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ABSTRACT 

The evolution of the 4G/5G communication networks along with high-speed 

computing and datacenter facilities increased the demand for compact, efficient, and 

reliable power supplies with faster output response speeds. The advancements in high-

speed semiconductor switching devices and magnetics have constantly raised the scope 

for the design of efficient, compact power supplies with a faster dynamic response. 

These opportunities and requirements are contributed to undertake the research 

proposed in this work. 

In high-speed radio frequency (RF) communication applications, when supplied 

with a constant power source the radio frequency power amplifier (RFPA) dissipates 

energy in the form of heat. This power loss increases proportionately with the speed of 

the communication system. This needs more cooling and makes the overall system 

bulky. In this work, efficient power supply topologies with fast varying output voltage 

are proposed to modulate the drain power supply of an RFPA and reduce the loss 

dissipation. Multilevel converters are explored as a suitable option for this application 

and high-frequency gate drive circuits are proposed. A cascaded switching capacitor-

based three-level multi-phase converter is proposed to eliminate complex switching 

capacitor voltage control circuitry. A modified PWM technique is introduced to 

maintain a linear relationship of output to the input voltage. Zero voltage switching 

(ZVS) output filter design is proposed to reduce turn-on switching loss and maintain 

current self-balancing in the multi-phase converter.  
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Point-of-load (POL) regulators are used in the DC power distribution of data 

centers to convert high DC bus input voltage (12 V – 48 V) to the low POL output 

voltage (1.2 V – 6 V). The load current demand fluctuates rapidly over a wide range, 

and if it’s not properly taken care of, the output voltage fluctuates and may damage the 

sensitive load equipment. In addition, data centers consume a large amount of power 

which leads to the development of high-efficiency power converters to remain cost-

effective. In this work, a single-stage efficient POL converter is proposed to address the 

high-speed load current transients and regulate the output voltage. A variable switching 

frequency scheme is proposed to improve the light load efficiency and current self-

balancing is used to improve the power-sharing in the multi-phase converter. 
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1. INTRODUCTION 

 Introduction 

The world has seen a tremendous rise in computing speeds, data transfer rates in 

the last decade driven by the widespread adoption of high-speed communication 

networks such as 3G and 4G. The recent advancements in 5G enable high-speed 

communication and enabling several breakthrough technologies such as the Internet of 

Things (IoT), autonomous driving, and connected cars.  According to a new report by 

Reports and Data, the globally connected car market is expected to reach USD 197.12 

Billion by 2026 [1]. To meet these growing high-speed communication requirements 

and data demands the autonomous cars and IoT devices need to be equipped with high-

speed computing and communication facilities along with the erection of high-speed 

communication base stations. RF transmitter system, which transmits the signal is the 

essential part of the communication system. To meet the performance objectives such 

as peak to average power ratio (PAPR) of this high-speed RF transmitter system an 

efficient, compact, and high bandwidth power supply is required.  

Data centers, also known as server farms, storing most of the world’s digital 

information. The availability of this data is of crucial importance to data center 

customers as an unreliable data service will not survive the fierce competition. A reliable 

power supply and distribution architecture immediately draw attention in this regard. 

The load current of the high-speed computing facilities is highly transient and requires 

an efficient voltage regulator. Furthermore, data centers consume large amounts of 
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electrical energy in trying to keep up with the energy demand associated with the rapid 

performance increase of the server technology itself. However, increasing energy prices 

are forcing data centers to re-evaluate their energy consumption and increase their 

electrical efficiency to remain profitable [2]. 

Envelope tracking power supply and point of load (POL) regulators are the two 

major power supply types that meet the fast-varying output voltage and current 

transients respectively. These power supply architectures are discussed in the later 

sections of this chapter and a research statement is formulated at the end. 

 RF Transmitter System 

A high-speed wireless communication system consists of an RF transmitter to 

amplify and transmit the baseband RF signal. The basic block diagram representation 

of a traditional RF transmitter system supplied with a fixed DC voltage source is shown 

in Figure 1-1. The Power Amplifier (PA) in the RF transmitter system is the most 

essential component of the communication base station, which amplifies and transmits 

the input RF signal. To achieve fast wireless access speeds, spectrally efficient and 

complex modulation schemes are used, which requires that the RFPA be highly linear 

to preserve the modulation and, then transmit the data (in-band linearity). Unfortunately, 

highly linear PAs demonstrate low efficiency and hence increased power consumption 

and heat dissipation in the form of loss [3].  The efficiency of the PA further deteriorates 

when amplifying signals with a high peak to average power ratio (PAPR). When 

operating with a constant drain supply voltage, RFPA dissipates power in the form of 
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heat and requires a large cooling system.  High-speed communication systems – such 

as 4G and 5G, with a high PAPR – produces higher loss that increases the size of the 

cooling system and RF transmitter. The PAPR of various communication standards is 

given in Table 1-1 [4]. The spectral efficiency increases with the carrier bandwidth 

(BW) so as the PAPR.  

 

Figure 1-1: Basic block diagram representation of a traditional RF transmitter system supplied with a 
fixed DC voltage source. 

 



4 

 

 

Figure 1-2: Effect of PAPR on the efficiency of RFPA (Adapted with permission from the Efficient 
Power Conversion [4]). 

The effect of PAPR on the efficiency of the RFPA is shown in Figure 1-2. The 

average efficiency of the RFPA is very low (~ 25 %) when supplied with a fixed drain 

voltage source.  

1.2.1 Methods to Improve the Efficiency of RFPA 

Various power supply architectures are introduced in the last decade to meet 

these improved PAPR and to manage the tradeoff between enough linearity, and low 

power consumption [5]. These are broadly classified into three categories: 

• Load modulation, where the load resistance is modulated over output power to 

increase average efficiency 

• Linear amplification using nonlinear components, where the PA always operates 

with a non-variable input drive amplitude and, hence, at maximum efficiency 
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• Supply modulation, where the drain voltage (VDD) is modulated to enhance 

efficiency. 

Load modulation is further classified into dynamic load modulation [6] and 

Doherty modulation [7]. Outphasing [8] is one of the forms of linear amplification using 

nonlinear components [3] gained interest in recent years due to the improvements in the 

digital signal processing capabilities. Polar transmitter [9], envelope tracking (ET) [10], 

[11], envelope elimination and restoration (EER) [12] are various drain supply 

modulation techniques. Combinations of these supply modulation techniques have been 

investigated in [13], [14]. 

Table 1-1: PAPR of various communication standards [4] 

 Standard Launched 

Typical 
Carrier 

BW 
(MHz) 

Typical 
Spectral 

Efficiency 
(bps/Hz) 

Approx. 
PAPR (dB) 

2G cellular GSM 1991 0.2 0.17 0.0 
2.75G 

cellular GSM+EDGE 2003 0.2 0.33 3.5 

3G cellular WCDMA 
FDD 2001 5 0.51 7.0 

Digital TV DVB-T 1997 8 0.55 8.0 

Wi-Fi IEEE 
802.11a/g 2003 20 0.9 9.0 

WiMAX IEEE 
802.16d 2004 20 1.2 8.5 

Wi-Fi IEEE 
802.11n 2007 20 2.4 9.0 

3.5G cellular HSDPA 2007 5 2.88 8.0 
3.9G cellular LTE 2009 20 8.00 10.0 
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 Envelope Tracking Power Supplies 

ET found more extensive application among the other techniques due to its better 

linear characteristics and relaxed requirements on the supply modulator [11], [15]. ET 

is very much a technology of the present and has found commercial success for high 

bandwidth supply modulation techniques [16]–[18].  Figure 1-3 shows the simplified 

block diagram of a basic ET transmitter in which the drain supply voltage is modulated 

to track the envelope of the RF input signal. The envelope of the input RF signal is 

extracted through an envelope extractor and fed to the ET power supply as a reference 

signal, which is supplied with a fixed DC voltage source.  

 

Figure 1-3: Basic block diagram representation of an RF transmitter system supplied ET power supply 
modulator. 
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To achieve high efficiency of the RF transmitter system, the ET power supply is 

expected to operate with high efficiency. Figure 1-4 shows the effect of ET on the 

efficiency of RFPA. The average efficiency, where the output has the highest probability 

is improved to ~50 %.  

Various ET power supply topologies have been reported in the previous research 

publications. Based on the architecture, they are classified into three main categories 

namely, linear amplifier structure [19]–[22], switching converter structure [23]–[42], 

and linear assisted switching converter structure [42]–[53]. 

 

 

Figure 1-4: Effect of ET on the RFPA efficiency (Adapted with permission from the Efficient Power 
Conversion [4]). 
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1.3.1 Linear Amplifier based Envelope Tracking 

Linear amplifiers provide high bandwidth and low output voltage ripple for ET 

power supply applications. They have very good envelope tracking capability with no 

spectrum disturbances. But, the efficiency of linear amplifiers is not very high and is 

limited to a theoretical maximum of 78.5 % [15]. The efficiency of the linear amplifier 

decreases with the output voltage [51]. Moreover, the higher PAPR of the ET signal 

would further deteriorate the efficiency of the linear amplifiers. Hence, linear amplifier 

alone is not an effective solution for high power ET applications such as base station 

communication systems. 

1.3.2 Linear Assisted Switching Converter based Envelope Tracking 

To improve the efficiency of ET power supply linear assisted switching 

converter-based ET is proposed. They are also known as hybrid ET power supplies in 

which the switching converter process the high power low-frequency components of the 

envelope signal where as the linear amplifier tracks the high bandwidth ET signals of 

low power. With proper band separation, the linear assisted switching converter 

provides the combined benefits of accurate tracking of high bandwidth envelope signal 

at improved efficiency. Figure 1-5 shows the basic architecture of linear assisted buck 

converter ET power supply topology. Several buck converters are interleaved to obtain 

increased effective switching frequency (also bandwidth) as well as the output power. 

The switching buck converter tracks the lower bandwidth (~ 10 %) envelope and 
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supplies the majority of the output power (~ 90 %), whereas the linear amplifier supplies 

the remaining power at the highest bandwidth (~ 90 %). 

 

Figure 1-5: Basic architecture of Linear Assisted Switching Converter based Envelope Tracking Power 
supply. 

1.3.3 Switching Converter based Envelope Tracking 

 Switching converters provide high efficiency than linear amplifiers. Therefore, 

switching converters are preferred to construct the ET power supply. Buck converter in 

open-loop control mode is preferred in the construction ET power supply due to its 

simple structure. Moreover, the control to output voltage has a linear relationship and is 
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easily scalable for high bandwidth and high PAPR applications. Several single-phase 

[39], [40] and multi-phase [24], [27], [38] power supply structures have been presented 

in the literature. Various types of Low pass filter (LPF) designs are [54], [55] used to 

filter the switching ripple and to track the envelope signal accurately. 

Switching converters need to be switched at a high switching frequency to 

accurately track high bandwidth envelope signals. In general, the bandwidth of the 

output LPF is selected as 1/5th of the effective switching frequency of the converter to 

maintain proper switching ripple attenuation. The bandwidth is in direct relationship 

with switching frequency and results in increased switching loss at the high switching 

frequency for high voltage ET applications. Recently, the evolution of wide band-gap 

devices, such as eGaN FETs led to the design of high-frequency switching converters 

[44], which enabled higher bandwidth ET at improved efficiency. A 10 W synchronous 

buck converter was designed with GaN high electron mobility transistors [23] to switch 

up to 40 MHz with an efficiency of 90 %. A multi-phase buck converter was designed 

in [24] using eGaN FETs to track large signal bandwidth of 20 MHz for 4G LTE base 

stations. The output voltage of the envelope varied up to 28 V and the total efficiency 

is 92.3 % when delivering a 67 W average output power from 30 V input. For high 

voltage and high bandwidth ET, the switching loss dominates and leads to poor 

efficiency if traditional two-level converters are used. Hence several, multi-input and 

multi-level topologies are introduced to overcome this issue. 
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 Multi-level Switching Converter for ET 

To reduce, the switching losses for higher bandwidth and higher voltage ET 

applications, multiple-input multi-level converters have been proposed. A MASH-

controlled multilevel power converter using multiple input voltage sources was 

proposed in [25]. Power digital to analog converter concept using three input voltage 

sources to produce 8-level output voltage with GaN-on-Si switches was introduced in 

[26]. The output voltage tracked envelope bandwidths of up to 10 MHz with a resolution 

of 6 V. A monolithic multi-input multilevel converter tracking 10 MHz LTE envelope 

signal with well-damped level-to-level transients is proposed in [41]. A major drawback 

of such multi-level topologies for ET applications is that they need multiple voltage 

sources. Also, the output voltage is in steps deviates from the reference envelope signal. 

This additional output voltage leads to reduced RFPA efficiency. 

 Point of Load Regulators 

The rapid growth of the computing and telecommunication market is 

challenging a more compact, efficient, and high-power density solution for intermediate 

bus converters [56]. The DC distribution architecture shown in Figure 1-6 has been 

suggested as an efficient method of power delivery for a data center [57]–[59]. This 

concept is inspired by the absence of reactive power, the possibility of efficient 

integration of small, distributed generation units, e.g. fuel cells and photovoltaic arrays, 

and also, all the loads operate using a low DC voltage [60]. The DC bus voltage level 

varies according to the amount of energy required by the data center. A 48 V DC bus is 
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commonly used in telecommunications facilities and would require bulky conductors. 

Therefore it is impractical to distribute DC power to large loads at 48 V but this problem 

can be overcome by increasing the distribution voltage to 480 V and stepping it down 

on the server cards to lower values (43 – 53 V) on an intermediate DC bus [61]. This 

intermediate DC bus can be used to reduce the transformation ratio between the DC bus 

voltage and the final voltage required by the microprocessor load. The point-of-load 

(POL), or voltage regulation modules (VRM) are DC-DC converters that regulate the 

respective output voltages to the required tolerance without providing galvanic 

isolation. 

Point-of-load voltage regulators with reduced noise and faster dynamic response 

are key components in the high-speed computing and data center power supply 

applications. Therefore, the performance of power converters needs to be improved to 

mitigate the issues with noise and power losses at high current values. In general, the 

POL regulator systems typically use two-stage conversion (for example, 48 V to 12 V 

and 12 V to 5 V) as shown in Figure 1-7. Many researchers proposed two-stage 

conversion-based topologies [62], [63] for this purpose. With such an architecture, the 

efficiency of the conversion system is lower, especially during the light load operation. 

Moreover, the two-stage conversion results in lower power density. To overcome these 

issues, the research focus was shifted to the development of single-stage POL 

conversion approaches. 
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Figure 1-6: Typical DC distribution architecture of data centers (Courtesy: www.leonardo-energy.org) 
[2]. 

 

Figure 1-7: DC distribution architecture with the intermediate bus (Courtesy: www.leonardo-
energy.org[2]). 

http://www.leonardo-energy.org/
http://www.leonardo-energy.org/
http://www.leonardo-energy.org/


14 

 

 Research Objective 

A high bandwidth ET converter that uses traditional buck converter topologies 

suffers from switching loss at the high switching frequency of operation. The device 

voltage rating is a limiting factor to the usage of traditional buck converter for high 

voltage ET applications. Various multi-level converter architectures that use multiple 

input voltage sources are proposed in the literature to overcome the limitations of 

traditional two-level buck converters. But the use of multiple-input voltage sources 

increases the cost and complexity of the system. The losses associated with these 

multiple isolated sources contribute to the poor overall system efficiency of the RF 

transmitter system.  

The converter, which supplies step wave output voltage contributes to loss in 

RFPA as shown in Figure 1-8. And also, the two-stage POL regulators have poor 

efficiency. To overcome this issue, various single-phase and multi-phase three-level 

buck converters are proposed in this work. Zero voltage switching (ZVS)  LPF design 

is proposed to reduce the switching loss while ensuring current balancing in the multi-

phase converter.  

The power converter topologies are derived with the motivation to combine the 

advantages and mitigate limitations of multi-phase buck and multi-level buck converters 

presented in the literature. In addition, a single-stage POL conversion concept is 

proposed in this work, to mitigate the efficiency issues associated with the two-stage 

conversion approach in the data center DC power distribution architecture. 
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Figure 1-8: Tracking error and loss associated with step wave output voltage of the multi-level ET 
converter. 

 Dissertation Outline 

This dissertation is organized into seven sections. Chapter 1 introduces the need 

for efficient power supply requirements of modern cyber-physical systems. Various 

combinations of power supply architectures and their pros and cons are discussed. The 

advantages of using wide bandgap MOSFETs in switching converters for high bandwidth 

power supply applications are presented and various multi-input and multi-phase buck 

switching topologies are reviewed. The section concludes with a description of the research 

objective.  

Several converter configurations and a simple gate driving technique for ET is 

proposed in chapter 2 to chapter 5. A single-stage POL regulator is presented in Chapter-

6. The outline of this proposal is presented in this section. 

In chapter 2, a flying capacitor-based three-level (FCTL) buck converter is 

studied as a potential candidate for high voltage envelope tracking application. A fourth-

order Legendre-Papoulis filter is used to track envelope signal bandwidth of up to 8 

MHz. A prototype of the proposed high-frequency FCTL was built with minimal gate 



16 

 

loop and power loop inductance. The details of the PCB layout to minimize the effect 

of parasitics are presented. The efficiency of the proposed design is then compared with 

the conventional two-level buck equivalent. Finally, the section is concluded with 

simulation and experimental verification. 

A simplified gate driving strategy for an FCTL buck converter is proposed in 

chapter 3. The proposed gate drive technique uses a single auxiliary DC power supply 

and novel cascaded bootstrap architecture to supply the gate voltages. A hardware 

prototype of the proposed concept is developed and results are presented up to a 

switching frequency of 40 MHz. The gate drive performance is verified at various load 

currents. 

In chapter 4, a flying capacitor-based multi-phase three-level buck converter 

envelope tracking power supply is proposed to track 4G LTE envelope signal of 

bandwidth up to 20 MHz. Power loss models are developed to optimize the converter 

design for efficiency. Zero voltage switching (ZVS) and a current self-balancing 

mechanism are proposed. Simulation results are provided to verify the proposed concept 

A cascaded switching capacitor-based multi-phase three-level buck converter is 

proposed in chapter 5 as a drain supply modulator to eliminate the need for a capacitor 

voltage control mechanism. EPC8000 family eGaN MOSFETS are used to enable the 

multi – MHz high switching frequency of operation of the converter. A fourth-order low 

pass LC-filter is designed to enable the zero-voltage switching and also to track the 
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envelope signals of bandwidth up to 20 MHz. Simulation and experimental results are 

provided as proof of concept. 

In chapter 6, a single-stage three-level interleaved buck converter for improved 

point-of-load performance is proposed. Zero voltage switching (ZVS) and a current self-

balancing mechanism are proposed to eliminate the multiple current control loops. 

Variable switching frequency operation is introduced to improve the efficiency under 

light load conditions. A detailed converter loss modeling and Simulation results at 

output voltages of 3.3 V and 5 V are presented. The current self-balancing and voltage 

regulation are verified under dynamic load changes. 
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2. FLYING CAPACITOR BASED THREE-LEVEL BUCK 

CONVERTER FOR ENVELOPE TRACKING  

 Introduction 

High frequency-switching converter-based envelope tracking DC power 

supplies are widely adopted in modern 4G/5G communication base stations to improve 

the efficiency of radio frequency power amplifiers. Flying capacitor three-level (FCTL) 

buck converters supplied with single input DC voltage source, have been utilized in 

various applications due to their high-power density, reduced switching losses, and 

reduced output ripple voltage compared to the conventional buck converters. Flying 

capacitor-based multi-level buck converters enable the usage of low voltage gallium 

nitride (GaN) field-effect transistors (FETs) and extended their operation to multi-MHz 

switching frequency in telecommunication and data center applications.  

In this chapter, an FCTL buck converter supplied with a single input DC source 

is investigated as a potential candidate for higher voltage ET applications (such as in 

4G/5G communication and military RADAR. EPC8004 [64], 40 V eGaN FETS 

characterized with less switching loss, are used as power stage devices.  A fourth-order 

Legendre-Papoulis filter is designed to track the envelope signal of wide bandwidth at 

a nominal voltage ripple. The proposed concept has the following advantages: 

• Reduced device-level voltage stress leads to lower switching loss while 

operating at the high switching frequency,  
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• Reduced output ripple and output filter size lead to improved bandwidth tracking 

capability,  

• Reduces device-level switching frequency for the same open-loop bandwidth 

requirement. 

This chapter is organized as follows. The operation and design of the converter 

are explained in section 2.2. The selection and design of the fourth-order low pass filter 

are discussed in section 2.3. Simulation results are presented in section 2.4 and section 

2.5 describes the PCB layout and experimental results of the hardware prototype. 

 Flying Capacitor Three-Level Buck Converter  

The power stage architecture of a three-level buck converter along with a fourth-

order output filter for ET application is shown in Figure 2-1  [29]. The RFPA behavior 

is modeled as a resistive load RL [65] since it is equivalent to a constant resistor when 

supplied with an ET power supply. EPC8004 40 V GaN switches are used as power 

stage devices. The input voltage can be varied up to 48 V and the output voltage varies 

up to 42 V according to the reference envelope signal. 

2.2.1 Operation of Three-Level DC-DC Converter 

The power stage operation of the three-level converter is described in this 

section. The converter consists of four switches named 1 2 3,  ,  S S S , and 4S  respectively. 

For better efficiency of the converter, especially at the high switching frequency, all the 

switches are realized by eGaN FETs. The two bottom devices 3S  and 4S  operate in 
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synchronous rectification mode. Therefore, the converter always operates in continuous 

conduction. The gate pulses to the top two devices, 1S  and 2S  have the same duty cycle 

‘ ’D  but phase-shifted by 180o . The gate signals of switch pairs 1 4,  S S  and 2 3,  S S  are 

complementary, as shown in Figure 2-2.  

 

Figure 2-1: Flying capacitor-based three-level buck converter with fourth-order LC low-pass output 
filter. 
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Figure 2-2: Model switching waveforms of the FCTL buck converter. (a) 0 0.5D< < . (b) 
0.5 1.0.D< <  

For the duty cycle is in the range of 0    0.5D< < , the switch node voltage 

switches between 0 and / 2inV whereas for a duty cycle range of 0.5    1.0D< < , switch 
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node switches between / 2inV  and inV .  There are six different operating modes of the 

converter over the duty cycle range 0 1.0D< < . Figure 2-3 and Figure 2-4 show the 

circuit operation along with the devices in conduction during the six operating modes. 

 

Figure 2-3: Different modes of operation of the FCTL buck converter for the duty cycle range
0    0.5D< < . (a) Flying capacitor charging mode. (b) Inductor current freewheeling 
mode. (c) Flying capacitor discharging mode. (d) Inductor current freewheeling mode. 

 



23 

 

 

Figure 2-4: Different modes of operation of the FCTL buck converter for the duty cycle range
0.5 1.0D< < . (a) Inductor charges through the input voltage. (b) Flying capacitor 
charging -Inductor discharging. (c) Inductor charges through the input voltage. (d) Flying 
capacitor discharging and inductor discharging. 
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The frequency of the switch node voltage is twice the device switching 

frequency. This phenomenon reduces the size of the filter requirements and increases 

the open-loop bandwidth of the converter as the output voltage varies dynamically at 

wider bandwidth in ET applications.  The voltage stress on the devices is also reduced 

to half of the input voltage. This in turn reduces the switching losses and improves the 

overall efficiency of the converter for high voltage ET applications. To properly switch 

the converter at three voltage levels of 0, / 2inV  and inV , the flying capacitor voltage 

always needs to be balanced at / 2inV . 

2.2.2 Flying Capacitor Voltage Balancing Scheme 

The block diagram of the capacitor voltage control scheme is shown in Figure 

2-5. The capacitor voltage is sensed by sampling the switch node voltage with reference 

to the ground at the instants when the switch node voltage is equal to the flying capacitor 

voltage. A detailed control scheme can be found in [29]. The gate pulses to 1S  is 

obtained directly from the duty cycle d  by using digital PWM developed in FPGA. 

And the gate pulses to 2S  are obtained by adding a gain limited value of d∆  to duty 

cycle as a correction to regulate the flying capacitor voltage at half of the input voltage, 

/ 2inV . 

2.2.3 Device Selection and loss comparison 

The extraordinary electron mobility and low RDS(on) of the GaN devices enable 

the realization of converters with high switching frequency and better efficiency. 
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Figure 2-5: FCTL buck converter with a control scheme to regulate the flying capacitor voltage at half 
the input voltage. 

EPC8004 eGaN FET has ultra-low RDS(on) of 110 mΩ , a total gate charge of 370

pC , zero reverse recovery charge, and an ultra-small footprint of 2.1 mm × 0.85 mm 

[64]. These exceptional switching characteristics and conduction losses make it a 

suitable option for the selected three-level converter topology. 
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Both FCTL and two-phase-two-level buck converters offer similar equivalent 

switch node frequency for the same device switching frequency and consist of an equal 

number of GaN FETs in their power stages. 

Hence, Figure 2-6 shows the model-based efficiency [66] comparison of FCTL 

and two-phase two-level buck converters over a wide range of duty cycles and switching 

frequency with an input voltage of 30 V and the load resistance of 12 Ω. ZVS filter 

inductor value is used in the efficiency model of the two-level converter to account for 

current balancing in the phases along with ZVS turn-on of top side FETs [55].  

 

Figure 2-6: Efficiency comparison of FCTL buck and two-phase conventional two-level buck converter. 
FCTL buck converter exhibits better efficiency over a wide range of duty cycles and 
switching frequency. 

The datasheet parameters of EPC8004 GaN FET are considered in this loss 

model. From Figure 2-6, the FCTL buck offers slightly better efficiency over a wide 
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operating range, which is primarily due to the reduced voltage stress across the power 

device. Texas Instruments’ LMG1210 gate driver [54] with adjustable dead time and 

switching frequency capability of up to 50 MHz is used to drive the eGaN FETs. A 

novel gate driving strategy is proposed and a detailed analysis is presented in Chapter-

3. 

2.2.4 Envelope Signal 

For this work, a reference tracking envelope was selected from [54]. It is 

characterized by  

 ( ) 0.5 0.1sin( )  .167 sin(0.6  ) 0.3 sin(0.2  )ref BW BW BWV t t t tω ω ω= + + + . (2.1) 

The equation (2.1) is comprised of fundamental, third, and fifth harmonics. The 

bandwidth (BW) of the envelope signal is denoted by BWω  and is dictated by the highest 

tracked frequency—in this case, the 5th harmonic. For accurate tracking of the envelope 

signal, a minimum switch node voltage frequency of five times the bandwidth BWω is 

recommended. 

 Fourth-Order Output Filter Design 

In the case of ET RF transmitter systems, the BW of the envelope signal ranges 

up to several tens of MHz. To track high-BW envelopes, the open-loop bandwidth (i.e., 

responsivity) of the switching converter must be high as well. This can be achieved 

either by increasing the total effective switching frequency or reducing the ratio of 

switching frequency to bandwidth. However, these methods may increase voltage 
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distortion and reduce converter efficiency. Therefore, the ET power supply’s low pass 

filter (LPF) must track the wide bandwidth envelope while maintaining high rejection 

of the switching frequency oscillations and associated harmonics. Additionally, the 

efficiency of the converter needs to be maintained with a nominal output voltage ripple. 

Figure 2-7 illustrates how the three-level buck converter has half the output ripple 

voltage when compared with its equivalent counterpart, the two-phase two-level buck 

converter. In other words, the size of the LPF components of a three-level buck can be 

reduced for the same output voltage ripple. This is because the switch node voltage 

frequency of an FCTL buck is twice the device switching frequency. 

 

Figure 2-7: Comparison of conventional and FCTL  buck converters’ voltage ripple variation with 
respect to the duty cycle for the same filter component values. 

There are many types of LPFs available, but some are not suitable for ET 

applications. For example, a Cauer filter cannot attenuate the ripple over a wide range 
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of frequencies, whereas a Chebyshev filter exhibits variable gain in the passband. 

However, Butterworth, Bessel-Thomson, and Legendre-Papoulis are three appropriate 

filter types for ET applications. The merits and demerits of these filters are characterized 

in terms of stopband attenuation, group delay, and quadratic error [54]. A fourth-order 

Legendre-Papoulis filter is a better option for band-limited ET applications as it has 

better performance characteristics. Also, the higher-order filters have better stopband 

attenuation. The filter design for this work is carried out based on [67] and the 

normalized filter element values for various filter orders with the normalized angular 

cutoff frequency 𝜔𝜔𝑐𝑐 = 1𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠 and RL = 1 Ω are given in Table. I. 

Table 2-1: Normalized elements of Legendre-Papoulis filter. 

Filter order l1 c2 l3 c4 l5 c6 
1st 1 - - - - - 
2nd 1.4142 0.7071 - - - - 
3rd 1.5909 1.4270 0.7629 - - - 
4th 1.6120 1.6616 1.4292 0.6399 - - 
5th 1.6372 1.7509 1.7358 1.3945 0.6445 - 
6th 1.6348 1.8088 1.8233 1.6795 1.3486 0.5793 

 

From Table I, the actual filter parameters 𝐿𝐿𝑥𝑥, 𝐶𝐶𝑥𝑥 (where 𝑥𝑥 = 1,2, … 6) for a load 

resistance of 𝑅𝑅𝐿𝐿 and the angular cutoff frequency of 𝜔𝜔𝑐𝑐 are calculated from 

 x L
x

c

l RL
ω

=  (2.2) 

and 
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c

c RC
ω

= . (2.3) 

The filter values of a fourth-order Legendre-Papoulis filter with a total effective 

switching frequency of 40 MHz and an angular cutoff frequency of 1.821 times the 

envelope BW are calculated and listed in Table II. A fourth-order ZVS filter is also 

designed by following the procedure in[68]. The filter values of a fourth-order ZVS and 

Legendre-Papoulis filter types for a total effective switching frequency of 40 MHz and 

an envelope bandwidth of 8 MHz are calculated and listed in Table II. The bode 

magnitude plots ZVS and Legendre filter types are shown in Figure 2-8, which have a 

similar passband response, and switch node frequency attenuation of 50 dB and 40 dB 

respectively. 

 

Figure 2-8: ZVS and Legendre fourth-order type filters’ bode magnitude plots for 8MHz bandwidth. 
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Table 2-2: Fourth-order filter parameters to track 8 MHz bandwidth signal. 

Bandwidth RL L1 C2 L3 C4 
8 MHz 12 Ω 208 nH 1.48 nF 184 nH .57 nF 

 

Figure 2-9 shows the model predicted efficiency plots of the FCTL buck 

converter at the various switching frequency and duty cycle values for ZVS and 

Legendre output filter types. For the input voltage 𝑉𝑉𝑖𝑖𝑖𝑖 = 28 𝑉𝑉 and load resistance of 12 

Ω, the Legendre filter type have slightly better efficiency at 20 MHz switching 

frequency. Therefore Legendre filter parameters are used in the experimental prototype. 

This is because the high RMS current of the ZVS inductor yields more conduction loss 

than the reduction in switching loss. A more detailed loss modeling is provided in 

Chapter 6. 

 Simulation Results 

An FCTL DC-DC converter was simulated in LTSpice using SPICE models of 

EPC8004 to verify the switching performance of the converter. Figure 2-10 and Figure 

2-11 show the simulation waveforms of voltage across the switches, inductor current, 

and switch node voltages at the duty cycle   0.4D = and D = 0.7 respectively. By 

properly balancing the capacitor voltage at 24 V, the voltage stress across the devices is 

limited to 24 V when supplied by a 48 V DC source.  When the FETs are switched at 

20 MHz, the converter realizes a total effective switching frequency of 40 MHz. The 

maximum switching frequency is limited by the gate driver, not by the switches. 
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(a) 

 

(b) 

Figure 2-9: Efficiency plots of FCTL buck converter at the various switching frequency and duty cycle 
with output filter as (a) ZVS and (b) Legendre at Vin =28 V. 
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Figure 2-10: SPICE Simulated waveforms of the FCTL converter at duty cycles D =0.4 with EPC8004 
eGaN FET models and Vin = 48 V. 

 

Figure 2-11: SPICE Simulated waveforms of FCTL converter at duty cycles D = 0.7 with EPC8004 
eGaN FET models and Vin = 48 V. 
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Figure 2-12 and Figure 2-13 show the simulation results of the three-level 

converter with a fourth-order Legendre-Papoulis filter tracking an 8 MHz envelope 

signal when supplied by 48 V and 30 V DC voltage sources, respectively. The switch 

node swV  switches between voltage levels of 0 and / 2inV  or / 2inV  and inV  at a frequency 

of 40 MHz, based upon the reference envelope signal. 

 

Figure 2-12: Simulation results obtained with three-level buck converter tracking 8 MHz BW envelope 
signal 48 V DC input voltage. 
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Figure 2-13: Simulation results obtained with three-level buck converter tracking 8 MHz BW envelope 
signal with 30 V DC input voltage. 

 Experimental Prototype and Results 

A single-phase prototype of the FCTL buck converter was built using two 

LMG1210 gate driver ICs and four EPC8004 GaN MOSFETs as shown in Figure 2-14. 

The major components used in the prototype are listed in Table 2-3.  The PCB design 

was iterated multiple times to minimize the parasitic gate drive loop inductance and 

power loop inductance. Figure 2-15 shows the earlier prototype versions developed in 

the process of the optimal layout. In the prototype shown in Figure 2-14, the GaN FETS 
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are placed on the top and bottom side of the PCB to minimize the parasitic loop 

inductance.  

Table 2-3: List of main components used in FCTL buck converter. 

Component  Part number Ratings 
GaN FETs EPC8004 40 V, 110 mΩ 
Gate driver ICs TI’s LMG1210 200 V, Half-bridge 
Bootstrap 
capacitors 

TDK, 
YFF18PC0J474MT0H0N 

0.47µF, 6.3 V, Feed 
Through Capacitor 

Bootstrap diodes NXP Semiconductors, 
BAT46WJ,115 

100V, 250MA, 
Schottky 

Inductors Coil craft RF air core, 
2222SQ-181, 2222SQ-221   180 nH, 220 nH 

Flying capacitor Multi-layer ceramic, 0603, 
0402 

2.2 uF, 1 uF, 4.7 
uF, 0.1 uF 

Signal isolator IC ISO721MD --- 

High-speed 
comparator 

Texas Instruments 
LMH7322 

160 ps rise & fall 
time, 700 ps delay 
time 

FPGA Intel Stratix V GX 
transceiver evaluation kit 12.5 Gbps 

 

Figure 2-14: Experimental prototype of the FCTL buck converter. 

 

https://www.coilcraft.com/en-us/products/rf/air-core-inductors/square-air-core-inductors/1515sq-2222sq-2929sq/2222sq-221/
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Figure 2-15: Prototype versions developed in the process of optimal layout and design. 

A primary DC source and an auxiliary DC power source are used to supply the 

input power and gate drive power to the prototype. The two gate driver ICs are also, 

placed at optimal locations and close to the GaN devices. The gate pulse trace and the 

return trace are routed in the adjacent layers to minimize the gate loop inductance. Also, 

the power loop parasitic inductances are minimized with the optimal routing of power 

traces. MSO56 2 GHz bandwidth scope and TDP1000, 1 GHz bandwidth probes are 

used to measure the switching performance of the converter. High-resolution PWM 

signals are generated using the Intel Stratix V GX transceiver evaluation kit, which has 

data rates of up to 12.5 Gbps. 
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The gate pulses to 𝑆𝑆1 is obtained directly from the duty cycle, d, by using digital 

PWM developed in FPGA. And the gate pulses to 𝑆𝑆2 are obtained by adding a gain 

limited value of 𝛥𝛥𝛥𝛥 to duty cycle as a correction to regulate the flying capacitor voltage 

at half of the input voltage, 𝑉𝑉𝑖𝑖𝑖𝑖/2 as given in [30]. The flying capacitor has been chosen 

with a sufficiently large value to tightly regulate the voltage with a nominal ripple. 

LMH7322 high-speed comparator IC is used to sense the flying capacitor voltage at a 

high sampling rate. The analog sensed voltage is converted to low voltage differential 

signals (LVDS) and fed to LVDS receivers of the FPGA evaluation kit. 

 

Figure 2-16: Experimental results of the FCTL converter at the duty cycle of 0.3 with 30 V input DC 
supply. The gate pulses to the top side devices  1S  and 2S  are at 20 MHz and interleaved 
by an angle of 180°. The switch node voltage switching between 0 V and 15 V with twice 
the device switching frequency at 40 MHz. 
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The experimental switch node voltage waveform of the converter at 20 MHz 

device switching frequency is shown in Figure 2-16 and Figure 2-17. The test points to 

measure the switch node voltage along with the voltage probe terminals provides 

minimal ringing in the measured voltage waveform.   

This is primarily due to the resonant network formed by the parasitic loop 

inductance of the test point traces and the probe capacitance ( ~ 3.9 pF ) as shown in 

Figure 2-18. The switch node voltage and output voltage of the converter tracking 8 

MHz bandwidth envelope signal are shown in Figure 2-19.  

 

Figure 2-17: Experimental results of the FCTL converter at the duty cycle of 0.75 with 30 V input DC 
supply. The gate pulses to the top side devices are at 20 MHz and interleaved by an angle 
of 180°. The switch node voltage switching between 15 V and 30 V with twice the device 
switching frequency at 40 MHz. 
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The input DC voltage applied to the converter is 28 V, and the output voltage 

varies from 4 V to 24 V. For the gate pulse switching frequency of 20 MHz, the switch 

node voltage switches between either 0 V and 14 V or 14 V and 28 V at 40 MHz. 

 

Figure 2-18: Loop inductance formed by the voltage probe tips. 

The efficiency of the FCTL buck converter is measured at three different duty 

cycles of 0.25, 0.5, and 0.75, and over the range of output power. The input DC voltage 

is 28 V and the switching frequency is 20 MHz. The measured efficiency is plotted in 

Figure 2-20 along with the model predicted efficiency. The predicted and measured 

efficiencies follow very closely. The very slight deviation can be attributed to the path 

losses, ohmic drops due to increased 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 at higher temperature and due to the 

auxiliary circuits.  The maximum measured efficiency is 96 % and it is over 90 % for 

most of the operating range of 0 to 25 W. The total average efficiency of the converter 
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while dynamically tracking the 8 MHz bandwidth envelope signal is 93 % with an 

average output power of 22 W. 

 

 
 

(a) 
 

 
(b) 

 

Figure 2-19: (a). Experimental results. Ch3: Switch node voltage at 40 MHz (scale: 20 V/div). Ch4: 
Output voltage (scale: 5 V/div.) while tracking 8 MHz bandwidth envelope signal (Time 
scale: 100 ns/div). Probe bandwidth set to 1 GHz. (b). Close up of switch node voltage 
(Time scale: 3.6 ns/div). 
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Figure 2-20: Efficiency of the four-phase ET prototype: V_in= 28 V, f_s= 20 MHz, measured (markers) 
and predicted (dashed lines). 

 Summary 

A three-level DC-DC converter for high voltage ET application was studied in 

this chapter. The design was developed based on an analytical model and Legendre filter 

values were used for better efficiency of the converter. EPC8004 ultra-fast, high-

efficiency GaN switches were used as power stage devices. The designed fourth-order 

Legendre-Papoulis filter allowed the converter to track envelope signals of BW up to 8 

MHz with proper switching frequency attenuation. The selected converter has the 

benefits of reduced device voltage stress, reduced filter component size, and halved 

switching frequency requirement for the same BW when compared with conventional 

two-level buck converter without the need for multiple voltage sources. An 

experimental prototype was built, and the results of switch node voltage and output 
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voltage tracking an 8 MHz bandwidth envelope signal are provided as proof of concept. 

The proposed design is scalable with multiple three-level converters that can be 

interleaved to track the envelope signals of higher BWs and PAPR.  
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3. SIMPLIFIED GATE DRIVING STRATEGY AND 

LAYOUT CONSIDERATIONS FOR HIGH-

FREQUENCY THREE-LEVEL BUCK CONVERTERS  

 Introduction 

Flying capacitor (FC) based multi-level buck converters enable the usage of low 

voltage semiconductor devices in numerous applications as they reduce the voltage 

stress across the devices. The utilization of gallium nitride (GaN) FETs on FCTL 

extended its operation to multi-MHz switching frequency in telecommunication and 

data center applications. However, the gate driving circuit of a multi-level buck 

converter requires a dedicated DC power supply, a gate driver IC, and a signal isolator 

IC for each semiconductor device, which reduces the power density and increases the 

complexity. In this chapter, a simple gate driving strategy is proposed for FC-based 

multi-level buck converters. The proposed gate drive technique for the FCTL buck 

converter requires only two half-bridge gate driver ICs to drive the four GaN MOSFETs. 

A novel cascaded bootstrapping architecture with a single DC-DC converter is proposed 

to meet the DC power supply requirements of the half-bridge gate driver ICs. Moreover, 

the number of PWM input signals and isolator ICs is reduced to half. The initial 

prototype is built and tested up to 40 MHz PWM switching frequency. Experimental 

results are presented as a proof of concept. 
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 Gate Driving of Multi-Level Converter 

Applications such as data centers and telecommunication require a high 

bandwidth power supply. To meet the high bandwidth requirements, the converter 

switching frequency must be increased. Since most of the converter switches are 

floating, the power supply to the gate driver poses a substantial hardware challenge. 

Most of the previous works utilized multiple on-chip isolated DC-DC converters to 

drive the floating switches [69]–[72], which may be optimal for high power low 

switching frequency (several kHz to 1MHz) of operation. However, for low power and 

high frequency (up to several MHz) applications, the size of the isolated DC-DC 

converter can be several times larger than the GaN FET. Using multiple isolated DC-

DC converters increases the size of the gate drive circuit and leads to overall power 

density reduction in the case of high-frequency design.  

Bootstrap is the other widely used method to supply the high side gate driver of 

the two-level converter. Several gate drive techniques are derived based on this method 

[73], [74] to drive the floating switches of the multi-level converter. Various complex 

charge pumping methods that use low-dropout regulators (LDOs) and multiple diodes 

are proposed in [75], which may cause increased hardware complexity and reduce the 

power density of the converters - especially at high switching frequencies. A simpler 

cascaded synchronous bootstrapping is proposed in [76], [77] with cascaded bootstrap 

diodes and external synchronous GaN FETs. This method reduced the complexity, but 
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the gate voltages are not regulated and the bootstrap capacitor voltages are limited by 

the direction of the inductor current and voltage drop across the bootstrap diodes.  

The previous methods either overcharge and/or under-charge the higher-level 

bootstrap capacitor due to the cascading bootstrap diode drops and high forward drops 

of the GaN body diodes. To overcome these problems, a cascaded synchronous 

bootstrapping is proposed in [74]. This method replaces the voltage regulators and 

cascaded bootstrap diodes with synchronous GaN FET that has a much lower voltage 

drop. But, this method uses an extra half-bridge gate driver for the floating switches of 

the FCTL converter.  

To improve the power density and reduce the number of parts in the gate drive 

circuit, a simplified gate driving strategy for a high-frequency FCTL buck converter is 

proposed in this chapter. The proposed gate drive technique requires only two half-

bridge gate driver ICs to drive the four GaN MOSFETs. A novel cascaded bootstrapping 

architecture with a single auxiliary DC power supply is proposed to meet the power 

supply requirements of the half-bridge gate driver ICs to drive the FCTL buck 

converter’s floating switches. Moreover, the number of PWM input signals and isolator 

ICs is reduced to half. The initial prototype is built and tested up to 40 MHz pulse width 

modulation (PWM) switching frequency. Experimental results are presented as a proof 

of concept. The proposed gade drive technique has the following advantages:  

• Reduced number of half-bridge gate driver ICs and part count, 

• Independent input mode and PWM mode of the gate driving 
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• Adjustable dead time capability in the range of picoseconds and matched 

propagation delay time of ~14 ns, and  

• High switching frequency operation up to 40 MHz.  

The design, operating principle, and experimental results of the proposed gate 

drive strategy are explained in the later sections. 

 Proposed Gate Driving Strategy  

The basic circuit diagram of the proposed gate driving strategy of an FCTL buck 

converter is shown in Figure 3-1. It consists of two half-bridge gate driver ICs 

(LMG1210) indexed as GD1 and GD2, which are driven by two 180° phase-shifted  

PWM signals PWM1, PWM2. The proposed gate driving technique uses LMG1210 

half-bridge GaN FET driver IC, which is designed for ultra-high frequency applications 

such as RF envelope tracking [78]. The functional block diagram of the LMG1210 gate 

driver IC is shown in Figure 3-2. The advanced features of this gate driver IC make the 

proposed gate drive technique operable either in PWM mode or independent gate 

driving mode with onboard adjustable dead time capability. An optimal bootstrap diode 

can be selected to charge the high-side bootstrap capacitor due to its external placement 

to the IC. Finally, the internal LDO regulates the gate drive voltage at 5 V irrespective 

of the auxiliary supply voltage. 
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Figure 3-1: Basic Circuit diagram of the proposed gate driving strategy for the FCTL buck converter. 

 

Figure 3-2: The functional block diagram of LMG1210 gate driver IC. 

When driven with PWM signals, the two driver-ICs GD1 and GD2 generates 

two complementary gate pulse pairs to drive GaN switch pairs, 𝑆𝑆1, 𝑆𝑆4 and 𝑆𝑆2, 𝑆𝑆3  
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respectively. The external bootstrap diodes 𝐷𝐷1, 𝐷𝐷2 and 𝐷𝐷3  give the flexibility to choose 

low- voltage drop Schottky diodes with lesser reverse recovery loss. The LMG1210 also 

has an internal low impedance FET that activates the bootstrap operation only when the 

low side switch is on. Hence, it avoids the overcharging of the high-side bootstrap 

capacitor during dead time.  But, the 1 kΩ resistor connected across the internal 

bootstrap FET slowly charges the bootstrap capacitor even before the low side switch 

is on. Also, the deadtime can be controlled in the range of picoseconds by adjusting the 

two potentiometer resistances connected at pins DHL and DLH [78]. An optimal 

deadtime needs to be set without ample trade-off with the efficiency of the power 

converter. The proposed gate drive circuit is powered with the single auxiliary voltage 

source 𝑉𝑉𝐷𝐷𝐷𝐷 and cascaded bootstrap architecture.  

     Operating Principle 

To study the influence of load current on gate voltage levels, the circuit operation 

and bootstrap charging is analyzed using four current loops (loop1, loop2, and loop3) 

and KVL.  

Loop - 1: Consider the loop formed by the 𝑉𝑉𝐷𝐷𝐷𝐷 – 𝐷𝐷1 – 𝐶𝐶3 – 𝑆𝑆4. The gate voltage 

of 𝑆𝑆4 is regulated at 5V by the internal LDO of GD1. The capacitor 𝐶𝐶3 is charged from 

𝑉𝑉𝐷𝐷𝐷𝐷 through the diode 𝐷𝐷1 when 𝑆𝑆4 is on. By applying KVL in loop 1, the voltage across 

the capacitor 𝐶𝐶3 is given by 

 3 1 _C DD D L ds onV V V I R= − + . (3.1) 
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The forward voltage drop across the bootstrap diode 𝐷𝐷1 is compensated by the 

voltage drop across the switch 𝑆𝑆4. Either way, the voltage across the capacitor 𝐶𝐶3, 

doesn’t affect the gate voltage of  𝑆𝑆3 as it is regulated by the LDO of the GD2. Therefore, 

the gate voltages of 𝑆𝑆1 and 𝑆𝑆2 are regulated at 5 V irrespective of output current. 

Loop – 2: Consider the second loop formed by the GD2’s LDO – bootstrap FET 

- 𝐷𝐷2 – 𝐶𝐶5 – 𝑆𝑆3. The upper bootstrap capacitor 𝐶𝐶5 charges from LDO of GD2 through the 

internal low impedance synchronous FET and external bootstrap diode 𝐷𝐷2 when 𝑆𝑆3 is 

on. Capacitor 𝐶𝐶5  also charges slowly through the 1 kΩ resistor connected across the 

internal bootstrap FET even when 𝑆𝑆3 is off. By applying KVL in loop 2, the voltage 

across the capacitor 𝐶𝐶5 is given by 

 5 2 _C LDO D L ds onV V V I R= − + . (3.2) 

The forward voltage drop across the bootstrap diode 𝐷𝐷2 is compensated by the 

voltage drop across the switch 𝑆𝑆3, which varies with the inductor current 𝐼𝐼𝐿𝐿.  Hence, the 

diode 𝐷𝐷2 should be selected with a proper forward voltage drop if the voltage drop 

across the switch 𝑆𝑆3 is high. The synchronous bootstrap FET turns on only when 𝑆𝑆3 is 

on and prevents the overcharging of the capacitor 𝐶𝐶5 during dead time. 

Loop - 3: The gate voltage of the top switch 𝑆𝑆1 is given by the voltage across the 

capacitor 𝐶𝐶6. By applying KVL to the loop-3 formed by 5C  –  3D – 6C  – 2S , the voltage 

across 6C  is given by  

 6 5 3 _C C D L ds onV V V I R= − − . (3.3) 
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The uppermost bootstrap capacitor 𝐶𝐶6 charges through the bootstrap diode 𝐷𝐷3 

from the capacitor 𝐶𝐶5 during 𝑆𝑆2 is turned on. The forward voltage drop across the 

bootstrap diode 𝐷𝐷3 and switch 𝑆𝑆2 may under charge the bootstrap capacitor 𝐶𝐶6 to a 

voltage below 5 V at higher load currents.  The drop in gate voltage varies with the 

current through 𝑆𝑆2. Therefore, the proposed gate drive circuit is tested at various load 

currents to make sure that the gate voltages stay within the operating limits of the 

EPC8004 GaN FET. The results are presented and discussed in the later section. 

 Prototype and Experimental Results 

A prototype of the proposed concept using two LMG1210 gate driver ICs and 

four EPC8000 family GaN MOSFETs was built as shown in Figure 3-3. The two gate 

driver ICs are placed on top and bottom of the PCB and close to the GaN devices as 

shown in Figure 3-3 and Figure 3-4.  GD1 is placed on the top side and GD2 is placed 

on the bottom side of the PCB. The gate pulse trace and the return trace are routed in 

the adjacent layers to minimize the gate loop inductance as well as the gate voltage 

ringing. ANSYS Q3D is used to optimize the layout for minimal power loop stray 

inductance. 

The power plane routing is divided into two parallel paths to minimize the 

commutation loop inductances of the two loops as shown in Figure 3-5. Loop one is 

formed by the two complementary switches 𝑆𝑆1, 𝑆𝑆4 and the input DC link capacitor.  
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Figure 3-3: Topside of the prototype PCB to verify the proposed gate driving technique. 

 

Figure 3-4: Bottom side of the prototype PCB to verify the proposed gate driving technique. 
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Figure 3-5: Commutation loops FCTL buck converter. 

 

Figure 3-6: The portion of the PCB layout extracted to Q3D, where the power and ground planes are 
routed on the PCB. 
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The flying capacitor along with 𝑆𝑆2, 𝑆𝑆3 forms the second commutation loop. To 

minimize the loop inductance the input DC voltage plane and the power ground return 

planes are routed in the adjacent layers of PCB. The input DC voltage plane is routed 

on the top and bottom layers and the power ground plane is routed on the two inner 

copper layers. The positive (P) and return paths (N) of the flying capacitor are also 

routed in a similar passion to mitigate the second commutation loop inductance. X7R 

type multi-layer ceramic capacitors of footprints 0402 and 0603 are used. The 0402 

capacitors are placed closer to the GaN FETs to reduce the commutation loop area. 

Figure 3-6 shows the portion of the 4-layer PCB extracted to the ANSYS Q3D 

simulator, where the GaN FETs and DC capacitors are placed and routed. The 

commutation loop 1 consists of input DC positive and ground return planes routed next 

to each other in two pairs over the four layers of the PCB. Power loop stray inductance 

of loop 1 is calculated over a 1 GHz frequency range and plotted as in Figure 3-7. The 

value of the stray inductance at 20 MHz switching frequency is 390 pH. The parasitic 

inductance of commutation loop-1 is also estimated through the experimental switch-

node waveforms (Figure 3-14) using (3.4): 

 2 2
1 1/ (4 ).CL ring ossL f Cπ=  (3.4) 

Where 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the measured switch node ringing frequency (here, 1.2 GHz) and 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 is 

the FET drain-to-source capacitance, which is considered as 32 pF from the EPC8004 

data sheet [64]. The calculated value of parasitic inductance is 550 pH. A cumulative 

mismatch of ~30 % is observed between the measured and estimated inductance values, 
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which can be attributed to the lead inductance of the circuit elements such as FETs and 

DC link capacitors, voltage probe tip-inductance, and capacitance, which are not 

considered in the ANSYS simulation. In practice, the 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 values are usually a bit higher 

than the datasheet. Hence the calculated value of 𝐿𝐿𝐿𝐿𝐿𝐿1, which uses datasheet value of 

𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 is slightly higher. The second commutation loop is also routed in a similar passion 

by placing the positive and negative planes of the flying capacitor in the adjacent layers. 

 

Figure 3-7: Commutation loop-1 inductance of power and ground planes of PCB layout. 

3.5.1 Experimental Results 

The experimental results of the gate driver up to 40 MHz switching frequency 

are presented in this section. Tektronix’s MSO5-series 2 GHz bandwidth scope and 

TDP1000, 1 GHz differential voltage probe is used to record the gate voltage pulses. 
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Figure 3-8: Placement of GD1 and EPC GaN MOSFETs on the top side of PCB. 

  Figure 3-9 shows the gate voltages of all four switches of the FCTL converter 

with a duty cycle below 50 % at 20 MHz. The gate pulses to switch 𝑆𝑆2 are phase-shifted 

by an angle of 180° from 𝑆𝑆1. The gate pulses to 𝑆𝑆1, 𝑆𝑆4 and 𝑆𝑆2, 𝑆𝑆3 are complementary 

pairs, whose dead time is controlled by adjusting the onboard potentiometer resistances. 

The switching frequency is increased to 40 MHz and the recorded gate voltages are 

presented in Figure 3-10.  

To verify the performance of the proposed gate drive technique, the gate 

voltages are recorded at various load currents. Figure 3-11 shows the measured gate 

pulse to switch  𝑆𝑆1 over a load current range of 0.45 A to 2.4 A. The gate voltages are 

within the limits of EPC8004 GaN FET [64]. The steady-state gate pulse voltages of 𝑆𝑆2, 

𝑆𝑆3 and 𝑆𝑆4 are also measured across the corresponding bootstrap capacitors at various 
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load currents and plotted as shown in Figure 3-12. The gate voltages of 𝑆𝑆3 and 𝑆𝑆4 are 

regulated at 5 V by the internal LDOs of the gate driver ICs, whereas the gate voltages 

of 𝑆𝑆1 and 𝑆𝑆2 are not directly regulated by LDO and varies slightly with load current. The 

steady-state gate voltage of 𝑆𝑆1 measured across 𝐶𝐶6, decreases with the increase in load 

current due to the 𝑅𝑅𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 drop across 𝑆𝑆2 as given by (3.3). In contrast, the 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 drop of 

𝑆𝑆3 aids to the gate voltage of 𝑆𝑆2 and increases slightly with the increase in load current 

as represented in (3.2). Overall, the gate voltages of all the switches are maintained well 

within the operable limits of EPC8004 GaN FET. 

 

Figure 3-9: Measured gate pulses of the proposed gate drive technique at 20 MHz. Gate pulses to S1 and 
S4 are complementary. Gate pulses to S2 and S3 are complementary (x-axis:20ns/div). 
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Figure 3-10: Gate pulses measured at 40 MHz (X-axis:16ns/div). 

 

Figure 3-11: Measured gate pulse voltage of the switch S1 at various load currents. 
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Figure 3-12: Measured gate voltages of switches all the GaN MOSFETs at various load currents. 

Figure 3-13 shows the input and output PWM signals of the GD1 and GD2 at 

25 MHz.  The propagation delay introduced by the LMG1210 half-bridge driver IC and 

delay of PCB trace is measured as 14 ns for both the gate driver ICs. Matched 

propagation delay is one of the vital aspects as the unmatched propagation delay can 

lead to inaccurate switching of the converter. The switch node voltage and the gate pulse 

of switch S1 are shown in Figure 3-14. The switch node voltage is switching between 0 

and 15 V at 40 MHz when supplied with 30 V DC input voltage, while the gate pulse 

frequency is only 20 MHz. The test points to measure the gate signals are located a bit 

away from the gate driver. Hence, minimal ringing is observed in the measured gate 

pulse voltage which is primarily due to the parasitic loop inductance formed by test 

point traces and the probe capacitance. 
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Figure 3-13: Measured input and output PWM signals of the proposed gate drive technique with gate 
driver propagation delays at 25 MHz (X-axis scale:16ns/div). 

Table 3-1: Comparison of the proposed gate drive method with the existing state-of-the-art cascaded 
bootstrap techniques. 

Gate drive 
technique 

No. of 
half-
bridge 
gate 
driver 
ICs 

No. of 
External 
LDOs 

No. of 
external 
Bootstrap 
FETs/Diodes 

No. of 
bootstrap 
capacitors 

No. of 
Gate 
signal 
isolators 

Highest 
switching 
frequency 
reported 

This work 2 None 0/3 4 2 40 MHz 
Charge 
pump 
method [70]  

2 1 0/4 7 4 140 kHz 

Cascaded 
Synchronous 
Bootstrap 
[71] 

3 None 3/3 5 4 500 kHz 

 

Table 3-1 shows the comparison of the proposed gate drive method with the 

existing state-of-the-art cascaded bootstrap gate drive techniques for flying capacitor 

multi-level converters. Here the number of levels considered for the comparison 
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purpose is three. The proposed gate drive technique uses a minimum number of 

components and reduces the gate driver size and PCB layout complexity associated with 

high-frequency switching. 

 

Figure 3-14: Experimental waveforms. Ch1: Gate signal. Ch2: Switch node voltage. The frequency of 
switch node voltage (40 MHz) is double the gate signal switching frequency (20 MHz). 

 Summary 

A novel gate driving strategy is proposed for a flying capacitor three-level buck 

converter. The prototype was implemented with a reduced number of half-bridge gate 

driver ICs and component count when compared with the closest existing literature. The 

proposed gate driving method works in PWM mode with two input PWM signals. The 

dead time of the gate drive output signals can be adjusted using potentiometer 

resistances provided on the prototype. The proposed technique also operates with an 
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independent gate pulse to each of the four switches. The gate voltages measured at 

various load currents are within the operable limits.  Experimental results at the various 

switching frequency of operation show the effectiveness of the proposed concept at 

Multi-MHz operation. 

  



63 

 

4. FLYING CAPACITOR BASED MULTI-PHASE THREE-

LEVEL BUCK CONVERTER ENVELOPE TRACKING 

POWER SUPPLY 

 Introduction 

A flying capacitor-based single-phase three-level buck converter is designed in 

the previous chapter to track high voltage envelope signal of maximum voltage 42 V 

and bandwidth of 8 MHz while switching at 20 MHz switching frequency. To improve 

the bandwidth further the switching frequency has to be increased. This leads to 

increased switching losses at the high switching frequency. Moreover to supply high 

power applications single converter is not sufficient due to the limited current-carrying 

capability of GaN FET.  

A multi-phase buck converter with the interleaved operation is proposed in [27], 

[67] to meet the high bandwidth and high-power processing requirements. The 

interleaved mode of PWM improves the effective switching frequency without the need 

for an increase in device switching frequency. Therefore the size of the output low-pass 

filter components reduces and the bandwidth of the filter increases predominantly. A 

conventional two-level multi-phase buck converter is shown in Figure 4-1. For an N-

phase interleaved two-level buck converter the gate switching pulses of each phase are 

interleaved by 3600/N concerning the corresponding gate pulses in the adjacent phases. 

This leads to an effective ripple frequency of  N times the device switching frequency. 
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Figure 4-1: Conventional multi-phase two-level buck converter. 

 Flying Capacitor Multi-Phase Three-Level Buck Converter  

The interleaved multi-phase operation is adopted to the flying capacitor-based 

three-level buck (FCTL) converter to meet the need for high power and bandwidth. 

Figure 4-2 shows an N-phase flying capacitor-based three-level buck converter with 

fourth-order LC low-pass output filter. As opposed to conventional N-phase interleaved 
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two-level buck converter the gate switching pulses of the N-phase FCTL buck converter 

are interleaved by 360 / 2N . Also, the interleaving in PWM yields an effective ripple 

frequency of 2N  times the device switching frequency. This is twice the value when 

compared with regular N-phase two-level buck. 

 

Figure 4-2: Flying capacitor-based multi-phase three-level buck converter with fourth-order LC low-
pass output filter. 

 



66 

 

 Power Stage Design 

The power stage architecture of the two-phase three-level buck converter along 

with the ZVS fourth-order output filter for ET application is shown in Figure 4-3. The 

RFPA behavior is modeled as a resistive load LR [65]. Each converter consists of four 

switches 1 2 3 4, , ,x x x xS S S S  (where ,x a b= ). The two bottom devices 3xS and 4xS  

operate in synchronous rectification mode and hence, continuous conduction of the 

converter throughout the duty cycle range. The gate pulses to the top two devices, 1xS

and 2xS are similar, with a duty cycle D , but phase-shifted by 180°. The switch pairs 

1 4,x xS S and 2 3,x xS S  are switched in a complementary manner, as shown in Figure 4-4 

and Figure 4-5. Phase – b gate pulses are delayed 90° to achieve interleaved operation. 

By proper control of the voltage across the flying capacitor at / 2inV , the switch node 

voltage of each phase switches between 0 and / 2inV  for duty cycle range 0    0.5D< <  

as shown in Figure 4-4. For the duty cycle range 0.5    1.0D< < , the switching node 

switches between voltage levels / 2inV  and inV  as shown in Figure 4-5. Moreover, the 

switching node frequency of each phase is twice the device switching frequency, and 

the two switch node voltages swaV  and swbV  are phase-shifted 90° apart. Therefore, the 

total current TI  has an effective ripple frequency of four times the device switching 
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frequency, which leads to filter size reduction, and improved open-loop converter 

bandwidth. 

 

Figure 4-3: Power stage of flying-capacitor based two-phase three-level buck converter. 

4.3.1 Device Selection 

EPC8000 series eGaN FETS [62], [63] are selected due to their ultra-small 

footprint, low switching loss, and zero reverse recovery charge. The effective switching 

frequency for a two-phase three-level buck and an equivalent four-phase two-level buck 

converter is the same for the same per phase device switching frequency. The number 

of switching devices used in both designs is also the same. Hence, the power loss models 

are developed for both the converters, and efficiency analysis is performed with 

EPC8004 and EPC8009 GaN FETs as switching devices.  
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Figure 4-4: Model switching waveforms of the two-phase three-level buck converter for 0 < D < 0.5. 
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Figure 4-5: Model switching waveforms of the two-phase three-level buck converter for 0.5 < D < 1.0. 
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For the designed maximum power rating of 115 W, Figure 4-6 and Figure 4-7 

depict that the proposed three-level design has better efficiency when compared to its 

conventional two-level counterpart at high switching frequencies of up to  50  MHz.  

This is because the proposed three-level buck converter has reduced voltage stress on 

the switching devices. This makes the three-level design a better choice for higher 

bandwidth ET applications. Moreover, with the EPC8004, the proposed design 

exhibited a better efficiency. Texas Instruments LMG1210 gate driver [79] with 

adjustable dead time and switching frequency capability of up to 50 MHz is used to drive 

the eGaN FETs. 

 

Figure 4-6: Switching frequency Vs efficiency of conventional four-phase two-level buck design. 
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Figure 4-7: Switching frequency Vs efficiency of proposed two-phase three-level buck design. 

 Inherent Phase Current Balancing 

Butter-worth, Bessel–Thomson, and Legendre–Papoulis are some of the 

traditional higher-order filter types that can be used in ET applications to full fill the 

needs of bandwidth and switching ripple attenuation. And also the filter component 

values can be easily calculated from standard transfer functions for a specific cut-off 

frequency [80], but the zero voltage switching (ZVS) conditions are not met. This leads 

to unbalance phase currents and reduced efficiency. The design of the ZVS low pass 

filter for a two-phase three-level buck converter with a bandwidth of 20 MHz is 

presented in this section. 
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For the proposed three-level buck converter design, the top two devices S1x and 

S2x that connects the inductor 1L  to input DC bus/capacitor positive terminal are referred 

to as High Side MOSFETs (HSM), and the bottom two devices S3x and S4x that connects 

the inductor 1L  to ground/negative terminal of the flying capacitor are termed as Low 

Side MOSFETs (LSM). ZVS turn-on of the LSMs is possible by inserting a proper delay 

in the gate signals to these low-side devices. But, the turn-on of the high side devices is 

dissipative. This is due to the lack of negative inductor current to charge/discharge the 

parasitic capacitance across the devices. In the proposed design, the ZVS turn-on of the 

HSM is achieved by designing the 1L  inductor value in such a way that it carries a peak-

to-peak ripple current more than twice the value of its average current. By selecting a 

proper ZVS inductor value 1L , the phase currents are also balanced without using any 

current control loops. 

For instance, consider the period during which S1 and S3 are in conduction and 

0.5    1.0D< < . When  S3  is turned off, the inductor negative peak current 

charge/discharges the parasitic capacitance across S2 and S3 as shown in Figure 4-8 and 

Figure 4-9. This makes the switch node voltage inV  and in turn the voltage across S2 to 

zero as if it is turned on. And the  time to charge/discharge these switches to / 2inV  is 

inversely proportional to the inductor negative peak current 𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛_𝑝𝑝𝑝𝑝 and  is given by 

 
_

2 / 2oss
c in

neg pk

Ct V
i

= , (4.1) 
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Figure 4-8: Power stage of the three-level synchronous buck during the turn-off of LSM. 

 

Figure 4-9: Primary waveforms of the three-level synchronous buck during the turn-off of LSM. 
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where Coss is the device output capacitance. The positive difference of (Deadtime − 

tc), increases the effective duty cycle and leads to an increment in the average inductor 

current of that phase. The phase with less average current (higher absolute value of 

ineg_pk) has the lesser charging time, tc. This leads to a higher effective duty cycle of that 

phase and increases the average current carried by it. This phenomenon works as a 

virtual negative feedback effect and maintains phase current balance inherently. 

 ZVS Filter Design 

The basic circuit diagram of the multi-phase three-level buck converter is shown in 

Figure 4-2. In this section, a detailed ZVS filter design guide for a multi-phase three-

level converter for high bandwidth envelope tracking application is discussed. 

4.5.1 Filter Design for Single-Phase Three-Level Buck Converter 

To achieve ZVS operation, the inductor negative peak current should be less 

than zero at all load currents. To achieve ZVS operation, the inductor negative peak 

current should be less than zero at all load currents. At 1 1maxL L= the inductor ripple 

current is equal to its static current. Here, 1maxL  of a three-level buck converter is 

derived as 

 ( )( )
1

1

1 1/ 2
min

2  
in

max
L s

V D D
L

I f
 − −

=  
 

, for 0.5 1.0D< < . (4.2) 

The inductor quasi-static current 1LI  is approximately calculated as 
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 1
   in

L
L

DVI
R

= , (4.3) 

where IL1 is inductor static current, Vin is the input voltage, LR  is load resistance, D  is 

the duty cycle, and sf  is the switching frequency. By substituting (4.3), (4.2) can be 

further simplified in to 

 ( )( )
1

1 1/ 2 /
min  

2 
L

max
s

R D D D
L

f
 − −

=  
 

. (4.4) 

Hence, by designing the filter’s inductor value 1 1  maxL L< , the inductor ripple 

current is always greater than the inductor quasi-static current. Hence, the inductor 

current discharges to below zero and changes its direction. During the dead-time, this 

negative inductor current flows back into the MOSFETs output capacitance (Coss) and 

charges or discharges them to half the input voltage. This phenomenon leads to the ZVS 

turn ON for the top side MOSFET and current balancing among phases. A detailed 

explanation is presented in the previous section 4.4.  

For ET power supply D varies over a wide range from minD  to maxD . By choosing 

maxD  as the maximum duty cycle for ZVS operation, 1maxL  can be calculated using (1). 

Then, the inductance 1L  should be selected such that it is less than  1maxL . The remaining 

filter components (L3, C2, and C4) are designed for the required cut-off frequency and 

flat passband response. For a three-level buck, the switch node voltage ( swV ) frequency 
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is twice the device switching frequency sf . Hence, the switching ripple attenuation at 

the effective switching frequency 2fs is given by  

 ( )
02 01

2 240log 40logs s
s

f fA j
f f

ω = + , (4.5) 

where, 01f  and 02f  are the two resonant frequencies which are defined as 

 01
1 2

1 
2

f
L Cπ

=  (4.6) 

and 

 02
3 4

1 
2

f
L Cπ

= . (4.7) 

Here 02 01   f f< , and 

 02    cf f≈ , (4.8) 

where   cf  is filter cut-off frequency. The flat passband response is obtained by selecting 

a low-quality factor 2Q  associated with LR  at 02 f .  The expression for 2Q  is  

 4
2

3

    1 L
CQ R
L

= < . (4.9) 

From (4.8) and (4.5), 01f  can be solved by determining the required cut-off 

frequency cf  and approximate switching frequency attenuation. Then 2C  can be 

determined by plugging 01f  value in (4.6). The values of 3 L  and 4C  are obtained by 
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solving (4.6) and (4.9). To validate the accuracy of the approximations made, the 

condition 02 af f>  needs to be validated. Where af  is obtained from the filter bode plot 

phase asymptote as 

 11/2
011  0 Q

af f−= , (4.10) 

and the quality factor 1Q  at 01 f  is given by 

 2
1

1

    1 L
CQ R
L

= < . (4.11) 

This condition will make sure that the poles at  01f  having a minimal impact on 

the response near the cut-off frequency. The condition 02 af f>  holds in most of the cases 

if the effective switching frequency of the switch node voltage is greater than four times 

the cut-off frequency ( 2  4  s cf f> ). If the condition 02 af f>  is not met, the design needs 

to be verified using frequency response and adjust the filter design appropriately, as 

given in section 4.5.3. 

4.5.2 Fourth-Order ZVS Filter Design of Multi-Phase FCTL Buck Converter 

The Thevenin’s and Superposition equivalent circuit of the N-phase interleaved 

three-level buck converter is shown in Figure 4-10 [81]. Where '
1L  is the equivalent 

inductance given by 

 '
1 1 /L L N= . (4.12) 
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The phase shift operation of the interleaved buck converter is modeled as ( )DT s  and 

given by 

 

Figure 4-10: Thevenin’s and Superposition equivalent circuit of the N-phase interleaved three-level 
buck converter. 

 ( ) ( )
'

1

1

1  
sTN k s

N
D

k

T s e
N

−
−

=

= ∑ , (4.13) 

where ' '1  /s sT f=  and '
sf  is the switch node voltage frequency, which is twice the device 

switching frequency. In a multi-phase interleaved 3-level buck converter the phase shift 

to the PWM signal of thi  phase is given by 

 
1 2 . 

2i
i

N
ϕ π−

=  (4.14) 

The effective switching frequency ripple ( , )s eqf  of an N –phase 3-level buck converter 

that needs to be attenuated by the filter is given by 

 , 2s eq sf N f= . (4.15) 
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If the phase currents are balanced, the approximate inductor quasi-static current in each 

phase is 

 1     o in
L

L

I DVI
N NR

= = . (4.16) 

By substituting (4.15) in (4.4), the maximum limit to inductance L1max to achieve 

ZVS for N-phase three-level converter is given by 

 
( )

1
1 ,

12 1
2

2  

in

max
L s eq

NV D D
L min

I f

  − −    =
 
  

, 0.5 1.0D< < . (4.17) 

By substituting (4.16), (4.17) can be further simplified in to 

 ( )( )2

1
,

2 1 1/ 2 /
min

2 
L

max
s eq

N R D D D
L

f
 − −

=  
  

. (4.18) 

The attenuation constraint at the effective switching frequency ,s eqf  for an N-phase filter 

is obtained as 

 ( ) , ,
, '

02 01

40 log 40log   s eq s eq
s eq

f f
A j

f f
ω = + , (4.19) 

where, 

 '
01 '

1 2

1  
2

f
L Cπ

= . (4.20) 

The verification equation becomes '
02   af f> , where 

 
'
11/2' '

011  0 Q
af f−= , (4.21) 
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and the modified quality factor '
1Q  at '

01f  is given by 

 ' 2
1 '

1

    1 L
CQ R
L

= < . (4.22) 

Based on these equations a detailed step-by-step procedure is provided below to find 

out the fourth-order LC-filter component values for the required bandwidth. 

4.5.3   Design Procedure 

The above design equations are based on certain approximations. Therefore, the 

final design parameters need to be adjusted based upon the actual frequency response 

of the filter. For example, the frequency response of the filter during the passband will 

be undesirable if the quality factor 2Q  at 02f  is either too high or too low as shown in 

Figure 4-11. Therefore, the value of  2Q  needs to be modified by adjusting the  3L   and  

4C  values based on (4.9). The detailed step by step procedure of the filter design is given 

below: 

Step-1: Choose the filter cut-off frequency based on ,  4s eq cf f> , the desired attenuation 

( ),s eqA jω  at the effective switching frequency, and the number of phases N. 

Step-2: Fix the duty cycle range for ZVS operation and calculate 1maxL  based on (4.18)

and choose 1 1maxL L< . 
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Step-3: Choose the quality factor 2Q  at 02f  and solve for 3L  and 4C  using (4.7), (4.8) 

and (4.9). 

Step-4: Calculate '
1L  using (4.12) and solve for 2C  based on (4.19) and (4.20). 

 

Figure 4-11: Magnitude frequency response at various 2Q . 

Step-5: Verify the design by checking the condition '
02   af f> . If the condition is not met, 

check the filter frequency response, and iterate the design parameters 3L  and 4C  until 

the desired frequency response is achieved. 
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A fourth-order ZVS filter is designed for a two-phase three-level buck converter 

with an envelope signal bandwidth of 20 MHz, and a device switching frequency of  25 

MHz ( , 100 s eqf MHz= ). The input voltage to the converter is 30 V, the load resistance 

is 6.6 Ω and the duty cycle range for ZVS is 0.2 to 0.8.  

Table 4-1: Legendre and ZVS fourth-order filter component values with 20 MHz bandwidth 

Filter Type 
LR  1L  2C  3L  4C  

Legendre 6.6 Ω 90 nH 1.08 nF 80 nH .41 nF 

ZVS 6.6 Ω 16 nH 4 nF 66 nH .96 nF 

        

The filter component values designed for an effective switching frequency 

attenuation of 50 dB are provided in Table 4-1. A standard fourth-order Legendre-

Papoulis filter is designed at 20 MHz bandwidth and the filter component values are 

also provided in Table 4-1. 

The frequency response of magnitude for ZVS and Legendre filters is shown in 

Figure 4-12.  They exhibit similar flat responses in the 20 MHz passband. The ZVS 

filter magnitude response resonates around 27 MHz. But this does not impact the 

tracking performance as the envelope signal is band-limited at 20 MHz and the 

resonance is well below the effective switching frequency.  

The phase shift in PWM of the converter provides a notch in the magnitude 

frequency response. This attenuates the per phase switch node frequency component of 

50 MHz and provides a better ripple rejection in the output voltage. Figure 4-13 shows 
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the phase-frequency response of ZVS and Legendre -Papoulis filter. It is noticed that 

the ZVS filter provides a slightly lower and constant group delay in the passband when 

compared to the Legendre filter type. 

 

Figure 4-12: Comparison of the frequency response of magnitude. 

 Simulation Results 

A two-phase three-level DC-DC converter is simulated using PLECS. EPC8004 

is used as a power semiconductor device due to its low on-state resistance and switching 

losses. Figure 4-14 shows the switch node voltages and inductor currents of the proposed 

two-phase three-level buck converter when tracking the envelope signal with 20 MHz 

bandwidth. The switch node voltages are switching either between (i) 0 V and 15 V or 
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(ii) 15 V and 30 V, based upon the input envelope command. Hence, voltage stress 

across the GaN MOSFETs is limited to half of the input voltage. 

 

Figure 4-13: Comparison of the frequency response of phase. 

4.6.1 ZVS and Legendre Filter Types 

The inductor peak currents vary with the variation of duty cycle or both ZVS 

and Legendre filter types as shown in Figure 4-15. The high peak inductor currents of 

the ZVS filter lead to increased conduction loss compared to Legendre. However, the 

switching loss is greatly reduced using the ZVS filter which leads to better efficiency at 

the high switching frequencies (> 10 MHz).  
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Figure 4-14: Switch node voltages and inductor currents of the two-phase three-level buck with ZVS 
output filter when tracking 20 MHz bandwidth envelope signal. 

 

Figure 4-15: Variation of peak inductor currents with Duty cycle for a two-phase three-level buck 
converter with ZVS and Legendre output filter types. 
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The ZVS operation of the proposed ZVS filter and Legendre filter are shown in 

Figure 4-16 and Figure 4-17 respectively. The ZVS turn-on of the bottom side 

MOSFETs is achieved by allowing proper dead time, whereas the ZVS turn-on for the 

top side switches can only be achieved using the ZVS filter [82], whereas the ZVS turn-

on of topside MOSFETs is not possible by using the Legendre filter.  

  

Figure 4-16: ZVS turn-on of all the GaN FETs with proposed ZVS filter design. 

The switching loss of the converter with the Legendre output filter is constant 

and higher than that of the ZVS filter as shown in Figure 4-18. This is due to the lack of 

ZVS turn-on of topside MOSFETs in the case of the Legendre filter. For duty cycle 

ranges from 0.44 to 0.6 and from 0.85 to 0.95, there is no negative current through the 
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ZVS inductor (no ZVS turn-on of top MOSFET) and the converter’s switching loss with 

ZVS filter is the same as that of the case with Legendre filter. But, the overall switching 

loss of the converter is less using the ZVS output filter as shown in Figure 4-18. 

Moreover, the proposed ZVS filter design provides current self-balancing among the 

phases. Therefore ZVS filter is a better option for multi-phase high bandwidth ET 

applications. 

 

Figure 4-17: Lack of ZVS turn-on of high-side GaN FETs with Legendre filter design. 

The output voltage of the converter with Legendre and ZVS filter designs while 

tracking a 20 MHz bandwidth, 4G LTE envelope signal is shown in Figure 4-19 and 
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Figure 4-20 respectively. For a device switching frequency of 25 MHz, the switch node 

voltage of each phase is switching at 50 MHz and the total current TI  has an effective 

ripple frequency of 100 MHz. 

 

Figure 4-18: Switching loss comparison of the proposed two-phase three-level buck converter with ZVS 
and Legendre output filters. 

This ripple frequency is five times the target maximum bandwidth of 20 MHz 

and allows the accurate tracking of the envelope signal. The converter output voltage 

varies from 4 V to 28 V when supplied by a 30 V DC input source. It is noticed that the 

two-phase three-level converter with the ZVS output filter has slightly better tracking 

capability when compared with the Legendre output filter. 
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Figure 4-19: Output voltage of the two-phase three-level buck converter with Legendre output filter 
tracking a 20 MHz bandwidth 4G LTE envelope signal. 

 

Figure 4-20: Output voltage of the two-phase three-level buck converter with ZVS output filter tracking 
a 20 MHz bandwidth 4G LTE envelope signal. 
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4.6.2 Comparison with Conventional Two-Level Counterpart 

The switching loss (including gate drive loss) and conduction loss separation 

along with the total loss of the proposed two-phase three-level buck converter are 

compared with its equivalent four-phase conventional buck converter with the same 

power amplifier load (modeled as constant load resistance [83]) as shown in Figure 

4-21. The switching (mostly during turn-off) loss of the proposed converter is far lower 

than the switching loss of the conventional two-level converter. Moreover, the switching 

loss is constant for most of the duty cycle range except during a specific part, where the 

ZVS turn-on of top-side MOSFETs is lost.  

 

Figure 4-21: Switching loss and conduction loss comparison of the proposed three-level converter with 
its equivalent two-level converter at the designed maximum power rating of 115 W. 
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In contrast, the conduction loss of the proposed converter is slightly above its 

conventional counterpart. Further, the conduction loss is mostly increasing with an 

increase in the duty cycle. In conclusion, the total loss of both the converters increases 

with the rise in the duty cycle, but the overall loss of the proposed converter is less than 

its equivalent two-level buck converter. Figure 4-22 shows the efficiency comparison of 

both proposed and conventional converters with EPC8004 and EPC8009 GaN 

MOSFETs as switching devices. The proposed converter with EPC8004 ( dsonR = 110mΩ

) exhibited slightly better efficiency than with EPC8009 ( dsonR = 130mΩ ) devices, due 

to the less on-state resistance of the former. In contrast, the conventional two-level 

equivalent demonstrated a slightly better efficiency with EPC8009 (  19ossC pF= ) as a 

switching device due to its less drain to source capacitance when compared with 

EPC8004 (  23ossC pF= ). The overall efficiency of the proposed design is greater than 

the conventional buck design. Moreover, there is a drop in the efficiency over a certain 

range of the output voltage due to partial ZVS turn-on of the GaN MOSFETs. The 

proposed converter has recorded a peak efficiency of 97.5 % at 115 W and the total 

average efficiency is 94.5 % at 26 W of average power. Also, the efficiency of the 

proposed design is above 90 % for most of the operating range and has a PAPR of 10 

dB. 
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Figure 4-22: Output voltage Vs Efficiency of the two-phase three-level buck and its equivalent 
conventional two-level buck. 

 Summary 

In this chapter, a multi-phase interleaved buck converter concept was adopted to 

flying capacitor-based three-level buck converter to meet the high power levels and 

bandwidth needs of the ET power supply. The design of a two-phase three-level buck 

converter for a higher bandwidth ET application was presented. Power loss models were 

developed to aid the optimal design of the converter. A ZVS low pass filter design 

was proposed to track a 20 MHz LTE envelope signal and also inherent phase current 

balancing in a multi-phase three-level buck. Power loss models and efficiency 

comparisons show that the proposed three-level buck converter has a better average 

power efficiency over the two-level buck option for the designed rating and PAPR. 

Simulation results were provided to validate the proposed ZVS concept and converter 
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design. Moreover, the proposed design is easily scalable for high-power ET applications 

and can achieve higher bandwidth and PAPR. 
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5. CASCADED SWITCHING CAPACITOR BASED MULTI-

PHASE THREE-LEVEL BUCK CONVERTER FOR 

COMMUNICATION ENVELOPE TRACKING 

 Introduction 

The FCTL buck converter needs active voltage balancing of the flying capacitor, 

and the complexity of the control scheme increases with switching frequency. At a high 

switching frequency of operation, the availability of control circuit parts is limited due 

to the increased bandwidth requirement and may contribute to the increased cost of the 

converter. The PCB layout complexity of the control circuit increases with the increase 

in switching frequency. Finally, the sensed voltage signal across the flying capacitor 

should be noise-free to have accurate control.  

To overcome these issues a cascaded switching capacitor-based multi-phase 

three-level buck converter is proposed in this chapter. The low pass ZVS output filter 

design is adopted from Chapter 4 with slight modifications. A modified PWM scheme 

is proposed to maintain the linear relationship between the reference envelope signal 

and modulated output voltage. Due to this reason, the modified PWM scheme enables 

the easy adoption of the proposed converter to ET applications. The proposed converter 

has the following advantages. 

• Elimination of active voltage control of switched-capacitor. 

• ZVS turn on and inherent phase current balancing. 
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• Reduced device voltage stress and turn off switching loss. 

• Higher output voltage than the DC input voltage. 

• Reduced conduction loss when compared with other multilevel topologies. 

 Proposed Cascaded Switching Capacitor Based Three-Level Buck 

The basic circuit diagram of the proposed multi-phase cascaded switching 

capacitor converter is shown in Figure 5-1.  

 

Figure 5-1: Cascaded switching capacitor-based multi-phase three-level buck converter. 
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Each phase consists of two half-bridges (HB) and one auxiliary switch to charge 

the cascaded switching capacitor Cx. (HB1: S1x, S2x, HB2: S3x, S4x, and auxiliary switch 

S5x. Where x = a, b, --- n). The two switches of each HB switch in complementary with 

proper dead time. Two high-frequency half-bridge gate driver ICs drive the gates of 

these two half-bridges and the gate of switch S5x is driven by the same gate signal of 

switch S4x. For the same output voltage, the input DC voltage required for the proposed 

cascaded switching capacitor-based converter is half of the input voltage required for 

traditional two-level and FCTL buck converters. 

This section describes the various operating modes of the converter. The 

operation of one phase of the proposed multi-phase converter is explained the remaining 

phases also follow the same principle but the gate pulses are phase-shifted by 360°/N 

with respect to their neighboring phases (Where N is the number of phases). For 

simplicity and comparison with the existing three-level buck converter, the input 

voltage is considered as Vin/2 in this work. The proposed converter has four operating 

modes over the range of duty cycle of 0 < D < 1.0. The circuit operation during these 

four modes is shown in  Figure 5-2, Figure 5-3 and explained in this section. 

Mode-1 (0 < D < 0.5 and S1 is ON): For duty cycle D below 0.5, S3 is always 

off and S4, S5 are always in conduction as shown in Figure 5-2. Switches S1 and S2 

operate in a complementary manner and the switch node voltage switches between 0 

and Vin/2 as shown in Figure 5-4. During mode-1 of operation, S1 is in conduction and 

the load current is supplied by the parallel combination of switching capacitor and input 
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voltage source as shown in Figure 5-2(a). Therefore the switch node voltage is equal to 

input voltage Vin./2. The switching capacitor discharges to load through S1 until the end 

of mode-1, where S1 is turned off and S2 is turned on. 

 

Figure 5-2: Operation of the converter during 0 < D < 0.5. (a) The switching capacitor is discharging 
through switches S1 and S4. (b) Switching capacitor is charging through switches S1 and S4 
and inductor current freewheeling through S2. 
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Figure 5-3: Operation of the converter during 0.5 < D < 1.0. (a) The switching capacitor is discharging 
in series with the input voltage source and through switches S1 and S3. (b) The switching 
capacitor is charging through switches S4 and S5. 

Mode-2 (0 < D < 0.5 and S2 is ON): During Mode-2 of operation, S1 is turned-

off and S2 is turned on. The switching capacitor charges through S5 from the input 

voltage source as shown in Figure 5-2(b).  The inductor current freewheels through S2 

and the switch node voltage is 0 V. The model switching waveforms are shown in Figure 
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5-4. At the end of mode-2, switch S2 is turned off and S1 is turned on. For duty cycle 

below 0.5, the converter operates in mode-1 and mode-2 only. 

 

Figure 5-4: Proposed Modulation scheme and model switching waveforms for the duty cycle in the 
range 0 < D < 0.5. 
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Figure 5-5: Proposed Modulation scheme and model switching waveforms for the duty cycle in the 
range of 0.5 < D < 1.0. 

Mode-3 (0.5 < D < 1.0 and S3 is ON): When the duty cycle D is above 0.5, S2 is 

always off and S1 is always in conduction. Switches S3 and S4 operate in a 

complementary manner as shown in Figure 5-3 and the switch node voltage switches 

between Vin/2 and Vin as shown in Figure 5-5. Also, switch S5 is driven by the same gate 
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signal as switch S4 through a bootstrap circuit comprised of capacitor CBST and diode 

DBST. During mode-3 of operation, S3 and S1 are in conduction and the load current is 

supplied by the series combination of switching capacitor and input voltage source as 

shown in Figure 5-3(a). Hence, the switch node voltage is Vin, which is double the input 

DC voltage. The switching capacitor discharges to load through S1 and S3 until the end 

of mode-3, where S3 is turned off and S4, S5 are turned on. 

Mode-4 (0.5 < D < 1.0 and S4 and S5 are ON): During Mode-4 of operation, S4 

and S5 are in conduction along with S1. The load current and the capacitor charging 

current are supplied by the input voltage source through S5 as shown in Figure 5-3(b). 

Hence the switch node voltage is Vin/2 as shown in Figure 5-5. The converter operates 

in mode-3 and mode-4 for a duty cycle greater than 0.5. 

 ZVS Filter Design 

A ZVS low pass output filter is designed for the proposed three-level converter 

to smoothly track the reference envelope signal. To achieve ZVS operation, the inductor 

negative peak current should be less than zero at all load currents. At 𝐿𝐿1 = 𝐿𝐿1𝑚𝑚𝑚𝑚𝑚𝑚 the 

inductor ripple current is equal to its static current. Here, 𝐿𝐿1𝑚𝑚𝑚𝑚𝑚𝑚 for a single-phase 

cascaded three-level buck converter is derived as 

 ( )( )
1

1

1 1/ 2
min

  
in

max
L s

V D D
L

I f
 − −

=  
 

, for 0.5 1.0D< < . (5.1) 

The inductor quasi-static current 𝐼𝐼𝐿𝐿1 is approximately calculated as 
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 1
in

L
L

DVI
R

= , (5.2) 

where IL1 is inductor static current, Vin is the input voltage, 𝑅𝑅𝐿𝐿 is load resistance, 𝐷𝐷 is 

duty cycle and 𝑓𝑓𝑠𝑠 is the switching frequency. By Substituting (5.2), (5.1) can be further 

simplified in to 

 ( )( )
1

1 1/ 2 /
min

 
L

max
s

R D D D
L

f
 − −

=  
 

. (5.3) 

By choosing the ZVS filter inductor value as 𝐿𝐿1 <  𝐿𝐿1𝑚𝑚𝑚𝑚𝑚𝑚, the remaining filter 

values can be designed by following the procedure provided in section 4.5.  

 

Figure 5-6: Magnitude and phase plot of fourth-order low pass ZVS output filter with 20 MHz 
bandwidth. 
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A fourth-order ZVS filter is designed for 20 MHz bandwidth and the list of filter 

values is provided in Table 5-1. Figure 5-6 shows the frequency response plots of the 

magnitude and phase of the ZVS filter. The magnitude cross-over frequency is slightly 

above 20 MHz and the phase delay varies up to 130°  in the passband. The proposed 

ZVS filter also inherently balances the load current among all the phases of the 

converter. The ZVS turn on and current balancing mechanism are explained in Chapter 

4. 

Table 5-1: Filter component values. 

Filter Type 𝑹𝑹𝑳𝑳 𝑳𝑳𝟏𝟏 𝑪𝑪𝟐𝟐 𝑳𝑳𝟑𝟑 𝑪𝑪𝟒𝟒 
ZVS 3.5 Ω 28 nH 4.6 nF 43 nH 1.5 nF 

 Simulation Results 

The simulation of the proposed cascaded switching capacitor-based multi-phase 

three-level buck converter is carried out using PLECS to validate the concept. The 

PLECS simulation model is incorporated with the GaN FET on-state resistance (Rds-on) 

and device output capacitance (Coss) to account for the switching and conduction loss 

and voltage drop. The output voltage of the proposed cascaded switching capacitor-

based four-phase three-level converter tracking 20 MHz 4G LTE envelope signal is 

shown in Figure 5-7. The ZVS filter inductor ensures the current balancing among the 

interleaved phases and ZVS turn-on of top-side switches as explained in Chapter 4. The 

instantaneous currents during one switching cycle are not balanced due to the various 

instantaneous duty cycle values of the interleaved phases. But the RMS value of the 
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currents throughout the tracking is balanced. The negative current flowing through the 

ZVS inductor L1a allows the charge/discharge of the device output capacitance (Coss) of 

each device during switching and enables ZVS turn-on of top side GaN FETs. The ZVS 

turn-on of the switch pairs S1, S2, and S3, S4 are shown in Figure 5-8 and Figure 5-9 

respectively. 

 

Figure 5-7: The output voltage of the proposed cascaded switching capacitor-based four-phase three-
level converter tracking 20 MHz 4G LTE envelope signal. 
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Figure 5-8: ZVS turn ON of switches S1a and S2a in phase-a. 

 

Figure 5-9: ZVS turn ON of switches S3a, S4a, and S5a in phase-a. 
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 Prototype and Experimental results 

The proposed converter is designed to produce higher output voltages of up to 

52 V when supplied with a DC voltage of up to 30 V. The converter is designed with a 

four-phase option and each phase can switch up to 25 MHz and the effective switching 

frequency ripple of 100 MHz in the four-phase mode of operation. The ZVS- LPF can 

be designed with a cross-over frequency of up to 20 MHz bandwidth to track the 

envelope signal.  

5.5.1 Part selection 

The voltage stress across all the devices is the same as that of input voltage 

(Vin/2) except for switch S2x. The maximum voltage across the switch S2x which is 

nothing but the switching node voltage (Vswx) can go up to twice the input DC voltage 

(Vin) as shown in Figure 5-5. Hence, the voltage rating of the switch S2x is selected 

appropriately.  

EPC8000 family GaN MOSFETs have a similar smaller footprint and low output 

capacitance. EPC8004, 40 V GaN MOSFETs [64] are used to realize the switches S1x, 

S3x, S4x, S5x, and EPC8009, 65 V, GaN MOSFETs [84] are used to realize the high 

voltage switches S2x. All these switches are rated with 4 A continuous current and 7.5 

A pulsed current ratings. The low on-state resistance and turn-on time of these devices 

are enabling factors of high switching frequencies and higher efficiency of the 

converter. Coil craft RF air-core inductors and X7R multi-layer ceramic capacitors of 

0402 and 0603 sizes are used as switching capacitors and output filter capacitors. 
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LMG1210 high-frequency half-bridge gate driver IC with the bootstrap circuit is used 

to drive each half-bridge of the proposed multi-phase converter.  

 

Figure 5-10: (a) Experimental prototype and (b) PCB layout of the proposed cascaded switching 
converter. 
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The internal LDOs of LMG 1210 regulates the gate voltages at 5 V. An isolated 

DC voltage regulator is used to generate the 3.3 V output from the auxiliary dc supply 

voltage to the low voltage differential signal (LVDS) and isolator ICs. 

5.5.2 PCB layout 

The experimental prototype and its PCB layout of the proposed cascaded 

switching converter are shown in Figure 5-10. The zoomed details are marked in Figure 

5-11. The MOSFETs and gate driver ICs are located on both sides of the PCB to 

minimize the effect of parasitic inductance on the board layout.  

 

Figure 5-11: Close-up details for one phase of the proposed converter prototype. 
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The potentiometers are placed on the top side for easy access to adjust the turn 

on and turn off dead times of the MOSFETs. Figure 5-12 and Figure 5-13 show the top 

side of the PCB where the GaN FETs and the corresponding gate driver ICs are placed.  

 

Figure 5-12: PCB routing and part placement of switches S3, S4, and their Gate driver IC along with 
input decoupling and cascaded switching capacitors on the top side of the PCB. 

The footprint and the terminals of the EPC8000 family GaN FET are shown in 

Figure 5-14. The Gan FETs S3, S4, input DC link capacitors, and switched capacitors 

are placed closely on the topside of the PCB. The auxiliary switch S5 and its gate 

bootstrap diode DBST, switches S1, S2, and their corresponding gate driver IC are placed 

on the bottom side as indicated in Figure 5-13. The input DC voltage and ground return 

paths are routed in the adjacent layers to minimize the power loop stray inductance. The 

input decoupling capacitors and the cascaded switching capacitors are placed on both 

sides of PCB and the power ground return planes are routed in the inner two layers to 

minimize the commutation loop inductance for both the half-bridges. Furthermore, the 
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gate signal and source return paths are routed in the adjacent layers using micro-vias to 

minimize the influence of gate loop parasitic inductance. 

 

Figure 5-13: PCB routing and part placement of switch S5 and its gate bootstrap diode DBST, switches 
S1, S2, and their Gate driver IC along with input decoupling and cascaded switching 
capacitors on the bottom side of the PCB. 

 

Figure 5-14: EPC8000 family of GaN MOSFET. 
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5.5.3 Experimental Results 

The proposed cascaded switching converter is tested under a two-phase 

interleaved operating mode. Figure 5-15 and Figure 5-16 show the converter switch 

node voltages at duty cycle 0.3 when supplied with the input voltages of 15 V and 24 V 

respectively.  

 

Figure 5-15: Switch node voltages and output voltage of the prototype at 25 MHz switching frequency, 
and at duty cycle D= 0.3 when supplied with 15 V DC input voltage. The effective duty 
cycle of the switch node voltage is (D1 = 2D) 0.6 and switches between 0 V and 15 V. 

The switch node voltages of the two phases are interleaved by an angle of 180° 

(20 ns) and the switching frequency is 25 MHz.  For a duty cycle less than 0.5, the 

switch node voltage switches between 0 V and input voltage with an effective duty cycle 

of D1 = 2D. For the converter duty cycle of 0.3, the switch node voltages shown in 

Figure 5-15 and Figure 5-16 have an effective duty cycle of 0.6.  
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Figure 5-16: Switch node voltages and output voltage of the prototype at 25 MHz switching frequency, 
and at duty cycle D = 0.3 when supplied with 24 V DC input voltage. The effective duty 
cycle of the switch node voltage is (D1 = 2D) 0.6 and switches between 0 V and 24 V. 

For a duty cycle value of above 0.5, the switch node voltages of the converter 

switch between the input voltage and twice the input voltage. It is possible because the 

cascaded switching capacitor discharges in series with the input voltage source for duty 

cycle values of greater than 0.5. Hence tracking of higher output voltages than the input 

DC voltage is possible with the proposed converter. Figure 5-17 and Figure 5-18 show 

the converter switch node voltages at duty cycle 0.7 when supplied with the input 

voltages of 15 V and 24 V respectively. The switch node voltages of the two phases are 

interleaved by an angle of 180° (20 ns) at the device switching frequency of 25 MHz. 

For a converter duty cycle value of above 0.5, the switch node voltages have an effective 
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Figure 5-17: Switch node voltages at 25 MHz switching frequency, and at duty cycle D= 0.7 when 
supplied with 15 V DC input voltage. The effective duty cycle of the switch node voltage 
is (D2 = 2D – 1) 0.4 and switches between 15 V and 30 V. 

 

Figure 5-18: Switch node voltages at 25 MHz switching frequency, and at duty cycle D= 0.7 when 
supplied with 24 V DC input voltage. The effective duty cycle of the switch node voltage 
is (D2 = 2D – 1) 0.4 and switches between 24 V and 48 V. 
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duty cycle of D2 = 2D-1. For the converter duty cycle of 0.7, the switch node voltages 

shown in Figure 5-17 and Figure 5-18 have an effective duty cycle of 0.4. Figure 5-19 

shows the output voltage of the converter operating in one phase mode when supplied 

with 15 V input voltage. The highest bandwidth of the output voltage is limited at 5 

MHz for the converter switching frequency of 25 MHz. The output voltage varies from 

4 V to 26 V and the switch node voltage switches between either 0 and 15 V or 15 V 

and 30 V based on the reference envelope signal. The output voltage range can be further 

extended by increasing the input voltage. Figure 5-20 shows the output voltage varying 

from 6 V to 42 V when supplied with 24 V input voltage.  

 

Figure 5-19: Switch node voltage and output voltage tracking 5 MHz band-limited envelope signal 
when supplied with 15 V input voltage. 
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The output voltage has the highest transient voltage change of 442 V/us when tracking 

a 5 MHz band-limited signal. 

 

Figure 5-20: Output voltage tracking 5 MHz band-limited envelope signal when supplied with 24 V 
input voltage. 

Figure 5-21 shows the comparison of analytical model-based efficiency curves 

of conventional two-level and proposed converters switching at 25 MHz to track the 

same envelope signal. The load resistance of both the converters is fixed at 3.5 Ω and 

the efficiency is plotted at various output voltages. EPC8000 family of GaN FETs are 

used to model the converter efficiency. The proposed converter has slightly better 

efficiency compared to the conventional buck converter due to the reduced switching 

loss associated with the former one. The proposed converter has a peak efficiency of 

97.5 % and the efficiency stays flat above 90 % for most of the output voltage range, 

where the output voltage probability is higher. 
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Figure 5-21: Efficiency comparison of the proposed cascaded switching capacitor-based four-phase 
three-level converter with the conventional four-phase two-level buck converter. 

 Summary 

A cascaded switching capacitor-based multi-phase three-level converter is proposed 

in this chapter. The proposed cascaded switched capacitor three-level converter 

eliminated the need for active switched capacitor voltage control when compared with 

the conventional FCTL converter. The proposed modified PWM strategy provided 

linear input to output voltage relationship for ET. A hardware prototype was built and 

tested in the laboratory at 15 V and 24 V DC input voltage. Simulation and experimental 

results were provided to validate the proposed concept. The proposed converter has a 

better efficiency of above 95 % for most of the operating range when compared with 
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the two-level buck converter and a peak converter efficiency of 97.5 % is reported. The 

proposed converter concept is scalable for high voltage and high PAPR ET applications 

of up to 60 V by choosing appropriate voltage ratings for the GaN MOSFETs. Table 

5-2 summarises various characteristics of 2-level, FCTL, and cascaded switching 

capacitor buck converters for high voltage ET application. Also, the 2-level buck 

converter is limited by the availability of higher voltage-rated GaN FETs that are 

capable of switching at high switching frequencies (multi-MHz). 

Table 5-2: Comparision of proposed cascaded switching capacitor topology with FCTL and 2-level 
Buck converters for high voltage ET application. 

Converter 
topology 

Switching 
loss 

Conduction 
loss 

Efficiency 
at higher 
input 
voltage 

Hardware 
and layout 
complexity 

Suitability 
for higher 
voltage 
ET 

Scalability 

2-level 
Buck High Low Good Low Low Easy 

FCTL 
Buck  Low High Better High Medium Medium 

Cascaded 
switching 
capacitor  

Low Medium Best Medium High Easy 
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6.   SINGLE STAGE THREE-LEVEL INTERLEAVED BUCK 

CONVERTER WITH CURRENT SELF-BALANCING FOR 

IMPROVED POINT-OF-LOAD PERFORMANCE 

 Introduction 

Breakthroughs in cyber-physical systems have created a vast demand for faster, 

more efficient micro-controllers and GPUs. This requires better point-of-load voltage 

regulators with reduced noise and faster dynamic response. Therefore, the performance 

of power converters needs to be improved to mitigate the issues with noise and power 

losses at high current values. Many researchers proposed a two-stage conversion-based 

topology for this purpose [62], [85]. With such an architecture, the efficiency of the 

conversion system is lower, especially during the light load operation. Moreover, the 

two-stage conversion results in lower power density.  

To overcome these issues, industries are using a single-stage conversion 

approach [63]. A sine amplitude converter with zero voltage switching (ZVS) and zero 

current switchings (ZCS) is proposed in [79] which is a simple open-loop solution and 

the output voltage may not be well regulated under dynamic load conditions. A single-

stage cascaded buck topology is introduced in [86] has design flexibility that can be 

scaled to the requirements of the load. But the overall efficiency of the converter is not 

significantly high. Since isolation is not required for POL conversion switched-

capacitor converters have been studied and extensive research has been conducted in 



119 

 

this area [87]–[99]. It is also possible to interleave multiple buck converters [81], [82] 

with individual inner current loops and outer voltage control loops. To mitigate the 

switching losses of the two-level buck converter and reduce the magnetics size and 

voltage ripple, multi-level multiphase buck converters have been explored. But they 

typically require several current sensors, otherwise, it leads to severe inductor current 

unbalancing issues.  

To address the above challenges, this section proposes a multi-phase three-level 

buck converter with an inherent phase current balancing scheme as a single-stage 

solution for 48 V to 5 V (or 3.3 V) voltage regulator applications. This design can be 

implemented by using low voltage rating discrete GaN devices. The major advantages 

of the proposed topology are the reduction of device voltage stress, ripple current, and 

inductor size and hence improved dynamic load response of the converter. Usage of the 

multiple current sensors to achieve phase current balancing is not economical and is a 

limiting factor for the multi-phase voltage regulator. Moreover accurate current sensing 

at high frequency has more challenges. This issue is addressed by a current self-

balancing mechanism, thus eliminating the need for current sharing control loops. The 

current self-balancing in the phases along with the ZVS turn on is achieved by the proper 

design of the output filter inductor. Moreover, the issue of poor light load efficiency is 

addressed by proposing a variable switching frequency operation under light load 

conditions. The complete design is presented in the later sections of this chapter. The 
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proposed methods have the following benefits over conventional two-level synchronous 

buck converter. 

• Single conversion stage from 48 V to 5 V/3.3 V leads to efficiency 

improvement 

• The reduced voltage stress on the devices leads to less switching loss during 

turn-off.  

• Reduced output voltage ripple and magnetics size and improved transient 

response 

• Current self-balancing that further eliminates current sharing control loops 

• Improved light load efficiency due to variable switching frequency operation 

 Single-stage  Three-level Buck Converter 

The power stage architecture of the four-phase three-level buck converter along 

with its ZVS second-order output filter is shown in Figure 6-1. The power stage 

operation of the three-level converter is described in this section. Each phase of the 

converter consists of four switches namely 1 2 3 4, , ,x x x xS S S S , where x = a, b, c, and d. 

The gate pulses to the top two devices,  S1x, S2x  are similar with a  duty cycle  D,  and 

gate pulses to  S2x are delayed by / 2T  (Here T is device switching period). The gate 

signals to switch pairs S1x, S4x and S2x, S3x is complementary to avoid the short circuit 

of the voltage source and flying capacitor. The switching waveforms of the single-phase 

three-level converter are shown in Figure 6-2. The node voltage swxV  switches between 
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the levels of 0  and / 2inV  for the duty cycle 0   0.5D< < , and switches between / 2inV  

and inV  for 0.5   1.0D< < . Moreover, the frequency of the switch node voltage is twice 

the device switching frequency.  

 

Figure 6-1: The power stage of the four-phase three-level interleaved buck converter. 
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This phenomenon reduces the size of the LC-filter and increases the open-loop 

bandwidth of the converter. The operating principle of the remaining phases is similar, 

switching at the same duty cycle. But the gate pulses of the corresponding switches are 

delayed by T/2N (Where N is the number of phases) with respect to the adjacent phase 

for interleaved operation. The two bottom devices S1x, S4x operate in synchronous 

rectification mode, and hence continuous conduction mode of operation irrespective of 

the load current. The voltage across the flying capacitor is controlled at 24V and hence 

the device voltage stress is limited to half of the input voltage. Figure 6-3 shows the 

four-phase interleaved switch node voltages and inductor currents with a phase shift of 

/ 8T . 

 

Figure 6-2: Basic switching waveforms of Single phase 3-level converter for 0 0.5D< < . 
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Figure 6-3: Switch node voltages and inductor currents of three-level four-phase interleaved buck 
converter. 

 Converter Design 

The converter design, output voltage control loop, and proposed variable 

switching frequency operation are presented in this section. 

6.3.1 Power Device Selection 

The conduction losses are dominant for the converter due to the proposed 

inherent current balancing scheme. Therefore, a power switching device with less on-

state resistance needs to be selected for better efficiency. EPC2023 30 V, 90 A GaN 

MOSFET has a very low on-state resistance of 1.45 mΩ is used as a power switching 

device [100]. EPC2024 GaN  FET rated with 40 V and 90 A continuous current [101]  

can also be used to account for voltage overshoots. The number of phases cab be selected 
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based on the output power requirement and device current rating. A four-phase converter 

is designed for a maximum power rating of 800 W with each phase is rated for 200 W. 

6.3.2 Inherent Current Balancing and Filter Inductor Design 

Each three-level buck converter has two pairs of switches. The top two devices 

S1x and S2x (connects the inductor to input DC bus/capacitor positive terminal) are 

referred to as High Side MOSFETs (HSM) and the bottom two devices S3x and S4x 

(connects the inductor to the ground or negative terminal of the flying capacitor) are 

termed as Low Side MOSFETs (LSM). In general, ZVS is possible during the turn-on 

of the LSM by a proper delay of the gating signals to these devices, but the turn-on of 

the high side devices is dissipative due to the lack of negative inductor current to 

charge/discharge the parasitic capacitance across the devices. By proper designing of 

the inductor to have the inductor ripple current greater than 200 % of its average current,  

ZVS  of  HSM  along with current self-balancing can be achieved. But it leads to 

dominant conduction losses under light load conditions. A variable switching frequency 

strategy is proposed in this chapter to overcome this poor light load efficiency issue. 

At the end of synchronous conduction mode (S3 and S4 are in conduction), S3 is turned 

off and the inductor negative peak current charge/discharges the parasitic capacitance 

of S2 and S3  as shown in Figure 6-4. This makes the switch node voltage    / 2inV  as if 

S2 is turned on as shown in Figure 6-5. And the time to charge/discharge these switches 

to Vin/2 is inversely proportional to the instantaneous inductor current ineg_pk  and  is 

given by 
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= , (6.1) 

 

Figure 6-4: Power stage of the 3-level synchronous buck during the turn off of LSM. 

where Coss is the device output capacitance. The positive difference of (Deadtime - tc), 

increases the effective duty cycle and leads to an increment in the average inductor 

current of that particular phase. The phase with less average current (higher absolute 

value of _neg pki ) has the smaller tc and highest effective duty cycle thus pushes up the 

average current carried by that particular phase. This entire process operates as a 

negative feedback effect and enables inherent phase current balancing. 

For a given switching frequency ,sf input voltage inV and the filter inductance 

L, the inductor current ripple is 
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Figure 6-5: Primary waveforms of the 3-level synchronous buck during the turn-off of LSM. 
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For this application, D is not going to exceed 0.5. Hence the design is based on (6.2). 

For a given switching frequency sf , input voltage inV , and the filter inductance L, 

the inductor current ripple for 0   0.5D< < is, 
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where R is load resistance at peak load condition and ,s eqf  is equivalent switch node 

frequency which is given by, 

 , *2s eq sf N f= . (6.5) 
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The value of the per-phase inductance  1xL (where    ,  ,  ,  x a b c d= ) is selected such 

that 1 1 x maxL L< . For the four-phase three-level converter the filter values are designed as 

L1x = 116 nH and C1 = 470 uF .  

 Output Voltage Control 

Figure 6-6 shows the block diagram representation of output voltage control 

along with flying capacitor voltage control and switching frequency selection blocks. 

Small-signal modeling of the converter is developed and the output voltage to duty cycle 

transfer function is derived.  

 

Figure 6-6: Block diagram representation of the entire control scheme. 

A PID compensator is designed to regulate the output voltage, with a gain 

crossover frequency of 160 kHz and a  phase margin of more than  90°. Figure 6-7 shows 
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the closed-loop frequency response of the converter with the PID compensator. The gain 

cross-over frequency is 160 kHz, whereas the effective switching node voltage 

frequency of the converter is 1.6 MHz at the minimum gate pulse frequency of 200 kHz. 

 

Figure 6-7: Frequency response of the closed-loop system. The gain cross-over frequency is 160 kHz, 
whereas the effective switching node voltage frequency of the converter is 1.6 MHz at the 
minimum gate pulse frequency of 200 kHz. 

 Switching frequency selection 

For the designed ZVS inductor the light load RMS current of the converter is 

dominant and results in increased conduction losses. To improve the light load 

efficiency of the converter variable switching frequency concept is proposed in this 
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work. The switching frequency is changed in steps and selection is made by comparing 

the load current with preset current limits that are obtained from the efficiency curves. 

For the full load current rating of 160 A the converter is switched at 200 kHz and the 

switching frequency is increased to 300 kHz for the load current between 100 A and 60 

A. At light loads of less than 60 A the switching frequency is further increased to 400 

kHz. Too much increase in switching frequency may result in higher switching losses. 

Moreover, high switching frequency at a specific load condition may lead to a lack of 

negative current through the inductor which further results in loss of ZVS turn-on of 

HSM and phase current unbalance. Hence increase in switching frequency at specific 

load conditions is always a trade-off between phase current balance, switching and 

conduction losses. The converter efficiency can be further improved with mathematical 

modeling of efficiency optimization problems and solving for optimal switching 

frequency at various loading conditions. 

 Loss modeling 

The conduction and switching losses of the multi-phase three-level buck under 

ZVS turn-on are modeled in this section. The total on-state resistance for each phase is 

given by 

 =   + 2par L onR R R . (6.6) 

Therefore, the Conduction losses of N–phase three-level buck converter are given by 

 
2

,2 =  +N×
12

par L p p
cnd o par

R i
P I R

N
− ∆

  
 

, (6.7) 
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where, 

 ( )
,

1
 L p p

sw

V D D
i

Lf−

∆ −
∆ = , (6.8) 

and ∆V is the change in voltage at the switch node which is 0.5Vin for the 3-level buck. 

The turn-off switching loss is given by 

 
21= 2N 2 22

in
sw oss sw

VP C f
  ×     

, (6.9) 

and the gate drive losses are modeled as 

 ( )21= 2N 2
2gd iss Gate swP C V f ×  

. (6.10) 

The total loss is given by 

  =   +   + loss cnd sw gdP P P P , (6.11) 

And finally, the efficiency is obtained by 

 1  
1 loss

out

P
P

η =
+

. (6.12) 

Here, 

,L p pi −∆  – Peak to peak inductor current ripple (A), 

R  – Output load resistance (Ω), 

onR  – On-state resistance of MOSFET (Ω), 
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LR – Inductor ESR (Ω), 

parR – Total on-state resistance per phase (Ω), 

oI – Load current (A), 

oV – Output voltage (V), 

ossC  – MOSFET output capacitance (F), 

issC  – MOSFET input capacitance (F), 

swf  – Switching frequency (Hz), 

inV  – DC input voltage (V), 

and 

GateV – Voltage swing in the gate pulse (V). 

The above equations are used to model the switching and conduction losses. 

The efficiency of the converter at various output power levels operating at the output 

voltages of 3.3 V and 5 V are also plotted in the later sections. 

 Results and Analysis 

Figure 6-8 shows the simulated inductor currents and switch node voltages of 

the four-phase three-level buck converter in the PLECS simulation environment. The 
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converter is supplied by a 48 V DC source. The total output current ripple LTI  is small 

irrespective of the large per phase inductor ripple current, due to the effect of the 

interleaved operation. Also, the phase currents are balanced. The flying capacitor 

voltage is regulated at half of the input voltage at 24 V and the switch node voltages are 

always switching between 0 V and 24 V. 

 

Figure 6-8: Inductor currents, flying capacitor (Vc), and switch node (Vsw) voltages during transient 
operation of load change from full load to half load. 
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Figure 6-9  and Figure 6-10 show the output voltage regulation during load 

current transients at 5 V and 3.3 V respectively. When the reference voltage is set to 5 

V, the output voltage of the converter is regulated at 5 V during step changes in load 

current from  40 A to 120 A and vice versa. The switching frequency is changed from 

400 kHz to 200 kHz for the load current change from 40 A to 120 A as shown in Figure 

6-9.  

 

Figure 6-9: Inductor currents and output voltage regulation at 5 V during step changes in load current 
from  40 A to 120 A and vice versa. The voltage overshoots and/or undershoots by 100 
mV. 
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Similarly, when the reference voltage is set to 3.3 V the output voltage is also 

regulated at 3.3 V during step changes in load current from  120 A to 25 A and vice 

versa. Also, the switching frequency increased from 200 kHz to 400 kHz to limit the 

inductor ripple current under light load conditions. The output voltage overshoots and/or 

undershoots by 100 mV and the output voltage ripple is ~ 12 mV.  

 

Figure 6-10: Inductor currents and output voltage regulation at 3.3 V of the proposed converter during 
step changes in load current from  120 A to 25 A and vice versa. The voltage overshoots 
and/or undershoots by 100 mV and the output voltage ripple is ~ 12 mV. 
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Figure 6-11 shows the step-change in load current from 160 A to 80 A and the 

switching frequency also changed from 200 kHz to  300  kHz during the step-change in 

load current from 160 A to 80 A.  

 

Figure 6-11: Output voltage regulation during step changes in load current from full load to half load. 

The inductor currents attained a balanced state after the transient is passed. A 

voltage overshoot/undershoot of 120 mV is occurred during transient load current 
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variation and demonstrated a quick transient response time of 12 µs. Moreover, the 

converter has a steady-state voltage ripple of only 12 mV. 

Figure 6-12 shows the ZVS turn-on of the HSM S2. The voltage across the 

switch S2 (VS2) is gradually discharged from Vin/2 to 0 V and then the gate switching 

pulse G2 is applied.  

 

Figure 6-12: ZVS turn-on of the High Side MOSFET S2. The voltage across the switch is 24 V when 
supplied with 48 V input DC voltage. 
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ZVS turn-on of LSMs is achieved, by including proper delay in gating pulses to 

the corresponding switches. The turn-on delay of 20 ns and a turn-off delay of 10 ns are 

selected for HSM gate pulses, to achieve ZVS over the full range of converter operation.  

The efficiency of the converter at various output power levels and the output 

voltage of 5 V and 3.3 V have been plotted in Figure 6-13 and Figure 6-14 respectively. 

With the fixed switching frequency of operation, the converter demonstrated poor 

efficiency at light load conditions. This is due to the dominant ripple current that 

increases the conduction losses of the converter at light load conditions. 

 

Figure 6-13: Efficiency of the converter at different output power levels and operating at 5 V output 
voltage. The variable switching frequency scheme improved the light load efficiency by 
~1.5%. 
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Figure 6-14: Efficiency of the converter at different output power levels and operating at 3.3 V output 
voltage. The variable switching frequency scheme improved the light load efficiency by 
~1.5%. 

With an optimal increased switching frequency of operation at light load, the 

overall efficiency of the converter is improved by 1.5 %. The switching frequency is 

changed from 200 kHz to 400 kHz in steps of 100 kHz for the load current changes from 

140 A to 60 A in steps of 40 A. The higher switching frequency may result in loss of 

ZVS turn-on of HSM, and phase current unbalance due to lack of negative current 

through the inductor. Therefore, higher switching frequency increments are not 

recommended and are limited to 400 kHz in this design. The peak efficiency of the 

converter is 97.5 % at 500 W output power and the efficiency is greater than 96.5 % for 

80 % of the operating range of 5 V output. The maximum efficiency of the converter 
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operating at 3.3 V output is 96.6 % and it is greater than 95 % for most of the output 

power range. 

 Summary 

A four-phase three-level buck converter was designed for a 48 V input to 5 V or 

3.3 V point-of-load voltage regulator application. Inherent phase current balancing and 

zero voltage switching of the HSM were achieved by proper designing of the inductor 

value, thereby eliminating multiple current sharing control loops. Variable switching 

frequency operation was proposed to improve the converter efficiency under light load 

conditions. The converter’s transfer function was derived and a PID compensator was 

designed for output voltage regulation. The converter had a fast transient response of  12

µs  and a peak overshoot of less than 120 mV during load fluctuations. The efficiency 

of the converter peaked at 97.6 % at 500 W output power and maintained above 96.5  %  

for  80  %  of the operating range at 5 V. The efficiency was 95 % for the output voltage 

of 3.3 V. The efficiency can be further improved by solving a mathematical optimization 

problem formed as a multi-objective function of efficiency, inductor ripple current, and 

switching frequency. Also, multiple switching frequency steps can be used based on the 

outcome of the optimization. 
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7. CONCLUSION AND FUTURE WORK 

 Conclusion 

This dissertation introduced various single and multi-phase three-level buck 

converter topologies for telecom and POL regulator power supply application. An 

FCTL buck converter was studied as a potential candidate for high voltage ET 

application. An experimental prototype was built and the high-frequency PCB layout 

guidance was provided. The subsequent chapter proposed a simple gate driving 

technique for the FCTL buck converter, which can be used for high switching frequency 

applications such as in envelope tracking, IoT, etc. A hardware prototype was built with 

a fewer number of active and passive components to reduce the complexity of PCB 

layout and cost. The gate drive technique was validated through experimental results. 

Chapter 4 introduced a multi-phase FCTL buck converter with current self-

balancing for high bandwidth and high PAPR ET application. A fourth-order ZVS low 

pass output filter was designed and a step-by-step design procedure was presented. 

Simulation results were presented to verify the proposed current self-balancing 

mechanism in the multi-phase FCTL buck converter. Efficiency and loss analysis was 

presented to compare the performance with conventional two-level buck equivalent. 

Chapter 5 extended the ZVS filter design and current self-balancing concepts 

proposed in chapter 4 and applied them to the proposed cascaded switching capacitor 

three-level buck converter. The cascaded switching capacitor was connected in parallel 

to the input DC  voltage and charged through an auxiliary switch and discharged through 
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the load in series with the input voltage source. The proposed topology eliminated the 

need for a complex control circuitry to balance the switched capacitor voltage. A 

modified PWM strategy was proposed to maintain the linear input to output voltage 

relationship for envelope tracking application. This concept enabled the higher voltage 

envelope signal tracking for the limited input voltage supply at reduced switching loss. 

Detailed simulation results were present. An experimental prototype was built and 

experimental results were shown.  The proposed concept is scalable for high power and 

high voltage ET applications with appropriate voltage-rated devices from the EPC8000 

family of GaN FETs. 

Chapter 6 concentrated on the design of a single-stage POL regulator. The 

current self-balancing concept proposed in the previous chapter was used for current 

sharing and ZVS switching. A variable switching frequency concept was introduced to 

improve the light load converter efficiency. The voltage regulation and current sharing 

capability were tested under dynamic loading conditions. Loss modeling and detailed 

simulation results were presented. The variable switching frequency effect on the 

improved efficiency of the converter under light load conditions was noted and 

analyzed. 

To conclude this dissertation studied the FCTL buck converter for ET and POL 

regulator applications and a switched capacitor topology was proposed to avoid the 

complex control circuitry of switched capacitor voltage balancing. A simple MHz 

switching frequency gate driving technique is proposed for a high-frequency FCTL 
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buck converter that can switch up to 40 MHz. It was identified that for high switching 

frequency converter applications that require fast output transient response, multi-level 

converters designed with high-frequency GaN MOSFETs and commercially available 

half-bridge gate driver ICs could improve the efficiency and output response speed.  The 

proposed ZVS filter designs, variable switching frequency, and current self-balancing 

concepts improved the efficiency and power-sharing capability of the multi-phase 

designs. The scalability of the proposed designs could significantly improve the PAPR 

and highest trackable output voltage to 60 V. Multi-phase interleaved converters can 

improve the output voltage bandwidth without a significant increase in the device 

switching frequency. 

 Future Work 

The work presented in this dissertation can be extended in various possible ways. 

A few are listed below. 

• The number of switching levels of the cascaded switching converter topology can 

be improved and modified PWM strategies can be proposed for envelope tracking 

applications. 

• And the switching performance of GaN FETs with negative gate volatges during 

turn-off would be an interesting topic for future work. 

• Though the RFPA behavior is modeled as resistive load an actual RFPA can be used 

to conduct the system-level study of the proposed converter designs. And, the effect 
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of  variation in the RF input signal frequency on the ET supply voltage and RFPA 

performance can be studied. 

• Since only a basic analysis of PCB is carried using ANSYS Q3D, the PCB layout 

and part placement can be further optimized with more detailed analysis using a 

finite element analysis software. 

• Since the single-stage POL regulator was programmed with predefined values of 

switching frequencies, the efficiency can be further improved by solving a multi-

objective function for the number of optimal switching frequency levels. 
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