
 

University of Bradford eThesis 
This thesis is hosted in Bradford Scholars – The University of Bradford Open Access 
repository. Visit the repository for full metadata or to contact the repository team 

  
© University of Bradford. This work is licenced for reuse under a Creative Commons 

Licence. 

 



 

 

 

 

 

 

Investigation and Design of New, Efficient and 

Compact Load Modulation Amplifiers for 5G Base 

Stations 

 

 

A.M.A. ABDULKHALEQ  

 

 

PHD 

 

 

 

 

 

2020 

 



 

Investigation and Design of New, Efficient and 

Compact Load Modulation Amplifiers for 5G Base 

Stations 

 

Design, Simulation, Implementation and Measurements of Radio 

Frequency Power Amplifiers Using Active Load Modulation 

Technique for More Compact and Efficient 5G Base Stations 

Amplifiers 

 

 

 

Ahmed Maan Abdulkhaleq ABDULKHALEQ 

 

 

Submitted for the Degree of 

 

Doctor of Philosophy 

 

Faculty of Engineering and Informatics 

 

UNIVERSITY OF BRADFORD 
 

 

2020 

 



 

 
-I- 

 

Abstract 

Ahmed Maan Abdulkhaleq ABDULKHALEQ 

Investigation and Design of New, Efficient and Compact Load 

Modulation Amplifiers for 5G Base Stations 

 

Design, Simulation, Implementation and Measurements of Radio 

Frequency Power Amplifiers Using Active Load Modulation 

Technique for More Compact and Efficient 5G Base Stations 

Amplifiers 
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High efficiency is an essential requirement for any system, where the energy 

can be saved with full retention of system performance. The power amplifier in 

modern mobile communications system consumes most of the supplied power 

through the dissipated power and the required cooling systems. However, as 

new services were added as features for the developed mobile generations, the 

required data rate has increased to fulfil the new requirements. In this case, the 

data should be sent with the allocated bandwidth, so complex modulation 

schemes are used to utilise the available bandwidth efficiently. Nevertheless, 

the modulated signal will have a Peak to Average Power Ratio (PAPR) which 

increases as the modulation complexity is increasing. In this case, the power 
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amplifier should be backed off and designed to provide good linearity and 

efficiency over high PAPR. 

Among the efficiency enhancement techniques, the Doherty technique (Load 

modulation technique) is the simplest one, where no additional circuity nor 

signal processing is required.  In this work, the theory of load modulation 

amplifiers is investigated through two asymmetrical Doherty Power Amplifiers 

(DPA) targeting 3.3-3.5 GHz were designed and fabricated using two transistors 

(25 W and 45 W). In addition, more compact load modulation amplifiers 

targeting sub 6-GHz bandwidth of 5G specifically 3.4-3.8 GHz is discussed 

including the theory of implementing these amplifiers, where different amplifier 

capabilities are explored. Each amplifier design was discussed in detail, in 

which the input and output matching networks were designed and tested in 

addition to the design of the stability circuit to make sure that the amplifier is 

stable and working according to the specified requirements. The fabricated 

circuits were evaluated practically using the available instrument test, whereas 

Microwave Office software was used for the simulation purpose, each amplifier 

was designed separately, where all the designed amplifiers were able to provide 

the targeted efficiency at different back-off power points. Besides, some 

additional factors that affect the designed load modulation amplifiers such as 

the effect of the harmonics at the back-off and mismatching the amplifier is 

discussed. 
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1 Chapter One 

Introduction 

1.1 Background and Motivation  

In any wireless communications system, there are a transmitter, a receiver, and 

an intervening channel. To deliver the transmitted signal to the receiver, the 

transmitted signal should be amplified so that the receiver can receive and 

recover the original signal. The early mobile generations especially the digital 

mobile generation (2G) employed a simple modulation scheme called Gaussian 

Minimum Shift Keying (GMSK), where the modulated signal has a constant 

envelope which produces a 0 dB Peak to Average Power Ratio (PAPR) so that 

the amplifier has to be designed to work in a specific region to produce a certain 

amount of linearity and efficiency. However, the development of mobile 

generation from the third to fourth and presently fifth generation, as well as 

future generations, will depend on the use of complex modulation schemes 

such as Orthogonal frequency-division multiplexing (OFDM) and its 

subclassifications, as the complexity of the modulation increases, the PAPR 

increases. In this case, the traditional power amplifier design will have two 

options: The first is to design the amplifier at the saturation region, where the 

maximum efficiency will be getting at the average power, but, the signal will be 

severely distorted. The other option is to design the amplifier to work in the 

linear region, and the maximum input signal will just force the amplifier to be 

saturated. In this case, poor efficiency will be obtained due to the large back-off 
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region. The best option is to design an amplifier that can provide an acceptable 

trade-off between the efficiency and the linearity concurrently.  

The additional prime target for all future technologies is to make them “green” 

so that they will reduce global warming and save our Earth for the future of the 

next generations. The efficiency design in modern commutations systems 

focuses on reducing the wasted energy which is dissipated as heat; this heat 

will affect the performance of the power amplifier and may need a cooling 

system to keep it working at the designed temperatures. Reducing the 

dissipated power will increase efficiency, battery life and energy-saving, and it 

will decrease the running cost.  

The amplification of modern Radio Frequency (RF) signals has two inherent 

problems: The first is that the Power Amplifier (PA) can be designed to give its 

maximum efficiency at a certain input power level where it generates nearly the 

full rated power. However, this is very inefficient for modulated signals with a 

large PAPR. The second is the modulated signal envelope which varies with the 

modulation type that is used in a communication system, and for more complex 

modulation this forces the PA to be increasingly backed-off from its maximum 

efficiency point to keep sufficient signal linearity. Hence, the efficiency will drop 

sharply as the back-off increases. 

For many years, there have been solutions for improving PA performance in 

terms of efficiency and linearity. The linearisation techniques are used to 

increase the PA linearity when the amplifier is working in its efficient region, 

whereas, efficiency techniques are used to increase the efficiency when the PA 

is operating in the linear region.  
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The efficiency techniques were invented in the first half of the twentieth century 

in the early era of Amplitude Modulation (AM) radio broadcasting, where 

running costs and thermal management were the main motivations for 

developing these techniques. The Doherty technique, the Envelope Elimination 

and Restoration (EER) architecture and the Out-Phasing Amplifier are the main 

techniques; however, the Doherty technique is the simplest technique, where 

neither additional circuitry nor signal processing is required to complete the 

design. After that, up to the beginning of the twenty-first century, these 

techniques were almost forgotten due to the use of Frequency Modulation (FM) 

and Phase Modulation (PM) techniques, where the carrier signal amplitude 

does not convey information. Then, due to the need for transmitting a high data 

rate with limited bandwidth, complex modulation schemes were essential, 

making greater demands on linearity and leading researchers to re-examine the 

efficiency techniques. 

In general, the coverage area of mobile communications systems can be 

divided into four main types which are macro, micro, pico and femto cells as 

shown in Figure 1.1. Where required the power amplifier for each type is 

different from the others depending on the number of served users and the cell 

radius. In order to cover a large area, more power is required. In this thesis, the 

designed power amplifiers are mainly targeting the macro and micro cells.  

For the future of the 5G mobile generation, there will be three suggested bands 

which are: sub 1 GHz, sub 6 GHz and 26 GHz. This work focuses on designing 

of load modulation amplifiers for 5G base station, targeting 3.6 GHz as the main 

band in addition to other main studies that is related to its performance. 
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Figure 1.1 Base station types 

1.2 Target Objectives  

The research focuses on practical issues of the RF frontend design where the 

main target is to design an RF power amplifier with a large back-off, high 

linearity and efficiency for Long Term Evolution (LTE)-Advanced system (5G) 

base stations using Doherty technique and targeting sub-6 GHz band. The 

output power and linearity of the designed amplifier should fulfil the standard 

requirement in addition to high efficiency and gain. 

1.3 Report Organisation 

Chapter one introduces a general background about the research, including the 

aim, objectives and the main problem that will be tackled, which is increasing 

the efficiency of 5G power amplifiers at the base station by designing a highly 

linear and efficient amplifier, so that less power will be dissipated as heat and 

more energy will be saved which is the main challenge for the future of wireless 

communications.  
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A general review of power amplifier classification is given in chapter two, where 

the main classes such as Class A, B, AB etc. is discussed. Besides, an 

overview of power amplifier evaluation parameters is also introduced. After that, 

the third chapter is dealing with the efficiency enhancement techniques, 

including DPA techniques in which will be dealt with in more detail. Then, the 

design steps of a two-way DPA from the simulation to the implementations and 

the evaluation is discussed in the fourth chapter, where practical issues for 

measuring the power amplifier is included. In chapter five, two designs of load 

modulation amplifiers without quarter-wavelength are presented including all 

design steps for implementing such amplifiers. Chapter six discusses dual-band 

DPAs, including all the limitations and the State-of-the-Art solutions that have 

been suggested by researchers in addition to a simulation design of dual-band 

load modulation amplifier. In the seventh chapter, Further investigations on 

load-modulation amplifiers including the effect of antenna mutual coupling and 

the utilisation of second harmonic at the back-off is discussed. Finally, 

conclusions and future works are drawn in chapter eight.  
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2 Chapter Two  

Fundamentals of Power Amplifiers  

2.1 Introduction   

The power amplifier is an essential active component in many wireless 

communication systems, which cover a wide range of areas including; medical 

microwave imaging, radar, and electronic warfare. The power amplifier 

specifications in terms of operating, design and technological requirements vary 

from communication field to another for example; in personal wireless 

communications, solid-state amplifiers are used whereas travelling-wave tube 

amplifiers are used for satellite payload [1-3]. 

The main task for the power amplifier is the amplification, where for a particular 

frequency band, the amount of the input signal level is continuously increased 

up to a particular output level, the ratio between the output signal level to the 

input signal is called gain, this gain might have a linear or non-linear 

relationship. The added power to the input signal is a converted power from the 

Direct Current (DC) power. In other words, the power amplifier can be 

represented as a transducer, which its function is to convert the DC power into 

RF power with some dissipated power which converted into heat [4-6]. 

Power amplifier design depends on several parameters which varies inversely, 

for example, efficiency and linearity, low distortion, and high output power. 

Hence, the power amplifier design is a result of a trade-off of several 

parameters [3].  
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2.2 Power Amplifier Classifications 

Power amplifiers can be classified into two main categories; biased mode and 

switching mode, the first category which has four main classes of power 

amplifiers, which depend on the conduction angle of the input signal. The four 

types are class A, B, AB, and C power amplifier. These types depend on the 

transistor biasing, where the duration of the input signal in the active region is 

the main difference between these types. On the other hand, the second 

category of power amplifiers which called switch-mode power amplifiers, where 

harmonic control of the output signal is the main factor for determining the 

amplifier type. The following sections give a brief introduction to the main power 

amplifiers classifications  Figure 2.1 shows different power amplifier 

classifications[3]  
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Figure 2.1: Power amplifier classification as current conduction angle (left), or 

by quiescent bias point (right). 

2.2.1 Class A Power Amplifier 

Class A power amplifier represents the highest linear power amplifier class 

comparing to other amplifiers. This power amplifier works in the linear region of 

transistor behaviour. However, it is the worst power amplifier class in terms of 

efficiency, because the amplifier is on all the time, and most of the power is 

dissipated as heat if there is no input signal. In term of the conduction angle, 

since this class is on all the time so that the conduction angle is equal to 360°, 

and the maximum efficiency that can be achieved is 50%. 

In order to make the conduction angle equal to 360°, the quiescent point should 

be chosen in the middle of the load-line so that both negative and positive 

regions of the input signal is amplified by the transistor.   

A simple class A power amplifier is shown in Figure 2.2; this single-ended 

amplifier can be analysed depending on the following assumptions [7]: 

1- DC blocking capacitors, at both the input and the output of the transistor 

are used to block the DC current and to be as a short circuit at the 

operating band. 

2- The RF Choke (RFC), is assumed to be an ideal component that has a 

zero resistance with a very high reactance (∞) at the operating 

frequency, in this case, RFC allows for the DC current (Idc) to flow into 

the transistor, whereas the RF signal is blocked from the DC source  

 



 

 
-9- 

 

 

 

 

Figure 2.2: Simple class A power amplifier [1]. 

3- At the operating region, the transfer function of the transistor assumed to 

be perfectly linear. 

4- The ideal transistor can be represented as an ideal controlled-current 

source. 

5- The load impedance (RL) represents the connect load impedance to the 

designed amplifier. 

6- The drain-source voltage (VDS): is the voltage difference between the 

drain side and the source side of the transistor, where the maximum 

voltage swings of a transistor is 2VDc. 

7- VIN: is the input signal that would be amplified. 

Depending on the above assumptions:  
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The output current of the transistor is controlled by the input signal, and the 

output power is equal to:  

                                                        𝑃𝑚𝑎𝑥 =
𝑉𝑑𝑐

2

2𝑅
                                         (2.1) 

Whereas the DC input power is: 

                                                     𝑃𝑑𝑐 =
𝑉𝑑𝑐

2

𝑅
= 𝐼𝑑𝑐𝑉𝑑𝑐                                (2.2) 

So, the maximum efficiency can be obtained from class A power amplifier is:  

                                            𝜂 =
𝑃0

𝑃𝑑𝑐
=

1

2
= 50%                                          (2.3) 

So, half of the DC power is dissipated as heat. However, a class A power 

amplifier always be used in low-level driving signal, because it has very nice 

linearity and low distortion as well.  

2.2.2 Class B Power Amplifier 

The main difference between the class B and class A power amplifier is the 

conduction angle of this class is 180°, which means that only half of the 

input signal forces the transistor to be switched on. In this case, more 

distortion is added to the amplified signal comparing to class A power 

amplifier. However, the theoretical efficiency of this class is 78%. The 

operating conditions class B is shown in Figure 2.3. 
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Figure 2.3: Class B operating conditions [3].  

It can be noticed that the transistor is only injecting current during half of the 

input signal. So that during the rest of the input signal, the transistor is off 

and the efficiency will be increased. 

2.2.3 Class AB Power Amplifier 

This class is a compromise between class A and class B power amplifier, 

where its linearity is better than class B power amplifier, at the same time, 

the efficiency is better than class A power amplifier. The conduction angle of 

this class is between 180° and 360°. The bias voltage of this class is near to 

the pinch-off voltage. The output voltage and current behaviour are shown in 

Figure 2.4 [3]. 



 

 
-12- 

 

 

Figure 2.4: Class AB output current and voltage. 

2.2.4 Class C Power Amplifier 

The final biased class of power amplifier is class C, where the transistor is 

biased below the pinch-off voltage so that the conduction angle less than 

180°. This class is very poor in linearity; however, some applications do not 

require the linearity in the amplification process such as FM signals so that a 

class C amplifier would be a good solution [7-9], the output efficiency of 

class C is higher than any other biased class. the importance of class C 

power amplifier has come again especially with the DPA, where a class C 

power amplifier is used for the peaking cell which responsible for injecting 

the power when the input power level is greater than the back-off point. 

Figure 2.5 shows the voltage and current waveforms of the class C amplifier. 
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Figure 2.5: Class C output waveforms [4]. 

 

2.2.5 Other Classifications of Power Amplifier 

It can be noticed from the previous literature that biased PA classifications 

depend on the biasing of the PA to determine the operation class. However, 

other classifications introduced by controlling the harmonics of either the drain 

current, voltage, or both. All the harmonics with a certain value of amplitudes 

can be optimised when the PA is working near to the saturation regions. 

According to Fourier series analysis of both drain current and voltage 

waveforms, the maximum efficiency that can be achieved for any power 

amplifier classed depends on two factors which are:  



 

 
-14- 

 

1- The class of operation. 

2- The number of harmonics is employed at the output. 

Figure 2.6 [10], shows differences between some power amplifier classes, It is 

based on the relative magnitudes of the even (Xe) and odd (Xo) harmonic 

impedances relative to the fundamental-frequency load resistance R1 where the 

values of the harmonic are the dominated factor, as shown below: 

1- Class C: all harmonics are terminated with a short circuit or have a low 

reactance. In this case, the current is shaped like a narrow pulse. 

2- Inverse class C: the harmonics, in this case, is terminated with an open 

circuit or have high reactance; in this case, the voltage is shaped like a 

narrow pulse. 

3- Class F: the even harmonics are shorted whereas the odd harmonics 

have a high reactance, the shape of the current looks like a half-sine 

wave, whereas the shape of the voltage looks like a square waveform 

[11]. 

4-  Inverse class F: the opposite terminations of class F are applied here 

where: the even harmonics are terminated with a high reactance 

whereas the odd harmonics are terminated with a low reactance or 

shorted, in this situation, the voltage is shaped as a half-sine wave, 

whereas the voltage is shaped as square waveform [11].  

5- Class D: is a push-pull class F power amplifier where each transistor 

provides the path of even harmonics to the other. 

6- Class-E: the harmonic reactance of this class is negative, and their 

values are comparable in magnitude. 
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Figure 2.6: Output harmonic terminations for power amplifier classifications [10]. 

 

So that, switched-mode power amplifiers are determined by odd and even 

harmonics terminations where a transition from a class to another can occur by 

changing the harmonics terminations from “low” to “comparable” to” high”. 

2.3 Power Amplifiers Characteristics 

Power amplifiers can be designed and evaluated depending on several 

characterisations; the most important of these are power output, power gain, 1-

dB gain compression point, adjacent channel power ratio (ACPR), 

intermodulation distortion, bandwidth, noise figure, power added efficiency 

(PAE), stability, and reliability [12]. 
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2.3.1 Bandwidth  

It is a very complicated term to be defined in power amplifier characteristics, 

because power amplifier design depends on several properties that conflict with 

each other, which means that the behaviour of power amplifier characteristics 

over a certain range of frequency is not constant so that, power amplifier 

bandwidth can be defined as a range of frequency in which the power amplifier 

satisfies certain designed requirements. 

2.3.2 Power Amplifier Gain 

The power amplifier can be represented as a two-port network so that the gain 

can be defined generally as a ratio between the output power to the input 

power. However, there are three types of gain can be defined in a power 

amplifier, which are: 

• Available Power Gain Gp 

It is a power ratio between the power delivered to the load (𝑃𝐿) and the 

input power (𝑃𝑖𝑛), Gp can be expressed by the following equation: 

                                                       𝐺𝑃 =
𝑃𝐿

𝑃𝑖𝑛
                                                 (2.4) 

• Maximum Available Power Gain GA 

It is a power ratio between the network available power (𝑃𝑁) to the power 

available from the source (𝑃𝑎𝑣𝑠), GA can be expressed by the following 

equation: 

                                                                 𝐺𝐴 =
𝑃𝑁

𝑃𝑎𝑣𝑠
                                         (2.5) 
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• Transducer Power Gain GT 

It is a power ratio between the power delivered to the load and the power 

available from the source, GT can be expressed by the following 

equation, In RF power amplifier design, this term is widely used 

especially if the input and output powers are difficult to be defined[13].   

                                                                   𝐺𝑇 =
𝑃𝐿

𝑃𝑎𝑣𝑠
                                      (2.6) 

2.3.3 Output Power 

The output power of power amplifier can be defined as the power delivered to 

the load, at the same time the output power has a relationship with the input 

power, this relationship is called the gain, so that the output power is 

determined by 1 dB compression of the gain from its linear region for Laterally 

Diffused Metal Oxide Semiconductor (LDMOS) transistors and 3 dB 

compression for Gallium Nitride High Electron Mobility Transistor (GaN 

HEMT)[5, 13, 14], as shown in Figure 2.7, it can be noticed that LDMOS 

transistors have only two regions which are linear gain and hard compression 

regions. In contrast, GaN HEMT transistors have an additional region which is 

soft compression region, where it can be linearised, for that reason 3 dB 

compression was chosen for GaN HEMT as maximum linear output. 
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Figure 2.7: Power amplifier gain regions [13]. 

2.3.4 Power Amplifier Efficiency  

In power amplifier design there are two terms used for measuring the efficiency 

which are the drain efficiency (𝜂) and power added efficiency (PAE); the drain 

efficiency can be defined as the ratio of the output RF power to the total 

consumed power (DC power): 

                                                      𝜂 =
𝑃𝑅𝐹

𝑃𝑑𝑐
 100%                                       (2.7) 

However, the measurement of drain efficiency does not take care of the input 

RF power that injected to the PA, in this case, for lower gain, drain efficiency is 

not a suitable metric for efficiency. An appropriate metric for efficiency is the 

Power Added Efficiency, where this metric is the same as the drain efficiency. 
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However, it takes account of the input RF power and can be calculated 

according to the following equation: 

                       𝑃𝐴𝐸 =
𝑃𝑂𝑈𝑇−𝑃𝐼𝑁

𝑃𝑑𝑐
100 % = 𝜂 (1 −

1

𝐺
) 100%                           (2.8) 

2.3.5 Power Amplifier Linearity 

A transistor in its nature is a non-linear device, where the non-linearity causes 

degradation in the system performance and interference to the adjacent 

channel. Therefore, the transistor should amplify the signal linearly to fulfil the 

standard system requirements. Since modern communications systems rely on 

high data rate, which requires the use of multi-level modulation that increases 

the signal envelope as well as the frequency band, in this case, there is a 

significant distortion in the power amplifier. Hence, the linearisation process is 

required for the power amplifier. 

To evaluate the nonlinearity or distortion of a power amplifier, several methods 

can be used, which are: 

a) Error vector magnitude (EVM). 

b) Adjacent channel power ratio (ACPR).  

c) 1 dB compression point (P1dB). 

d) 3rd order intermodulation distortion (IMD3). 

a) Error Vector Magnitude (EVM) 

EVM is a figure that can be used to identify the effect of noise, intermodulation 

products and memory effects on the baseband detection process [15], in simple 
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words, it is the difference in location between the actual and the intended signal 

vector normalised to signal amplitude fraction as shown in Figure 2.8.  

For an ideal transmitter, the I-Q constellation of a transmitted signal would have 

all points fall at ideal locations [16]. A vector signal analyser can be used as a 

tool for measuring the EVM, where the device demodulates the received signal 

like an actual radio demodulator. EVM can be expressed in terms of peak or 

Root Mean Square (RMS) value. Depending on the communications standard, 

EVM can be 7 to 21% RMS and 22 to 30% peak.  

 

Figure 2.8: Error vector magnitude calculation [16]. 

b) Adjacent Channel Power Ratio (ACPR)  

Another method of measuring the linearity of the power amplifier is Adjacent 

Channel Power Ratio (ACPR), which measures the ratio of the power leakage 
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of the transmitted signal into adjacent channels due to the nonlinearity of the 

device, this parameter is used to determine the interferences between the 

adjacent channels as shown in Figure 2.9.    

  

Figure 2.9: Adjacent Channel Power Ratio calculations [3]. 

c) 1 dB Compression Point (P1dB) 

A transistor when it is ON, it has mainly two stages which are linear and non-

linear (Saturation) region, the gain in the linear gain is constant. It starts 

compressed by the device non-linear characteristics next to the maximum 

output power, hence, when the gain is compressed by 1 dB as shown in Figure 

2.10, which means the output would be less than 1 dB from the expected 

output, this point called 1 dB compression (P1dB), where the non-linearity of the 

transistor became active, and the intermodulation distortion becomes an issue 

[17]. 
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Figure 2.10: 1 dB compression point [3]. 

d) 3rd Order Intermodulation Distortion (IMD3) 

After the P1dB compression point, the effect on the non-linearity appears where 

the harmonic effect becomes more significantly apparent. Intermodulation 

distortion occurs when two or more input signals are used as an input for the 

transistor, where the frequencies of these signals are close to each other.  

Power amplifier with nonlinear behaviour can be expressed approximately by 

polynomial series: 

                                                                                                                (2.9)          
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Figure 2.11: spectrum of non-linear amplification of two-tone input signal  [10].  

It can be noticed in Figure 2.11; there are additional harmonics that appeared 

due to the nonlinear effect of the power amplifier. the magnitude of these 

harmonics affects the adjacent channel. At the same time, the higher harmonic 

component can be suppressed using a filter, however, there are two 

intermodulations that are located next to the two carriers, these called third-

order intermodulation which are the result of the amplifier non-linearity, these 

are mainly affecting the amplifier linearity due to their locations. 

2.4 Power Amplifier Semiconductors 

The properties of semiconductors materials, including electrical, mechanical, 

and thermal features, are the main factors for determining the performance of 

the power amplifier. Solid-state devices are used in RF and microwave 

applications. However, the operating frequency and the output power are 

inversely proportional in this type of devices, where either we can get a high 
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power at the low-frequency band or a low power at the high-frequency band 

while getting a high power at the high-frequency band is still challenging [3]. 

Balancing the heat transfer across the device by suitably placing the 

gate/emitter fingers in addition to the type of semiconductor material are the 

main requirements for realising high power devices [3]. Table 2.1 shows the 

main substrate properties including the conductivity, the saturated electron the 

velocity material energy bandgap, the breakdown field, electrons and holes 

transport properties and the thermal conductivity,  

Table 2-1: Semiconductor properties [3]. 

 

In semiconductors, the energy required to transfer an electron from the valence 

to conduction bands can be defined as energy bandgap where it affects the 

device power and its temperature.[3]. A higher bandgap implies a higher output 

power due to a higher voltage swing. 
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2.5 Power Amplifier Design Problems 

The main problem in any power amplifier design is the trade-offs between the 

linearity and the efficiency of the power amplifier. The designers try to build a 

power amplifier which has high linearity and efficiency at the same time. 

However, the combination of these two properties at the same time is not 

supported by physics [18]. Power amplifiers can be designed to produce a 

maximum peak power, which means that the amplifier gives this peak power at 

a particular input power. Nevertheless, the modern communication signal does 

not have one level, in reality, the communication signal depends on the type of 

modulation that affects the number of output magnitudes and phases,  so that, 

the modern signal is measured by the ratio of maximum output power to the 

average output power which called PAPR. In the past, the signals of ZigBee, 

Bluetooth 1.0 and Global System for Mobile Communications (GSM) have a 

peak power which is equal to the average power, which can help to design 

maximum efficiency of the power amplifier; however, these technologies are not 

good in term if bandwidth efficiency, which can be calculated as the number of 

bits per second per hertz of available bandwidth.  

In order to increase the bandwidth efficiency, the data rate should be increased, 

so that the PAPR will be increased. An example of complex modern signals is 

Enhanced Data Rates for Global Evolution (EDGE), Universal Mobile 

Telecommunications Service (UMTS), High Speed Packet Access (HSPA), LTE 

and LTE-Advanced signals.   For this reason, a power amplifier should be 

capable of handling this complex signal with good efficiency and linearity 

concurrently.  
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There is an additional factor that should be considered which is the waveform 

distortion that is generated by the PA, where its amount depends on the signal 

order (M), which represents the number of bits that each symbol is carrying. 

According to the distribution of the symbols, there is an allowable amount of 

distortion, which is acceptable. The signal order can be represented by the 

following equation:  

                                                         𝑀 = 2𝑏                                              (2.10) 

where b: number of bits per symbol. 

Example for Quadrature Phase Shift Keying (QPSK), b=2 so that there are four 

symbols,  

Another factor that restricts the bandwidth of any transistor is the matching 

networks, which is necessary to convert the load RF transistor to 50Ω before 

connecting to other devices, the ratio between the two impedances (R1, R2) 

controls the amplifier Bandwidth (BW) according to the following equation:  

                                       𝐴𝑚𝑝𝑙𝑖𝑓𝑒𝑟 𝐵𝑊 =
𝑓𝑠𝑖𝑔𝑛𝑎𝑙

√(
𝑅2
𝑅1

) −1
                                         (2.11) 

Where R2 >R1. It can be noticed that as the impedance ratio increases, the BW 

will be decreased. In this case, a wideband signal should use a PA with a small 

impedance ratio so that the PA can handle the signal with high PAPR. 

Another difficulty that the standards organizations are facing is the limited 

bandwidth that is released by the governments' regulators, which is not enough 

to meet the data rate goals of new technology so that the organizations has 

suggested the carrier aggregation as a solution of insufficient bandwidth, it 
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means that if the allocated bandwidth of a certain technology is insufficient, then 

the total bandwidth can be divided into a smaller BW and allocated in different 

places across the available or unused spectrum. This is easy to say. However, 

it will be added as a problem in the PA design.  

 

Figure 2.12: Linear and energy efficiency regions of an amplifier [18]. 

 According to Figure 2.12, it can be noticed that there are three regions which 

are:  

1- Linear region: in this region, the relation between the input and the output 

of the PA is a constant gain (G). 

2- Linearisable region: in this region, the non-linearity effect is introduced by 

the PA so that it there is no constant relation between the output and the 

input power. However, this region can be linearised. 
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3- Voltage clipping: at this region, the output voltage of the PA is constant 

regardless of the input voltage value. 

It should be noted that the maximum efficiency can be obtained when the 

amplifier works near to the saturation region. However, this can be suitable 

when the input envelope signal is 1 (PAPR=0 dB), as the PAPR increases, it 

can be seen that the efficiency decreases, when PAPR=9 dB, the efficiency of 

the PA reduced to about 17%, and because the PA works most of the time at 

the average region, this means that the efficiency of the PA is so low and the 

rest of the power is dissipated as heat so that the PA needs heat sinks to 

control the temperature of the PA. To maximise the cost-effectiveness of the PA 

design, the PA should be designed to operate at the maximum possible energy 

efficiency.  
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3 Chapter Three   

Efficiency Enhancements Techniques: 

Doherty Power Amplifier 

3.1 Historical survey  

The inventor of the DPA[19] was an American electrical engineer; his name is 

William H. Doherty; he worked at Bell Labs on developing transmitters which 

were used for high-power broadcasting [20]. Where a vacuum tube amplifier 

was used in his invention. The first design of the DPA was for 50 kW 

transmitter, by 1940, at least, 35 radio stations were depended on Doherty 

invention, the gain of that amplifier was 10 dB. In 1937, Morris N. Liebmann 

Memorial Award was given to Doherty for the development of more efficient RF 

power amplifiers. 

The use of the DPA has come again with the developments of modern mobile 

communications and specially with 5G, where semiconductor devices are used 

instead of vacuum tubes at higher frequencies. Also, the amplifier is being 

developed to deal with more complex modulation scheme which produces a 

high PAPR. 5G mobile base stations are depending on the DPA. Moreover, this 

technology can be used in 5G mobile handsets. 



 

 
-30- 

 

3.2 The Doherty Operation Principle 

The principle of the DPA depends on active load modulation, where the 

resistance or reactance of a load can be changed if an additional current source 

is applied to the same load point. In the Doherty power, there are at least two 

amplifiers, as shown in Figure 3.1, one of them is called the carrier (main) 

amplifier which operates alone at low input power region. In contrast, the other 

amplifier(s) are called as the auxiliary (peaking) amplifier(s) which operate(s) at 

high power region with the main amplifier.  

 

Figure 3.1: Doherty amplifier [3]. 

Supposing that we have two current sources are connected to a load, as shown 

in Figure 3.1, where the load can be modulated depending on the current ratio 

between the two amplifiers. In a simple case of the DPA where there are two 

amplifiers, the first peak efficiency is produced by the main amplifier, after that, 

the peaking amplifier will turn on and the second peak efficiency will occur when 

Z1 

Z0 

Z2 
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both amplifiers reach their full power. Another essential property of the DPA is 

the overall gain remains constant; this provides a linear amplification[21-23]. 

3.3 Load Modulation      

The Doherty consists of two current sources, a load and an impedance inverter 

which can be replaced by a quarter-wavelength transmission line. Figure 3.2 

shows the operational diagram of the Doherty amplifier [24]. The impedance 

inverter is connected in series between the main amplifier and the load, 

whereas the peaking amplifier is connected in parallel directly to the load. The 

load impedance is 𝑅0/2  whereas the inverter characteristic impedance is 𝑅0.  

 

Figure 3.2: Doherty equivalent circuit [20]. 

According to Figure 3.2, there are two load impedances can be seen from the 

carrier side which are 𝑍1
′  and 𝑍1 at two locations. The impedance can be 

calculated using Kirchhoff laws: 

                                                        𝑍1
′ =

𝑉0

𝐼1
′                                                  (3.1) 
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                                                   𝑉0 =
𝑅0

2
(𝐼1 + 𝐼2)                                         (3.2) 

                                                      𝑍1
′ =

𝑅0(𝐼1
′+𝐼2)

2𝐼1
′                                            (3.3) 

Since the impedance inverter is a quarter wavelength which has a characteristic 

that can convert the impedance according to the following equation 

                                                       𝑍0 = √𝑍1𝑍1
′                                             (3.4) 

Where 𝑍1 and 𝑍1
′  are the impedances on the edges of the quarter wavelength 

transmission line. 

                                        𝑍1 =
𝑅0

2

𝑍1
′ =

2𝑅0 𝐼1
′

(𝐼1
′ +𝐼2)

=
2𝑅0

1+𝛼
                                           (3.5) 

where 𝑍0 = 𝑅0, 𝛼 =
𝐼2

𝐼1
′ 

The internal impedance of the current source is ∞ if it is off so that if the second 

generator is off, it can be noticed that the impedance seen by the first generator 

varies from 2𝑅0 to 𝑅0 (when the maximum current for both amplifiers is equal) 

depending on the current value of the second generator, which can be 

illustrated in Figure 3.3. 
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Figure 3.3: Doherty characteristics (A) Current profiles (B) voltage profiles (C) 

impedance profiles [20]. 

 

 

Figure 3.4: Current analysis [20]. 

   Gen 1 Gen 2 
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On the other hand, the impedance seen by the second generator varies 

according to the following equation:  

                                 𝑍2 =
𝑉0

𝐼2
=

𝑅0(𝐼1
′+𝐼2)

2 𝐼2
=

𝑅0 (1+𝛼)

2𝛼
                                           (3.6) 

It is evident that the peaking impedance varies from infinity to 𝑅0. As can be 

seen from Figure 3.3 (A) that the carrier current is increasing proportionally to 

input voltage due to class B biasing, concurrently, the peaking amplifier starts 

injecting current when the input voltage is half of the maximum input. However, 

the peaking amplifier transconductance should be twice of the carrier amplifier 

so that both amplifiers reach the same maximum current value at the maximum 

input voltage. For this case, the peaking amplifier should be twice larger than 

the other amplifier. However, only half of the peaking amplifier current is being 

used, a solution for this is to use an uneven input driving technique, which will 

be discussed later.     

The following equations can summarise each amplifier current profile shown in 

Figure 3.4: 

              𝐼𝐶𝑎𝑟𝑟𝑖𝑒𝑟 = 𝐼𝑚𝑎𝑥  (
𝑉𝑖𝑛

𝑉𝑖𝑛,𝑚𝑎𝑥
)       0 < 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥                                     (3.7) 

𝐼𝑃𝑒𝑎𝑘𝑖𝑛𝑔 = {

0                                                        0 < 𝑉𝑖𝑛 <
𝑉𝑖𝑛,𝑚𝑎𝑥

2

𝐼𝑚𝑎𝑥 (
𝑉𝑖𝑛−

𝑉𝑖𝑛,𝑚𝑎𝑥
2

𝑉𝑖𝑛,𝑚𝑎𝑥
2

)                       
𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                    (3.8) 

Whereas the voltage profile of the DPA are shown below 

𝑉𝐶𝑎𝑟𝑟𝑖𝑒𝑟 = {
2𝑅0 (

𝐼𝑚𝑎𝑥

𝑉𝑖𝑛,𝑚𝑎𝑥
) 𝑉𝑖𝑛                                       0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2
       

𝐼𝑚𝑎𝑥  𝑅0                                                       
𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

             (3.9) 
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           𝑉𝑃𝑒𝑎𝑘𝑖𝑛𝑔 = {𝑅0  (
𝐼𝑚𝑎𝑥

𝑉𝑖𝑛,𝑚𝑎𝑥
) 𝑉𝑖𝑛                      0 < 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥                     (3.10) 

 Whereas the impedance seen by each amplifier can be determined using the 

following equations  

𝑍𝐶𝑎𝑟𝑟𝑖𝑒𝑟 = {
2𝑅0                                                               0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2
       

2𝑅0

1+𝛼
                                                      

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

             (3.11) 

𝑍𝑃𝑒𝑎𝑘𝑖𝑛𝑔 = {
∞                                                                    0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2
       

𝑅0

2

1+𝛼

𝛼
                                                    

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

          (3.12) 

As illustrated above, the effect of the load modulation on the load line can be 

seen in Figure 3.5. 

 

Figure 3.5: Load-line characteristics for DPA [2]. 

The classical DPA has two peak efficiency points, where a power amplifier can 

deliver a maximum efficiency only when the output current and voltage are fully 
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swinging with a particular load impedance seen by the power amplifier to 

produce peak power. At low input power level (6 dB below the maximum input 

power), the optimum impedance by the carrier amplifier is twice, due to the off 

state of the peaking amplifier. Hence, the carrier amplifier saturates when half of 

the maximum current is reached with full voltage swings this represents the first 

efficient peak level. After that, the peaking amplifier starts contributing current at 

the summing point which keeps the carrier amplifier saturates and gives high 

efficiency due to the change of the load line of carrier the impedance, however, 

the overall Doherty efficiency will be dropped due to the low efficiency of the 

peaking amplifier till the second efficiency peak reached which occurs when the 

peaking amplifier reaches its saturation as illustrated in Figure 3.6. 

 

Figure 3.6: Efficiency of Doherty and Class B amplifiers [2]. 
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3.4 The realisation of the Doherty Power Amplifier 

In the assumptions above, it was assumed that a current generator was 

matched to 𝑅𝑜𝑝𝑡, and the actual load of the DPA was 𝑅𝑜𝑝𝑡/2. Realising the DPA 

needs transistors and matching networks. In terms of the matching, the input, 

and the output matching networks for both amplifiers in the DPA should be 

matched to 50Ω at the peak power. In order to realise the load modulation, the 

Doherty network should transfer the impedance seen by the carrier amplifier 

from 𝑅0 to 2𝑅0, and the peaking amplifier impedance from very high impedance 

to 𝑅0. However, life is not easy, real transistors do not behave as a pure current 

source, and the optimum input and output impedances for the transistor are 

complex values.   

Since a real transistor has a drain capacitor, which can be resonated by using a 

parallel inductor to produce a real impedance, this approach can be applied in 

on-chip Doherty, but for base station application, packaged device cannot be 

employed with this technique. To deal with complex impedance, an offset line 

can be used. The offset lines are attached between the output matching 

network and the Doherty network. 

Additional offset line is used at the output of the peaking amplifier in order to 

reduce the parasitic effect of the peaking amplifier, where at low power 

operation of the DPA, the impedance seen from the summing point towards the 

peaking amplifier should be infinity or very high impedance in order to reduce 

the main amplifier current leakage so that a good load modulation can be 

obtained.  
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3.5 Inverted Doherty Power Amplifier 

The inverted DPA also has two power amplifiers, only the difference in the 

quarter-wavelength impedance inverter, which is located at the peaking 

amplifier, as shown in Figure 3.7. 

 

Figure 3.7: Inverted DPA [2]. 

The architecture of the inverted DPA is useful, especially when the output 

matching impedances has a large capacitive. In this case, the offset line length 

will be shorter than the one used for classical DPA[25-27].   

the operation of the inverted DPA, where at low input power region the peaking 

amplifier is off, At point B looking towards the peaking amplifier, the impedance 

should be short (zero), so that the impedance at point A towards the peaking 

amplifier becomes high (infinity), so that no current leakage towards the peaking 

amplifier, concurrently the carrier amplifier at point A sees  𝑅0/2  impedance, 

A 

 

 

B 
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after that, the peaking amplifier injects current at point A which will modulate the 

load from 𝑅0/2 to 𝑅0. As shown in the inverted DPA, the carrier amplifier sees 

low impedance at the low region and then the optimum impedance will be seen 

after the peaking amplifier reaches its saturation.   

This technique can reduce the frequency dispersion produced by the extra 

length of the offset line if an amplifier with high output capacitance is used in 

standard Doherty structure. 

3.6 Design with Matching at the First Peak Efficiency Point 

A modulated signal has a PAPR, where there are two important levels of power 

which are the peaking and the average power. The amplification of this signal 

needs to deal with these two important parameters, where the amplifier spends 

most of the time dealing with the average input power, so that, it is important to 

design an amplifier that can produce a peak efficiency at the average power 

because the peak power efficiency does not affect the overall efficiency since it 

occurs in a short time. In the normal DPA, both amplifiers are matched to the 

peaking power, and however, due to the nonlinear characteristics of the 

amplifier, it is difficult to match the first peak region to 2𝑅𝑂𝑃𝑇 . 
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Figure 3.8: (A) the conventional DPA and (B) the first peak-matched DPA [2]. 

To solve this problem, as can be seen from Figure 3.8, the carrier amplifier 

should be matched to the first peak efficiency by the matching the 2𝑅𝑂𝑃𝑇 to 𝑅0/2 

and the impedance characteristic of the inverter and the carrier offset line 

should be 𝑅0/2. in this case, when the peaking amplifier is off, it can be noticed 

that the carrier amplifier at the back-off power is matched to 𝑅0/2 with a load of 

2𝑅𝑂𝑃𝑇.  

3.7 N-ways Doherty Power Amplifier 

The classical and the inverted DPA can provide the first efficiency peak at 6 dB 

power back-off when two identical transistors are used. However, the location of 
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the peak efficiency point should depend on the modulated signal profile, so that, 

as the PAPR of the signal is increased, the back-off power should be increased, 

to do that with two devices, the peaking amplifier size should be increased, 

however, as the back-off increases the efficiency will be decreased. So that, the 

efficiency point location can be changed or improved by increasing the number 

of amplifiers, specifically, the additional number of peaking amplifiers (N-1) that 

can be added to the carrier amplifier which called N-way DPA. In this case, 

there is one load modulation circuit with multiple peaking amplifier units which 

increase the number of peak efficiency points at the same time with the back-off 

region. N-way DPA can provide a highly linear amplifier with multiple peak 

efficiency by tuning the cells with accurate harmonic cancellations. 

3.7.1 Three-way DPA 

The Three-way DPA is shown in Figure 3.9; the circuit can be represented by 

one classical DPA with one additional peaking amplifier, where there are two 

inverters perform the load modulation. 
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Figure 3.9: Three-way DPA [2]. 

3.7.2 Implementation Difficulties of Three-Way Doherty Power Amplifiers 

As shown in the previous sections that excellent efficiency and linearity can be 

achieved by using three-way DPA; however, the structure of the three-way DPA 

is complicated. At the same time, the peaking amplifiers are not being fully 

utilised, so that more research is needed. 

The described behaviour of the three-way DPA assumed that all amplifier cells 

are fully working at the peak point (gave their maximum current) regardless of 

their biasing condition, however, in reality, since the peaking amplifiers are 

biased in class C, once they turn on, their current levels would be lower than if it 

biased as class AB or B, so that the fundamental component of the current 

would be smaller than the ideal design. Hence, the load modulation will not be 

ideal; this will affect the overall operation[28-31]. 

Uneven input power drive is needed to perform a proper load modulation; 

however, uneven input divider is difficult to be realised for three cells. Since 

there is unused input power which is delivered to the peaking amplifier cells 

when it is off, there will be a gain degradation. 

Another solution for the three-way DPA is to use three input signals, which are 

generated at the digital domain. Where each signal is fed to an amplifier cell, 

and they are combined at the output stage, to generate the desired signal, in 

this case, the three signals should be synchronised, where the circuit would be 

complex, besides, each signal needs a driver which increases the overall cost. 

Controlling the gate bias of the peaking amplifier is an alternative solution, but 
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due to the large difference between the bias voltages of the peaking amplifiers, 

three-way DPA cannot be appropriately adopted. 

So that, a perfect combination of two power amplifiers can be carried out, the 

DPA consists of two amplifiers which are the main and peaking amplifier, where 

the power of these amplifiers can be combined to produce a linear output power 

with good efficiency at the back-off region. In general, there are two operating 

regions: the low power region, and the high-power region. At the low power 

region, only the main amplifier works whereas the peaking amplifier is off. On 

the other hand, in the high-power region, both amplifiers are working together 

depending on load modulation characteristics, where the current ratio between 

the peaking and the main amplifiers modulate the load. The DPA is able to 

provide a linear amplification because the overall gain of the DPA is constant. 

3.8 Doherty Bandwidth Limitations  

The classical single-ended amplifiers can be designed to provide broadband 

responses for different bias conditions, however, in Doherty power amplifier 

design, combining two broadband amplifiers does not sufficient to get the 

expected performance in terms of decent back-off efficiency over broadband 

design, unless there is an ideal impedance inversion network that can provide 

the required properties that the Doherty amplifier design needs and the 

designed amplifier performance should give almost same back-off efficiency for 

the designed broadband frequency, in that case only, we can say, a broadband 

Doherty design is achieved. However, many papers tried to broadband the 

Doherty amplifier performance[25, 32-72], in all these papers, there is no ideal 

Doherty response over broadband frequency, but there might be some shortage 
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of the peak power to get best back-off efficiencies over the band, or the 

designed Doherty amplifier can achieve the peak power for a broadband 

response, nevertheless, the back-off efficiency performance varies over the 

designed broadband frequency.  

3.9 Other Efficiency Enhancements Techniques 

There are additional techniques that are targeting enhancing the power 

amplifier efficiency, which are: 

3.9.1 Out-Phasing Technique 

In 1935, Henri Chireix proposed a high-level PA modulator [73-75] for improving 

both linearity and efficiency of amplitude modulator broadcasting transmitter. 

This concept of Chireix was revised by Cox in 1974 [76],  where it so-called also 

as “LINC” (linear amplification using non-linear devices), where an arrangement 

of highly nonlinear devices can produce a linear output where fix RF input 

power is used to drive two similar amplifiers. Figure 3.10 shows the concept of 

the out-phasing operation. 

 

Figure 3.10: Out-Phasing concept [3]. 
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The main difference between this technique and the Doherty is the amplifiers in 

Out-phasing technique are used in the nonlinear region (close to or at the most 

efficient point) whereas the Doherty technique uses the amplifiers in the linear 

region for load modulation. The Out-phasing method relays on a well-known 

trigonometric identity 

                                   cos(𝐴) + cos(𝐵) = 2 cos (
𝐴+𝐵

2
) cos (

𝐴−𝐵

2
)               (3.13) 

The main key of an out-phasing technique is that the input signal has a constant 

amplitude. However, its phase is changing according to an amplitude modulated 

signal (message signal), the two amplifiers having the same gain (G) and their 

input signal is out of phase, in this case, the output will be linear and efficient as 

shown in the following equations: 

                                       𝑋𝑖𝑛(𝑡) = 𝑚(𝑡) cos (𝜔𝑡)                                           (3.14) 

Then 

                          𝑋1(𝑡) = 𝑐𝑜𝑠(𝜔𝑡 + cos−1(𝑚(𝑡)))                                           (3.15) 

                          𝑋2(𝑡) = 𝑐𝑜𝑠(𝜔𝑡 − cos−1(𝑚(𝑡)))                                           (3.16) 

Then 

                                    𝑦(𝑡) = 𝐺(𝑋1(𝑡) + 𝑋2(𝑡))                                           (3.17) 

                                            = 2𝐺 𝑚(𝑡) cos (𝜔𝑡)                                           (3.18) 

In this case, the amplifiers can be designed to amplify the signal in the most 

efficient region (nonlinear region) because the input signal of the PAs has a 
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constant envelope regardless of its phase changing as shown previously. After 

summing the outputs of the two PAs, the original input information will be 

recovered. 

However, the message signal has a bandwidth which increased approximately 

by six times due to the phase modulation. The implementation of this technique 

unlike the DPA, where the load modulation is achieved by changing the 

impedance due to the current changing, in out-phasing technique, both 

amplifiers are kept in the peaking region, where the load modulation is achieved 

by the phase difference between both amplifiers. This technique can provide 

high efficiency, especially when the out-phasing angle is less than 30°. 

Nevertheless, stringent phase alignment between the two amplifiers is the main 

issue in this technique in addition to the losses of the passive power combiner 

[9]. 

3.9.2 Envelope Tracking (ET) 

Envelope tracking is a technique where the supply voltage of the power 

amplifier is changing dynamically according to the envelope variation of the 

input signal. In this case, the highest PAE will be obtained because the amplifier 

will be working at an efficient region, as shown in Figure 3.11. 
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Figure 3.11: Envelope Tracking [5]. 

The envelope signal is measured at the baseband signal, and then it will be as 

a control for the DC drain voltage of the amplifier when the envelope has a 

peak, more DC power will be supplied, and vice-versa so that the efficiency of 

this technique depends on the probability density function (PDF) of the input 

signal and the PAPR [8]. 

3.9.3 Envelope Elimination and Restoration (EER)  

In the 1950s, EER was invented by Leonard Kahn for improving the 

broadcasting transmitter efficiency [14]. It is a combination of two amplifiers; the 

first which is a high non-linear amplifier (RF amplifier) and the second which is a 

highly linear amplifier (envelope amplifier), in order to build a highly efficient 

linear amplifier. The non-linear amplifier amplifying a constant envelope of the 

input phase modulated signal so that this amplifier will work in the most efficient 

point. On the other hand, the envelope amplifier amplifies the envelope linearity 

where the final amplitude modulation amplifies the shape of the envelope signal 

with the phase-modulated carrier, as shown in Figure 3.12 [15].  
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Figure 3.12:  Envelope Elimination and Restoration technique. 

The linearity of this technique does not depend on the RF power transistor and 

can provide high efficiency over a wide dynamic range of the signal. However, 

the alignment between the envelope and the phase-modulated signal should be 

considered. In addition, the bandwidth of the envelope should be at least twice 

the RF bandwidth.   
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4 Chapter Four 

70-W Doherty Power Amplifier 

Simulation and Results 

4.1 Introduction 

In this chapter, the design steps, including simulation and measurements 

results for 5G base station power amplifiers, are clarified, in addition to major 

design considerations where the DPA will be divided into several sub-circuits so 

that it will be easy to be checked and built. In general, the DPA will be divided 

into two separate amplifiers, where each amplifier consists of a stability circuit, 

input matching network and output matching network. Hence additional divider 

and combiner are needed to complete the Doherty structure. The designed 

power amplifier is suitable for micro cell of 5G mobile communications.  

As was mentioned before, the DPA mainly consists of two power amplifiers 

which are the main and the peaking amplifier, in addition, there are additional 

sub-circuits which should be added to get the required Doherty performance, 

these sub-circuits are:  

• Input power divider. 

• Line offset sub-circuit includes: 

- Line offset at the input of each amplifier 

- Line offset at the output of each amplifier 

• Combiner network sub-circuit. 
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The design starts by validating the transistor model, with the available S- 

parameters, this is required to make sure that the modelled amplifier is reliable 

for the design. After that, load-line curves should be plotted in order to 

determine the amount of knee voltage, saturation current, linear region etc.  

After choosing the right biasing class for the power amplifier, linear simulation 

can be done to view the maximum stable gain, maximum available gain, and 

the stability factor (k). by exploring these curves verse the frequency, the 

transistor stability can be observed, and the transistor can be stabilised by 

ensuring that k greater than one over the whole band. After that, the optimum 

point for the input and output side should be determined to be matched to 50Ω.  

At the input side, the input matching network is responsible for controlling the 

gain of the transistor and as mentioned before, in the design of the input 

matching network, the fundamental frequency is enough because the effect of 

the second and third harmonic can be neglected. On the other hand, the output 

matching network is responsible for controlling the output power and the 

efficiency, where the effect of the third harmonic can be neglected, and the 

design can depend on the fundamental and the second harmonic only. The 

design of the Doherty amplifier in this research depends on the two different 

transistors, which are 25 W and 45 W, both amplifiers are GaN devices their 

manufacture numbers are CGH40025 and CGH40045, respectively. Cadence 

Microwave Office (MWO) is RF/microwave design tool that is used as a 

simulation platform to design and test the proposed power amplifiers. 
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4.2 Main Amplifier Design  

The design of the main amplifier started by exploring the Current-Voltage 

Curves (IV-Curves) as shown in Figure 4.1, where the Drain-Source current (Ids) 

(quiescent current) is plotted against the Drain-Source voltage (Vds) for different 

Gate-Source voltages as shown in Figure 4.2. 

 

Figure 4.1: Main amplifier IV-Curve testing. 

 

Figure 4.2: Main Amplifier IV-Curve performance.   
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It can be noticed that there is a peak for the current and it will be dropped, this 

is caused by the thermal effect, where the temperature degrades the transistor 

performance and the output current will be reduced. Furthermore, the biasing of 

the amplifier depends on the Gate-Source voltage, as shown in Figure 4.3. For 

biasing the transistor as a class AB so that we can get some additional linearity 

comparing with class B amplifier the Gate-Source voltage should be biased at 

(-3.057 V) so that a drain current of 100 mA can be obtained. 

 

Figure 4.3: Main amplifier drain-source current vs different biased gate-source 

voltage. 

After adjusting the biasing of the transistor, linear measurements can be 

simulated to find out the MSG, MAG and k-factor. Figure 4.4 shows the linear 

measurements of the main amplifier.  
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Figure 4.4: Main amplifier linear measurements. 

It can be noticed that the transistor is conditionally stable, where k-factor is 

greater than one above the 3.7 GHz, however, the transistor is potentially 

unstable at lower frequencies, so that, a stability circuit should be added to 

make the transistor unconditionally stable, a parallel RC circuit was added to 

the main amplifier to make sure that the transistor is being unconditionally 

stable, Figure 4.5 shows the small-signal measurements of the transistor after 

adding the stability circuit. 
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Figure 4.5: Main amplifier (unconditionally stable) linear measurements.  

It is obvious that the transistor now is unconditionally stable because the k-

factor is greater than one over broadband frequency change. After that, the 

input matching networks should be designed, where the transistor needs to see 

a certain amount of impedances at the input side to provide a certain amount of 

gain over a specified bandwidth. The input matching network consists of the 

stability circuit, matching network, and biasing feeder. The DC biasing path 

should be designed where the DC path should provide a high impedance 

towards the DC supplier at the operating band; this can be implemented in two 

ways, the first is to use an inductor that can provide high impedance at the 

operating band. However, the resonant frequency of the inductor should be 

considered, in addition, the inductor should be able to handle the current, 

where, the inductor at the input side does not handle too much current because 
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the gate-source side is used for determining the biased operation, whereas, the 

drain side consumes most of the power so that the inductor should be chosen to 

handle the maximum drain current. Another way of providing biasing path is by 

using a quarter wavelength ended by a short circuit where it would be converted 

into an open circuit at the other end. However, this technique is frequency 

dependant due to the characteristics of the quarter wavelength. Figure 4.6 

shows the selected inductor impedance response against the frequency 

variation. 

 

0 1
.
0

1
.
0

-
1
.
0

1
0
.
0

10.0

-10.
0

5
.
0

5.
0

-5
.0

2
.
0

2
.
0

-
2
.
0

3
.
0

3.
0

-3
.0

4
.
0

4.
0

-4
.0

0
.
2

0.
2

-0
.2

0
.
4

0
.
4

-
0
.
4

0
.
6

0
.
6

-
0
.
6

0
.
8

0
.
8

-
0
.
8

inductorcheck
Swp Max

6GHz

Swp Min

0.1GHz

m1:
3.4 GHz
r 2.24013
x 44.2942

S(1,1)
inductor ceckInductor Check 



 

 
-56- 

 

Figure 4.6: Main amplifier inductor check. 

 

Figure 4.7: Input matching network of the main amplifier (top view). 

The designed input matching network of the main amplifier is shown in Figure 

4.7, where the 50Ω was transformed to 2-j10Ω, the matching network response 

should include the response of stability circuit in addition to the biasing circuit. 

After that, load-pull data can be plotted to find a certain impedance that the 

amplifier needs to see at the output side, where this impedance can give a 

trade-off between the output power and the achieved efficiency. Figure 4.8 

shows the load-pull data of the main amplifier   
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Figure 4.8: Main amplifier load-pull contours.  

The above figure shows the output power contours vs the efficiency contours. It 

can be noticed that for maximum output power contour, the drain efficiency 

varied rapidly, whereas if we target less power from the maximum achievable 

power, more efficiency can be obtained so that a trade-off between the 

efficiency and the output power should be performed. As a result, the output 

matching network of the main amplifier is illustrated in Figure 4.9, where the 

effect of the DC biasing feeder has been taken first to make sure it is open at 

the operating band before  
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completing the designed circuit, in addition, the drain inductor has been chosen 

to handle the maximum designed current of the power amplifier.    

 

Figure 4.9: Output matching circuit of the main amplifier (top view).  

Figure 4.10 illustrated the non-linear performance of the power amplifier, where 

the output power, transduced gain and efficiency (drain efficiency and PAE) are 

plotted against the input power, it can be noticed that amplifier has a gain of 12 

dB and more than 70% was achieved at the maximum power of the main 

amplifier.  
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Figure 4.10: Nonlinear measurements of the main amplifier.  

4.3 Peaking Amplifier Design 

The design steps for the peaking amplifier followed the same strategy that was 

used for the main amplifier the only difference between the two amplifiers is 

their biasing condition, where the peaking amplifier should be biased as a class 

C. The design of any power starts by investigating the variation of the drain-

source current versus drain-source voltage for different voltages of the gate-

source side, as shown in Figure 4.11 for the peaking amplifier.  
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Figure 4.11: Peaking amplifier IV-Curves.  

It can be noticed that the maximum current for the drain side for the peaking 

amplifier is higher than the one with the main amplifier due to the different 

capabilities between the two amplifiers. The peaking amplifier is designed as a 

class C for the DPA. In order to determine the amount of the gate-source 

voltage that gives a certain amount of the drain-source current, Figure 4.11, 

shows the variation of the gate-source voltage against the drain-source current 

when the voltage of the drain-source side is equal to 28 V. 
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Figure 4.12: Peaking amplifier gate-drain voltage vs drain-source current. 

It can be noticed that if the gate-source voltage is equal to -3.149 V, the 

quiescent current is a100 mA. The next step is to find out the linear 

characteristics of the peaking amplifier by showing the gain behaviour versus 

the frequency change. Also, the stability of the transistor is determined by the k-

factor plot. Figure 4.13 shows the linear measurements of the peaking amplifier; 

it is clear that the transistor is conditionally stable over a 3.6 GHz, to make the 

transistor unconditionally stable, a stability circuit has been added to the input of 

the transistor so that the k-factor is greater than one over the broadband 

response as shown in Figure 4.14. 
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Figure 4.13: Peaking amplifier linear measurements. 

 

Figure 4.14: Peaking amplifier (unconditionally stable) linear measurements. 
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After stabilising the peaking amplifier, the input and output matching network 

should be designed, the input matching for the peaking device is shown in 

Figure 4.15, it can be noticed that the input matching network includes both 

stability and biasing circuit because each part has a certain effect on the 

performance and there is no point of designing the input matching network 

without preparing the stability and the biasing circuit in advance. On the other 

hand, at the output side, the output matching network should be designed after 

examining the load-pull performance of the peaking amplifier, as shown in 

Figure 4.16.    

 

Figure 4.15: Peaking amplifier input matching network (top view). 
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Figure 4.16: Peaking amplifier load-pull contours.   

It can be noticed that the output matching network should be designed to 

transfer 50Ω to 3.7-j3Ω. The designed output matching network is shown in 

figure 4.17. After completing the design of the peaking amplifier, the peaking 

amplifier performance is shown in figure 4.18, where it can be noticed that the 

transistor biasing effect is obvious. 
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Figure 4.17: Peaking amplifier output matching network (top view). 

 

Figure 4.18: Nonlinear performance of the peaking amplifier. 

4.4 Wilkinson Input Power Divider Design  

In the DPA design, the input power should be split between the main and the 

peaking amplifiers in case only two transistors are used. The division between 
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the amplifiers can be equal or unequal, in the beginning, the input power splitter 

was designed to divide the power equally between the cells as shown in Figure 

4.19, it can be noticed that the power is equally divided between the two ports, 

and the layout of the divider circuit is illustrated in Figure 4.20. 

 

Figure 4.19: Wilkinson divider performance.  

 

Figure 4.20: Wilkinson divider layout (top view). 
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4.5 Doherty Power Amplifier Design  

As discussed in the previous chapters that the DPA has conditions that need to 

be satisfied to get the designed efficiency at the back-off, at the summing node, 

the impedance seen towards the peaking amplifier should be open (high 

impedance) when the peaking amplifier is off. From Figure 4.21, it can be 

noticed that the impedance seen towards the peaking amplifier is not high due 

to the parasitic effect of the peaking amplifier output so that there is a current 

leakage from the main amplifier to the peaking amplifier, in order to solve this 

issue, an offset line of 50Ω characteristics impedance should be added to the 

output of the peaking matching network so that a high impedance can be 

obtained as shown in Figure 4.22. 

 

 

 

 

 

 

 

 

Figure 4.21: Impedance seen towards the peaking amplifier when it is off. 
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Figure 4.22: Impedance seen towards the peaking amplifier after adding the 

offset line. 

Moreover, an additional offset line is needed at the output of the main amplifier 

to compensate for the parasitic effect of the main amplifier, and to maintain the 

frequency dispersion response. Besides, there is a need to use an offset line at 

the input of the peaking amplifier in order to compensate for the effect of the 

phase difference between the two amplifier cells due to the bias classifications 

difference [77].  

The load-modulation effect is shown in Figure 4.23, where two probes are used 

to measure the impedance seen by each amplifier, it can be observed that the 

impedance seen by the main amplifier is 110Ω below the back-off region. The 

amount of the impedance decrease as the peaking amplifier contributes its 

current to the summing point, on the other hand, the impedance seen towards 
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the peaking amplifier starts by a very high impedance then when the input 

power is greater than the input back-off power, the impedance is decreased and 

becomes 50Ω at the peak power. 

 

Figure 4.23: Load modulation effect. 

Figure 4.24 illustrates the AMAM/AMPM performance of the designed DPA, it 

can be observed that the output power is relationship is linear and the phase 

deviation against the input power is too small, as a result, good linearity has 

been achieved using DPA for both circuits. 
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Figure 4.24: AM-AM and AM-PM characteristics.  

4.6 EM Simulation 

After completing the circuit model simulation, EM simulation should be 

performed on the designed circuits. EM simulation can give an approximate 

behaviour similar to the real fabricated circuit, where Maxwell equations and 

partial differential equation solver based on the method of moments is used in 

the EM simulation; the solving and the accuracy of the EM simulation depends 

on the mesh density. However, a longer time is required for high mesh density. 

4.7 Circuit Layout  

In a standard substrate, there are two additional layers at the top and bottom of 

the substrate which are the metal material that is used for connecting the 

components and matching design, the type and the thickness of the metal affect 

the design performance, in this work, Roger RO-4350B substrate is used with a 
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thickness of (20 mils) and the metal is copper with 1 oz (0.035 mm) thickness 

[78]. In this work, two circuits are used to demonstrate the Doherty operation, 

the main difference between the two circuits is the input splitter, where the first 

one used the 90° hybrid divider, whereas the second circuit used the Wilkinson 

power divider as shown in Figure 4.25 and Figure 4.26. 

 

Figure 4.25: DPA using 90° hybrid divider. 
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Figure 4.26: DPA using Wilkinson divider. 

For the fabrication process, there is a need for four files to be sent for 

manufacturing; these files are three Gerber files and one for the dills’ locations 

and sizes; the Gerber files are top, bottom, and mechanical layers. The 

fabricated circuits are shown in Figure 4.27. 
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Figure 4.27: Fabricated Circuits. 

The next step is to assemble all the components to the board, as shown in 

Figure 4.28 and start assessing the designed circuit, including all the required 

measurements. 

 

Figure 4.28: Fabricated circuits after assembling all the components. 
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4.8 Practical Considerations and Measurements  

Regarding the measurements of any power amplifier, several pieces of 

equipment should be used in order to measure a specific performance. At the 

beginning and after assembling all the components of the designed board, it is 

better to start by doing some safety measurements.  

1- Making sure that there is no short circuit in the board, especially in the 

drain and the gate sides. 

2- Since working with GaN transistor require a complex biasing where there 

is a difference in power supply polarity for both drain-source (positive 

polarity) and gate-source (negative polarity) sides, so that, the gate-

source side should be biased negatively first, then the drain-source side 

because the GaN transistor gives its maximum current when the Vgs is 

equal to zero volts (grounded). 

4.8.1 Calibrations and Components Measurements 

In order to start measurements, Vector network Analyser (VNA) is required, 

where this device is able to measure the amplitude and the phase of both 

incident and reflected RF signal, at the same time, it has the ability to measure 

the S21 (Gain). However, this device needs to be calibrated firstly. This should 

be done by using a calibration kit, where the equipment should be introduced to 

the vector network analyser in terms of delay, capacitance, and other 

parameters in case it has not been stored before.  

In the calibration process, the most important two factors are the amplitude of 

power and the frequency band. Where the interesting frequency band should be 
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specified before doing the calibration, the other factor which is the power 

magnitude, this represents the power of the VNA at each port in terms of 

incident power. However, the transmitted signal should be considered, where it 

may be harmful to VNA where there is a maximum level of power that each port 

can handle.    

In any calibration kit, there are at least three ports (or three components), these 

three ports are open circuit, short circuit, and matched ports, however, in 

modern calibration kits, there are five ports where the additional two ports are 

(through ports). All these calibration kit ports should be calibrated with each port 

in the VNA. For accurate measurement of the designed power amplifier, any 

additional equipment such as attenuator(s) and coupler(s) have to be measured 

in order to determine the correct response at the required frequency, the 

performance of the 40 dB attenuator (Figure 4.29) shown in Figure 4.30 where 

the date is saved for further measurements. 

 

Figure 4.29: 40 dB attenuator.  
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Figure 4.30: 40 dB attenuator response.  

Also, two couplers are used to the measurements these couplers are 10 dB and 

20 dB. moreover, an attenuator of 6 dB is attached to the coupling port of the 20 

dB coupler as shown in figure 5.31, the performance of the 20 dB coupler is 

shown in Figure 4.32 and Figure 4.33 for the transmitted and the coupled port 

response respectively. 
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 Figure 4.31: 20 dB coupler with 6 dB attenuator attached to the coupling 

port. 

 

Figure 4.32: Coupling path response of 20 dB coupler attached with 6 dB 

attenuator. 
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Figure 4.33: Transmitted path response of 20 dB coupler.  

On the other hand, the performance of the transmitted and coupled ports of the 

10 dB coupler is shown in Figure 4.34 and Figure 4.35, respectively.  
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Figure 4.34: Transmitted path response of 10 dB coupler.  

 

Figure 4.35: Coupling path response of 10 dB coupler. 
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4.8.2 Power Amplifier Measurements  

After completing the calibration and measuring the attached components, the 

power plane at both the input and the output of each stage should be calculated 

in order to determine the required attenuator that is needed before being 

attached to any port of the VNA in order to keep our device save as illustrated in 

the example shown in Figure 4.36. 

 

 

 

 

 

 

Figure 4.36: Power plane calculation. 

Each amplifier in the designed DPA is tested alone, where Figure 4.37 shows 

the measured linear gain of the main amplifier with some tuning, on the other 

hand, the peaking amplifier linear gain measurements are shown in Figure 4.38, 

it can be noticed that the amplifiers are giving a good performance at the 

designed band. 
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 Figure 4.37: Main amplifier linear gain. 

 

Figure 4.38: Peaking amplifier linear gain. 
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The overall DPA linear gain is shown in Figure 4.39, in addition, the effect of the 

peaking amplifier on the total gain phase is shown in Figure 4.40 and Figure 

4.41, where it can be seen that there is a minimal variation in the phase 

difference of the gain phase when peaking amplifier is off and when the peaking 

amplifier is on.  

 

 

Figure 4.39: Doherty linear gain.  
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Figure 4.40: Gain phase when only the main amplifier is working in DPA. 

 

Figure 4.41: Gain phase when Both amplifiers are working in DPA. 
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After completing the linear measurements, Non-linear measurements should be 

applied to the amplifier, in order to measure the nonlinear behaviour of the 

power amplifier, power plane should be calculated and measured to save the 

devices and to calculate the exact power for accurate measurements, Figure 

4.42 shows the measurement approach used for the amplifiers. 

 

Figure 4.42: Large signal measurements setup. 

The DPA was tested with 7.8 dB PAPR, and it was showing a linearity 

performance shown in Figure 4.43, it can be noticed that signal spectral leakage 

on the neighbouring channel is -31.8 dBc which can be corrected to meet the 

standard specifications using a lineariser. 
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Figure 4.43: Spectrum of the design DPA at an average output power of 40 

dBm. 

The measured performance of the designed Doherty power amplifier is shown 

in Figure 4.44 and Figure 4.45, where the designed amplifier achieved about 8 

dB output back-off with an average efficiency of 50% at that region. Hence, it 

can be noticed that the total output power is increased by the current injected by 

the auxiliary amplifier. At the same time, the total gain of the Doherty amplifier is 

lower than the single ended amplifier due to the effect of the input splitter, and 

the fact that the peaking amplifier is off. 
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Figure 4.44 Measured performance of the designed Doherty amplifier. 

 
Figure 4.45 Measured performance of the designed Doherty amplifier verses 

selected frequencies. 
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4.9  Conclusions  

As discussed in this chapter, certain types of stability circuits are required to 

make the transistor unconditionally stable. Also, it is noticed that for higher 

frequency band, the k-factor is greater than one which indicates that the 

transistor is stable because the transistor gain is low. Moreover, the input 

matching network is required to make the amplifier see a certain amount of 

impedances over a certain amount of frequencies to generate a certain amount 

of gain. On the other hand, the output matching network is responsible for 

controlling output power and the efficiency that can be obtained from the 

amplifier. The resonant frequency of inductors and capacitors should be 

considered, where the characteristics of these elements would be changed after 

this frequency, which can be checked from the available manufactures’ 

datasheet. Each used component should be measured for accurate 

measurements, and the power plane should be calculated to save the 

equipment and for accurate results. The performances of both Doherty designs 

are the same; the only benefit of using Wilkinson is free because it can be 

fabricated with the whole circuit. Both designed amplifiers can be used for 5G 

mobile base stations. 
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5 Chapter Five 

Load-Modulation Amplifier Without 

Using Quarter-Wavelength 

Transmission line   

5.1 Introduction 

A proposed method for achieving active load-modulation technique without 

using a quarter-wavelength transmission line is discussed and evaluated [79]. 

The theoretical analysis shows that the active load-modulation can be achieved 

without using a quarter-wavelength line, where the main amplifier sees a low 

impedance when the input signal level is low, and this impedance increases in 

proportion to the amount of current contributed from the peaking amplifier. The 

peaking amplifier sees an impedance decreasing from infinity to the normalized 

impedance. To validate the method, a circuit was designed, simulated, and 

fabricated using two symmetrical gallium nitride (GaN) transistors (6 W) to 

achieve a peak power of 12 W and an output back-off peak efficiency at 6 dB 

from the peak power. The design operates with 400 MHz bandwidth at 3.6 GHz 

centre frequency targeting 5G mobile base stations and showed an average 

efficiency of 50% at 6 dB back-off and an efficiency of 75% at peak power. The 

designed circuit was tested with Continuous Wave (CW) and modulated signals. 

The amplifier showed an ACPR of 31-35.5 dB when tested with a wideband 
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code division multiple access signals of 6 dB PAPR at 35.5 dBm average 

power. Additional 20 dB improvement was achieved after adding a lineariser for 

enhancing the amplifier linearity. In addition, another design targeting the same 

frequency band, however, different transistor capabilities are used, where 

CG2H40025 and CG2H40045 are used for the main amplifier and the peaking 

amplifiers. In this design, the compact design was able to deliver a peak power 

of 48.5 dBm with an efficiency >75%, at the same time, the amplifier was able to 

provide to deliver high efficiencies of >51%, >55% and >60% at 10 dB, 8 dB, 

and 6 dB back-off from the peak power. An LTE modulated signal with 11 dB 

PAPR and 8 MHz is applied to the amplifier to test its linearity, the amplifier was 

able to achieve -30 dB ACPR for the designed band without any lineariser. 

5.2 Proof of Concept  

The suggested method supposes that two power amplifiers (two current 

generators) are connected into a load without a quarter-wavelength line, as 

shown in Figure 5.1. 

 
Figure 5.1: Suggested method operational diagram with equivalent amplifiers 

represented by current sources. 
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The output load has an impedance of 
𝑅0

2
, and is connected directly to both 

amplifiers, where both are matched at the peak power into 𝑅0. At low input 

power, the peaking amplifier can be represented as an open circuit so that the 

main amplifier sees an 
𝑅0

2
 as load, and the impedance seen by the main 

amplifier is varied according to the current amount of the peaking amplifier as 

shown in the following equations: 

 

                                             𝑍𝑚 =
𝑉0

𝐼𝑚
=

𝑅0
2

 (𝐼𝑚+𝐼𝑝)

𝐼𝑚
                                                  (5.1) 

 

Where: 

𝑍𝑚: 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑠𝑒𝑒𝑛 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑎𝑖𝑛 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟. 

𝑉0: 𝑇ℎ𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑. 

𝐼𝑚: 𝑀𝑎𝑖𝑛 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡. 

𝐼𝑝: 𝑃𝑒𝑎𝑘𝑖𝑛𝑔 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡. 

𝑅0: 𝑂𝑝𝑡𝑖𝑚𝑢𝑚 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 

The current ratio between both amplifiers can be represented by the following 

equation: 

                                                                 𝛼 =
𝐼𝑝

𝐼𝑚
                                                              (5.2) 

Where: 
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𝛼: 𝑡ℎ𝑒 𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑡𝑜 𝑚𝑎𝑖𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜  

By substituting (2) into (1), the impedance seen by the main amplifier is: 

                                                                   𝑍𝑚 =
𝑅0

2
(1 + 𝛼)                                                (5.3) 

The value of 𝛼 varies from 0 to 1, assuming that the maximum peaking amplifier 

current is equal to the maximum main amplifier current. It can be noticed that 

impedance seen by the main amplifier is varying from  
𝑅0

2
 to 𝑅0. On the other 

hand, at the next phase of operation, when the peaking amplifier turns on, the 

peaking amplifier acts as an additional current source, where the impedance 

seen by the peaking amplifier is being varying from ∞ to 𝑅0 according to the 

following equation: 

                                                        𝑍𝑝 =
𝑉0

𝐼𝑝
=

𝑅0
2

 (𝐼𝑚+𝐼𝑝)

𝐼𝑝
                                                         (5.4) 

By substituting (2) into (4) the impedance seen by the peaking amplifier is: 

                                                                 𝑍𝑝 =  
𝑅0

2
(1 +

1

𝛼
)                                                      (5.5) 

The load modulation of the suggested design is shown in Figure 5.2, where it is 

clear that the impedance seen by the main amplifier is increased as the peaking 

amplifier current increases whereas the impedance seen by the peaking 

amplifier is changing from infinity to 𝑅0, assuming a linear relationship between 

the input voltage and the output current of the transistors. 



 

 
-92- 

 

 
Figure 5.2: Impedance profiles for both amplifiers. 

According to the suggested load modulation method, the current and voltage 

profiles of both amplifiers are shown in Figure 5.3 and Figure 5.4, respectively. 

The maximum currents of both amplifiers are assumed to be equal. However, 

the peaking amplifier starts injecting current at the mid-point. In this case, the 

transconductance of the peaking amplifier is assumed to be twice that of the 

main amplifier so that both amplifiers can reach the same peak current at the 

peak input voltage; nevertheless, only half of the peaking amplifier capability is 

being utilised. A solution for this is to use an unequal input splitter. It can be 

noticed from Figure 5.3 that the main amplifier current is increasing up to its 

maximum at the back-off point, after which it is constant, whereas, at the back-

off point, the peaking amplifier starts injecting current to the summing point till 

the peak input power where it produces its maximum current. 
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Figure 5.3: Main and peaking current profiles. 

The main amplifier current profile can be represented by the following equation: 

                                𝐼𝑚 = {
𝐼𝑚𝑎𝑥

𝑉𝑖𝑛
𝑉𝑖𝑛,𝑚𝑎𝑥

2

,                    0 < 𝑉𝑖𝑛 <
𝑉𝑖𝑛,𝑚𝑎𝑥

2

𝐼𝑚𝑎𝑥 ,                       
𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                          (5.6) 

where: 

𝐼𝑚𝑎𝑥: 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡. 

𝑉𝑖𝑛: 𝑖𝑛𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙. 

𝑉𝑖𝑛,𝑚𝑎𝑥: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙. 

Whereas the peaking current profile is represented by the following equation: 



 

 
-94- 

 

                                    𝐼𝑝 = {

0,                                                   0 < 𝑉𝑖𝑛 <
𝑉𝑖𝑛,𝑚𝑎𝑥

2

𝐼𝑚𝑎𝑥  (
𝑉𝑖𝑛−

𝑉𝑖𝑛,𝑚𝑎𝑥
2

𝑉𝑖𝑛,𝑚𝑎𝑥
2

),          
𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

               (5.7) 

It can be seen from Figure 5.4, that the voltage of the main amplifier is 

increasing as the input power level increases, on the other hand, the peaking 

amplifier voltage is equal to the main amplifier voltage once the peaking 

amplifier starts injecting the current. The main and peaking voltage profiles can 

be calculated using the following equations depending on the impedance and 

current equations.  

                          𝑉𝑚 = 𝑉𝑚𝑎𝑥  (
𝑉𝑖𝑛

𝑉𝑖𝑛,𝑚𝑎𝑥
) ,                  0 < 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥                      (5.8) 

                        𝑉𝑝 = {
0                                                0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2

 𝑉𝑚𝑎𝑥 (
𝑉𝑖𝑛

𝑉𝑖𝑛,𝑚𝑎𝑥
),             

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                        (5.9) 

 

Figure 5.4: Main and peaking Voltage profiles. 
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Also, the impedance profile of the main amplifier can be represented by the 

following equation: 

                    𝑍𝑚 = {

𝑉𝑚𝑎𝑥

2∗𝐼𝑚𝑎𝑥
,                             0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2

𝑉𝑚𝑎𝑥

𝐼𝑚𝑎𝑥
(

𝑉𝑖𝑛

𝑉𝑖𝑛,𝑚𝑎𝑥
),      

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                               (5.10) 

Whereas the impedance seen by the peaking amplifier can be represented by 

the following equation: 

               𝑍𝑝 = {

∞,                                               0 < 𝑉𝑖𝑛 <
𝑉𝑖𝑛,𝑚𝑎𝑥

2

 
𝑉𝑚𝑎𝑥

2∗𝐼𝑚𝑎𝑥
 (

𝑉𝑖𝑛

𝑉𝑖𝑛−
𝑉𝑖𝑛,𝑚𝑎𝑥

2

),     
𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                            (5.11) 

Equations (10) and (11) can be rewritten in terms of load impedance as 

illustrated in the next equations: 

                   𝑍𝑚 = {

𝑅0

2
,                                      0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2
𝑅0

2
(1 + 𝛼),            

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                             (5.12) 

                          𝑍𝑝 = {
∞,                                    0 < 𝑉𝑖𝑛 <

𝑉𝑖𝑛,𝑚𝑎𝑥

2

 
𝑅0

2
(1 +

1

𝛼
),         

𝑉𝑖𝑛,𝑚𝑎𝑥

2
< 𝑉𝑖𝑛 < 𝑉𝑖𝑛,𝑚𝑎𝑥

                               (5.13) 

Where  

                                    𝛼 =
𝐼𝑝

𝐼𝑚
=

𝐼𝑚𝑎𝑥(
𝑉𝑖𝑛−

𝑉𝑖𝑛,𝑚𝑎𝑥
2

𝑉𝑖𝑛,𝑚𝑎𝑥
2

)

𝐼𝑚𝑎𝑥
=

𝑉𝑖𝑛−
𝑉𝑖𝑛,𝑚𝑎𝑥

2
𝑉𝑖𝑛,𝑚𝑎𝑥

2

                                     (5.14) 

It should be clarified that the analysis above is suitable at low frequency; 

however, as the operating frequency increases, the effect of the transistor 

parasitic dominates the transistor performance, where the parasitic effect is 
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mainly depending on the transistor structure and manufacturing process. These 

parasitic effects can be compensated using the matching network and the line 

offsets. 

Depending on the mathematical proof above, the load-modulation can be 

implemented without using a quarter-wavelength transmission line. However, 

there are some assumptions and procedures that should be followed. All these 

issues are discussed in the following section. 

5.3 Design of Load-Modulation Technique 

The design of any power amplifier starts by defining the architecture that needs 

to be implemented for the given design requirements. The main difference 

between the main and peaking amplifier in the load modulation technique is the 

biasing condition. In addition, there are some practical considerations in 

designing a load-modulation power amplifier without a quarter-wavelength 

section. These are: the impedance seen from the summing point (S) towards 

the peaking amplifier, as shown in Figure 5.5, should be high to prevent any 

leakage current when the peaking amplifier is off. Besides, this impedance 

should not load and affect the impedance seen by the main amplifier at both 

back-off and peaking region. An offset line can be used for maintaining this 

condition after designing the output matching network. Moreover, an offset line 

is used after the output matching network of the main amplifier to compensate 

for the parasitic effects of the amplifier due to the change of the impedance 

seen at the back-off. However, the implemented circuit has a minimum length of 

offset lines for practical circuit fabrication, in addition to the reasons mentioned 

above. 
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Figure 5.5: Schematic circuit diagram for load modulation technique without a 

quarter-wavelength section.  

 

A 3.6 GHz, GaN load-modulation amplifier, was designed and simulated using 

Microwave Office (MWO) with 400 MHz bandwidth to achieve a peak power of 

12 W and a back-off power of 6 dB. Figure 5.5. shows the schematic circuit 

diagram for the load-modulation technique without a quarter-wavelength. It can 

be observed that the designed circuit started with a Wilkinson power divider to 

split the input signal between the two amplifiers. This was followed by the 

design of the main and peaking amplifiers, including the stability circuits, the 

input matching networks, the output matching networks and the biasing circuits. 

The stability circuit prevents the designed amplifier from oscillating. Moreover, 

the input matching network is mostly responsible for controlling the gain of the 
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amplifier, whereas the output matching network is used to provide a trade-off 

between the output power and the achieved efficiency. At the same time, there 

are interactions between the input and output matching networks which should 

be considered. Each amplifier is matched to 50Ω at the output side, where the 

amplifier would see the optimum impedance looking form the transistor side. In 

addition, the global matching network is used as a transformer for transferring 

the output port impedance 50Ω into the 25Ω at the summing point. So that, the 

main amplifier would see a 25Ω at the back-off, where the load modulation 

would occur according to the theory that discussed in the last section where the 

impedance seen is being modulated and increased from 25 to 50Ω for the main 

amplifier side, on the other side, the peaking amplifier is matched to 50Ω at the 

peak power, at the same time, the output matching network is designed to 

produce a high impedance looking from the summing point towards peaking 

amplifier when the peaking amplifier is off. In this case, the load impedance is 

being modulated according to the peaking contributed current as discussed 

previously.  

To specify the impedances that the transistor needs to see at both input and 

output sides to achieve a certain amount of gain, output power and efficiency, 

load-pull data can be used as an indication as shown in Figure 5.6,  where the 

transistor needs to see, at the output side, (20+j17Ω) for the fundamental 

frequency and about (0+j15Ω) for the second harmonic matching in order to 

produce a 39 dBm peak power with 78% peak efficiency.  

At the input side, the power amplifier has both a stability circuit and the input 

matching network that interact with each other to stabilize the amplifier in 
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addition to determining the gain, input reflection, etc. by adjusting the 

impedance seen from the gate side. All these steps were applied in the design 

procedure for both main and peaking amplifiers. 

 

 

Figure 5.6: Impedance profiles for both amplifiers. 

Microwave Office (MWO) was used to perform both linear and non-linear 

simulations, including electromagnetic simulation. Figure 5.7 illustrates the 

simulated performance of the designed amplifier; there is an obvious peak 

efficiency averaging 50% at the back-off power and about 70% peak efficiency 

at the peak power for the designed frequency band. On the other hand, the 

simulated gain was 12 dB, and the peak power is 41.5 dBm.  
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At the same time, waveform engineering techniques [13, 80]  were used to 

utilize the devices most effectively by controlling the current and voltage 

waveforms. Figure 5.8 illustrates the voltage and current waveforms at the 

current generator plane using the available voltage and current ports from the 

non-linear model. The results of Figure 5.8 are obtained after designing the 

output matching network, which makes the amplifier see the required 

impedances for the fundamental and harmonic frequencies depending on the 

load-pull data. 

 

 

Figure 5.7: Simulated results of the designed amplifier. 
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Figure 5.8: Simulated Current and voltage waveforms.   

Figure 5.9 and Figure 5.10 show the prototype circuit layout of the designed 

amplifier using Microwave Office and the fabricated circuit, respectively, where 

both the main and peaking amplifier have the same input matching network. 

However, the output matching networks of both amplifiers are different. Here 

the output matching network of the peaking amplifier was used to achieve the 

two purposes of providing the impedance that the transistor needs to see, in 

addition to providing a high impedance seen from the summing point towards 

the peaking amplifier at low input power levels.  

In addition, six ports are provided in the prototype design, which are used for 

testing the designed amplifiers individually or in combination. Ports 1 and 2 are 

used to test the complete load-modulation amplifier (the two amplifiers working 

together) whereas ports 3 and 4 are used for testing the main amplifier alone. 

Likewise, ports 5 and 6 are used for testing the peaking amplifier alone. At the 

same time, ports 1, 3 and 5 can be used for testing the operation of the 
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Wilkinson divider. The dc blocking capacitors (C1-C4) at the input and output 

sides can be repositioned during testing for changing the signal paths as shown 

in Figure 5.9. 

 

Figure 5.9: Prototype of the designed circuit using Microwave Office. 
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Figure 5.10: Fabricated prototype of load-modulation technique without a 

quarter-wavelength. 

Figure 5.11 shows the practical measurement setup for the fabricated circuit. 

The circuit was tested in continuous wave (CW) signal mode for the designed 

frequency bands. Moreover, each amplifier was tested alone, where ports 3 and 

4 are used to test the main amplifier which achieved a peak power of 38 dBm 

with peak efficiency of 70%, whereas the peaking amplifier was tested using 

ports 5 and 6. The achieved peak power for the peaking amplifier was also 38 

dBm, with 62% peak efficiency. The reduction of the efficiency in the peaking 

amplifier is due to the difference of the designed output matching network.  

 

 
 

Figure 5.11: Practical measurements setup for the designed amplifier. 

Furthermore, with an input at port 1 and the output taken from port 2, the 

performance of the complete load-modulation amplifier was tested after 
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changing the signal directions using the dc blocking capacitors. Figure 5.12 

shows the CW test for the load-modulation amplifier, where the amplifier was 

able to achieve a peak power of 41.5 dBm with an average efficiency of 73%. At 

the same time, the amplifier was able to deliver an average efficiency of 50% at 

6 dB back-off from the peak power. It should be noted that these results were 

achieved without any tunings. In addition, Figure 5.13 shows the amplifier 

performance versus the design frequency band.  

 

 

 Figure 5.12: Practical large-signal measurements of the designed amplifier. 

   

Moreover, the fabricated circuit was tested using a Wideband Code Division 

Multiple Access (WCDMA) signal with 6 dB PAPR, when the amplifier is 

working at the back-off power of 35.5 dBm. Figure 5.14 is a sample of the 
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measured performance at 3.6 GHz. The amplifier was able to achieve 35.5-31 

dB ACPR for the designed band without any lineariser. After that, a lineariser 

(Maxim integrated SC1894) has been added to improve the linearity of the 

designed amplifier, where about 20 dB improvement has been achieved for the 

ACPR performance as shown in Figure 5.14.  

 

 

Figure 5.13: Practical large-signal measurements versus the designed 

frequency. 

 

Finally, Table 1 shows the performance summary of the state-of-the-art of load-

modulation amplifiers within the same frequency band. It can be seen that the 

suggested technique can achieve higher linearity comparing to the 

performances in other work, with/without using DPD. 
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Figure 5.14: ACPR measurements at 3.6 GHz. 

 

Table 5-1: Performance comparison of load-modulation amplifiers. 

REF Frequency 

(GHz) 

Psat 

(dBm) 

DE (%) 

@Psat 

Pav 

(dBm) 

DE (%) 

@Pav 

Gain 

(dB) 

BO 

(dB) 

Signal 

Type 

ACPR (dB) 

w         w/o  
DPD    DPD 

[81] 3.4-3.8 44.5 48 36.5 40-42 25 8 LTE -29 -50 

[82] 3.3-3.6 44.3 64 36.3 52 28.5 8 LTE NA NA 

[69] 3.3-3.6 49 55-70 41 41-55 14.7 8 LTE -30 NA 
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[70] 3.3-3.55 47.5 53-60 40 47-58 12-15.5 7.5 LTE -27.5 -46.7 

[83] 3.3-3.5 48 50 40 48-52 11-12.5 8 WCDMA -31.8 NA 

This 

Work 

3.4-3.8 41.5 75 35.5 50 12 6 WCDMA -33 -53 

 

 

5.4 70-W Load-Modulation Amplifier Without Quarter-

Wavelength Transmission Line  

In the classical Doherty analysis, the main amplifier is connected to the load via 

a quarter-wavelength transmission line whereas the peaking amplifier is 

connected directly. However, it does not take account of the parasitic effect. As 

the Computer-Aided Design (CAD) is being developed, the design methodology 

can be improved and developed specially by utilising available transistor models 

and the load-pull simulation. In this section, the main amplifier including its 

parasitic and the Output Matching Network (OMN) are connected to a load with 

an impedance of 
𝑍0

2
 as shown in Figure 5.15, the 𝑂𝑀𝑁𝑀𝑎𝑖𝑛 is designed to force 

the main amplifier to see a certain amount of impedances (𝑅𝑜𝑝𝑡𝐵𝑂
) at the back-

off and different impedances (𝑅𝑜𝑝𝑡𝑃𝑒𝑎𝑘
) at the peak power depending on the 

impedance modulation that will be discussed later[84, 85]. 

On the other side, the peaking amplifier with its parasitic and the 𝑂𝑀𝑁𝐴𝑢𝑥 are 

connected to the load, the 𝑂𝑀𝑁𝐴𝑢𝑥 is also designed for two purposes: the first is 

to provide the optimum impedances that the peaking amplifier needs to see at 

the peak power (𝑅𝑜𝑝𝑡), whereas the second purpose is to provide a high 

impedance looking from the summing point towards the peaking amplifier at the 

back-off power region as shown in Figure 5.15. 
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Figure 5.15:  Amplifier Design Strategy. 

Assuming that the load modulation amplifier is working at the back-off region 

and according to the suggest OMNs, the impedance seen towards the main 

amplifier including the OMN is equal to:      

                                               𝑍𝑚 =
𝑍0

2

 (𝐼𝑚+𝐼𝑝)

𝐼𝑚
                                            (5.15) 

Where 

𝑍𝑚: Impedance seen by the main amplifier including its OMN. 

𝐼𝑚: Main amplifier current. 

𝐼𝑝: Peaking amplifier current. 
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It can be noticed that the impedance looking from the load towards the main 

amplifier is 𝑍0/2 in case the peaking amplifier is off, once the peaking amplifier 

is ON, the impedance seen is being changing from 𝑍0/2 to 𝑍0 according to the 

peaking contributed current and by assuming that the maximum peaking 

contributed current equals to 𝐼𝑚, as a result, the optimum impedance that the 

main amplifier would see by taking into account the designed OMN is being 

changed from 𝑅𝑜𝑝𝑡𝐵𝑂
 to 𝑅𝑜𝑝𝑡𝑃𝑒𝑎𝑘

. 

On the other side, the impedance seen towards the peaking including its OMN 

can be calculated as: 

                                                   𝑍𝑝 =
𝑍0

2

 (𝐼𝑚+𝐼𝑝)

𝐼𝑃
                                            (5.16) 

Where 

𝑍𝑝: Impedance seen by the peaking amplifier including its OMN. 

At low input power, the impedance seen towards the peaking amplifier looking 

from the summing node is mainly depending on the peaking current, where the 

impedance is being changed from ∞ or high impedances to 𝑍0 when the 

peaking amplifier is fully working, in this case, the optimum impedance that the 

peaking amplifier needs to see is 𝑅𝑜𝑝𝑡. 

It should be noticed; the normalised impedances should be calculated and 

selected carefully, especially when the amplifiers capabilities are different.  

5.5 CAD Assistant Methodology  

The design of a load modulation amplifier without a quarter wavelength using 

CAD software starts by determining the impedances that the main amplifier 
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needs to see at both the peak power and the back-off power as shown in Figure 

5.16, it can be noticed that the main amplifier needs to see are around 5.4 +

𝑗2.6Ω at the back-off (Ropt_BO) when a low load impedance is seen, and 

around 9.4 + 𝑗3.5Ω for the peak power (Ropt_peak) when a high load 

impedance is seen. In this case, and according to the suggested strategy in the 

previous section, the OMN of the main amplifier is designed, where the main 

amplifier including its OMN would see a low impedance at the back-off due to 

the off state of the peaking amplifier and a higher impedance at the peak power 

where the impedance modulation is occurred due to the current contribution of 

the peaking power.  

On the other side, where the OMN for the peaking amplifier is designed to 

match the peaking amplifier to 𝑅𝑜𝑝𝑡 at the peak power, which represents the 

impedance that makes the peaking amplifier provide its maximum power and 

also to provide a high impedance (IMP_BO) looking from the summing point 

towards the peaking amplifier by taking into account the amplifier parasitic and 

the effect of the designed matching network as shown in Figure 5.17.  
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Figure 5.16.  Targeted Impedances for the main Amplifier. 
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Figure 5.17. Targeted Impedances conditions for the peaking Amplifier. 

The gamma points are impedances that the amplifier is forced to see, where the 

amplifier performance can vary depending on these impedances. After choosing 

the optimum impedance, a matching network can be used to make the amplifier 

see the optimum impedance.  

After designing the OMN for both amplifiers, including their Input Matching 

Networks (IMNs), stability and biasing circuits, the simulation results of the 

designed amplifier are shown in Figure 5.18, where the amplifier was able to 

deliver a peak power of 48 dBm with an efficiency of >65%, in addition, the 

amplifier achieved an efficiency of 50% at 10 dB back-off.  
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Figure 5.18. Simulated amplifier Performance. 

The designed amplifier was fabricated using Roger RO-4350B substrate as 

shown in Figure 5.19, where the designed amplifier is very compact. A small 

signal measurement was applied to the designed amplifier to measure the 

scattering parameters of the amplifier. The amplifier was able to achieve a 

linear gain of 10.35 dB with a gain flatness of 0.55 dB.  
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Figure 5.19. Fabricated Circuit. 

After that, a large signal measurement was applied to the fabricated amplifier 

using two types of signals which are Continuous-Wave (CW) and modulated 

signals. Figure 5.20 shows the amplifier performance in terms of the gain and 

the efficiency versus the output power when the CW is applied. It can be 

noticed that the amplifier was able to achieve a peak power of 48 dBm with 

>75% efficiency at the peak power. Moreover, the amplifier was able to provide 

to deliver high efficiencies of >51%, >55% and >60% at 10 dB, 8 dB, and 6 dB 

back-off from the peak power. In addition, an LTE signal with 11 dB PAPR and 

8 MHz is applied to the amplifier. The amplifier was able to achieve -30 dB 

ACPR for the designed band without any lineariser, as shown in Figure 5.21. 

After that, a lineariser (Maxim integrated SC1894) has been added to improve 

the linearity of the designed amplifier, where about 20 dB improvement has 

been achieved for the ACPR performance. 
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Table 1 shows the amplifier performance compared with the other state-of-the-

art amplifiers working in the same frequency band. It is clear that the designed 

amplifier was able to achieve high efficiency at a higher back-off power 

compared to the other power amplifiers working on the same frequency band.  

 

 
Figure 5.20. Large signal measurement. 
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Figure 5.21.  ACPR measurements at 3.6 GHz. 

5.6 Conclusions 

The active load-modulation technique without a quarter-wavelength 

transmission line has first been verified mathematically and then practically 

using a fabricated prototype. The active load modulation is mainly depending on 

the contributed current from the peaking amplifier, whereby the impedance seen 

by the main and the peaking amplifier is being changed. In the case where the 

load modulation is achieved without a quarter-wavelength transmission line and 

with equal capabilities for both amplifiers, the impedance seen by the main 

amplifier is being increased from  
𝑅0

2
 to 𝑅0 depending on the peaking current 

whereas the impedance seen by the peaking amplifier is changed from infinity 

(ideally) to 𝑅0.  The load modulation can be realized with/without a quarter-

wavelength transmission line after considering all required assumptions; 
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although the designed amplifier is narrowband, we can assume that the Doherty 

bandwidth limitation is not mainly restricted by the quarter-wavelength 

transmission line. The output matching network can be designed to provide a 

high impedance seen from the summing point towards the peaking amplifier 

and to transform 50Ω into the optimum impedance that the transistor needs to 

see.  Designing a load-modulation amplifier without a quarter wavelength can 

help in reducing the required area for the power amplifier in addition to realising 

a peak efficiency at the back-off. This technique can be used in mobile 

handsets when lumped elements are used instead of microstrip elements.  

Additional ports in the prototype design were useful in testing the amplifiers 

individually or when combined. The fabricated circuit was able to achieve a 

peak power of 41.5 dBm and with an efficiency of 75%. At the same time, the 

designed amplifier achieved an average back-off efficiency of 50% at 6 dB 

output power back-off from the peak power. The amplifier was able to achieve 

35.5-31 dB ACPR at 35.5 dBm average power when the amplifier is fed with a 

WCDMA signal of 6 dB PAPR. A 20 dB improvement on the ACPR was 

achieved after using the lineariser. These compact designs can be used for 

sub-6 GHz frequency band that can be utilised for 5G base stations.   

  



 

 
-118- 

 

6 Chapter Six 

 Dual-Band Doherty Power Amplifier 

6.1 Introduction  

Wireless communications systems have different standards and requirements 

where each standard can use a particular frequency band [86-88]. At the same 

time, mobile communication systems are being developed where the data rate 

is one of the main targets for each generation; the growth of data rate requires a 

complex modulation and more bandwidth. However, due to the crowded 

spectrum, the upcoming generation may use more frequency bands to fulfil the 

targeted requirements (e.g. 5G spectrum consists of three bands are 700 MHz, 

3.6 GHz and 26 GHz) [89], in this case, the devices of the new generation 

should be designed to deal with these frequency bands in addition to the 

compatibility with the previous mobile generations.  

Moreover, a new 3GPP protocol which is Narrowband Internet-of-Things (NB-

IoT) specifies the maximum output power to be at least 23 dBm for long-range 

communications [90]. This protocol supports the two frequency bands 699-915 

MHz and 1710-1980 MHz; the demand for integrating power amplifiers that can 

support high power and high-efficiency on-chip is increasing since it can 

increase the battery life and reduce the running cost [90].  

In order to increase modulation bandwidth efficiency, carrier aggregation 

technology has been introduced, where new wireless communications systems 

technologies are expected to use multi-band multi-standard applications [91]. 
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To support dual-band simultaneously, two power amplifiers can be used for 

each band, but this increases the die area and requires more circuitry to 

combine their outputs. Therefore, dual-band design can provide a reduction in 

the size and cost of the system, and Doherty can provide good efficiency [92]. 

The use of dual-band also requires the PA to work in conjunction with software-

defined radio (SDR) which can use the same hardware at two different 

frequencies to perform a similar function. 

The term dual-band can be implemented in two ways; the first is called 

reconfigurable dual-band amplifier, in this case, the power amplifier is designed 

to work in two frequency band, however, one at each time, where the circuit 

properties and configuration is changed depending on the target band. On the 

other hand, the concurrent dual-band implies that the amplifier can work on both 

frequency bands at the same time, intermodulation distortion should be 

considered especially if the two bands are close to each other because the 

effect of device nonlinearity will be significantly appeared [46], in this case, 

some interference will be introduced to the neighbouring channels. The next 

subsections will deal with dual-band limitations, challenges and the techniques 

that were used to make the DPA works in two bands. Moreover, a simulation 

design of dual band load modulation amplifier is discussed. 

6.2 Dual-band DPA Problems and Challenges 

The main problem for multi-band/multi-standard features is the RF-front end-

stage [93-95], where RF-front end components such as power amplifiers, filters, 

antennas, and switches, should be designed to work properly on the specified 

frequency bands to fulfil each standard specifications. 
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According to [96] as long as, there are dual-band components, it is possible to 

design the multiband DPA. Hence, the DPA can be divided into sub-circuits to 

be analysed and designed separately. These sub-circuits are the input power 

splitter, power amplifier design, output power combiner and the offset lines. 

The input power splitter sub-circuit should be designed to achieve the same 

performance in both bands. A good solution is to use either a branch line 

coupler (BLC) or Wilkinson divider, where both types can divide the input power 

equally or unequally. The main difference between the two types of splitters is 

the phase difference at the output, where the phase of the two output at 

Wilkinson will be same, whereas for branch line the phase difference between 

the outputs will be 90° [97]. Unfortunately, both types are narrowband solution 

because they are frequency dependent. To provide a dual-band power divider, 

a broadband power divider can be used to cover the dual-band and ensure that 

the matching condition is satisfied. 

Power amplifier design sub-circuit includes the device cell, input, and output 

matching networks; the device cell should be capable of working properly at 

each designed frequency band, this depends on the device characteristics as 

well as its designed input and output matching networks. In general, the input 

matching network is responsible for controlling the gain over the required band. 

In contrast, the output matching network is responsible for choosing the output 

power and efficiency. Modern design for matching networks does not depend 

on the fundamental frequency matching only. However, other harmonics effect 

can be included to achieve a certain performance. The simulation in [98] 

showed that the effect of the second harmonic at the input of the PA is 
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negligible so that the input matching network can be designed only for the 

fundamental frequency at each band. At the same time, the third harmonic also 

has a little effect on the output matching network; hence, the output matching 

design can consider only the fundamental frequency and the second harmonic 

at each band [98]. Moreover, by taking the source-pull and load-pull data with 

the harmonic effects of a transistor, the required impedance for the transistor 

can be matched so that good performance can be achieved. 

The main limitations of the DPA are the λ/4 quarter wavelength (impedance 

inverter) and the offset lines which limit the bandwidth due to their natural 

characteristics  [78, 90, 95, 99], so that, to design a DPA that can work in dual-

band, the quarter-wave impedance inverter and the offset line should be 

replaced with more complex networks give equivalent functions in split bands.  

6.3 Π- and T- Networks for Dual-Band DPA 

The classic DPA has two simples λ/4 transformers: the impedance inverter and 

global matching shown as in Figure 6.1. These two transmission lines are 

different in their purpose of work. A simple λ/4 transformer (global matching) 

can be replaced with a two-section transmission line form which is easily 

adjusted to give the exact impedance transformation at two frequencies as 

shown in Figure 6.1, more details of dual-band transformer can be found in 

[100]. The inherently larger bandwidth of the two sections can be maximised 

when no matched operation is required between the two operating bands. 

However, the two-section form cannot be assumed as an impedance inverter, 

due to the different of work purpose. Instead, the impedance inverting section is 
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realised for split band operation as a Π-network by adding two stub sections to 

a single near- λ/4 section [98]. 

 

Figure 6.1: Dual-band global matching network [98]. 

A comprehensive passive design of a dual-band DPA (1.8 GHz and 2.4 GHz) 

presented by [98], the design of each amplifier depended on the load-

pull/source-pull simulation to find optimum load and source impedances. For 

dual-band harmonic control, two shunt stub lines are used, as shown in Figure 

6.2. The first is a short circuit terminated and with a length of λ/4 at f2 again 

becomes a short circuit to cancel the effect of the second harmonic at the upper 

band, whereas the second with a length of λ/8 at f1 is open to suppress the 

second harmonic of the lower band. The designed amplifier of [98] was showing 

good performance. However, it can be noticed that the frequency spacing 

between the two bands in [98] is narrow, which can simplify the design. 

Additionally, a T- network was used in a dual-band DPA working at 900 MHz 

and 2000 MHz in [101] as an alternative component for the λ/4 inverter, as 

shown in Figure 6.3. In the output matching network, a T-network with a shorted 

shunt line in addition to an open stub were used [101], the open stub was used 

to adjust the phase of the output. In contrast, the T- network with a shorted 

shunt was used as a dual-band impedance transformer and as a DC feeder at 

the same time. 
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Figure 6.2: Dual-band design presented by [98]. 

 

 

Figure 6.3: Designed circuit of [101]. 
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The suggested solutions of using Π- or T-topology in [98, 101] was only used for 

impedance inverter. Nevertheless, a modified Π-network is employed as an 

output combiner [91], which eliminates the need of using offset line by 

absorbing the output parasitic of both the main and auxiliary amplifiers; three 

networks are used in the dual-band design as illustrated in Figure 6.4, the first is 

a short-circuited Π-network at the main path, so that, it works as dual-band 

impedance inverter and double Π-networks at the auxiliary path work as -

180°/0° impedance transformer. The linearizability of the design in [91] is 

enhanced by providing small low-frequency impedances for both amplifiers; The 

shunt shorted-stub of the Π-network helps to reduce the effect of output 

parasitic capacitor of both amplifiers, so that the bandwidth limitations will be 

reduced; the shorted stubs can also be used as a DC feeder for both 

transistors.  
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Figure 6.4: Proposed dual-band circuit of [91]. 

Besides, Dual-band DPA attempt targeting 2.14 GHz and 3.5 GHz was made by 

[102]. It explained alternative components that can work as dual-band input 

power splitter, impedance inverter network and phase compensation network. In 

general, a cascade of two transmission line sections is used for the impedance 

transformer network; however, as noted, this configuration cannot be used as 

impedance inverter network because the relationship between the voltage of 

one side does not depend on the current of the other side, so that, Π-network or 

T- network is used for input power splitter and impedance inverter network. The 

attempted designed dual-band DPA in [102] was found to work only in the lower 

band due to an incorrect estimate of the auxiliary  output capacitance 𝐶𝑑𝑠  , 

where a low impedance was seen from the common node towards the auxiliary  

amplifier, and in this case, one of the Doherty operating conditions was not 

satisfied. 

 Furthermore, dual-band three-stage DPA was designed by [103], the design 

was targeting 1.7 GHz and 2.4 GHz using three devices of 10 W Cree 

transistors so that 9 dB back-off can be achieved, the 𝑅𝑜𝑝𝑡 for the main, 

auxiliary  1 and auxiliary  2 power amplifier are 100, 50 and 50Ω respectively. 

The phase offset lines and the quarter-wave transformer are designed and 

realized using Π- type. The designed PA was tested using WCDMA and WiMAX 

signals with 7 dB PAPR, where WCDMA has, and a bandwidth of 3.5 MHz and 

the WiMAX has 5 MHz bandwidth. DPD was used to improve the linearity of the 

system. 
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Form the discussed approaches; it can be noticed that both Π- and/or T- 

networks can be used as an equivalent circuit for the impedance inverter, at the 

same time, the shorted end of either network can be used as a DC feeding path 

for the designed power amplifier. 

6.4 Offset Lines in Dual-Band DPA 

The offset lines (Figure 3.1) are one of the major contributors to the bandwidth 

limitation in a DPA so that, the offset line should be designed to work in both 

bands, The offset lines circuit in [98] was implemented using the same circuit 

that was used for the final impedance transforming network (two-section 

transformer), where the same phase can be achieved at both frequencies.  

 Another approach of designing a dual-band offset line is using either T- and Π-

Networks. The most significant issue in designing offset lines using T- and Π-

Networks is that the phase difference between its input and output of these 

networks at different frequency bands, where the difference is a ±90°, Table 6-1 

summarizes the differences at the two operating frequencies. 

Table 6-1: Phase delay introduced by T- and Π-Networks [102] 

 
Dual-band Single Band 

T-topology Π-topology Both 

𝑆21Phase@𝑓1 -90° -90° 
-90° 

𝑆21Phase@𝑓2 +90° -90° 

 

It can be seen from Table 6-1. the T-network is difficult to be used in a dual-

band DPA due to the different phase response in the two bands. Hence only T-

network can be used as a dual-band line offset. The main purpose of the offset 
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line is to absorb the parasitic effect of the main and the auxiliary amplifier so 

that as the parasitic of the transistor increase, a longer offset line is required, a 

solution for reducing the length of the offset line is to reduce the effect of the 

transistor parasitic as was done by [91], where the use of offset lines was 

eliminated by absorbing transistors’ output parasitic; At the input side, an 

unequal power divider was realized using a three-section Wilkinson coupler to 

compensate the lower transconductance of the auxiliary amplifier. The harmonic 

termination of both amplifiers was carefully designed to avoid Smith chart 

sensitive regions. Since the reactive part of the output impedance of the 

auxiliary amplifier is not the same for the two band frequencies, there is a need 

to design an offset line that can produce different phases to increase the 

impedance so that there will be no leakage power toward the auxiliary amplifier 

when it is off. 

6.5 Impedance Modification for Dual-Band DPA 

According to [95], the design will be physically large in size if Π- or T- network 

topology are used for impedance inversion because the ratio between the upper 

and lower band will affect the size of the network. However, a compact design 

approach was used in [95], for a dual-band DPA where the ratio of the 

impedance transformation was 1:2.85 instead of the traditional ratio of 1:4, and 

in this case the common load impedance will be increased to 1.4 × Ropt/2. Two 

transistors used in this design were 10 W and 25 W Gallium Nitride High 

Electron Mobility Transistors (GaN HEMTs), where the main amplifier output 

matching network was designed to be matched to 100Ω, whereas the gate of 

the main, the gate and drain of the auxiliary amplifier are designed to match 
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50Ω, to reduce the phase difference between the main and the auxiliary 

amplifier due to the difference in the biasing voltage, the offset line was used at 

the input of the main amplifier. A small offset line was used at the output of the 

auxiliary amplifier to reduce the leakage from the main amplifier towards the 

auxiliary amplifier. Moreover, a higher drain supply voltage of 36 V was used for 

the auxiliary amplifier, in order to increase its contributed power and to improve 

the load modulation [95]. It can be noticed that reducing the impedance 

inversion ratio of the quarter-wavelength will reduce the bandwidth limitations.  

Moreover, a novel dual-band DPA was designed in [45] as shown in Figure 6.5, 

where the main concept of this research is to use two quarter-wavelength 

transmission lines at the output of the auxiliary amplifier and only one at the 

output of the main amplifier, where the impedances are 70.7Ω and 50Ω in the 

auxiliary output path and 70.7Ω in the main output path. The main purpose of 

these additional lines is to improve the broadband performance compared to the 

traditional DPA, where only one quarter-wavelength line is used at the output of 

the main amplifier. The improvement was made by reducing the impedance 

transformation ratio, as shown in the following equations so that the loaded Q 

factor will be reduced to increase the band covered. wherein the classical DPA 

the impedance transformation ratio is 1:4 to transfer 25 to 100Ω so that the 

loaded Q factor will be  

                                               𝑄𝐿 = √
100Ω

25Ω
− 1 = 1.73                                     (6.1) 

Whereas, in the  design of [45], the impedance ratio is 1:2 making the loaded Q 

factor equal to 1:  
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                                                   𝑄𝐿 = √
100Ω

50Ω
− 1 = 1                                     (6.2) 

 

 

Figure 6.5: Modified Doherty amplifiers [45]. 

 Hence, there is an increment of 1.73 times in terms of frequency bandwidth. At 

the back-off region, the main amplifier will see 100Ω due to using the 70.7Ω 

quarter-wavelength line, whereas both amplifiers would see a 50Ω at the 

saturation point. 

Shao et al. [92] modified the structure of a DPA so that they eliminated the 

effect of the impedance inverter at the output of classical DPA, and also, used 

four transmission line sections (two in series and two in shunt) to make the 

proposed DPA works in dual-band according to the equations proposed by 

Chuang [104]. They suggested matching the main amplifier to 50Ω and the 

auxiliary amplifier to 100Ω. In this case, at low input power, the main and 
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auxiliary amplifiers will see 50Ω and ∞Ω, respectively. In contrast, in the high-

power region, they will see 25Ω and 100Ω, respectively. 

 

Figure 6.6: Dual-band matching structure [92]. 

Two simplified designs for dual-Band DPA were done by [105], where the 

designs were tested, the main advantage of these new structures is the 

impedance inverter at the output power of DPA is eliminated as shown in figure 

6.7.  This was done by changing matching the auxiliary output impedance to 

100Ω instead of 50Ω. In this case, only one quarter-wavelength impedance 

inverter will be needed at the output. 

 In the study of [106], Monolithic Microwave Integrated Circuit (MMIC) was used 

to design, because the power ratio between the main and the auxiliary amplifier 

which determines the back-off of the DPA depends on the availability of devices 

in the market. However, this can be ignored when MMIC technology is used. 

The linearity of the DPA was improved in [106] by cancelling the effects of the 
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third-order intermodulation (IM3) by using a tunable capacitor at the input to 

make sure that the phase difference between IM3 of the main amplifier and IM3 

of the auxiliary amplifier is equal to 180°, and their IM3 magnitudes are same. 

 

Figure 6.7: Simplified structure of DPA [105]. 

6.6 Dual-Band Design Improvements 

DPA is normally limited in bandwidth so that to increase the bandwidth of the 

DPA, ET technique with DPA is used in [33] at the gate of each transistor, and a 

varactor diode has also been used adaptively for improving the bandwidth [34] 

[107], these techniques have very complex circuity. In addition, the dual-band 

reconfigurable Doherty amplifier was introduced by[93]  where a PIN diode was 
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used adaptively in to remove the reactance components of the load each 

frequency band. There was an enhancement about 5% of PAE compared with a 

traditional DPA, at the same time, the diode was used to switch between the 

two bands, where the state of the diode determines the selected band. 

Moreover, a large back-off compared to previous works been achieved in [96], 

which describe a dual-band multiway DPA.  

A tri-way DPA was designed to cover the two bands 0.9 and 2.31 GHz using an 

unequal power divider as shown in figure 6.8, where three Wilkinson power 

dividers are used to produce a quad-way power divider, the first power divider 

was split the input power unequally, whereas the next two power splitter spilt 

the power equally in order to avoid adjusting the auxiliary gate bias by showing 

the importance of power splitter to manipulate the gain of the auxiliary amplifier 

that varies depending on the frequency [108], the saturated designed power 

was 46 dBm, whereas 61% and 44% efficiency at 9 dB back-off power were 

achieved at both bands respectively.  

It can be noticed that the amount of output current of the auxiliary amplifier is 

less than for the main amplifier due to the lower gain of the auxiliary amplifier 

which is deeply biased; in this case, less efficient load-modulation will occur at a 

high-power level. For this reason, an appropriate selection of the power ratio 

should be chosen to maximize the load-modulation effects. Depending on the 

probability density function of a signal with a non-constant envelope, i.e. it has a 

substantial value of PAPR, the output signal spends most of the time near to the 

average output power. Hence, the power amplifier should be designed to 

produce its highest efficiency near the average power. 
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Figure 6.8: DB-DPA with frequency-dependent power division [108]. 

Adaptive input power control for a dual-band DPA was used in [109], which 

relied on the adaptive power splitter invented by Nick et al. [110]. The adaptive 

input can be used to deliver more power to the main amplifier than the auxiliary 

amplifier when the DPA is working in the low power region and vice versa. The 

main idea of [110] is to make the auxiliary amplifier turns on later so that, at the 

OBO, early load modulation can be avoided and after that, more power will be 

delivered to the auxiliary amplifier to compensate the low gain due to the 

biasing condition and improving the load modulation. 

Extending the bandwidth of a dual-band of DPA using a novel output combiner 

was realized in [111] where a resonant shunt LC tank was added at the 

combining node to maintain the main amplifier back-off impedance and 
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reactance compensation by reducing the reactance variation with frequency. 

However, this technique is limited by LC band, In the work presented by [111], 

the 20 W peak power DPA used two GaN HEMT devices with different 

capacities, where the10 W main amplifier which operated as class F and the 25 

W auxiliary amplifier which biased as class C. This amplifier showed a PAE of 

42% when the dual-band input contains LTE and WCDMA signals concurrently 

with 15 MHz bandwidth for each.  

In [112, 113], the main and auxiliary power amplifiers operating classes was 

changed to class ABJ, where harmonics control was employed. The main 

notable thing is the linearity measurements in term of ACPR was less than 25 

dBc for both bands. New technology elements were used in the designs of [114] 

and [115], where Micro-Electro-Mechanical Switches were used to select the 

operating dual-band of the quarter-wave transmission line, where the switches 

move the operation centre frequency from band to another depending on the 

state of the switches. This technique relies on the reliability of switches and their 

load power limitations. At the same time, this technology suffers from slow 

switching speed and high actuation voltage in addition to temperature sensitivity 

and dielectric charging problems [116]. 

In [117], the combiner section was simplified by matching both amplifiers to 70Ω 

as illustrated in figure 6.9, at the same time, the load impedance was still 50Ω, 

in this case, however, a mismatch between the load and the matching networks 

will be introduced ( -15 dB return loss) in the cost of simplifying the combiner. 

Further work of reconfigurable as well as concurrent dual-band DPAs was 
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described by [118] where the reconfigurability had been achieved by using 

switches. 

 

Figure 6.9: Proposed combiner by [117]. 

The proposed design of digital DPA in [90] targeting 850 MHz and 1.7 GHz 

bands depends on a 3-coil current-mode combiner which is used as a power 

combiner of 4-way. The transformer is maintained to reduce the ground 

parasitic and minimize the mismatch between the two PAs. At the peaking 

power, both PAs are working, and the currents at the two primary coils are in-

phase so that the impedance seen by each amplifier is 50Ω. However, the load 

impedance seen by each PA stays same when the output power is backed off if 

the two PAs are controlled synchronously, so that, in [90] work, both amplifiers 

are controlled independently in order to perform load modulation. At the same 

time, the switched capacitor is used because of its good performance in terms 

of linearity and efficiency. Another attempt targeting mm-wave was done by 

[119], A simulation and detailed passive design are discussed in this research 
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for mm-wave, the lower band was 24 GHz, and the upper bad was 28 GHz with 

a bandwidth of 1 GHz.  

A recent work using digital Dual-Input power was done by [120] targeting Dual-

band Doherty Power amplifier, where the difference of the reactance impedance 

that the transistor needs to see at the input side for both bands are eliminated 

by using short-circuited shunt stub. Moreover, the load modulation of the 

designed circuit was improved by using different drain voltages, where 22 V and 

36 V are used for both the main and the auxiliary amplifier, the difference in 

drain voltages helps the main amplifier for being more efficient at the back-off, 

and more current can be obtained from the auxiliary amplifier, where the load 

modulation can be improved. 

6.7 Tri-Band and Quad-Band DPA 

In addition to the Dual-band DPA, there is research which focuses on tri- and 

quad-band DPA [121, 122] [123-125], a design approach was used in [123] to 

cover three frequency bands. In the design, it was taking into considerations 

that all sections of the DPA should be able to give good performance at each 

band. However, the implemented design showed a relative shift in the band 

centre frequencies. 

In [47], a tri-band DPA targeting three types of mobile applications, which are 

LTE, UMTS and WiMAX, was designed, where two-stage DPA was designed 

for an average power of 35 dBm, the results in [125] shows good scattering 

parameters response. At the input side of the designed power amplifier, the 

broadband divider was used to cover the selected frequency bands, on the 

other hand, the impedance inverter network and the impedance transforming 
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network were designed to fulfil the requirements of the tri-band. The designed 

PA was fabricated and tested using 10 MHz LTE for the lower frequency band 

for two carriers WCDMA signals of 10 MHz. Each testing signal is used 

individually for the design evaluation. 

The work of [123] has been extended in [121] to cover quad-band instead of a 

tri-band operation. The chosen bands are were 0.9 GHz, 1.5 GHz, 2.1 GHz, and 

2.6 GHz; two transistors are used to implement asymmetrical DPA these 

transistors are 10 W and 25 W with different power supply for the main and the 

carrier respectively. Although asymmetrical DPA was used, however, the 

authors in [121] were looking for only 6 dB OBO. The most complicated part in 

multiband DPA is the multiband impedance inverter network where it should 

give a good impedance inversion over the selected bands so that, in [121]. At 

the input side, a wideband Wilkinson power divider was used to cover the four 

bands.  

Proof of multi-band Doherty was presented by [126], where three boards were 

designed targeting three bands; the boards are identical in terms of the artwork, 

however for each band, different capacitors and resistors are used, the work of 

[126] can be improved by using digitally controlled switches so that one 

reconfigurable board can be used for the three bands. In [127], 3-way DPA 

targeting 1.8-2.2 GHz frequency bands suitable for mobile base-stations was 

achieved depending on LDMOS RFIC technology, a 47% efficiency 

accomplished at 12 dB back-off. 
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6.8 Linearization of Dual-Band DPA 

Finally, power amplifiers in general often need to be linearized to avoid 

interfering with the next adjacent channel, especially DPAs which rely on non-

linearity in both stages for correct operation. This can be achieved, for example, 

by using Digital Pre-Distortion (DPD) which is highly appreciated to be used to 

improve the linearity performance of the designed dual-band due to its 

reconfigurable capability, accuracy, and its implementation in the digital domain. 

Using DPD will enhance the signal linearity. However, the overall efficiency of 

the designed system will be slightly reduced as there is an additional circuit has 

been added to the system [128].  However, there is a deterioration in the 

performance of concurrent dual-band power amplifiers since it is not easy for 

the DPD to correct the signal at two different frequencies at the same time. This 

is obvious because the nonlinearity of the power amplifier is different from a 

frequency band to another. A possible solution is to use the new technique 

called two- dimensional digital pre-distortion (2D-DPD), which is more 

complicated than ordinary DPD; however, it can deal will dual-band PA [103]. At 

the same time, the crest factor also leads to performance degradation in dual-

band PA. So that a two-dimensional crest factor reduction was studied and 

used in [103] to improve the linearity, Table 6-2 shows a comparison of 

performance achieved in dual-band DPA in addition to the signal test type that 

was used in each work, it can be noticed that, most of the works were done 

using GaN HEMT. 
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Table 6-2: Samples of achieved Dual-band DPA 
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 [90] 55 nm CMOS 0.85 28.9 36.8* 6 29.9 1.7 27 25.4* 6 16.8* 

12-

subcarrier 

NB-IoT 

and /64-

QAM/256- 

QAM 

WLAN 

12* 

180k 

and / 

20 

MHz 

[91] GaN HEMT 2.15 47.3 NA 6 52 3.4 47 NA 6 51 
WCDMA

/LTE 

20 

MHz 

 [98] GaN-HEMT 1.8 43 64* 6 60* 2.4 43 54* 6 44 

CW/ 

WCDMA

/LTE 

- 

10 

MHz 

[101] SiC MESFET 0.9 41.9 NA 5 39.8 2 41.2 NA 5 41.4 CW - 

[102] GaN HEMTs 2.14 39 50 6 45 3.5 NA NA NA NA CW - 

[129] SiC MESFET 0.88 41 40* 6 33* 1.96 40 38* 6 30* CW - 

[95] GaN HEMT 2 42 NA 6 49 2.72 42 NA 6 44 

CW/ 

WCDMA

/LTE 

- 

5 MHz 

[93] 
MOSFET+ 

PIN diode 
2.1 50 NA 6 47* 2.2 50 NA 6 47* 

CW/ 

WCDMA 

- 

5 MHz 

[108] 
GaN  HEMT  

tri-way 
0.9 46 66 9 65 2.15 46 56 9 46 CW - 

[96] 
MESFET N-

way 
0.92 41.5 NA 7 33* 1.99 41 NA 8 29* CW - 

[45] GaN  HEMT 2.14 45.5 NA 6.5 45 2.655 45.5 NA 6.5 40 WCDMA 5 MHz 

[109] GaN  HEMT 0.85 43 47.5* 6 45* 2.33 42.5 32* 6 41* 

CW/  

LTE1/ 

LTE2 

- 

 10 

MHz 

/15 

MHz 

[111] GaN HEMT 0.75 43 NA 9.4 42* 0.9 43 NA 9.4 72* 

CW/ 

WCDMA

/LTE 

-   

15 

MHz 

[92] GaN HEMT 0.6 38.5 65 6 50 1 40.5 57 6 37 CW - 

[130] 
GaN HEMT 

*3stages 
1.7 45 NA 7 51 2.4 45 NA 9 45.5 

CW/ 

WCDMA

/ WiMAX 

-  

3.84 

MHz/  

5 MHz 

[103] GaN HEMT 1.9 36.8 NA 6.8 50.1 2.6 36.8 NA 6.8 50.1 
LTE1/ 

LTE2 

10 

MHz 

/15 

MHz 

[106] GaN HEMT 2.3 42.5 NA 7.2 30* 2.7 42.5 NA 7.2 44.2* CW/  -  
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          NA: Not Available  
          CW: Continuous wave  
           *   :  Power Added Efficiency PAE 

 

6.9 Design of Dual-Band Load Modulation Amplifier  

Based on the technique discussed in chapter 5, designing a dual-band load-

modulation amplifier can be implemented without using a quarter wavelength 

transmission line not only for a single band, however, for dual-band as well. In 

this section, a simulation of designing a dual-band amplifier will be discussed. 

After making sure that the amplifier is stable over the designed bands. The 

load-pull technique can be applied to identify the required impedances that the 

main and the peaking amplifiers are needed to see. For the peaking amplifier, 

there are two conditions, which are providing the required power at the peak 

region for both bands and making sure that the peaking amplifier does not load 

the main amplifier matching network when it is off.  

On the other side, the output matching network of the main amplifier should be 

designed to provide the required impedances that the amplifier needs to see at 

the back-off for both bands for the back-off and the peaking regions. Figure 6.10 

shows the load-pull data of CG2H40025 for both 2.2-2.4 GHz and 3.4-3.6 GHz 

bands, in this figure, the output power and the efficiency contours are plotted to 

understand the amplifier behaviour. in this case, the designer can choose an 

optimum point at the back-off so that high efficiency can be obtained at the 

MMIC LTE 10 

MHz 

[105] GaN  HEMT 0.6 40 76.3 6 54.9 1 40.2 54 6 38 CW - 

[56] GaN  HEMT 1.8 44 72 6 63 2.6 44 60 6 51 
CW / 

LTE 

-  

20 

MHz 

[117] GaN  HEMT 2.02 43.9 62.1 6 51.1 2.63 44.6 71.4 6 53.3 CW - 

[120] GaN  HEMT 0.85 44.6 58 9 58 2.1 44.2 68 9 68 CW - 
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back-off. On the other side, Figure 6.11 shows the load-pull data for both bands 

at the maximum power that can be obtained from the amplifier. At the same 

time, 

the 

maximu

m 

efficien

cy 

impeda

nces 

also will 

be 

explore

d, 

althoug

h the 

designe

r can 

choose an optimum impedance for the peak power is easier than choosing an 

optimum impedance for the back-off region, even for both cases choosing these 

two points are easy, but designing a matching network that can provide the 

required impedances. 
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Figure 6.10: Load pull data for dual-band amplifier at the back-off. 

The idea of designing the output matching network of the main amplifier in case 

of dual-band is more complex than designing the matching network than a 

single band since the designer is targeting more parameters than the single 

band. 

 

Figure 6.11: Load pull data for dual-band amplifier at the peak power. 

On the other side, the output matching network of the peaking amplifier can be 

used to make the amplifier see an optimum impedance. The load-pull data 
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shown in Figure 6.11 can also be used for the peaking amplifier since the 

amplifier is off at the back-off there is no need to design an optimum impedance 

that the peaking amplifier needs to see at the back-off, however, the designer 

should take consideration of the impedance looking from the summing point 

towards the peaking amplifier, the designer should make sure the impedance 

looking from the summing point does not load the main amplifier. 

 

Figure 6.12: Circuit schematic of the dual-band amplifier. 

Moreover, a broadband Wilkinson divider was designed to fulfil the required 

performance over the designed bands. The simulation results of designing two 

CG2H40025 transistors is shown in Figure 6.12. Since the transistors have the 

same power capability, a back-off of 6 dB was achieved. It can be seen from 

Figure 6.12, the designed amplifier was able to provide a back-off efficiency for 

both bands, more than 45% efficiency was achieved at 39 dBm output power.  
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Figure 6.13 Dual-band amplifier performance. 

6.10  Conclusions  

 The dual-band DPA is a promising technique that can be used in 5G 

communications systems where carrier aggregation and SDR are used. 

Although the DPA is a band-limited technique due to the bandwidth limitations 

of the quarter-wavelength and offset lines, several successful techniques have 

been used to improve the bandwidth and/or realize split band operation. Offset 

lines can be eliminated by absorbing the parasitic effect of the amplifier using 

the matching network. Using modern RF switches, which may include MEMS, 

can help to make the design of dual-band power amplifiers easier. Even for a 

single band power amplifier, there is frequently a need for a linearization 

process before the signal is being sent into a channel; the linearization process 

depends on characteristics of the PA devices, which vary depending on the 

operational frequency band, so that, in multi-band power amplifiers, the 
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linearization process will be more complex and may be extremely so when the 

frequency bands are used concurrently.  A solution for dual-band is to use 2D-

DPD, which will be able to achieve the required linearity at the cost of 

complexity. The DPA back-off depends mainly on the load modulation between 

the main and auxiliary amplifier, and at the same time, can be increased as the 

power ratio between the peaking power and the main power increases; 

however, selecting device sizes for the main and the auxiliary amplifiers is not 

always easy because it depends on the market availability of the devices. A 

solution for this could be the use of MMIC technology which gives the flexibility 

in selecting the device peak power ratio; nevertheless, the output power of this 

technology is still low. For low frequency up to 2.2 GHz, LDMOSFET technology 

is often preferable; however, the GaN HEMT has smaller input and output 

capacitance due to its small periphery, and its transition frequency is high. 

Currently, the GaN HEMT has a good broadband performance, high efficiency, 

and large breakdown voltage; due to its features such as electron saturation 

velocities, high carrier concentration and wide-bandgap. It has given the 

designers a better ability to design an efficient PA. This technology is used in 

most of the dual-band DPA examples reviewed here. 

Moreover, a design of dual-band load modulation targeting 2.2-2.4 GHz and 

3.4-3.6 for 4G and 5G mobile generations was simulated using MWO. In this 

designed, more parameters have been added, which increase the circuit 

complexity. A 6 dB back-off was achieved with more than 45% efficiency at 39 

dBm. 
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7 Chapter Seven 

Further Investigations on Load-

Modulation Amplifiers  

7.1 Introduction 

In any wireless communications systems, the power amplifier is not the only 

component in the system, where more components are sequenced such are RF 

chain, each component may give a very good performance alone, however, its 

performance may vary when it connected to another component, where some 

interactions between the output of a component with the input of the other one, 

where some reflections might occur due to the mismatch between the two 

elements. In addition, more investigations will be included in this chapter, where 

the effect of the second harmonic in the design of the load-modulation amplifier 

will be investigated at both the back-off and the peak power, using other types 

of modulations in the design, the effect of integrating the Doherty amplifier into 

the antenna without any isolators will be included. 

7.2 Antennas Mutual Effect on Load-Modulation Amplifier  

The Classical Doherty power amplifier can achieve a peak efficiency at 6 dB 

from the peak power, in order to increase the back-off power, asymmetrical 

Doherty amplifier can be used, where two power transistors of different 
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capabilities are used to achieve a higher back-off [131-133]. Another solution for 

increasing the back-off region is to use three transistors connected in parallel 

via two quarter-wavelength transmission lines as shown in Figure 7.1. There will 

be one main transistor and two peaking ones. At the first peaking efficiency, 

only the main amplifier is working, and the other peaking amplifiers are off. After 

that, the first amplifier starts injecting current into the load where more power 

will be obtained at the output, and the impedance seen by the main amplifier will 

be modulated. In addition, the other peaking amplifier will also contribute to the 

output power in the next region as illustrated in Figure 7.2. The current profiles 

of the amplifiers are governed by the following equations: 

𝐼𝑚𝑎𝑖𝑛 = {
𝐼𝑚

𝑉𝑖𝑛

𝑇1 𝑉𝑚𝑎𝑥
                                    0 <

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 𝑇1

𝐼𝑚                                                 𝑇1 <
𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 1

        (7.1)         

𝐼𝑃𝑒𝑎𝑘1 = {
0                                                   0 <

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 𝑇1

𝐼𝑝1

1−𝑇1
 (

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
− 𝑇1)                      𝑇1 <

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 1

        (7.2) 

𝐼𝑃𝑒𝑎𝑘2 = {
0                                                  0 <

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 𝑇2

𝐼𝑝2

1−𝑇2
 (

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
− 𝑇2)                      𝑇2 <

𝑣𝑖𝑛

𝑉𝑚𝑎𝑥
< 1

        (7.3) 

where 

𝑇1 < 𝑇2.  

𝐼𝑚: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑖𝑛 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟.  

𝐼𝑝1: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟.  

𝐼𝑝2: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟.  
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𝑇1: 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟.  

𝑇2: 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟.  

 

 

Figure 7.1: Three-way Doherty power amplifier structure. 
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 Figure 7.2 The current profile of 3-way Doherty amplifier.  

 

In the designed circuit, the first peaking amplifier was located next to the load, 

whereas the second peaking amplifier was connected in between the main and 

the first peaking amplifier via two quarter-wavelengths; additional offset lines 

were required at the input of the peaking amplifiers to compensate the phase 

difference between the amplifiers due to the impedance inversion network and 

the biasing difference between the amplifiers.     

Three 6 W GaN HEMT transistors are used to build the three-way Doherty 

amplifier according to the structure of Figure 7.1. The performance of the 

designed three-way Doherty amplifier was simulated, and it showed about 55% 

drain efficiency at 8.5 dB output back-off from the peak power, with 13 dB linear 
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gain as shown in Figure 7.3. At the same time, the maximum peak power was 

43.2 dBm.  

 

 Figure 7.3: Designed three-way Doherty power amplifier performance.  

 

7.2.1 Mutual Coupling Effect on Three-way Doherty Amplifier 

The performance of the designed Doherty amplifier was tested using Microwave 

Office (MWO), where the designed amplifier is matched to the common 

impedance (50Ω); however, the impedance of the antennas varies when MIMO 

and beamforming technique are applied [134-140]. Figure 7.4 shows the 

selected VSWRs, where the amplifier is forced to see these impedances 

variation to examine the amplifier performance variations. Figure 7.5 and Figure 

7.6 show the output power variations at the back-off and the peak power 

respectively. In addition, Figure 7.7 and Figure 7.8 illustrated the efficiency 
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variations for the same tested regions. There are obvious changes in the 

amplifier performance, due to the impedance change, where the load 

modulation is affected. The maximum variation of the power was 2.3 dBm at the 

peak power and 2 dBm at the back-off region, whereas 24% was the efficiency 

variation at the peak power and 20% at the back-off power. 

 

Figure 7.4: Selected VSWRs. 
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Figure 7.5: Output power variation at the 8.5 dB back-off for different VSWRs. 
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Figure 7.6: Output power variation at the peak power for different VSWRs. 

 

Figure 7.7: Drain efficiency variation at the 8.5 dB back-off for different VSWRs. 
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Figure 7.8:  Drain efficiency variation at the peak power for different VSWRs. 

Moreover, further investigations were carried out for another three-way Doherty 

design using three 6 W transistors, however, in this time, the three-way Doherty 

configuration was changed, where the positions of the peaking amplifiers were 

swapped. In this case, the load modulation point will be shifted as shown in 

Figure 7.9. The designed three-way Doherty performance showed an 8.5 dB 

output back-off efficiency with about 55% drain efficiency, with a linear gain of 

13 dB as illustrated in Figure 7.10. Moreover, a 43.2 dBm of peak power was 

achieved with a drain efficiency of over 80%. 
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Figure 7.9: Second configuration of three-way Doherty Amplifier 

. 

Figure 7.10: Gain and drain efficiency performance of the second design of the 

three-way Doherty amplifier. 
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By using the same selected VSWRs shown in Figure 7.4, the new three-way 

Doherty design performance in terms of the power and efficiency at both the 

peak power and the back-off power when the amplifier is forced to see those 

impedances, Figure 7.11 and Figure 7.12 show the output power variation of 

the designed amplifier at the back-off region and the peak power region 

respectively. In addition, for the same tested regions, Figure 7.13 and Figure 

7.14 showed the variations of the efficiency. Due to the impedance change, the 

amplifier performance is changed significantly. The maximum variation of the 

power was 3.5 dBm at the peak power and 3.2 dBm at the back-off region, 

whereas 21.3% was the efficiency variation at the peak power and 17.8% at the 

back-off power. This performance can be compared with the previous design, 

where more variation in the power was obtained and less variation in the 

efficiency, so that, the amplifier structure has a significant effect when different 

VSWRs are applied. 
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Figure 7.11: Second designed amplifier output power change for different 

VSWRs at the 8.5 dB back-off. 

 

Figure 7.12: Effect of different VSWRs on the output power at 43.2 dBm. 
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Figure 7.13: The variation of drain efficiency for different VSWRs at 8.5 dB 

back-off. 

 

Figure 7.14: The effect of different VSWRs on the drain efficiency for at 43.2 

dBm. 

7.3 Effect of Second Harmonic on Load-modulation Amplifier 

AWR Microwave Office is used as a simulation environment, where two 10 W 

transistors, CG2H40010, were chosen as a case study, where the amplifier is 

biased as to produce a drain current of 100 mA with 28 V drain voltage. Figure 

7.15 shows the load-pull data of the selected transistor, in this figure, there are 

selected gamma points for the fundamental frequency in addition to the second 

harmonics gamma points that cover the edge of the smith chart. Both power 

and efficiency contours are plotted at the saturation of the power amplifier. 
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According to Figure 7.15, there are two preferable fundamental gamma points 

that the transistor can be matched to. The first gamma point (Gf,p), is the 

impedance that the transistor needs to see to achieve the highest output power 

(power match). Whereas the second gamma point (Gf,e) is the optimum 

impedance that the transistor needs to see to achieve the highest efficiency at 

the saturation (efficiency match) [132, 137, 138].  

The efficiency variation for different second harmonic gamma points at the Gf,p 

and Gf,e points are plotted in Figure 7.16 and Figure 7.17 respectively. It can be 

noticed from Figure 7.16, the efficiency variation with respect to the selected 

second harmonic points is much less than the variation in Figure 7.17; despite a 

higher efficiency can be obtained. In addition, G2H,p showed in Figure 7.15 is the 

best second harmonic impedance that the transistor is needed for the power 

match, whereas G2H,e is the best for the efficiency match. 

On the other side, the main amplifier in load modulation design is the only 

working amplifier at the back-off because the peaking amplifier is off and can be 

represented as an open circuit. In this case, the main amplifier should see an 

impedance at the back-off power that can give a maximum efficiency because 

this efficiency will be the key property of the overall design. 
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Figure 7.15: Transistor load-pull data at peak power. 

 
Figure 7.16: Efficiency variation for different 2H gamma points at the power 

match region (Gf,e). 
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Figure 7.17: Efficiency variation for different 2H gamma points at the Efficiency 

match region (Gf,b). 

Figure 7.18 shows the load-pull data in the back-off region, where the load-pull 

is plotted at 6 dB back-off from the peak power. The efficiency contours are so 

small. Besides, Figure 7.19 shows the efficiency variation when an optimum 

fundamental impedance (Gf,b) is seen at the back-off, and only the selected 

second harmonic gamma points are changing, it can be noticed that a 

significant variation in the efficiency performance can be obtained. However, 

The G2H,b is the optimum impedance at the second harmonic that the transistor 

needs to see to achieve the highest efficiency of 64% at the back-off. 
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Figure 7.18: Transistor load-pull data at the back-off power. 

Any type of load modulation amplifiers such as symmetrical Doherty, 

asymmetrical Doherty, inverted-Doherty, or N-way Doherty could be designed 

effectively by utilizing the second harmonic at the back-off, where the designed 

should give more attention to the second harmonic at the back-off.     

Based on the results obtained from the previous section, a simulation of a load-

modulation amplifier is designed to target 3.4 GHz using two symmetrical 

transitory (CG2H40010) to achieve a 6 dB back-off from the peak power using 

the same structure shown in Figure 5.5. Where the main amplifier is designed to 

see the optimum impedances (Gf,b) and (G2H,b) at the back-off region and the 

optimum impedances (Gf,p) and (G2H,b) at the peak power by monitoring the 
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impedance seen by the main amplifier at both cases using large-signal Gamma 

measurement (Gcomp), in addition, the peaking amplifier is designed to see (Gf,b) 

and (G2H,b) at the peak power. The utilization of the second harmonic at the 

back-off has achieved about 64% at 6 dB back-off from the peak power (45 

dBm) as shown in Figure 7.20. At the same time, the designed amplifier has a 

gain of 13.5 dB.  Although the results are obtained for one frequency; the same 

technique could be used in case of increasing the bandwidth. However, 

depending on the transistor behaviour for each frequency, optimum impedances 

for the fundamental and the second harmonics can be chosen to get a good 

performance over the designed band. 

 

Figure 7.19: Efficiency variation for different 2H gamma points in the back-off 

region.  
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Figure 7.20: Load-modulation amplifier performance at 3.4 GHz.  

The second harmonic has a significant effect in improving the performance of 

the load-modulation amplifier at both the peak and the back-off regions[44, 49, 

141, 142]. However, controlling the second harmonic at the back-off region has 

a remarkable effect in improving efficiency because the power amplifier is 

working most of the time in the back-off region. There is about 30% variation in 

the efficiency performance at the back-off. Therefore, the main amplifier should 

be designed to get the highest efficiency at the back-off and the highest power 

at the peak region, whereas, the peaking amplifier should be designed for the 

highest power since its primary function is to act as a current source.  

7.4 Conclusions  

In this chapter two main studies regarding the mutual coupling effect on two 

three-way, Doherty amplifiers were carried out. The first design was a three-way 

Doherty amplifier with new load modulation combiner. Changing the location of 
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the peaking amplifier or changing the operation sequence of the peaking 

amplifier can achieve good efficiency at the back-off region; however, the phase 

difference should be compensated at the input side of each amplifier. The 

performance of the designed amplifier matched to 50Ω showed a gain of 13 dB, 

a 43.2 dBm peak power, and a 55% drain efficiency was achieved at 8.5 dB 

back-off power from the peak power. The output power and the drain efficiency 

of the designed amplifier were affected by the impedance changing. There was 

a variation of 2.2 dBm in the output power for different VSWRs, moreover, 

about 22% variation of the drain efficiency for the same VSWRs, whereas the 

second design of the three-way Doherty amplifier showed almost same 

performance in term of output power, efficiency at the peak and output power. 

however, A 3.35 dBm variation of the output power was obtained for different 

VSWRs, moreover, the drain efficiency variation was about 20% for the same 

VSWRs. The structure of the three-way Doherty amplifier or sequence of 

turning the peaking amplifiers on affect the amplifier performance for different 

VSWRs. Moreover, the rest of the chapter dealt with the effect of the second 

harmonic on the Doherty design, and its importance at the back-off rather than 

the input especially because the amplifier is most of the time is working at the 

back-off where only the main amplifier is working and its efficiency determine 

the overall efficiency performance of the designed power amplifier. it was clear 

that the second harmonic can affect the performance at the cost of the design 

complexity. 
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8 Chapter Eight 

Conclusions and Future Work 

8.1 Conclusions 

Modern mobile communications systems and the upcoming generations use 

complex modulation schemes to utilise the available bandwidth effectively. 

However, this will increase the PAPR of the input signal where the power 

amplifier will be backed-off to a less efficient point to maintain the required 

linearity. As a result, more power will be dissipated as heat, and the amplifier 

may need a cooling system to keep the operating temperature, in this case, 

more power will be consumed. So, the power amplifier must be designed to give 

a very good efficiency at the back-off with high linearity; several techniques 

were used for improving the efficiency of the power amplifier. However, the 

simplest one is Doherty technique because no additional complex circuit nor 

signal processing are required to be added to the designed circuit.       

This research started with an introduction about the importance of the efficiency 

in mobile communications, especially in the power amplifier since it consumes 

most of the power. Chapter two in this context explained the power amplifier 

classifications with the evaluation methods for determining the power amplifier 

performance such as efficiency, linearity, output power and gain. Furthermore, 

the third chapter gave an introduction about the efficiency enhancements 

techniques and more details about the DPA, where several types of DPAs were 

discussed in detail. The fourth chapter discussed the simulation and the 

implementation of two designed DPAs: one was using a 90° hybrid input divider, 



 

 
-167- 

 

and the other was using Wilkinson input divider, where the main and the 

peaking amplifier were tested alone and combined as a full DPA. Moreover, 

Chapter five discusses in detail the design, simulation, and implementation of 

two load-modulation amplifiers without using quarter wavelength transmission 

line including the theory and design steps for implementing such amplifiers. 

Chapter six dealt with dual-band design of DPAs where the main limitations of 

broad-banding the DPA are identified in addition to the state-of-the-art solutions 

that have been suggested by researchers are discussed in detail with a 

technical perspective, in addition, a simulation design of dual-band load-

modulation amplifier was presented. Furthermore, the seventh chapter explored 

further investigations on the effect of mutual coupling effect on different 

capabilities of three-way Doherty amplifiers in addition to the effect of utilising 

the second harmonic at the back-off rather than the peak power. Moreover, 

technical, and practical issues for measuring the amplifier performance were 

discussed.  The performance of all the designed load-modulation amplifiers was 

good, where more than 50% efficiency was achieved at different back-off 

powers. The implemented PAs were tested by  WCDMA, LTE, or both to test 

the amplifier linearity. At the same, maxim integrated SC-1894 was used to 

linearise the fabricated PAs, where good linearity correction was obtained, the 

idea of load modulation is very promising in the future of the 5G especially 

because no additional circuitry is used with the design, in this case, the system 

complexity would be less. Due to the biasing condition of the peaking amplifier, 

less current would be obtained from the peaking amplifier, which will affect the 

designed load modulation. Designing compact PAs increases the degree of 

complexity in designing the matching networks. The amplifier physics is the 
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main parameter that affect the overall amplifier performance in addition to the 

chosen circuit structure and the employments of other parameters. 

8.2 Future Work 

There are a lot of areas that should be included in the future work since the 

complexity of the future power amplifier will be increased, where it will affect the 

linearity and efficiency performance of the designed amplifier. In addition 

1- Designing a three-way Doherty power with a novel load modulation, 

targeting 3.4-3.8 GHz frequency band for the 5G base station. 

2- Studying the linearity effect of using multistage load modulation 

amplifiers. 

3- Injecting harmonic at the input side for the purpose improving the 

efficiency at output using waveform Engineering. 

4- Investigating further amplifier classes for load-modulation amplifiers. 

5- Using a multi-input signal for driving the power amplifier cells, where we 

can utilise each power amplifier cell properly. 

6- Simulation and design of an mm-Doherty amplifier that works on 26 GHz. 

7- Embedding a variable impedance at the summing point to get a proper 

load modulation for multi-way load modulation amplifiers. 
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