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With the growth of mobile data applications and the development of communication 

systems, the spectrum is becoming very scarce. To ease congestion and boost speeds, 

cognitive radio (CR) is currently seen as a major solution. It is expected to be the key 

player in the new wireless technologies. It is one of the most capable techniques to 

efficiently utilize the spectrum and intelligently share the wireless resources. In a CR 

network, unlicensed users (secondary users) are allowed to access spectrum bands 

licensed to primary users, while avoiding interference with them. One of the main 

motivating factors attributing to the growth of work in CR is the current worldwide 

digital transition of the TV broadcasting band which resulted in abundant of vacant 

spectrum. TV white spaces (TVWS) refer to these unused portions of the spectrum in 

the TV band. These unused TV white spaces are an attractive target for cognitive radio 

applications, since they operate at an easy to use frequency, and have good propagation 

characteristics, improved communication quality, better building penetration, and lower 

energy consumption.   

A radio front-end transmitter is a complete system used to transmit radio signals on a 

certain carrier frequency. In cognitive radio, there is an important need for 

reconfigurable Radio Frequency (RF) front end transmitter that can be set to steer to any 

band and tune to a channel of any bandwidth. The main challenge in building this 

transmitter is the ability in designing linear and spectrally-agile components and 

architectures. This is because cognitive radio transmitters are required to operate in any 

unoccupied channel of the frequency range. 

In this dissertation, an RF front-end design for frequency-agile transmitter for cognitive 

radio system applications in the TV band is investigated. The transmitting antenna and 

the broadband power amplifier are completely examined, in order to come up with 

developed designs suitable for several cognitive radio applications in the TV band. 

Concerning the transmitting antenna design, different techniques employed in designing 

antennas for cognitive radio application in the TV band are studied. Three antenna 

designs with reduced dimensions and compact size suitable for cognitive radio 

applications in the TV band are designed. Two printed microstrip reduced-size 

monopole antennas and one Planar Inverted F Antenna (PIFA) are proposed. These 
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antennas operate in the upper part of the UHF band with approximately 2.5 dB 

transmission gains and omnidirectional patterns. A novel design of a reconfigurable 

compact planar spiral monopole antenna suitable for TVWS applications is also 

designed. Frequency reconfigurability is reached by inserting a tunable inductor on the 

spiral monopole and modifying its inductance. The antenna can operate at different 

bands in UHF range. These bands range between 15 to 20 MHz which is suitable for 

TVWS applications. In the design of the power amplifier, several techniques and 

different classes are surveyed. However, to come with the most efficient design with a 

respectable output power and a linear operation in the TV band, a high efficiency 

Doherty power amplifier is designed. A class AB power amplifier is firstly 

implemented, and then the Doherty amplifier has been designed following the previous 

class AB scheme for the main amplifier and a class C scheme for the peak one. This 

amplifier attains a high efficiency with a proper power and an operating frequency 

bandwidth between 550 and 1000 MHz which make it suitable for TV band 

applications. The other components will be investigated in future in order to finalize a 

cognitive radio tunable transmitter design suitable for communicating in the TV white 

spaces and can be used by different cognitive radio applications in the TV band. 
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CHAPTER 1 

INTRODUCTION AND THESIS OBJECTIVES 

 

1.1 Introduction 

The development of communication systems and the need for higher data rates 

have led to the scarcity of the radio frequency (RF) spectrum. This is due to the static 

frequency allocation which has caused a large portion of the spectrum to be 

underutilized. The current approach for spectrum allocation is based on assigning a 

specific band to a particular service. This is displayed in the Federal Communication 

Committee (FCC) frequency allocation chart shown in Fig. 1.1, where it indicates a 

high degree of system spectrum utilization [1].  

With the increasing demand for efficient operation of radio frequency devices 

with limited resources, such as energy and frequency spectrum, cognitive radio [2-4] is 

thought to be a drastic solution. Cognitive radio (CR) is one of the most promising 

techniques to efficiently utilize the spectrum and intelligently improve communication 

efficiency. In a CR network, unlicensed users (secondary users) are allowed to access 

spectrum bands licensed to primary users, while avoiding interference with them. This 

intelligent radio permits the secondary user to sense the spectrum, identify the free 

portions or the ones with reduced primary activity, and transmit on the best available 

channel. On the other hand, if the primary user restarted transmission, the secondary 

user jumps off into a different band, or alters its transmission power level or modulation 
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scheme, while staying in the same frequency band, so that the interference level is 

suppressed.  

 

Fig. 1.1: The US spectrum allocation chart [1] 

CR, built on a software radio platform, is an intelligent radio capable of 

independent reconfiguration by learning from and adapting to the communication 
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environment. Hence, a CR should fulfill two main requirements: cognitive capability 

and reconfigurability [5]. The cognitive capability identifies, through the interaction 

with the environment, the spectrum portions that are available in a specific moment and 

place. These available spectrum portions are called spectrum holes or white spaces. The 

reconfigurability capability makes the system possible to transmit and receive through 

different frequency values using different access technologies. That allows the CR 

system to change its parameters to adapt to the environment and to use the best 

available frequency band.  

A crucial step towards efficient spectrum utilization is the one taken by FCC after 

the digital switchover [6], where FCC authorities investigated the feasibility of CR 

opportunistically for secondary users (SU) of the TV licensed spectrum. Indeed, 

broadcast television services operate in licensed channels in the VHF and UHF portions 

of the radio spectrum. The regulatory rules in most countries prohibit the use of 

unlicensed devices in TV bands, with the exception of remote control, medical 

telemetry devices, and wireless microphones [7]. After the digital switchover, a portion 

of TV analogue channels become entirely vacant due to the current spectrum available 

bands for digital TV (DTV). These vacant channels in the TV transmission spectrum are 

so called the TV white spaces (TVWS). 

TVWSs are of special interest because of two main reasons: First of all, their 

propagation characteristics are especially good for wireless communications, reducing 

propagation losses and hence, increasing coverage especially in rural areas and 

enhancing building penetration. Secondly, very little and relatively cheap infrastructure 

is required for their implementation, making them especially suitable for rural and in 



  

4 

 

development areas or countries. Moreover, as the TV receivers practically require high 

SNR at the receiver side, the channel sensing and decision on the availability of these 

bands (8 MHz for TV transmission) become much more interesting within the CR 

environment. 

Secondary operation of cognitive radios in TV bands known as TVWS 

communications relies on the ability of cognitive devices to successfully detect TV 

white spaces. They try to reuse these unused channels by adapting their transmission 

parameters to the environment and to avoid causing interference to the primary users of 

the TV bands. Hence, new frequency spectrum for unlicensed users or devices is 

offered. In addition, there will be typically a number of TV channels in a given 

geographic area that are not being used by DTV stations [7]. A transmitter operating on 

such locally vacant TV channels at a much lower power level would not need a great 

separation from co-channel and adjacent channel TV stations to avoid causing 

interference. Low power devices can therefore operate on vacant channels in locations 

that could not be used by TV stations due to interference planning. This can be 

materialized by the secondary operation of cognitive radios in the TV band.  

From the applications of TVWSs, there are mainly two principal use cases. The 

first use case is the local communications system (called “WhiteFi”) [8] typically with 

laptops and handhelds, where a wireless access point will offer access to the Internet 

using TVWS frequencies [9]. WhiteFi is a UHF white space wireless network which 

can be self-adapted to operate in the most efficient part of the available white spaces.  It 

has several distinct advantages in comparison to typical WiFi at the ISM bands. WhiteFi 

networks can cover longer distances than the conventional WiFi networks and their 
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signals can penetrate concrete obstructions and many types of walls and can serve in 

many rural areas where heavy topographical challenges exist. In addition, WhiteFi 

systems can deliver more bandwidth and more throughput in more places to more 

consumers at lower network costs and lower power consumption. The second use case 

is the wide area broadband communications especially in rural areas, with fixed 

antennas mounted on rooftops mainly for mobile communications and satellite 

communications in addition to other private applications. There are also a range of other 

innovative uses of TVWS that might appear due to their favorable propagation 

characteristics such as mobile communications, television broadcasts, wireless 

microphone transmitters, and medical telemetry devices. 

Like any communication device, the cognitive radio needs a transmitter and a 

receiver. However, unlike software-defined radios (SDRs), cognitive radios (CRs) are 

expected not only to perform signal transmission and reception, but also to sense the 

occupancy of any channel in the entire spectrum, and tune to transmit on the vacant 

channel.  These requirements constrain strict issues on antenna design, broadband 

amplification, frequency synthesizers that provide a carrier frequency from tens of 

megahertz to about 10 GHz, mixing spurs, and spectrum sensing. Broadband and 

tunable antennas, multiband amplifiers, RF filters, broadband direct conversion mixers, 

baseband filters, analog-to-digital converters and digital-to-analog converters 

(ADCs/DACs) are needed to realize software-defined cognitive radio equipment. These 

RF components are expected to operate over a wide range of frequencies [10].  

In cognitive radio, a reconfigurable radio front-end at the transmitter is needed. 

The RF front end is generally defined as everything between the digital baseband 
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system and the antenna. The design of an RF front end transmitter in cognitive radio 

systems is a critical issue. It should have awareness of the radio environment in terms of 

band of operation, spectrum usage and vacancy, transmit powers. It should be also 

programmed to steer to any band and tune to a channel of any bandwidth. Hence, it 

should be able to adaptively tune system parameters such as carrier frequency and 

transmit power. Therefore, the ability to design linear, efficient, and spectrally-agile 

components and architectures in the radio-frequency front-end transmitter is considered 

a primary technological concern in cognitive radio architectures. 

 

1.2 Thesis Objectives 

In cognitive radio communications and systems, it is very important to design and 

build an RF front-end transmitter working in the TV band. Previous work has been done 

on building an RF- front-end sensing receiver for cognitive radio applications [11]. A 

typical block diagram of a CR transmitter, which includes fundamental components for 

the transmission, is shown in Fig. 1.2. In this system, a baseband frequency is generated 

from a source and multiplied by another oscillating frequency generated from a tunable 

local oscillator. This multiplication is required to be performed by a mixer which up-

converts the signal to the UHF frequencies.  After that, a tunable band pass filter is 

required to be applied to the resulting signal in order to take off the undesired 

frequencies that cause interference and operate on the chosen band. Then, the desired 

signal on this chosen band is required to be amplified using a broadband power 

amplifier before transmission through the antenna in the final stage of the transmitter.  
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Fig. 1.2: Block diagram of the Cognitive Radio transmitter 

Since CR transmitters are required to operate in any unoccupied channel of the 

TV frequency range, significant problems in a wide variety of RF components such as 

the antenna, filter, power amplifier, frequency synthesizer and the transmitter circuit, 

might be arise. This thesis work deals with the design of antennas and power amplifiers 

required for the CR transmitter. These antennas and amplifiers are designed to meet the 

TV band standards and are good candidates for cognitive radio applications in the TV 

band. The main contributions of this work are summarized below: 

1. Inspecting and studying different parameters in the design of the antenna 

component such as the frequency band of operation, the size, and the direction. In 

addition, reconfigurability which is a main concern in designing transmitting 

antennas of cognitive radio systems is fully examined.  

2. Examining and studying different parameters in the design of the power amplifier 

component such as linearity, stability, and efficiency. Moreover, a trade-off 

between the power efficiency of the power amplifier and multiband characteristics 



  

8 

 

is examined in order to achieve adequate designs of power amplifiers for cognitive 

radio applications in the TV band. 

3. Proposing broadband antenna designs suitable for cognitive radio applications in 

the TV band. A reduced-size printed monopole antenna, a meander loop monopole 

antenna and a planar inverted F antenna (PIFA) are implemented in this thesis. A 

meander structure is used to reduce the size of the antennas for lower band 

operation. The designed antennas having reduced dimensions operate in the band 

700-900 MHz and are suitable for TVWSs applications. The bandwidth and the size 

of these antennas make them convenient for portable devices such as laptops, 

notebooks, tablets and mobile phones. In addition, these antennas are good 

candidates that can be implemented in the CR transmitter system. 

4. Investigating and designing a reconfigurable reduced-size planar spiral monopole 

antenna suitable for TVWS applications. In this antenna, frequency 

reconfigurability is obtained by inserting a tunable inductor on the spiral monopole 

and changing its inductance. This designed antenna operates in the higher part of 

the UHF band (600 - 800 MHz) and is suitable for TVWS applications. Moreover, 

this antenna can be best employed in the agile CR transmitter system. 

5. Proposing and designing advanced power amplifier designs for TV band 

applications. A class AB power amplifier and a high efficiency Doherty one with 

operating frequency at 800 MHz were developed and verified for the suitability for 

TV band applications. The proposed Doherty power amplifier attains higher 

efficiency, wider bandwidth and an operating frequency bandwidth between 550 

and 1000 MHz which make it suitable for TVWS band applications and easily 

implemented in the cognitive radio transmitter system. 
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6. Fabricating prototypes of the designed antennas and measuring their response to 

verify their proper functioning. 

 

1.3 Organization of the Dissertation 

The thesis is divided into five chapters. Chapter 2 presents an overview about the 

different components of the cognitive radio transmitter explaining their importance in 

the whole system, and reviews the current development and the recent work in all these 

components. Chapter 3 presents the proposed designs of four different antennas 

(broadband and reconfigurable) that operate in the TV band and are suitable for TVWS 

applications. Chapter 4 introduces the proposed designs of an AB power amplifier and a 

Doherty power amplifier that can be utilized in the transmitter system and can operate in 

the TV band, and emphasizes their different properties and characteristics. Finally, a 

conclusion, future work of this thesis, and the thesis-related publications are given in 

chapter 5. 
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CHAPTER 2 

TRANSMITTER COMPONENTS REVIEW 

 

2.1 Antenna 

A transmitting antenna is used to radiate the radio frequency energy of the 

transmitter output into free space. It can generally be less efficient than the receiving 

antenna because it is possible to obtain high gains with the use of power amplifiers at 

the transmitter. If the transmitting antenna efficiency is low, there will be a significant 

power loss for high power transmitting devices. 

In cognitive radio networks, two types of antennas are needed: sensing and 

communicating antennas. The sensing antenna, which is usually an Ultra-Wide Band 

(UWB) antenna, is used to sense the spectrum and find the spectrum holes. The 

communicating antenna, which is usually reconfigurable, is tuned to transmit at the 

frequencies of these holes.  

The first cognitive task preceding any form of dynamic spectrum management is 

sensing and identifying spectrum holes in wireless environments. Therefore, there is a 

need to have an omnidirectional radiation pattern antenna which allows users to sense 

and identify the spectrum holes in wireless environment, transmit and receive 

independently of their direction. Omni-directional antennas with higher gains are used 

in cognitive radio networks. However, directional antennas might be also interesting for 

long range communications. Due to the targeted applications in this thesis, i.e. wireless 
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fixed broadband access systems such as WhiteFi and cellular and satellite 

communications, omni-directional compact antennas in the UHF TV band will be 

prioritized.   

The fact that this CR system can be utilized in portable devices leads to an 

important challenge especially at the TV band [12]. Indeed, the size of the antenna must 

be small enough so that the antenna can be mounted in these portable devices. 

Therefore, the trend is to design reduced-size antennas with small and compact sizes. 

 

2.1.1 Recent Work on Broadband Antennas 

Different techniques have been used to design broadband antennas transmitting 

and receiving in TVWSs. The UWB antenna designed for cognitive radio in the UHF 

TV band reported in [13] presents a wide bandwidth covering the whole TV band. In 

this design, a quarter-wave cylindrical monopole is implemented with a long copper 

tube to ensure a relatively large radiating surface. The compact broadband monopole 

slot antenna, described in [14], exhibits a wide bandwidth (460 – 1000 MHz) using a 

feed-in space and a straight gap. In [15], a coplanar printed monopole antenna for digital 

television (DTV) in the UHF band (470-862 MHz) application is designed. In this 

design, a pair of slot lines is adopted in order to minimize the antenna size, providing 

then a good impedance matching at the UHF band. Moreover, the meander loop 

monopole and step-shaped ground plane are printed on the same side of a substrate with 

an area of 15 x 170 mm. In [16], a compact simple folded dipole antenna for DTV 

signal reception is proposed. This antenna provides a way to control the required 

bandwidth and impedance matching over the DTV frequency band using narrow 
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rectangular radiating patches and coupling gap. In [17], an asymmetric fork-like 

monopole antenna for digital video broadcasting-terrestrial (DVB-T) signal reception 

for application in the UHF band is presented. The proposed antenna consists of two 

two-branch strip monopoles on a rectangular ground plane with a concave as shown in 

Fig. 2.1 achieving a wide bandwidth of 461 MHz (451–912 MHz).  

 

Fig. 2.1: Geometry of asymmetric fork-like antenna [17] 

In [18], a novel grating monopole antenna consisting of a grating patch and a 

rectangular ground plane with a concave used for digital video broadcasting-terrestrial 

application is presented. The geometry of the antenna is shown in Fig. 2.2.This antenna 
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exhibits a wideband operating bandwidth which is attained by cutting a notch at the 

ground pattern opposite to the microstrip line. 

 

Fig. 2.2: Geometry of the grating monopole antenna [18] 

In literature, the surveyed broadband antenna designs are relatively with large 

dimensions. This makes them difficult to be used in portable devices. Hence, one of our 

important contributions in this thesis is the proposition of small antenna designs with 

low complexity and broadband bandwidth as demonstrated in chapter 3. 
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2.1.2 Recent Work on Reconfigurable Antennas 

A key enabler for realization of a cognitive communication system and one of its 

main challenges is the capability of reconfigurability in the underlying hardware and the 

associated protocol suite. From the antenna design perspective, the demand for multi 

wideband antennas which can be easily integrated with the communication system is 

continuously increasing. Reconfigurable and frequency agile architectures are mostly 

designed nowadays in order to solve the broad frequency allocation and to reduce the 

number of functional blocks. Reconfigurability is usually achieved by incorporating 

switches, variable capacitors, lumped components such as PIN diodes, varactor diodes, 

MEMS switches, or phase shifters in the topology of the antenna.  

Different techniques have been also used to design transmitting reconfigurable 

antennas for TV band applications. In [19], a frequency-tunable Inverted F-Antenna 

(IFA) for DVB-H reception is presented. This antenna is suitable for small mobile 

devices. The operating frequency of this antenna is tuned with a varactor component 

which loads the IFA element and enables it to resonate at different frequencies. This 

kind of tunable narrowband antenna is suitable for DVB-H reception, since one channel 

in a bandwidth of 8 MHz is received at a time. In [20], a reconfigurable meander 

antenna dedicated to the mobile TV standards DVB-H, T-DMB or DVBSH is 

introduced. This meander antenna uses PIN diodes inserted in different points of the 

radiating element to dynamically cover the frequency band needed for these standards 

with a sufficient bandwidth. The insertion of active components allows compensating 

the drawback of the small volume of this miniature antenna. The antenna structure and 

its active elements are shown in Fig. 2.3. 
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Fig. 2.3: Antenna structure and its active elements [20] 

Another miniature antenna for digital TV reception in the UHF band has been designed 

and implemented in [21]. The concept was based on the commonly known small 

magnetic loop antenna with inductive feed and capacitive tuning. The size of the 

antenna is sufficiently small to fit into a USB stick, and the performance is comparable 

to current low-cost external rod-antennas. In [22], a compact multiband tunable PIFA 

system using a varactor as an active tuning component is presented covering 88–2175 

MHz. The antenna was designed to cover the mobile telephone bands (GSM850, 900, 

1800, 1900, UMTS) by controlling the value of the capacitance across the gap in the 

slotted PIFA. Two broadcast bands, FM radio (76–108 MHz) and mobile television 

DVB-H (470–702 MHz), were added by designing an appropriate matching circuit into 

the system as shown in Fig. 2.4.  
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Fig. 2.4: Geometry of the antenna with the implemented matching circuit [22] 

From the surveyed reconfigurable antenna designs, we can notice that these 

antennas are not simple antennas. Some antennas suffer from complexity, others suffer 

from isolation and biasing techniques, and others suffer from the relatively big size that 

does not allow the antenna to be mounted in portable devices. The reconfigurable 

antenna presented later in Chapter 3 of this thesis, which relies on the use of tunable 

inductors to attain reconfigurability, has a simple structure and a reduced size. 
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2.2 Broadband Power Amplifier 

Power amplifiers are the basic building blocks in electronics communications 

systems. They convert low-power radio-frequency signals into larger signals of 

significant power, typically for driving the antenna of a transmitter. For the transmitter 

design in cognitive radio applications, in order not to interfere with the primary user and 

operate at multi standard frequency range, a high power gain is required, and thus a 

broadband linear power amplifier (PA) is desired. It must provide a high output power, 

simultaneously assuring a high efficiency and linearity behavior. 

The power amplifier, however, consumes a large portion of energy in RF circuits 

during transmission. Consequently, an efficient PA design with high efficiency 

capabilities is required. As the system requirements vary, the specific constraints on the 

amplifier design also vary considerably. There are common requirements for nearly all 

amplifiers, including frequency range, gain flatness, output power, linearity, matching, 

and stability. Often there are design trade-offs required to optimize any parameter over 

the other, and performance compromises are usually necessary. Different classes and 

modes of operation were defined, each achieving certain criteria in such performance 

metrics. Popular examples are the basic classes such as Class A, B, C, D, E and F PAs. 

Because of their highly versatile circuit function, PAs have always been the first to 

benefit from developments in the device and semiconductor technologies, which helped 

in defining even new techniques for operation like the Doherty amplifiers and Class J 

PAs to meet the requirements imposed on PAs due to the evolution of new 

communication systems and standards as CR systems.  
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When the PA is driven towards saturation, the nonlinear distortion will increase 

considerably. On the other hand, the highest PA power efficiency is obtained at the 

saturation point [23]. In fact, there is a trade-off between the power efficiency of the PA 

and its linearity [24]. The nonlinear behavior of the PA leads to spectral regrowth of its 

out-of-band output signal, and as a result, to adjacent channel interference (ACI). The 

ACI power is a nonlinear increasing function of the PA input power [25]. Therefore, it 

is important to consider the PA nonlinear behavior of the CR transmitter and the 

resulting ACI power for allocating power in CR networks by noting the interference 

temperature limits. The CR system design should be aware of the nonlinear behavioral 

model of the PA and of the other users’ constraints in the environment.  

 

2.2.1 Classes of Power Amplifiers 

Power amplifiers can be categorized into two major groups: Linear PAs and 

Nonlinear PAs. Linear PAs are able to generate output power proportional to the input 

power with a negligible amount of harmonic power generated. On the contrary, non-

linear PAs operate near the cut-off region with a significant amount of harmonics 

generated besides the fundamental signal. The input and output powers are no longer 

proportional. Furthermore, amplifiers can also be classified into two categories: biasing 

class and switching class as shown in Fig. 2.5. In biasing class, amplifiers such as Class 

A, B, AB and C amplifiers are classified based on their quiescent point (bias point) or 

output Current Conduction Angle (CCA) θ. The angle θ is defined as the fraction of RF 

input drive signal where non-zero current is flowing through the device [26]. Unlike 

biasing class, amplifiers in switching class are classified based on the network 



  

19 

 

configuration connected to the active element, but not the bias level. As suggested by its 

name, transistors in switching-class act like a switch turning on and off controlled by 

the input drive signal. Class E and Class F amplifiers are two examples that belong to 

this class of operation. Class E and Class F amplifiers drew a lot of attention from 

designers because of their capability to provide high power-added efficiency. 

 

Fig. 2.5: Family tree of PA classification [26] 

 

2.2.1.1 Class A Amplifier 

A Class A amplifier is a linear amplifier, which has a conduction angle of 360°. 

The 360° conduction angle means that the transistor in this class is turned on and 

conducts over the entire sinusoidal cycle. Most of the small-signal amplifiers are 

designed in this class because of its simplicity and the best linearity among all classes of 

amplifiers. Because of the 360° conduction angle of Class A, these amplifiers have the 

lowest efficiency and are only suitable for low-power applications [26]. The transfer 
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characteristic of a Class A amplifier and its corresponding voltage and current 

waveforms are shown in Fig. 2.6 below. 

 

Fig. 2.6: Class A transfer characteristics [26] 

 

2.2.1.2 Class B Amplifier 

This class of operation in class B amplifier is lower than that of Class A amplifier 

and close to deep cut-off region. In Class B, the transistor conducts only on a half-cycle 

of the input drive signal. This gives Class B amplifiers a CCA of about 180° and also a 

better efficiency than Class A amplifiers. However, Class B amplifiers have poor 

performance in term of linearity because of the generation of higher order harmonics. 

This poor linearity can be improved by using two transistors simultaneously as a Class 

B push-pull amplifier. In Class B push-pull amplifiers, there is a short period of time 

that both of the transistors are off at the same time and cross-over distortion is created 
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[26]. The transfer characteristics of Class B amplifier, the corresponding voltage and 

current waveforms are shown in Fig. 2.7 below. 

 

Fig. 2.7: Class B transfer characteristics [26] 

 

2.2.1.3 Class AB Amplifier 

A Class AB amplifier is considered as a combination of class A and class B 

amplifiers in term of linearity and efficiency. The Class AB bias point is between that of 

Class A and Class B. The efficiency of Class AB amplifiers is usually between that of 

Class A and that of Class B amplifiers. In Class AB push-pull amplifiers, the cross- over 

distortion appeared in Class B is reduced so that linearity can be improved [26]. Fig. 2.8 

shows the transfer characteristic of a Class AB amplifier and its corresponding voltage 

and current waveforms. 
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Fig. 2.8: Class AB transfer characteristics [26] 

 

2.2.1.4 Class C Amplifier  

A class C amplifier has a conduction angle significantly less than 180°. The 

transistor is biased such that under steady-state conditions no collector current flows. 

Linearity of the Class-C amplifier is the poorest of the classes of these amplifiers. The 

Efficiency of Class-C can approach 85 %, which is much better than either the Class-B 

or the Class-A amplifier. In order to bias a transistor for Class-C operation, it is 

necessary to reverse bias of base-emitter junction. External biasing is usually not 

needed, because it is possible to force the transistor to provide its own bias, using an RF 

choke from base to ground. One of the major problems with utilizing Class-C in solid-

state applications, is the large negative swing of the input voltage, which coincides with 

the collector/drain output voltage peaks [26]. This is the worst condition for reverse 
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breakdown in any kind of transistor, and even small amounts of leakage current flowing 

at this point of the cycle have an important effect on the efficiency. For this reason true 

Class-C operation is not often use in solid-state at higher RF and Microwave 

frequencies. Fig. 2.9 shows the transfer characteristic of a Class AB amplifier and its 

corresponding voltage and current waveforms [26]. 

 

Fig. 2.9: Class C transfer characteristics [26] 

 

2.2.1.5 Class D Power Amplifier 

The voltage mode Class D amplifier is defined as a switching circuit that results in 

the generation of a half-sinusoidal current waveform and a square voltage waveform. 

Class-D PAs use two or more transistors as switches to generate a square drain-voltage 

waveform. A series-tuned output filter passes only the fundamental-frequency 

component to the load. 
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Class-D amplifiers suffer from a number of problems that make them difficult to 

realize, especially at high frequencies. First, the availability of suitable devices for the 

upper switch is limited. Secondly, device parasitics such as drain-source capacitance 

and lead inductance result in losses in each cycle. If realized, they are common at low 

RF and audio frequencies. Class-D amplifiers theoretically can reach 100% efficiency, 

as there is no period during a cycle where the voltage and current waveforms overlap.  

No real amplifier can be a true Class-D, as non-zero switch resistances and capacitive as 

well as inductive parasitic elements restrict the shape of drain voltage waveform [26]. 

 

2.2.1.6 Class E Power Amplifier 

Class-E employs a single transistor operated as a switch. The collector/drain 

voltage waveform is the result of the sum of the DC and RF currents charging the drain-

shunt capacitance Cp which is parallel with transistor internal capacitance. In optimum 

class E, the drain voltage drops to zero and has zero slope just as the transistor turns on. 

The result is an ideal efficiency of 100 %, elimination of the losses associated with 

charging the drain capacitance in class D, reduction of switching losses, and good 

tolerance of component variation. The transistor behaves as a perfect switch. When it is 

on, the collector/drain voltage is zero, and when it is off the collector current is zero. 

 

2.2.1.7 Class F Power Amplifier 

Class-F boosts both efficiency and output by using harmonic resonators in the 

output network to shape the drain waveforms. The voltage waveform includes one or 
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more odd harmonics and approximates a square wave, while the current includes even 

harmonics and approximates a half sine wave. Alternately, the voltage can approximate 

a half sine wave and the current a square wave. The required harmonics can be 

produced by current source operation of the transistor [26]. However, in practice the 

transistor is driven into saturation during part of the RF cycle and the harmonics are 

produced by a self-regulating mechanism similar to that of saturating Class-C.  

While Class-F requires a more complex output filter than other PAs, the 

impedances must be correct at only a few specific frequencies. Class-F amplifier 

designs intentionally square the voltage waveform through controlling the harmonic 

content of the output waveform. This is accomplished by implementing an output 

matching network which provides high impedance open circuit to the odd harmonics 

and low impedance shorts to even harmonics. This results in a squared off (though for 

Class-F, truly squared) voltage waveform. Class-F amplifiers are capable of high 

efficiency (88.4% for traditionally defined Class-F, or 100% if infinite harmonic tuning 

is used). Class-F amplifier design is difficult mainly due to the complex design of the 

output matching network [26]. 

 

2.2.1.8 Doherty Power Amplifiers 

Highly efficient and linear power amplifier is a key component in any 

communication system. However, these PAs require very efficient peak-to-average 

power ratio (PAPR) Therefore, a power amplifier with high linearity and efficiency is of 

great importance. The simplest method is to back-off signals form the saturation region 

to the linear region at the cost of power efficiency. Another may use predistortion 
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methods or elimination and restoration techniques. However, these techniques which 

need additional components result in an increase in cost, size, and power dissipation. To 

meet all these requirements, a Doherty amplifier is the most promising candidate with 

simple fabrication and high efficiency.  

The simplest Doherty amplifier operation can be achieved using two cells with a 

class-AB biased carrier amplifier cell and a class-C biased peak amplifier cell with 

respective input matching network and output matching network. It has a high linearity 

and efficiency across the wideband signal. A classical Doherty power amplifier is 

shown in Fig. 2.10. 

 

Fig. 2.10: The classical Doherty power amplifier 

Moving from left to right in Fig. 2.10, a quadrature hybrid produces two outputs 

that are 90 degrees out of phase with each other. The 90 degree split is needed because 

the peaking amplifier output requires a 90 degree delay with respect to the carrier 
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amplifier in order to be in step with the carrier amplifier output. This is subjected to a 

90 degree delay in the quarter wave impedance inverter. After that, the carrier and 

peaking amplifier modules provide the gain. The output of the carrier amplifier is 

passed through the quarter wave line, and tied to the output of the peaking amplifier and 

the impedance transformer.  

The DPA operating principle is based on the idea to modulate the load of the 

carrier device by using a peak device [28]. The peak amplifier loads the signal when the 

carrier amplifier goes into compression. When the signal is near its average level, the 

peak amplifier is not operating, yet the carrier amplifier is operating near its 

compression point, hence operating at its most efficient level. Once peaks appear, the 

peak amplifier starts to operate and loads the compressing carrier stage, as shown in 

Fig. 2.11. Once the carrier amplifier is saturated, it will not load the peaking amplifier. 

 

Fig. 2.11: Illustration of the Doherty idea. The class C amplifier loads the signal above 

the level where class AB compresses [27]. 
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Doherty amplifiers are the best candidates that can provide higher efficiency 

among all types of amplifiers. Indeed, when the efficiency increases, the battery life of 

handheld devices such as cellular phones can be extended effectively to satisfy 

consumers’ needs. As more features and hardware are added to cell phones, efficiency 

improvement becomes one of the major issues for designers. Therefore, Doherty 

amplifiers are widely used for many applications where RF power amplifier efficiency 

is important.  

 

2.2.2 Methods of Developing Broadband PASs 

There are several methods to develop broadband PAs: 

 The traveling-wave and distributed amplifier topologies are widely used for 

broadband PA development because of the excellent characteristics in terms of 

bandwidth, gain flatness, and input voltage standing-wave ratio [29-30]. 

 The multistage LC combination technique is proposed in [31] to develop the GaAs 

HBT PA for the broadband wireless applications. 

 The push-pull PAs can achieve wide bandwidth by using broadband transformers 

[32-34]. 

 The shunt-feedback technique and multi-section distributed matching networks are 

demonstrated to be useful in [35]. 

 The staggered matching is a viable technique to extend the bandwidth of the 

millimeter-wave PAs [36]. 
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 The reconfigurable output matching by using PIN diodes to adjust the LC networks 

is applied in the dual mode broadband InGaP HBT PA at 0.9 and 1.8 GHz [37]. 

 

2.2.3 Recent Work on Power Amplifiers 

Several works have been proposed in designing PAs for cognitive radio 

applications. In [38], a broadband PA is demonstrated in InGaAs HEMT technology 

using load impedance tracking. The power-added efficiency and the 1 dB compression 

point of the PA are better than 20% and 21.4 dBm, respectively. In [39], a wideband 

power amplifier for the application of intelligent cognitive radios is proposed. In this 

PA design, the broadband frequency response is enhanced using transformer matching 

network and resistive feedback. As shown in Figure 6, series stack topology is used to 

achieve the broadband load impedance match by discussing the constraints of stack PA 

in both GaAs and CMOS methods. The main difference between these two PAs is the 

feed point. In the first one, transformers are employed using RF input at the bottom and 

ground at the top. In Fig. 2.12(b), the RF feed point is upside-down compared to Fig. 

2.12(a). Due to the fact that these two PAs are voltage combined, the total biasing 

current is controlled by the transistor. To verify the design models, a high-efficiency 

broadband PA in commercial 0.18 m CMOS process with the best PAE of 30% and the 

1 dB compression point of 20 dBm is established. This PA also demonstrates the widest 

bandwidth performance among CMOS PAs below 10 GHz.   
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Fig. 2.12: Two kinds of transformer orientations of stack PA. In (a), the transformers 

are opposite coupled. (b) the upside-down input fed configuration [39] 

In [40], power allocation in cognitive radio networks is studied by considering the 

nonlinear effects of the PA on the received signal-to-noise ratio (SNR) at the secondary 

receiver and adjacent channel interference (ACI) to the primary receivers. A nonlinear 

PA with limited dynamic range and a lower limit on the transmit power is assumed for 

the secondary transmitter. The PA needs to be turned off in some fading blocks in order 

to control the resulting ACI from the secondary transmitter to the primary receivers. A 

high efficient, high power push-pull GaN amplifier for CR applications is reported in 

[41]. This PA shows an efficiency of 60-55% from 10 MHz to 650 MHz, for an output 

power of 100W and a compressed gain of 19.5dB. By reducing the drain voltage to 

30V, the efficiency is about 60 to 70% with an output power of 47 dBm and a power 

gain of 18.5 dB. In [42], a class-AB power amplifier was designed for an envelope 
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tracking (ET) application. As a power device, Cree Gallium Nitride High Electron 

Mobility Transistor (GaN HEMT) CGH4010F was chosen. The input and output 

matching networks were designed and simulated with Advanced Design System (ADS) 

[43]. After some optimization, the amplifier was fabricated and good agreement 

between the simulation and measurement results was observed. The maximum power 

added efficiency (PAE) is around 50% with the supply voltage Vsup= 10V and the 

maximum drain efficiency is around 75% with Vsup= 5V. An output power up to 42 

dBm and good linearity of the output voltage with respect to the supply voltage were 

achieved as shown in Fig. 2.13. 

 

Fig. 2.13: Output power versus drain supply voltage is approximately linear [42] 

A class B and a class F power amplifier are described in [44] using a GaN HEMT 

device. They both were designed to operate at a frequency of 1.7 GHz with the same 
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bias conditions. The performance of each amplifier was successfully simulated and 

compared. A class B amplifier was physically implemented and achieved a high power-

added-efficiency of 69.2%, 39.9 dBm output power and associated gain of 14.9 dB.  

Several works have been also proposed in designing PAs operating in the UHF 

band. The configuration of a high-power amplifier used for modern radar system 

operating at UHF band (820MHz – 900MHz) is proposed in [45]. The power amplifier 

module consists of two stage 90W and 200W amplifier that allows the output to reach 

up to 1.2kW per block, and even approximate 9.6 kW to the whole transmitter system 

using the classical power combination method. The design and simulated results were 

carried out by the microwave engineering professional design software, known as 

ADS2008 package. The achieved results meet the demand of modern radar transmitter.   

In [46], the design of a wideband and highly efficient class-E power amplifier are 

reported in this work. The amplifier can cover the whole UHF broadcast band from 

470MHz to 860MHz with an output power of 10W. The PA can achieve better than 

70% power added efficiency (PAE) in a fractional bandwidth of 41% or better than 60% 

PAE in a bandwidth of 54% with 10W output power.  A reactance compensation 

method was used to implement the output matching network as shown in Fig. 2.14. To 

achieve the required operational bandwidth, a double reactance compensation matching 

is required. A UHF power amplifier which can be used for small satellites and has 

435.2MHz center frequency and an 8 MHz bandwidth is designed in [47]. The power 

gain is between 15dB and 20dB in this work. In addition, this power amplifier has linear 

characteristics and is stable in the operating band.  
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Fig. 2.14: A schematic layout of the PA using the reactance compensation method [46] 

Moving to Doherty power amplifiers, several works have been also presented. In 

[48], a wideband Doherty amplifier is designed and implemented in GaN HEMT 

technology using simple circuitry. This amplifier was designed to cover a bandwidth of 

640 MHz, ranging from 1.5 GHz to 2.14 GHz achieving a 1 dB compression output 

power of 43.8 dBm (24.1 W), with a maximum power-added efficiency of PAE = 69 %  

at 1.9 GHz. The designed Doherty amplifier also showed acceptable linearity when 

characterized with two-tone and single-carrier wideband code-division multiple access 

(W-CDMA) stimuli. The design, implementation and characterization of a Doherty 

power amplifier for 3.5GHz WiMAX applications are discussed in [49]. The DPA has 

been implemented using a commercial GaN HEMT from Cree inc., following a class 

AB and C scheme for the main and peak amplifiers, respectively. The measured 

maximum power of the DPA is 22W with a first peak efficiency of 57%, and maximum 

drain efficiency of 65% at the DPA saturation. Efficiency over the so-called Doherty 

region does not drop below 55% from saturation to 6 dB input back-off. The gain at the 

onset of the Doherty region is 8dB.  In [50], a theoretical analysis of a DPA employing 

a Class F PA as a main amplifier has been presented. The proposed theory has been 
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validated through the realization of a Class F AB-C DPA using GaN HEMT devices. A 

saturated output power of 35 dBm has been measured with a drain efficiency larger than 

45% and almost constant over a 6-dB dynamic output range. In [51], the design, 

realization and experimental characterization of a GaN-based hybrid Doherty power 

amplifier for wideband operation in the 3–3.6-GHz frequency range is presented and 

shown in Fig. 2.15. The design implements a novel and simple approach based on 

wideband compensator networks. The realized amplifier is based on a packaged GaN 

HEMT and shows, at 6 dB of output power back-off, a drain efficiency higher than 38% 

in the 3–3.6-GHz band, gain around 10 dB, and maximum power between 43 and 44 

dBm, with saturated efficiency between 55% and 66%.  

 

Fig. 2.15: Complete scheme of the Doherty power amplifier in [51] 
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From the surveyed power amplifier designs, we can notice that some designs 

suffer from low efficiency and other designs suffer from narrow bandwidth and that the 

maximum attained efficiency is 70%. Moreover, some designs cannot achieve good 

linearity and some designs have relatively low gain. 

In this thesis, some specifications are mainly desired as the transmitter is required 

to work in the TV band. The broadband power amplifier is aimed to cover the frequency 

range from 600 to 900 MHz with linearity, high stability, and high efficiency. Since this 

amplifier is used in a cognitive radio transmitter that needs high output powers, the gain 

of the intended power amplifier is required to be high (above 20 dB) with gain flatness 

over the desired frequency band. Moreover, the input impedance and the output 

impedance must exactly be 50 ohm. The power amplifier designs reported in Chapter 4 

of this thesis satisfy these specifications and attain linearity, higher efficiency, and an 

operating frequency bandwidth between 550 and 1000 MHz which make it suitable for 

TV band applications. 

 

2.3 Tunable RF Band Pass Filter 

A band-pass filter is a device that passes frequencies within a certain range and 

rejects (attenuates) frequencies outside that range. Band-pass filters are widely used in 

wireless transmitters and receivers. In a transmitter, the main function of such a filter is 

to limit the bandwidth of the output signal to the band allocated for the transmission 

which prevents the transmitter from interfering with other stations.  Well-designed 

band-pass filters are designed to have the optimum bandwidth and to maximize the 
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number of signal channels that can exist in a system, while minimizing the interference 

between signals. 

Tunable filters are essential components for reconfigurable front-ends since they 

allow the use of a single component. Compared to a bank of fixed filters, a tunable filter 

assures greater functionality, better channel selectivity, reduced size, and lower weight 

since the same hardware can be employed at multiple bands. However, since they are 

placed before the power amplifier, they must exhibit very low loss and high linearity, 

especially in today’s crowded RF environments. 

There has been significant research on tunable RF band-pass filters in recent 

years. Tuning can be realized using varactor diodes, ferroelectric devices, PIN diodes, 

or RF Microelectromechanical systems (MEMS) switched capacitors. A number of 

MEMS based tunable filters, based on switched capacitors, have been developed [52–

55]. A variety of varactors have also been utilized to achieve frequency tuning [56–58]. 

In addition, the authors in [59] show that open split ring resonators (OSRRs) and open 

complementary split ring resonators (OCSRRs) can be loaded with varactor diodes in 

order to implement tunable filters in coplanar waveguide (CPW) technology.  

When band pass filters are required to be implemented in CR systems, tunability 

must be dealt carefully in order to reduce spurious content in the transmitter and limit 

out-of-band interference in the receiver. Moreover, a wide tuning range is preferred in 

cognitive radio systems in order to maintain tunability over different bands and several 

applications. 

Primarily, some target specifications are needed when the transmitter is designed 

to work in the TV band. The filter is aimed to achieve frequency coverage from 600 to 
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900 MHz. The targeted insertion loss is assumed to be less than 4 dB in order to achieve 

a small noise figure of the entire system. The dimensions of the filter are required to be 

small with an impedance of 50 ohm. Moreover, the filter is required to be designed in 

higher orders (higher than the second order) in order to improve the shape factor and the 

out-of-band rejection. 

 

2.4 Frequency Mixer 

A frequency mixer is a nonlinear electrical device that creates new frequencies 

from two signals applied to it, as shown in Fig. 2.16. Mixers are widely used to shift 

signals from one frequency range to another for transmission or further signal 

processing. This process is known as heterodyning. Frequency mixers are also used to 

modulate a carrier frequency in radio transmitters. 

 

Fig. 2.16: Schematic of a frequency mixer 
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For complete on-chip solutions, homodyne architectures have been the preferred 

choice. Homodyne architectures ease the requirements on the IF filter; however, they 

suffer from a number of issues including flicker noise, dc offsets, and second order non-

linearity. Homodyne architectures have gained popularity for moderate to wide 

bandwidths, especially in SDR applications. Passive mixers have often been the 

preferred choice for SDR applications due to their lower flicker noise and excellent 

linearity [60-61]. 

Taking into consideration that a tunable RF filter does not provide out-of-band 

rejection as effective as fixed RF filters, and that SDR applications often require more 

severe out-of-band rejection specifications [61], harmonic reject mixers become 

necessary. However, subsequent mixing with a square wave up-converts the desired 

signal, but also causes interference around the LO harmonics. To ease the problem of 

harmonic mixing, multi-phase harmonic rejection mixers can be employed [62]. Such 

mixers have been employed in a number of SDR architectures, providing 30–40 dB 

harmonic rejection. Further harmonic rejection can be obtained using digital correction 

[61]. 

In the design of a mixer, there are some key specifications that need to be known. 

The mixer type, the frequency range, the impedance, the conversion loss, and the noise 

figure are all important points in designing a frequency mixer.  In addition, the 

anticipated RF input power should be also identified. The intended frequency range is 

between 600 and 900 MHz and the impedance is 50 ohm. It is required to maintain 

tolerable noise and low up-conversion loss (about 7 dB) in order to attain a low noise 
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figure of the entire system. The tunable local oscillator must have enough power to 

operate the mixer with low conversion loss. 

 

2.5 Tunable Frequency Oscillator 

A tunable frequency oscillator is a critical building block for the CR transmitter 

[63]. The following requirements can be identified for this oscillator:  

 Wide-tuning range, such that the oscillator can cover different bands and several 

applications. 

 Excellent tuning, in order to reduce spurious content and limit out-of-band 

interference. 

 Low phase noise, such that the phase noise skirts do not cause up-conversion of 

spurious signals onto the desired signal. 

 Fast-settling behavior, to enable fast band-switching in the SDR. 

 Fine-frequency resolution determined by the minimum channel spacing desired. 

An oscillator can be designed so that the oscillation frequency can be varied over 

some range by an input voltage or current. A voltage-controlled oscillator (VCO) is an 

electronic oscillator whose oscillation frequency is controlled by a voltage input. The 

applied input voltage determines the instantaneous oscillation frequency. The VCO is 

widely used in phase-locked loops, in which the oscillator's frequency can be locked to 

the frequency of another oscillator. 
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Radio frequency VCOs are usually made by adding a varactor diode to the tuned 

circuit or resonator in an oscillator circuit. Changing the DC voltage across the varactor 

changes its capacitance, which changes the resonant frequency of the tuned circuit. 

Voltage controlled relaxation oscillators can be constructed by charging and discharging 

the energy storage capacitor with a voltage controlled current source. Increasing the 

input voltage increases the rate of charging the capacitor, decreasing the time between 

switching events. 

On-chip VCOs are based on two popular architectures: LC tank based and ring 

based. The LC tank VCOs are usually suitable for low phase noise applications, but 

suffer from a low tuning range. On the contrary, ring oscillators provide a wide tuning 

range, but suffer from poor phase noise. In general, ring oscillators are considered to be 

suitable candidates because of their wide tuning range and their relatively small area 

which makes them good choices for low cost portable devices. 

Generally, the oscillating frequency of a ring oscillator is proportional to the 

number of stages (N) and the transmission delay of each delay cell stage (TD). The ring 

oscillator has a large VCO gain variation over the tuning range. In particular, very high 

gain is often observed in the middle of the tuning range, where the oscillator would 

suffer from high sensitivity to control voltage imperfections. A linear relationship 

between the tuning voltage and the oscillating frequency is desirable for wide band 

systems to guarantee the locking range of the frequency synthesizer. 

Different works have been proposed in designing local oscillators for cognitive 

radio applications and summarized in Table 2.1.  
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Work Used Technique Bandwidth 

Phase Noise 

(dBc/Hz) 

Output 

power (dBm) 

[64] 

Harmonic Balance (HB) 

optimization with feedback 

loop 

0.75 GHz – 

1.85 GHz 

-111.2 5.2 

[65] 

Adopting a transmission gate 

in a saturated ring oscillator 

20 MHz – 

807 MHz 

-108 13.42 

[66] 

Switched-capacitor frequency 

detector with a negative 

impedance converter feedback 

140 MHz – 

1.15 GHz 

-93.44 5.56 

Table 2.1: Comparison between different oscillators’ schemes 

Principally, the oscillator target in the CR transmitter system is to achieve 

frequency coverage from 600 to 900 MHz and tuning ability within this range with an 

impedance of 50 ohm. The phase noise is targeted to be low (approximately less than -

120 dBc/Hz) in order to achieve a small noise figure of the entire system. Moreover, the 

oscillator must have enough power to operate the mixer with low conversion loss.   

 

2.6 Summary 

In this chapter, the main components of the CR transmitter system have been fully 

examined, explained and related to the CR transmitter design and applications. 
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Moreover, some of the latest and the most important antenna designs and amplifier 

designs in addition to the design of oscillators have been reviewed. 

The design of antennas for cognitive radio transmission must maintain 

omnidirectional patterns, high gains, and compact sizes in which they can be mounted 

in portable devices.  The surveyed broadband antenna designs are relatively with large 

dimensions which makes them hard to be implemented in portable devices. The antenna 

designs presented later in Chapter 3 of this thesis are small antennas with low 

complexity and broadband bandwidth. In addition, most the surveyed reconfigurable 

antenna designs suffer from complexity, isolation and biasing techniques, and relatively 

big size. The reconfigurable antenna proposed later in Chapter 3 of this thesis has a 

simple structure and a reduced size and depends on the use of tunable inductors to attain 

reconfigurability. 

The design of power amplifiers for the transmitter design in CR applications must 

provide high output power, high efficiency and linearity behavior. The best amplifiers 

that can attain these specifications are Doherty amplifiers. Most of the existing power 

amplifier designs suffer from low efficiency, narrow bandwidth, bad linearity, and 

relatively low gain. In Chapter 4 of this thesis, the power amplifier designs reported 

achieve linearity, higher efficiency, and an operating frequency bandwidth between 550 

and 1000 MHz. 
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CHAPTER 3 

PROPOSED ANTENNA DESIGNS 

 

3.1 Introduction 

In this thesis, three broadband antennas: a reduced-size printed monopole antenna, 

a meander loop monopole antenna and a planar inverted F antenna (PIFA) suitable for 

cognitive radio applications in the TV band are proposed. In addition, a reconfigurable 

compact spiral monopole antenna is also designed. These antennas are printed with 

small dimensions and can operate in the frequency band 600 – 900 MHz, with omni-

directional patterns and an acceptable gain of about 2.5 dB. The bandwidth and the size 

of these antennas make them suitable for portable devices such as notebooks, tablets, 

laptops and mobile phones, and convenient for cognitive radio communicating 

applications in the TV band.  

 

3.2 Broadband Antennas 

3.2.1 Reduced-size Printed Monopole Antenna 

A reduced-size printed monopole antenna, shown in Fig. 3.1,  is designed on a 76 

mm x 44 mm Rogers RO3203 substrate with dielectric constant εr = 3.02 and thickness 

h = 1.6 mm. The antenna is fed by a 4 mm width microstrip line over a small partial 
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ground plane of 7 mm. The size of the reduced-size structure is 54 mm x 44 mm with a 

width of 2 mm and a gap of 2 mm between the spirals as shown in Fig. 3.1. 

 

(a) 

  

(b) 

Fig. 3.1: (a): Configuration and dimensions of the reduced-size monopole antenna, (b): 

Photo of the fabricated prototype 

The size of this antenna is very small compared to antennas operating in the UHF 

band. This small size allows this antenna to be utilized in portable devices such as 

mobile phones, tablets, and notebooks.  
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In this antenna, the meander wire is used as a radiating element, and this is done 

to reduce the size of the antenna. Globally, the meander line is widely employed as a 

small radiating element. However, the radiation power and the transmission gain are 

reduced since the direction of the current on the meander line is usually opposite for 

neighboring wire, therefore the antenna gain will be low. Yet, the gain can be 

acceptable given the small size of the antenna. The antenna is designed and simulated 

using Ansoft HFSS [67]. 

The fabricated prototype has undergone the needed measurements. The simulated 

and the measured reflection coefficient plots of the proposed reduced-size printed 

monopole antenna are given in Fig. 3.2. It is observed that the simulation results and the 

measurements results are similar with little difference due to some fabrication issues. As 

stated in [68], antennas used for DVB transmission in the TV band can operate on 

frequencies having the reflection coefficients below -6 dB. This antenna can operate in 

the band 785-875 MHz, thus it can be suitable for transmission in cognitive radio 

applications in the TV band.  
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Fig. 3.2: Simulated and measured reflection coefficient plots of the reduced-size 

monopole antenna 

Fig. 3.3 shows the simulated and the measured radiation patterns of the reduced-size 

printed monopole antenna. It is observed that the radiation patterns are omni-directional 

over its band of operation, with almost equal radiation in the H-plane, and radiation with 

the shape of digit 8 in the E-plane. 
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Fig. 3.3: Simulated and measured radiation patterns of the reduced-size monopole 

antenna 

Fig. 3.4 shows the simulated and the measured gains for the reduced-size printed 

monopole antenna in the operating frequency range. It is observed that the peak gain is 

about 2.25 dBi, and it is located at the resonance frequency of the antenna. The 

simulation results and the measurements results are similar with little difference. This 

gain can be considered a good gain given the small size of this antenna. 
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Fig. 3.4 Simulated and measured gain plots of the reduced-size monopole antenna 

 

3.2.2 Meander Loop Monopole Antenna 

A meander loop monopole antenna, shown in Figure 3.5,  is designed on a 150 

mm x 40 mm Rogers RO3203 substrate with dielectric constant of 3.02 and thickness h 

= 1.6 mm. The antenna is fed by microstrip line which starts with a width of 6mm at the 

port of the antenna and ends with a width of 2 mm at the patch as shown in Fig. 3.5. 

This shape of the feed line is designed in order to maintain perfect matching of the 

antenna. The antenna is designed over a partial ground plane with a slot in it. The 

antenna consists of a meander structure with two straight strip lines with a width of 3 

mm.  
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(a) 

  

(b) 

Fig. 3.5: (a): Configuration and dimensions of the meander loop monopole antenna, (b): 

Photo of the fabricated prototype 

The size of this antenna makes it appropriated for applications in tablets and 

notebooks. The meander structure is used as a radiating element. The notch in the 

ground plane serves as an effective way for the gap between the radiating element and 

the ground plane, and consequently is responsible for the wide operation. The antenna is 

designed and simulated using Ansoft HFSS [67]. 

The fabricated prototype of the meander loop monopole antenna has undergone 

the needed measurements. The simulated and the measured reflection coefficient plots 
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of the proposed antenna are given in Fig. 3.6. It is observed that the simulation results 

and the measurements results follow the same pattern with little difference due to some 

fabrication issues. This antenna can operate in the band 700-900 MHz, thus it can be 

suitable for transmission in cognitive radio applications in the TV band.  

 

Fig. 3.6: Simulated and measured reflection coefficient plots of the meander loop 

monopole antenna 

Fig. 3.7 shows the simulated and the measured radiation patterns of the meander 

loop monopole antenna. It is observed that the radiation patterns are omni-directional 

over its band of operation, with almost equal radiation in the H-plane, and radiation with 

the shape of digit 8 in the E-plane. 
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Fig. 3.7: Simulated and measured radiation patterns of the meander loop monopole 

antenna 

Fig. 3.8 shows the simulated and the measured gains for the meander loop 

monopole antenna in the operating frequency range. It is observed that the peak gain is 

about 2.5 dBi, and the gain pattern is approximately flat in the operating frequency band 

of the antenna. The simulation results and the measurements results are similar with 

little difference due to some fabrication and measurements issues, with an acceptable 

gain value. 
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Fig. 3.8: Simulated and measured gain plots of the meander loop monopole antenna 

This meander loop monopole antenna has a greater size than the previous 

mentioned reduced-size printed monopole antenna. However, its resonance bandwidth 

which is about 200 MHz is much larger than the resonance bandwidth of the first 

antenna which is about 90 MHz. Therefore, there is a trade-off between the size and the 

bandwidth, and one can use one of these two antennas according to the type of 

applications and the number of channels used in the cognitive radio design.  

 

3.2.3 PIFA Antenna 

A PIFA antenna is also proposed in this thesis, and its configuration is shown in 

Fig. 3.9. It is a simple 50 mm x 35 mm patch designed over a full ground plane of 

dimensions 120 mm x 50 mm. The patch and the ground are connected through a 

feeding strip and a grounding strip. In order to attain optimum results, the dimensions 
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are optimized. The width of the feeding strip is 1 mm and that of the grounding strip is 2 

mm, and the distance between them is 5 mm. 

 

(a) 

 

(b) 

Fig. 3.9: Configuration and dimensions of the proposed PIFA antenna – (a): Side view 

and front view, (b): Panoramic view 

PIFA antennas are popular for portable wireless devices because of their low 

profile, small size, built-in structure, and omnidirectional patterns. In mobile phones, 

there is a single large ground plane that can be placed at the bottom layer of the phone, 
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and the patch which is of much reduced dimensions can be placed on the opposite layer 

of the phone. Since the radiation is from the patch away from the ground plane, the 

energy is directed away from the head giving low values of absorption rates.  

The simulated reflection coefficient plots of the proposed PIFA antenna are given 

in Fig. 3.10. The antenna is simulated via HFSS and CST microwave studio. It is 

observed that the simulation results of the two software tools follow the same pattern 

with little difference as the software tools follow two different methodologies 

(frequency versus time). This antenna can operate in the band 730-900 MHz, and also 

can be suitable for transmission in cognitive radio applications in the TV band.  

 

Fig. 3.10: Simulated (HFSS and CST) reflection coefficient plots of the PIFA antenna  

Fig. 3.11 shows the HFSS and the CST simulated radiation patterns of the PIFA 

antenna. It is observed that the radiation patterns are omni-directional over its band of 
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operation, with almost equal radiation in the H-plane, and radiation with the shape of 

digit 8 in the E-plane. 

 

Fig. 3.11: Simulated (HFSS and CST) radiation patterns of the PIFA antenna 

Fig. 3.12 shows the HFSS and the CST simulated gains for the PIFA antenna in 

the operating frequency range. It is observed that the peak gain is about 2.5 dBi, and the 

gain pattern is approximately flat in the operating frequency band of the antenna. The 

simulation results of the two software tools are also similar with an acceptable gain 

given the antenna’s dimensions.  
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Fig. 3.12: Simulated (HFSS and CST) gain plots of the PIFA antenna 

The main advantages of this PIFA antenna in comparison with the two mentioned 

microstrip antennas are the simple structure and the small size of the patch. These 

properties allow the PIFA antenna to be fabricated inside handsets and portable devices 

with low manufacturing cost. However, the PIFA antenna is not printed, as this 

demands a very high accuracy in fabrication. In addition, this PIFA’s bandwidth is 

higher than the bandwidth of the microstrip antennas since a thick air substrate is used. 

 

3.3 Reconfigurable Antenna 

3.3.1 Reconfigurable Compact Spiral Monopole Antenna 

A square spiral monopole antenna, shown in Fig. 3.13,  is designed on a 105 mm 

x 40 mm FR4 epoxy substrate of thickness h = 0.8 mm and fed by a 2 mm width 
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microstrip line over a partial ground plane. The size of the spiral structure is 50 mm x 

30 mm with a width of 1 mm and a gap of 5 mm between the spirals as shown in Fig. 

3.13. 

 

(a) 

 

(b) 

Fig. 3.13: (a): Configuration and dimensions of the reconfigurable spiral monopole 

antenna, (b): Photo of the fabricated prototype 

The spiral wire is used as a radiating element of the monopole antenna to 

minimize the size of antenna. As a small radiating element, the meander line is widely 

employed. However, the radiation power is reduced since the direction of the current on 

the meander line is opposite for neighboring wire, therefore the antenna gain will be 
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very low. In our design, the current in the spiral structure is in the same direction for 

neighboring wire, thus the radiation efficiency is enhanced and the gain is improved. 

Frequency reconfigurability is obtained by inserting a tunable inductor (Chip 

Inductor – 0603CT) on the spiral monopole as shown in Fig. 3.13 (red color) and 

modifying its inductance. This idea of reconfigurability was used in [69]. The size of 

the tunable inductor is compatible with the size of the spiral and its inductance ranges 

between 1 and 56 nH. The antenna is designed and simulated using Ansoft HFSS [67]. 

The simulated reflection coefficient plots of the reconfigurable antenna are given 

in Fig. 3.14 for the indicated inductance values. It is clear that frequency 

reconfigurability has been achieved. Considering four different values for the inductor, 

i.e. L= 1, 5, 10.5 and, 27 nH, frequency reconfigurability is attained in the higher part of 

the UHF band (600 - 800 MHz) and the antenna can operate at different bands in this 

600 – 800 MHz range. These bands range between 15 to 20 MHz which is suitable for 

TVWS applications especially for mobile communications, TV broadcasts, and WhiteFi 

applications. 



  

59 

 

 

Fig. 3.14: Simulated reflection coefficient plots of the reconfigurable spiral monopole 

antenna for different inductance values 

The fabricated prototype has undergone the needed measurements. The inductor is 

added and welded in its place on the spiral monopole as shown in Fig. 3.15. Three 

inductors from the SMD 0603 CT kit are welded and they have undergone S-parameters 

measurements. The inductor values are: 1 nH, 10.5 nH, and 27 nH. 
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Fig. 3.15: Photo of the fabricated prototype with the inductor welded in its place 

Fig. 3.16 shows the reflection coefficients of the simulated and the measured results 

for the inductance values: 1 nH, 10.5 nH, and 27 nH.  It is observed that the simulation 

and the measurements results are similar following the same shape with a little shift due 

to some fabrication and measurements errors. Considering these three values of 

inductance, we can notice that reconfigurability of this antenna is also revealed in 

measurements. 

 

(a) 
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(b) 

 

(c) 

Fig. 3.16: Simulated and measured reflection coefficient plots of the reconfigurable 

spiral monopole antenna for the inductance values: (a): 1 nH, (b): 10.5 nH, (c): 27 nH 
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The gain of the proposed antenna is given in Fig. 3.17. It is about 1 dB: a good 

gain given the small size of this antenna. The radiation patterns of this antenna are 

omni-directional over its bands of operation, as shown in Fig. 3.18, with almost equal 

radiation in the H-plane, and radiation with the shape of digit 8 in the E-plane. 

 

Fig. 3.17: Simulated gain of the reconfigurable spiral monopole antenna 

 

Fig. 3.18: Simulated radiation patterns of the reconfigurable spiral monopole antenna 
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In comparison with the antennas surveyed in this thesis, it is clearly demonstrated 

that our designed antennas have simpler structure and reduced dimensions. This is 

shown in Table 3.1. 

Work Dimensions 

[14] 128 mm x 51 mm 

[15] 170 mm x 15 mm 

[17] 247 mm x 35 mm 

[18] 247 mm x 35 mm 

[19] (IFA) 90 mm x 50 mm 

[20] 

60 mm x 49 mm for patch 

107.5 mm x 73 mm for ground 

Reduced-size Printed Monopole Antenna 76 mm x 44 mm 

Meander Loop Monopole Antenna 150 mm x 40 mm 

PIFA 

35 mm x 50 mm for patch 

120 mm x 50 mm for ground 

Reconfigurable Spiral Monopole Antenna 105 mm x 40 mm 

Table 3.1: Comparison between the proposed antennas in this thesis and previous 

surveyed antennas 
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3.4 Summary 

In this chapter, a reduced-size printed monopole antenna, a meander loop 

monopole antenna and a planar inverted F antenna suitable for cognitive radio 

applications in the TV band have been presented. Moreover, a reconfigurable compact 

planar spiral monopole antenna suitable for TVWS applications has been also proposed. 

These antennas have compact size and reduced dimensions, and operate in the TV 

frequency band, with omni-directional patterns and acceptable gains. These 

characteristics make them convenient for portable devices such as laptops, notebooks, 

tablets and mobile phones. In addition, these antennas can be implemented in the CR 

transmitter system. 
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CHAPTER 4 

PROPOSED POWER AMPLIFIER DESIGNS 

 

4.1 Introduction 

This chapter deals with the design of power amplifiers suitable for TV band 

applications. In this chapter, an AB power Amplifier and a Doherty power amplifier 

utilizing the previous amplifier and a designed class C power amplifier are designed. A 

class AB power amplifier is firstly implemented using a commercial GaN HEMT from 

Cree incorporation, achieving a high power-added-efficiency of 77.78% and a 40.593 

dBm output power with an associated gain of 21.65 dB. The Doherty amplifier has then 

been designed following the previous class AB scheme for the main amplifier and a 

class C scheme for the peak one. This amplifier attained a high power-added-efficiency 

of 81.94%, a 42.77 dBm output power, an associated gain of 21.32 dB, and an operating 

frequency bandwidth between 550 and 1000 MHz (58.06 % fractional bandwidth) 

which make it suitable for TV band applications. The characteristics of these proposed 

power amplifiers make them good candidates to be mounted in the cognitive radio 

transmitter system. 

 

4.2 AB Power Amplifier 

The schematic of this proposed class AB amplifier is shown in Fig. 4.1. The 

amplifier is simulated in both software, ADS and National Instruments AWR Design 
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Environment [70]. The active device employed in the AB amplifier is the CGH40010 

from Cree inc., a GaN HEMT with a typical output power of 10 W at the suggested 

drain bias voltage of 28 V. The detailed datasheet of the Cree model CGH40010 is 

given in Appendix A. This transistor offers high efficiency, high gain, and wideband 

capabilities. The amplifier circuit was simulated with a constant drain supply voltage 

Vsup = 28 V and the gate bias voltage Vg = -2.1 V which represents a bias condition of 

a conventional class AB amplifier. The substrate parameters were set according to FR4 

epoxy substrate with dielectric constant εr = 4.4 and thickness h = 1.6 mm, on which the 

amplifier is designed. 

 

(a) 
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(b) 

Fig. 4.1: Schematic of the class AB power amplifier with input and output stability 

resistors and matching circuits – (a): in ADS, (b): in AWR 

To verify the accurate representation of the Cree CGH40010 model, the signal 

scattering parameters generated from ADS for the frequency 800 MHz were compared 

to the ones given in the datasheet. Close agreement, as presented in Table 4.1, is 

obtained. 

 S11 S12 S21 S22 

Simulation 0.911 ∟-154⁰ 0.023 ∟3.54⁰ 11.933 ∟89.38⁰ 0.298 ∟-132.5⁰ 

Datasheet 0.894∟-146.96⁰ 0.029 ∟6.84⁰ 11.58 ∟91.78⁰ 0.317∟-109.84⁰ 

Table 4.1: S-parameters of the GaN transistor at 800 MHz 
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After carrying out the stability test of this amplifier, it is found that the device is 

potentially unstable in the frequency range of interest. Indeed, the stability parameters, 

Δ, and the rollet factor k are calculated and found to be: 

Δ = 0.092 ∠ -8.6⁰ 

k = 0.163 

This means that the device is potentially unstable. Stabilization methods were 

performed and series resistances were added to the input and the output of the transistor 

as shown in Fig. 4.1. The input resistance is 3.5 Ohms and the output resistance is 32.5 

Ohms. After adding these resistances, the stability parameters were recalculated and 

found to be: 

Δ = 0.162 ∠ -146.4⁰ 

k = 1.57 

After adding the stability resistances, the signal scattering parameters at 800 MHz 

had changed. The scattering parameters were simulated and found to be (at 800 MHz): 

S11 = 0.772 ∠ -157.51⁰ 

S12 = 0.016 ∠ -0.034⁰ 

S21 = 8.057 ∠ 85.81⁰ 

S22 = 0.17 ∠ -39.773⁰ 

In order to maintain maximum power transfer, we need to match the impedance of 

the load to that of the source, so matching circuits are designed at the input and the 

output of the transistor. These circuits are accomplished by using passive networks and 

microstrip transmission lines as shown in Fig. 4.2. 
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                                            (a)                                                     (b)       

Fig. 4.2: (a) Input matching network, (b) Output matching network of the class AB 

power amplifier 

After completing the stability and the matching of the amplifier, the final signal 

scattering parameters at 800 MHz were simulated and found to be: 

S11 = 0.056 ∠ -119.8⁰ 

S12 = 0.024 ∠ -72.2⁰ 

S21 = 12.073 ∠ 13.6⁰ 

S22 = 0.438 ∠ -89.4⁰ 

By feeding the amplifier with an optimum 800 MHz, 18.943 dBm input power, 

the output power of the amplifier circuit was found to be 40.593 dBm and the gain is 

21.65 dB. The DC power is simulated and found to be: 

Pdc = 28 x 0.522 = 14.62 W 

Thus, the power added efficiency (PAE) is computed to be around 77.78 %. All the 

results are summarized in Table 4.2. 
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Input Power 

(dBm) 

DC power 

(W) 

Output Power 

(dBm) 

Gain 

(dB) 

PAE 

(%) 

Drain efficiency 

(%) 

18.943 14.62 40.593 21.65 77.78 78.4 

Table 4.2: Final results of the class AB power amplifier 

The amplifier efficiency depends on the DC supply voltage and respectively on 

the input power. Fig. 4.3 shows the output power sweep curve as well as the 

corresponding PAE. As the DC voltage increases, the output power increases fairly 

linearly indicating that the amplifier has a constant gain. The efficiency also increases 

approximately linearly until it reaches the maximum at the optimum 28 volt DC supply 

voltage. In addition, while varying the DC voltage, the output varies and thus, the 

transmit power can be varied, and this is a need of a cognitive radio transmitter. 

 

Fig. 4.3: Output power and PAE versus DC voltage in the class AB power amplifier 
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The voltage standing wave ratio (VSWR), which is a measure of how efficiently 

RF power is transmitted from the power source through the AB amplifier to the antenna, 

is found to be as follows: 

VSWRin = 1.12:1 

VSWRout = 1.56:1 

The VSWR of the AB amplifier is approximately equal to 1 which means most of the 

power is transferred in the amplifier. 

The simulated reflection coefficient plots of the class AB amplifier are given in 

Fig. 4.4. The amplifier is simulated via ADS and AWR software. It is clearly shown that 

this amplifier can operate from 650 MHz to 910 MHz, thus it is suitable for applications 

in the TV band. It is observed that the simulation results of the two software tools 

follow the same pattern with little difference. 

The percentage bandwidth or the fractional bandwidth, which is a measure of how 

wideband the amplifier is, is given by this equation: 

%𝐵𝑊 =   (𝑓2 − 𝑓1)/((𝑓1 + 𝑓2) ⁄ 2)  

The percentage bandwidth of this amplifier is 33.33 %. 
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Fig. 4.4: Simulated (ADS and AWR) reflection coefficient plots of the class AB power 

amplifier 

The power gain plot of the class AB amplifier is given in Fig. 4.5. It is clearly 

shown that this amplifier has a good power gain above 19 dB for the operation 

frequency bandwidth. However, it suffers from little non-linearity above 830 MHz. 

 

Fig. 4.5: Simulated (ADS and AWR) power gain plots of the class AB power amplifier 
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4.3 C Power Amplifier 

In this chapter, a C class amplifier using an InGaP HBT device is firstly proposed. 

It is designed to operate in the high part of the UHF band with a center frequency of 800 

MHz. The amplifier is successfully simulated with matching circuits at the input and the 

output achieving a high power added efficiency of 77.51%, 38.32 dBm output power, 

and an associated gain of 20.46 dB. 

This class C amplifier is performed using ADS. For this particular design, a 

packaged InGaP HBT (ADL 5602) was chosen. To verify that the model provided an 

accurate representation of our device samples, small signal scattering parameters 

generated from ADS were compared to the ones given in the datasheet and it shows 

close agreement. The detailed datasheet of the ADL 5602 device is given in Appendix 

B. 

s11 = 0.007 ∟ -130.764⁰ 

s12 = 0.072 ∟ 2.303⁰ 

s21 = 10.541 ∟ 166.476⁰ 

s22 = 0.048 ∟ 136.68⁰ 

A schematic of this amplifier is shown in Fig. 4.6. L-type input and output 

matching circuits using inductors and capacitors are added to the amplifier in order to 

have a 50 ohm impedance matching. 
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Fig. 4.6: ADS schematic of the class C power amplifier 

The simulation results focus on the dc supply voltage, the current waveforms and 

the s-parameters. At a supply voltage Vdd = 5 volts, the dc power if found to be 8.7 W.  

The gain is calculated and found to be equal to 20.45 dB. With an input power of 17.87 

dBm and a dc supply power of 8.7 W, the output power is 6.805 W (38.32 dBm). This 

gives a power added efficiency PAE = 77.51%. 

 

4.4 Doherty Power Amplifier 

One of the key elements of any power amplifier design is the efficiency level. 

This affects many issues including overall power consumption, battery life, and output 

device capability, etc. As shown in the two previous designed power amplifiers, the 
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efficiency is not as good as what power amplifiers need. The efficiency of the C class 

power amplifier is better than that of the AB power amplifier; however its output power 

is less than that of the AB one. In order to increase the efficiency and have a respectable 

output power and a linear amplifier operating mode, a Doherty power amplifier is 

designed. This amplifier is designed from the two previous amplifiers; where the AB 

amplifier is used as a carrier amplifier and the C class one is used as peak amplifier. 

Respective input matching network and output matching network are designed and the 

two power amplifiers are connected at the output through a quarter-wave transmission 

line.  

The DPA configuration used in this thesis is the well-known conventional AB-C 

scheme as shown in Fig. 4.7. 

 

Fig. 4.7: Block scheme of the designed AB-C DPA 

Before looking at the Doherty amplifier design, it is necessary to look at the basic 

operation of the amplifier. The DPA operating principle is based on the idea to 
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modulate the load of the carrier device by using a peak device. The signal enters the 

overall amplifier through a power divider. This creates two signals that are phase shifted 

by 90° with respect to each other. As previously mentioned, the 90° split is needed 

because the peaking amplifier output requires a 90° delay with respect to the carrier 

amplifier in order to be in step with the carrier amplifier output. This is materialized 

through the delay transmission line. One output is presented to the carrier amplifier 

which is used to accommodate the lower power levels encountered around the average 

power level. In this case, the amplifier operates near its compression point and provides 

optimum efficiency for these power levels. The signal is also presented to the peaking 

amplifier. When the carrier amplifier goes into compression and large peaks appear, in 

which it is not able to accommodate on its own, the peaking amplifier starts operating 

and boosts the output power in order to meet the higher power level conditions. Being a 

high power amplifier, the carrier amplifier can not provide high levels of efficiency 

itself, and therefore the peaking amplifier operates when higher power levels are 

present. In this way optimum efficiency is obtained over all the power ranges. Once the 

signal passes through the two amplifier circuits themselves, the outputs are combined.  

The output of the carrier amplifier is presented to an impedance inverter which also has 

a 90° phase shift. This is used to counteract the phase shift at the input. As a result, the 

signals from the two amplifier sections remain in phase. 

Moving to the design of the DPA, some interesting issues are introduced. The 

main design challenges include: 

 Impedance matching:   Ensuring that the impedance of both amplifiers is 

sufficiently maintained over the operating range. 
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 Bandwidth:   Ensuring that the amplifier can operate on the required band. 

 Linearity maintenance:   Maintaining linearity operation over the whole operating 

range because some disturbances in the linearity of the amplifier can occur as the 

peaking amplifier starts to operate.  

Hereby is a detailed procedure of designing a Doherty power amplifier. 

1. The active devices (transistors) employed in the DPA are specified. They must 

operate on a wide range of frequencies and have an adequate output power. 

2. These active devices are fully matched to ensure maximum power transfer, so 

input and output matching networks are implemented in the main and the peak 

amplifiers. 

3. Stability of the main and the peak amplifiers are investigated to make sure the 

two amplifiers are unconditionally stable. 

4. The two amplifiers are connected to each other following the well-known 

Doherty circuit with two transmission lines serving as impedance transformers 

in order to achieve the main load modulation. 

5. An input power divider is inserted before the two amplifiers in order to split the 

power between the main and the peak amplifiers. 

6. The DPA is then matched to attain maximum power transfer, so input and output 

matching circuits are designed for this purpose. 

7. The stability of the DPA is examined and updated so that the DPA is 

unconditionally stable. 

8. Finally, the circuit is fabricated on a primarily specified substrate. 



  

78 

 

A flow chart which briefly describes steps of designing a Doherty Amplifier is given in 

Fig. 4.8 

 

Fig. 4.8: A flow chart of the steps of designing a Doherty power amplifier 

Fig. 4.9 shows the simulated circuit schematic of the proposed AB-C DPA, where 

the main and the peak amplifiers are as mentioned before. The amplifier is simulated in 

both software, ADS and AWR. A broadband 90⁰ hybrid coupler was used at the input in 

order to split the signals between the carrier and the peak amplifying paths. The 

electrical lengths of the delay and the impedance inverter microstrip lines were 

optimized to ensure maximum power transfer, maximum efficiency, and adequate 

output power. 
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(a) 

 

(b) 

Fig. 4.9: Schematic of the Doherty power amplifier with matching circuits – (a): in 

ADS, (b): in AWR 
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After carrying out the stability test of the Doherty amplifier, it is found that the 

device is unconditionally stable in the frequency range of interest. The stability 

parameters, Δ, and the rollet factor k are calculated and found to be: 

Δ = 0.43 ∠ -61.48⁰ 

k = 1.4 

In order to maintain maximum power transfer, matching circuits are designed at 

the input and the output of the transistor. These circuits are accomplished by using 

passive networks and microstrip transmission lines as shown in Fig. 4.10. 

     

                                               (a)                                                                     (b)       

Fig. 4.10: (a) Input matching network, (b) Output matching network of the DPA 

Once the amplifier matching is complete, the final signal scattering parameters at 

800 MHz were simulated and found to be: 

S11 = 0.198 ∠-99.259⁰ 

S12 = 0.035 ∠-55.086⁰ 

S21 = 11.407 ∠94.509⁰ 

S22 = 0.175 ∠-90.038⁰ 
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By feeding the Doherty amplifier at an optimum 800 MHz, 21.45 dBm input 

power, the output power of the Doherty amplifier circuit was found to be 42.77 dBm 

and the gain is 21.32 dB. The DC power is simulated and found to be: Pdc = 22.92 W. 

Thus, the power added efficiency (PAE) is around 81.94 %. All the results are 

summarized in Table 4.3. It is clearly shown that the efficiency of the DPA is higher 

than that of the class AB power amplifier. This is due to the Doherty principle 

implemented in this design and to the electrical lengths of the delay and impedance 

inverter transmission line previously mentioned. 

Input Power 

(dBm) 

DC power 

(W) 

Output Power 

(dBm) 

Gain 

(dB) 

PAE 

(%) 

Drain efficiency 

(%) 

21.45 22.92 42.77 21.32 81.94 82.548 

Table 4.3: Final results of the Doherty power amplifier  

Fig. 4.11 shows the output power sweep curve as well as the corresponding PAE. 

As the DC voltage increases, the output power increases fairly linearly indicating that 

the amplifier has a constant gain. The efficiency also increases approximately linearly 

until it reaches the maximum at the optimum 28 volt DC supply voltage. Moreover, 

while varying the DC voltage, the output varies and thus, the transmit power can be 

varied, and this is a need of a cognitive radio transmitter. 
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Fig. 4.11: Output power and PAE versus DC voltage in the DPA 

The voltage standing wave ratio (VSWR) of the Doherty power amplifier is found 

to be as follows: 

VSWRin = 1.49:1 

VSWRout = 1.42:1 

The VSWR of the AB amplifier is approximately equal to 1 which means most of the 

power is transferred in the amplifier. 

A prototype of the DPA using the Cree CGH40010 and the ADL5602 transistors 

is shown in Fig. 4.12. The DPA is fabricated on an FR4 epoxy substrate of thickness h = 

1.6 mm. The input and the output of the circuit are clearly shown.  
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(a) 

 

(b) 

Fig. 4.12: A photo of the DPA fabricated prototype – (a): top layer, (b): bottom layer 
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The fabricated prototype has undergone the scattering parameters measurements. 

The simulated and the measured reflection coefficients of the DPA are given in Fig. 

4.13. It is clearly shown that this amplifier can operate from 550 MHz to 1000 MHz, 

thus it is suitable for all applications in the TV band. Little difference is found between 

the simulated and the measured plots due to some measurements and fabrication issues. 

Another advantage of the proposed Doherty amplifier rather than the efficiency 

increment is that the bandwidth has increased, and the proposed DPA can be suitable for 

more applications in the TV band. The percentage bandwidth of this DPA is 58.06 % 

which is higher than that of the class AB power amplifier and higher than Doherty 

power amplifiers previously designed such as in [13], [15], and [17]. 

 

Fig. 4.13: Simulated and measured reflection coefficient plots of the DPA 
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The simulated and measured power gain plots of the Doherty power amplifier are 

given in Fig. 4.14. It is clearly shown that this amplifier has a good power gain above 

19 dB for the operation bandwidth. However, it suffers from a small non-linearity. 

 

Fig. 4.14: Simulated and measured power gain plots of the DPA 

In comparison with the previous surveyed designs on power amplifiers, it is 

obviously demonstrated that the designed power amplifiers in this thesis have higher 

efficiency. The Doherty power amplifier, which is the main achievement, has the 

highest efficiency and a better relation between the efficiency and the fractional 

bandwidth. This is shown in Table 4.4. 
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Work Efficiency Fractional Bandwidth 

[39] 20 % 85.7 % 

[41] 60 % 67% 

[42] 75 % 10.3 % 

[44] 69.2 % - 

[46] 

70 % 

60 % 

41% 

54 % 

[47] - 3.6% 

[48] 69 % 35 % 

[49] 65 % 4.85 % 

[50] 45 % - 

[51] 66 % 18.18 % 

AB Power Amplifier 77.78 % 33.33 % 

Doherty Power Amplifier 81.94 % 58.06 % 

Table 4.4: Comparison between the proposed power amplifiers in this thesis and 

previous surveyed power amplifiers 

 

4.5 Summary 

A class AB power amplifier and a high efficiency Doherty one were designed for 

the TV band applications and have been presented in this chapter. A class AB power 
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amplifier was first proposed using a commercial GaN HEMT from Cree incorporation. 

A Doherty power amplifier has been then designed in order to increase the efficiency 

and have a respectable output power and a linear amplifier operating mode. This DPA 

has been applied using the previous class AB amplifier as the main carrier amplifier and 

a proposed class C amplifier as the peak one. The proposed DPA has attained a high 

power-added-efficiency with a sufficient output power, a good associated gain and, an 

operating frequency bandwidth between 550 and 1000 MHz. Hence, this DPA can be a 

convenient power amplifier that can be used in TV band applications and implemented 

in the CR transmitter system. 
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  CHAPTER 5 

CONCLUSION 

 

This chapter summarizes the contributions of the work done in this thesis and shed light 

on the future additions and investigation. 

 

5.1 Contributions 

Cognitive radio is an innovative spectrum allocation technology. It allows 

unlicensed users to access spectrum bands licensed to primary users. This technology 

needs a transmitter and a receiver like any communication system, however, cognitive 

radios does not only perform signal transmission and reception, but also sense the 

occupancy of any channel in the whole system and tune to transmit on the free channel. 

These constraints require special and strict issues in the design of antennas, power 

amplifiers, and frequency synthesizers. Cognitive radio in the TV band is of special 

interest. The vacant channels in the cognitive radio TV transmission are called the TV 

white spaces. These TVWSs have higher propagation characteristics and greater 

coverage, and require relatively cheap infrastructure. Therefore the ability to design 

adequate and developed components in the radio frequency transmitter is an essential 

technological issue in cognitive radio architectures and applications. 

In the first part of the thesis work, a reduced-size printed monopole antenna, a 

meander loop monopole antenna and a planar inverted F antenna suitable for cognitive 
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radio applications in the TV band are proposed. These antennas are printed with small 

dimensions and can operate in the frequency band 700 – 900 MHz, with omni-

directional patterns and an acceptable gain of about 2.5 dB. The bandwidth and the size 

of these antennas make them suitable for portable devices such as laptops, notebooks, 

tablets and mobile phones. These antennas are broadband antennas that can be 

implemented in the CR transmitter system. 

A reconfigurable compact planar spiral monopole antenna suitable for TVWS 

applications is also proposed in this thesis. Frequency reconfigurability is attained 

through inserting a tunable inductor on the spiral monopole and changing its inductance. 

This antenna can operate at different bands which range between 15 to 20 MHz, in the 

600 – 800 MHz band, with omni-directional patterns and an acceptable gain of 1 dB 

given the small size of the antenna. This bandwidth, the small and the compact size of 

this antenna, and the frequency reconfigurability make this antenna a practical one that 

can be used for cognitive radio communicating applications in the TV band and 

employed in the CR transmitter system. 

In the second part of the thesis work, a class AB power amplifier and a high 

efficiency Doherty one were implemented for the TV band applications. A class AB 

power amplifier was first designed using a commercial GaN HEMT from Cree 

incorporation. The Doherty amplifier has been implemented, using the previous class 

AB amplifier as the main amplifier and a proposed class C amplifier as the peak one. 

This proposed DPA attained a high power-added-efficiency of 81.94%, a 42.77 dBm 

output power, an associated gain of 21.32 dB, and an operating frequency bandwidth 
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between 550 and 1000 MHz which make it a convenient power amplifier that can be 

used in TV band applications and mounted in the cognitive radio transmitter system. 

 

5.2 Future Work 

After developing broadband and reconfigurable antennas and implementing and 

designing broadband power amplifiers that can be used in the cognitive radio 

transmitter system, extra work will be performed on the other blocks in order to develop 

an adequate front-end transmitter system for cognitive radio applications in the TV 

band. This work is summarized as follows: 

1. Optimizing a tunable band pass filter previously designed in order to operate in the 

TV band and can tune to any unoccupied channel within this band.  

2. Investigating and designing a tunable oscillator in which it can tune and deliver the 

desired frequencies of the system after mixing it with the baseband signal. It is 

intended to attain a tunable oscillator that can materialize the challengeable 

characteristics: wide tuning range and low phase noise. Moreover fast settling 

behavior, high dissipation and high power are also targeted. 
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