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Abstract 

Global resource usage and allocation is becoming an increasingly critical topic. 

Efficiency is at the heart of a plethora of current research fields from reducing energy 

consumption in the manufacturing industry, to increasing energy generation from 

renewable sources, or reusing waste materials for alternative applications. The 

telecommunications industry is no different, OFDM as a modulation format is 

ubiquitous and popular due to its spectral efficiency and robustness to interference but 

its major drawback is its high peak-to-average power ratio (PAPR) meaning that its 

efficiency is compromised. 

A review of existing methods for improving OFDM signal amplifier efficiency showed a 

lack of innovative techniques for power supply control for such amplifiers. This thesis 

proposes two unique solutions to innovate efficiency for a range of applications. 

Firstly, a novel power supply control technique to improve the efficiency of OFDM 

signal amplifiers based on probabilistic analyses. The probability density function of 

an OFDM signal was analysed and optimum switching thresholds were determined to 

maximise the efficiency of the power supply. The proposed mechanism considers the 

theory of Golomb rulers and perfect difference sets, specifically the conversion from 

linear rulers to modular to achieve a much greater system implementation efficiency. 

The result is a dynamic fast-switching multi-level power supply which achieves the 

main benefits of Doherty and Chireix amplifiers but without requiring multiple 

amplifiers. This class A-G amplifier topology can achieve a 63% efficiency increase 

compared to amplifiers with single-level voltage supplies. 

Secondly, a generalised resource management technique known as Total Resource 

Utilisation Shuffling Technique (TRUST) to tackle the wider issue of resource utilisation 
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and management. The focus for TRUST in this work is on batteries but it could be 

applied to a wide range of resources, not necessarily in the technology sector. 

Keywords: Chireix, Class A-G, Doherty, Golomb, OFDM, PAPR, PDF 
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Chapter 1:  

Introduction 

1.1 Motivation 

The accelerating use of wireless communication in society has led to a corresponding 

rise in concerns about the environmental impacts of these technologies. One of the 

main concerns is the amount of power consumed by wireless communication systems, 

and the associated carbon emissions. This escalating concern underscores the urgent 

need for more efficient power-saving techniques. 

Despite notable advancements in amplifier technology, the efficiency of OFDM signal 

amplifiers has plateaued in recent years. This is alarming given the ever-increasing 

global deployment of telecommunications equipment, especially in the context of the 

rapidly expanding 5G network infrastructure and its associated contribution to energy 

consumption [1] [2]. 5G base stations, due to their heightened complexity and power 

demands, necessitate a closer examination of power efficiency strategies. Generally, 

5G stations require more power amplifiers, low noise amplifiers, transceivers, as well 

as digital circuitry to control it all. 

5G networks are designed to offer faster data rates and lower latency compared to 

previous generations but the deployment of the necessary network infrastructure 

requires the installation of a vast number of small cells and base stations, resulting in 

increased energy consumption and resource usage. The move to higher operational 

frequencies means that propagation distances reduce, there are three solutions to this: 

1. Increase the number of base stations with each covering a smaller area, on 

average. 

2. Increase the output power of existing base stations. 
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3. A combination of both above. 

The second option above raises concerns about potential violations of recommended 

human health limits, as outlined by the International Commission on Non-Ionizing 

Radiation Protection (ICNIRP) [3] and IEEE [4]. 

In 2012, the global telecommunications infrastructure accounted for approximately 1% 

of total global energy consumption, with a year-on-year increasing trend [5]. Some 

researchers estimate the contribution of ICT to global electricity consumption to reach 

21% by 2030 [6] [7] [8]. This pervasive infrastructure growth has raised concerns 

globally regarding its environmental impact, especially with the advent of 6G and the 

forthcoming 7G, telecommunications energy efficiency is of paramount interest. 

 

The growing emphasis on environmental consciousness and sustainability has 

spurred research into efficiency improvements across numerous industries, including 

those that are heavily reliant on RF power amplifiers, such as outside broadcasting, 

medical and military applications. These amplifiers are notorious for their substantial 

power consumption and heat generation. Although the specific requirements for signal 

power handling, modulation capability and linearity performance vary within these 

industries, the development of ógreen amplifiersô has emerged as a common focus 

amongst many researchers for improving efficiency. There is a compounding effect of 

increasing the efficiency of these amplifiers whereby heat generation is reduced which 

leads to reduced active cooling requirements. 

There are three major benefits to the increased efficiency presented in this work: 

1. Cost Savings and Reduced Carbon Footprint 

Enhanced efficiency translates to lower unit power consumption so is an 

attractive prospect for users in terms of the cost savings and lower carbon 
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footprint. Heightened environmental awareness and corporate social 

responsibility (CSR) is also increasing the desire for employers to operate more 

efficiently and for industries that rely heavily on wireless communications, the 

RF power amplifier is likely a significant contributing factor to their operating 

costs and environmental impact. 

2. Extended Battery Life 

Higher amplifier efficiency can lead to longer battery life and extended operating 

times, especially in ubiquitous portable devices such as mobile phones and 

tablets as well as more specialist applications like mobile military equipment. 

Where long operating times are critical, such as in medical devices like 

implants, the increased battery life can reap numerous benefits including 

reliability, safety, and reducing maintenance overheads. 

3. Reduced Heat Generation 

Generated heat from more efficient amplifiers is lower and therefore the risks 

of overheating and causing system damage is reduced. Generally running 

electronic systems at a higher temperature can induce localised stresses and 

lead to premature component failure. The lower heat can therefore increase the 

operational lifetime of an electronic system as well as reducing the need for 

cooling mechanisms. Active cooling can be a significant contributory factor to 

operational costs in a system. Even passive cooling, such as an appropriately 

sized aluminium or copper heatsink, generally requires a large amount of 

physical space and are not the most environmentally friendly materials. In the 

case of data centres, where space is often at a premium, the reduced amount 

of real estate occupied by passive cooling could be a huge contributor to 

operational efficiency. 
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There are many advantages and disadvantages to the increased usage of 

telecommunications equipment globally. Benefits include increased global 

connectivity, potential for increased data throughput and the number of remote 

locations reducing. Drawbacks, however, include the increased cost of infrastructure 

manufacture and installation, increased energy consumption and CO2 emissions, and 

elevated running costs. The oil and gas industries are facing increasing public scrutiny. 

An initiative developed by the World Bank in collaboration with the United Nations (UN) 

called the ñZero Routine Flaring by 2030ò initiative was proposed in 2015 and, as the 

name suggests, aims to reduce global flaring from its current level to as close to zero 

as possible by the year 2030. Endorsed by many [9], this initiative has been recognised 

as one of the most important initiatives to help combat climate change in a 2020 report 

by the International Energy Agency (IEA) [10]. 

 

1.2 Objectives and Approaches 

This research primarily aims to enhance the efficiency of signal amplifiers, particularly 

OFDM signal amplifiers which are ubiquitous in wireless communication systems. To 

achieve this goal, the OFDM signal is statistically analysed and an innovative new 

power supply control system for application in OFDM-based power amplifier systems 

is proposed. 

A secondary objective of the research is to invent a versatile resource management 

technique which could be applied in a multitude of scenarios and spanning several 

industries including telecommunications. The proposed method is known as the Total 

Resource Utilisation Shuffling Technique (TRUST) and has a wide array of potential 

applications and is presented as a generalised solution. 
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Using MATLAB, statistical analyses of OFDM waveforms are performed and 

presented, a probability density function (PDF) is calculated to characterise the 

incoming RF signal peaks. This PDF informs the system design by guiding the 

selection of appropriate voltage switching levels, tailored to the desired system 

complexity. Thresholding the PDF helps to determine the optimal voltage switching 

levels. The multi-level power supply is dynamically controlled using MOSFETs as 

switches and a microcontroller unit (MCU) as the brain of the system. It is proven that 

the difference between optimum switching thresholds and uniformly spaced thresholds 

quickly diminishes as the number of levels increases. The uniform spacing allows the 

design of the power supply to benefit from the combinatorial mathematics theories of 

perfect difference sets and Golomb rulers to space uniform discrete voltage levels in 

a circular (or modular) arrangement with a low number of regulators, leading to an 

efficient implementation and operation. The derivation of a new method for 

constructing modular Golomb rulers is presented and implemented. 

 

A three-stage binary modular/circular Golomb ruler whereby each voltage regulator or 

DC-DC converter is arranged in a circular formation is considered. This arrangement 

enables any combination of the three stages to be presented to the powered system 

thus providing greater flexibility in power management. This technique could be 

applied to other power management applications where flexibility is a benefit. The 

initial implementation is a binary composition of 1V, 2V and 4V which enables 7 

different output voltage levels (1-7V), plus 0V for switch off condition. This is from the 

mathematics of combinations and permutations: 

   ὅ  ὅ  ὅ χ ὰὩὺὩὰί ( 1-1 ) 
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To facilitate these levels, individual switches are controlled by an MCU allowing 

specific combinations through to the output rails. MOSFETs are used as switches, with 

their gates driven by optocouplers being controlled by general purpose input-output 

(GPIO) pins on the MCU. 

The input signal power envelope can be tracked with a power detector or envelope 

detector. This information guides adjustments to the voltage rail based on its location 

on the PDF, optimising performance. 

There are some related areas of existing research including bias modulation, envelope 

tracking, and class G and class H amplifiers. Class G amplifiers have discrete voltage 

levels. Class H amplifiers have an analogue supply rail so is continuously variable. 

Both classes aim to minimise DC power wastage by adjusting the supply just above 

the requirement to match the instantaneous power requirements. There are some 

sophisticated techniques coinciding with or following the main 5G rollout, including 

control mechanisms capable of rapid power-down and power-on of individual network 

components based on traffic loads, thereby yielding power savings. 

The statistical analysis of the OFDM waveform, undertaken to determine the optimum 

voltage switching threshold levels, is the foundation for the unique technique 

presented in this work. This is combined with the combinatorics of modular Golomb 

rulers (MGR), or rather, ómerry-go-roundsô (MGR). This delivers a new innovative 

OFDM amplifier power supply control system for OFDM signal amplifiers. Whilst power 

supply modulation techniques for RF power amplifiers have been seen before, 

presented by a multitude of different authors, this research looks at the nuances of the 

OFDM modulation technique and the statistical analyses of the incoming waveform to 

achieve an efficient power supply structure and operation, delivering an efficiency 

enhancement of up to 63%. The proposed solution could be incorporated into new 
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designs as well as having the potential to be retrofitted into amplifiers in existing 

systems if applied correctly. Moreover, these methods presented can be adapted for 

use with other waveform types, with some necessary modifications to the operational 

approach. 

 

1.3 Thesis Contributions 

This work encompasses two primary objectives. The first is to increase OFDM signal 

amplifier efficiency by introducing a new power supply control mechanism. The second 

is to propose a resource management technique which can be generalised to have a 

broad applicability across diverse industries. To the best of the authorôs knowledge, 

the following points constitute original contributions. 

1. Probabilistic Envelope Tracking (PET) 

While envelope tracking (ET) is a well-known method for augmenting power 

amplifier efficiency, this new approach incorporates rigorous waveform 

statistical analysis. While the initial exploration in this work focuses on the 

OFDM modulated waveform, itôs important to emphasise that the methodology 

can be applied to any waveform, provided its probability density function (PDF) 

is either known or calculable. 

 

2. A New Method for the Construction of Efficient Modular Golomb Rulers 

(MGR) 

Several methods for constructing MGRs have previously been proposed but 

the new method presented in this work is an efficient alternative using known 

optimal Golomb rulers as the base structures. This method requires less 

computation and is easily provable. 
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3. Merry-Go-Round, Modular Golomb Ruler (MGR) Power Supply Control 

System 

Although Golomb rulers, modular Golomb rulers, and perfect difference sets 

are well-known, the theory has limited existing uses in electronics and havenôt 

before been applied to power supply control systems. The novel control system 

presented in this work draws inspiration from the theory and topology of a 

Golomb ruler in a modular/circular configuration and achieves a modest 

efficiency enhancement. The MGR system is paired with PET to gain a unique 

and highly efficient composition. 

 

4. Total Resource Utilisation Shuffling Technique (TRUST) 

Referred to as the shuffling technique for brevity, TRUST constitutes a versatile 

resource management method designed to promote equitable resource 

utilisation across various industries. The primary focus in this work lies in its 

application to the electronics industry, particularly concerning batteries and 

other power sources. The overarching goal is to enhance resource distribution 

and allocation, a concept that extends well beyond the electronics sector to 

offer solutions in diverse industries and resource management scenarios. 

 

1.4 Thesis Structure 

The following points describe the organisation of the thesis. 

Chapter 2 ï Literature Review focuses on existing research by other authors, 

providing context for the concepts underpinning. Different applications of Golomb 

rulers, as well as alternative efficiency enhancement techniques proposed and 

developed over the past century are discussed. The foundational combinatorial 
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mathematics principles used for the power supply constructions are also introduced, 

providing a mathematical grounding to the work. 

Chapter 3 ï Probabilistically Envelope Tracking (PET) presents the simulation of a 

range of different OFDM signals, developed in Matlab, including specific related 

mathematical and statistical analyses of those signals. The innovative probabilistic 

envelope tracking (PET) technique is introduced where the optimum switching 

thresholds are determined which subsequently inform the power supply control 

system. PET can be applied to a variety of signals, but the OFDM waveform is the 

focus of this work. PET is the pivotal contribution without which the power supply 

system would offer only incremental efficiency gains. 

Chapter 4 ï Implementation of Power Supply Control Techniques introduces the 

relevant applicability of the concepts of Golomb rulers, perfect difference sets and 

modular Golomb rulers (MGR) to this research and bridges the gap between 

theoretical and practical applications. The derivation of a new, efficient method for 

constructing modular Golomb rulers is explained and implemented. Simulations of 

circuits are presented which employ the derived efficient configurations designed to 

maximise the number of uniformly spaced discrete output voltage levels from a 

minimum number of voltage regulators. The novel power supply control system with 

uniformly spaced switching thresholds is detailed in this chapter. 

Chapter 5 ï Experimental Analysis offers a transition from theory to practice by 

presenting real-world measurements of different amplifiers and discusses the impact 

of this thesis research on existing technology. The first part of the chapter looks at the 

power added efficiency measurements (PAE) of 14 different amplifiers varying in RF 

output power, gain and frequency, establishing a benchmark for efficiency 

improvement. The second part of the chapter focuses on a 1W s-band amplifier and 
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conducts several experiments with different waveforms whilst varying the gain device 

bias current. A CW sine wave is the first input signal to establish correct experiment 

operation, followed by 3 different modulated OFDM waveforms (QPSK, 16QAM and 

64QAM). These tests offer valuable insights into the practical efficiency gains 

achievable with the techniques in this research. 

Chapter 6 ï The Shuffling Technique (TRUST) introduces a new unique concept. 

This new concept is known as the shuffling technique (TRUST) and facilitates 

equitable distribution of resources. The primary focus of the chapter employs batteries 

as the resources, but the technique could be applied to other types of resources such 

as solar panels or data centre servers. TRUST is a versatile generalised resource 

management technique with far-reaching applications. 

Chapter 7 ï Conclusions and Future Work is the final chapter and summarises the 

main findings and contributions of the thesis. It provides a comprehensive review of 

the body of work, makes suggestions for future work, and discusses other areas where 

the theory from this research could be applied to enhance efficiency across diverse 

industries. Additionally, the limitations of the research are acknowledged and areas of 

further work for potential improvement are identified. 
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Chapter 2:  

Literature Review 

2.1 Introduction 

In the dynamic domain of RF amplification, the pursuit of greater efficiency and 

performance has been a constant driving force. Amplifiers form the bedrock of modern 

communication systems, providing the necessary power to transmit signals over long 

distances and ensuring the fidelity of the data transmissions. Over the course of the 

last century, a wide variety of amplifier classes and efficiency enhancement techniques 

have been developed. 

 

2.2 Amplifier Classes 

The landscape of amplifiers is diverse, there are several different classes of RF 

amplifiers which have been developed over the last few decades. Each with their own 

strengths and weaknesses and therefore are used in different applications depending 

on the requirements of the system. Starting with the venerable class A amplifier, known 

for its high linearity at the expense of efficiency, through to the more recent and 

specialised classes S and T. The efficacy of different amplifiers can fluctuate 

significantly, influenced by the intricacies of real-world design and the frequency of 

application (audio versus RF, for example), as well as variations in components. 

 

2.2.1 Classes A to E 

Classes A to E are the most commonly used classes for a variety of audio and RF 

applications [11] [12] [13] [14]. 
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Table 2-1: Amplifier Classes A to E 

Class Characteristics 
Typical 

Efficiency 

A 

Biased for continuous conduction. 

Results in a high level of linearity but also low efficiency. 

Commonly used in low-power applications. 

Although the theoretical efficiency can be as much as 50%, 

in reality it is usually much less [13] [15] 

25-40% 

B 

Biased for conduction for only half the input signal cycle. 

Results in higher efficiency than A but also a lot of distortion. 

Commonly used in medium-power applications. 

~50% 

AB 

Combines features of both A and B. 

Results in better efficiency than class A and less distortion 

than class B. 

50-70% 

C 

Output device conducts for less than half of the input signal 

cycle. 

Results in high efficiency but also very high distortion, highly 

nonlinear. 

Commonly used in high-power applications such as TV and 

radio transmitters. 

70-90% 

D 

Output device is switched rapidly between fully on and fully 

off states. 

Results in high efficiency but with the potential for high levels 

of distortion if poorly designed. 

90-95% 

E [16] 

Switch-mode amplifier that uses a tuned LC circuit to provide 

a sinusoidal output waveform. 

Results in very high efficiency but requires careful design 

and operation. 

Commonly used in high-frequency applications, such as 

radio and TV transmitters. 

>90% 
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2.2.2 Classes F to T 

Classes F, G, H, I, S, and T are newer and less commonly used but have justified 

applications and some interesting research surrounding them. Classes G and H are 

most closely related to the research in this thesis, they are both variations of class AB 

amplifiers with the key difference being that they have adjustable supply rails which 

can change based on the input signal level to achieve greater efficiency. 

Table 2-2: Amplifier Classes F to T 

Class Characteristics 
Typical 

Efficiency 

F [15] 

Modification of a class C amplifier with the addition of one 

or more tuned resonance circuit(s) in the output network. 

Good overall efficiency which improves more at harmonic 

frequencies, generally higher efficiency than class C. 

Difficult to design and requires careful attention to 

harmonic filtering. 

Highly sensitive to impedance mismatches. 

~90% 

G 

Modification of a class AB amplifier using multiple power 

supply rails to improve efficiency. 

Operates on a lower voltage supply for low-level signals 

and switches to a higher voltage supply for high-level 

signals. 

Improved efficiency without sacrificing output power. 

Higher efficiency than class AB but lower than class F. 

Commonly used in audio and RF applications. 

~80% 

H 

Variation of class AB that utilises analogue supply rails to 

achieve higher efficiency. Tracks the input signal and 

adjusts the supply voltage in real-time. Like a class AB 

amplifier with envelope tracking technology. 

Results in higher efficiency and less heat dissipation than 

class AB. 

~80% 
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I 

Modification of class B amplifier using a bias modulator to 

dynamically adjust the amplifier bias voltage in real-time 

based on the input signal. 

Higher efficiency than class B without sacrificing linearity. 

~70% 

S 

A switch-mode amplifier which uses pulse width 

modulation (PWM) to achieve greater efficiency by 

switching the output transistor on and off rapidly with a 

modulated signal. 

Achieves high efficiency with low distortion. 

~90% 

T 

Variation of a class D amplifier which uses digital feedback 

to improve the linearity. Using PWM to drive the output 

stage and a digital feedback loop to correct errors in the 

output waveform. 

Highly efficient and highly linear. 

~90% 

 

2.3 Amplifier Efficiency Enhancement Techniques 

Along with variations in amplifier classes which can all achieve different levels of 

efficiency, there are various other techniques that can be employed to also improve 

the efficiency of RF power amplifiers. Some of these techniques can be paired with 

different classes to obtain higher efficiencies. 

There are many advantages to increasing system efficiency, both obvious and subtle, 

some are outlined in table 2-3. There are also disadvantages, however, although these 

tend to be related to the manufacturing of system components. 
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Table 2-3: Advantages and Disadvantages of Increased System Efficiency 

Advantages Disadvantages 

Increased efficiency meaning reduced 

power wastage through heat 

Increased base cost of 

implementation 

Reduced system operating costs Increased system complexity 

Gain and output response stability 

enhancement due to reduced heat 

Potentially increased size 

requirements 

Further reduced energy consumption due 

to decreased requirement for active 

cooling 

 

Ability to either maintain RF power and 

reduce energy consumption, or maintain 

energy consumption and increase RF 

power 

 

Topology can be retrofitted to existing 

systems 
 

Increased battery life for mobile devices  

Commercially more attractive  

 

Some amplifier efficiency enhancement techniques are outlined in table 2-4. 
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Table 2-4: Overview of RF Power Amplifier Efficiency Enhancement Techniques 

Technique Description and Characteristics 

Doherty 

Utilises two amplifiers in different bias conditions to deal with 

different parts of the incoming signal. A carrier amplifier for any 

input signal and a peaking amplifier to deal with the peaks above 

the carrier amplifiersô limits. 

Good efficiency over a very wide range of output power levels. 

Chireix 

(Outphasing) 

Like the Doherty technique in that there are two amplifiers which 

handle differing output powers, but the Chireix technique varies 

the load impedances of the two amplifiers to change their output 

powers whilst maintaining a constant overall impedance. 

Envelope 

Tracking (ET) 

Minimises wasted power by adjusting the supply voltage of the 

amplifier in real-time to match the envelope of the input signal. 

Improves efficiency over a wide range of output power levels. 

Envelope 

Elimination 

and 

Restoration 

(EER) 

Processes the amplitude and phase components of the incoming 

signal separately which allows the use of two separate amplifiers 

built for individual purposes. 

One high efficiency amplifier to process the amplitude component. 

One high linearity amplifier to process the phase component. 

Digital 

Predistortion 

(DPD) 

Involves applying a correction signal to the input signal to 

compensate for the nonlinearities of the amplifier. 

Improves efficiency and reduces distortion. 

Load-pull 

Technique that involves adjusting the impedance of the load seen 

by the amplifier to maximise power transfer and efficiency. 

Optimises output power and efficiency of the amplifier over a given 

frequency range. 

Bias 

Modulation 

Adjusts the bias control voltage in response to the input signal. 

Maintains high linearity by ensuring the amplifier is always 

operating at its optimum bias voltage. 

 

Multilevel power supplies may be used in many of the above situations to further 

enhance the efficiency; this is the focus of the research presented here. An example 
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is the work of Vasiĺ et al. who achieve 49% efficiency enhancement compared to a 

more conventional regulator solution [17]. 

 

2.3.1 Doherty 

The Doherty amplifier, first introduced and patented by William H. Doherty of Bell Labs 

in 1936 [18], has remained a prominent and enduring technique for enhancing the 

efficiency of power amplifiers. The defining characteristic of a Doherty amplifier is its 

integration of two separate amplifiers in a single design: 

- Carrier amplifier ï operating continuously, the carrier amplifier can handle most 

input signals. Often biased in class A or class AB to provide high linearity. 

- Peaking amplifier ï when the carrier amplifier approaches compression, the 

peaking amplifier is turned on. Often biased in class C to prioritise good 

efficiency albeit at the expense of increased distortion. 

The input signal is split into two paths via a quarter wave transformer or hybrid coupler, 

one path feeds the carrier amplifier and the other goes to the peaking amplifier. 

Importantly, the phase shift between each of the lines doesnôt necessarily have to be 

90o even though the original inventor designed it to be [19]. The outputs of the two 

amplifiers are then combined to have a singular composite output of the amplified 

signal. A quarter-wave transformer or hybrid coupler is used to combine the outputs of 

the carrier and peaking amplifiers to get them back in phase with each other. 

There has since been incremental research to increase the number of amplifiers 

beyond two to further distribute the power amplification stages into multiple levels to 

achieve even greater efficiency. 

The main advantage to the Doherty amplifier is its increase in efficiency over existing 

techniques. While it may not achieve efficiency levels like other, more complicated, 
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techniques such as envelope tracking, its simplicity and cost effectiveness make it an 

attractive architecture. There are some disadvantages, however, as kinks can occur 

in the gain profile as the amplifier switching occurs, the gain and phase vary with output 

power and there is a higher associated cost in terms of monetary value and PCB real 

estate when space is at a premium. Very wide bandwidth Doherty amplifiers remain 

challenging due to the nature of the phase shifting techniques. 

Despite its inception in the mid-1930ôs and a resurgence in interest in the most recent 

two decades, the Doherty technique experienced a relative lull in research activity 

between the early 1950ôs until the mid-1990ôs, presumably because the research focus 

wasnôt on power consumption and efficiency. One exception was the work of Raab, 

who proposed a three-amplifier variation of the Doherty technique achieving efficiency 

improvements of up to 10% compared to the equivalent two-amplifier system which in 

turn is approximately 20-30% higher than a typical single-amplifier class-B system 

[20]. 

William Doherty also patented several other parts of his research, including a new 

design for a high frequency amplifier in 1943 [21], and an ultra-high frequency amplifier 

with feedback minimisation in 1947 [22]. 

One key piece of work on the Doherty technique was performed by Giofr¯ et al. in 

which they achieve an ultra-wideband implementation of the technique at 83% 

fractional bandwidth [23]. The authors do experience a larger gain ripple (1.5dB) 

compared to other state-of-the-art work but this is across 1.5GHz bandwidth compared 

to other works at 0.6dB with bandwidth of 700MHz [24], 0.7dB across 800MHz [25] 

and 1dB across 800MHz [26] so is to be expected. 

 



19 
 

2.3.2 Chireix Outphasing 

Invented by Henry Chireix in 1935, the outphasing technique is a load-modulated 

scheme whereby the output impedances of the two amplifiers vary based on the input 

signal, achieved by adjusting the bias conditions of each amplifier to change their 

impedances in opposite directions to maintain a constant overall system impedance 

[27]. The dynamic loads seen by each amplifier means that they each vary their output 

power. This, in turn, increases the operating efficiency of the amplifier as the load is 

optimised based on the input signal. Load modulation provides high linearity and 

therefore low distortion; whilst also helping to increase the operational bandwidth of 

the amplifier. The Chireix amplifier is typically used in applications requiring high 

linearity and high efficiency. 

 

2.3.3 Envelope Tracking (ET) 

Envelope tracking is a widely employed technique to reduce power wastage in RF 

amplifiers by dynamically adjusting the power supply voltage in response to the input 

signal amplitude. This approach revolves around the concept of tracking the signal 

envelope, maintaining the supply voltage slightly higher than the minimum 

requirement. In contrast to conventional power amplifiers with fixed supply voltages, 

which often result in power dissipation due to the discrepancy between the supplied 

and required power, envelope tracking can significantly enhance the efficiency and 

minimise wasted power. It operates by allowing the amplifier to function at a lower 

supply voltage when the input signal exhibits lower amplitudes, scaling up the voltage 

supply only in response to an increase in input signal amplitude. 

The process involves splitting the input signal into two paths: 
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1. A direct amplification path where the input signal passes through to the 

amplifier. 

2. An envelope detection path where the input signal is passed to an envelope 

detector, which subsequently modulates the amplifiers voltage supply in direct 

proportion to the input signals amplitude. 

Precise phase alignment is required, however, between the two paths by adding an 

accurate phase delay on the amplifier path. Misalignment can lead to undesirable 

effects such as signal clipping, distortion, and wasted power which undermines the 

purpose of the technique. 

There have been several iterations and improvements to the ET technique over the 

decades. Zhu discusses two further types of ET to improve efficiency: 

1. Average Envelope Tracking (AET) whereby a long-term average is assessed 

and acted upon by the system. AET is discussed in greater detail by Staudinger 

[28] and Sahu [29]. 

2. Wide Bandwidth Envelope Tracking (WBET) whereby the instantaneous 

changes are tracked and responded to accordingly [30]. WBET is discussed in 

further detail by Hannington [31]. 

Zhu also employs signal detroughing, signal decresting, time alignment, digital 

predistortion and memory mitigation techniques to further augment the technique [30]. 

One problem with ET is that it requires a high bandwidth power supply, which becomes 

more difficult at higher operating frequencies. 

The ET technique can be combined with other techniques to further improve the 

efficiency, Komatsuzaki et al. use digital predistortion (DPD) techniques with ET [32]. 

However, the Doherty power amplifier presented by ¥zen et al. which is directly 

compared with the work of Komatsuzaki et al. has superior performance [33]. Also 
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utilising DPD techniques, it has a higher modulation bandwidth, higher output power, 

higher efficiency, and lower adjacent channel leakage ratio (ACLR). 

 

2.3.4 Envelope Elimination and Restoration (EER) 

First proposed in 1952 by Kahn, the EER technique was originally designed as an 

alternative amplification technique which would reduce the need for linear RF 

amplifiers and increase amplifier efficiency [34]. It is still employed to this day in some 

applications. 

The EER technique involves splitting the amplitude and phase components of an input 

signal and handling them separately. The phase element is amplified by a high-

efficiency class C amplifier as the phase information has a constant envelope and is 

therefore suitable to a non-linear amplifier such as a class C. The most critical aspect 

of the EER technique is to accurately synchronise the amplitude and phase 

information at the output stage to ensure the input signal is faithfully reproduced after 

amplification. 

The original technique from Kahn predates the development of other amplifier classes 

such as class D and class E which are inherently more efficient, and can have lower 

distortion, than class C. 

The technique has a theoretically higher efficiency gain compared to other techniques 

such as envelope tracking but it is more complex and requires high quality components 

so cost might be a consideration. 

Some researchers have expanded the breadth of EER and applied it to various 

amplifiers, including Vasiĺ et al. [17] although they develop a 4-level power supply with 

a linear regulator to improve the system power supply efficiency. Not without its 

limitations though, the optimal voltage levels proposed by Vasic et al. seem erroneous 
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in the context of the 4-level implementation where only one voltage level falls below 

0.5 times the maximum (normalised). Considering the signal power distribution, which 

follows a Rayleigh distribution, a more balanced allocation of voltage levels should be 

considered to effectively address the fact that most signal powers reside below the 0.5 

threshold. 

 

2.3.5 Digital Predistortion (DPD) 

Non-linear behaviour in an amplifier can cause distortion so many of the techniques 

described so far are aimed at combating this behaviour. Digital predistortion (DPD) is 

another technique which was developed to improve this behaviour. It uses a digital 

signal processing algorithm to generate a signal which is the inverse of the 

characteristic amplifier distortion which is then added to the input signal with the aim 

of eliminating the distortion to significantly improve linearity. This also improves the 

intermodulation products and therefore the overall quality of the output signal. With 

modern signal processing techniques, the characterisation of the non-linear behaviour 

of an amplifier using known test signals is easy to achieve and therefore generating 

the inverse distorted signal is a relatively simple approach to significantly improve the 

system performance. It is a continuous process and involves constantly adjusting the 

predistortion signal in real-time based on the input signal. DPD can also improve the 

dynamic range of the amplifier, allowing it to operate at higher power levels whilst 

minimising distortion. It does, however, require a high level of computation and real-

time analysis so software and a microcontroller or FPGA is key, inherently generating 

more complexity and barriers to usage. 
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2.4 OFDM 

Orthogonal Frequency Division Multiplexing (OFDM) is a ubiquitous modulation 

scheme used all over the world in digital television, Wi-Fi, and LTE (long-term 

evolution) and was first introduced by Robert Chang of Bell Labs [35]. Its operation 

involves dividing the data stream into many subcarriers, each of these subcarriers are 

closely spaced together in the frequency domain. These subcarriers, carefully spaced 

and orthogonal to each other, mean that OFDM can achieve high spectral efficiency 

and high data rates whilst increasing robustness to interference. The scheme can also 

help to mitigate the effects of multipath fading, a common phenomenon in wireless 

communications which can cause errors [36]. By distributing data streams across an 

array of subcarriers, OFDM ensures that only small portions of data are at risk of loss. 

This feature enables the usage of efficient error correction mechanisms and packet 

retransmission strategies. 

Being such a widely used modulation format, there exists a plethora of research with 

the aim of increasing OFDM system efficiency. A substantial field of research revolves 

around reducing the notoriously high PAPR. New techniques as well as new 

approaches to existing techniques are developed periodically. 

Each subcarrier in an OFDM system can have modulation applied for data 

transmission. The most common modulation formats used are BPSK, 4QAM, 16QAM, 

64QAM, 256QAM and 1024QAM although other formats are employed on occasion. 

4QAM and QPSK are very similar, often used interchangeably. Higher orders of QAM 

have been tested and may become widely used in future, including 4096QAM up to 

16384QAM to further increase data rates but as the order increases, challenges arise 

such as increased sensitivity to noise, susceptibility to intersymbol interference (ISI), 

and elevated PAPR. 
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Peak-to-average power ratio (PAPR) is a measure of the ratio of the maximum 

instantaneous power of the transmitted signal relative to the average power. PAPR 

depends on several factors including: 

1. Number of subcarriers 

The higher the number of subcarriers, the higher the chance of constructive 

interferences at the peaks and troughs which leads to higher PAPR. 

2. Modulation scheme 

Higher orders of modulation inherently have a higher PAPR than lower orders. 

3. Channel conditions 

Environmental noise in the communication channel can constructively add to 

the level of subcarriers so can contribute to a higher PAPR especially if two or 

more of these noisy subcarriers combine. Signal reflections can also contribute 

to higher PAPR. 

There are various techniques which have been developed over the last few decades 

to help to reduce the PAPR and improve the transmission power efficiency. This is still 

an active area of research. 

For most QPSK and 16QAM OFDM transmissions, the peak-to-average power ratio 

(PAPR) tends to be between 10.3-11.6dB [37] [38] [39] when CCDF = 10-3 but 

theoretically in an OFDM system with 256 QPSK subcarriers, the maximum PAPR is 

24dB, although this is extremely rare [40]. 

A high PAPR can have detrimental effects on the performance of a wireless 

communication system. The impact of PAPR becomes more significant as it increases, 

resulting in several problems, including: 
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1. Increased Bit Error Rate (BER) 

High PAPR introduces in-band distortion, leading to a higher (BER). This 

degradation in signal quality can result in errors in received data. 

2. Intermodulation Distortion (IMD) 

High PAPR can introduce IMD or exacerbate existing IMD issues. This 

distortion can lead to out-of-band (OOB) radiation and interference, affecting 

neighbouring channels and causing further signal degradation. 

3. Nonlinear Distortion 

Nonlinear distortion, induced by high PAPR, further increases the BER and 

degrades transmission quality. The nonlinear behaviour of amplifiers under high 

power peaks can result in signal distortion. 

4. Out-of-Band (OOB) Radiation 

High PAPR introduces OOB radiation, which can interfere with adjacent 

channels. Harmonics of the desired signal can encroach into neighbouring 

channels, making it challenging to filter out this interference. 

5. Spectral Regrowth 

Spectral regrowth occurs as a consequence of high PAPR, distorting the 

desired signal and further increasing OOB interference. This overall 

degradation in signal quality affects system performance. 

6. Increased Power Consumption 

To handle the spikes in power associated with high PAPR, the system requires 

amplifiers capable of accommodating such variations. This leads to higher 

power consumption, reduced energy efficiency, and shorter battery life in 

wireless devices. Additionally, increased power handling requirements may 

result in larger component sizes and higher costs, impacting on manufacturing. 
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In summary, the detrimental effects of high PAPR encompass various aspects of 

system performance, from increased errors and interference to reduced energy 

efficiency and increased operational costs. Managing and mitigating high PAPR is 

essential to maintain the quality and efficiency of wireless communication systems. 

 

2.4.1 PAPR Reduction Techniques 

Over the decades, various techniques have been proposed to address the issue of 

high PAPR in OFDM systems. Some prominent PAPR reduction techniques include: 

1. Companding Transforms 

Companding combines compression and expansion of the input signal. The 

high amplitude peaks of the signal are compressed, and the low amplitude parts 

are expanded. The purpose is to bring the highs down and push the lows up so 

the PAPR is reduced. However, this approach increases average power and 

introduces distortion. 

2. Partial Transmit Sequence (PTS) 

PTS divides the signal into multiple sub-blocks and applies phase sequences 

to each block, this means the transmitter needs to generate several versions of 

the signal, each with a different phase sequence. The receiver then recovers 

the original signal by using an inverse of the transmitter phase sequence and 

combining the several transmitted signals. PTS has medium complexity but 

benefits from low distortion. 

3. Linear Block Coding 

Linear block coding adds extra information to enable error correction at the 

receiver using a transmitted key, providing some PAPR reduction. This 
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technique is computationally simple so is easy to implement but offers less error 

correction capability compared to other techniques like LDPC. 

4. Low Density Parity Check (LDPC) 

LDPC adds redundant bits to the data stream, primarily for error correction but 

also resulting in some PAPR reduction. Computationally, it is more complex 

than linear block coding. 

5. Turbo Coding 

Turbo coding is a complex technique that employs multiple coding parameters 

to encode the original data, each of which is then decoded separately at the 

receiver and combined to provide a reliable recreation of the intended signal. 

While it provides robust error correction and some PAPR reduction, it demands 

significant computational resources. More complex than linear block coding and 

LDPC. 

6. Selective Mapping (SLM) 

Bauml et al first introduced the idea in 1996 [41]. SLM involves selecting a 

signal with the lowest PAPR from multiple transmitted signals. Supplementary 

information is transmitted alongside the chosen transmit signal. This extra 

information is crucial for the receiver to be able to properly decode the data. It 

is therefore also critical that the supplement is received without error otherwise 

integrity of the decoding can be compromised. If the system has good error 

correction, then this issue is reduced considerably. Consequently, the added 

complexity and computational requirements mean that this PAPR reduction 

scheme is potentially less favourable compared to other more computationally 

efficient alternatives. While it adds complexity due to signal duplication, it does 

not introduce extra distortion. There have been various versions of this 
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technique over the years, including time-domain selective mapping (TD-SLM) 

[42] and sliding selective mapping (SSLM) [43]. 

7. Peak Windowing 

Peak windowing applies a window function to reduce high-power peaks, aiming 

to minimise distortion. 

8. Tone Injection (TI) and Tone Reservation (TR) 

Similar techniques, both add a set of low amplitude tones to cancel out the high-

power peaks, reducing overall PAPR by spreading the energy out, without 

significant distortion. But they do reduce the data throughput as some 

subcarriers are filled with redundant information. 

9. Interleaved OFDM 

Divides the data stream into multiple sub-streams transmitted on different 

frequency subcarriers simultaneously. By interleaving the sub-streams, the 

system can overcome the effects of frequency selective fading and improve the 

reliability of the transmission. While complex to implement, it enhances 

performance in frequency selective fading channels. 

10. Active Constellation Extension (ACE) 

Increases the number of symbols in a constellation diagram, offering a wider 

range of amplitude and phase combinations for data transmission, potentially 

increasing data rates or error correction capability. 

11. Clipping and Filtering (CF) 

Clipping is the simplest way to reduce the PAPR of a signal. Signal components 

above a predetermined threshold are rejected. This does mean, however, that 

the signal is not accurately reproduced at the system output and some data will 

be lost. Clipping can also introduce in-band and out-of-band distortion. Filtering 
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can mitigate OOB distortion. The in-band distortion is not affected by filtering, 

so the system BER performance suffers. The in-band distortion can, however, 

be improved if robust error control parameters are employed [44]. Anoh et al 

use an iterative clipping method based on the Lagrange multiplier optimisation 

technique to further reduce the PAPR of an OFDM system, they achieved 0dB 

after 3 iterations [45]. The out of band distortion and BER performance were 

marginally improved, but this was not the aim of the research. 

The choice of technique depends on factors such as performance requirements, 

complexity, implementation constraints, and system compatibility. Often, a 

combination of techniques is employed to achieve greater PAPR reduction, although 

this may require additional computational resources. Balancing these factors is crucial 

in selecting the most appropriate PAPR reduction strategy for a given OFDM system. 

 

The 2011 work by Xu et al. presents the PDF of an OFDM signal, proving the Rayleigh 

distribution shape, which is also derived and used in this work [46]. Their proof uses 

an AWGN channel which again is used in this work in chapter 3 for the OFDM link. 

 

2.4.2 OFDM Power Amplifiers 

Ma et al. present an OFDM digital power amplifier with three different power amplifiers 

to achieve 8 different possible output power combinations based on analysis of the 

OFDM probability density function and quantise the signal envelope [47]. They split 

the input signal using a 3-way Wilkinson splitter and then recombine the output signal 

using a 3-way Wilkinson combiner, which introduces some loss on top of the switching 

losses of the transistors. In this thesis, however, an alternative power supply control 

technique for OFDM power amplifiers is proposed based on the probabilistic analyses 
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of the OFDM probability density function and combining it with the theory of multi-mark 

modular Golomb rulers, slicing the OFDM pdf to efficiently determine appropriate 

voltage switching levels. 

Although elegant, the work by Ma et al. has several flaws in that the achieved efficiency 

of the resultant amplifier does not exceed the efficiencies of the referenced 

comparisons by Shi et al. [48] and Cao et al. [49]. From a commercial and 

manufacturing perspective, the configuration is awkward and the physical separation 

between each port of the power combiner increases the isolation and minimises 

interference, artificially increasing the achieved efficiency levels. It also operates only 

at a single frequency which is not useful for data transmission whereas the work by 

Shi et al. achieves a bandwidth of 1100MHz and the work by Cao et al. achieves a 

bandwidth of 1200MHz, both straddling some of the L-Band and S-Band designations. 

 

2.5 Rulers and Difference Sets 

2.5.1 Types and Definitions 

There are several types of mathematical and geometric structure which improve the 

efficiency of the usual pervasive unit-marked rulers. These structures are intuitive and 

can be used to measure a large range of distances with a small number of marks at 

integer separations. These types of rulers contain a set of integers between 1 and X 

such that each measurable distance can be expressed as the difference between two 

of the marks. They include sparse rulers, Golomb rulers and difference sets. The key 

constructions for this work are Golomb rulers and difference sets and their variations. 

Sparse ruler ï can have missing marks. A complete sparse ruler is one which can 

measure all distances up to its length. 
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Golomb ruler ï a variation of a sparse ruler in which there must be no repeated 

measurements but there can be missing distances. Each distance that a Golomb ruler 

can measure must only be measurable in one way. Each distance between two pairs 

of marks must therefore be unique. A perfect Golomb ruler is one which can measure 

all distances up to its length [50]. Babcockôs original research on Golomb rulers is still 

key to the understanding of these mathematical constructions [51]. 

Perfect difference set ï must have no repeated measurements and must be able to 

measure all distances up to its length. 

One of the main goals in the study of sparse rulers is to find sets of integers with as 

few markings as possible that can measure as wide a range of distances as possible. 

This is a challenging problem, as the number of possible combinations of integers 

grows exponentially as the number of markings increases. 

 

2.5.2 Perfect Difference Sets (PDS) 

A perfect difference set is a finite set of integers such that every non-zero integer in 

the set can be expressed as the difference between two distinct elements of the set, 

and the magnitude of each combination of differences is unique [52]. 

Perfect difference sets have a fundamental connection to the construction of good 

error-correcting codes in wireless communication systems and are utilised in many 

fields including cryptography, signal processing, and various narrower fields of 

physics. 

Cyclic difference sets are special type of perfect difference set that can be represented 

as a subset of the integers modulo n, where n is some positive integer. 
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2.5.3 Golomb Rulers 

Golomb rulers are related to sparse rulers but there are two key differences: 

1. Where sparse rulers must cover all distances, Golomb rulers can miss 

differences. 

2. Where sparse rulers can repeat distances between pairs of distinct integers, 

Golomb rulers cannot; the magnitude of each difference must be unique. 

 

Given the power and incredible potential of Golomb rulers, they appear to be 

somewhat underutilised in a variety of applications. A few prominent applications of 

Golomb rulers include: 

1. Frequency-Hopping Spread Spectrum (FHSS) 

FHSS communication systems use Golomb rulers to increase resistance to 

interference, improve security and make data transmission more reliable [53]. 

2. Information Theory 

Used to construct efficient error-detecting and error-correcting codes by having 

unique constructions (the Golomb part) to remove ambiguity and optimise data 

compression, storage, and encryption [54]. 

3. Radio Astronomy and Array Antenna Design 

They are used to design optimal sequences for pulsar search algorithms. The 

radio telescopes are placed at Golomb marked intervals and the subtraction of 

received signals at each site can help determine the location of the source [55] 

[56]. 
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4. Spectroscopy 

Golomb rulers are used to design optimal sequences for measuring frequencies 

of electromagnetic signals and combining lasers to achieve various output 

frequencies in the THz range [57]. 

5. Crystallography 

The field of x-ray crystallography utilises the special sequences to arrange the 

x-ray sensors in non-uniform positions to determine unique structures [58]. 

6. Multi-Ratio Current Transformers 

Golomb ruler structures can be used to efficiently place the tap points on a 

multi-ratio current transformer [59]. 

Optimum Golomb rulers were worked on by Robinson and is one which has no shorter 

equivalent of the same order [60]. There are two proven optimal 5-mark Golomb rulers: 

0,1,4,9,11 

0,2,7,8,11 

Neither of which are perfect. 

For this research, optimal linear rulers are not a subject of interest because the overall 

length is important. For voltages, a wide range with the fewest number of missing 

values is desirable. A short linear ruler like an optimal one isnôt useful. Sparse rulers 

are also not of interest because repeated measurements are redundant, inefficient, 

and undesirable. 

 

2.5.4 Modular Golomb Rulers (MGR) 

A modular Golomb ruler (MGR), equivalent to a perfect difference set, is a variation of 

the standard Golomb ruler, one that follows modular arithmetic properties. The 

modular Golomb ruler may be constructed whereby the first and last marks occupy the 
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same space, and the ruler wraps around in a circular configuration. Considering the 

first mark on a linear Golomb ruler is always 0, the first mark on a modular Golomb 

ruler would be 0 and the integer denoting its length. This means that the order drops 

by 1. The rest of the construction of modular Golomb rulers is much the same as with 

the linear version. Indeed, the difference between each set of 2 marks must be unique 

to be a perfect MGR. 

The key difference, however, is that their continuous nature enables a measurement 

to start at any mark on the ruler and finish at any other mark on the ruler and could be 

clockwise or anti-clockwise. This allows for a much greater number of distances to be 

measured. 

Their construction enables a wider variety of potential uses and are again often 

employed in digital communications for producing error correcting codes and in 

cryptography for creating secure key exchange protocols. 

Both of the optimal 5-mark linear Golomb rulers already mentioned are not perfect in 

their linear form but become perfect when translated into their modular equivalent, with 

the added benefit of becoming order 4 MGRs instead of order 5 linear Golomb rulers. 

In 1938, Singer published a key paper ñA Theorem in Finite Projective Geometry and 

Some Applications to Number Theoryò [61] which describes a way of constructing 

perfect difference sets. The foundational mathematics for the theorem were laid out in 

1857 by Kirkman [62]. The finite projective geometries in Singers 1938 paper have 

been used to construct Golomb rulers. Two alternative methods to achieve the same 

result were proposed by Bose-Chowla [63] and Rusza [64]. Babcock was perhaps the 

first to officially study the subject of Golomb rulers before they were formally named 

after Solomon Golomb, Babcock developed combinatorial designs for applications in 
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radar and radio astronomy in 1953 [51] which has similar constructions to typical 

Golomb rulers. 

 

2.6 Conclusion 

Close work by other researchers includes that of Ma et al. [47], Cao et al. [49], Vasiĺ 

et al. [17], and Xu et al. [46] with other key work including Anoh et al. [45], Singer [61], 

Babcock [51], Bose and Chowla [63], Chang [35], and Doherty [19]. 

This chapter discusses various topics and areas of existing research which are 

relevant to this work. Initially, the different amplifier classes (A-E, and F-T) are outline 

including the achievable efficiencies of each, their uses are also described briefly. 

Next, the numerous existing amplifier efficiency enhancement techniques (including 

Doherty, Chireix, ET, EER, DPD) are discussed with specific examples of good 

implementation described. 

The main focus of this work is on efficiency enhancement of OFDM signal amplifiers, 

so the modulation technique and subcarrier modulation formats are explained and the 

uses and problems of OFDM are presented. The main drawback with the OFDM 

modulation scheme is its high PAPR which causes several problems for system 

designers and communication channels. There are various mitigation techniques 

which have been developed over the decades and some of these are explained in 

greater detail in this chapter including companding transforms, PTS, linear block 

coding, clipping and filtering, and SLM. 

Finally, sparse rulers, perfect difference sets, Golomb rulers, and modular Golomb 

rulers (MGRs) are discussed. The modular, or circular, versions of optimal Golomb 

rulers have 1 fewer mark than their linear counterparts, making them more efficient 

and enabling a greater number of distances to be measured. Some constructions of 



36 
 

Golomb ruler might have repeated measurements when translated to their modular 

equivalent which would mean they are no longer Golomb rulers, but some will still have 

no repeated distance measurements and will be able to measure every distance up to 

their length, in which case they are perfect MGRs. 

The significance of modular/circular rulers extends beyond efficient mathematical and 

geometric constructs and their topology serves as the foundation for the power supply 

control system introduced in chapter 4. The Golomb structure is utilised in that there 

are a few marks which enable many possible output voltages, but most Golomb 

constructions are focused on being optimal in that they have a short length with no 

repeated distances with a secondary goal of maximising the number of measurements 

between 0-length. The structures in this work have the primary goal of maximising the 

length (the maximum possible output voltage) whilst ensuring each distance is covered 

between 0-length (each output voltage between 0-maximum, perfect rulers). Short 

rulers are therefore not desirable. 

 

The next chapter describes the uses of OFDM, the effects of high PAPR and the 

different subcarrier modulation schemes in greater detail, using MATLAB to construct 

an OFDM transmission channel and generate relevant data. The second half of the 

chapter introduces the new probabilistic envelope tracking (PET) technique for 

optimising the voltage switching thresholds based on generated OFDM signals and 

significant calculations using MATLAB. The application of the technique to power 

supply control systems is briefly described before chapter 4 investigates this. 
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Chapter 3:  

Probabilistic Envelope Tracking (PET) 

3.1 Introduction 

OFDM is a widely used multi-carrier digital modulation technique which divides the 

available bandwidth into multiple subcarriers. Each subcarrier is modulated 

independently by a modulation scheme such as QAM or PSK. The resulting 

subcarriers are then combined to form the OFDM signal where each subcarrier is 

orthogonal to its adjacent ones. This method of subcarrier modulation allows for 

efficient use of the available bandwidth. Some key advantages of the OFDM 

modulation scheme are: 

1. High Spectral Efficiency 

The orthogonality of subcarriers means that each subcarrier can be spaced 

closer together than in some other modulation schemes. Each subcarrier is 

modulated independently which means that a much higher data rate is possible 

for the available bandwidth. High data rate applications such as digital television 

and wireless local area networks (LANs) benefit greatly from OFDM. 

2. Robustness to Multipath Fading 

This is a common problem in wireless communication systems. Multipath fading 

occurs when a signal is reflected or scattered off obstacles before reaching the 

receiver. This can cause destructive interference, signal attenuation and 

distortion. If one subcarrier is affected by multipath fading, the likelihood of each 

subsequent subcarrier also being affected reduces exponentially and thus the 

overall signal quality is not affected significantly. 
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3. Flexibility and Versatility 

OFDM can be easily adapted to different channel conditions and modulation 

schemes. The number of subcarriers and the modulation scheme can be 

adjusted to suit the specific requirements of the system. This makes OFDM a 

versatile modulation technique that can be used in a wide range of applications. 

In some systems, the OFDM scheme can be dynamically adapted depending 

on the quality of the transmission link; the system can increase or decrease the 

modulation order automatically to maximise data rate and minimise errors. 

4. Resistance to Inter-Symbol Interference (ISI) 

ISI is a form of distortion that occurs when the signal from one symbol interferes 

with the signal from the next symbol. OFDM is less susceptible to ISI than other 

modulation techniques because each subcarrier is modulated independently. 

These factors combine to make OFDM an attractive modulation format for a wide 

range of wireless communication applications. 

 

In this chapter, the results of a simulation of a full OFDM system using PSK and QAM 

subcarrier modulation is presented. The number of subcarriers, N, is chosen 

depending on the modulation order. The length of the cyclic prefix (CP) is also defined 

based on the number of subcarriers. The CP is a redundant portion of the OFDM 

symbol that is added to the beginning of the symbol as part of a guard interval to make 

the system more robust at the expense of data throughput. The SNR in dB is chosen 

from a wide array of values so that system performance can be evaluated across a 

range of link characteristics. The number of trials is also set large enough to generate 

reliable data. 
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The final part of the chapter determines the PDF of the amplitude of the signal power 

and the output voltage level switching threshold values are then sensibly calculated to 

maximise the system efficiency; this is the probabilistic envelope tracking (PET) 

technique.  

 

3.1.1 Peak-to-Average Power Ratio (PAPR) 

PAPR is a measure of the non-linearity of an OFDM signal and is calculated by taking 

the ratio of the peak power to the average power of the signal. It is a key parameter in 

OFDM system design because it can help to indicate efficiency in terms of power 

consumption and amplifier design. The high PAPR of an OFDM signal can cause 

several problems: 

1. High-Power Amplifiers 

High PAPR signals require high-power amplifiers, which are often costly and 

inefficient. 

2. Distortion 

High PAPR signals can cause distortion in the amplifier, which leads to signal 

degradation. 

3. Power Consumption 

High PAPR signals mean increased power consumption, which can reduce the 

battery life of mobile devices as well as impacting on green credentials. 

For these reasons, PAPR calculations are an important step in OFDM system design. 

They can be used to determine the efficiency of the system and to identify potential 

problems that may arise due to high PAPR. Reducing the PAPR is an interesting 

research topic and there are many ways in which this can be achieved, including 

clipping, companding, tone reservation/injection, and partial transmit sequence (PTS). 
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By understanding the PAPR value of the signal and the specific application, a designer 

can choose the most appropriate PAPR reduction technique for a particular system 

and can also optimise the transmission system's parameters such as the number of 

subcarriers, the modulation scheme, and the error correction. 

 

3.1.2 Probability Density Function (PDF) 

The PDF of the PAPR of an OFDM signal is a powerful statistical tool for studying the 

characteristics of the transmitted signal and is useful in the following ways: 

1. PAPR Estimation 

The PDF can be used to estimate the PAPR of an OFDM signal, which is 

important for determining the efficiency of the system in terms of power 

consumption and analysing the quality of the amplifier design. 

2. PAPR Reduction 

It can be used to evaluate the effectiveness of different PAPR reduction 

techniques. By comparing the PDF of the original signal with the PDF of the 

signal after a PAPR reduction technique has been applied, it is possible to 

determine which technique results in the lowest PAPR in each system. 

3. PAPR-Based Performance Analysis 

The PDF can be used to study the relationship between the PAPR and other 

system performance parameters, such as the bit error rate (BER), error vector 

magnitude (EVM) or signal-to-noise ratio (SNR). This can be used to optimise 

the system's parameters for different scenarios. 
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3.1.3 BER and SNR 

BER (bit error rate) versus SNR (signal-to-noise ratio) is a commonly used method for 

analysing the performance of a communication system. The BER is a measure of the 

number of errors that occur in a transmitted signal, and the SNR is a measure of the 

ratio of the signal power to the noise power which is effectively the signal quality. By 

plotting the BER versus SNR, it is easy to understand the system's performance under 

different conditions. 

 

The BER versus SNR plot is useful in the following ways: 

1. Determining System Performance 

By studying the system BER and SNR, it is possible to determine the system's 

performance under different conditions and therefore determine which system 

parameters might be best suited for a particular set of requirements. 

2. Optimising System Parameters 

It is easy to see the effects of different system parameters on the system's 

performance. For example, by varying the modulation scheme or the number 

of subcarriers, it is possible to determine which parameters result in the lowest 

BER for a given SNR. 

3. Understanding System Robustness 

BER decreases as the SNR increases, and the slope of the BER versus SNR 

curve can be used to determine the system's robustness against noise. A 

steeper slope, or indeed a curve shifted to the left, indicates that the system is 

more robust to noise interference. 
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4. Determining System Efficiency 

A system with a low BER and a high SNR is more efficient than a system with 

a high BER and a low SNR. A high BER results in the requirement of lots of 

resent data packets which means that the system efficiency is impacted in 

terms of throughput. 

Robustness is a key characteristic to analyse for a system designer, if there are two 

systems with identical parameters in the same environment with the same SNR 

performance but one has a lower BER then it indicates that that system might have a 

better design and be more independent of noise and interference. The better designed 

system might be able to use lower power amplifiers and therefore save energy during 

use. 

 

This chapter presents the MATLAB simulation outputs from a variety of experiments 

with OFDM signals. Focusing on 6 different modulated OFDM signals, namely BPSK, 

QPSK, 4QAM, 16QAM, 64QAM and 256QAM. The number of symbols per subcarrier 

increases from 2 to 256. BPSK is a simple modulation method which encodes each 

subcarrier with 2 symbols to represent data. Similarly, 256QAM encodes each 

subcarrier with 256 symbols with different amplitude and phase combinations. 

4096QAM is employed in some systems but for the purposes of these simulations 

256QAM was the highest modulation order which is easily visually represented. 

 ὗὃὓ ὕὶὨὩὶς ( 3-1 ) 

ύὬὩὶὩ ὲ ὲόάὦὩὶ έὪ ὦὭὸί ὴὩὶ ίώάὦέὰ 

Each symbol has a certain number of bits associated with it depending on the 

modulation order. Higher order modulation formats such as 64QAM compared to 

BPSK will enable a much higher data rate at the expense of minimum required SNR 
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to ensure parity of data transmission. With a low SNR during transmission, and with a 

noisy transmission link, higher order modulation formats become increasingly 

susceptible to interference and thus are more likely to lead to data errors. Low order 

modulations are very robust to interference and noise in a system. 

Table 3-1: Characteristics of Various Modulation Formats 

Modulation 

Scheme 

Number of 

Constellation 

Points 

Bits per 

Symbol 

Susceptibility 

to Interference 

Data 

Rate 

BPSK 2 1 V. Low V. Low 

QPSK 4 2 Low Low 

4QAM 4 2 Low Low 

16QAM 16 4 Medium Medium 

64QAM 64 6 Medium Medium 

256QAM 256 8 High High 

1024QAM 1024 10 High High 

4096QAM 4096 12 V. High V. High 

16384QAM 16384 14 Extreme Extreme 

It is possible, and indeed is often employed in industry, to utilise an adaptive 

modulation scheme which monitors the quality of the transmission link and can 

dynamically adapt the modulation scheme to suit the conditions. If a link experiences 

a surge in noise and interference, then the system can change over to a lower order 

modulation format to ensure data transmission reliability. This could be due to 

something uncontrollable such as a dramatic shift in weather conditions or something 

more affected by humans such as a van parking directly in front of the transmitter or 

receiver. A 64QAM system which is experiencing a high bit error rate will ultimately 

reduce its throughput as a high number of packets will need to be sent again; therefore, 

dropping to 16QAM or 4QAM will reduce the maximum possible data throughput but 

also significantly reduce the BER (i.e. the requirement for duplicated packets) and thus 
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the data rate could actually improve somewhat. Sources of noise in a transmission 

channel can arise from a variety of factors including distance between transmitter and 

receiver, multipath fading, and direct and indirect competition in the channel causing 

spectrum congestion. 

 

3.2 MATLAB Simulation 

MATLAB was used to generate and simulate a transmission of a modulated OFDM 

waveform. The signals were constructed by generating pseudo-random data for each 

subcarrier and then modulating the subcarriers with the chosen modulation format. 

Then the OFDM signal was converted from the frequency domain to the time domain 

using an inverse fast Fourier transform (IFFT) and a cyclic prefix was added. The 

signal was then passed through an additive white Gaussian noise (AWGN) channel 

with the specified SNR value to mimic a real-world wireless communication link. The 

cyclic prefix was then removed, and the signal was translated back into the frequency 

domain by performing a fast Fourier transform (FFT). Finally, the signal was 

demodulated to extract the received data. 
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Figure 3-1: MATLAB OFDM Signal Generation and Transmission Flow Diagram 

An OFDM signal transmission is simulated in MATLAB and statistically analysed, 

figure 3-1 depicts a flow diagram of the signal generation and transmission across an 

AWGN channel. 

The PAPR PDF histograms for each of the modulation formats were generated in 

MATLAB, an extract of the code can be found in appendix A. 

The Tx and Rx constellation diagrams, EVM and SNR simulations and diagrams were 

also generated in MATLAB, an extract of the code can be found in appendix B. 

The PDF of the PAPR of a modulated OFDM signal follows a Rayleigh distribution 

which is shown in the MATLAB simulation results but also independently shown by 

other researchers, including Anoh et al [45]. The PAPR PDF is essentially the same 

as the power PDF which is used to determine the switching thresholds. 
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3.2.1 BPSK 

 

Figure 3-2: BPSK PAPR PDF Histogram 

Figure 3-2 shows the PDF histogram of multiple OFDM signals where each of the 

subcarriers is modulated with BPSK, the shape is a Rayleigh distribution showing that 

most of the time an OFDM signal has a low PAPR value but infrequently it can be very 

high. The sample set is 100000 different random OFDM signals. 
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Figure 3-3: BPSK Tx Constellation Diagram 

The two blue dots shown at (1,0) and (-1,0) in figure 3-3 are the Tx constellation points. 

BPSK is a very resilient modulation format although it does also have a low data rate 

when compared with higher order formats; it only has two distinct amplitude and phase 

combinations per symbol. It has a low susceptibility to outside interference regardless 

of low channel quality. 5dB SNR is extremely low for a transceiver system. With 10dB 

SNR, the constellation already indicates there are no errors whatsoever, a 0 BER. This 

shows that BPSK can work well in noisy environments and over long distances. The 

constellation points at 15dB SNR are tightly spaced and highly coherent. 
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Figure 3-4: BPSK Rx Constellation Diagrams for 5-30dB SNR, 256 Subcarriers 
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3.2.2 QPSK 

QPSK doubles the data rate achievable with BPSK due to having two bits per 

subcarrier compared to one. There are now four constellation points compared to two, 

these are the four different amplitude and phase combinations. Much the same as 

BPSK, QPSK has a high resilience to interference. 

 

Figure 3-5: QPSK PAPR PDF Histogram 

The probability of a PAPR above 10 or 12dB is extremely unlikely. This again shows a 

Rayleigh distribution. 
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Figure 3-6: QPSK Tx Constellation Diagram 

The four constellation points are shown as blue dots at (1,0), (0,1), (-1,0) and (0,-1). 

With 10dB SNR there are still a few errors experienced but not many. 15dB SNR 

eliminates errors and shows a good level of coherence between the constellation 

points. 
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Figure 3-7: QPSK Rx Constellation Diagrams for 5-30dB SNR, 256 Subcarriers 
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3.2.3 4QAM 

4QAM and QPSK are very similar in construction and are of the same order, but the 

constellation point locations are different, meaning that the amplitude and phase 

combinations are different. 

 

Figure 3-8: 4QAM PAPR PDF Histogram 

 

Figure 3-9: 4QAM Tx Constellation Diagram 
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The four constellation points are shown as blue dots at (1,1), (-1,1), (-1,-1) and (1,-1). 

 

Figure 3-10: 4QAM Rx Constellation Diagrams for 5-30dB SNR, 1024 Subcarriers 
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3.2.4 16QAM 

 

Figure 3-11: 16QAM PAPR PDF Histogram 

The probability of higher orders of PAPR increase with 16QAM compared to the lower 

orders but the probability is still extremely low that a very high PAPR will occur. 

 

Figure 3-12: 16QAM Tx Constellation Diagram 

There are sixteen different amplitude and phase combinations. The sixteen 

constellation points are shown as blue dots in the locations shown in figure 3-12. 
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Table 3-2: 16QAM Constellation Points in 4 Quadrants 

Quadrant # Quadrant Definition Coordinates 

Q1 x > 0, y > 0 (1,1), (1,3), (3,1), (3,3) 

Q2 x < 0, y > 0 (-1,1), (-1,3), (-3,1), (-3,3) 

Q3 x < 0, y < 0 (-1,-1), (-1,-3), (-3,-1), (-3,-3) 

Q4 x > 0, y < 0 (1,-1), (1,-3), (3,-1), (3,-3) 

 

 

Figure 3-13: 16QAM Rx Constellation Diagrams for 5-30dB SNR, 2048 Subcarriers 

For 16QAM, a 15dB SNR is not sufficient to produce a clean output signal with no 

errors or requirements for duplicated packets. At 20dB SNR, the constellation diagram 

shows a tight grouping of received points. 
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3.2.5 64QAM 

 

Figure 3-14: 64QAM PAPR PDF Histogram 

 

Figure 3-15: 64QAM Tx Constellation Diagram 

Figure 3-15 shows a clean 64QAM transmission constellation diagram. There are 64 

different amplitude and phase combinations with this modulation order. 
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Figure 3-16: 64QAM Rx Constellation Diagrams for 5-30dB SNR, 2048 Subcarriers 

For 64QAM, the SNR must approach 25dB before the system can reliably produce no 

errors. The modulation format is unusable in an environment where the SNR is below 

20dB. In those cases, it is advisable to reduce the modulation order down to 16QAM 

to achieve a satisfactory communication link. 
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3.2.6 Modulation Order Comparisons 

Figure 3-17 to figure 3-21 show the comparisons between the various modulation 

types and orders: BPSK, 4QAM, 16QAM, 64QAM, 256QAM. 

 

Figure 3-17: BER Versus SNR for Various Modulation Orders 

Figure 3-17 shows the BER versus SNR for BPSK, 4QAM, 16QAM, 64QAM and 

256QAM. BPSK can still produce good results in an extremely poor channel where the 

noise floor is significant, for example when the SNR is only 5dB. For higher order 

modulation formats, the BER is considerable until nearer 20dB SNR. The knee of the 

curves for 4QAM, 16QAM, 64QAM and 256QAM are approximately 11dB, 17dB, 20dB 

and 22dB, respectively. 

 shows the ETSI recommendation to achieve a BER of 2x10-4 in an AWGN channel 

[65] for QPSK, 16QAM and 64QAM as these are the most used modulation formats in 

UK digital video broadcasting (DVB). The recommendation range is dependent on the 

FEC rate. 
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Table 3-3: QPSK, 16QAM and 64QAM SNR Requirements for BER = 2x10-4 

Modulation 

Format 

Simulated Required SNR (dB) 

for BER = 2x10-4 in AWGN 

ETSI Recommendation 

(dB) 

QPSK 10.2-13.6 3.5-7.9 

16QAM 18.7 9.3-14.4 

64QAM 21.8 13.8-20.2 

There are wide ranges for the recommendations depending on the type of chosen 

transmission structure. ETSI also have recommendations for Ricean and Rayleigh 

channels. 

To calculate the error vector magnitude (EVM) the errors in I and Q values must first 

be determined between the received symbols and the transmitted symbol. 

 Ὅ Ὅ Ὅ  ( 3-2 ) 

 ὗ ὗ ὗ  ( 3-3 ) 

The magnitude of the error is thus found by taking the square root of the sum of the 

squares of the in-phase and quadrature components: 

 
ὓὥὫὲὭὸόὨὩ Ὅ ὗ  ( 3-4 ) 

For multiple symbols as in real-world wireless communication systems, all symbol 

EVM contributions must be factored into the calculation. 

 

ὓὥὫὲὭὸόὨὩ 
ρ

ὔ
Ὅὲ ὗὲ  ( 3-5 ) 

 ύὬὩὶὩ ὲ ίώάὦέὰ ὭὲὨὩὼ 

ὥὲὨ ὔ ὲόάὦὩὶ έὪ ίώάὦέὰί 
 

Therefore, the EVM calculation for the system as a percentage is as follows. 

 
ὉὠὓϷ  

ὓὥὫὲὭὸόὨὩ

ὔέὶάὥὰὭίὥὸὭέὲ ὙὩὪὩὶὩὲὧὩ
 ὼ ρππ ( 3-6 ) 
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The EVM can be converted from the percentage value to dB: 

 
ὉὠὓὨὄ  ςπÌÏÇ

ὉὠὓϷ

ρππ
 ( 3-7 ) 

By subtracting the received signal (vector) from the transmitted signal (vector), the 

error vector for each of the data points can be obtained. The error vector magnitude 

(EVM) for each of the modulated signals can then be calculated. 

 ὛὭὫὲὥὰ Ὁὶὶέὶ Ὕὼ ὛὭὫὲὥὰὙὼ ὛὭὫὲὥὰ ( 3-8 ) 

 
ὉὠὓὨὄ ςπÌÏÇ

ὛὭὫὲὥὰ Ὁὶὶέὶ

Ὕὼ ὛὭὫὲὥὰ
 ( 3-9 ) 

 

Figure 3-18: EVM in % Versus SNR for Various Modulation Orders 

Figure 3-18 shows the EVM in % for the same modulation orders. There is a large 

spread of values when the SNR is low, this is due to the uncertainty within the system 

across multiple iterations. As the SNR increases, and EVM decreases, however, the 

accuracy increases. 

ETSI define the requirements for the EVM in their published 5G new radio user 

equipment conformance specification document as in table 3-4 [66]. 
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Table 3-4: ETSI EVM Conformance Specification 

Modulation EVM (%) 

QPSK 17.5 

16QAM 12.5 

64QAM 8 

256QAM 3.5 

The acceptable level of EVM for higher orders of modulation are a much stricter 

requirement, as shown by the 256QAM recommendation of just 3.5% compared to the 

lower orders. For this AWGN channel simulation, the recommended ETSI EVM values 

correspond to the SNR values shown in table 3-5. The chosen EVM column is a 

nominal value which makes it a tighter requirement to ensure a good quality of 

transmission. 

Table 3-5: SNR Values Corresponding to ETSI EVM Recommendations and Chosen 
Level 

Modulation 
ETSI 

EVM (%) 

Corresponding 

Simulated SNR (dB) 

Chosen 

EVM (%) 

Corresponding 

Simulated SNR (dB) 

QPSK 17.5 14.8 15 15.2 

16QAM 12.5 18.6 10 19.1 

64QAM 8 21.2 6 21.7 

256QAM 3.5 23.7 2.5 24.1 
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Figure 3-19: EVM in dB Versus SNR for Various Modulation Orders 

Figure 3-19 shows the EVM in dB plotted against the SNR between 0-30dB for the 

various modulation orders. 

Table 3-6: SNR Values Corresponding to EVM (dB) Values 

Modulation SNR (dB) 1 EVM (dB) 1 SNR (dB) 2 EVM (dB) 2 

QPSK 14.8 -14.8 15.2 -16.4 

16QAM 18.6 -18.1 19.1 -20.4 

64QAM 21.2 -21.9 21.7 -24.6 

256QAM 23.7 -29.3 24.1 -32.1 

Table 3-6 shows the corresponding EVM values in dB for the SNR values from table 

3-5. 
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Figure 3-20: CDF of PAPR for Multiple Modulation Orders, Linear Y-Axis 

Figure 3-20 shows the normalised cumulative distribution function showing that most 

of the time the PAPR is at low values as indicated by the steep curves between 5-

10dB for all modulation formats. The tail off at high PAPR values resembles an 

asymptotic relationship up to its maximum PAPR value. 

 

Figure 3-21: Normalised PDF of PAPR of Various Modulated Signals 
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Figure 3-21 shows the overlaid histogram kernel density estimations for 5 simulated 

modulated signals. As the modulation order grows, the variance and standard 

deviation increase, meaning that the spread of each distribution grows, becoming 

wider and flatter, and therefore having a lower peak probability density value. Figure 

3-20 and figure 3-21 show a consistent shift to the right with each higher order 

modulation format, indicating that the average PAPR increases as the number of 

symbols increases. One property of the Rayleigh distribution is that the distribution 

shifts to the right and increases in spread as the number of terms increases, so as the 

number of subcarriers increases which is the case with higher order QAM signals. 

The lowest, average, and highest simulated PAPR values for each modulation format 

are shown in table 3-7. This is again data from 100000 iterations of the Tx-Rx link 

(signal generation, modulation, transmission, and demodulation). 

Table 3-7: PAPR Information for Various Modulated Signals 

Modulation BPSK 4QAM 16QAM 64QAM 256QAM 

Subcarriers 256 512 1024 2048 4096 

Cyclic Prefix 32 64 128 256 512 

Min PAPR 3.86 4.65 5.24 6.05 6.74 

Average PAPR 6.71 7.36 8.19 8.93 9.79 

Max PAPR 19.15 20.65 21.81 22.95 24.19 

There is a consistent increase in the minimum, average and maximum PAPR values 

for each increasing format. The number of subcarriers was predominantly chosen 

based on data rate as the modulation format increased. The cyclic prefix was chosen 

as 12.5% of the symbol length number of subcarriers; in LTE the cyclic prefix length is 

7% of the OFDM symbol [67] so for a system with 1024 subcarriers, the CP would be 

72. 12.5% in this simulation returned a much more robust signal than 7% albeit 

somewhat reduced data rate due to more subcarriers being assigned redundant data. 

The major trade-off is to reduce inter-carrier interference (ICI) whilst maximising data 
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rate. One common design factor for consideration is to choose a cyclic prefix length 

equal to or longer than the maximum delay spread of the channel to avoid inter-symbol 

interference (ISI) [68]. Once the maximum delay spread has been determined, other 

factors such as desired error performance and Doppler spread are considered. 

Doppler spread estimations were usually performed in the frequency domain but 

Yucek et al proposed that time domain estimations can reduce processing resources 

required for computation as well as improving the accuracy of the estimations [69]. 

 

3.3 Optimum Switching Thresholds 

Using the MATLAB generated OFDM transmissions, the following expression was 

calculated for the Rayleigh distribution to represent the average modulated OFDM 

signal power. 

 
ρςὼὩ  Ὠὼ ( 3-10 ) 

This is an approximation because with different subcarrier modulation formats, the 

distribution shifts up in power and spreads out more, so the function changes 

dependent on the subcarrier construction. 

For simplicity, integrating this function from 0 to infinity gives: 

 
ρςὼὩ  Ὠὼ ρ ( 3-11 ) 

As this is a continuous distribution, the probability of the maximum possible power is 

infinitesimally small, so the distribution is truncated at 1 for ease of calculation. Indeed, 

infinite power is impossible. 

 
ρςὼὩ  Ὠὼ ρ Ὡ ḙπȢωωχυ ( 3-12 ) 
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At a difference of just 0.25%, the approximation is sufficiently close to pursue the 

threshold calculations. 

The choice of the number of thresholds isnôt critical at this stage but the higher the 

number, the better the power savings could potentially be. In this instance, 3 

thresholds are chosen for brevity. 

 
ὥ ρςὼὩ  Ὠὥ ὥρ Ὡ  

ὦ ρςὼὩ  Ὠὥ ὦὩ Ὡ  

ὧ ρςὼὩ  Ὠὥ ὧὩ Ὡ  

ρ ρςὼὩ  Ὠὥ ρὩ  

( 3-13 ) 

 

This leads to the complete expression: 

 ὥρ Ὡ ὦὩ Ὡ ὧὩ Ὡ Ὡ  ( 3-14 ) 

 

Computationally, the expressions grow significantly in complexity with each new added 

threshold, so it is highly inefficient to perform by hand beyond a few. The calculations 

for 1, 2, 3, and 6 thresholds were also calculated by hand to prove the MATLAB outputs 

were accurate. 

Initial guesses are required as a sensible starting point for the optimisation, this makes 

it more difficult by hand, but a few iterative guesses generate outputs extremely close 

to the MATLAB optimisation, giving confidence. An extract of the code for the 

generation of optimal thresholds in MATLAB is given in appendix D. 
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Differentiating the expression with respect to a, b, and c obtains the equations for the 

switching thresholds. This is where the optimisation occurs and is far easier in 

MATLAB. 

 

Equation 1: wrt a 

 Ὠ

Ὠὥ
ὥρ Ὡ ὦὩ Ὡ ὧὩ Ὡ Ὡ  

Ὡ Ὡ ρςὥὥ ὦ ρ 

( 3-15 ) 

 

Equation 2: wrt b 

 Ὠ

Ὠὦ
ὥρ Ὡ ὦὩ Ὡ ὧὩ Ὡ Ὡ  

Ὡ Ὡ Ὡ ρςὦὦ ὧ ρ  

( 3-16 ) 

 

Equation 3: wrt c 

 Ὠ

Ὠὧ
ὥρ Ὡ ὦὩ Ὡ ὧὩ Ὡ Ὡ  

Ὡ Ὡ Ὡ ρςὧ ρςὧ ρ  

( 3-17 ) 

 

As a set of simultaneous equations, they can be solved to determine the optimum 

thresholds. Again, this is far simpler in MATLAB and after optimisation, the optimum 

switching thresholds are displayed. 

 ὥ πȢςχρστ 

ὦ πȢττρψω 

ὧ πȢφττυψ 

( 3-18 ) 
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The expression scales well and can grow to any number of thresholds up to infinity, 

dependent on computational time and as already mentioned, an infinite number is not 

possible in practical applications. 

 

Figure 3-22: Efficiency Achievable with 1-20 Optimum Switching Thresholds 

Expectedly, introducing the first switching threshold has the biggest impact on the 

system in terms of efficiency improvement. An amplifier running with a constant power 

supply is highly inefficient, but by introducing just 1 optimum switching threshold to 

lower the power supply voltage whenever the high level is not required achieves up to 

38.95% efficiency. Increasing the number of switching threshold levels to 20 can 

further increase the efficiency up to 61.87%. 

The calculation for these efficiency figures comes from the number of thresholds 

affecting the complete expression such as in equation ( 3-14 ) for 3 thresholds. The 

complete expression for a single threshold is shown in equation ( 3-19 ) and the 

efficiency figure is simply 1 minus the expression. 

 ὥρ Ὡ Ὡ Ὡ  ( 3-19 ) 
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Table 3-8 shows that there is less than a 5% efficiency enhancement between 6 

thresholds to 20 thresholds, which means the added circuit cost and complexity would 

need consideration. This becomes ever more important with more switching 

thresholds. 

 

Table 3-8: Achievable Efficiency for 1-20 Optimum Switching Thresholds 

Number of Switching 

Thresholds 

Theoretical Achievable 

Efficiency (%) 

1 38.95 

2 48.43 

3 52.68 

4 55.09 

5 56.65 

6 57.73 

7 58.53 

8 59.15 

9 59.63 

10 60.03 

11 60.35 

12 60.63 

13 60.86 

14 61.07 

15 61.24 

16 61.40 

17 61.54 

18 61.66 

19 61.77 

20 61.87 
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Figure 3-23: Efficiency Achievable with 1-100 Optimum Switching Thresholds 

Figure 3-23 shows up to 100 thresholds, it is clearly asymptotic indicating a law of 

diminishing returns. The efficiency achievable with 31 thresholds is 62.53% but for 100 

thresholds it is 63.4%; this increase in the number of thresholds would result in far 

more complex circuitry and only achieve approximately 0.87% efficiency improvement 

so is likely not sufficiently valuable to pursue. 

 

Figure 3-24: Objective Function Value Asymptotic Trend 0-100 Thresholds 
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It can be seen from figure 3-24, the curve is asymptotic towards ~0.36. There exists a 

theoretical limit of efficiency as the number of switching thresholds approaches infinity. 

As the number of thresholds grows, the space between each threshold approaches 0 

which means that the thresholds eventually cross at all values of x in the continuous 

data set, therefore the distribution can be multiplied by x which leads to an evaluation 

of the PDF average: 

 
ρςὼὩ  Ὠὼ 

Ѝ“

ςЍφ
 

πȢσφρψ 

( 3-20 ) 

 
ρ
Ѝ“

ςЍφ
ρππφσȢψςϷ ( 3-21 ) 

The theoretical limit of efficiency is 63.82%, as shown in equation ( 3-21 ). As the 

number of switching thresholds increases, it tends towards this limit, as shown in the 

figures. 

 

Figure 3-25: OFDM Signal Amplitudes PDF with 6 and 13 Optimised Switching 
Thresholds 
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Figure 3-26: OFDM Signal Amplitudes PDF with 20 and 31 Optimised Switching 
Thresholds 

By increasing the number of switching threshold levels, the system efficiency 

increases towards the 63.82% limit in steps as shown in table 3-8. 

 

3.4 Uniform Switching Thresholds 

In each of the optimum threshold examples, figure 3-25 and figure 3-26, the main bulk 

of the probability density function appears to have thresholds which are roughly 

uniform in spacing, this would suggest that a power supply with uniform output voltage 

steps would provide an efficiency enhancement very close to the theoretical maximum 

efficiency in each case. This would be advantageous as the uniform spacing would 

facilitate a much simpler hardware and software implementation. An extract of the 

code for the generation of uniform thresholds in MATLAB is given in Appendix E. 
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Figure 3-27: Difference Between Threshold x-1 and x for 6, 13, 20 and 31 

Thresholds 

Figure 3-27 shows the differences between each pair of consecutive optimum 

threshold values for the 6, 13, 20, and 31 switching threshold configurations. In each 

case, the first and last thresholds are significant outliers but to be expected as the 

spread clearly increases towards the edges of the distribution. A limit of 0.025 (1/40) 

from the minimum value of each threshold set was chosen as the bounds for being 

able to assume uniform spacing, in each set it is just the first threshold and the final 1-

3 thresholds which do not fall within the chosen bounds. This shows that most of the 

thresholds within each set for the distribution exhibit uniform spacing (within 0.025). 

Assuming uniform spacing, the implementation is far simpler and the trade-off between 

achievable efficiency compared to the optimum equivalent is sufficient. Table 3-9 

shows a comparison between the efficiency of the uniform and optimum equivalents. 
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Table 3-9: Efficiency Comparison Between Optimum and Uniform Spacing 

Number of 

Thresholds 

Efficiency with 

Optimum Thresholds 

Efficiency with 

Uniform Threshold 

Spacing 

Efficiency 

Difference 

1 38.95% 37.03% -1.92% 

2 48.43% 46.66% -1.77% 

3 52.68% 51.33% -1.35% 

6 57.73% 56.84% -0.89% 

13 60.86% 60.34% -0.52% 

20 61.87% 61.58% -0.29% 

31 62.53% 62.34% -0.19% 

100 63.40% 63.35% -0.05% 

 

The difference in efficiency between a system employing the optimum switching 

threshold locations and one using uniform spacing between each threshold decreases 

as the number of thresholds increases. Table 3-9 proves that uniform spacing in the 

supply voltage from the power supply can achieve close to the maximum theoretical 

efficiency for each set of switching thresholds. The differences start at 1.92% for just 

1 threshold but reduce to 0.19% for 31 thresholds and even further to 0.05% for 100 

thresholds. Therefore, the uniform spacing PET method should be used. 

A further enhancement to the technique is to consider the lowest threshold in the 100-

threshold case could be utilised for an idle situation. This would be the lowest power 

at which everything is still turned on and ready to be used but minimal power is wasted 

when no output is desired. Combine that low level with the remaining uniformly spaced 

thresholds in the 6-threshold case to total 7 thresholds for a highly efficient system 

during operation (56.84%) and during idle scenarios. 

Applying this 7-threshold configuration results in an efficiency of 56.85% during 

operation, an increase of just 0.01% over the 6-threshold version but the benefit of this 
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configuration is to save significant power during times when the system is idling. 

Therefore, the real usage benefits are difficult to quantify as it depends on how the 

system is employed by the user. 

 

3.5 Conclusion 

The goal for the work in this chapter was to determine the optimal switching levels for 

the output voltage rail of the PSU based on the statistical characteristics of a 

modulated OFDM signal. Ultra-fast switching is possible with available components. 

For OFDM, the PAPR can be relatively high, this depends on the modulation format 

that is employed; higher modulation orders lead to greater PAPR. 

There is a clear trade-off between circuitry cost, complexity and efficiency gains as the 

trend is that of diminishing returns as the number of thresholds increases. The largest 

jumps in efficiency enhancement come when introducing the first few thresholds. 

For 31 switching thresholds of uniform spacing, the achieved efficiency is 62.34% 

compared to the 62.53% achievable with the optimum thresholds, just a 0.19% 

difference for a much simpler implementation. With less than a 1% difference in 

efficiency for 6 thresholds between optimum and uniform threshold spacing, uniform 

spacing should be chosen in most cases due to much simpler hardware and software 

implementation. 6 thresholds are likely sufficient in most cases. Realistically, a system 

with more than 31 thresholds is likely unnecessary and excessive. 

Alternatives to this implementation include the PWM-based approaches but these 

require complex circuitry and large power supply bandwidths which increase as the 

amplifier operation frequencies increase. 
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There are three different approaches which could be taken: 

1. Equal Power Distribution 

The PDF could be sliced into equal areas of power. This is a generic simple 

approach but can result in errors and does not achieve a high efficiency. 

2. Optimum Thresholds 

Optimum threshold spacing based on the probability of each power level. This 

is the probabilistic analysis and the raw form of PET and can achieve the 

highest theoretical efficiency but can have a high implementation complexity. 

3. Uniform Thresholds 

Sensible, uniform threshold spacing informed by PET, with the addition of an 

extra level for the system idling scenario. This is the best version as the 

efficiency is close to the theoretical maximum with optimum thresholds, it scales 

well and benefits from a low implementation complexity; especially with the 

approaches outlined in chapter 4. 

A final improvement to the PET technique was the consideration of the idling scenario 

in which amplifiers often remain switched on with no input signal, therefore wasting 

significant DC power unnecessarily. In these situations, the amplifier supply rail could 

be switched to the lowest calculated switching threshold so that the amplifier idles at 

a much lower power but can quickly be ready when an input signal is detected. The 

recommended configuration is therefore to utilise a small number of uniform 

thresholds, 6, with an extra level for the idle scenario, totalling 7 thresholds. This 

benefits from a low implementation complexity combined with a high efficiency 

enhancement. 

Whilst this envelope tracking technique adds a delay into the system whereby the 

envelope of the incoming signal is determined and used to inform the amplifier power 
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supply, the consequences of the delay are no greater than existing ET systems. The 

delays include the incoming signal sniffing, the determination of the closest location 

on the PDF to properly serve the incoming signal envelope, and the power supply 

switching propagation for the output amplifier. If the delays in the system are too great 

or are misaligned, then the effects are likely to be to either clip the signal or waste 

power. If accurately aligned, however, the benefits are considerable. An intentional 

delay line is configured to achieve proper alignment, other delays may be minimised 

with better and higher frequency components. 

Concluding, the PET technique could be generalised and applied to any signal based 

on its statistics if the signal probability density function is known or calculable. 

 

In the next chapter, the implementation efficiency is explored using Golomb ruler 

theory, and some different system configurations are presented as viable case studies, 

including one simulated for 6 thresholds, and the theory for 31 thresholds. The chapter 

also discusses an improvement to a well-established construction method for modular 

Golomb rulers (MGRs), creating a new and simpler method.  
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Chapter 4:  

Implementation of Power Control Unit 

Techniques 

4.1 Introduction 

In this chapter, two different topology proposals are presented and explored as valid 

approaches, called linear flow (LF) and non-linear matrix (NLM), both of which have 

their own advantages. The LF topology is investigated further because it has more 

viable use cases. Circuit simulations are presented with respect to the LF topology, 

analysis of the circuit simulations is given. 

A new method of generating modular Golomb rulers (MGRs) from optimal Golomb 

rulers is also introduced, known as the merry-go-round (MGR) technique. The aim is 

to achieve the maximum number of levels for the minimum number of regulators in the 

system to augment efficiency. This is the crux of the Golomb ruler research. MATLAB 

is used to prove that the new MGR technique works. The generated ruler compositions 

are used in conjunction with the PET technique from the previous chapter to present 

unique constructions to enable a higher power efficiency for OFDM signal amplifiers. 

The version of the PET technique taken forward into this chapter is the one for uniform 

thresholds as it lends itself well to the MGR formations. 

 

4.2 Linear Flow (LF) Topology 

The first topology presented is the LF topology whereby each resource only has a total 

of two connections to/from it which are its adjacent resources. 
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Figure 4-1: 3-Resource Generalised Linear Flow (LF) Topology 

The simplest circular system to employ would be the 3-resource system illustrated in 

figure 4-1, whereby all resources are adjacent to each other so 100% of possible 

output configurations are covered. The arrows indicate that the system is circular and 

wraps-around from right to left; resource óCô is adjacent to resource óAô as well as óBô. 

Any circular linear flow system is perfect when there are only 3 resources. 

 

Figure 4-2: 4-Resource Generalised Linear Flow (LF) Topology 
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With 4 resources, however, there is no direct link between resources A and C, and 

likewise between resources B and D. Therefore, there are 2 outputs which are 

impossible to achieve in the current arrangement, but which could be achievable in an 

alternative configuration. 

 ὓὭίίὭὲὫ ὕόὸὴόὸ ρ  ὃ ὅ ( 4-1 ) 

 ὓὭίίὭὲὫ ὕόὸὴόὸ ς  ὄ Ὀ ( 4-2 ) 

Any LF system with 4 or more resources will have missing possible outputs and 

therefore is non-perfect. 

 

4.2.1 3-Regulator Binary Sequence LF 

In this context, the binary sequence is a geometric sequence containing the following 

subsequent terms 1, 2, 4, 8, 16; also known as the powers of 2. Mathematically derived 

from the well-known geometric sequence formula, shown in equation ( 4-3 ). 

 ὥ ὥὶ  

ὡὬὩὶὩ ὥ ὪὭὶίὸ ὸὩὶάȟ

ὶ ὧέάάέὲ ὶὥὸὭέȟ

ὲ ὴὰὥὧὩάὩὲὸ έὪ ὸὩὶά 

( 4-3 ) 

 

Figure 4-3: 3-Regulator Binary Sequence Linear Flow (LF) Topology 
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Figure 4-3 shows a simplified schematic of a 3-regulator binary sequence 

configuration circuit, the characteristics of which can be found in table 4-1 below. The 

required MOSFETs are denoted by a simple switch symbol. The right-hand side of the 

4V regulator is connected to the left-hand side of the 1V regulator. This is essential to 

enable all possible outputs. 

Table 4-1: Statistical Summary of the 3-Regulator Binary Sequence LF Topology 
System 

Number of Voltage Regulators 3 

Number of MOSFETs Required 9 

Number of Different Possible Output Voltages 7 (8 including 0V) 

Possible Output Voltages (V) 0, 1, 2, 3, 4, 5, 6, 7 

Number of Different Impossible Output Voltages 0 

Impossible Output Voltages (V) None 

Maximum Possible Output Voltage (Vmax) 1 + 2 + 4 = 7 

This system is perfect because every voltage from 0 to Vmax can be output by the 

system, in this case Vmax is 7V. 

 

4.2.2 4-Regulator Binary Sequence LF 

 

Figure 4-4: 4-Regulator Binary Sequence Linear Flow (LF) Topology 

Figure 4-4 shows a simplified schematic of a 4-regulator binary sequence 

configuration circuit, the characteristics of which can be found in table 4-2 below. 
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Table 4-2: Statistical Summary of the 4-Regulator Binary Sequence LF Topology 
System 

Number of Voltage Regulators 4 

Number of MOSFETs Required 12 

Number of Different Possible Output Voltages 13 (14 including 0V) 

Possible Output Voltages (V) 0, 1, 2, 3, 4, 6, 7, 8, 9, 

11, 12, 13, 14, 15 

Number of Different Impossible Output Voltages 2 

Impossible Output Voltages (V) 5, 10 

Maximum Possible Output Voltage (Vmax) 1 + 2 + 4 + 8 = 15 

This is a non-perfect system as there are missing output voltages. There is no direct 

connection between regulators 1 and 4, or between regulators 2 and 8; hence the 

missing 1 + 4 = 5V and 2 + 8 = 10V. 

 

4.2.3 Design Considerations 

With any design process, careful consideration should be given to each aspect of the 

design with justified decisions as to which components are employed for the 

implementation. 

MOSFETs were chosen as electronic switches for the DC paths. They can have fast 

switching times, low on-resistance (RDSon) and have high power capability depending 

on the device choice. The critical point is to not exceed the safe operating area (SOA) 

of any MOSFET. 

A microcontroller unit (MCU) was chosen as the system brain. Shortcomings include 

the GPIO pins only being able to source low amounts of current and they tend not to 

have a wide GPIO pin voltage range so driving the gates of the MOSFETs directly can 

be difficult. 

Optocouplers on the MOSFET gates as isolated gate drivers. A choice based on their 

ability to completely isolate the DC between input and output. This vastly reduces 
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electrical noise getting back to the microcontroller; harmful feedback could otherwise 

occur and damage the GPIO pins. 

The system described in this work was originally conceived to be used for OFDM 

communication infrastructure which is often used in RF óhotô environments that can 

wreak havoc on analogue and digital circuitry. Optocouplers operate independently of 

RF interference so switching errors are significantly reduced even in electrically noisy 

RF environments. 

The input side of an optocoupler is mostly always the same ï an LED. The output side, 

however, can be one of a few different types, two of which could be appropriate for 

this system ï the phototransistor type or the photodiode type: 

The phototransistor type generally has higher current gain than the photodiode type 

so might be a better choice depending on the MOSFET requirements, but at the 

disadvantage of usually being slower. 

The photodiode type can have fast operation times and is generally quicker than the 

phototransistor type. A consideration could be dual package optocouplers with the 

output photodiodes connected in series which would enable a higher output voltage to 

drive the MOSFET gates harder if needed, depending on the choice of MOSFET and 

its gate threshold voltage requirements. Most optocoupler photodiodes donôt provide 

much current (often less than a few tens of mA) which means that the MOSFET turn 

on time might be limited if the MOSFET gate-drain and gate-source capacitances are 

large. There are some optocouplers designed for IGBT gate drive with a high output 

current in the region of 200mA to hit the devices hard and reduce their turn on time. 

These circuit design considerations are summarised in table 4-3. 
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Table 4-3: Summary of Design Considerations 

Design Aspect Advantages Disadvantages 

MOSFETs to be 

used as 

electronic 

switches 

Fast switching times 
Relatively high cost, 

especially at higher powers 

High power capability 
Can have complex gate 

drive requirements 

Low on-resistance (RDSon) 
Can be sensitive to 

temperature variations 

Microcontroller 

(MCU) to control 

the switching of 

individual 

MOSFETs 

Flexible and capable ï can be 

used in a wide range of 

applications 

Have limited memory and 

processing power and ability 

to parallel tasks 

Often cheaper than some 

alternatives such as an FPGA 

Not suitable for applications 

requiring high processing 

power or speeds 

Simpler requirements for 

implementation compared to 

FPGAs, including 

programming 

GPIO pins only capable of 

driving low-current loads 

Often designed for low-power 

applications so can be energy-

efficient 

Typically have limited GPIO 

pins but can be expanded 

with external shift registers 

or GPIO expander chips 

Optocouplers 

included in the 

MOSFET gate 

control circuitry 

RF-independent so wonôt be 

affected by RF environment 
Increases circuit complexity 

Electrically isolated to prevent 

noise reaching 

microcontroller, protecting the 

GPIO pins 

Increases physical circuit 

size 

Enables a small switching 

signal to control a larger DC 

rail 

Increases implementation 

cost 
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4.2.4 Implementation 

Electrically, the different MOSFETs control which regulators are isolated, and which 

are connected to output the required voltage. 

Figure 4-5 shows the electrical path for the óAô regulator output. This structure would 

be the same for the óBô regulator output as well as the óCô. The blue crosses indicate 

the circular structure. The red crosses show the MOSFET gates which would be 

controlled by a microcontroller or FPGA, with gate driver circuit. The thick red lines 

show the path to both the negative and positive rails. The green circles around the M2 

and M3 MOSFETs indicate they are conducting, when all other MOSFETs are switched 

off. 

 

Figure 4-5: 'A' Output Electrical Path 
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Figure 4-6: 'A+B' Output Electrical Path 

Figure 4-6 shows the óA+Bô output path. MOSFETs M2, M4 and M6 are conducting to 

enable the path. óB+Cô and óC+Aô would have very similar arrangements just with 

different MOSFETs turned on and off. These structures are described in table 4-4. 

 

Figure 4-7: 'A+B+C' Output Electrical Path 
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Figure 4-7 depicts the most complex configuration, whereby all 3 regulators are 

connected in series. MOSFET M1 is not conducting, this is critical to ensure a 

continuous loop is not created which would damage the circuit. It is also therefore 

important to consider this during transition periods when switching to a different output 

configuration. At no point can MOSFETs M1, M4 and M7 all be conducting at the same 

time; at least one of these must be always turned off. 

Table 4-4: MOSFETs Conduction Status for Each Output Configuration 

Output óOnô MOSFETs óOffô MOSFETs 

A M2, M3 M1, M4, M5, M6, M7, M8, M9 

B M5, M6 M1, M2, M3, M4, M7, M8, M9 

C M8, M9 M1, M2, M3, M4, M5, M6, M7 

A+B M2, M4, M6 M1, M3, M5, M7, M8, M9 

B+C M5, M7, M9 M1, M2, M3, M4, M6, M8 

C+A M8, M1, M3 M2, M4, M5, M6, M7, M9 

A+B+C M2, M4, M7, M9 M1, M3, M5, M6, M8 

B+C+A M5, M7, M1, M3 M2, M4, M6, M8, M9 

C+A+B M8, M1, M4, M6 M2, M3, M5, M7, M9 

A+B+C, B+C+A, and C+A+B are all equivalent in terms of total output but there may 

be nuances with output magnitude of each configuration. 
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Figure 4-8: LTSpice Circuit Simulation for 3-Regulator Binary Sequence Topology 
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Figure 4-8 shows the initial 3-regulator binary sequence topology system, following 

the 1,2,4 format. This requires 9 MOSFETs, with 9 optocouplers to control the gates 

of the MOSFETs. 

 

Figure 4-9: 3-Regulator Binary Circuit Test Results. Larger Version in Appendix F 

The on (green) and off (red) states of each MOSFET are given in figure 4-9 for each 

possible output voltage 0-7V. 

 

4.3 Non-Linear Matrix (NLM) Topology 

The second topology is the NLM whereby each resource is connected to each other 

resource in the system via a matrix configuration. This can have advantages in some 

scenarios but generally leads to a much higher complexity and lower efficiency. 
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Figure 4-10: 4-Resource Generalised Non-Linear Matrix (NLM) Topology 

This system allows for all possible outputs to be realised so it is a perfect system. 

There are, however, disadvantages such as the increased system complexity which in 

some cases might outweigh the benefits. The connections between the resources, or 

regulators, are MOSFETs driven by optocouplers and a microcontroller acting as the 

brain of the system. In this case, the added complexity of the circuit would increase 

manufacturing costs as well as consume more real estate on a physical PCB. 

When adding one extra voltage source (regulator) to increase the number of possible 

output voltage levels, the increased complexity in terms of additional MOSFETS and 

optocouplers required to be able to output any voltage level between 0V and the 

maximum possible can be defined in the following way: 

 Ὂέὶ ὲ σȟ 
( 4-4 ) 

 

( 4-5 ) 
 

ὼ
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Alternatively, equation ( 4-4 ) or ( 4-5 ) can also be written in sigma notation form, as 

in equation ( 4-6 ). 
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 Ὂέὶ ὲ σȟ  

( 4-6 )  ὼ σὲ  ὲ ά ρ  

 ὡὬὩὶὩ ὲ  ὲόάὦὩὶ έὪ ὺέὰὸὥὫὩ ὶὩὫόὰὥὸέὶί 

Each MOSFET has an optocoupler to drive the gate so the number of MOSFETs and 

the number of optocouplers in each system is the same. 

If the number of MOSFETs required (x) for a particular number of voltage regulators 

(for example, 6) is known, then to calculate the number required (y) for one more 

voltage regulator (a = 7) it is simply: 

 ώ ὼ ὥ ρ ( 4-7 ) 

Table 4-5 shows the number of required MOSFETs for up to 20 voltage regulators. 

Table 4-5: Number of MOSFETs Required per Number of Voltage Regulators 

Number of 

Voltage 

Regulators (n) 

Number of MOSFETs 

Required (x) 

Increase from 

n-1 to n 

1 

0-2 (depending on desired 

topology requirements and 

circuit operation) 

N/A 

2 6 4-6 

3 9 3 

4 14 5 

5 20 6 

6 27 7 

7 35 8 

8 44 9 

9 54 10 

10 65 11 

11 77 12 

12 90 13 
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13 104 14 

14 119 15 

15 135 16 

16 152 17 

17 170 18 

18 189 19 

19 209 20 

20 230 21 

For n < 3 the number of MOSFETs doesnôt follow the same pattern as for n > 3. 

The quadratic from equation ( 4-4 ) can be rearranged to make ὲ the subject as in 

equation ( 4-8 ). 

 ὼ
ρ

ς
ὲ

σ

ς
ὲ 

( 4-8 ) 
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Equation ( 4-8 ) can be used to calculate useful statistics such as when the number of 

MOSFET/optocoupler pairings required for a system exceeds 100 for the first time. 
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( 4-9 ) 

 ὲ ρςȢχςρτφςφυ ὥὲὨ ὲ ρυȢχςρτφςφυ 

Equation ( 4-9 ) shows the minimum size of the system which would result in the 

requirement of 100 or more MOSFETs. There cannot be a system which has a 

negative number of regulators, so the -15.72 result is ignored. A system with 12.72 

regulators clearly cannot exist, so it is rounded up to the nearest whole number which 

in this case is 13. 

If the number of regulators was 13: 
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If the number of regulators was 12: 

 ὼ
ρ

ς
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ς
ρς 

( 4-11 ) 
 ὼ χς ρψ 

 ὼ ωπ 

Therefore, the first system which requires 100 or more pairs of MOSFETs and 

optocouplers is a system which contains 13 regulators. 

 

Figure 4-11: Number of MOSFETs Required Compared to Regulators (4-15) 

Figure 4-11 shows the increasing relationship between the required number of 

MOSFET-optocoupler pairings compared to the number of regulators in a system. The 

shortest Golomb ruler of order 10 was found in 1972 to be of length 55 [70] which 

means that a system with 10 regulators could offer a minimum of 55V range. 
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Figure 4-12: Increase in # of MOSFETs Required Compared to Regulators (4-15) 

Figure 4-12 shows the linear relationship between the number of voltage regulators in 

a system and the increase in the number of MOSFETs required compared to the 

previous term, it is a very simple equation. 

 Ὢέὶ ὲ τ 
( 4-12 ) 

 ώ ὼ ρ 

With fewer than 4 regulators, there is no need for additional circuitry as all regulators 

are adjacent to one another, therefore, the relationship is not true for ὲ τ. 

 

Figure 4-13: 4-Regulator Binary Sequence Non-Linear Matrix (NLM) Topology 
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Figure 4-13 shows a simplified schematic of a 4-regulator NLM binary sequence 

configuration circuit, the characteristics of which can be found in table 4-6 below. 

Table 4-6: Statistical Summary of 4-Regulator Binary Sequence Topology System 

Number of Voltage Regulators 4 

Number of MOSFETs Required 14 

Number of Different Possible Output Voltages 15 (16 including 0V) 

Possible Output Voltages (V) 
0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 

10, 11, 12, 13, 14, 15 

Maximum Possible Output Voltage (V) 1 + 2 + 4 + 8 = 15 

For 5 regulators in an NLM construction, the statistics are shown in table 4-7. 

Table 4-7: Statistical Summary of 5-Regulator Binary Sequence Topology System 

Number of Voltage Regulators 5 

Number of MOSFETs Required 20 

Number of Different Possible Output Voltages 31 (32 including 0V) 

Possible Output Voltages (V) 

0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 

11, 12, 13, 14, 15, 16, 17, 

18, 19, 20, 21, 22, 23, 24, 

25, 26, 27, 28, 29, 30, 31 

Maximum Possible Output Voltage (V) 1 + 2 + 4 + 8 + 16 = 31 

 

4.4 Linear Flow (LF) Versus Non-Linear Matrix (NLM) 

In either topology, there is a very important condition to maintain; at least one of the 

MOSFETs between the regulators always needs to be óoffô otherwise the circuit will be 

damaged. There needs to be a break between at least 2 of the regulators to prevent a 

loop being created. This also needs to be taken into consideration when designing the 

control circuitry and software to turn the MOSFETs on and off; sequencing is critical to 

be able to avoid the loop scenario. The óbreakô MOSFET must be switched off before 
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any of the other MOSFETs are switched on. Synonymous with the well-known ófire 

breakô technique used for minimising the spread of wildfires. 

Table 4-8 shows the characteristics of several topologies organised in the linear flow 

topology. 

Table 4-8: Linear Flow (LF) Topology Statistics 

# of Regulators 3 3 4 4 

Ruler 0, 1, 4, 6 0, 2, 6, 7 0, 1, 4, 6, 13 0, 2, 6, 7, 15 

Sequence 1, 3, 2 2, 4, 1 1, 3, 2, 7 2, 4, 1, 8 

Length 6 7 13 15 

Possible Outputs 
1, 2, 3, 3, 

4, 5, 6 

1, 2, 3, 4, 

5, 6, 7 

1, 2, 3, 4, 5, 6, 7, 

8, 9, 10, 11, 12, 13 

1, 2, 4, 5, 6, 7, 

8, 9, 10, 11, 

13, 14, 15 

# of Possible 

Outputs 
7 7 13 13 

Missing Outputs N/A N/A N/A 3, 12 

# of Missing 

Outputs 
0 0 0 2 

Repeated Outputs 3 N/A N/A N/A 

# of Repeated 

Outputs 
1 0 0 0 

# of MOSFET + 

Optocoupler Pairs 
9 9 12 12 

 

Table 4-9 outlines some statistics for different ruler configurations for the NLM 

topology. 
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Table 4-9: Non-Linear Matrix Topology Statistics 

# of Regulators 4 4 5 

Ruler 0, 1, 4, 6, 13 0, 2, 6, 7, 15 0, 1, 3, 7, 15, 31 

Sequence 1, 3, 2, 7 2, 4, 1, 8 1, 2, 4, 8, 16 

Length 13 15 31 

Possible Outputs 

1, 2, 3, 3, 4, 5, 

6, 7, 8, 9, 10, 

10, 11, 12, 13 

1, 2, 3, 4, 5, 6, 

7, 8, 9, 10, 11, 

12, 13, 14, 15 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 

11, 12, 13, 14, 15, 16, 17, 

18, 19, 20, 21, 22, 23, 24, 

25, 26, 27, 28, 29, 30, 31 

# of Possible 

Outputs 
15 15 31 

Missing Outputs N/A N/A N/A 

# of Missing 

Outputs 
0 0 0 

Repeated 

Outputs 
3, 10 N/A N/A 

# of Repeated 

Outputs 
2 0 0 

# of MOSFET + 

Optocoupler Pairs 
14 14 20 

The NLM structures would allow for many more output combinations when the system 

has 4 or more regulators. There are drawbacks, however, with the main consequence 

being the radical increase in complexity as a non-linear topology requires far more 

MOSFETs, optocouplers and passive components. The relationship between 

increasing number of regulators in the system and the subsequent number of 

MOSFETs and optocouplers required is exponential. 
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Table 4-10: LF and NLM Advantages and Disadvantages 

Topology Advantages Disadvantages 

LF 

Simple implementation, 

even at higher orders 

Poor ruler construction results in low 

number of outputs, especially at higher 

system orders 

Low implementation cost 
Efficient ruler construction requires time 

and computation 

Economical with an 

efficient ruler construction 
 

NLM 

Achieves 100% output 

coverage if mathematical 

construction allows 

High implementation cost 

Number of achievable 

outputs grows in line with 

system order 

High circuit complexity, drastically 

increasing at higher system orders 

 

Exponential increase in required number 

of MOSFETs and optocouplers as 

system order grows 

 

Size and cost of control circuitry (larger 

microcontroller or FPGA) increases at 

higher orders 

 
Redundant at low system orders if an 

efficient ruler can be constructed 

There are more advantages to the LF topology compared to NLM, and there are far 

more disadvantages than advantages to NLM. The non-linear matrix configuration only 

becomes relevant with 4 or more regulators. A system with 3 regulators or fewer is 

equivalent to already being a matrix as each of the regulators is already adjacent to 

each of the others. With an NLM system that has 4 or more regulators, they can be 

said to be óunorderedô as it wouldnôt matter what order they are arranged in; each one 

still has a direct connection to every other one. Therefore, the well-known binomial 
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coefficient theory can be used to determine the number of possible outputs from the 

system. This is standard well-known theory of combinations. 

Binomial Coefficient: 

  ὅ  
ὲ
Ὧ

ὲȦ

ὯȦὲ ὯȦ
 ( 4-13 ) 

Summation of binomial coefficients 

 
ὲ
Ὥ

 ( 4-14 ) 

Where n = number of regulators 

k = index number for the binomial coefficient 

There should be 8 outcomes from combining 3 regulators and 16 outcomes from 4 

regulators, but the σ#π and τ#π terms can be ignored as they both correspond to 0V 

output, this leaves 7 possible outcomes for 3 regulators and 15 relevant possibilities 

for 4 regulators. 

Table 4-11: Binomial Theorem for n = 1 to 10 

n k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 k = 7 k = 8 k = 9 k = 10 Total 

1 1          1 

2 2 1         3 

3 3 3 1        7 

4 4 6 4 1       15 

5 5 10 10 5 1      31 

6 6 15 20 15 6 1     63 

7 7 21 35 35 21 7 1    127 

8 8 28 56 70 56 28 8 1   255 

9 9 36 84 126 126 84 36 9 1  511 

10 10 45 120 210 252 210 120 45 10 1 1023 

For all ónô, there is only one way to choose nothing (0V output). Therefore, if the k=0 

term is also included, the total column becomes the following: 
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Table 4-12: Including k=0 (choose nothing) 

n Total Excluding k=0 Total Including k=0 

0 0 1 

1 1 2 

2 3 4 

3 7 8 

4 15 16 

5 31 32 

6 63 64 

7 127 128 

8 255 256 

9 511 512 

10 1023 1024 

 

Table 4-13: Matrix vs Linear Topology Possible Unique Outputs 

Number of 

Regulators 

(n) 

NLM 

Possibilities 

LF Topology 

Possibilities 

Difference 

Between LF and 

NLM Topologies 

% 

Achievable 

with LF 

1 1 1 0 100 

2 3 3 0 100 

3 7 7 0 100 

4 15 13 2 86.67 

5 31 21 10 67.74 

6 63 31 32 49.21 

7 127 43 84 33.86 

8 255 57 198 22.35 

9 511 73 438 14.29 

10 1023 91 932 8.90 
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Table 4-13 shows that for low numbers of regulators, the possible number of unique 

outputs is not affected much by the topology. A linear/consecutive system with 4 

regulators can output 87% (13/15) of the possible outputs that a matrix system could 

present. This gap widens as the order grows, however, as shown in figure 4-14 by the 

orange and blue curves. 

 

Figure 4-14: Linear vs Matrix Possible Outputs 

LF systems with 1, 2, and 3 regulators are perfect systems and can output 100% of 

the possible values. Systems with 4 or 5 regulators can output more values than they 

are unable to. Systems with 6 or more regulators have a larger number of impossible 

outputs compared to possible outputs. The difference between possible and 

impossible outputs increases exponentially as shown in figure 4-15. 
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Figure 4-15: LF Outputs - Possible vs Impossible 

 

Figure 4-16: Difference Between LF and NLM Topologies 

The main difference between the LF and NLM topologies is the number of possible 

outputs. Figure 4-16 shows that there is an exponential increase in the difference 

between possible outputs for a LF system and possible outputs for a NLM system. 



103 
 

Alternative ruler compositions should be explored. If a good mathematical ruler is 

constructed and chosen as the basis for the system, then it is much better to choose 

the LF topology as it can minimise circuit complexity and implementation cost and 

therefore have a high efficiency. 

 

4.5 Golomb Ruler Topologies 

 

Figure 4-17: 0146 Order 4 Linear Golomb Ruler, Perfect 

When considering a Golomb ruler, the length (L) is the final mark along the ruler so for 

the example (0, 1, 4, 6) the length is 6; this is the greatest magnitude of distance that 

can be measured. The 0, 1, 4, 6 system is óperfectô because all numbers between 0 to 

L can be covered by considering the difference between 2 different marks (ai and aj) 

along the ruler. 

Table 4-14: 0146 Order 4 Linear Golomb Ruler Output Calculations 

ὥὭ ὥὮ ὥὭīὥὮ Output 

1 0 1-0 1 

6 4 6-4 2 

4 1 4-1 3 

4 0 4-0 4 

6 1 6-1 5 

6 0 6-0 6 
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Figure 4-18: 0137 Order 4 Linear Golomb Ruler, Non-Perfect 

The ruler shown in figure 4-18 is longer than that in figure 4-17 as it can measure a 

greater overall distance (7 compared to 6) but is non-perfect because it has a missing 

distance of 5 (as shown in table 4-15). 

Table 4-15: 0137 Order 4 Linear Golomb Ruler Output Calculations 

ὥὭ ὥὮ ὥὭīὥὮ Output 

1 0 1-0 1 

3 1 3-1 2 

3 0 3-0 3 

7 3 7-3 4 

7 1 7-1 6 

7 0 7-0 7 

Figure 4-19 shows a second example which is also a Golomb ruler but again non-

perfect as it cannot measure 3. 

 

Figure 4-19: 0267 Order 4 Linear Golomb Ruler, Non-Perfect 
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Table 4-16: 0267 Order 4 Linear Golomb Ruler Output Calculations 

ὥὭ ὥὮ ὥὭīὥὮ Output 

7 6 7-6 1 

2 0 2-0 2 

6 2 6-2 4 

7 2 7-2 5 

6 0 6-0 6 

7 0 7-0 7 

As can be seen from table 4-14, table 4-15, and table 4-16, there are only 6 possible 

measurements to be made with linear ruler of order 4. 

Table 4-17: Number of Possible Measurements for Different Linear Ruler Orders 

Number of Marks 

(Ruler Order) 

Number of 

Measurable 

Distances 

Increase in Number of 

Measurable Distances from 

Ruler X to Ruler Y 

3 3 N/A 

4 6 3 

5 10 4 

6 15 5 

7 21 6 

8 28 7 

9 36 8 

10 45 9 

 

 

Π άὩὥίόὶὥὦὰὩὲ ρ ὲ ς Ễ ὲ ὲ 

ύὬὩὶὩ ὲ Ὥί ὸὬὩ ὲόάὦὩὶ έὪ άὥὶὯί 
( 4-15 ) 

This is a pattern that occurs in Pascalôs triangle on the diagonals starting on row 3. 
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Figure 4-20: First 11 Rows of Pascal's Triangle with Sequence Highlighted 

The highlighted sequence describes the number of possible measurements with a 

linear ruler of increasing order, the ruler orders are shown beside each relevant row. 

 

4.6 New Method for Constructing Modular Golomb Rulers (MGRs) 

The circular construction of MGRs makes them far more beneficial in many 

applications than their linear counterparts. The main benefit being the wrap-around 

characteristic whereby the first mark (must be 0) and the final mark (the length) occupy 

the same space which enables a greater number of possible distance measurements. 

There is an additional benefit that the ruler order reduces by 1. Thus, by adding an 

extra mark, the length can be greatly increased but the order remains the same as the 

linear equivalent. 

If a linear Golomb ruler is converted into its modular or circular equivalent, then it will 

become perfect in that all distances between 0 and its length will become measurable, 

but it may not necessarily remain a Golomb ruler, as there is a possibility that some 

measurable distances may be repeated. 
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The maximum number of measurements that can be made within a single rotation of 

the circular ruler is given by equation ( 4-16 ): 

 
Π ὈὭίὸὥὲὧὩ ὓὩὥίόὶὩάὩὲὸίὲ ὲ ρ 

ύὬὩὶὩ ὲ Ὥί ὸὬὩ ὲόάὦὩὶ έὪ άὥὶὯί 
( 4-16 ) 

 

Table 4-18: Maximum Possible Number of Distance Measurements 

Ruler Order (n) ▪ī▪+ 

2 3 

3 7 

4 13 

5 21 

6 31 

7 43 

8 57 

9 73 

10 91 

11 111 

12 133 

13 157 

14 183 

15 211 

The key is to design a ruler structure which has the properties of one of the rows from 

table 4-18. If it is possible to choose a construction which has a length equal to that of 

the number of measurements for a particular order and the ruler has no repeated 

measurements, then its efficiency will be maximised, and the ruler will be perfect. Any 

Golomb ruler with missing measurements will increase in efficiency when translating 

to a circular arrangement. 
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The length of an MGR is the only unavoidable repeated measurement in that the 

measurement can be taken from any mark with a full 360o rotation back to the same 

mark, this is obvious and therefore is excluded from consideration when evaluating 

repeated measurements. 

Considering the linear Golomb ruler examples 0, 1, 3, 7 (figure 4-18) and 0, 2, 6, 7 

(figure 4-19), both have 1 missing distance when in linear form but both become 

perfect when converted to their modular form, as shown in figure 4-21. 

 

Figure 4-21: Two Order 4 Linear Golomb Rulers Translated into MGRôs 

As the starting point for any measurement using these MGRs could be at any mark on 

the circumference of the circle, and any measurement can go through the ó0ô mark, it 

means that there are no longer any missing measurable distances and both rulers are 

now perfect and of a lower order than their linear equivalents. As order 4 rulers, both 

structures are maximally efficient as there are no missing measurable distances. 
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The three main construction methods for modular Golomb rulers are the Singer 

theorem, the Bose-Chowla theorem and the Rusza theorem. As the Singer theorem is 

the oldest, this was the starting point of an evaluation of a new method to produce 

MGRs. This new method is simpler and has the following 3 steps: 

1. Start with any known optimal Golomb ruler and identify its first unmeasurable 

distance. 

2. Add that unmeasurable distance to the magnitude of the final mark to create a 

new final mark which becomes its new length. 

3. Translate the new ruler into its modular equivalent. 

 

 

ὙόὰὩὶ ὣ ὙόὰὩὶ ὢ ὒ ὟὲάὩὥίόὶὥὦὰὩ 

ύὬὩὶὩ ὒ Ὥί ὸὬὩ ὰὩὲὫὸὬ έὪ ὶόὰὩὶ ὢ 
( 4-17 ) 

 

When adding the lowest missing distance from ruler X as the next distance to make 

ruler Y (going from figure 4-24 to figure 4-26) the number of measurable distances 

increases by the number of marks on ruler X. 

 

ά ά έ 

ύὬὩὶὩ ά ὲόάὦὩὶ έὪ άὩὥίόὶὥὦὰὩ ὨὭίὸὥὲὧὩί Ὢέὶ ὶόὰὩὶ ὼ 

έ έὶὨὩὶ έὪ ὶόὰὩὶ ὼȟέὶ ὲόάὦὩὶ έὪ άὥὶὯί έὲ ὶόὰὩὶ ὼ 

( 4-18 ) 

 

 

ά έ 

ύὬὩὶὩ ά ὭὲὧὶὩὥίὩ Ὥὲ Π έὪ ὨὭίὸὥὲὧὩί Ὢὶέά ὶόὰὩὶ ὼ ὸέ ὶόὰὩὶ ώ 
( 4-19 ) 
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The 0, 1, 4, 6 ruler is an order 4 perfect and optimal Golomb ruler. Being perfect means 

that the lowest unmeasurable distance is 7 as it is 1 greater than the ruler length. If 

one more mark is added to the ruler at a distance of 7 away from the final mark, the 

ruler shown in figure 4-22 can be obtained: 

 

Figure 4-22: Order 5 Linear Golomb Ruler, Non-Perfect 

Figure 4-22 satisfies the first two steps of the new construction method and shows a 

5-mark linear Golomb ruler. The statistics for this ruler are shown in table 4-19. 

Table 4-19: Order 5 Linear Ruler Measurable Distances Summary 

Distance Count 
Measurable? 

(Yes/No) 

% Measurable/ 

Unmeasurable 

1, 2, 3, 4, 5, 6, 7, 9, 12, 13 10 Yes 77 

8, 10, 11 3 No 23 

This ruler is not perfect as there are three distances which cannot be measured, only 

achieving a 77% measurable distance completion. 

For step 3 of the method, it is translated to its modular equivalent so becomes the 

order 4 perfect MGR in figure 4-23. 
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Figure 4-23: Order 4 Perfect MGR with Length of 13 

The overall length is still the same as the figure 4-22 linear version at 13 but there are 

no unmeasurable distances between 0 and its length. 

Table 4-20: Order 4 MGR Measurable Distances Summary 

Distance Count 
Measurable? 

(Yes/No) 

% Measurable/ 

Unmeasurable 

1, 2, 3, 4, 5, 6, 7, 8, 

9, 10, 11, 12, 13 
13 Yes 100 

N/A 0 No 0 

Table 4-20 shows that the MGR version of the 5-mark linear ruler is a perfect Golomb 

equivalent. With a 4-mark circular ruler, the number of possible distance 
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measurements is 13 (from table 4-18), therefore when the length of the ruler is 13 and 

there are 13 unique distance measurements, it follows that it is perfect. 

An alternative optimal Golomb ruler construction with order 6, shown in figure 4-24, 

has just two missing measurable distances so has a higher level of completion 

compared to the order 5 ruler. 

 

Figure 4-24: Order 6 Linear Golomb Ruler, Non-Perfect 

 

Table 4-21: Order 6 Linear Ruler Measurable Distances Summary 

Distance Count 
Measurable? 

(Yes/No) 

% Measurable/ 

Unmeasurable 

1, 2, 3, 4, 5, 6, 7, 8, 9, 

10, 11, 12, 13, 16, 17 
15 Yes 88 

14, 15 2 No 12 

The order 6 non-perfect Golomb ruler in figure 4-24 becomes the order 5 perfect 

modular ruler in figure 4-25 when translated into a circular topology. 
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Figure 4-25: Order 5 Modular Ruler with Length of 17 

 

Table 4-22: Order 5 MGR Measurable Distances Summary 

Distance Count 
Measurable? 

(Yes/No) 

% Measurable/ 

Unmeasurable 

1, 2, 3, 4, 5, 6, 7, 8, 9 10, 

11, 12, 13, 14, 15, 16, 17 
17 Yes 100 

N/A 0 No 0 

Table 4-22 shows that there are no missing distances between 0 to the length of the 

ruler meaning that the ruler is perfect. There is a problem, however, there are 21 




















































































































































































































