The RRA was built on a double-sided PCB and tested using a network analyser to show 

that the lab results are matching the mathematical analysis. The results from the network 

analyser show much better performance than the RPISGFA, the RSGA and the RPIFA.  
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5. Even if the RRA is not made reconfigurable with switches, the 2mm 2mm incremental 

lengths can still be used to convert the reconfigurable antenna into an ordinary antenna. 

6.1 Future Work 

The major focus of this dissertation involves four research areas: 

1. Studying the existing reconfigurable antenna designs and identifying their short comings 

2. Investigating the performance of reconfigurable antennas inside the concrete slabs 

3. Creating a new reconfigurable planar inverted fractal antenna design 

4. Creating a new reconfigurable microstrip antenna design and testing it using a network 

analyser 

The investigation of reconfigurable antennas inside a concrete slab has been limited to 

simulation results. The new reconfigurable antennas presented in this dissertation, such as the 

RRA, and the RPISGFA, have to be fabricated and placed inside a concrete slab, and lab 

results have to be obtained. If an antenna is radiating more than 400 mW of power when it is 

close to the human brain, then it could cause brain cancer. Therefore, such experiments of 

reconfigurable antennas inside a concrete slab should be carried out in an anechoic chamber for 

safety purposes.  

The RPISGFA and the RRA have to be fabricated and tested in an anechoic chamber. 

So far, only the input return losses and the radiation patterns of reconfigurable antennas have 

been tested in anechoic chambers. The RPISGFA and the RRA should be made to transmit a 

signal to another antenna, and their performance should be compared to an ordinary antenna. 

Reconfigurable antennas consist of multiple antennas that are turned on or off using switches. 

The coupling effects between the multiple radiating patches needs to be studied. Filters can be 

used to reduce these coupling effects. Effective filters need to be designed for the RPISGFA 

and the RRA if coupling exists between the radiating patches.Instead of switches, the 

RPISGFA and the RRA have to be simulated with diodes. If a positive external voltage is 
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applied to diodes, then, at a certain voltage the diode is turned on. Similarly, at a certain 

negative potential the diode is turned off. These effects are popularly known as the forward 

bias and the reverse bias effects. These effects of a diode to external voltage allow them to be 

used as switches for reconfigurable antennas. The performance of the RPISGFA and RRA has 

to be tested using diodes in an anechoic chamber. 

Micro Electro Mechanical Systems (MEMS) switches are also used in reconfigurable 

antennas. MEMS switches are fabricated using materials such as sapphire, quartz and barium 

chloride. Some MEMS switches also consist of cantilever beams. A voltage potential called the 

actuation voltage is used to turn the MEMS switch on. The actuation voltage depends on the 

design of MEMS switches, and it ranges from 2V to 90V. MEMS switches provide ultra-low 

losses, high isolation, and high linearity of relays. MEMS switches are usually used in military 

applications. The novel reconfigurable antennas shown in this dissertation, such as the 

RPISGFA and the RRA, have to be fabricated with MEMS switches. The MEMS switch 

fabricated RPISGFA and the RRA should be made to transmit a signal to another receiving 

antenna, and their performance should be compared to an ordinary antenna.  

Multiple-Input and Multiple-Output (MIMO) systems consist of multiple antennas at 

both the transmitter and receiver to improve communication performance. So far, MIMO 

systems have only been developed with array antennas. MIMO systems need to be developed 

with reconfigurable antennas. The coupling effects of reconfigurable antennas in a MIMO 

environment need to be studied. 
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