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ABSTRACT 

 

The channels in the licensed spectrum are in an idle state for many of the times because of their 

inefficient utilization. Consequently, the spectrum utilization efficiency is degraded. In order to 

solve the wastage of the spectrum problem, these idle channels can be effectively used for other 

applications. So, the cognitive radio (CR) technology is employed to utilize the unused channels 

(licensed). It is assumed that the primary users, who generally do not use their channels fully, 

own the licensed spectrum. Therefore, in order to detect the spectrum holes (white spaces), the 

radio environment is monitored continuously. Whenever a spectrum hole is detected, the 

respective channel can be used by the secondary user for other applications until the primary 

users demand it. 

            Normally, printed monopole antennas are used for spectrum sensing and reconfigurable 

narrow band antennas are used for communicating in white spaces. Two varieties of antennas 

are widely used for cognitive radio applications. One is the dual port antenna system that has a 

printed monopole wideband sensing antenna and a reconfigurable narrowband (NB) antenna 

integrated on the same substrate and the other one is single port antenna system that has a 

reconfigurable wideband (WB) sensing/ narrowband antenna. However, to improve the 

spectrum utilization efficiency effectively, multiport integrated WB and multiple 

wideband/narrowband antenna systems are very advantageous when multiple white spaces are 

identified.  

            In this thesis, we firstly present the design of a super wideband (SWB) antenna for 

spectrum sensing applications. This SWB antenna utilizes the Apollonius fractal with nested 

Apollonius circles and is useful for both ultra wideband (UWB) and SWB applications. Since 

multi-input-multi-output (MIMO) systems have been the most promising systems to overcome 

multipath fading problems and MIMO antennas with polarization diversity enhance the channel 

capacity in both line-of-sight (LOS) and non-line-of-sight (NLOS) propagations, integrated 

wideband and multiple frequency reconfigurable WB/NB antenna system for CR MIMO 

applications is presented. Finally, as integrated UWB and multiple WB/NB antenna systems 

enhance the spectrum utilization efficiency by performing multiple communication tasks, 

integrated UWB and multiple WB/NB antenna systems for CR and CR MIMO applications are 

also presented to overcome the drawbacks of reconfigurable antennas. 
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Chapter-1 

 

Introduction 

 

1.1. Introduction 

The channels in the licensed spectrum are in idle state for many of the times because of their 

inefficient utilization. As a result, the spectrum utilization efficiency is degraded. However, in 

order to solve the wastage of spectrum problem, these idle channels can be effectively used for 

other applications. Federal Communication Committee (FCC) came up with several solutions 

to improve the spectrum utilization efficiency in 2002. Also, a classification among these 

solutions is done based on how the licensed spectrum channels in the idle state are utilized. The 

proposed solutions are spectrum reallocation, spectrum sharing and spectrum leasing [1-4]. 

The spectrum sharing is divided into three categories. They are open spectrum sharing, 

hierarchical spectrum sharing and dynamic spectrum allocation. Depending on the maximum 

transmit power level, hierarchical spectrum sharing is further divided into two categories which 

are named as spectrum underlay and spectrum overlay (spectrum interweave). The cognitive 

radio technology is employed in spectrum overlay to utilize the licensed spectrum channels 

(unused). In spectrum overlay approach, it is assumed that the primary users, who generally do 

not fully utilize their channels, own the licensed spectrum. Therefore, in order to detect the 

spectrum holes, the radio environment is monitored continuously. Whenever a spectrum hole 

is detected, the respective channel can be used by the secondary user for other applications till 

the primary users demand it. When the primary users want to utilize the channels being used 

by secondary users then the secondary users must switch to other unused licensed channels.  
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Normally, printed monopole antennas, which produce omnidirectional patterns, are 

used for spectrum sensing and a reconfigurable narrow band antenna is used for communicating 

in white spaces. In all cognitive radio applications, planar monopole antennas are extensively 

employed due to their many advantages such as low cost, light weight, easy integration with 

planar structures, small size and easy fabrication. The ultra-wideband (UWB) antennas 

employed for the purpose of spectrum sensing operation in the frequency range, which was 

unlicensed by FCC in 2002, i.e., 3.1-10.6 GHz [5], but from one country to other country this 

frequency range varies within 3.1-10.6 GHz [6]. The frequency reconfigurable antennas used 

in cognitive radio applications must switch their operating frequencies rapidly depending on 

the frequency of the spectrum holes identified.  

 

1.2. Integrated UWB and Multiple WB/NB Antenna System 

Model for CR Applications 

The basic model of the integrated UWB and multiple wideband (WB)/NB antenna system is 

shown in Fig. 1. As shown in Fig. 1.1, P1 is the port associated with UWB sensing antenna and 

P2, P3, P4, P5,…..,Pn are the ports associated with WB/NB antennas for communication. All 

antennas are maintained in such a way that good isolation is maintained among the antennas. 

 

Fig. 1.1. Integrated UWB and multiple wideband (WB)/NB antenna system 
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1.3. Motivation 

As there is a need of compact UWB/super wideband (SWB) antennas for spectrum sensing in 

cognitive radio applications, a SWB antenna using fractal is presented in this thesis. All of the 

existing reconfigurable antennas for CR applications can perform only one communication 

operation at a time irrespective of the number of spectrum holes identified. So, to perform 

multiple communication tasks simultaneously, this thesis presents an integrated wideband and 

multiple frequency reconfigurable WB/NB antenna system that also acts as a dynamic n-

element MIMO antenna system, where ‘n’ is a variable that depends on the number spectrum 

holes identified.  

 The existing reconfigurable mechanisms have several disadvantages like usage of 

additional hardware, biasing line effects, power consumption and non-linear effects of switches. 

Sometimes, motors or extra biasing circuitry might be required to implement the reconfigurable 

mechanisms. However, the reconfigurable antennas have been adapted for cognitive radio 

applications to reduce the space, cost and for fast tuning. Also, these reconfigurable 

mechanisms are very hard to implement in practice. Therefore, in order to overcome the 

difficulties in implementing the reconfigurable mechanisms and to get all the benefits in low 

profile planar antennas, integrated UWB and multiple wideband (WB)/NB antenna system is 

considered as the best alternative to avoid the complex reconfigurable mechanisms.  

 Spectrum utilization efficiency, which is the primary motive of CR technology, also 

can be improved significantly by performing multiple communication operations at a time when 

detected multiple spectrum holes match with the operating frequencies of WB/NB antennas for 

communication. This has motivated us to present integrated UWB and multiple wideband 

(WB)/NB antenna systems for CR and CR MIMO applications in this thesis.  

 

1.4. Research Objectives 

The objectives of the proposed work for CR and CR MIMO applications are:  

1. To design and develop a SWB antenna for spectrum sensing in cognitive radio 

applications.  
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2. To design and develop an integrated wideband and multiple frequency reconfigurable 

WB/NB antenna system for cognitive radio MIMO applications.  

3. To design and develop integrated UWB and multiple wideband (WB)/NB antenna 

system for cognitive radio applications.  

4. To design and develop integrated UWB and multiple wideband (WB)/NB antenna 

systems for cognitive radio MIMO applications. 

 

1.5. Thesis Organization 

The thesis is organized into seven chapters. This section gives the summary of all chapters. 

Chapter 1: Gives the introduction, background, and reasons for choosing the problem. 

Chapter 2: Provides the literature review, and also gives brief outline of the thesis.  

Chapter 3: Presents the design of a low profile nested Apollonius circles based super wideband 

fractal antenna for UWB and SWB Applications. Also, time domain analysis of the proposed 

SWB antenna is also presented  

Chapter 4: Describes the design of nine-port reconfigurable antenna for cognitive radio MIMO 

applications. To evaluate the diversity characteristics of the reconfigurable CR MIMO antenna, 

the crucial parameters such as envelope correlation coefficient (ECC) and diversity gain (DG) 

are calculated. 

Chapter 5: Comprises the designs of integrated UWB and multiple wideband (WB)/NB antenna 

systems for CR applications to avoid the complexities involved in reconfigurable antennas and 

enhance the spectrum utilization efficiency.  

Chapter 6: Illustrates the designs of Integrated UWB and multiple wideband (WB)/NB antenna 

systems for CR MIMO applications to avoid the difficulties involved in reconfigurable antennas 

and increase the spectrum utilization efficiency. To evaluate the diversity characteristics of the 

CR MIMO antennas, the crucial parameters such as envelope correlation coefficient (ECC) and 

diversity gain (DG) are calculated. 

Chapter 7: Provides the conclusion and a brief discussion on the future scope of the thesis. 
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Chapter-2 

 

Literature Survey 

 

2.1. Introduction 

In this chapter, the literature background of basics of an antenna, different parameters of an 

antenna, microstrip antenna, printed monopole antenna, UWB technology, SWB technology, 

CR technology, and types of antenna systems needed for CR MIMO antenna are reported. 

2.2. Basics of an Antenna 

An antenna is an inevitable building block in all wireless communication systems and no 

wireless communication is imagined without having an antenna. It is a normal metallic device 

(typically a rod or wire) used for either radiating radio waves or receiving radio waves 

according to Webster’s dictionary. As per IEEE standard 145-1983, it is defined as “a source 

that is meant for radiating radio waves or receiving radio waves” [7]. As depicted in Fig. 2.1, 

the transmission line (guiding device) transports the electromagnetic energy to the antenna from 

the transmitting source. Finally, electrical signals are converted to electromagnetic waves by 

the antenna. At the receiving end, the antenna behaves as a sensor to capture the electromagnetic 

waves. 

As illustrated in Fig. 2.2, a sinusoidal voltage source, which has a peak voltage V, is fed 

to an antenna. The internal resistance and reactance of the source are 𝑅𝑠 and 𝑋𝑠, respectively. 

𝑅𝑙, 𝑅𝑟, and 𝑋𝑎 represent loss resistance, radiation resistance, and reactance of the antenna, 

respectively. 
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Fig. 2.1. Antenna as a transition device [8] 

 

Fig. 2.2. Equivalent circuit of an antenna [8] 

Several parameters of the antenna are defined as follows: 

2.2.1. Input Impedance 

An antenna’s input impedance is described as the ratio of the voltage to current at the terminals 

of the input. If 𝑉𝑎 is the voltage and 𝐼 is the current fed to antenna then the mathematical 

expression of the input impedance is defined as  

𝑍𝑖𝑛 = 
𝑉𝑎

𝐼
                                                                     (2.1)                                                                 

If 𝑅𝑎 is the antenna’s resistance and 𝑋𝑎 is the antenna’s reactance then the input impedance of 

antenna is given as   

𝑍𝑖𝑛 = 𝑅𝑎 + j𝑋𝑎                                                             (2.2)                                                            



7 
 

𝑅𝑎 can be expressed as sum of antenna’s loss resistance 𝑅𝑙 and antenna’s radiation resistance 

𝑅𝑟. 

𝑅𝑎 = 𝑅𝑙 + 𝑅𝑟                                                             (2.3)                                                               

All conductor losses and dielectric losses are accounted in case of loss resistance 𝑅𝑙. For 

maximum power transfer to the antenna, impedance of the source 𝑍𝑠 and input impedance of 

the antenna 𝑍𝑖𝑛 must match properly. So, impedance of the antenna must be equal to the 

conjugate of the impedance of the source for perfect impedance matching according to the 

maximum power transfer theorem. 

𝑍𝑖𝑛 = 𝑍𝑠
∗                                                             (2.4)                                                               

So, 𝑅𝑎 = 𝑅𝑠 and 𝑋𝑎 = -𝑋𝑠                                                (2.5)                                                  

Generally, the internal resistance and internal reactance are 50 Ohms and 0 Ohms, respectively, 

for all microstrip antennas. Therefore, the input impedance of the antenna must be equal to 50 

Ohms for perfect impedance matching.  

2.2.2. Reflection Coefficient 

Reflection coefficient Γ is a crucial parameter to find out how much incident power is reflected 

to source. It is a measure of mismatch between the antenna and source and is defined as the 

ratio of the reflected power 𝑃𝑟𝑒𝑓 to the incident power 𝑃𝑖𝑛.  

  Γ = 
𝑃𝑟𝑒𝑓

𝑃𝑖𝑛
                                                               (2.6)                                                              

When it is expressed in dB, the mathematical expression for the reflection coefficient is given 

as 

Γ (dB) = 10 log (
𝑃𝑟𝑒𝑓

𝑃𝑖𝑛
)                                                 (2.7)                                               

Return loss is also a parameter of antenna similar to reflection coefficient. It is also expressed 

in dB and given as 

Return loss (dB) = -Γ (dB)                                                (2.8)                                       

A reflection coefficient of -15 dB indicates a return loss of 15 dB. So, return loss is always a 

positive quantity since reflection coefficient is a negative quantity. Generally, reflection 
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coefficient of less than -10 dB is preferred for an antenna. Reflection coefficient of -10dB 

indicates that one-tenth of the incident power is reflected. 

2.2.3. VSWR 

Voltage standing wave ratio (VSWR) is an important parameter to find out how much incident 

power is reflected to source. The acceptable VSWR for an antenna is less than 2. VSWR is used 

to find out the reflected power in another way and can be found out from the mathematical 

expression given below. 

VSWR = 
1 + |Γ|

1 − |Γ|
                                                          (2.9)                                                       

2.2.4. Bandwidth 

The bandwidth of an antenna is normally nothing but the range of frequencies, where the 

antenna works properly. The characteristics of an antenna such as polarization, input 

impedance, reflection coefficient, beam width, radiation efficiency, gain, etc., are within their 

acceptable value in the bandwidth of an antenna. Two types of bandwidths are generally used 

to express the bandwidth of an antenna. They are absolute bandwidth (ABW) and fractional 

bandwidth (FBW). The absolute bandwidth is nothing but the difference between the upper cut-

off frequency and lower cut-off frequency. Whereas the fractional bandwidth is considered as 

the percentage difference between the upper cut-off frequency and lower cut-off frequency over 

centre frequency 𝑓𝐶 . The mathematical expressions of absolute bandwidth and fractional 

bandwidth are given as 

FBW (%) = 
𝑓𝐻 − 𝑓𝐿 

𝑓𝐶
  × 100                                                (2.10)                                                

where 

𝑓𝐶  = 
𝑓𝐿+ 𝑓𝐻 

2
                                                             (2.11)                                                             

The fractional bandwidth percentage for wideband antennas and UWB antennas should be more 

than 10% and 20%, respectively, as per FCC. In case of narrowband antennas, it is less than 

10%. Impedance bandwidth is mostly considered for any antenna. Normally, impedance 

bandwidth is considered most of the times for any antenna. However, depending on the 

application for which the antenna is used, it is considered. Generally, the range of frequencies 

over which the return loss is less than 10 dB is considered as the impedance bandwidth.  
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2.2.5. Polarization 

The plane in which the electric field exists determines the orientation of radio wave. This 

orientation of the radio wave is nothing but the polarization of the antenna. In general, three 

different types of polarization (linear, circular, and elliptical polarizations) are generally 

possible for an antenna. The concept of axial ratio is used to find out the polarization. The ratio 

of the orthogonal components of the electric field gives the axial ratio. Axial ratio is unity for 

a circularly polarized antenna since orthogonal components of the electric field are equal in 

magnitude. It is greater than 1 in case of an elliptically polarized antenna, whereas it is infinity 

in case of a perfect linearly polarized antenna.  

2.2.6. Directivity and Gain 

The directivity of an antenna is described as “the ratio of the radiation intensity 𝑈 from the 

antenna in a specific direction to the radiation intensity of an isotropic source 𝑈0” as per the 

IEEE Standard Definition of Terms for Antennas. The radiation intensity 𝑈0 is 
𝑃𝑟𝑎𝑑

4𝜋
 for an 

isotropic source. The mathematical expression of directivity is shown below.  

Directivity = 
𝑈

𝑈0
 = 

𝑈
𝑃𝑟𝑎𝑑
4𝜋

 = 
4𝜋𝑈

𝑃𝑟𝑎𝑑
                                           (2.12)                                             

Gain is also a crucial parameter to describe the antenna’s radiation performance. The directivity 

of the antenna and radiation efficiency of the antenna are taken into account in case of antenna 

gain. Antenna gain in a specific direction is described as “the ratio of the radiation intensity in 

a specific direction 𝑈 (𝜃, 𝜙) that is achieved if the power, which is fed to the antenna, is equally 

radiated in all directions. If 𝑃𝑖𝑛 is the total input power or power fed to antenna then the radiation 

intensity of the power radiated equally in all directions is 
𝑃𝑖𝑛

4𝜋
. The antenna gain is given as 

Gain = 
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟

4𝜋

 = 4𝜋 
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
 = 4𝜋 

𝑈 (𝜃,   𝜙)

𝑃𝑖𝑛
              (2.13) 

Normally, antenna’s reported gain is considered in most of the cases. It is described as “the 

power gain of the antenna in a specific direction to the power gain of an antenna that is 

considered as reference in its referenced direction. Both of the antennas must be fed with same 

input power in this case. Typically, dipole antennas, horn antennas, etc., for which their gains 

are known, are taken as reference antennas. The reference antennas in most of the cases are 
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lossless isotropic sources. The mathematical expression for the antenna relative gain is given 

as 

Gain = 4𝜋   
𝑈 (𝜃,   𝜙)  

𝑃𝑖𝑛 (𝑙𝑜𝑠𝑠𝑙𝑒𝑠𝑠 𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒)
                                   (2.14)                                

The expression for gain in terms of directivity and radiation efficiency is given as 

Gain = Directivity × Radiation Efficiency                             (2.15)                 

where the radiation efficiency 𝜌𝑟𝑎𝑑 is described as the ratio of radiated power to the power fed 

to the antenna (input power). Its mathematical expression is shown below. 

𝜌𝑟𝑎𝑑 = 
𝑃𝑟𝑎𝑑

𝑃𝑖𝑛
 = 

𝑅𝑟

𝑅𝑟+𝑅𝑙
                                                           (2.16)                                                 

2.2.7. Radiation Pattern 

Radiation pattern, which is also known as antenna pattern, is a graphical representation of the 

radiation properties of the antenna as a function of space coordinates or a mathematical function 

according to IEEE std 145-1983. It is found out in the far-field region in most of the cases and 

is demonstrated as a function of the directional coordinates.  

 

Fig. 2.3. Three dimensional spatial distribution of an antenna [8] 

The radiation properties comprise field strength, power flux density, directivity, radiation 

intensity, phase or polarization. Typically, the radiation pattern is spatial distribution of the 

electromagnetic energy radiated. The spatial distribution is either two dimensional or three 
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dimensional. Fig. 2.3 shows the three dimensional coordinate system in terms of 𝜃 and 𝜙 in 

space. A combination of several two dimensional antenna radiation patterns gives a three 

dimensional antenna radiation pattern. 

Antenna’s radiation performance is demonstrated with reference to two patterns in 

principal planes (E-plane and H-plane) in case of linearly polarized antennas. The E-plane and 

the H-plane are defined as “the plane that comprises the electric field vector and the maximum 

radiation’s direction” and “the plane that comprises the magnetic field vector and the maximum 

radiation’s direction”, respectively. Radiation patterns are classified into three types as per the 

radiation behaviour of the antenna. The first type, the second type, and third type are isotropic, 

directional, and omnidirectional, respectively. An isotropic radiation pattern, which does not 

exist in practice, is a lossless antenna radiation pattern in which same radiation exists in any 

direction. 

The directive properties of antennas that are under test are described by taking an 

isotropic antenna as reference. But the isotropic is an ideal antenna that is not physically 

realizable. In case of antenna that has directional radiation pattern, radiation or reception of 

electromagnetic energy occurs more in some specific directions than other directions. If the 

maximum directivity of an antenna is more than that of directivity of a normal dipole antenna 

then the pattern of that antenna will be directional. If the radiation pattern of an antenna is non-

directional in one plane and directional in orthogonal planes then the antenna pattern is said to 

be omnidirectional.     

2.3. Microstrip Antenna 

Despite many varieties of antennas, such as linear wire antennas, loop antennas, horn antennas, 

lens antennas, reflector antennas etc., are being utilized for different applications in wireless 

communication systems, microstrip antennas have grabbed more attention due to their 

advantages, such as light weight, compactness, inexpensive, easy manufacturability with 

modern printed circuit technology, simple integration with planar structures, and conformable 

to nonplanar surfaces as well. However, the microstip antennas have disadvantages like narrow 

bandwidth, low efficiency, high quality factor, low power, spurious feed radiation, etc. 

Microstrip antennas are often called as patch antennas.   

Even though the microstrip antenna was discovered in 1953, it has grabbed good 

attention in 1970s. Since then, rigorous research in microstrip antennas has been going on for 
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different applications. The structure of the basic patch antenna is shown in Fig. 2.4. As depicted 

in Fig. 2.4, it comprises a dielectric substrate of thickness h and has two conducting layers at 

the front and back portions of the substrate. Typically, copper is used for conducting layers.  

 

Fig. 2.4. Structure of basic patch antenna [7] 

The upper and lower conducting layers are referred as radiating patch and ground plane, 

respectively. Rectangular and circular radiating patches are normally more preferred in practice. 

Depending on the requirements, other shapes can also be used. Various complex structures have 

also been investigated in the literature as they can be simulated easily with the help of some 

advanced simulators. Some shapes of the radiating patches are displayed in Fig. 2.5. 

 

Fig. 2.5. Different shapes of the radiating patches [7] 

In order to feed microstrip antenna, many feeding techniques are used. Some of them [9, 10] 

are the microstrip line feed [11, 12], coaxial probe feed [13], proximity coupling and aperture 

coupling. Microstrip line feed is the simplest technique among them since its fabrication is easy 

and impedance matching between the radiating patch and the microstrip feed line can be done 

easily [14]. The microstrip line feed patch antenna is displayed in Fig. 2.6.  
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Fig. 2.6. Microstrip line fed patch antenna [15] 

The mathematical equations for finding out the dimensions of the radiating patches with 

different shapes are given in [7]. The conventional radiating patches produce single resonating 

band with narrow bandwidth. So, to generate multiband, slots are incorporated in the radiating 

patches as incorporation of slots in patch leads to multiple resonating paths. Also, incorporation 

of slots in ground plane can also produce multiple resonant frequencies. When some portion of 

the ground plane is etched, perturbations in the current distributions occur. The perturbations 

in the ground plane generated by slots and the energy coupling that exists between the slots 

generate multiple resonant frequencies.  

2.4. Printed Monopole Antenna 

The conventional microstrip antennas, microstrip fed slot antennas, and microstrip antennas 

with defected ground structures have narrow operating bandwidths. Since the world has been 

witnessing enormous development in modern wireless communication systems, antennas with 

wide bandwidth are of great demand. Also, single antenna with wide bandwidth covers many 

applications. Nowadays, printed monopole antennas (PMAs) are widely being used as they 

have wide impedance bandwidth. So, they are considered to be the one of the promising 

candidates for UWB technology due to their omnidirectional radiation pattern in azimuthal 

plane and wide impedance bandwidth. The radiation pattern of the conventional microstrip 

antenna is directional, whereas it is similar to that of radiation pattern of a dipole antenna in 

case of printed monopole antenna. Integration with other components can be done easily in case 

of printed monopole antennas since they have reduced size and no backing of ground plane is 

required. Moreover, these printed monopole antennas are very easy to fabricate. For all of the 

UWB technology based low cost systems, cost effective printed monopole antennas, which are 

generally fabricated on a low cost FR-4 substrate, are mostly preferred.   

The main thing to be kept in mind while designing an antenna that has an impedance 

bandwidth ratio of 3.42:1 for VSWR ≤ 2 with a large impedance bandwidth is the antenna must 
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have multiple resonances. This can be realized so easily by printed monopole antennas. Unlike 

conventional dipole antennas, conventional monopole antennas, and conventional microstrip 

antennas that have single resonance, some modified design considerations have to be followed. 

So, in case of printed monopole antennas, the lower band edge frequency and bandwidth are 

the crucial design parameters to be considered. The maximum height of the printed monopole 

mainly decides the lower band edge frequency. Whereas the proper impedance matching 

between microstrip line and impedance of various modes decides the total bandwidth of the 

printed monopole antenna. 

 

Fig. 2.7. PMAs with various shaped radiators [16] 

The printed monopole antenna achieves good azimuthal radiation pattern with very wide 

impedance bandwidth. The reasons can be demonstrated in two ways. The PMA can be treated 

as microstrip antenna configuration, whose location of the backing ground plane is at infinity. 

As it is known that a radiating patch is normally located on a dielectric substrate (typically 
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FR4), we assume that air, which is a thick dielectric substrate and has a relative permittivity of 

1, exists above the substrate. This kind of microstrip antenna configuration with a thick 

dielectric substrate of relative permittivity close to 1 produces large impedance bandwidth.   

On the other hand, PMAs can be viewed as vertical monopole antennas. Normally, a 

monopole antenna comprises a vertical cylindrical wire that is mounted over its ground plane. 

As its diameter increases, bandwidth also increases. A cylindrical monopole antenna, which has 

a large effective diameter, can be equated to a PMA. The lower band edge frequencies can be 

determined using this analogy for all regular shapes of PMAs for various feed configurations. 

The PMAs with various shapes are depicted in Fig. 2.7. The shapes of the radiator of PMA 

include square, rectangle, hexagon, triangle, circle, and ellipse for different feed positions, as 

illustrated in Fig. 2.7. The mathematical equation to calculate the lower band edge frequency 

of PMA with any regular shape is given in [16].  

2.5. UWB Technology 

Nowadays, there has been a huge demand for advanced wireless communication services in 

modern communication systems. These advanced wireless communication services are needed 

to supply high bandwidth and high data rates for applications, such as live video streaming, data 

access and data transfer in portable wireless communication systems. Since current services are 

facing some issues, such as limited bandwidth and limited speed in data rate, they are not 

appropriate for the above applications. Therefore, some new and efficient technologies are 

necessary for the modern communication users to get their requirements fulfilled. UWB 

technology is a promising technology and an attractive one for the above said applications.  

 

 

Fig. 2.8. Power spectral density of various signals [17] 
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A radio spectrum, which has an absolute bandwidth of more than 500 MHz or a 20% minimum 

fractional bandwidth, is nothing but the UWB spectrum according to the rules of FCC. The term 

UWB signal mentions baseband, carrier-free, wide relative bandwidth radio signal, time 

domain, impulse, orthogonal function, and non- sinusoidal signal. In this UWB technology, low 

power pulses, whose duration is very small, are transmitted. Also, over small distances, high 

data rates are yielded through this UWB technology. 

Power spectral density of various signals is depicted in Fig. 2.8.  Maximum data rates 

of up to hundreds of Mbps or sometimes even up to Gbps are possible with this UWB 

technology at distances ranging from 1 meter to 10 meters. Different technologies have different 

data rates as displayed in Fig. 2.9. As illustrated in Fig. 2.9, maximum data rates of up to 1 

Mbps and 100 Kbps are achieved for maximum distances of 10 meters in Bluetooth technology 

and above 10 km in GSM technology, respectively.  

 

Fig. 2.9. Data rates for several technologies [19] 

System performance can be comfortably optimized by changing different parameters such as 

power, data rate, range, and quality of service since substantial flexibility is possible with UWB 

technology. Without using any extra hardware, only one system is able to provide wireless 

communication services for different wireless communication applications. For an instance, 

high data rate and low power can be attained for short distance applications. The benefits of 

UWB signals are accurate ranging, low power transmission, superior obstacle penetration, 

multicarrier modulation, resistance to jamming, robustness against eavesdropping, coexistence 

with narrow bandwidth systems, no up/down conversion, excellent time resolution, covert 

operation, high temporal resolution, and interference rejection [18]. 

Despite the power levels of the transmitted UWB signals are low and are below a noise 

floor, the quality of communication is guaranteed. Since the power levels of the transmitted 
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UWB signals are low and are below a noise floor, detection of UWB signals is very difficult. 

Long battery life can be attained as UWB systems have an advantage of this low power feature. 

Moreover, the UWB signals are hardly visible to the other wireless signals that are being 

operated. Therefore, the chances of interference issue with other wireless services are very less. 

Thus, secure and reliable communications are possible with these UWB systems. Elimination 

of UWB signals by noise signals is also not possible since the shape of UWB signal is specific, 

whereas the noise signal does not have any particular shape. Also, the inference of noise signals 

with the UWB signals has to be uniform all over the spectrum. Despite this interference exists, 

UWB signals can be successfully recovered. Hence, UWB signals are very promising and are 

helpful in providing secure and reliable communications. UWB systems normally do not need 

modules, such as filters, additional oscillators, amplifiers, mixers, etc., since modulation and 

demodulation of UWB signals are not needed. So, the complexity, size, and cost of the devices 

decrease significantly. Also, with the help of these narrow pulses, modulation schemes such as 

PAM, PPM, and PSK can be executed. 

Multicarrier modulation, which is another striking feature of UWB signals, can be 

useful in OFDM technique. The problems, which normally exist in high data rate wireless 

communication, can be easily solved by UWB technology. The UWB technology is used in 

many applications, such as spectrum sensing in cognitive radio, ground penetrating radar, 

surveillance systems, wireless personal area networks, wireless body area networks, vehicular 

radar, wireless telemetry, medical imaging, telemedicine, 4G, vehicular radar, RF energy 

harvesting, and radar imaging.  

2.6. Super Wideband Technology 

In recent years, modern wireless communication systems have noticed enormous 

developments. Since the technology is developed, there is a huge demand for both short range 

and long range communications. Even though Ultra Wide Band (UWB) technology is a strong 

candidate for short range communications, it is not able to cover long range communications. 

Now a days, in order to cover both short range and long range transmission, the users of 

Wireless Personal Area Networks (WPAN) are strongly demanding extremely large bandwidth 

for future UWB communications. A Super Wideband (SWB) technology is required to fulfil 

the above demands. Moreover, due to the advantages of its high data rates and very large 

operating bandwidth, this SWB technology is gaining more importance in modern wireless 
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communication systems. Super wideband antennas have bandwidth dimension ratio (BDR) of 

10 to 1. 

Some of the applications, where SWB antennas are used, are mobile applications, radio 

determination applications, wideband high-definition television, broadband disaster relief 

(BBDR), defence systems, satellite applications, ISM applications, Doppler navigation aids, 

satellite news gathering (SNG)/ very small aperture terminal (VSAT), short range radar, 

wireless access systems (WAS)/ radio local area network systems (RLANS), radio astronomy, 

aeronautical radio navigation, etc. 

2.7. Cognitive Radio Technology 

Radio spectrum congestion problem occurs in a densely populated scenario due to the rapid 

growth in wireless communication standards. As there is no uniform distribution in spectrum 

occupancy, over-crowdedness occurs in some parts of the spectrum, whereas the remaining 

parts of the spectrum are rarely used. Therefore, there exists an unbalanced usage of the 

spectrum. To address this problem, cognitive radio system was proposed [20]. Thus, for future 

wireless communication systems, this cognitive radio system is considered as a potential 

solution. Federal Communication Committee (FCC) proposed so many solutions to improve 

the spectrum utilization efficiency in licensed spectrum in 2002, as illustrated in Fig. 2.10. The 

interference that exists among the signals can be avoided with the help of these solutions when 

the spectrum channels are in utilization. Moreover, the issue of availability of limited spectrum 

is also mitigated by these solutions to certain extent by making the use of the unused channels 

for other wireless communication applications.  

A classification among these solutions is done based on the utilization of the licensed 

spectrum channels in the idle state. The proposed three categories of solutions are spectrum 

leasing, spectrum reallocation and spectrum sharing. Reorganization of allocated frequency 

bands to various wireless communication services is done in spectrum reallocation in 

accordance with the utility of the spectrum that is allocated previously. For an instance, 

cognitive radio operation is allowed in IEEE 802.22 standard. In spectrum leasing approach, 

the other parties are granted the licensed spectrum on lease depending on the spectrum’s 

availability and time. The spectrum reallocation and the spectrum leasing are the two 

approaches to access the spectrum statically. Whereas the allocated frequency bands are shared 
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by the users either dynamically or simultaneously with a few restrictions in spectrum sharing 

approach.  

 

Fig. 2.10. Solutions proposed by FCC [2] 

In the recent years, there has been a tremendous research in spectrum sharing approach by 

carrying out some activities such as RF circuit design, antenna design, implementation of 

reconfiguration algorithm, sensing, etc. This spectrum sharing approach is sometimes called as 

dynamic spectrum access. It is further divided into three types as open spectrum sharing, 

hierarchical spectrum sharing and dynamic spectrum allocation. In open spectrum sharing 

approach, all users share the spectrum at the same time with some restrictions on the power of 

the transmitted signal. The restrictions on the transmitted signal power are always in accordance 

with rules and regulations of models that are already used. An example for this IEEE 802.11 

ISM bands such as Bluetooth and Wi-Fi.  

In dynamic spectrum allocation approach, spectrum utilization efficiency is enhanced 

by allocating the frequency bands to various other wireless communication services 

dynamically in accordance with their spatial and temporal stats. A European project, which was 

named as DRIVE, is an example for this approach. Hierarchical spectrum sharing is classified 

based on the maximum transmitted power level and the interaction with the radio environment. 

The classified two models are spectrum underlay and spectrum overlay. Spectrum overlay 

approach, which is also referred as spectrum interweave, is well known as opportunistic 

spectrum access. Each of the two models has its own way of accessing the channels in licensed 

spectrum as well as in unlicensed spectrum. In case of licensed spectrum, the primary users and 
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the secondary users are generally called as licensed users and unlicensed users, respectively. 

The primary users, who own the licensed spectrum, do not utilize their channels fully. The 

secondary users can also access the licensed spectrum without having an effect on the primary 

user’s quality of service. In case of unlicensed spectrum, any user can access the spectrum and 

there exists no primary and secondary users.  

 

(a) 

 

(b) 

Fig. 2.11. Hierarchical access (a) spectrum overlay (b) spectrum underlay [3] 

A spectrum hole, which is also called as white space, is an empty channel that exists in a distinct 

location at a particular time. These spectrum holes are detected by the spectrum contenders by 

means of appropriate sensing algorithms in spectrum overlay approach. With the help of sensing 

mechanism, the unused frequencies (i.e., spectrum holes) can be known. Moreover, interference 

that exists among the signals can be avoided when there is utilization of spectrum channels. In 
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case any spectrum hole is identified then that respective channel can be exploited for other 

wireless communication services irrespective of the transmitted power, as depicted Fig. 2.11a. 

When the spectrum is licensed, the secondary users are the spectrum contenders. In this case, 

the QoS of the primary users (licensed users) is not affected by the secondary users. The 

unutilized channels can be made available for secondary users until the primary users access 

them. When primary users demand those licensed channels, the secondary users must switch to 

other free channels for maintaining the proper communication. In case there are no other free 

channels, the secondary users must terminate communication. Otherwise, as discussed in 

spectrum underlay approach, the secondary users can share the licensed spectrum while 

maintaining low level of transmitted power without affecting the QoS of the both of the users. 

On opportunistic basis, all users share the spectrum when the spectrum is unlicensed. So, 

whoever among all the users senses the unused channel first can access that unused channel. 

This opportunistic basis is normally called as “first-sense-first-use”. When the channel is 

utilized by one user, rest of the users have to either wait until that channel becomes vacant or 

sense any other spectrum holes.  

 

Fig. 2.12. Work flow of cognitive radio 

The spectrum can be shared by all the spectrum contenders simultaneously in spectrum overlay 

approach by ensuring that the transmitted signal power is very low. The transmitted power level 

must not exceed a noise floor, which is acceptable for all the other users, as illustrated in Fig. 

2.11b. Therefore, the spectrum contenders, who share the spectrum simultaneously, are not 
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visible to the other users. When the spectrum is licensed, the secondary users are able to share 

the licensed spectrum with the primary users simultaneously. A best example that falls in this 

category is maintaining the transmitted power level of less than -41.3 dBm/MHz in 3.1 GHz-

10.6 GHz, (i.e., UWB). When the spectrum is unlicensed, all users share the spectrum with the 

users who have already occupied the channels at the same time on an opportunistic basis called 

as “first-sense-first-use”.  

In case of spectrum overlay approach, one antenna is required for sensing the spectrum 

and the other antenna is required for the purpose of communication. Whereas only one antenna 

is required for communication in case of spectrum underlay approach. Normally, frequency 

reconfigurable antenna is mostly used for the purpose of communication since it is able to 

change its operating frequency according to the detected frequency of the spectrum hole. 

The cognitive radio model is defined as the process of monitoring the radio environment 

(spectrum sensing), making the decision, performing communication task, and changing its 

radio parameters in accordance with the information that is sensed. The work flow of the 

cognitive radio model is illustrated in Fig. 2.12. With the help of the cognitive radio technology, 

the system collects the information about the spectrum holes by monitoring the status of the 

radio environment continuously and reconfigures its radio parameters such as bandwidth and 

frequency dynamically for communication. Moreover, as the availability of spectrum is also 

limited, this problem can be mitigated to some extent with the help of this cognitive radio 

technology by using the free channels for any other wireless communication applications. In 

1998, Joseph Mitola coined the idea of cognitive radio technology. Also, he published an article 

in 1999. He added some additional capabilities like monitoring the radio environment (spectrum 

sensing), making the decision, performing communication task, and changing its radio 

parameters dynamically to software defined radio platform. Therefore, cognitive radio model 

can be viewed as SDR with some extra hardware and capabilities. FCC gave the definition of 

cognitive radio as “a radio that is able to change the parameters of its transmitter based on the 

environment in which it operates” [21].  

The three major functionalities of cognitive radio are as follows: 

 Spectrum sensing 

 Decision making 

 Spectrum management 
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The process of sensing the radio environment for spectrum holes continuously is called as 

spectrum sensing. The process of identifying the channels effectively for transmission is termed 

as decision making. The process that involves performing communication tasks and updating 

the parameters of communication for maintaining quality of service is called as spectrum 

management. 

2.8. Cognitive Radio Technology in UWB 

In 2001, FCC made a frequency band (3.1 GHz - 10.6 GHz) unlicensed for UWB applications 

since UWB technology has numerous advantages. However, for UWB applications, some 

countries dedicated a few frequency bands [22]. Since 2002, this UWB spectrum has been 

witnessing a huge demand for various UWB applications in educational institutions, industries, 

and many government organizations. Hence, it is crucial to implement cognitive radio 

technology due to two reasons. The first reason is to enhance the spectrum utilization effectively 

when free spectrum channels are available. The second reason is to avoid the interference that 

exists among the signals when spectrum channels are in utilization. It is always possible to 

implement underlay mechanism in the UWB spectrum as discussed previously with a restriction 

on the power level of the transmitted signal. Therefore, underlay mechanism can be used in 

case the overlay mechanism is not possible.  

Cognitive radio technology uses planar UWB monopole antennas to sense the spectrum 

holes in radio environment in the frequency band that ranges from 3.1 GHz and 10.6 GHz in 

UWB systems as planar UWB antennas cover complete UWB spectrum. It uses narrowband 

antennas to perform communication tasks since NB antennas are more efficient and have better 

performance than planar UWB antennas. To perform communication tasks, mostly frequency 

reconfigurable antennas are normally used since they have capability to change their operating 

frequencies dynamically according to the updated frequencies of the spectrum holes. 

The requirements of the UWB antennas and frequency reconfigurable NB antennas are as 

follows: 

 Return loss must be greater than 10 dB in the UWB and in the required band for UWB 

antennas and frequency reconfigurable NB antennas, respectively.  

 Omnidirectional radiation patterns are required for both UWB antennas and frequency 

reconfigurable NB antennas.  
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 Gains must be stable throughout the operating bandwidth of UWB antennas and 

frequency reconfigurable antennas.  

 Moreover, UWB antennas and frequency reconfigurable NB antennas must be compact 

enough to be compatible with modern portable wireless devices. 

2.9. Types of Antenna Systems Needed for Cognitive Radio  

Three varieties of antenna systems are normally used for cognitive radio applications. The first 

one is using two separate antennas in which one wideband antenna is meant for sensing and the 

other frequency reconfigurable NB antenna is meant for communication. The second one is the 

dual port antenna system that has a printed monopole WB sensing antenna and a reconfigurable 

narrowband communication antenna integrated on the same substrate. The third one is single 

port antenna system that has a reconfigurable WB sensing/ narrowband antenna. But this 

antenna system must have a proper switching mechanism to switch between sensing and 

communication modes. Among these antenna systems, dual port antenna systems have grabbed 

more attention in the recent years. However, to improve the spectrum utilization efficiency 

effectively, multiport integrated WB sensing antenna and multiple wideband/narrowband 

antenna systems are very advantageous when multiple white spaces are identified. 

To enhance the spectrum utilization efficiency effectively, this thesis proposes antenna 

systems that consist of UWB sensing antenna and multiple WB/NB antennas for CR 

applications.  

2.10. Cognitive Radio MIMO Antennas 

The high data rates wireless devices with efficient spectrum utilization are grabbing more 

attention as they have become crucial in the present day wireless communication. MIMO 

systems have been the most promising systems to overcome multipath fading problems. 

Moreover, MIMO antennas with polarization diversity enhance the channel capacity in both 

line-of-sight (LOS) and non-line-of-sight (NLOS) propagations. As MIMO systems provide 

high data rates and CR technology utilizes the spectrum efficiently, MIMO systems with CR 

technology are treated as promising systems to attain high data rates and utilize the spectrum 

efficiently. 

To enhance the spectrum utilization efficiency effectively and attain high data rates, this 

thesis proposes an antenna system that consists of wideband sensing antenna and multiple 
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frequency reconfigurable WB/NB antennas for CR MIMO applications. Also, antenna systems 

that consist of WB sensing antenna and multiple WB/NB antennas for CR MIMO applications 

are proposed in this thesis.  

2.11. Literature Review 

Till now, many works have been presented on UWB/SWB antennas for spectrum sensing in 

CR applications and also antennas for CR and CR MIMO applications [23-166]. Some of them 

are as follows:   

 Pourahmadazar et al., (2011) proposed a monopole antenna that uses Pythagorean 

tree fractal structure [23]. A modified Pythagorean tree fractal is inserted in the conventional 

T-shaped radiator. Additional resonances are generated by increasing the fractal iterations, thus 

resulting in wide impedance bandwidth.  

 Roshna et al., (2014) presented a very small novel coplanar stripline-fed antenna for 

UWB applications [24]. The presented antenna, which is printed on a FR-4 substrate, comprises 

a staircase shaped patch, which is shorted with a strip. Its volume is 25 × 7 × 1.6 mm3. Despite 

the active patch does not comprise any metamaterial structures and fractal geometries, 

compactness is achieved because of its optimized structure. 

 Tripathi et al., (2014) proposed a hexagonal fractal UWB antenna using Koch fractal 

geometry [25]. Koch fractal geometry is incorporated in the radiator of the monopole as well 

as in the ground plane, so multiple resonances are generated. As a result, the fractional 

bandwidth percentage of the antenna increases till 122%.  Also, stable radiation patterns are 

also possible due to the fractal geometry.  

 Pandey et al., (2014) presented a compact metamaterial based microstrip antenna for 

UWB applications [26]. The presented antenna comprises 𝜋-shaped slots on the active patch 

and crossed shaped slots on the ground plane. Due to these two layers of metamaterials, series 

capacitance and shunt inductance are developed, thus leading to the left-handed behaviour of 

the metamaterial. 

 Guo et al., (2010) presented a new design approach to achieve wide bandwidth [27]. 

The proposed UWB antenna achieves compactness due to the quasi self-complementary 

structure of the ground plane along with a tapered radiating slot. 
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 Islam et al., (2015) proposed a metamaterial UWB antenna that comprises four 

metamaterial unit cells, which are able to show both the characteristics of negative permeability 

and negative permittivity on the triangle-shaped radiator and three rectangular slots on the 

ground plane [28]. The 10 dB return loss bandwidth of the antenna ranges from 3.07 GHz to 

19.91 GHz.  

 Dorostkar et al., (2013) proposed an antenna that was made of six iterations of 

hexagonal slot inside a circular shaped radiator, which is asymmetrical toward the substrate to 

achieve SWB characteristics [29]. The achieved impedance bandwidth ranges from 2.18 GHz 

to 44.5 GHz.  

 Singhal et al., (2016) presented a SWB antenna with bandwidth dimension ratio 

(BDR) of 11:1 and fractional bandwidth ranging from 3.4 GHz to 37.4 GHz [30]. A two 

iterative square slot inside a hexagonal radiator with co-planar waveguide feeding was used to 

achieve that bandwidth.  

 Manohar et al., (2014) proposed an antenna in which an exponential tapered feed 

region was incorporated between the main radiating patch and triangular feed-line to achieve 

good matching, thus making the antenna resonating from 2.5 GHz to 80 GHz [31].   

 Azari et al., (2011) proposed a novel SWB antenna that consists of two iterative 

octagonal slot loaded in an octagonal radiator fed by a coaxial probe [32]. Even though its 

impedance bandwidth is huge, i.e., 10-60 GHz, its BDR is very less and it does not operate in 

UWB range.  

 Singhal et al., (2017) presented a SWB antenna in which a four iterative octagonal 

slot was loaded inside a octagonal radiator that was fed by a CPW feed-line, and also two 

rectangular notches were loaded in the modified ground plane to achieve a wide bandwidth, 

i.e., 3.8-68 GHz [33]. However, it does not cover frequencies from 3.1 GHz to 3.8 GHz in UWB 

spectrum.  

 Tran et al., (2011) presented a SWB antenna of bandwidth 145 GHz (i.e., 5-150 GHz). 

Pattern stability over decade bandwidth was achieved [34]. However, its BDR is less and it is 

not able to operate in the entire UWB range. 

 Cao et al., (2013) proposed a novel compact SWB antenna fabricated on a low cost 

FR-4 substrate of physical volume 42 mm × 45 mm × 1.5 mm with an impedance bandwidth, 
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i.e., 2-100 GHz and excess ratio of 50:1. A circular patch with a pair of ears fed by a 50 ohm 

microstrip line and a rectangular notch loaded top corner rounded ground plane was used to 

achieve extremely huge bandwidth [35]. 

 Chen et al., (2011) proposed a super wideband monopole antenna that has an 

asymmetrical ground plane embedded with a semi elliptical fractal complementary slot and 

having an impedance bandwidth, i.e., 1.44-18.8GHz and bandwidth dimension ratio of 2735 

[36]. 

 Shahu et al., (2015) presented an antenna that comprises two iterations of triangular 

slot on a hexagonal shaped radiator with tapered strip line feed and a modified ground plane to 

achieve bandwidth, i.e., 3-35 GHz for SWB applications [37]. 

 Hakimi et al., (2014) proposed a CPW-fed transparent antenna with a -10 dB 

reflection coefficient bandwidth that ranges from 3.15 GHz to 32 GHz [38]. In order to enhance 

the overlapped resonant frequencies, a staircase technique was provided for the rectangular 

patch with a modified ground plane. 

 Wang et al., (2014) proposed a dual port antenna that consists of UWB sensing and 

narrow band dielectric resonator antennas on a ground plane of size 150 × 150 mm2. UWB 

sensing and narrow band dielectric resonator antennas operate at 2.4-12 GHz and 2.3-5 GHz, 

respectively [78]. However, in the frequency range, i.e., 2-4 GHz, mutual coupling of less than 

-6 dB was achieved between them.   

 Tawk et al., (2011) reported a dual port antenna system in which an UWB sensing 

antenna and a rotatable narrow band antenna were incorporated on the same substrate [79]. 

Frequency reconfiguration was achieved by rotating the patches to five different positions; 

consequently, the rotatable narrow band antenna operates at five different narrow bands in the 

frequency range, i.e., 2-10 GHz. However, the presence of stepper motor on the back side of 

the substrate made the printed circuit board bulky. 

 Jin et al., (2011) presented a single port UWB/NB antenna, which operates in an 

UWB mode and three narrowband modes in which first, second, and third narrowband modes 

cover 3.55-5.18 GHz, 5.12-6.59 GHz, and 7.10-8.01 GHz, respectively [80]. Frequency 

reconfiguration was done depending on the statuses of the switches that were controlled 

optically.  



28 
 

 Kumar et al., (2016) reported a three port antenna system, which has an UWB sensing 

antenna and two dual narrow band antennas for the purpose of communication in a compact 

volume of 30 mm × 30 mm × 1.6 mm [81]. Despite the antenna system is able to perform a 

maximum of two communication tasks, the two narrow band antennas cover only the high 

frequency bands (i.e., 6.36-6.63 GHz, 8.78-9.23 GHz, 7.33-7.7 GHz and 9.23-9.82 GHz) in the 

UWB spectrum are covered. 

 Nella et al., (2018) presented a five-port antenna that comprises one UWB sensing 

antenna, two dual band communication antennas, and two single band communication antennas 

[82]. UWB antenna senses the complete UWB spectrum, whereas the dual band and single band 

antennas cover many frequencies in UWB spectrum in such a way that the complete UWB 

spectrum is covered. Mutual coupling between any two antennas is less than -16 dB. Also, good 

match between experimental results and simulated results was achieved.  

 Pahadsingh et al., (2018) proposed an antenna system that consists of UWB sensing 

antenna that operates at 3-12 GHz and NB cylindrical dielectric resonator communication 

antenna that operates at 4.93-5.4 GHz, 5.9-6.7 GHz, and 9.28-10.2 GHz [83]. The proposed 

antenna system has a drawback since the isolation between sensing antenna and communication 

antenna is just better than 10 dB. 

 Erfani et al., (2012) presented an integrated planar UWB/reconfigurable-slot antenna 

for CR applications [84]. A slot, which is embedded in the radiator of the disc monopole 

antenna, acts as resonator. This slot resonator is used to obtain an individual NB antenna. 

Frequency reconfigurability is achieved by inserting a varactor diode across the slot to tune in 

5-6 GHz for communication.  

 Tawk et al., (2009) proposed a novel design of reconfigurable antenna in which an 

UWB sensing antenna and a reconfigurable communication antenna are integrated [85]. In this 

work, frequency reconfigurability of the communication antenna is achieved by the rotating 

part of the antenna. No biasing circuits are required for the activation of switches unlike 

conventional reconfigurable antennas.  

 Ebrahimi et al., (2011) proposed the concept of integration of antennas for multi-

standard antennas [86]. The large area of the ground plane of the CPW fed UWB antenna, which 

is printed on the top side of the substrate, is utilized by the small antenna. Three different 
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configurations of integrated WB-NB antenna system in which each antenna system has a 

matching circuit to tune the antenna to a particular frequency was also demonstrated.   

 Zheng et al., (2014) investigated a new compact optically controlled reconfigurable 

integrated antenna system [87]. The characteristic of frequency reconfigurability is achieved by 

using four photoconductive silicon switches that are controlled optically. The antenna system 

comprises two antennas. One antenna, which operates at 3-11 GHz, is meant for the spectrum 

sensing and the other antenna, which operates at five different frequency bands in 5.8-9.2 GHz 

depending on the statuses of the photoconductive silicon switches, is meant for communication.  

 Mansoul et al., (2014) proposed a frequency selective reconfigurable antenna without 

sensing antenna for CR applications [88]. The proposed antenna consists of an inverted U 

shaped radiator fed by a fifty ohms microstrip line on the top of the substrate. On the bottom 

side of the substrate (i.e., ground plane), four horizontal slots, which are integrated with PIN 

diodes, act as reconfigurable filter to achieve frequency reconfigurability in 2.63-3.7 GHz.   

 Tawk et al., (2011) presented an optically controlled reconfigurable antenna system 

where laser diodes are integrated on the substrate of the antenna [89]. The proposed antenna 

system comprises different radiating elements that are connected by photoconductive switches. 

The laser diodes are utilized to shine light to those switches. The antenna system operates in 

three different states and a dual band is produced in each state. The three dual bands are 

produced in 3.2-8.6 GHz. 

 Augustin et al., (2012) proposed a planar antenna that consists of a CPW fed UWB 

sensing antenna operating at 2.6-11 GHz and a narrow band communication antenna operating 

at 4.9-6.2 GHz [90]. The narrow band communication antenna is integrated with the sensing 

antenna by utilizing the space between tapered slots, where surface current density is relatively 

low. 

 Aboufoul et al., (2012) presented a new UWB monopole antenna that has a 

reconfigurable multiband functionality. GaAs FET switches, which are used to connect stubs 

of different lengths to the fifty ohms feed line of the monopole antenna, are incorporated to 

achieve reconfigurability [91]. Moreover, they do not degrade the antenna gain, antenna 

efficiency, and radiation patterns since the biasing technique required for them is simple and 

does not require many biasing components. In UWB mode, all switches are in OFF state, the 

UWB monopole antenna operates at 2-11 GHz. In communication mode, three states are 
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investigated. The antenna operates at 2.1-2.6 GHz and 3.6-4.6 GHz in first and second states, 

respectively. Whereas the antenna operates at 2.8-3.4 GHz and 4.9-5.8 GHz in the third state.  

 Cheng et al., (2015) proposed a three-port MIMO antenna that consists of a wideband 

sensing antenna with a wide impedance bandwidth ranging from 2.2 GHz to 7 GHz and two 

identical reconfigurable antennas for communication to cover frequency bands from 2.3 GHz 

to 6.3 GHz [126]. The reconfigurability is obtained by tuning the capacitance of varactor diodes.  

Hussain et al., (2018) proposed an antenna system that consists of a frequency-agile 

four-element slot based MIMO antenna and an ultra-wideband (UWB) antenna for sensing the 

spectrum [127]. The impedance bandwidth of the UWB sensing antenna is 6.9 GHz (i.e., 0.75-

7.65 GHz) and the frequency-agile four-element slot based MIMO antenna can be tuned in 

1.77-2.51 GHz communicating band.  

Alam et al., (2018) proposed a four-port polarization diversity MIMO antenna that has 

two wideband antennas to sense the spectrum in 2.35-5.9 GHz and two reconfigurable NB 

antennas to tune to the desired frequency band in 2.6-3.6 GHz for interweave CR [128]. 

Wideband sensing antennas and reconfigurable NB antennas are located on the opposite sides 

of the substrate. The proposed MIMO antenna is planar and has volume of 80 mm × 80 mm× 

1.6 mm. The maximum simulated gain and maximum radiation efficiency are reported as 5 dBi 

and 92%, respectively. 

Zhao et al., (2019) proposed an antenna system that operates either in UWB MIMO 

mode or reconfigurable MIMO mode by properly selecting the statuses of the varactor and PIN 

diodes [129]. In UWB MIMO mode, the two antennas sense the spectrum holes in 1-4.5 GHz 

wideband, while the same two antennas can be tuned in 0.9-2.6 GHz in reconfigurable MIMO 

mode.  

Chacko et al., (2015) proposed a two-element polarization diversity MIMO antenna 

with a switching capability between the wideband and narrowband modes [130]. The MIMO 

antenna has wide impedance bandwidth (i.e., 3.4-8.0 GHz) and narrow impedance bandwidth 

(i.e., 4.7-5.4 GHz) in wideband mode and narrowband mode, respectively. However, the 

antenna does not have tuning capability in the narrowband mode as the antenna resonates in a 

single frequency band (i.e., 4.7-5.4 GHz).   

Hussain et al., (2018) presented a novel integrated MIMO antenna system, which 

occupies an area of 50 × 110 mm2 and comprises two inverted-F shape antennas that operate 
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at 2.45 GHz and two frequency-agile antennas to cover frequency bands in 1.73-2.28 GHz 

[131]. The annular slots are responsible for achieving the isolation between two inverted-F 

shape antennas and are made reconfigurable in 1.73-2.28 GHz with a minimum impedance 

bandwidth of 60 MHz by using varactor diodes. However, the MIMO antenna system does not 

have sensing antenna for spectrum sensing.  

Hussain et al., (2015) proposed a compact planar two-element reconfigurable MIMO 

antenna system that comprises wideband sensing antenna, which operates at 0.72-3.44 GHz and 

two frequency-agile antennas, which cover various frequency bands in 0.72-3.44 GHz with the 

help of PIN diode and varactor diode [132]. Along with the varactor tuning, the proposed 

MIMO antenna system reconfigurability uses two modes of selection to cover frequency bands 

especially below 1 GHz.  

Hussain et al., (2015) presented four element meandered dual mode meandered F-

shaped reconfigurable MIMO antenna for CR applications [133]. By utilizing PIN diodes and 

varactor diodes, frequency reconfigurability is attained. Moreover, the proposed antenna is 

compact and can be tuned to many frequency bands that are less than 1 GHz. By means of 

defected ground structures, isolation among the antenna elements is enhanced significantly. 

Since the proposed MIMO antenna operates in two modes, it covers frequency bands in 743-

1240 MHz in one mode and 2.4 GHz in other mode with a minimum bandwidth of 60 MHz.  

Hussain et al., (2018) proposed a novel and compact 4-element reconfigurable CR 

MIMO antenna system without sensing antenna to cover frequency bands from 1.32-1.49 GHz 

and 1.75-5.2 GHz [134]. The four antenna elements are designed by etching the pentagonal 

slots in the ground plane. They are loaded reactively to achieve frequency reconfigurability. 

Each antenna element operates in three frequency bands due to the proper capacitive reactance 

loading. Despite the antenna is compact, the mutual coupling is just less than -12 dB. 

Alam et al., (2019) proposed a four port CR MIMO antenna that works for overlay and 

underlay approaches for 5G applications in 2.5-4.20 GHz range [135]. This type of feature of 

the proposed antenna is obtained by controlling the operating modes of the multifunctional 

reconfigurable filter since the multifunctional reconfigurable filter, which works in three 

operational modes such as tunable bandpass filter, tunable band reject filter, and all pass filter, 

is integrated with UWB sensing antenna. 
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Riaz et al., (2019) proposed a new frequency agile MIMO patch antenna for CR 

applications [136]. The proposed antenna system comprises two patch antenna elements, which 

are hexagonal shaped. To achieve compactness and isolation between the antenna elements, 

hexagonal-shaped defected ground structures are incorporated in the ground plane. The 

compactness is further attained by utilizing reactive loading. Varactor diodes are employed in 

the microstrip feedline to achieve frequency reconfigurability. Consequently, frequency tuning 

is achieved in 1.42-2.27 GHz. However, the proposed MIMO antenna does not have a sensing 

antenna to sense the spectrum. 

Hussain et al., (2019) presented a frequency reconfigurable MIMO antenna system for 

interweave CR applications [137]. The proposed MIMO antenna comprises four reconfigurable 

antenna elements that are pentagonal slot-based. Varactor diodes are employed to alter the 

capacitance of the slot. As a result, wide tuning range, which ranges from 3.2 GHz to 3.9 GHz, 

is achieved with a minimum of 100 MHz bandwidth in each band. However, the proposed 

MIMO antenna does not have a sensing antenna to sense the spectrum. Also, the mutual 

coupling among the antenna elements is just less than -10 dB. 

2.12. Conclusion 

It is obvious from the literature survey that the antenna design for cognitive radio applications 

and cognitive radio MIMO applications is a well-researched topic. However, it is still in an 

infant stage since most of the antenna designs in the literature survey are reconfigurable antenna 

designs, which are complex and difficult to implement in practice. Moreover, all the antenna 

designs for CR MIMO applications in the literature can perform only one communication task. 

So, this thesis presents the antenna designs that overcome the above said drawbacks.   
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Chapter-3 

 

Super Wideband Apollonius Circles Based Fractal 

Antenna for UWB and SWB Applications 

 

3.1. Introduction 

To sense the spectrum holes continuously in a cognitive radio model, a wideband antenna, 

which is generally an UWB antenna or a SWB antenna, is required. So, this chapter presents a 

very small printed monopole antenna for UWB and SWB applications as a first contribution of 

this thesis. An Apollonius fractal with nested Apollonius circles is utilized to generate multiple 

resonances over the entire bandwidth. The 50 ohm microstrip feed line is tapered to achieve 

good impedance matching at the low frequencies. Two semi-circular notches and a notch in the 

ground plane are incorporated to enhance the impedance bandwidth at high frequencies. The 

antenna’s bandwidth ratio is 20:1 and its operating bandwidth ranges from 3 GHz to 60 GHz. 

3.2. Antenna Design 

Usually, a circle is defined as the group of all points P at a constant distance r (circle’s radius) 

from a fixed point (circle’s centre). As per Apollonius’s definition, as shown in Fig. 3.1a, it is 

defined as group of points P that are in accordance with the rate given [67] as 

SP

QP
 = 

ST

TQ
                                                                     (3.1) 

As shown in Fig. 3.1b, to generate multiband behaviour, three Apollonius circles are made 

inside of each other by taking their reference triangles satisfying the relation given in [67]. 

S1P1

P1Q1
 = 

S1S2

S2Q1
  
S2P2

P2Q2
 = 

S2S3

S3Q2
   
S3P3

P3Q3
 = 

S3S4

S4Q3
                                        (3.2) 
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(a) 

 

(b) 

Fig. 3.1. Apollonius circle (a) Apollonius's definition of circle (b) Generation of Apollonius 

fractal with nested Apollonius circles    

Table 3.1. Optimized dimensions of the designed antenna 

Dimension mm Dimension mm 

ls 19 ws 31 

lg 13 lf 13.87 

a 12.67 ln 1 

b 6.3 wn 2 

c 3.16 d1 2 

d 8.5 d2 2 

e 4.252 w1 7 

f 2.127 w2 7 

g 1.06 wf 3.4 

The designed antenna’s configuration is depicted in Fig. 3.2 and its optimized dimensions are 

mentioned in Table 3.1. Low cost and lossy FR-4 epoxy substrate that has 𝜀𝑟 of 4.4, loss tangent 

(Tan𝛿) of 0.018 and height of 1.6mm is used. In the proposed structure, nested Apollonius 

circles concept is utilized to get multiband behaviour. As circular radiator is better than any 

other shaped radiator in terms of bandwidth, it is chosen in this design. As illustrated in Fig. 

3.3, the antenna’s design process is explained in seven steps. Initially, a circular radiator is fed 
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by a strip line of impedance 50 Ohms and a triangular slot is made inside the patch. By taking 

that triangle as reference, three Apollonius circles are nested in the later steps. 

 

                                                                                   (a) 

 

                                                     

                     (b)                                                                               (c) 

Fig. 3.2. Geometry of the proposed antenna (a) Front view (b) Back view (c) Prototype of the 

designed antenna 
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Fig. 3.3. Intermediate steps in the design 

3.2.1. Effect of the Increased Number of Iterations 

It is generally expected that bandwidth can be improved as iterations are increased. This is due 

to the self-similarity property of the fractals.  However, as iterations are increased, complexity 

also increases. It is quite evident from the Fig. 3.4 that significant improvement in the 

bandwidth at high frequencies is observed with the increased number of iterations. However, 

the reflection coefficient is not less than -10 dB at some frequencies that are below 20 GHz. 

 

(a) 

 

(b)

 Fig. 3.4. Reflection coefficient vs frequency in the intermediate steps of the design 

As there is no considerable improvement in the reflection coefficient after three iterations and 

keeping the fabrication difficulties in mind, further iterations are not considered. 
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3.2.2. Effect of Tapered Strip Line and Notches in the Ground Plane  

A tapered strip line is used to achieve impedance matching at 10 GHz and 13.5 GHz. Moreover, 

a smooth current flow is provided by this tapered feed line. By incorporating a rectangular 

notch in the ground, some additional resonances are excited at high frequencies, i.e., from 47 

GHz to 60 GHz. Capacitive effect is introduced due to the presence of a pair of semicircular 

notches, thus exciting an additional resonance at 37 GHz. Thus, the mismatch between the 

radiator and the feed line is eliminated by the modified ground plane, which neutralizes the 

radiator’s inductive effect by producing the capacitive effect. This results in reflecting a pure 

resistive impedance of 50 ohms approximately at the input terminals. All conductors are 

considered to be perfect during simulation. 

3.3. Results and Discussions 

The measured reflection coefficient and VSWR plots shown in Fig. 3.5 and Fig. 3.6 are 

compared with the simulated results for the experimental validation by using network analyzer 

which works from 10 MHz to 25 GHz. Since the maximum operating frequency of the network 

analyzer is 25 GHz, comparison between the simulated and measured results are shown till 25 

GHz even though the designed antenna works till 60 GHz. From Fig. 3.5, it is observed that 

the reflection coefficient is less than -10 dB all over the band except at some frequencies. These 

discrepancies between the simulated and experimental results could be due to errors in 

manufacturing, poor quality of SMA connectors, and environmental conditions during 

measurements.  

Resonances occur at 3.8 GHz, 5.4 GHz, 7.4 GHz, 9.4 GHz, 11.4 GHz, and 12.8 GHz in 

the measured result. Impedance matching is perfect when the feed line’s impedance and 

antenna impedance are of 50 ohms. Wherever the reactive part of the antenna impedance is 

zero, the real part of the impedance is nothing but the antenna impedance at that resonant 

frequency.   

In Fig. 3.7a, the real and imaginary parts of the reflected impedance at the input 

terminals of the antenna by considering the radiator as load is plotted. Over the entire operating 

band, the real part of the impedance fluctuates between 25 Ohms and 77 Ohms. Similarly, the 

magnitude of the input impedance also varies between 25 Ohms and 77 Ohms, as shown in 

Fig. 3.7b. As it varies around 50 ohms, good impedance matching is achieved between the 
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antenna structure and the SMA connector of impedance 50 Ohms. Thus, the reflections are 

greatly reduced at the input port of the antenna. 

 

 

Fig. 3.5. Plot of the simulated and measured reflection coefficient vs frequency 

 

Fig. 3.6. Plot of the simulated and measured VSWR vs frequency 

 

(a) 

 

(b)                                                                                          

Fig. 3.7. Input impedance (a) Real and imaginary parts (simulated) (b) Magnitude of the Input 

Impedance (simulated) 
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Table 3.2. Comparison between the proposed antenna and other SWB antennas  

 

Antenna 

 

Dimension 

Bandwidth  

BDR 

 

𝒇𝑳, GHz Ratio 

(:1) 

% 

[29] 0.23  × 0.33   20.41 181 2461 2.18 

[30] 0.32  × 0.34   11 166 1531 3.4 

[31] 0.24  × 0.32   32 188 244 2.5 

[32] 2  × 2   5 133 33 10 

[33] 0.23  × 0.25   17.89 179 3015 3.8 

[34] 0.26  × 0.24   30 187 2996 5 

[68] 0.37  × 0.34   34.88 189 1473.1 0.86 

[37] 0.35  × 0.20   11.60 168 2386 3 

[69] 0.35  × 0.23   22.10 183 2168 0.79 

[70] 0.36  × 0.36   34.72 189 1457 0.72 

[38] 0.47  × 0.31   10.16 164 1103 3.15 

[71] 0.55  × 0.38   11.67 168 806 3 

[72] 0.45  × 0.45   19.4 180 891 1 

[73] 0.41  × 0.29   9.11 160 1347.23 3.5 

[74] 0.30  × 0.23   9.81 163 2393.64 2.26 

[75] 0.32  × 0.27   10.66 165 1948.43 2.7 

designed 0.19  × 0.31   20 181 3073 3 

 

A comparison table is provided by comparing the proposed antenna with the previously 

reported monopole antenna structures designed so far in terms of bandwidth range, dimensions 

and bandwidth ratio in Table 3.2. The proposed one has many advantages like huge impedance 

bandwidth, compact in size and good bandwidth ratio over previously reported SWB antennas. 

Bandwidth Dimension Ratio (BDR) [31] is one of the important parameters for a SWB antenna. 

It indicates the impedance bandwidth per unit area. Its formula is given below 
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 BDR = 
% 𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ


𝑙𝑒𝑛𝑔𝑡ℎ

× 
𝑤𝑖𝑑𝑡ℎ

                                                       (3.3) 

where 
𝑙𝑒𝑛𝑔𝑡ℎ

 and 
𝑤𝑖𝑑𝑡ℎ

 are the length and width of the antenna calculated in terms of the 

wavelength of the lower most frequency in operating bandwidth of the antenna, respectively. 

3.3.1. Patterns, Peak Gain, and Efficiency 

The setup for measuring radiation patterns of the proposed antenna is shown in Fig. 3.8. As 

shown in Fig. 3.8, the entire antenna structure lies in x-axis of  X-Y plane while pointing in ∅ 

= 00. To measure the radiation patterns in both E-plane (X-Z plane) and H-plane (Y-Z plane), 

elevation angle (𝜃) is varied from 00 to 3600.While taking radiation pattern measurements, 

pyramidal horn antenna is used as a transmitting antenna. The designed antenna in receiving 

mode is kept in a far-field region and connected to a coaxial detector. At some frequencies, the 

simulated and measured co-polar and cross-polar radiation patterns in both E-plane and H-

plane are illustrated in Fig. 3.9. It is noticed that at low frequencies, i.e., < 10 GHz, co-polar 

radiation patterns are bidirectional in E-plane and omnidirectional in H-plane. At high 

frequencies, i.e., > 10 GHz, patterns acquire distorted omnidirectional patterns in both the 

planes. The reason behind this is higher order modes are excited and radiation due to feed line 

at high frequencies. At 5 GHz, the maximum cross-polar pattern levels are found to be -38 dB 

and -34 dB approximately in E-plane and H-plane, respectively. 

 

 

Fig. 3.8. Radiation pattern setup for measurement 

However, cross polar level rises significantly at high frequencies (e.g., at 25 GHz) as hybrid 

modes are excited at those frequencies. From Fig. 10a, a minimum difference of 40 dB is 



41 
 

observed between both simulated and measured co-polar and cross polar radiation patterns at 5 

GHz in both the planes. But at high frequencies, the minimum difference level decreases to 0 

dB. It can be seen that the magnitude of co-polar patterns are less than the magnitude of cross-

polar pattern at some angles. 

  

                                            (a)                                               (b)        

  

                                            (c)                                               (d)     

  

                                            (e)                                               (f) 

Fig. 3.9. (a) E-plane at 5 GHz (b) H-plane at 5 GHz (c) E-plane at 10 GHz (d) H-plane at 10 

GHz (e) E-plane at 25 GHz (f) H-plane at 25 GHz 

Fig. 3.10 shows the plot of both simulated and measured peak gain characteristics of the 

proposed antenna. It demonstrates that peak gain increases with the increase in frequency. The 

reason for this is the dimensions of the radiator at high frequencies are too larger than their 

corresponding wavelengths. This results in the enhancement of the peak gain. The measured 
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maximum and minimum peak gains are 11.5 dBi and 1.5 dBi at frequencies 30 GHz and 3GHz, 

respectively.  

 

Fig. 3.10. Peak gain (dBi) vs frequency (GHz) of the designed antenna 

 

Fig. 3.11. Efficiency plot of the designed antenna 

The other parameter to be considered in analysing frequency domain performance is efficiency. 

A plot containing radiation efficiency and total efficiency of the proposed antenna is depicted 

in Fig. 3.11. Radiation efficiency is nothing but the efficiency of the antenna without taking the 

losses in to account. Generally, these losses occur due to the reflections at the input port, 

dielectric of the substrate and conductors. All these losses are considered while calculating the 

total efficiency of the antenna.  

Throughout the operating band, the efficiencies are greater than 40% as demonstrated 

in Fig. 3.11, which is acceptable for a small antenna. It can be observed from Fig. 3.11 that 
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radiation efficiency and total efficiency of the designed antenna become low as frequency 

increases.  

3.3.2. Surface Current Distributions 

The surface current density at a few frequencies are shown in Fig. 3.12.  

         

                                        (a)                                                                 (b) 

         

                                       (c)                                                                 (b) 

Fig. 3.12. Surface current density of the designed antenna at (a) 5 GHz (b) 20 GHz (c) 34 

GHz (d) 50 GHz 

As shown in Fig. 3.12, maximum current densities at 5 GHz are observed at the junction of the 

circular radiator, the feed line, and some portions of the circular radiator, whereas it is 

uniformly distributed at other portions. At 15 GHz, current density is more concentrated at the 
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edges of the feed line, edges of the ground plane, and around the semi-circular grooves of the 

ground plane. Whereas at 34 GHz and 50 GHz, it is more concentrated at some portions on the 

circular radiator, the ground plane and at the edges of the feed line. Radiation is mainly due to 

those portions, where the current density is maximum. 

3.3.3. Time Domain Analysis 

For traditional applications, the characteristics like reflection coefficient, VSWR, radiation 

patterns and gain are adequate to assess the performance of the antenna in frequency domain. 

However, for applications like GPR (Ground Penetrating Radar), short range indoor data 

transmission with high speed, a narrow pulse signal (Gaussian pulse) is used for transmitting 

and receiving of the signals. Hence, the time domain analysis of the antenna is very crucial and 

inevitable for UWB and SWB applications. This is carried out by using CST Microwave 

Simulator software. The designed two identical antennas are placed at a distance of 30 cm in 

two configurations. The two configurations considered are face to face and side by side. One 

of the antennas are excited by a normalized Gaussian pulse of duration in hundreds of 

picoseconds.  

 

Fig. 3.13. Normalized incident and received pulses in both the configurations 

Fig. 3.13 shows the normalized transmitted and received pulses in both the configurations. To 

compare the similarity between the input signal given to antenna and the received signal in the 

far-field region, fidelity factor is determined. It is calculated by using the expression [31] given 

below as 

                                       Fidelity factor = maximum[
∫ 𝑥1(𝑡)𝑥1(𝑡+𝑇)𝑑𝑡
∞
−∞

∫ |𝑥1(𝑡)|
2∞

−∞ ∫ |𝑥2(𝑡)|
2∞

−∞

]                        (3.4) 
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where 𝑥1(𝑡) and 𝑥2(𝑡) are transmitted and received signals, respectively. T is the delay 

considered to maximize the numerator. In ideal case, the value of the fidelity factor is equal to 

1. It is found that the fidelity factors are 78.03% and 73.25% in face-to-face and side-by-side 

configurations, respectively. To check the reception of the pulses at the other antenna, the 

parameters like group delay, isolation between two antennas and phases in the far-field are 

investigated. 

A constant group delay indicates the linearity in the phase which is needed to avoid 

distortion in the waveform. The mathematical expression to find out the group delay [29] is 

given as 

𝜏𝑔=
−𝑑𝜑(𝜔)

𝑑𝜔
                                                             (3.5) 

 

Fig. 3.14. Group delay characteristics of both the configurations 

From Fig. 3.14, it is observed that ringing in the tail is a little more in the received pulse when 

antennas are kept in side-by-side configuration. The reason behind this is the entire radiating 

surface is open to the receiving signal in face-to-face configuration. As the radiation is in the 

broadside direction in this case, the signal can be smoothly received in face-to-face 

configuration. Whereas the radiation exists in end fire direction in side-by-side configuration. 

It can be seen from Fig. 3.14 that the variations in the group delay are less than 1ns. This 

ensures the linearity of the phase in the far-field region.  

Besides this group delay, the phase responses and transmission loss 𝑆21 in dB are 

depicted in Fig. 3.15 and Fig. 3.16, respectively.  
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Fig. 3.15. Phase of 𝑆21 in both the configurations 

 

Fig. 3.16. Transmission loss in both the configurations 

It is quite evident from the Fig. 3.15 that the phases are linear in the far-field region for both 

the configurations. As demonstrated in Fig. 3.16, a good isolation of better than 25 dB is noticed 

in both the configurations. In face to face configuration, the transmission loss varies from -25 

dB to -50 dB and -50 dB to -75 dB in 3-18 GHz and 18-55 GHz, respectively except at six 

peaks of -79 dB, -77 dB, -84 dB, -79 dB, -78 dB and -76.5 dB at 22 GHz, 29.5 GHz, 44 GHz, 

47.5 GHz, 48 GHz and 49.5 GHz, respectively. It is less than -75dB at frequencies that are 

greater than 55 GHz.  

While in side by side configuration, the transmission loss varies from -25 dB to -50 dB 

in 3-22.5 GHz except at two peaks of -55 dB and -70 dB at 14.5 GHz and 19.7 GHz, 

respectively. It varies from -50 dB to -75 dB in 22.5-47 GHz except at five peaks of -78 dB, -

83 dB, -80 dB, -90 dB and -84 dB at 25 GHz, 27.5 GHz, 31 GHz, 36.5 GHz and 42.5 GHz. It 

is less than -75 dB at frequencies that are greater than 47 GHz. 
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3.4. Conclusion 

In this chapter, by utilizing the Apollonius fractal with nested Apollonius circles, a compact 

SWB antenna for both UWB and SWB applications has been designed. It has been compared 

with the other SWB antennas which were presented in the previous literatures in terms of BDR, 

size, and percentage bandwidth. It covers Ku, K, Ka and V bands in which their applications 

in communications are not explored so far. Since it covers frequencies from 3 GHz to 60 GHz, 

it is also useful for spectrum sensing in cognitive radio applications. 
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Chapter-4 

 

Frequency Reconfigurable Nine Port MIMO Antenna with 

Polarization Diversity for CR applications 

 

4.1. Introduction 

The high data rates wireless devices with efficient spectrum utilization are grabbing more 

attention as they have become crucial in the present day wireless communication. As MIMO 

systems provide high data rates and CR technology utilizes the spectrum efficiently, MIMO 

systems with CR technology are treated as promising systems to attain high data rates and 

utilize the spectrum efficiently.  

In this chapter, a nine port planar antenna, which consists of one wideband antenna for 

sensing and eight similar reconfigurable antennas for performing communication tasks, is 

presented for cognitive radio (CR) multiple input multiple output (MIMO) applications. The 

sensing antenna operates at 1.8-10 GHz, whereas the reconfigurable antenna for communication 

operates at any one of five frequency bands (i.e., 1.77-1.95 GHz, 1.9-2.15 GHz, 2.19-2.45 GHz, 

2.63-3.02 GHz, 3.19-3.84 GHz, and 3.82-5.16 GHz) based on the ON and OFF statuses of the 

p-type intrinsic n-type (PIN) diodes. In all operating states of the reconfigurable antenna, the 

isolation between the sensing antenna and any reconfigurable antenna is more than 15dB, while 

the isolation is more than 14 dB between every two similar reconfigurable antennas. Validation 

of the proposed cognitive radio MIMO antenna is done by achieving a close match between the 

simulated and experimental results. The proposed MIMO antenna for CR applications in this 

chapter not only performs multiple communication tasks concurrently but also acts as a 
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dynamic n-element MIMO antenna system, where n is a variable that depends on the number 

of detected spectrum holes. When 1, 2, and 4 spectrum holes are identified, the proposed 

antenna system acts as 8-element, 4-element, and 2-element MIMO antennas, respectively. 

When 3 spectrum holes are identified, the proposed MIMO antenna system acts as 2-element 

with any two of the eight reconfigurable antennas terminated with matched impedance of 50 

Ohms. Moreover, polarization diversity is also attained by the MIMO antenna designed on FR-

4 substrate as some of the reconfigurable antennas for communication are linearly polarized in 

+X, -X, +Y, and –Y directions. 

The remaining contents of this chapter are structured as follows: The design procedure 

of the wideband sensing antenna is described in Section 4.2. The design methodology of the 

reconfigurable antenna that is used in the designed MIMO antenna system is given in Section 

4.3. The final design of the nine port MIMO antenna and its measurement results are elucidated 

in Section 4.4. The conclusion of this chapter is given in Section 4.5. 

4.2. Design Procedure of the Sensing Antenna 

The sensing antenna, which has a wide bandwidth that ranges from 1.8 GHz to10 GHz, is shown 

in Fig. 4.1a. As seen in Fig. 4.1b, the design process of the sensing antenna is completed in 

seven stages. A conventional monopole antenna with partial ground plane (i.e., Ant I), which 

produces a wide bandwidth (i.e., 2.6-10 GHz), is designed in the first step, as shown in Fig. 

4.1b. A circular patch of radius 5.28 mm is merged with the circular patch of radius 8.78 mm 

in the second stage to shift the lower cut-off frequency to left side, as shown in Fig. 4.1b. Fine 

impedance matching is attained in two frequency bands (i.e., 2.25-3 GHz and 5.75-10.4 GHz) 

with the configuration of Ant II, as seen in Fig. 4.1c. In the third stage, another circular patch 

of radius 4 mm is merged with the radiator of the Ant II to further shift the lower cut-off 

frequency to left side, as depicted in Fig. 4.1b. It can be noticed from Fig. 4.1c that the good 

impedance matching is obtained with the geometry of Ant III in the frequency bands, i.e., 2.07-

2.55 GHz, 4.3-8.1 GHz, and 8.8-10.8 GHz. 

In the fourth stage, another circular patch of radius 3 mm is merged with the radiator of 

Ant III, as shown in Fig. 4.1b. It is obvious from Fig. 4.1d that a fine impedance matching is 

attained with the geometry of Ant IV in 2-2.31 GHz, 4-7.65 GHz, and 8.82-10 GHz. To obtain 

the lower cut off frequency less than 2 GHz, a circular patch of radius 2 mm is merged with the 

radiator of Ant IV, as shown in Fig. 4.1b. Reflection coefficient curve of Ant V is less than -10 
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dB in 1.94-2.21 GHz, 3.8-4.67 GHz, 5.25-7.33 GHz, and 8.28-9.61 GHz, as depicted in Fig. 

4.1d.  

 

                                  (a)                                                                (b)                                    

 

                           (c)                                             (d)                                                 (e)     

Fig. 4.1. Sensing antenna (a) Geometry of the sensing antenna (b) Evolution of the sensing 

antenna (c) Reflection coefficients of Ant I, Ant II, and Ant III (d) Reflection Coefficients of 

Ant IV, Ant V, Ant VI, and Ant VII (e) Plot of S11 

Since the sensing antenna should have a wide impedance bandwidth to sense the wide range of 

frequencies, rectangular shaped ground plane is modified to a semi-elliptic shaped ground 

plane, as depicted in Ant VI of Fig. 4.1b. Thus, a fine impedance matching is attained from 

frequencies that are greater than 1.8 GHz except in 3.01-3.68 GHz, as seen in Fig. 4.1d. In the 

last stage, to achieve good impedance matching in 1.8-10 GHz, a rectangle shaped notch is 

employed the ground plane, as depicted in Ant VII of Fig. 4.1b. Hence, as shown in Fig. 4.1d, 
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reflection coefficient of Ant VII is less than -10 dB in the bandwidth that ranges from 1.8 GHz 

to 10 GHz. The reflection coefficient of the sensing antenna accessed at port 1 is depicted in 

Fig. 4.1e. The dimensions of the wideband sensing antenna are given in Table 4.1. 

Table 4.1. Dimensions of the sensing antenna 

Parameter mm Parameter  mm 

R1 8.78 Lg 5 

R2 5.28 Wg 18.98 

R3 4 Wf 3.3 

R4 3 Ln 4.5 

R5 2   Wn 1.57 

p1 1.16     

 

4.3. Design Procedure of the Reconfigurable Antenna 

A reconfigurable monopole antenna with bent microstrip line feeding shown in Fig. 4.2a is 

designed to operate at different frequencies depending on the statuses of the PIN diodes used.  

The circuit equivalents in ON and OFF states of BAR64-03w PIN diode in HFSS are 

shown in Fig. 4.2b. Biasing voltage of 3 V is given to diodes externally. 100 nH is used to choke 

RF signals and 470 pF capacitor is used to short the RF signals that come from external bias. 

D1, D2, D3, and D4 are ON and the remaining diodes are OFF in the first operating state, so 

the current flow mainly occurs in the strips of lengths 4.25 mm, 4.05 mm, 4 mm, and 7.35 mm, 

thus resulting in a resonance at 1.85 GHz, as shown in Fig. 4.2c. As this structure of the 

reconfigurable antenna provides the longest current path, the reconfigurable antenna resonates 

at the lowest frequency. In the second operating state, D2, D3, and D4 are ON and the remaining 

diodes are OFF, so the current that flows in the strips of lengths 4.05 mm, 4 mm, and 7.35 mm 

through the diodes generates resonance at 2.05 GHz, as depicted in Fig. 4.2d. In the third 

operating state, D3 and D4 are ON and the remaining diodes are OFF, so the current mainly 

flows in the strips of lengths 4 mm and 7.35 mm, thereby generating a resonance at 2.3 GHz, 

as shown in State II of Fig. 4.2e. Only D4, D5, and D6 are ON in the fourth, fifth, and sixth 

operating states, respectively. 



52 
 

 

                                                     (a)                                                 (b) 

  

                        (c)                                               (d)                                                (e)    

  

                        (f)                                               (g)                                                (h)                               

Fig. 4.2. Reconfigurable antenna (a) Geometry of the reconfigurable antenna (b) R-L-C 

equivalent of the PIN diode (c) Plot of S22 in State I (d) Plot of S22 in State II (e) Plot of S22 in 

State III (f) Plot of S22 in State IV (g) Plot of S22 in State V (h) Plot of S22 in State VI 
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The radiating strips of lengths 7.35 mm, 6.55 mm, and 3 mm are alone responsible for the 

resonances in the fourth, fifth, and sixth operating states, respectively. The impedance 

bandwidths in the fourth, fifth, and sixth operating states are 0.39 GHz (i.e., 2.63-3.02 GHz), 

0.65 GHz (i.e., 3.19-3.84 GHz), and 1.34 GHz (i.e., 3.82-5.16 GHz), respectively, as shown in 

Fig. 4.2f, Fig. 4.2g, and Fig. 4.2h. The dimensions of the reconfigurable communication antenna 

are tabulated in Table 4.2. 

Table 4.2. Dimensions of the reconfigurable communication antenna 

Parameter Mm Parameter mm 

L1 4.25 L7 2.5 

L2 4.05 L8 6 

L3 4 Lg1 15 

L4 7.35 Wg1 10 

L5 6.55   Wf1 3 

L6 3   lf1 4.1 

W1 1.55 Wc 1.6 

W2 3 p2 1 

The surface current densities of the reconfigurable communication antenna are illustrated in 

Fig. 4.3. The resonating lengths of the reconfigurable communication antenna are assessed from 

the portions of the antenna, where maximum surface current densities exist since resonances 

are excited due to those portions. It can be seen from Fig. 4.3 that maximum surface current 

densities exist on the strips of lengths (
L1

2
 + L2 + L3 + L4 + L7 + L8), (L2 + L3 + L4 + L7 + 

L8), (L3+ L4 + L7 + L8), (L4 + L7 + L8), and (
2L5

3
 + L7 + L8) in States I, II, III, IV, and V, 

respectively. So, the resonating lengths of the reconfigurable communication antenna in States 

I, II, III, IV, and V are expressed as shown in equations 4.1, 4.2, 4.3, 4.4, and 4.5, respectively. 

They are equal to (
1

4
)
th

 of the guided wavelength at their corresponding resonant frequencies. 

Lr (State I) = 
L1

2
 + L2 + L3 + L4 + L7 + L8                              (4.1) 

Lr (State II) = L2 + L3 + L4 + L7 + L8                                     (4.2) 

Lr (State III) = L3 + L4 + L7 + L8                                             (4.3) 
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Lr (State IV) = L4 + L7 + L8                                                      (4.4) 

Lr (State V) = 
2L5

3
 + L7 + L8                                                      (4.5) 

 

                                                            (a)                                            (b) 

 

                                   (c)                                           (d)                                                (e) 

Fig. 4.3. Surface current densities of the reconfigurable communication antenna (a) at 1.85 

GHz in State I (b) at 2 GHz in State II (c) at 2.35 GHz in State III (d) at 2.85 GHz in State IV 

(e) 3.5 GHz in State V 

L1

2
 and 

2L5

3
 are considered in equations 4.1 and 4.5, respectively, since strong current densities 

exist on half portion of strip that has length L1 and two-third portion of strip that has length L5 

in State I and State V, respectively, as shown in Fig 4.3a and Fig. 4.3e. As resonating length is 
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equal to 
1

4

𝑡ℎ
of the guided wavelength at the corresponding resonant frequency, the resonant 

frequency can be calculated using equation 4.6. 

𝑓𝑟  = 
𝑐

4𝐿𝑟√𝜀𝑒𝑓𝑓
                                                             (4.6) 

            𝜀𝑒𝑓𝑓 is taken as the average of 𝜀𝑟 and 1, i.e., 𝜀𝑒𝑓𝑓 = 
𝜀𝑟+1

2
. The resonant frequencies 

obtained from equation 4.6 in States I, II, III, IV, and V are 1.75 GHz, 1.91 GHz, 2.29 GHz, 

2.87 GHz, and 3.54 GHz, respectively. Whereas the resonant frequencies obtained from HFSS 

simulation in States I, II, III, IV, and V are 1.85 GHz, 2.00 GHz, 2.35 GHz, 2.85 GHz, and 3.5 

GHz, respectively. The percentage differences of the resonant frequencies of the reconfigurable 

communication antenna obtained from HFSS simulation and design equation are 5.4%, 4.5%, 

2.1%, 0.7%, and 1.1% in States I, II, III, IV, and V, respectively.  

4.4. Results and Discussions 

After designing sensing antenna and reconfigurable monopole antenna, eight similar 

reconfigurable monopole antennas and one sensing antenna are placed as depicted in Fig. 4.4a. 

The proposed cognitive radio MIMO antenna’s fabricated prototype is depicted in Fig. 4.4b.  

 

                                               (a)                                                      (b) 

Fig. 4.4. Nine port reconfigurable CR MIMO antenna (a) Structure of the CR MIMO antenna 

(b) Photograph of the fabricated prototype 
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The reflection coefficients of the antennas associated with ports 3, 4, 5, 6, 7, 8, and 9 in the 

designed CR MIMO antenna system are not shown for brevity since they are also similar to the 

reconfigurable antenna accessed at port 2. While measuring the reflection coefficient of an 

antenna, the remaining antennas are terminated with a matched load of 50 ohms.  

 

(a)                                              (b)                                              (c) 

 

(d)                                              (e)                                              (f) 

 

(g)                                                                         (h) 

Fig. 4. 5. Mutual coupling between sensing antenna and reconfigurable antennas (a) S12 and 

S18 in State I (b) S12 and S18 in State II (c) S12 and S18 in State III (d) S12 and S18 in State IV 

(e) S12 and S18 in State V (f) S12 and S18 in State VI (g) S23 in all states (h) S78 in all states 

The mutual coupling between sensing antenna and reconfigurable antenna accessed at port 2 

that is parallel to the wideband sensing antenna, and also the mutual coupling between sensing 

antenna and reconfigurable antenna accessed at port 8 that is perpendicular to the sensing 
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antenna in States I, II, III, IV, V and VI are depicted in Figs. 4.5a, 4.5b, 4.5c, 4.5d, 4.5e, and 

4.5f, respectively. For brevity, the mutual coupling between sensing antenna and other 

reconfigurable antennas are not provided as they also follow the similar trend. Also, in all 

operating states, the mutual coupling between vertically separated reconfigurable antennas 

(antennas accessed at ports 2 and 3) and the mutual coupling between orthogonally placed 

antennas that are close to each other (antennas accessed at ports 7 and 8) are illustrated in Figs. 

4.5g and 4.5h, respectively. For brevity, the mutual coupling between other reconfigurable 

antennas are not provided as they also follow the similar trend.  

 

                   (a)                                              (b)                                             (c) 

 

                   (d)                                              (e)                                             (f) 

Fig. 4.6. Patterns of the antenna accessed at port 1 at (a) 2.5 GHz-XZ plane (b) 2.5 GHz-YZ 

plane (c) 4 GHz-XZ plane (d) 4 GHz-YZ plane (e) 5 GHz-XZ plane (f) 5 GHz-YZ plane 

It is evident from Figure 4.5 that the mutual coupling between the wideband sensing antenna 

and any reconfigurable antenna is less than -15 dB, while the mutual coupling between any two 

reconfigurable antennas is less than -14 dB in all operating states of the reconfigurable antenna. 

Since some of the reconfigurable antennas are separated at long distances, the mutual coupling 

between them are not presented for brevity. Good isolation between every two antennas that 

are separated horizontally is achieved as the distance between them is more than one-fourth of 

the wavelengths corresponding to their lowest operating frequencies.  
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                  (a)                                                         (b)                                                          (c) 

  

                  (d)                                                         (e)                                                          (f) 

  

                  (g)                                                         (h)                                                          (i) 

  

                   (j)                                                         (k)                                                          (l) 

Fig. 4.7. Patterns of the antenna accessed at port 2 at (a) 1.9 GHz-XZ plane (b) 1.9 GHz-YZ 

plane (c) 2.1 GHz-XZ plane (d) 2.1 GHz-YZ plane (e) 2.3 GHz-XZ plane (f) 2.3 GHz-YZ 

plane (g) 2.8 GHz-XZ plane (h) 2.8 GHz-YZ plane (i) 3.5 GHz-XZ plane (j) 3.5 GHz-YZ 

plane (k) 4.5 GHz-XZ plane (l) 4.5 GHz-YZ plane 
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Even though the every two antennas in four antenna pairs (i.e., antenna accessed at ports 2 and 

3, antenna accessed at ports 4 and 5, antenna accessed at ports 6 and 7, and antenna accessed at 

ports 8 and 9) are separated at distances of less than one-fourth of the wavelengths 

corresponding to their lowest operating frequencies, good isolation is accomplished between 

them as the two antennas in each pair of antennas are separated vertically.    

Table 4.3. Comparison of the designed MIMO antenna with the other MIMO antennas for CR 

applications 

Ref. Size 

(mm2) 

Sensing 

antenna’s 

range in 

GHz 

Frequency 

ranges covered 

for 

communication 

Minimum 

Isolation 

attained 

(dB) 

n-element 

MIMO 

antenna 

Polarization 

diversity 

[131] 50 × 110 - 1.73-2.28 and 

2.45 

10 2 No 

[132] 65 × 120 0.72-3.44 Some 

frequencies in 

0.72-3.44 

15.5 2 No 

[134] 60 × 120 - 1.32-1.49 and 

1.75-5.2 

12 4 No 

[154] 100 × 120 2.5-4.2 Some 

frequencies in 

2.5-4.2 

15 4 No 

[163] 60 × 120 - 1.65-2.6 15 2 No 

[129] 60 × 120 1-4.5 0.9-2.6 12.5 1 No 

[166] 52.2 × 35 1.7-10.6 5.1-5.5, 6.6-7.2, 

and 9.7-10.2 

15 1 No 

[135] 109 × 109 2-5.7 2.5-4.2 15 4 Yes 

proposed 150 × 150 1.8-10 1.77-1.95, 1.9-

2.15, 2.19-2.45, 

2.63-3.02, 3.19-

3.84, and 3.82-

5.16 

14 8 Yes 

The patterns of the wideband sensing antenna and the reconfigurable antenna connected to port 

2 are depicted in Figs. 4.6 and 4.7, respectively. Exact ‘8’ shaped patterns and omnidirectional 
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patterns are observed at 2.5 GHz in XZ and YZ planes, respectively, whereas a little distorted 

dipole natured patterns are noticed at 4 GHz and 5 GHz as the sensing antenna operates at 

higher ordered resonating modes, as illustrated in Fig. 4.6. 

As illustrated in Fig. 4.7, stable radiation patterns, which a dipole antenna has normally, 

are achieved in all operating states of the reconfigurable antenna since reconfigurable 

communication antenna operates at its first resonating mode in all operating states. In case of 

sensing antenna, the simulated radiation efficiency varies from 80% to 96%, while the measured 

radiation efficiency varies from 72% to 87%. In case of reconfigurable antenna, the simulated 

radiation efficiencies vary from 70% to 75%, 61% to 71%, 66% to 72%, 67% to 87%, 74% to 

87%, and 71% to 80% in States I, II, III, IV, V, and VI, respectively. Whereas the measured 

radiation efficiencies vary from 65% to 71%, 57% to 64%, 61% to 67%, 61% to 81%, 71% to 

85%, and 70% to 76% in States I, II, III, IV, V, and VI, respectively.  

It is evident from Table 4.3 that the designed CR MIMO antenna can perform 

communication tasks in 1.77-5.16 GHz and has a feature of polarization diversity. Moreover, 

the designed MIMO antenna is higher element MIMO antenna over other MIMO antennas for 

CR applications in literature.  

In case of sensing antenna, the simulated peak gain varies from 1.8 dBi to 5.5 dBi, while 

the measured peak gain varies from 1.1 dBi to 5.2 dBi. In case of reconfigurable antenna, the 

simulated peak gains vary from 0.75 dBi to 0.89 dBi, 0.12 dBi to 0.52 dBi, 0.59 dBi to 0.92 

dBi, 1.46 dBi to 2.01 dBi, 1.62 dBi to 3.21 dBi, and 1.86 dBi to 4.3 dBi in States I, II, III, IV, 

V, and VI, respectively. Whereas the measured peak gains vary from 0.61 dBi to 0.69 dBi, 0.02 

dBi to 0.42 dBi, 0.47 dBi to 0.76 dBi, 1.28 dBi to 1.78 dBi, 1.45 dBi to 3.02 dBi, and 1.72 dBi 

to 3.82 dBi in States I, II, III, IV, V, and VI, respectively. 

4.5. Conclusion 

In this chapter, a nine port integrated sensing antenna and reconfigurable communication 

antennas for CR MIMO applications has been presented. It acts as a dynamic n-element MIMO 

antenna depending on the number of spectrum holes detected. Moreover, polarization diversity 

is also attained as some of the reconfigurable communication antennas are polarized in +X, -X, 

+Y, and –Y directions. The simulated and measured results confirm that the designed antenna 

is a fine candidate for CR MIMO applications. 
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Chapter-5 

 

Integrated UWB Sensing and WB/NB Antennas Systems 

for CR Applications  

 

5.1. Introduction 

Most of the reported antennas in the literature are based on reconfigurable mechanisms that 

have unavoidable drawbacks like slow tuning, power consumption, and negative effects of the 

biasing lines, which affect the radiation characteristics when switches like PIN diodes, varactor 

diodes and RF MEMS are embedded into the radiating surface of the antenna. Moreover, it is 

difficult to implement these reconfigurable mechanisms in practice. So, in this chapter, a low 

profile and compact three port antenna for cognitive radio applications is presented. The 

proposed system has a sensing antenna that operates in ultra wideband (3.1-10.6 GHz) approved 

by FCC and a pair narrowband antennas for communication. Two narrowband antennas have -

10 dB reflection coefficient bandwidths of 2.6 GHz (6.8-9.4 GHz) and 1.2 GHz (9.4-10.6 GHz). 

Isolation of better than 14 dB over the entire bandwidth of the sensing antenna is achieved 

between any two antennas without decoupling mechanism. The proposed system is realized on 

a low cost FR-4 substrate in a physical volume of 41 mm × 39 mm × 1.6 mm. An average gain 

of 3.3 dBi is achieved by sensing antenna in its operating bandwidth. Moreover, the radiation 

efficiencies of narrowband antennas are greater than 75% in their operating bandwidths and 

acceptable gains are achieved. More importantly, the proposed antenna system is a good 

alternative to reconfigurable antennas. Moreover, it is able to perform two communication tasks 

at a time when the spectrum (6.8-9.4 GHz and 9.4-10.6 GHz) is unutilized by primary users.  

In this chapter, a six port antenna for better spectrum utilization efficiency in cognitive 

radio (CR) applications is also presented. In this six port antenna system, an ultra-wideband 
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(UWB) sensing antenna and five wideband/narrowband (NB) antennas are integrated on the 

same substrate in a compact area of 1134 mm2. Antenna associated with port 1, which is meant 

for sensing, has -10 dB reflection coefficient bandwidth of 8 GHz (3-11 GHz) and the antennas 

associated with ports 2, 3, 4, 5 and 6 have -10 dB reflection coefficient in 3.6-5.8 GHz (single 

band), 2.9-3.6 GHz and 5.4-7.98 GHz (dual band), 7.95-8.38 GHz and 9-9.85 GHz (dual band), 

8.38-9 GHz (single band) and 9.7-10.7 GHz (single band), respectively. Minimum isolation of 

20 dB is attained between UWB sensing antenna and any narrowband/wideband antenna except 

between the antennas associated with ports 1 and 2 where minimum isolation of 12 dB is 

achieved over the operating bandwidth of UWB sensing antenna. Moreover, among all 

wideband/narrowband antennas, isolation of less than 15 dB is achieved. More importantly, the 

narrowband and wideband antennas meant for communication cover all frequency bands in 

UWB and a good match between the simulated and measured results is noticed. 

The remaining contents of this chapter are structured as follows: The design of the three 

port antenna system that comprises one UWB sensing antenna and two WB/NB antennas is 

described in Section 5.2. The design of the three port antenna system that comprises one UWB 

sensing antenna and five WB/NB antennas is presented in Section 5.3. The conclusion of this 

chapter is given in Section 5.4. 

5.2. Three Port Integrated UWB and NB Antennas System 

Design 

In this design, cheap and easily available FR-4 substrate is preferred. Initially, an UWB antenna 

is designed. The intermediate steps in the design process of UWB antenna are illustrated in Fig. 

5.1. The final design and its optimized dimensions are shown in Fig. 5.2. Firstly, a traditional 

rectangular patch is fed by a strip line of width 3.4 mm. With this structure, good impedance 

matching is achieved at low frequencies. However, it is poor at high frequencies, as depicted in 

Ant I of Fig. 5.3. By employing a half circular notch in the ground plane, impedance matching 

is bettered at high frequencies, as shown in Ant II of Fig. 5.3. It is due to the fact that inductive 

behaviour of the radiator is neutralized by the capacitance produced by the half circular notch. 

Thereafter, on both sides of the half circular notch, two similar rectangular notches of 

dimensions 1.5 mm x 8 mm are applied, as shown in Ant III of Fig. 5.1. By inserting the 

rectangular notches, the reflection coefficient curve shifts a little leftward and matching is also 

improved, as depicted Ant II of Fig. 5.3.  
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Fig. 5.1. Evolution, top view, and bottom views of the UWB antenna 

 

  

                                  (a)                                (b)                                     (c) 

Fig. 5.2. Three port antenna (a) Top view (b) Bottom view (c) Final design 

The simulated and measured reflection coefficients of each antenna in the three port antenna 

system are displayed in Fig. 5.4. A good agreement between them is observed. While measuring 

the reflection coefficient of one antenna, the remaining antennas are terminated with an 

impedance of 50 Ohms. The top and bottom views of the fabricated prototype are shown in Fig. 

5.5. 
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Fig. 5.3. Reflection coefficient of the antennas in the evolution of UWB antenna 

  

                      (a)                                                 (b)                                               (c) 

Fig. 5.4. Reflection coefficients of the antennas accessible at (a) Port 1 (b) Port 2 (c) Port 3 

 

Fig. 5.5. Fabricated prototype of the three port antenna 

After designing UWB sensing antenna, two NB antennas are integrated in the same substrate 

in such a way that a minimum isolation of 14 dB in the UWB between every pair of antennas 

is attained. Since it is a 3 port antenna, in case of single spectrum hole detection, two cases are 

possible. In one case, when a spectrum hole in the bandwidth of antenna accessible at port 2 is 

detected, the other NB antenna is terminated with 50 Ohms load. In this mode, the plot of S21 

is shown in Fig. 5.6a. It is observed that an isolation of better than 14 dB between UWB antenna 

and NB antenna accessible at port 2 is achieved. In second case, when a spectrum hole in the 
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bandwidth of antenna accessible at port 3 is identified, the other NB antenna is terminated with 

50 Ohms load. In this mode, the plot of S31 is shown in Fig. 5.6b. It is observed that an isolation 

of better than 15 dB between UWB antenna and NB antenna accessible at port 3 is achieved. 

  

                                                  (a)                                                 (b) 

Fig. 5.6. Isolation between sensing antenna and NB antenna (a) S21 in dB (b) S31 in dB 

Table 5.1. Radiation efficiencies and peak gains of all antennas in the three port antenna 

system 

Antenna Radiation Efficiency (%) Peak Gain (dBi) 

Simulated Measured Simulated Measured 

Antenna accessible at port 1 95-85 87-81 2.3-6.5 1.8-5.8 

Antenna accessible at port 2 90-86 84-79 4.4-5.1 4.1-4.7 

Antenna accessible at port 3 87-64 81-62 2.1-4.3 1.8-4.1 

It can be observed from Table 5.1 that the simulated and measured radiation efficiencies of the 

antenna accessible at port 1 are greater than 85% and 81%, respectively. In case of antenna 

accessible at port 2, the simulated and the measured radiation efficiencies are greater than 86% 

and 79%, respectively. Whereas in case of antenna accessible at port 3, the simulated and the 

measured radiation efficiencies are greater than 64% and 62%, respectively. Low radiation 

efficiencies are noticed at low frequencies of the antenna accessible at port 3 since the antenna 

accessible at port 3 is electrically small.  

It can be noticed from Table 5.1 that the simulated and measured peak gains of the 

antenna accessible at port 1 are greater than 2.3 dBi and 1.8 dBi, respectively. In case of antenna 

accessible at port 2, the simulated and the measured peak gains are greater than 4.4 dBi and 4.1 
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dBi, respectively. Whereas in case of antenna accessible at port 3, the simulated and the 

measured peak gains are greater than 2.1 dBi and 1.8 dBi, respectively. 

 

                   (a)                                             (b)                                               (c) 

 

                   (d)                                             (e)                                               (f) 

 

                                            (g)                                              (h) 

Fig. 5.7. Patterns of the UWB antenna at (a) 3 GHz-XZ plane (b) 3 GHz-YZ plane (c) 5 GHz-

XZ plane (d) 5 GHz-YZ plane (e) 7.5 GHz-XZ plane (f) 7.5 GHz-YZ plane (g) 10 GHz-XZ 

plane (h) 10 GHz-YZ plane  

The simulated and measured radiation patterns of the UWB sensing antenna at frequencies 3, 

5, 7.5, and 10 GHz, when all other antennas in the six port antenna are terminated with 50 Ohms 

load, are illustrated in Fig. 5.7. Dipole like patterns and omnidirectional patterns with low cross 

pol levels are observed at low and high frequencies, respectively. The radiation patterns in 
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orthogonal planes of the NB antenna accessible at port 2 at 8 GHz are shown in Fig. 5.8. The 

radiation patterns in orthogonal planes of the NB antenna accessible at port 3 at 10 GHz are 

shown in Fig. 5.9.  

 

                                             (a)                                               (b) 

Fig. 5.8. Patterns of the antenna accessible at port 2 at (a) 8 GHz-XZ plane (b) 8 GHz-YZ 

plane  

 

                                             (a)                                               (b) 

Fig. 5.9. Patterns of the antenna accessible at port 3 at (a) 10 GHz-XZ plane (b) 10 GHz-YZ 

plane 

5.3. Six Port Integrated UWB and WB/NB Antenna System 

Design 

5.3.1. Design Procedure of the UWB Sensing Antenna 

In this section, the step-by-step optimization process of the designed UWB sensing antenna is 

presented. The configuration of the UWB antenna is illustrated in Fig. 5.10 and all the 

optimized dimensions of the CPW-fed UWB antenna are reported in Table 5.2. Cheap and 

easily available FR-4 substrate having thickness of 1.6 mm is chosen in the present design. 
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CPW feeding technique is highly preferred as it eliminates misalignment between the active 

patch and ground plane, thus providing easy integration with RF circuits [121-122].  

 

 

Fig. 5.10. Configuration of the UWB sensing antenna 

In order to feed the UWB sensing antenna, a CPW feed line of impedance fifty ohms is designed 

by using Equations (5.1)-(5.7) that are used to find out a symmetrical double strip CPW line’s 

characteristic impedance. The equations [123] are as follows: 

k′ = √1 − k2                                                                   (5.1) 

k1 = 
a′

b′
                                                                             (5.2) 

Here, a′ = wf1 and b′ = wf1 + gu. Therefore, k1 can be expressed in terms of wf1 and gu as 

shown below.  

k1 = 
wf1

wf1+2gu
                                                                    (5.3) 

k2 = 
sinh (

πa′

2h1
)

sinh (
πb′

2h1
)
                                                                   (5.4) 

K(k)

K′(k)
 = 

{
 
 

 
 

π

ln [
2(1+√k′)

1−√k′
]

       0 ≤ k ≤ 0.707

ln [
2(1+√k′)

1−√k′
]

π
      0.707 ≤ k ≤ 1

                                               (5.5) 
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εeff = 1 + (
εr−1

2
) (

K(k2)K
′(k1)

K′(k2)K(k2)
)                                          (5.6) 

Z0 = (
30π

√εeff
) (

K′(k1)

K(k1)
)                                                         (5.7) 

where K(k) and K′(k) are elliptical integrals of the first order with arguments k and 

complementary argument k1, respectively, h1 is the thickness of the substrate, wf1 is the width 

of the feed line (i.e., central conductor), gu is the separation between the central conductor and 

the ground plane on either side of the conductor, and εr is the relative permittivity of the 

substrate. In this design, wf1 and gu are chosen in such a way that the characteristic impedance 

of the CPW line is 50 Ohms. The intermediate steps in the design process of UWB antenna are 

depicted in Fig. 5.11.  

Initially, a wide rectangular slot in the ground plane as shown in Ant I of Fig. 5.11 is 

employed and a rectangular shaped radiator is fed by a 50 Ohms impedance strip line to produce 

a wide band that ranges from 3.4 GHz to 9.3 GHz, as shown in Ant I of Fig. 5.12. Longest 

current path is created by reducing the width of strip (du) in the ground plane, which surrounds 

the wide rectangular slot. By increasing the length L1 in the ground plane, it is observed from 

Fig. 5.13 that the impedance matching at the low frequencies is significantly improved. At low 

frequencies, since the current patch is of the ground plane, by properly selecting the value of 

L1, the capacitive coupling between the ground plane and the rectangular patch neutralizes the 

inductive behaviour of the ground plane. Hence, the impedance matching is significantly 

improved at the low frequencies of the UWB sensing antenna. For L1 = 8.9 mm, a minimum 

reflection coefficient of -42.5 dB at 4.2 GHz is noticed. However, the impedance matching at 

high frequencies is poor. So, to improve the reflection coefficient characteristics at high 

frequencies, two circular notches are applied in the both sides of the rectangular patch such that 

a balance can be achieved between the horizontal and vertical currents, as shown in Ant II of 

Fig. 5.11. Moreover, a smooth transition from one resonating mode to another resonating mode 

is achieved; hence, an increment in -10 dB reflection coefficient bandwidth is observed, as 

depicted in Ant II of Fig. 5.12. But the achieved -10 dB reflection coefficient bandwidth with 

this structure is 6.6 GHz (3.4-10 GHz), as shown in Ant II of Fig. 5.12. To further increase this 

bandwidth, as depicted in Ant III of Fig. 5.11, a ‘Ω’ shaped notch is employed in the upper half 

of the ground plane so that the unwanted coupling between the upper edges of the patch and the 

upper half of the ground plane is eliminated. Therefore, good reflection coefficient 

characteristics and radiation characteristics are achieved at high frequencies, as shown in Ant 
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III of Fig. 5.12. However, the reflection coefficient curve is slightly shifted to right side by 

employing the ‘Ω’ shaped notch in the ground plane, as shown in Ant III of Fig. 5.12. 

Thereafter, modification of the rectangular patch as shown in Ant IV of Fig 5.11 leads to better 

impedance matching throughout a wide frequency range (i.e., 3.25-11.7 GHz), as demonstrated 

in Ant IV of Fig. 5.12.  

Table 5.2. Optimized dimensions of the proposed UWB sensing antenna 

Parameters  mm Parameters mm 

Lu 18 eu 1 

Wu 15 fu 4 

au 8.6 gu 0.5 

bu 9.13 hu 4 

cu 1 L1 8.9 

du 0.5 Wf1 3 

 

Fig. 5.11. Intermediate steps in the design process of the UWB sensing antenna 

To make the antenna resonant from 3 GHz, two rectangular notches in both sides of the ground 

plane are incorporated and a narrow strip line of 2 mm width is used between the modified 

rectangular patch and the 50 Ohms feed line, as depicted in Ant V of Fig. 5.11. The presence 

of these two rectangular notches further helps in providing electrical lengthening. Hence, the 

reflection coefficient curve of Ant V in Fig. 5.12 shifts a little leftward and is below -10 dB in 

the entire spectrum of UWB, as shown in Ant V of Fig. 5.12. 
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Fig. 5.12. Plot of reflection coefficient vs frequency in the design process of the UWB sensing 

antenna  

 

Fig. 5.13. Reflection coefficient’s performance of the sensing antenna for different values of 

L1 

 

Fig. 5.14. Surface current distributions of the UWB sensing antenna at 3.1 GHz  
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Fig. 5.15. Surface current density of the UWB sensing antenna at 3.79 GHz 

The electrical lengthening phenomenon can be understood from Fig. 5.14. As depicted in Fig. 

5.14, the surface currents travel additional path due to the presence of rectangular notches. Since 

the longest current path of an antenna decides the lowest resonant frequency, the first resonant 

frequency of Ant V decreases slightly compared to the first resonant frequency of Ant IV due 

to the longer current path provided by the two rectangular notches of Ant V. Therefore, the 

reflection coefficient curve of Ant V in Fig. 5.12 shifts a little leftward. The first resonance of 

the UWB sensing antenna is excited due to the some portions of the ground plane where 

maximum surface current densities exist. As depicted in Fig. 5.15, maximum surface current 

densities exist at the rectangular notches and also at the narrow elongated strips on the ground 

plane. Therefore, the length of the ground plane that is responsible for first resonance can be 

calculated as 

Lr1(P1) = (au + 2cu + eu) + (au + 2cu + eu) = 2 × (au + 2cu + eu)                             (5.8) 

where au is the length of the narrow elongated strip, cu is the height of the rectangular notch, 

and eu is the length of the rectangular notch. Normally, the resonating length should be equal 

to the half of the guided wavelength at a resonant frequency. Therefore, the equation for the 

first resonant frequency is written as 

fr1(P1) = 
c

2Lr1(P1)√εreff
                                                        (5.9) 

where εreff is the effective dielectric constant and c is the velocity of the light in air. Here, εreff 

is taken as 
εr+1

2
 (i.e., εreff ≈ 

εr+1

2
). So, the value of  εreff is 2.7. From the data given in Table 

5.2, Lr1(P1) is found as 23.2 mm. After substituting the values of Lr1(P1), εreff and c in the 

Equation (5.9), we get fr1(P1) as 3.93 GHz (i.e., fr1(P1) ≈ 3.93 GHz). 
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Fig. 5.16. Reflection coefficient plot of the UWB sensing antenna for different values of eu 

The reflection coefficient plot of the UWB sensing antenna for different values of eu, while 

keeping the other parameters (i.e., au and cu) constant, is shown in Fig. 5.16. It can be observed 

from Fig. 5.16 that the first resonant frequency shifts towards left as eu increases. It is due to 

the fact that  Lr1(P1) increases as eu increases. As a result, fr1(P1) decreases.  

Table 5. 3. Comparison between frequencies obtained from design equation and simulation 

for first resonance of the UWB sensing antenna 

eu 

(mm) 

𝐋𝐫𝟏(𝐏𝟏) 

(mm) 

Resonant Frequency 

(GHz) 

% 

difference 

Design 

Equation 

Simulation 

(HFSS) 

0.5 22.2 4.11 4.01 2.49 

1 23.2 3.93 3.79 3.69 

1.5 24.2 3.77 3.73 1.07 

2 25.2 3.62 3.65 0.82 

2.5 26.2 3.48 3.57 2.52 

3 27.2 3.35 3.51 4.55 

In order to show the effectiveness of the design methodology, the percentage differences 

between the resonant frequencies that are obtained from simulation and the resonant frequencies 

that are obtained from the design equation are calculated in Table 5.3 for different values of eu 

that affect Lr1(P1) while keeping all other parameters constant. It can be seen from Table 5.3 
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that the percentage difference is less than 4.56%, which shows a good agreement between the 

simulated data and the data obtained from design equation.  

 

Fig. 5.17. Surface current densities at different frequencies in the UWB spectrum 

 

                                         (a)                                                                   (b)                    

 

                                         (c)                                                                   (d) 

Fig. 5.18. Radiation patterns of the UWB sensing antenna at low frequencies (a) XZ plane at 

3.5 GHz (b) YZ plane at 3.5 GHz (c) XZ plane at 5 GHz (d) YZ plane at 5 GHz 
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The surface current densities of the sensing antenna at some of the frequencies in UWB are 

shown in Fig. 5.17. It is obvious from Fig. 5.17 that the elongated ground plane and the 

rectangular notches are responsible for its good radiation characteristics at low frequencies and 

the active modified rectangular patch is responsible for its good radiation characteristics at high 

frequencies in ultra wideband spectrum.  

 

                                         (a)                                                                   (b) 

 

                                         (c)                                                                    (d) 

Fig. 5.19. Radiation patterns of the UWB sensing antenna at high frequencies (a) XZ plane at 

7.5 GHz, (b) YZ plane at 7.5 GHz, (c) XZ plane at 10 GHz, and (d) YZ plane at 10 GHz 

As depicted in Fig. 5.17, since maximum current densities are found at the elongated ground 

plane and at the rectangular notches at low frequencies (i.e., 3.5 GHz and 5 GHz) and at the 

active modified rectangular patch at high frequencies (i.e., 7.5 GHz and 10 GHz), the maximum 

current densities at those portions are responsible for the radiation of the UWB sensing antenna. 

The simulated and measured radiation patterns at low frequencies (i.e., 3.5 GHz and 5 GHz) 
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and high frequencies (i.e., 7.5 GHz and 10 GHz), when all other antennas in the six port antenna 

are terminated with 50 Ohms load, are depicted in Fig. 5.18 and Fig. 5.19, respectively. Dipole 

like patterns and omnidirectional patterns with low cross pol levels are observed at low and 

high frequencies, respectively.  

5.3.2. Configuration of the Six Port Antenna 

The configuration of the six port antenna for cognitive radio applications and the fabricated 

prototype of the proposed antenna are shown in Figs. 5.20 and 5.21, respectively. The 

optimized dimensions of the proposed six port antenna are tabulated in Table 5.4. By using 

HFSS, all dimensions of the antenna are optimized. While optimizing a particular parameter, 

the other parameters are kept constant during simulation. 

 

 

                                (a)                                                                    (b) 

 

(c) 

Fig. 5.20. Configuration of the proposed six port antenna (a) Top view, (b) Bottom view, and 

(c) Final structure 
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Fig. 5. 21. Top and bottom views of the fabricated prototype of the proposed six port antenna  

Table 5.4. Optimized dimensions of the proposed six port antenna 

 

 

 

 

 

 

 

  

 

 

 

 

 

5.3.3. Design of the Antenna Associated with Port 2 

Firstly, a feed line (v) of 2.65 mm width is used to feed a rectangular patch of dimensions 7.5 

mm × 10.5 mm at the bottom of the substrate, as shown in Ant I (P2) of Fig. 5.22. It can be 

Parameter Dimension 

(mm) 

Parameter Dimension 

(mm) 

Parameter Dimension 

(mm) 

L 27 K 5 q 4.8 

W 42 m 6 r 9.5 

a 11 ln 6 s 1 

b 4.5 wf2 2.65 t 18 

c 0.5 wf3 4 u 11.2 

d 0.5 wf4 3.5 v 0.5 

e 6 wf5 3 l2 10.5 

f 6 wf6 4 w2 7.5 

g 4.5 wt 9 l5 5.5 

h 7 N 6 w5 9 

i 2.5 O 12 w 20 

j 6.5 P 9 at 9 



78 
 

seen from Fig. 5.23 that the impedance bandwidth achieved with this structure lies in 6-7 GHz. 

However, the first resonance occurs at 4.5 GHz with poor impedance matching. Since the 

antenna associated with port 2 is mainly targeted to cover the low frequencies of the UWB, a 

narrow strip line of width 0.5 mm is used in between the rectangular radiator and 2.65 mm feed 

line to make the antenna resonant at low frequencies, as shown in Ant II (P2) of Fig. 5.22. From 

Fig. 5.23, it is obvious that good impedance matching is achieved from 4 GHz to 5.6 GHz. In 

order to find out an approximate calculation of the lower band edge frequency of Ant II (P2) in 

the evolution of antenna associated with port 2, the Equation (5.10) [124] is used as the Ant II 

(P2) is a rectangular monopole antenna.  

fL Ant II (P2) = 
7.2

(Lp2+rp2+pp2)×kp2
GHz                                               (5.10) 

Lp2 in cm is the height of the planar monopole antenna that is considered same as that of an 

equivalent cylindrical monopole, rp2 in cm is nothing but the effective radius of an equivalent 

cylindrical monopole that is normally determined by equating the areas of cylindrical monopole 

and planar monopole antennas, pp2 is feed gap in cm, and kp2 = 1.15, which is a constant, is 

considered in Equation (5.10) to get lower band edge frequency with an accuracy of 10% 

approximately. For a rectangular monopole antenna of length L and width W and feed gap pp2, 

the expressions for Lp2 and rp2 are given below.  

Lp2 = L and rp2 = 
W

2π
                                                         (5.11) 

In case of Ant II (P2), L = l2 =1.05 cm, W = w2 = 0.75 cm. pp2 = 0.1 cm and kp2 = 1.15. 

So,  Lp2 = L = 1.05, rp2 = 
W

2π
 = 

0.75

2π
 = 0.1194 pp2 = 0.1 and kp2 = 1.15. After substituting the 

values of Lp2, rp2, pp2 and kp2 in Equation (5.10), we get fL Ant II (P2) ≈ 4.93 GHz. 

 

Fig. 5.22. Evolution of the antenna associated with port 2 
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It is calculated from Equation (5.10) that the lower band edge frequency of Ant II (P2) is 4.93 

GHz. However, the lower band edge frequency of Ant II (P2) from simulation is 4 GHz. The 

mismatch between the lower band edge frequencies of Ant II (P2) is due to the defections in 

the ground plane. In the last step, the rectangular patch is modified by cutting half triangular 

part, as depicted in Ant III (P2) of Fig. 5.22. Thus, the antenna is made resonant from 3.6 GHz 

to 5.8 GHz, as illustrated in Fig. 5.23.     

 

Fig. 5.23. Plot of reflection coefficient vs frequency in the design process of antenna 

associated with port 2 

 

                                         (a)                                                                    (b) 

Fig. 5.24. Plots of reflection coefficient vs frequency (a) UWB sensing antenna and (b) 

Antenna associated with port 2 

Since the feed line part of the antenna associated with port 2 is beneath the ground plane of 

UWB sensing antenna, much space is saved without occupying extra area. The reflection 

coefficient performances of the UWB sensing antenna and the antenna connected with port 2, 
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when only the antennas associated with ports 1 and 2 are excited while the remaining antennas 

are loaded with 50 Ohms matched termination, are illustrated in Fig. 5.24a and Fig. 5.24b, 

respectively.  

 

Fig. 5.25. Mutual coupling between antennas associated with port 2 and port 1 

 

                                         (a)                                                                    (b) 

Fig. 5.26. Radiation patterns of the antenna associated with port 2 at 4 GHz (a) XZ plane (b) 

YZ plane 

From the surface current distributions at various frequencies in UWB, it can be observed that 

very weak surface currents exist on the enlarged ground plane of antenna associated with port 

1, as illustrated in Fig. 5.17. Therefore, although the antenna associated with port 2 and UWB 

sensing antenna share same ground, a minimum isolation of 12 dB in the operating bandwidth 

of the sensing antenna is attained, as depicted in Fig. 5.25, which is a welcome factor. It is due 

to the fact that the feed line portion of the antenna associated with port 2 is located exactly 
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below the region of the ground plane of the antenna associated with port 1, which has very weak 

surface currents that exist at all frequencies in 3.1-10.6 GHz when the antenna associated with 

port 1 is excited. Moreover, the current flow directions of the antennas associated with ports 1 

and 2 are also orthogonal in nature.  

 

Fig. 5.27. Plot of peak gain vs frequency of all the antennas in their operating bandwidths 

 

Fig. 5.28. Radiation efficiencies of all the antennas in their operating bandwidths 

The simulated and measured radiation patterns of the antenna associated with port 2 in the 

orthogonal planes when all the other ports of the antenna are terminated with 50 Ohms load are 

depicted in Fig. 5.26. The antenna associated with port 2 is an asymmetric monopole antenna; 

however, the radiation patterns of the antenna associated with port 2 are not of dipole natured 

type radiation patterns due to the defections in the ground plane that are present due to the 

presence of the rectangular slot, ‘Ω’ shaped notch and two rectangular notches. At 4 GHz, in 

XZ plane, simulated gains of 1.1 dBi and 2.13 dBi are achieved in broadside and end fire 

directions, respectively, as shown in Fig. 5.26a. On the other hand, the maximum cross pol 
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levels of -9 dB and -4 dB are observed in XZ plane and YZ plane, respectively, due to the 

horizontal surface currents that exist on the ground plane at 4 GHz. However, the performance 

of cross pol is not an essential need in indoor communication systems where rayleigh fading is 

more dominant in the channels [90]. The simulated and measured peak gains and radiation 

efficiencies of the antennas associated with ports 1, 2, 3, 4, 5, and 6 are depicted in Figs. 5.27 

and 5.28, respectively. It can be seen from Fig. 5.28 that the radiation efficiency of the antenna 

associated with port 2 is greater than 85% in 3.5-5.8 GHz. To further integrate more number of 

narrowband and wideband antennas, some extra space is utilized. The remaining four wideband 

and narrowband antennas are designed in such a way that these antennas cover the remaining 

uncovered spectrum in UWB. 

5.3.4. Design of the Antenna Associated with Port 3 

Since antenna associated with port 2 has bandwidth that ranges from 3.5 GHz to 5.8 GHz, the 

antenna associated with port 3 is designed to cover the uncovered low frequencies and 

frequencies above 5.8 GHz in the spectrum of UWB. Initially, a rectangular patch, which is fed 

by a tapered feed line to achieve impedance matching in 4.65-8 GHz, is designed, as shown in 

Ant I (P3) of Fig. 5.27. The lower band edge frequency of Ant I (P3) in the evolution of antenna 

associated with port 3 can be estimated by Equation (5.12) that is normally used for a 

rectangular monopole antenna [16]. 

fL Ant I (P3) = 
7.2

(Lp3+rp3+pp3)×kp3
GHz                                     (5.12) 

In case of Ant I (P3), which is a rectangular monopole antenna of length a, width m and feed 

gap pp3, the expressions for Lp3 and rp3 are given below.  

Lp3 = a and rp3 = 
m

2π
                                                          (5.13) 

In case of Ant I (P3), Lp3 = a = 1.1, rp3 = 
m

2π
 = 

0.6

2π
 = 0.0954, pp3 = 0.05 and kp3 = 1.15. 

After substituting the values of Lp3, rp3, pp3 and kp3 in Equation (5.12), we get fL Ant I (P3) ≈ 

5.02 GHz. 

It is calculated from Equation (5.12) that the lower band edge frequency of Ant I (P3) is 5.02 

GHz. However, the lower band edge frequency of Ant I (P3) from simulation is found to be 

4.66 GHz. The difference between the lower band edge frequencies found from Equation (5.12) 
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and simulation is 7.95%, which is acceptable as the lower band edge frequency calculated 

Equation (5.12) ensures an accuracy of 10% approximately. In the next step, a parametric 

analysis is done by varying the width of the ground plane of the Ant I (P3) of Fig. 5.29 in 

positive X-direction. 

 

Fig. 5.29. Intermediate steps in the design process of antenna associated with port 3  

 

                                      (a)                                                                      (b) 

Fig. 5.30. Reflection coefficient’s performance at different (a) widths (w) of the ground plane 

of Ant I (P3) and (b) heights (n) of the ground plane of Ant IV (P3) 

From Fig. 30a, left shift in the reflection coefficient curves is observed when the width of the 

ground plane increases. An optimal value of 20 mm width is chosen to achieve impedance 

matching in 3.4-7.7 GHz, thus forming Ant II (P3), as shown in Ant II (P3) of Fig. 5.29. As it 

is expected to achieve dual band behaviour by elongating the ground plane, the ground plane 

has been elongated, as depicted in Ant III (P3) of Fig. 5.29. From reflection coefficient curve 

of Ant III (P3) in Fig. 5.31, it is quite evident that the dual band behaviour of the antenna can 

be observed. However, it is desired to achieve the left side band at low frequencies of the UWB. 

Therefore, the rectangular patch is modified by cutting half triangular area, as shown in Ant IV 
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(P3) of Fig. 5.29. Thereafter, a parametric study is performed by varying the height of the 

ground plane (n) in positive Y-direction, as depicted in Fig. 30b. As a result, the dual band 

behaviour is achieved as good impedance matching is achieved in 2.9-3.6 GHz and 5.4-7.98 

GHz. The reflection coefficient performances of the UWB sensing antenna and the antenna 

associated with port 3 when the remaining antennas are terminated with 50 Ohms load are 

depicted in Fig. 5.32a and Fig. 5.32b, respectively. The mutual coupling between antennas 

associated with port 1 and port 3 is less than -20 dB, as shown in Fig. 5.33.     

 

Fig. 5.31. Plot of reflection coefficient vs frequency in the design process of antenna 

associated with port 3  

 

                                      (a)                                                                      (b) 

Fig. 5.32. Plots of reflection coefficient vs frequency (a) UWB sensing antenna (b) Antenna 

associated with port 3 

In all measured results, the slight shifts and some variations in the resonances could be due to 

the faults in fabrication, imperfections in soldering, material impurities, and connector losses. 
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However, the measured reflection coefficients of all the antennas in the six port antenna are less 

than -10 dB in their operating bandwidths.  

The first resonance of the antenna associated with port 3 is excited due to the some 

portions of the ground plane where maximum surface current densities exist. As depicted in 

Fig. 5.34, maximum surface current densities exist at the narrow elongated strips on the ground 

plane and at half of the upper portions of the ground plane on either side. Therefore, the length 

of the ground plane that is responsible for first resonance can be calculated as 

Lr1(P3) = (o + 
n

2
) + (o + 

n

2
) = 2 × (o + 

n

2
)                                         (5.14) 

where o is the length of the narrow elongated strip and n is the upper portion of the elongated 

ground plane. Normally, the resonating length should be equal to the half of the guided 

wavelength at a resonant frequency. Therefore, the equation for the first resonant frequency of 

antenna associated with port 3 is written as 

fr1(P3) = 
c

2Lr1(P3)√εreff
                                                                     (5.15) 

where εreff is the effective dielectric constant and c is the velocity of the light in air. Here, εreff 

is taken as 
εr+1

2
 (i.e., εreff ≈ 

εr+1

2
). So, the value of  εreff is 2.7. From the data given in Table 

5.4, Lr1(P3) is found as 30 mm. After substituting the values of Lr1(P3), εreff and c in the 

Equation (5.15), we get fr1(P3) as 3.04 GHz (i.e., fr1(P3) ≈ 3.04 GHz). 

 

Fig. 5.33. Mutual coupling between antennas associated with port 3 and port 1 

The reflection coefficient plot of the UWB sensing antenna for different values of n while 

keeping the other parameter (i.e., o) constant is shown in Fig. 5.30b. It can be observed from 
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Fig. 5.30b that the first resonant frequency shifts towards left as n increases. Also, no significant 

shifts in the resonances of the second frequency band indicate that the first resonance is easily 

affected by the dimension n. In order to show the effectiveness of the design methodology, the 

percentage differences between the resonant frequencies that are obtained from simulation and 

the resonant frequencies that are obtained from the design equation are calculated in Table 5.5 

for different values of o that affect Lr1(P3) while keeping all other parameters constant. It can 

be seen from Table 5.5 that the percentage difference is less than 4.11%, which shows a good 

agreement between the simulated data and the data obtained from design equation.  

 

Fig. 5. 34. Surface current density of the antenna associated with port 3 at 3.17 GHz 

Table 5.5. Comparison between frequencies obtained from design equation and simulation for 

first resonance of the antenna associated with port 3 

n 

(mm) 

𝐋𝐫𝟏(𝐏𝟑) 

(mm) 

Resonant Frequency (GHz) % 

difference 
Design 

Equation 

Simulation 

(HFSS) 

0.5 24.5 3.72 3.61 3.04 

2 26 3.51 3.40 3.23 

4 28 3.26 3.20 1.87 

6 30 3.04 3.17 4.10 

The surface current densities on the dual band antenna associated with port 3 at frequencies 3.2 

GHz, 6 GHz and 7.5 GHz are illustrated in Fig. 5.35. It is observed that radiation of the antenna 

associated with port 3 at 3.2 GHz is mainly because of the strong surface currents at the narrow 
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elongated strips on the ground plane and at half of the upper portions of the ground plane on 

either side, as depicted in Ant (P2) at 3.2 GHz of Fig. 5.35. On the other hand, the right angled 

triangular shaped radiator is accountable for the radiation of the antenna at frequencies 6 GHz 

and 7.5 GHz, as shown in Ant (P3) at 6 GHz and 7.5GHz of Fig. 5.35.  

 

Fig. 5. 35. Surface current densities at frequencies 3.2 GHz, 6 GHz, and 7.5 GHz of the 

antenna associated with port 3 

The simulated and measured radiation patterns of the antenna associated with port 3 when all 

the other antennas are terminated with 50 Ohms load are illustrated in Figure 5.36. Number ‘8’ 

shaped pattern and omnidirectional pattern are observed in the orthogonal planes at 3.2 GHz, 

as illustrated in Fig. 5.36a and Fig. 5.36b, respectively, while slightly omnidirectional natured 

patterns are achieved in XZ and YZ planes at a frequency of 7.1 GHz, as illustrated in Fig. 

5.36c and d. Moreover, the beam maxima in the radiation patterns of UWB antenna and antenna 

associated with port 3 occurs at ±Z direction, which is much desired when they are employed 

for simultaneous use [90].  

  As depicted in Fig. 5.36c and Fig. 5.36d, the cross pol level of the antenna associated 

with port 3 rises significantly in both the planes. The reason behind this is due to the horizontal 

surface currents as the antenna associated with port 3 is an asymmetric microstrip fed monopole 

type antenna. Also, the obtained radiation patterns are very well acceptable for CR applications. 

As shown in Fig. 5.28, the radiation efficiencies in both the operating bands of the antenna 

associated with port 3 are greater than 85%. 
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                                         (a)                                                                   (b) 

 

                                         (c)                                                                   (d) 

Fig. 5.36. Radiation patterns of the antenna associated with port 3 (a) XZ plane at 3.2 GHz, 

(b) YZ plane at 3.2 GHz, (c) XZ plane at 7.1 GHz, and (d) YZ plane at 7.1 GHz 

5.3.5. Design of the Antenna Associated with Port 4 

The uncovered frequencies by the antennas associated with ports 2 and 3 are covered by the 

remaining narrowband antennas. The remaining antennas (i.e., antennas associated with port 4, 

5 and 6) are integrated in the same area occupied by the UWB antenna, antenna associated with 

port 2, and antenna associated with port 3 without taking any extra space. The reflection 

coefficient performance of the UWB sensing antenna when only the UWB sensing antenna and 

the antenna associated with port 4 are excited while the remaining antennas are terminated with 

50 Ohms load is depicted in Fig. 5.37a. The antenna associated with port 4, which yields two 

bands, has -10 dB reflection coefficient bandwidth in 7.95-8.38 GHz and 9-9.85 GHz, as shown 

in Fig. 5.37b. It uses the same ground plane that is used for antenna associated with port 3. 
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However, there is no significant current coupling throughout the operating bandwidths of 

antennas associated with ports 3 and 4. It is because of its location where very weak surface 

currents that exist at all frequencies in 3.1-10.6 GHz when the antenna associated with port 3 is 

excited.  

           

                                          (a)                                                                   (b) 

Fig. 5.37. Plots of reflection coefficient vs frequency (a) UWB sensing antenna and (b) 

Antenna associated with port 4 

 

Fig. 5.38. Mutual coupling between antennas associated with port 4 and port 1 

Proper impedance matching can be achieved by using a meander line type feed structure to feed 

the right angled triangular shaped patch, as depicted in antenna associated with port 4 of Fig. 

5.20c. The mutual coupling between the antennas associated with ports 1 and 4 is depicted in 

Fig. 5.38. The radiation patterns in the orthogonal planes of the antenna associated with port 4 

when all other antennas are terminated with 50 Ohms load are shown in Fig. 5.39. As the ground 
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plane of the antenna associated with port 4 acts as defected ground due to the rectangular slot, 

partly bidirectional and omnidirectional patterns are achieved at 8.3 GHz in XZ plane and YZ 

plane, respectively, as demonstrated in Fig. 5.39a and Fig. 5.39b. However, partly 

omnidirectional natured patterns are attained in the both the planes at 9.4 GHz, as seen in Fig. 

5.39c and Fig. 5.39d.  

 

                                         (a)                                                                   (b) 

 

                                         (c)                                                                   (d) 

Fig. 5.39. Radiation patterns of the antenna associated with port 4 (A) XZ plane at 8.3 GHz, 

(B) YZ plane at 8.3 GHz, (C) XZ plane at 9.4 GHz, and (D) YZ plane at 9.4 GHz 

As shown in Fig. 5.39a and Fig. 5.39b, simulated gains of 1.52 dBi and 1.53 dBi are achieved 

in the broadside direction (∅=00, 𝜃=00) in XZ and YZ planes, respectively, at 8.3 GHz. On the 

other hand, maximum level of cross pol reach -4.5 dB and -5.6 dB in XZ plane and YZ plane, 

respectively, due to the strong horizontal surface currents in the meander line type structure. 

From Fig. 5.39c and Fig. 5.39d, it is observed that the simulated gains of 4.12 dBi and 4.03 dBi 

at 9.4 GHz are achieved in the broadside direction (∅=00, 𝜃=00) in XZ and YZ planes, 
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respectively. As it can be seen from Fig. 5.28, the simulated radiation efficiency of antenna 

associated with port 4 is greater than 52% in 7.95-8.38 GHz, whereas it is greater than 74% in 

9-9.8 GHz. The reason for its low radiation efficiencies in the low frequency band, i.e., 7.95-

8.38 GHz is due to its compact structure. Moreover, as the antenna structure is electrically 

small, the peak gain in the low frequency band ranges from 1.06 dBi to 3.07 dBi, as depicted 

in Fig. 5.27. 

5.3.6. Design of the Antenna Associated with Port 5 

The integration of two more antennas (i.e., two NB antennas associated with ports 5 and 6) are 

done in such a way that these NB antennas are electrically well isolated from the other antennas. 

As it is seen in the case of location of the antenna associated with port 4, the location of the 

antenna associated with port 5 plays a crucial role in achieving the less mutual coupling with 

the other antennas. The reflection coefficient performance of the UWB sensing antenna when 

only the UWB sensing antenna and the antenna associated with port 5 are excited while the 

remaining antennas are terminated with 50 Ohms load is illustrated in Fig. 5.40a. The antenna 

associated with port 5 has -10 dB reflection coefficient in 8.38-9 GHz, as depicted in Fig. 5.40b. 

The narrow strip line of width 0.5 mm, which connects the triangular shaped radiator and 50 

Ohms feed line depicted in Fig. 5.20c, plays an important role in achieving good impedance 

matching in the dual band.  

 

                                        (a)                                                                    (b) 

Fig. 5.40. Plots of reflection coefficient vs frequency (a) UWB sensing antenna and (b) 

Antenna associated with port 5 

Fig. 5.41 depicts the parametric study performed by varying the length (ln) of the narrow strip 

line of 0.5 mm width. It is observed that as length of the 0.5 mm feed line increases, the 
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reflection coefficient curve shifts leftward, as illustrated in Fig. 5.41. Base length (g) of the 

triangular patch has control on bandwidth. Therefore, by properly choosing the base length of 

the triangular patch and length of the 0.5 mm strip line, impedance matching can be achieved 

in the desired band, i.e., 8.38-9 GHz. The mutual coupling between antennas associated with 

port 1 and port 5 is less than -18 dB, as depicted in Fig. 5.42.  

 

Fig. 5.41. Reflection coefficient’s performance of the antenna associated with port 5 at 

different values of ln 

 

Fig. 5.42. Mutual coupling between antennas associated with port 5 and port 1 

It can be observed from Fig. 5.43 that as altitude (at) of the triangular patch increases the 

resonant frequency of the antenna associated with port 5 decreases due to the electrical 

lengthening phenomenon. So, the altitude of the triangular patch plays a crucial role in 

determining the resonant frequency of the antenna associated with port 5. Also, it is noticed 

from Fig. 5.43 that altitudes of the triangular patch are approximately equal to the half of the 

guided wavelengths at resonances (i.e., at ≈ 
𝜆𝑔

2
).  
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Therefore, the resonating length that is responsible for resonance of the antenna 

associated with port 5 (i.e., Lr(P5)) can be written as given below. 

Lr(P5) = at                                                                         (5.16) 

The equation for the resonant frequency of the antenna associated with port 5 is written as given 

below. 

fr(P5) = 
c

2Lr(P5)√εreff
                                                          (5.17) 

 

Fig. 5.43. Reflection coefficient of the antenna associated with port 5 for different values of at  

Since the antenna associated with port 5 is a microstrip patch antenna with defected ground, 

εreff is calculated from the equation that was given in [7]. Its value is found to be 3.91. From 

Table 5.4, at is 9 mm. So, Lr(P5) = 9 mm. After substituting the values of Lr(P5), εreff and c  in 

the Equation (5.17), we get fr(P5) ≈ 8.42 GHz. To show the effectiveness of the design equation, 

the percentage differences between the resonant frequencies that are obtained from simulation 

and the resonant frequencies that are obtained from the design equation are calculated in Table 

5.6 for different values of at that affect Lr(P5). It can be seen from Table 5.6 that the percentage 

difference is less than 3.51%, which shows a good agreement between the simulated data and 

the data obtained from design equation. 

The simulated and measured radiation patterns of the antenna associated with port 5 

when the remaining antennas are terminated with 50 Ohms load are depicted in Fig. 5.44. 

Directional patterns are achieved in the orthogonal planes with slight back radiation at 8.8 GHz 

due to its defected ground plane and the maximum level of cross pol reach -7 dB and -1 dB in 
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XZ plane and YZ plane, respectively. However, in broadside direction, simulated cross pol 

levels of -10 dB are observed in both the orthogonal planes, whereas the simulated co-pol levels 

of 3.9 dB are noticed in both the planes, as shown in Fig. 5.44. As it can be seen from Fig. 5.27, 

the peak gain of the antenna associated with port 4 is in  4.8-5.4 dBi in its operational bandwidth. 

Its radiation efficiency ranges from 70 to 80%, as shown in Fig. 5.28. 

Table 5.6. Comparison between frequencies obtained from design equation and simulation for 

first resonance of the antenna associated with port 5 

at 

(mm) 

𝐋𝐫(𝐏𝟓) 

(mm) 

Resonant Frequency (GHz) % difference 

Design 

Equation 

Simulation 

(HFSS) 

9.5 9.5 7.99 8.28 3.50 

9 9 8.42 8.70 3.21 

8.5 8.5 8.92 9.02 1.10 

8 8 9.48 9.41 0.74 

7.5 7.5 10.11 9.71 3.39 

 

                                         (a)                                                                    (b) 

Fig. 5.44. Patterns of the antenna associated with port 5 at 8.8 GHz (a) XZ plane (b) YZ plane 

5.3.7. Design of the Antenna Associated with Port 6 

One more NB antenna (i.e., the antenna associated with port 6) can be integrated by utilizing 

the space adjacent to the antenna associated with port 2 so that the all the frequency bands in 
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3.1-10.6 GHz are covered by the narrowband/wideband antennas. The reflection coefficient 

performance of the UWB sensing antenna when only the UWB sensing antenna and the antenna 

associated with port 6 are excited while the remaining antennas are terminated with 50 Ohms 

load is illustrated in Fig. 5.45a. The antenna associated with port 6 is an asymmetric fed 

monopole antenna which has -10 dB reflection coefficient in 9.7-10.7 GHz, as depicted in Fig. 

5.45b. By varying the position of the tapered feed line along –ve X direction, impedance 

matching in 9.6-10.7 GHz is achieved. The measured mutual coupling between antennas 

associated with ports 1 and 6 is less than -16 dB, as depicted in Fig. 5.46.   

 

                                        (a)                                                                    (b) 

Fig. 5.45. Plots of reflection coefficient vs frequency (a) UWB sensing antenna and (b) 

Antenna associated with port 6 

The simulated and measured radiation patterns of antenna associated with port 6 when the 

remaining antennas are terminated with 50 Ohms load are illustrated in Fig. 5.47. In broadside 

direction, at 10 GHz, it is observed that the cross pol levels (simulated) reach -15.5 dB and -15 

dB in XZ plane and YZ plane, respectively, as depicted in Fig. 5.47a and Fig. 5.47b. From Fig. 

5.43, a gain of approximately 2.5 dBi is achieved in broadside direction in both the planes. The 

radiation efficiency is greater than 70% in its operational bandwidth, as illustrated in Fig. 5.28. 

The peak gain of the antenna associated with port 6 ranges from 3 dBi to 5.5 dBi, as shown in 

Fig. 5.27.  

A special case is considered in which all the frequency bands in the UWB spectrum are 

unused so that every wideband and narrowband antenna performs a communication task. In 

such a case, it is necessary to maintain good isolation not only between UWB sensing antenna 
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and every wideband/narrowband antenna but also between any two wideband/narrowband 

antennas when all antennas meant for the purpose of communication are in use. The integration 

of the NB antennas (i.e., antennas associated with ports 4, 5, and 6) are done without disrupting 

the performances of the antennas associated with ports 1, 2, and 3. It can be seen from Figure 

38 that the values of S24, S34 S45, S46, S25, S35, S56, S26, and S36 are less than -15 dB in the 

frequency range (i.e., 3-11 GHz), which indicates that there is no significant coupling between 

the antennas associated with ports 4 and 1, 4 and 2, 4 and 3, 5 and 1, 5 and 2, 5 and 3, 6 and 1, 

6 and 2, and 6 and 3. So, the presence of antennas associated with ports 4, 5, and 6 does not 

affect the performance of the antennas associated with the ports 1, 2, and 3.   

 

Fig. 5.46. Mutual coupling between antennas associated with port 6 and port 1 

 

                                         (a)                                                                    (b) 

Fig. 5. 47. Radiation patterns of the antenna associated with port 6 at 10 GHz (a) XZ plane 

and (b) YZ plane 
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Fig. 5.48. Mutual coupling between the antennas used for communication  

From Fig. 5.48, it is quite evident that the simulated inter port isolation between any two NB 

antennas is less than -15 dB in the spectrum of UWB except between the antennas associated 

with ports 2 and 3 where inter port isolation is less than -10 dB.  

The poor isolation between the antennas associated with ports 2 and 3 is because of the 

strong surface current densities that exist on the elongated ground plane and on the 0.5 mm 

width narrow strip feed line of antennas associated with port 3 and port 2, respectively, at low 

frequencies in UWB of the two antennas. As it is well known that when two antennas having 

their current directions antiparallel to each other are kept side by side, significant current 

coupling exists between them.  

The reason for good isolation between any other pair of wideband/NB antennas is due 

to their locations and current flow directions. In Table 5.7, the proposed six port antenna is 

compared with the other antennas reported in the previous literatures in terms of the dimensions 

of the substrate, frequency range of the antenna for sensing purpose, and the narrowband 

frequencies covered for communication purpose.  

As shown in Table 5.7, when compared to all the other reported CR antennas in the 

literature, the proposed six port antenna is very compact and overcomes the difficulties that 

exist in reconfigurable antennas. Moreover, the proposed antenna can perform more number of 

communication tasks simultaneously due to the existence of multiple wideband and narrowband 

antennas for communication purpose. Reasonable peak gains are also achieved by the UWB 

sensing antenna and all WB/NB antennas for communication. Hence, the proposed six port CR 

antenna can be useful for CR applications. 



98 
 

Table 5.7. Comparison with the other antennas reported in the literature for CR applications 

Ref. Dimensions 

of the 

substrate 

(𝐦𝐦𝟑) 

Frequency 

range of 

the 

sensing 

antenna 

(GHz) 

Narrowband 

frequencies 

(GHz) for the 

purpose of 

communication 

Peak gains (dBi) in narrowband 

frequency ranges (GHz) 

[79] 70×50×1.6 2-10 Five frequency 

bands in 2-10 

7.77 in 2.1-3, 7.4 in 3-3.4, 6.62 in 

3.4-5.56, 6.67 in 5.-6.2, and 8.45 

in 6.3-10 

[81] 30×30×1.6 3.1-10.6 6.36-6.63, 7.33-

7.7, 8.78-9.23, 

and 9.23-9.82 

3.03 in 6.36-6.63, 3.64 in 7.33-

7.7, 2.53 in 8.78-9.23, and 3.2 in 

9.23-9.82 

[83] 40×40×1.6 3-12 4.93-5.4, 5.9-

6.7, and 9.28-

10.2 

Peak gain varies between 1 and 7 

in its frequency bands  

[82] 40×36×1.6 3.1-10.6 Five frequency 

bands in the 

frequency 

range, i.e.,  3.1-

10.6 

-2.83 in 3.06-4.23, -0.88 in 4-

6.37, 0.65 in 6.33-8.83, 5.13 in 

8.7-9.92, and 5.61 in 9.82-10.74  

[84] 40×36×0.662 3-11 Three frequency 

bands in 5-6 

1.87 in 5-6 

[125] 58×65.5×1.6 3.3-11 3.4-4.85 and 

5.3-9.15 

Not given 

[86] 68×54×0.79 3-11 4, 4.9-5.35, 8, 

and 10 

0.2 at 4, 0.6 at 5.15, 1.9 at 8, and 

4.4 at 10 

[87] 40×38.5×0.5 3-11 

Five frequency 

bands in the 

frequency 

range, i.e., 5.8-

9.2  

-0.1 to 4.5 at four operating bands 

Present 

work 

42×27×1.6 3-10.6 Five frequency 

bands cover 

entire UWB 

2.7 in 3-3.6, 2.2 in 3.6-5.8, 4.92 

in 5.4-8, 2.8 in 8-8.4, 5.28 in 8.4-

9, 4.11 in 9-9.8, and 5.04 in 9.7-

10.7 
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5.4. Conclusion 

A 3 port integrated UWB and NB antenna system design has been presented in this chapter as 

a first contribution. Since two communications are possible at a time, spectrum utilization 

efficiency is improved significantly. Therefore, the proposed 3 port antenna can be good 

candidate for CR applications. Also, a compact six port integrated UWB sensing and 

narrowband/wideband antennas for CR applications has been presented in this chapter. The 

most distinguishing feature of this design approach is enhancing the utilization of spectrum by 

performing multiple communication tasks when multiple white spaces are detected. Moreover, 

all the communication bands in the UWB spectrum are covered by the wideband/narrowband 

antennas in the proposed designs. Despite being compact in structure, all antennas in the 

proposed antenna system are electromagnetically well isolated. The obtained radiation patterns 

are well fit for cognitive radio applications. Hence, the proposed six port antenna is well suitable 

for cognitive radio applications.   
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Chapter-6 

 

Integrated Wideband Sensing and WB/NB Antennas 

Systems for CR MIMO Applications  

 

6.1. Introduction 

In the previous chapter, integrated UWB sensing and WB/NB antennas systems for CR 

applications are presented to eliminate the drawbacks in reconfigurable CR antennas. As a 

continuation to the previous chapter, integrated wideband sensing and WB/NB antennas 

systems for CR MIMO applications are presented in this chapter to eliminate the drawbacks in 

reconfigurable CR MIMO antennas. 

In this chapter, to overcome the drawbacks in reconfigurable antennas and maintain all 

the advantages in planar antennas, a compact twelve port integrated UWB and narrow band 

(NB)/wideband antenna system for cognitive radio MIMO applications with polarization 

diversity is presented. The proposed system has one pair of UWB antennas for sensing the 

spectrum and five pairs of NB/Wideband antennas for communication. Each pair has two 

identical antennas, which are orthogonal to each other for polarization diversity. Sensing 

antennas linked with ports (P1 and P7) operate at 3-11 GHz, whereas the antennas linked with 

ports (P2 and P8), (P3 and P9), (P4 and P10), (P5 and P11), and (P6 and P12) operate at 3.5-

5.8 GHz, 2.8-3.5 GHz and 5.6-8 GHz (dual band), 8-8.4 GHz and 9-9.8 GHz (dual band), 8.4-

9 GHz, and 9.8-11GHz, respectively. Moreover, the overall volume of the antenna is 58 mm × 

50 mm × 1.6 mm and the entire UWB spectrum is covered by narrow band/wideband antennas. 

Also, without any decoupling network, isolations of better than 20 dB and 15 dB are achieved 

between every two identical and non-identical antennas, respectively. 
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This chapter also presents a nine port MIMO antenna for cognitive radio MIMO 

applications to avoid the complexities involved in reconfigurable antennas and improve the 

spectrum utilization efficiency. The proposed MIMO antenna system comprises a wideband 

antenna that operates at 2-12 GHz for sensing the spectrum and four pairs of antennas for 

communication, which are single and dual-band antennas. Each pair of antennas meant for 

communication consists of two similar antennas. Moreover, the antennas meant for 

communication cover 93% of the bandwidth of the sensing antenna. The first pair of antennas 

accessible at ports P2 and P6 and second pair of antennas accessible at ports P4 and P8, which 

are dual-band antennas, operate at 3.05-3.85 GHz, 5.8-8 GHz and 2.05-2.55 GHz, 4.7-6.1 GHz, 

respectively. Whereas the third pair of antennas accessible at ports P3 and P7 and fourth pair 

of antennas accessible at ports P5 and P9 are single-band antennas and operate at 3.85-4.7 GHz 

and 8-11 GHz, respectively. Minimum isolations of 20 dB and 15 dB are attained between every 

two similar antennas for communication and between the sensing antenna and the antennas 

meant for communication, respectively. The correctness of the proposed antenna is verified 

with a fine match between the results obtained from simulations and measurements. 

The remaining contents of this chapter are structured as follows: The design of the 

twelve port antenna system that comprises one pair of UWB antennas for sensing the spectrum 

and five pairs of NB/Wideband antennas for communication is demonstrated in Section 6.2. 

The design of the nine port antenna system that comprises a wideband antenna that operates at 

2-12 GHz for sensing the spectrum and four pairs of antennas for communication is presented 

in Section 6.3. The conclusion of this chapter is given in Section 6.4. 

6.2. Twelve Port Integrated UWB and WB/NB Antennas System 

Design for CR MIMO Applications 

In this design, the antennas, which are designed in six port antenna system for CR applications, 

are used with slight alterations in their dimensions to get the required frequency band of 

operation. However, the working principle of the antennas used in this design are presented 

concisely. In this section, a twelve port MIMO antenna with polarisation diversity for cognitive 

radio platforms is reported. Among the twelve antennas, two similar UWB antennas are 

dedicated for sensing purpose and the remaining ten wideband/NB antennas are used for 

communication. Polarisation diversity and high isolation between the similar antennas are 
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achieved by placing two identical antennas in each pair perpendicular to each other. The overall 

area of the proposed MIMO antenna is 58 × 50 mm2.  

  

                      (a)                                             (b)                                                (c) 

Fig. 6.1. The proposed twelve port antenna (a) Top view (b) Bottom view (Dimensions in 

mm) (c) Final structure 

        

                                                (a)                                          (b) 

Fig. 6.2. Fabricated prototype of the twelve port CR MIMO antenna (a) Top view (b) Bottom 

view 

The configuration of the proposed antenna, top and bottom views of the fabricated prototype 

are depicted in Figs. 6.1, 6.2a, and 6.2b, respectively. Also, the fabricated antenna is tested by 

using Agilent N5232A PNA-L network analyser to demonstrate its functionality.  

6.2.1. Antenna Design 

The design process starts with the design of an UWB antenna. Initially, a compact UWB 

antenna with an area of 15 × 18 mm2 is designed, as shown in Fig. 6.3. The simulated and 

measured s-parameters of all the antennas in the twelve port MIMO system are shown in Figs. 

6.4, 6.5, and 6.6.  
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Fig. 6.3. Geometry of the UWB sensing antenna 

By properly choosing the dimensions of widths of the wide rectangular slot, two rectangular 

notches, and ‘ ’ shaped notch in the ground plane, impedance matching at low frequencies is 

achieved. Later, the rectangular patch is modified to achieve impedance matching at the mid 

frequencies of UWB and the modified patch is fed by a microstrip line of impedance greater 

than 50 Ohms added with a strip line of impedance 50 Ohms for impedance matching purpose 

at high frequencies of the UWB.  

The reflection coefficient performance of UWB sensing antenna linked with port 1 is 

shown in Fig. 6.4a. Thereafter, as illustrated in Fig. 6.1c, beneath the ground plane of the UWB 

antenna, a very thin strip line of 0.5 mm width is used in between right angled triangular shaped 

radiator and 50 Ohms strip line to produce a wideband that ranges from 3.5 GHz to 5.8 GHz, 

which is shown in Fig. 6.4b. The length of 0.5 mm strip line controls the resonance at the low 

frequencies of the operating bandwidth.  

Despite the antenna linked with port 2 shares common ground with UWB sensing 

antenna, isolation of better than 12 dB is achieved in the entire UWB, as depicted in Fig. 5b. 

This is due to the fact that current flow directions at all frequencies in the UWB sensing antenna 

and antenna linked with port2 are orthogonal to each other. Moreover, the other reason is due 

to the weak surface currents at the ground plane that exists exactly above feed line of antenna 

linked with port 2 at all the frequencies in UWB when sensing antenna is excited, as depicted 

in Fig. 6.7.  

As illustrated in Fig. 6.4c, the antenna linked with port 3 is a dual band antenna, which 

covers communication bands, i.e., 2.8-3.5 GHz and 5.6-8 GHz since it has two distinct current 

paths. From the surface current distribution plots, it is evident that the resonance at the low 

frequencies of antenna linked with port 3 is due to the long electrical length provided by the 
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extended ground plane, as shown in Fig. 6.7. Whereas the active right angled triangular patch 

is responsible for the resonance at high frequencies, as shown in Fig. 6.7. 

 

     (a)                                                                   (b) 

 

     (c)                                                                   (d) 

Fig. 6.4. Reflection coefficients of the antennas associated with ports 1, 2, 3, 4, 5, 6, 7, and 8 

(a) Plot of S11 and S77 (b) Plot of S22 and S88 (c) Plot of S33 and S55 (d) Plot of  S44 and S66 

Antenna linked with port 4 covers two communication bands, i.e., 8-8.4 GHz and 9-9.8 GHz, 

as shown in Fig. 6.4d. To achieve impedance matching in these bands, a meander line type feed 

structure is used, as depicted in Fig. 6.1c. Antenna linked with port 5 is a narrow band antenna, 

which operates at 8.4-9 GHz, as shown in Fig. 6.4c.  

Impedance matching is achieved by selecting the proper length of the 0.5 mm strip line, 

which is in between the triangular patch and 50 Ohms feed line, as shown in Fig. 6.1c. Although 

the antennas linked with ports 3, 4, and 5 share common ground, a minimum isolation of better 

than 15 dB in the entire UWB is achieved among these antennas. Their current flow directions 
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and placements ensure good isolation among them, which can be understood from the surface 

current distribution plots shown in Figs. 6.7 and 6.8. 

 

 

     (a)                                                                   (b) 

 

     (c)                                                                   (d) 

Fig. 6.5. Reflection coefficients of the antennas associated with ports 9, 10, 11, and 12 and 

mutual coupling (a) Plot of S99 and S11 11 (b) Plot of S10 10 and S12 12 (c) Plot of S17 and S28 

(d) Plot of  S39 and S4 10 

For the sake of brevity, isolation plots among the antennas linked with ports 3, 4 and 5 are not 

presented. Antenna linked with port 6 is an asymmetrically fed monopole antenna with a 

tapered feed line, which has an impedance bandwidth in 9.8-11 GHz, as shown in Fig. 6.4d. 

Whenever a spectrum hole is identified, the NB/Wideband antenna that operates in that 

spectrum is used for communication purpose. Meanwhile, the remaining antennas used for 

communication are terminated with 50 Ohms load. 
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For MIMO antenna system with polarization diversity, the identical antennas are placed 

in such a way that their current flow directions are orthogonal to each other. Moreover, due to 

their placement, without using any isolation technique, good isolation levels of better than 20 

dB are achieved, as illustrated in Figs. 6.5 and 6.6a. 

  

     (a)                                                                   (b) 

Fig. 6.6. Mutual coupling between antennas for communication (a) Plots of S5 11 and S6 12 (b) 

S12 and S78  

 

 

Fig. 6.7. Surface current distributions of the antennas linked with port 3 at 3.3 and 7 GHz, 

port 2 at 4.5 GHz, port 5 at 8.7 GHz, and port 1 at 3.5, 5, 7.5, and 10 GHz 
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Fig. 6.8. Surface current distributions of the antennas linked with port 4 at 8.2 and 9.3GHz 

and port 6 at 10.2 GHz 

6.2.2. Results and Discussions 

The measured radiation patterns of the antennas coupled with port 1, 2, 3, 4, 5 and 6 in 

orthogonal planes are shown in Figs. 6.9 and 6.10. During measurement time, only one port is 

excited and the rest of the ports are terminated with 50 Ohms load. At 4.5 GHz, the antenna 

linked with port 2 has maximum gains of 0.2 dBi and 0.6 dBi in end fire direction in XZ and 

YZ planes, respectively, as shown in Figs. 6.9a and b.  

Since the antenna linked with port 2 is asymmetrically fed monopole antenna, the 

existence of horizontal surface currents causes maximum cross pol levels to reach -7.3 dB and 

-4 dB in XZ and YZ planes, respectively, as shown in Figs. 6.9a and b. As illustrated in Figs. 

6.9a and b, at 3.3GHz, the antenna linked with port 3 has monopole like radiation patterns in 

both the planes, whereas nearly omnidirectional patterns are observed in both the planes at 7 

GHz. 

As depicted in Figs. 6.9a and b, there is a significant rise of cross pol at 7 GHz in both 

the planes due to its asymmetrically fed monopole like structure of the antenna. However, in 

indoor wireless communication systems, where channels are influenced by Rayleigh fading, 

cross pol performance is not a vital requirement.  

The antenna linked with port 4 has patterns that are partly bidirectional and directional 

in nature in both the planes at 8.2 and 9.3 GHz, respectively, as shown in Figs. 6.9c and d. Due 

to its defected ground structure, the antenna linked with port 5 has directional pattern with a 

little back radiation in XZ plane, whereas it has nearly omnidirectional pattern in YZ plane at 

8.7 GHz, as shown in Figs. 6.9c and d.  
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At 10.2 GHz, the antenna linked with port 6 has nearly omnidirectional patterns in the 

orthogonal planes, as shown in Figs. 6.10c and d. From Figs. 6.10a and b, it can be seen that 

dumbbell shaped patterns in XZ plane and omnidirectional patterns in YZ plane are achieved 

at three sampling frequencies (3.5, 5, and 7.5GHz) in case of UWB sensing antenna linked with 

port1. 

As illustrated in Figs. 6.10c and d, at high sampling frequency of 10 GHz, nearly 

omnidirectional patterns in both the planes are achieved and cross polarization significantly 

grows due to the horizontal current modes. 

 

                                  (a)                                                               (b) 

 

                                 (c)                                                               (d) 

Fig. 6.9. Measured radiation patterns of the communication antennas (a) linked with port 2 at 

4.5 GHz and port 3 at 3.3 and 7 GHz in XZ plane (b) linked with port2 at 4.5 GHz and port 3 

at 3.3 and 7 GHz in YZ plane (c) linked with port 4 at 8.2 and 9.3 GHz and port 5 at 8.7 GHz 

in XZ plane (d) linked with port 4 at 8.2 and 9.3 GHz and port 5 at 8.7 GHz in YZ plane  
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                                  (a)                                                               (b) 

 

                                  (c)                                                               (d) 

Fig. 6.10. Measured radiation patterns of the linked with port 1 and port 6 (a) sensing antenna 

linked with port 1 at 3.5, 5, and 7.5 GHz in XZ plane (b) sensing antenna linked with port 1 at 

3.5, 5, and 7.5 GHz in YZ plane (c) sensing antenna linked with port 1 at 10 GHz and 

communication antenna linked with port 6 at 10.2 GHz in XZ plane (d) sensing antenna 

linked with port 1 at 10 GHz and communication antenna linked with port 6 at 10.2 GHz in 

YZ plane 

The measured peak gains and radiation efficiencies of the UWB sensing antenna and the 

antennas used for communication purpose are shown in Figs. 6.11a and b, respectively. In order 

to evaluate the diversity performance of the proposed MIMO antenna, the parameters like 

Envelope correlation coefficient (ECC) and diversity gain (DG) are calculated using [166]. 

From Figs. 6.11c and d, it is observed that measured diversity gain between any two identical 

antennas used for the purpose of communication is approximately 10 dB and Envelope 
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Correlation Coefficient (ECC) between any two identical antennas used for communication is 

less than 0.004, which specifies the good diversity performance of the proposed MIMO antenna. 

 

                                       (a)                                                               (b) 

 

                                       (c)                                                               (d) 

Fig. 6.11. Peak gains, radiation efficiencies, diversity gain, and ECC of the CR MIMO 

antenna (a) Measured peak gains of the UWB sensing antenna and antennas used for 

communication (b) Measured radiation efficiencies of the UWB sensing antenna and antennas 

used for communication (c) Diversity gain of the CR MIMO antenna (d) ECC of the CR 

MIMO antenna 

6.3. Nine Port Integrated WB Sensing and WB/NB Antennas 

System Design for CR MIMO Applications 

The proposed CR MIMO antenna is realized by using an FR4-epoxy substrate, which has a 

relative permittivity of 4.4, loss tangent of 0.02, and a thickness of 1.6 mm. Its schematic is 
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illustrated in Fig. 6.12 and the values of the design parameters are listed in Table 6.1. Also, the 

detailed explanation of each antenna unit in the proposed MIMO antenna is presented in this 

section. The specifications of the proposed MIMO antenna are tabulated in Table 6.2. 

 

             

                                     (a)                                                                      (b) 

 

(b) 

Fig. 6.12. Geometry of the proposed two-element MIMO antenna (a) Top view (b) Bottom 

view (c) Antenna structure  
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Table 6.1. Optimized dimensions of the proposed MIMO antenna 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) 

lg1 5 g3 0.77 W1 1.71 

wg1 18.98 L3 15 W2 1.8 

wf1 3 L4 4.5 g2 1 

Ln 1.57 W3 1 lg3 8.8 

Wn 4.5 W4 1.5 wg3 10 

g1 1.16 lg4 19.5 wf3 1.5 

R1 8.78 wg4 16 L 100 

R2 5.28 wf4 2.5 wf5 4 

R3 4 L5 4.39 L6 5.8 

lg2 9.5 W5 0.6 L7 4 

wg2 25 D4 16.8 W6 8 

wf2 3.3 D5 10 W7 12 

L1 5.43 lg5 4 W 100 

L2 6.5 wg5 12   

 

Table 6.2. Specifications of the proposed MIMO antenna 

Antenna  Purpose Operating bandwidths 

Ant (P1) Sensing 2-12 GHz 

Ant (P2) and 

Ant (P6) 

Communication 3.05-3.85 GHz and 5.8-8 GHz 

Ant (P3) and 

Ant (P7) 

Communication 3.85-4.7 GHz 

Ant (P4) and 

Ant (P8) 

Communication 2.05-2.55 GHz and 4.7-6.1 

GHz 

Ant (P5) and 

Ant (P9) 

Communication 8-11 GHz 
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6.3.1. Design Procedure of the Wideband Sensing Antenna 

The geometry of the wideband sensing antenna is illustrated in Fig. 6.13. The evolution of the 

wideband sensing antenna (i.e., antenna accessible at port 1) is completed in five steps, as 

illustrated in Fig. 6.14. In the first step, a simple monopole antenna is designed by feeding a 

circular patch with a 50 Ohms feed line. This Antenna I yields a wideband that ranges from 2.6 

GHz to 10.6 GHz, as depicted in Fig. 6.15. In the second step, to make the antenna resonant at 

low frequencies, a circle of radius R2 is combined with the top of the circular radiator of radius 

R1, as shown in Fig. 6.13. As shown in Fig. 6.15, this configuration of Antenna II produces a 

dual-band (2.25-3 GHz and 5.75-10.4 GHz). In the third step, to further shift the resonant 

frequencies to the left side, a circle of radius R3 is combined with the top of the radiator of the 

Antenna II, as depicted in Fig 6.14. It is noticed from Fig. 6.15 that this configuration of 

Antenna III produces a triple band (2.07-2.55 GHz, 4.3-8.1 GHz, and 8.8-10.8 GHz). But the 

main purpose of designing this antenna is to produce a 2-11 GHz sensing band. So, in the fourth 

step, as depicted in Fig. 6.14, a semi-elliptical ground plane is used in Antenna IV instead of 

the rectangular ground plane and also the upper section of the feed line is tapered for good 

impedance matching at 2-11 GHz. However, the reflection coefficient of the Antenna IV is 

slightly greater than -10 dB in the frequency bands, i.e., 2.81-3.58 GHz and 5.57-6.34 GHz, as 

illustrated in Fig. 6.15. So, a rectangular notch is employed in the semi-elliptical ground plane 

in the last step to improve the impedance matching in those frequency bands, as shown in Fig. 

6.14.  

 

Fig. 6.13. Geometry of the wideband sensing antenna 
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Fig. 6.14. Evolution of the wideband sensing antenna 

 

Fig. 6.15. Reflection coefficients of all antennas in the design process of the sensing antenna 

6.3.2. Design Procedure of the Antenna Accessible at Port 2 

The geometry of the antenna accessible at port 2 is shown in Fig. 6.16.  

 

Fig. 6.16. Geometry of the antenna accessible at port 2 
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The antenna accessible at port 2 is a dual-band antenna, which consists of a decagonal split ring 

resonator as the radiating element. Split ring resonator (SRR) consists of a single ring in this 

antenna design, whereas a conventional SRR has two rings. The reason behind choosing this 

kind of SRR is that the inductance and capacitance of the SRR can be varied by changing its 

length; hence, the frequency tuning can be done easily.  

 

Fig. 6.17. Evolution of the antenna accessible at port 2 

 

Fig. 6.18. Reflection coefficient performances of the antennas in the design process of 

antenna accessible at port 2 

The total length (2(5L1+L2)-g2) and the split gap (g2) constitute the inductance and capacitance 

of the decagonal SRR, respectively. Since the resonance characteristics of decagonal SRR are 

determined by its inductance and capacitance, the desired resonance can be obtained by altering 

L1, L2, and g2. Initially, a decagonal split ring without the shunt arms is fed by a strip line of 

50 Ohms impedance with the partial ground, as shown in Ant I of Fig. 6.17. Two resonances at 

3.7 GHz and 7.5 GHz are observed from the reflection coefficient performance of Ant I, as 
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depicted in Fig. 6.18. However, the antenna accessible at port 2 is mainly targeted to achieve 

one resonance at 3.5 GHz and other resonance at high frequency with wide bandwidth. So, in 

the next stage, two shunt arms of equal length L2 are added to the decagonal split ring of Ant I 

in Fig. 6.17. 

 

Fig. 6.19. Effect of shunt arms’ length L2 on the reflection coefficient performance of antenna 

accessible at port 2 

 

                                                     (a)                                                        (b) 

Fig. 6.20. Surface current densities of the antenna accessible at port 2 at (a) 3.5 GHz (b) 7.15 

GHz 

As shown in Fig. 6.19, a parametric study is done by varying the length L2 to get the resonance 

at the desired frequency in the lower frequency band and obtain wide bandwidth in the higher 

frequency band. As L2 increases, resonant frequency in the lower frequency band shifts to lower 

frequencies and also -10 dB reflection coefficient bandwidth increases in the upper-frequency 
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band, as illustrated in Fig. 6.19. An optimum value of L2 (i.e., L2 = 6.5 mm) is taken as it gives 

the desired performance. Also, it can be observed from Fig. 6.18 that Ant II produces dual-band 

(3.19-3.90 GHz and 5.8-8 GHz). It is evident from Fig. 6.20 that the maximum surface current 

densities are located on some portions of the decagonal split ring and shunt arms at first and 

second resonant frequencies, respectively. The resonating lengths for the first and second 

resonances can be expressed as  

L1 res Ant (P2) = (L1 + L1 + 
L1

2
) × 2 = 5L1                                        (6.1) 

L2 res Ant (P2) = (L2 + L2) = 2L2                                                      (6.2) 

The expressions for the first and second resonating frequencies are as follows: 

f1 res Ant (P2) = 
c

2L1 res Ant (P2)√εreff
                                                     (6.3) 

f2 res Ant (P2) = 
c

2L2 res Ant (P2)√εreff
                                                     (6.4) 

where εreff (i.e., εreff ≈ 
εr+1

2
) and ‘c’ are effective dielectric constant and velocity of light in 

air, respectively. The first resonant frequencies found from the simulation and design equation 

are 3.5 GHz and 3.36 GHz, respectively. The second resonant frequencies found from the 

simulation and design equation are 7.15 GHz and 7.02 GHz, respectively. 

6.3.3. Design Procedure of the Antenna Accessible at Port 3 

The geometry of the antenna accessible at port 3 is illustrated in Fig. 6.21.   

 

Fig. 6.21. Geometry of the antenna accessible at port 3 
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Fig. 6.22. Effect of the width of the feedline on the reflection coefficient performance of the 

antenna accessible at port 3 

The antenna accessible at port 3 is an asymmetric monopole antenna that consists of an ‘L’ 

shaped patch fed by a strip-line of 50 Ohms impedance, as shown in Fig. 6.21. It is mainly 

targeted to cover frequencies above 3.9 GHz that are uncovered by the antenna accessible at 

port 2.   

A parametric study is done by varying the width of the feed line, as presented in Fig. 

6.22. It can be seen from Fig. 6.22 that the resonant frequency of the antenna decreases as the 

width of the feed line increases. Among the different values of width of the feed line, a feed 

line of width 1.5 mm (i.e., wf3 = 1.5 mm) is selected since the 10 dB return loss bandwidth 

starts from 3.9 GHz, as depicted in Fig. 6.22. Thus, a good impedance matching is achieved in 

the 3.9-4.9 GHz frequency band. 

6.3.4. Design Procedure of the Antenna Accessible at Port 4 

The geometry of the antenna accessible at port 4 is depicted in Fig. 6.23. The antenna accessible 

at port 4 is designed with an aim to cover the frequencies that are uncovered by antennas 

accessible at port 2 and port 3 (i.e., frequencies in 2-3.1 GHz and 4.9-5.8 GHz). The design 

procedure, which is followed for the antenna accessible at port 2, is used with slight 

modifications to obtain the desired result. The intermediate steps in the design process of the 

antenna accessible at port 4 are depicted in Fig. 6.24.  

Firstly, a circular split ring monopole antenna (i.e., without the shunt arms), Ant I, is 

designed, as shown in Fig. 6.24. It yields resonances at 2.6 GHz and 6.8 GHz; however, the 

impedance matching at 6.8 GHz is very poor, as shown in Fig. 6.25. Since the antenna should 
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have good impedance matching in the desired frequency band (i.e., 4.9-5.8 GHz), two shunt 

arms with equal length of 4.5 mm are loaded, as shown in Ant II of Fig. 6.24. Consequently, 

the second resonance is shifted to a little leftward with a slight betterment in the impedance 

matching at the second frequency band, as illustrated in Fig. 6.25. In the next step, a circular 

shaped patch is printed on the backside of the FR-4 substrate to further improve the impedance 

matching in the second frequency band (i.e., 5.9-6.6 GHz), as depicted in Ant III of Fig. 6.24. 

Later, a parametric study is done by changing the length (lg4) of the ground plane to get good 

impedance matching in the desired frequency band (i.e., 4.9-5.8 GHz).  

 

Fig. 6.23. Geometry of the antenna accessible at port 4 

 

Fig. 6.24. Evolution of the antenna accessible at port 4 

It can be seen from Fig. 6.26 that resonant frequency and impedance bandwidth of the second 

frequency band decrease as lg4 decreases. Since a good impedance matching in the desired 

frequency band (i.e., 4.9-5.8 GHz) is achieved with lg4 of 19.5 mm, a rectangular ground plane 

of 19.5 mm length is considered finally in the design of the antenna accessible at port 4. Thus, 
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a good impedance bandwidth is achieved in the two frequency bands, as depicted in Ant IV of 

Fig. 6.25. 

 

Fig. 6.25. Reflection coefficient performances of the antennas in the design process of 

antenna accessible at port 4 

 

Fig. 6.26. Effect of shunt arms’ length lg4 on the reflection coefficient performance of antenna 

accessible at port 4 

The maximum surface current density exists on two-third of the perimeter of the circular split 

ring at the first resonant frequency, as depicted in Fig. 6.27a. At the second resonant frequency, 

it exists on the one-fourth portion of the perimeter of the circular split ring and one-third portion 

of each of the shunt arms, as shown in Fig. 6.27b. The resonating lengths for the first and second 

resonances can be expressed as  

L1 res Ant (P4) = 2π((
D4

2
) + W5) × 

2

3
                                            (6.7) 

L2 res Ant (P4) = (2π((
D4

2
) + W5) × 

1

4
) + 

2

3
 × L5                              (6.8) 

The expressions for the first and second resonating frequencies are as follows: 
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f1 res Ant (P4) = 
c

2L1 res Ant (P4)√εreff
                                                   (6.9) 

f2 res Ant (P4) = 
c

2L2 res Ant (P4)√εreff
                                                 (6.10) 

 

                                                            (a)                                              (b) 

Fig. 6.27. Surface current densities of the antenna accessible at port 4 at (a) 2.4 GHz (b) 5.7 

GHz 

The first resonant frequencies found from the simulation and design equation are 2.4 GHz and 

2.42 GHz, respectively. The second resonant frequencies found from the simulation and design 

equation are 5.7 GHz and 5.41 GHz, respectively. 

6.3.5. Design Procedure of the Antenna Accessible at Port 5 

The geometry of the antenna accessible at port 5 is shown in Fig. 6.28.  

 

Fig. 6.28. Geometry of the antenna accessible at port 5 
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The antenna accessible at port 5 is mainly targeted to cover the frequencies that are not covered 

by antennas accessible at ports 2, 3, and 4 (i.e., above 8 GHz). The evolution of the antenna 

accessible at port 5 is completed in two steps to achieve the desired response. The design 

process starts with a conventional rectangular monopole antenna (i.e., Ant I) depicted in Figure 

6.29. The lower band edge frequency of the antenna accessible at port 5 is calculated from 

equation (6.11) [16].  The parameters such as L6, r, and p are expressed in centimetres. 

fL Ant I (P5) = 
7.2

(L6+r+p)×k
 GHz                                           (6.11) 

Here, L6 = 0.58, r = 
𝑊6

2𝜋
  = 

0.8

2𝜋
 = 0.1273, p = feed gap = 0.02, k = constant = 1.15 

 

Fig. 6.29. Evolution of the antenna accessible at port 5 

 

Fig. 6.30. Reflection coefficient performances of the antennas in the design process of 

antenna accessible at port 5 

The lower band edge frequencies found from the equation (6.11) and simulation of Ant I are 

8.608 GHz and 8.5 GHz, respectively. The Ant I has a wide impedance bandwidth that starts 

from 8.5 GHz, as depicted in Figure 6.30. However, to further improve the impedance matching 

and make the impedance bandwidth to start from 8 GHz, a rectangular shaped patch is printed 

on the backside of the substrate and a feed line of 4 mm width is chosen in the last stage of the 
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design process, as illustrated in Fig. 6.29. It is noticed from Fig. 6.31 that the feed line of 4 mm 

width gives better reflection coefficient performance. Thus, a good impedance matching is 

achieved in the 8-11.6 GHz frequency band. 

 

Fig. 6.31. Effect of the width of the feed line on the reflection coefficient performance of 

antenna accessible at port 5 

6.3.6. Inter-Elemental Spacing Analysis 

After designing a wideband sensing antenna, two single-band antennas, and two dual-band 

antennas, the wideband sensing antenna and four pairs of antennas meant for communication 

in which each pair consists of two identical single/dual-band antennas are placed as illustrated 

in Fig. 6.12. Generally, it is well known that good isolation is achieved between any two 

antennas when they are placed perpendicular to each other. As the proposed MIMO antenna 

comprises nine antennas, some of the antennas are placed parallel. So, the separation between 

the parallel antennas are maintained in such a way that no antenna’s performance deteriorates. 

Fig. 6.32 shows the inter-elemental spacing of the proposed MIMO antenna. 

The lower band edge frequencies of the antennas accessible at ports 1, 2, 3, 4, 5, 6, 7, 8, 

and 9 are 37.5 mm, 24.59 mm, 19.48 mm, 36.58 mm, 9.375 mm, 24.59 mm, 19.48 mm, 36.58 

mm, and 9.375 mm, respectively. Let us consider the antennas that are parallel to the sensing 

antenna. The sensing antenna (antenna accessible at port 1) is horizontally separated from 

antennas accessible at ports 2 and 5 at distances of 42.5 mm and 48 mm, respectively, as shown 

in Fig. 6.32. Since they are horizontally separated at distances that are greater than the 
1

4

th
 of 

the wavelengths corresponding to the lower band edge frequencies of antennas accessible at 

ports 1, 2, and 5, coupling of currents doesn’t occur between them. Similarly, since antennas 
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accessible at ports 1 and 4 are horizontally separated by a distance of 34.35 mm, which is almost 

equal to the 
1

4

th
 of the wavelengths corresponding to the lower band edge frequencies of 

antennas accessible at ports 1 and 4, current coupling doesn’t exist between them.  

Despite antennas accessible at ports 1 and 3 are vertically separated by a distance of 

27.49 mm, which is less than the 
1

4

th
 of the wavelength corresponding to the lower band edge 

frequency of antenna accessible at port 1, significant amount of current does not couple from 

antenna accessible at port 1 to antenna accessible at port 3. It is due to the fact that the vertically 

separated antennas always give better isolation than the horizontally separated antennas. So, in 

case of vertically separated antennas, good isolation can be maintained even when the two 

antennas are placed at short distances.   

 

Fig. 6.32. Inter-elemental spacing of the proposed MIMO antenna 

Let us consider the antennas that are used for communication. The antennas accessible at ports 

2 and 3, antennas accessible at ports 2 and 4, antennas accessible at ports 6 and 9, and antennas 
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accessible at ports 7 and 8 are horizontally separated at distances of 45 mm, 76.85 mm, 31.35 

mm, and 40.16 mm, respectively, as shown in Fig. 6.32. Since they are horizontally separated 

at distances that are greater than the 
1

4

th
 of the wavelengths corresponding to the lower band 

edge frequencies of both of the antennas in every antenna pair, coupling of currents doesn’t 

occur between two antennas in every antenna pair. Also, as antennas accessible at ports 3 and 

4 are horizontally separated by a distance of 31.85 mm, which is almost equal to the 
1

4

th
 of the 

wavelength corresponding to the lower band edge frequency of antenna accessible at port 4 and 

is greater than the lower band edge frequency of antenna accessible at port 3, coupling of 

currents doesn’t occur between them.  

Since the polarization diversity is desired, every two similar antennas are placed in 

orthogonal fashion. In the proposed MIMO antenna design, the placement of the radiators plays 

a crucial role in achieving good isolation between every two radiators. In case the antennas 

accessible at ports 3 and 4 are interchanged, the horizontal separation between antennas 

accessible at ports 1 and 4 will decrease. Moreover, antennas accessible at ports 1 and 4 are 

vertically very close to each other. Since the horizontal separation between the antennas 

accessible at ports 1 and 4 becomes 0 mm and the vertical separation between them is just 

7.82mm, which is much less than the  
1

4

th
 of the wavelengths corresponding to the lower band 

edge frequencies of antenna accessible at port 1 and 4, significant current coupling exists 

between the antennas accessible at port 1 and 4. So, antenna accessible at port 4 should not be 

placed in the position of antenna accessible at port 3.  

Let us consider the antennas accessible at ports 2 and 5. Since antennas accessible at 

ports 2 and 5 are vertically separated at a long distance, good isolation is guaranteed. In case 

the antennas accessible at ports 2 and 5 are interchanged, the isolation between them doesn’t 

deteriorate. However, the overall size of the MIMO antenna will increase, which is not desired. 

Let us consider the antennas accessible at ports 3 and 5. Since antennas accessible at ports 3 

and 5 are vertically separated at a long distance, good isolation is guaranteed. In case the 

antennas accessible at ports 3 and 5 are interchanged, the isolation between them doesn’t 

deteriorate. However, the overall size of the MIMO antenna will increase, which is not desired.  

Let us consider the antennas accessible at ports 2 and 3. In case the antennas accessible 

at ports 2 and 3 are interchanged, the isolation between them remain same. But isolation 
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between antennas accessible at ports 2 and 4 will deteriorate since the distance between them 

will become 31.85 mm, which is less than 
1

4

th
 of the wavelength at 2.05 GHz, i.e., 36.58 mm. 

So, if a radiator of specific shape is placed at allocation of different radiator, the isolation 

between antennas decreases, thus resulting in deterioration of antennas’ performances.  

6.3.7. Results and Discussions  

The simulated and measured reflection coefficients of the wideband sensing antenna, four 

single-band antennas, and four dual-band antennas are illustrated in Fig. 6.33.  

 

                         (a)                                               (b)                                              (c) 

 

                         (d)                                               (e)                                              (f) 

 

                        (g)                                               (h)                                              (i) 

Fig. 6.33. Reflection coefficient performances of all the antennas in the proposed MIMO 

antenna (a) S11 (b) S22 (c) S33 (d) S44 (e) S55 (f) S66 (g) S77 (h) S88 (i) S99 
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The simulated and measured mutual couplings between every two similar antennas when all 

other antennas are terminated with fifty ohms matched load are illustrated in Figure 6.34. 

As illustrated in Fig. 6.34, it is evident that the mutual coupling between every two 

similar antennas is less than -20 dB. Since every pair of similar antennas meant for 

communication are placed in orthogonal fashion, good isolation is attained between them.  

The simulated and measured mutual couplings between wideband sensing antenna and 

every single/dual-band antenna for communication when all the other antennas are terminated 

with fifty ohms matched load are illustrated in Fig. 6.35. Isolation of better than 17 dB is 

attained between wideband sensing antenna and every antenna meant for communication, as 

illustrated in Fig. 6.35.  

Despite some of the single-band and dual-band antennas are parallel to the wideband 

sensing antenna, good isolation is attained due to their placement. A fine match between the 

results obtained from simulations and measurements results are observed, as shown in Fig. 6.33, 

Fig. 6.34, and Fig. 6.35.  

 

                        (a)                                               (b)                                              (c) 

 

(d) 

Fig. 6.34. Mutual coupling between similar antennas (a) S26 (b) S37 (c) S48 (d) S59 
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                        (a)                                               (b)                                              (c) 

 

                       (d)                                               (e)                                              (f) 

 

                                                   (g)                                              (h) 

Fig. 6.35. Mutual coupling between sensing antenna and other antennas (a) S21 (b) S31 (c) S41 

(d) S51 (e) S61 (f) S71 (g) S81 (h) S91 

 

 

Fig. 6.36. Mutual coupling between every two parallel antennas for communication  
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                  (a)                                               (b)                                              (c) 

 

                  (d)                                               (e)                                              (f) 

 

                                            (g)                                              (h) 

Fig. 6.37. Radiation patterns of the antenna accessible at port 1 at (a) 2.5 GHz-XZ plane (b) 

2.5 GHz-YZ plane (c) 5 GHz-XZ plane (d) 5 GHz-YZ plane (e) 7.5 GHz-XZ plane (f) 7.5 

GHz-YZ plane (g) 10 GHz-XZ plane (h) 10 GHz-YZ plane 

To know the isolation between every two non-similar antennas meant for communication, a 

special case is considered. In this case, wideband sensing antenna senses all the spectrum holes 

in the 2-11 GHz frequency band (i.e., primary users do not utilize any frequency bands), so 

every antenna radiates. Since the mutual coupling between every two similar antennas and the 

mutual coupling between wideband sensing antenna and antennas that are meant for 

communication are already shown in Fig. 6.34 and Fig. 6.35, respectively, these are not 

discussed in this case. When all the antennas radiate simultaneously, the mutual coupling 
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between any two non-similar antennas that are parallel to each other is less than -15 dB, as 

illustrated in Fig. 6.36. Despite some antennas are parallel to each other, those antennas are 

separated in such a way that there exists no coupling between them. 

 

                                            (a)                                               (b) 

Fig. 6.38. Radiation patterns of the antenna joined to port 3 at 4.4 GHz in planes (a) XZ (b) 

YZ 

  

                                            (a)                                               (b) 

Fig. 6.39. Radiation patterns of the antenna joined to port 5 at 10 GHz in planes (a) XZ (b) 

YZ 

During the measurement of radiation patterns in an anechoic chamber, pyramidal horn antenna, 

which is connected to a microwave signal analogue generator, is used as a transmitting antenna, 

while the proposed antenna is used as a receiving antenna. The proposed antenna is kept in 

receiving mode in a far-field region and is connected to a coaxial detector. The radiation 

patterns in the orthogonal planes of the antennas accessible at ports 1, 3, 5, 2 and 4 are shown 

in Fig. 6.37, Fig. 6.38, Fig. 6.39, Fig. 6.40 and Fig. 6.41, respectively. In the case of antenna 

accessible at port 1, dipole natured patterns are observed at low frequencies (i.e., 2.5 GHz and 

5 GHz) and nearly omnidirectional patterns are observed at high frequencies (i.e., 7.5 GHz and 

10 GHz), as depicted in Fig. 6.37. As depicted in Fig. 6.38 and Fig. 6.39, dipole natured patterns 

are observed in the case of single-band antennas (i.e., antennas accessible at ports 3 and 5).  
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                                           (a)                                                (b) 

   

  

                                           (c)                                                (d) 

Fig. 6.40. Radiation patterns of the antenna accessible at port 2 at (a) 3.5 GHz-XZ plane (b) 

3.5 GHz-YZ plane (c) 7 GHz-XZ plane (d) 7 GHz-YZ plane 

 

                                            (a)                                               (b) 

 

                                            (c)                                               (d) 

Fig. 6.41. Radiation patterns of the antenna accessible at port 4 at (a) 2.4GHz-XZ plane (b) 

2.4GHz-YZ plane (c) 5.4GHz-XZ plane (d) 5.4GHz-YZ plane 
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In the case of dual-band antennas (i.e., antennas accessible at ports 2 and 4), exact dipole 

natured patterns and nearly dipole natured patterns are observed at low and high frequencies, 

respectively, as depicted in Fig. 6.40 and Fig. 6.41. It is well known that a dual-band monopole 

antenna with two distinct current paths always has dipole natured radiation patterns at lower 

and higher resonating frequencies [167-169]. So, the reason for the dipole natured patterns at 

both low and high frequencies is due to the two distinct current paths provided by the split ring 

structure. As depicted in Fig. 6.20a and Fig. 6.27a, the radiation at low frequencies of antennas 

accessible at ports 2 and 4 is mainly due to the strong current densities on the decagonal strip 

and circular strip, respectively. Whereas the radiation at high frequencies of the antennas 

accessible at ports 2 and 4 is mainly due to the shunt arms of the decagonal split ring and circular 

split ring, respectively, as depicted in Fig. 6.20b and Fig. 6.27b.  

 

Fig. 6.42. Peak gain of the sensing antenna 

The peak gains and radiation efficiencies of the wideband sensing antenna are illustrated in Fig. 

6.42 and Fig. 6.43, respectively. As illustrated in Fig. 6.42 and Fig. 6.43, the simulated peak 

gains and radiation efficiencies of the wideband sensing antenna are more than 2.2 dBi and 

81%, respectively. It can be observed from Fig. 6.42 that the maximum difference between the 

simulated and measured peak gains is approximately 1 dBi, which could be due to the earth’s 

magnetic field, substrate losses, and imperfections in measurement.  

            The peak gains and radiation efficiencies of the single-band and dual-band antennas for 

communication in their operating bandwidths are depicted in Fig. 6.44 and Fig. 6.45, 

respectively. As illustrated in Fig. 6.44 and Fig. 6.45, the simulated peak gains and radiation 

efficiencies of the single-band and dual-band antennas for communication are greater than 2 

dBi and 90%, respectively.  
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Fig. 6.43. Radiation efficiency of the sensing antenna 

 

Fig. 6.44. Peak gains of the single and dual-band antennas 

 

Fig. 6.45. Radiation efficiencies of the single and dual-band antennas 

It is seen from Table 6.3 that the proposed MIMO antenna has a salient and novel feature of 

performing a maximum of four communication tasks simultaneously. Also, no reconfigurable 

element is incorporated in the proposed MIMO antenna, whereas reconfigurable elements such 

as PIN diodes, varactor diodes, etc., and lumped elements such as resistance, inductance, and 



134 
 

capacitance were incorporated in the state-of-art CR MIMO antennas. An image of the 

fabricated CR MIMO antenna is depicted in Fig. 6.46.  

Table 6.3. Comparison of the proposed CR MIMO antenna with the CR MIMO antennas 

Ref. Size 

(mm2) 

Range of 

wideband 

sensing 

antenna 

(GHz) 

Covered 

communic

-ation 

bands 

Minimum 

Isolation 

achieved 

(dB) 

Reconfig-

urable 

elements 

used 

Maximum 

number of 

communic

-ations 

performed 

at a time 

[126] 60 × 40 2.2-7 2.3-6.3 18 Varactor 

diodes 

1 

[127] 60 × 120 0.75-7.65 1.77-2.51 9.5 Varactor 

diodes 

1 

[128] 80 × 80 2.35-5.9 2.6-3.6 15 Varactor 

diodes 

1 

[129] 60 × 120 1-4.5 0.9-2.6 12.5 Varactor 

and PIN 

diodes 

1 

[130] 63 × 63 3.4-8.0 4.7-5.4 15 PIN 

diodes 

1 

[149] 80 × 70 3-6 3.9, 4.21 20 PIN 

diodes 

1 

[154] 100 × 120 2.3-5.5 2.5-4.2 15 Varactor 

and PIN 

diodes 

1 

proposed 100 × 100 2-12 2.05-2.55 

and 3-11 

15 None 4 
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Fig. 6.46. Photograph of the fabricated CR MIMO antenna 

6.3.8. Performance Analysis of the Proposed MIMO Antenna 

To evaluate the diversity characteristics of the 2-element MIMO antenna, the crucial parameters 

such as envelope correlation coefficient (ECC) and diversity gain (DG) are calculated.  

 

Fig. 6.47. ECCs of the proposed CR MIMO antenna 

Normally, the similarity between any two elements is evaluated by correlation. By using the S-

parameters, ECC can be found mathematically by using the mathematical relations given in 

[166]. For a MIMO system with good diversity capability, the value of its ECC should be as 

low as possible. Ideally, the value of ECC is 0. Fig. 6.47 depicts the simulated and measured 

ECC of the proposed 2-element MIMO antenna. DG can be calculated by using the ECC given 

in [166] and its ideal value is 10 dB.  

Good inter port isolation ensures better diversity gain. The simulated and measured 

diversity gains of the proposed antenna are illustrated in Fig. 6.48. A diversity gain of 
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approximately 10 dB is attained by the proposed antenna. Therefore, the proposed MIMO 

antenna has good diversity capability in all multipath fading channels.  

 

Fig. 6.48. Diversity gains of the proposed CR MIMO antenna 

To characterize the quality of the proposed MIMO system, another parameter called capacity 

loss is calculated. Without increasing the bandwidth or transmitted power, channel capacity 

increases linearly as the number of antennas used increases under certain assumptions. 

However, in a MIMO channel, the correlation between the links reduces the MIMO capacity 

due to the probability of outage, which becomes more significant. Moreover, channel capacity 

loss (CCL) becomes more with the increase in correlation. It can be calculated by using the 

equations given in [170]. 

 

Fig. 6.49. Channel capacity losses of the proposed CR MIMO antenna 

Fig. 6.49 shows the variations of capacity loss (bits/s/Hz) of four pairs of antennas used for 

communication with respect to frequency. It is evident from Fig. 6.49 that the capacity loss of 

all the NB antennas used for communication does not cross the threshold value of 0.4 bits/s/Hz. 
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6.4. Conclusion 

A twelve port MIMO antenna with polarisation diversity for cognitive radio applications has 

been presented in this chapter. The five pairs of antennas used for communication have single 

bands and dual bands to cover entire spectrum of UWB and the two UWB antennas used for 

sensing purpose cover total spectrum of UWB. Polarisation diversity is achieved by placing 

every identical pair of antennas orthogonal to each other. Isolation of better than 20 dB is 

achieved between every two identical antennas. Also, a nine port MIMO antenna without using 

any reconfigurable elements and lumped elements has been presented in this chapter to improve 

the spectrum utilization efficiency in CR MIMO applications. Mutual coupling of less than -15 

dB has been attained between every two antennas that exist in the proposed CR MIMO antenna. 

Moreover, 93% of the bandwidth in the 2-11 GHz frequency band has been covered by the 

single-band and dual-band antennas for communication. The presented CR MIMO antennas 

have a striking feature of performing multiple operations at a time when all unutilized frequency 

bands by primary users are detected by sensing antenna. The simulated and measured ECC and 

DG are in a good match and are within their acceptable limits. Moreover, the proposed CR 

MIMO antennas are very compact, simple, and inexpensive.  
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Chapter-7 

 

Conclusions and Future Scope 

 

7.1. Conclusions 

In this thesis, the research has been presented on the design of sensing antenna, design of 

reconfigurable CR MIMO antenna, and design of integrated wideband sensing and WB/NB 

antennas systems for CR and CR MIMO applications. It contains seven chapters, including this 

as the last chapter.  

In Chapter 1, introduction, background, and motivation factor for carrying out this 

work has been described.  

In Chapter 2, the literature background of basics of an antenna, different parameters of 

an antenna, microstrip antenna, printed monopole antenna, UWB technology, SWB technology, 

CR technology, and types of antenna systems needed for CR MIMO antenna have been 

provided.  

In Chapter 3, by utilizing the Apollonius fractal with nested Apollonius circles, a 

compact SWB antenna for both UWB and SWB applications has been designed. It has been 

compared with the other SWB antennas which were presented in the previous literatures in 

terms of BDR, size, and percentage bandwidth. It covers Ku, K, Ka and V bands in which their 

applications in communications are not explored so far. Since it covers frequencies from 3 GHz 

to 60 GHz, it is also useful for spectrum sensing in cognitive radio applications.  

In Chapter 4, a nine port integrated sensing antenna and reconfigurable communication 

antennas for CR MIMO applications has been presented. It acts as a dynamic n-element MIMO 

antenna depending on the number of spectrum holes detected. Moreover, polarization diversity 
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is also attained as some of the reconfigurable communication antennas are polarized in +X, -X, 

+Y, and –Y directions. The simulated and measured results confirm that the designed antenna 

is a fine candidate for CR MIMO applications. 

In Chapter 5, a 3 port integrated UWB and NB antenna system design has been 

presented as a first contribution. Since two communications are possible at a time, spectrum 

utilization efficiency is improved significantly. Therefore, the proposed 3 port antenna can be 

good candidate for CR applications. Also, a compact six port integrated UWB sensing and 

narrowband/wideband antennas for CR applications has been presented in this chapter. The 

most distinguishing feature of this design approach is enhancing the utilization of spectrum by 

performing multiple communication tasks when multiple white spaces are detected. Moreover, 

all the communication bands in the UWB spectrum are covered by the wideband/narrowband 

antennas in the proposed designs. Despite being compact in structure, all antennas in the 

proposed antenna system are electromagnetically well isolated. The obtained radiation patterns 

are well fit for cognitive radio applications. Hence, the proposed six port antenna is well suitable 

for cognitive radio applications.   

In Chapter 6, a twelve port MIMO antenna with polarisation diversity for cognitive 

radio applications has been presented. The five pairs of antennas used for communication have 

single bands and dual bands to cover entire spectrum of UWB and the two UWB antennas used 

for sensing purpose cover total spectrum of UWB. Polarisation diversity is achieved by placing 

every identical pair of antennas orthogonal to each other. Isolation of better than 20 dB is 

achieved between every two identical antennas. Also, a nine port MIMO antenna without using 

any reconfigurable elements and lumped elements has been presented in this chapter to improve 

the spectrum utilization efficiency in CR MIMO applications. Mutual coupling of less than -15 

dB has been attained between every two antennas that exist in the proposed CR MIMO antenna. 

Moreover, 93% of the bandwidth in the 2-11 GHz frequency band has been covered by the 

single-band and dual-band antennas for communication. The presented CR MIMO antennas 

have a striking feature of performing multiple operations at a time when all unutilized frequency 

bands by primary users are detected by sensing antenna. The simulated and measured ECC and 

DG are in a good match and are within their acceptable limits. Moreover, the proposed CR 

MIMO antennas are very compact, simple, and inexpensive.  
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7.2. Future Scope 

In this thesis, design of sensing antenna, design of reconfigurable CR MIMO antenna, and 

design of integrated wideband sensing and WB/NB antenna systems for CR and CR MIMO 

applications have been investigated. Based on this work, many future research works may be 

performed. Some of these are outlined below: 

 Higher element MIMO antennas could be designed without using switching elements 

on the antenna by using novel decoupling schemes. 

 CR MIMO antennas with polarization diversity could also be realised by designing right 

hand circularly polarized communication antennas and left hand circularly polarized 

communication antennas. 

 Also, CR MIMO antennas with pattern diversity could also be designed by using novel 

techniques. 
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