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[5]. These three techniques are combined in some designs to provide an overall 

solution addressing efficiency, noise, dynamic response and size [4].  

Low-dropout regulators (LDOs) are a special type of linear regulator, which are 

designed to operate under very low input to output voltage difference to achieve 

high ETEE. LDOs, with their low headroom voltage, provide very low noise and high 

current slew rate capable linear DC power rails [11]. Commercial off-the-shelf LDOs 

can be found in the form of silicon ICs which occupy a very small PCB area. In 

addition, LDOs are used as post regulators with SMPSs in wider DC power 

management solutions, because in switching regulators, although the efficiency is 

enhanced, several other issues, for instance, the switching noise, the poor dynamic 

response could arise. LDOs are the ideal candidate to power up processors, 

microcontroller units (MCUs) and mixed-signal circuits which require a fast 

dynamic response and low noise. Typical applications of the LDOs include cell 

phones, cameras, PDAs, and notebooks. They are also used in automotive, industrial 

and wireless applications.  

The supercapacitor-assisted low-dropout (SCALDO) regulator was discovered and 

developed by the power electronics research team in the School of Engineering at 

the University of Waikato, New Zealand [12-18] to overcome the low-efficiency of a 

linear regulator circuit when the input-output voltage difference is high. This 

technique was granted a US patent in 2011[19]. Also, it has been identified as a 

unique new approach to design DC-DC converters applicable to processor power 

supplies with very high ETEE. An in-depth theoretical analysis was carried out, and 

the additional improvements were conducted as the first PhD study to evaluate the 

applicability of the SCALDO technique in modern power supply requirements [14]. 

Another PhD was completed to investigate its potential applications in voltage 

regulator modules (VRM) used for high power processor power supplies [20]. The 

SCALDO research team in the University of Waikato collaborated with the University 

of Southampton to develop an integrated circuit (IC) version of a 12-5 V SCALDO 

circuit. This IC has been fabricated by AMS Fab in Austria and delivered to the 

University of Waikato for further testing. Subsequently, due to the many IEEE and 

IET publications [12, 15, 16, 21, 22] related to the SCALDO, this technique is now 

being researched in other countries, such as South Korea [23, 24].  

The milestones of this SC-assisted technique are displayed in Figure 1-1. 
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Figure 1-1: Development stages of the SCALDO technique. 

The operating principle of this method is based on a supercapacitor (SC) or an array 

of SCs that acts as a lossless voltage dropper in the series path of a LDO regulator 

[14]. The simplest SCALDO configuration, based on a single supercapacitor is 

displayed in Figure 1-2 (a) and (b). This circuit has two operating modes: charging 

and discharging. Four low-speed switches are used to operate between these two 

modes (more details are provided in Chapter 2).  
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   (a)                                                                                  (b) 

Figure 1-2: The fundamental circuit configuration of the SCALDO technique: (a) SC 

charging phase (b) SC discharging phase. 

The voltage difference (Δv) across the SC is very small due to its large capacitance 

(Csc) when a finite current (i(t)) flows for a limited time (t) as shown in (1-1). 

Therefore, the DC current of the circuit is not blocked, and the regulation of the LDO 

regulator is maintained for a finite time. The switching of the SC between the 

charging and the discharging phases are done at a very low frequency while 

maintaining the charge balance.  
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 Literature Review and Research Design 

In reviewing the literature related to the proposed project, the conceptual 

framework, the theoretical foundation and the experimental work of the 

SCALDO technique are thoroughly studied to check the possible direction of 

further research. In addition, the literature is explored in the direction of dual-

output DC-DC converters to identify the advantages of developing a dual-output 

version of the SCALDO regulator for inductor-less split-rail applications. Based 

on the gaps found in the literature review, two research questions are identified. 

These questions are addressed by establishing the quantitative research 

methodology.  

Introduction 

The literature review of the SCALDO concept has been done based on the previously 

published work (2011-to-2018) including the journal articles, conference papers, 

and PhD theses. This preliminary work aims to identify gaps in the SCALDO research 

field and add the further development of this technique. Although the details are 

readily available in the publications [12-19, 21, 22, 26, 27], the basics of this method 

are covered in this chapter to help the reader to understand the content of this 

thesis.  

Furthermore, this literature review primarily brings the attention of the reader to 

two key advancement areas of the SCALDO method. First, the frequency domain 

analysis of the SCALDO approach is considered regarding the previous work and 

gaps are identified. Next, the possibility of the development of this technique into a 

dual-output version is investigated. Since the SCALDO technique is based on an 

inductor-less architecture, the literature is reviewed in the direction of conventional 

inductor-less and dual-output topologies. The limitations of these conventional 

architectures are highlighted, and the advantage of the design of a dual-output 

SCALDO regulator are also discussed. 

Operating principle of the basic SCALDO regulator 

The SCALDO regulator is a technique that is designed to achieve high ETEE for DC-

DC converters based on linear regulators. In this approach, a low-frequency SC 



8 

circulation stage is combined with a LDO regulator. The concept and the 

experimental validation of this method are presented in [13-16]. This section 

discusses the fundamental operating principle of this SC-assisted technique. 

The basic SCALDO regulator is composed of a single SC, a LDO regulator and four 

switches (S1-to-S4) as shown in Figure 2-1.  

RL

Io(LDO)

Vin

LDO
S1 S3

S4 S2

CSCVSC
Vin(LDO)

Ig(LDO)

Vo(LDO)

Iin

Iin(LDO)

+
_

 

Figure 2-1: The configuration of the fundamental SCALDO regulator. 

The input source voltage, the voltage across the SC, the input and output voltages of 

the LDO regulator, respectively, are Vin, VSC, Vin(LDO) and Vo(LDO). Similarly, the current 

of the power source, the SC current, the input current, the ground pin current and 

the output current of the LDO regulator are represented as Iin, ISC, Iin(LDO), Ig(LDO), 

Io(LDO), respectively. In addition, the capacitance of the SC is given by Csc. The 

resistance of the output load (RL) is considered as a constant load for simplicity of 

analysis.  

Vin

LDO
S1 S3

S4 S2

CSCVSC
Vin(LDO)

Ig(LDO)

Vo(LDO)

ISC(c)
Iin

Iin(LDO)

+
_

Io(LDO)

RL

 

Figure 2-2: The charging phase of the fundamental SCALDO regulator. 

The operating phases of this method depend on the state of the SC in the circuit, and 

they are defined as the charging mode and the discharging mode. The charging 

phase is initiated when S1 and S2 are closed, and S3 and S4 are opened. During this 

stage, the input voltage source, the SC, and the LDO regulator are connected in series 

as displayed in Figure 2-2. 
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the load current and the turn-on and turn-off delays of the switches. In addition, its 

value is kept very small compared to the capacitance of the SC to minimise the losses 

due to the voltage mismatches at the beginning of every switching cycle. More 

details about this buffer capacitor are discussed in [14]. 

Furthermore, the LDO regulator is driven from the input power source only during 

the charging mode of the SC. If the sum of the ground pin current of the LDO 

regulator and the control circuit current of the SCALDO regulator is small, the input 

source current and the load current become equal. Therefore, the average input 

source current (Iin(avg)) for a complete switching period becomes half the load 

current (Io(LDO)/2) at steady state. When these factors are considered, the 

approximate ETEE (ηSCALDO) of the basic SCALDO topology can be defined as (2-1).  

 

in

LDOo

LDOoin

LDOoLDOo

avginin

LDOoLDOo
SCALDO

V

V

IV

IV

IV

IV )(

)(

)()(

)(

)()(
2

)2/(
  (2-1) 

Conversely, when the LDO regulator is operated directly from the input voltage 

source for the same input-output voltage combination, the ETEE turns to Vo(LDO)/Vin. 

Hence, it is evident that the application of the SCALDO technique has improved the 

ETEE of this linear regulator circuit by a factor of two.  

 

Figure 2-4: The end-to-end efficiency advantage of a 12 V to 5 V SCALDO regulator [14]. 

The experimental results related to the SCALDO concept are presented in [13-16]. 

For example, the ETEE advantage achieved from a 12 V to 5 V SCALDO regulator has 

a pattern as shown in Figure 2-4 [14]. The upper trace depicts the theoretical 
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(b) 

Figure 2-5: Series to Parallel SC Array SCALDO configuration: (a) SC charging phase, (b) SC 
discharging phase. 

The theoretical maximum ETEE efficiency of the Series to Parallel Array 

configuration (ηSPA) is defined in (2-3). 

 
 

in

LDOo
SPA

V

V
n

)(
max 1  (2-3) 

On the other hand, the Parallel to Series SC Array configuration is used when the     

Vin < 2Vmin condition is met. The circuit arrangements of the charging and 

discharging modes of this topology are displayed in Figure 2-6. This configuration 

needs a minimum number of SCs (nmin) as defined in (2-4) for its operation.  

 

min

min
min

VV

V
n

in 
  (2-4) 

At the beginning of the operation, the SCs are connected in parallel and placed in 

series with the LDO regulator as displayed in Figure 2-6 (a). This charging process 

is terminated when Vin(LDO) falls to Vmin. Conversely, all the SCs are connected in 

series in the discharging mode as depicted in Figure 2-6 (b). The power supply is 

completely disconnected in this cycle, and the LDO regulator is run by the stored 

energy of the series SC array. These SCs can deliver their energy until Vin(LDO) reduces 

to Vmin. The approximated ETEE of this configuration (ηPSA) is given in (2-5). 
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Experimental results of three different SCALDO topologies are summarised in    

Table 2-1 [14]. These results include the input-output voltage combination of the 

particular topology, the number of SCs utilised, the minimum voltage requirement 

and the ETEE. 

After successful implementation of various prototypes, the reduced-switch SCALDO 

(RS-SCALDO) regulator has been introduced [20, 22]. The topological advantage of 

this method is the reduction in the switch count which allows the SCALDO regulator 

to handle high output current. Thus, this reduced-switch method targets high-

current applications such as VRMs.  

The DC-UPS feature has been integrated into the SCALDO regulator by selecting an 

oversized SC and without using any additional hardware. Because of the extra-large 

capacitance offered by this SC, it can be used as an energy buffer to safeguard against 

short-term line interruptions in a DC power supply. This novel feature expands the 

SCALDO technique into versatile applications. The preliminary work related to this 

DC-UPS SCALDO project is published in [25]. 

 Topological differences of the SCALDO technique and 
switched-capacitor converters  

Switched-capacitor converters have a limited output current capability, and they are 

mostly applied in inverting or boost applications such as memory circuits, 

continuous time filters, and RS-232 transceivers [28, 29]. The basic operation of 

these converters is based on the charge share between a flying capacitor and a 

reservoir capacitor [7, 30]. In one part of the operating phase, the flying capacitor is 

charged in parallel with the input source [28]. In the next step, the accumulated 

energy of the flying capacitor is delivered back to the reservoir capacitor.  

Compared to the charge pump converters, the SCALDO regulator has entirely 

different characteristics as summarised in Table 2-2[17].  
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Table 2-2: Topological differences of the charge pump converters and the SCALDO 
regulator  

Switched-capacitor converter SCALDO regulator 

A flying capacitor and a reservoir capacitor 

are used for the voltage conversion. 

Enormously large capacitance (e.g., a SC) is 

used, and this capacitor acts as a lossless 

voltage dropper in the series path of a LDO 

regulator.  

Switching frequency is fixed and 

determined by the internal oscillator 

frequency (typically in the kilohertz range). 

Variable frequency which depends on the 

load current (typically in the millihertz 

range).  

Load regulation and line regulation are not 

precise, and additional regulators such as 

linear type may be required for more 

precision output voltage.  

Precise load/line regulation since the load 

experiences a high-quality output of a 

linear regulator.  

The maximum output current is typically a 

few hundreds of milliamperes.   

Technique can be applied to design 

regulators with high output current based 

on the requirement. 

Dynamic losses in the switches are 

significantly large.  

Dynamic losses are negligible due to the 

very low operating frequency. 

 

 Losses in a SCALDO regulator 

The implementation losses of a SCALDO regulator are listed below [15, 26].  

1. Losses in the Supercapacitors 

The main loss contributor is the DC ESR of a SC applied in a SCALDO 

regulator. When the charging or the discharging current passes through a SC, 

heat is dissipated due to the voltage drop across the ESR. Similarly, the 

leakage current of a SC can also be treated as a loss. Since this leakage current 

is typically within the range of 5 μA to about 50 μA, its loss contribution is 

very small compared to the loss due to the ESR.  

2. Losses due to the switches  
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SCALDO regulator can provide other useful features of a linear solution such as fast 

dynamic response and high ripple rejection. Therefore, the advantages of the 

development of a dual-output and split-rail DC-DC converter of the SCALDO 

regulator are identified. The following section is constructed based on two 

conventional inductor-less split-rail design approaches. Finally, it establishes the 

limitations of these conventional split-rail approaches and explains how a dual-

output SCALDO version might eliminate these issues.  

 Prior art of conventional inductor-less split-rail topologies 

Modern electronic systems such as portable devices, wireless applications, 

industrial equipment, and auto accessories often use multiple voltage rails to power 

their internal circuits [32]. The use of dual power supplies is one solution for some 

applications, such as LCDs (Liquid Crystal Displays), ADCs (Analog-to-Digital 

Converters), DACs (Digital-to-Analog Converters), localised microprocessors, and 

operational amplifiers. These dual outputs are generated using a single voltage 

source in most cases. Up to now, there have been many methods that can produce 

dual outputs, including the switching converters [33-39]. Nonetheless, the switch-

mode topologies produce considerable EMI/RFI due to their bulky inductors and the 

high-frequency operation. Therefore, they have limited usage in applications where 

the EMC is a major concern.  

Alternatively, inductor-less split-rail power supplies are preferred over switch-

mode dual DC-DC converters for noise sensitive and low EMI/RFI applications. A 

split-rail DC-DC converter divides the input voltage into equal halves with reference 

to a new zero-volt reference point. This reference is known as the virtual ground 

(GNDV), and it is different from the common ground of the circuit. The output 

voltages can be treated as positive and negative with respect to this GNDV [40]. 

Split-rail power supplies are widely used in applications where symmetrical outputs 

are required for downstream components such as op-amps, active filters and other 

components without a need for common mode range ground. Some application 

notes and data sheets of the commercial virtual ground IC suppliers highlight the 

above applications in their reference designs [41, 42].  

Moreover, split-rail DC-DC converters can vary from straightforward designs to 

complex methods. The buffer circuits and the charge pump converters are the two 
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The circuit in Figure 2-11 shows a generic application of MAX829 IC that splits the 

input source voltage into equal halves. The flying capacitor is CFL, and the output 

capacitors are C1-to-C4. The value of the input capacitor (Cin) is normally specified in 

the datasheet of the IC. This converter uses a switching frequency of 35 kHz. The 

output current of this circuit is limited up to 25 mA. 
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Figure 2-11: Use of MAX829 as a charge pump split-rail converter. 

 Limitations of conventional split-rail design topologies 

The basic features of these two techniques are summarised in Table 2-3. According 

to Table 2-3, buffer circuits offer compactness and simplicity. Nevertheless, the 

output voltages are unregulated, and the output current level is low due to the 

significant output impedance of the error amplifier. On the other hand, SCCs require 

more components to split the input voltage. In addition, they do not provide voltage 

regulation and produce considerable noise in the output voltages. The output power 

levels of both techniques are low.  

Table 2-3: Comparison of two inductor-less split-rail techniques 

Feature Switched-capacitor 
converters 

Buffer circuits 

Voltage regulation Unregulated Unregulated 

Output current Low Lowest 

Differential output power Low Low 

Complexity High Low 

Components Moderate Fewest 

Output noise High Low 
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Due to the low differential output current levels of these two conventional 

approaches, they are limited to low output power (<2 W) utilisation. Similarly, some 

applications require other important features such as voltage regulation, low noise 

and fast dynamic response which cannot be provided by the conventional split-rail 

approaches. Thus, there is a potential advantage of designing an inductor-less split-

rail converter with increased output power, low output noise, and fast dynamic 

response compared to the conventional topologies. These factors are the 

motivations behind this study to develop a split-rail SCALDO regulator for virtual 

ground circuits.  

Research design 

Research questions 

Based on the literature review, two research questions have been identified, and 

there are as follows: 

1. Is the overall SCALDO design stable when the SC circulation network is

applied in front of the LDO regulator?

2. How can the SCALDO method be modified to generate dual outputs for split-

rail applications to overcome the limitations of existing topologies?

Research scope

1. This study is based on the fundamental SCALDO configuration that is

composed of a single SC and four switches.

2. The supercapacitor is modelled using the first-order (RC) model

3. The P-channel MOSFET of the LDO regulator is modelled using the Shichman

and Hodges equations, and the fixed junction capacitances.

Research methodology

The research methodology of this study is quantitative, and it is built on theory, 

experimentation, and observation.  

The first research question falls into the frequency domain analysis. This frequency 

analysis is performed utilising a discrete 12 V to 5 V SCALDO regulator that consists 

of a discrete LDO regulator and a SC switching circuitry. First, the SCALDO regulator 

is designed using essential elements. Secondly, it is modelled applying the circuit 

theory. Next, the model is simulated in the MATLAB Simulink environment using the 
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Linear Analysis Toolbox. The experimental results related to the loop gain 

measurement are obtained with the aid of the signal injection method. The dynamic 

behaviour of the SCALDO regulator is tested utilising a DC electronic load. 

Afterwards, these experimental results are used to validate the proposed theoretical 

model.  

The second research question is related to the further development of the SCALDO 

technique for the requirement of inductor-less split-rail applications. This question 

is addressed by developing an analytical model that can produce dual outputs using 

the SCALDO technique. A 12 V to ±5 V proof of concept split-rail converter is 

designed and tested to validate the theoretical model. The steady-state and transient 

responses are obtained using an isolated channel oscilloscope and a DC electronic 

load. Finally, the experimental results of this prototype are compared with the 

features of conventional dual-output DC-DC converters.  

All the PCBs of the prototypes are designed using the Altium Designer software. 

Atmel microcontrollers are utilised in the control circuits of these prototypes. The 

microcontroller firmware is developed in the Atmel Studio software. An ISP 

programmer is used for programming and debugging purposes.  
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are the series-pass device, the error amplifier, the voltage reference (Vref), the 

feedback network (R1 and R2), the output capacitor (Co), the bypass capacitor (Cb), 

and the load. This output load is modelled as a constant current load (IL) for the 

simplicity of analysis. The ESR of the output capacitor is denoted as RESR. The ESR of 

the bypass capacitor is typically kept small for decoupling purposes and can be 

neglected in this design.  

IL

Vo(LDO)

RESR

Co
Cb

R1

R2

Rpa

VrefGea

 Pass device

+

-

Vin CSC

Discrete LDO Regulator

Vfb

S1

S2

S3

S4

Switching circuit

 Error amplifier

 Voltage reference

Figure 3-1: The basic circuit diagram of the discrete SCALDO regulator. 

The non-inverting input of the error amplifier is connected to the feedback network. 

The voltage and the gain of the feedback network are denoted as Vfb and Gfb, 

respectively. This feedback gain is defined in (3-1). 

)( 212 RRRG fb  (3-1) 

The reference voltage source is connected to the inverting input of the error 

amplifier. The gain of the error amplifier is defined as Gea. This amplifier compares 

Vref and Vfb and controls the gate voltage of the pass device to maintain a fixed output 

voltage (Vo(LDO)) at the load. The sum of the output resistance of the error amplifier 

and the gate terminal of the series-pass device is represented as Rpa.  

Small-signal analysis of the basic SCALDO regulator 

Modelling of the pass device 

Among the possible pass device configurations, the PMOS transistor is used as the 

series-pass element of the LDO regulator in most of the SCALDO designs due to some 

advantages such as very low dropout voltage, low quiescent current, and high-speed 

operation. Therefore, PMOS LDO regulator based SCALDO circuit is chosen for this 

study.   
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The typical small-signal model of a PMOS transistor is displayed in Figure 3-2 [49]. 

The symbols, D, G, and S in this diagram represent the drain, the gate and the source 

of the pass device, respectively. The parasitic capacitances of the PMOS are the gate-

source (CGS) capacitance, the gate-drain (CGD) capacitance, and the drain-source 

capacitance (CDS). In addition, the gate resistance, the source resistance, and the 

drain resistance are, respectively, denoted as rG, rS, and rD. The output resistance of 

this pass device for small signals is shown as rds. Similarly, the voltage-dependent 

current source of the PMOS is the product of the transconductance (gm) and the gate-

source small-signal voltage (vgs).   

DS

G

CGS

rds

gmvgs

CGD

S D

G

CDS

rS rD

rG

Figure 3-2: The small-signal model of the PMOS transistor. 

 Modelling of the error amplifier 

Architecture 

In this discrete SCALDO design, the error amplifier topology is developed using a 

resistively loaded BJT differential pair (two matched NPN transistors: Q1 and Q2) as 

shown in Figure 3-3. This method is one of the conventional error amplifier 

topologies applied in LDO regulators [50]. The following points describe the reasons 

for selecting this method in the stability analysis.  

 Low-cost and simple architecture.

 Improves the DC PSR of the LDO regulator.

 Ideal for worst-case stability analysis of the SCALDO regulator due to the high

output impedance. This effect is explained as follows:
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The high output current LDO regulator in a discrete SCALDO design requires 

a larger output capacitance to improve the load-transient response. This 

large output capacitor creates a dominant low-frequency pole in the LDO 

open-loop transfer function [51]. On the other hand, the high output 

impedance of this error amplifier together with the gate-source parasitic 

capacitance of the PMOS pass device make another low-frequency pole in the 

open-loop transfer function of a LDO regulator [51]. Therefore, the use of 

conventional error amplifier topology will lead to the lowest phase margin 

for a given SCALDO design. 

Voe

Vref

RE

RC1 RC2

Q1 Q2

Vfb

Vin(LDO)

 

Figure 3-3: The NPN BJT differential pair. 

The reference voltage is fed to the base terminal of Q1, and the feedback voltage is 

fed to the base of Q2. The amplified error signal (Voe) is taken from the collector of 

Q1. The emitter follower is shown as RE while RC1 and RC2 represent the collector 

resistors of Q1 and Q2, respectively. The values of RC1 and RC2 resistors are kept 

equal. 

Small-signal model 

The ratio of the output voltage to the differential input signal for small signals of this 

error amplifier topology is defined in (3-2). The derivation of the first-order model 

of this error amplifier topology is provided in Appendix A.  
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Where; Gea and ωp1(ea) are the gain and the low-frequency pole of the error amplifier, respectively. 
Also, vfb, vref, voe are the small-signal quantities of feedback voltage, reference voltage, and the error 
amplifier output voltage, respectively.  
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The output of the error amplifier is converted to a voltage-controlled voltage source 

and a series output resistance (Ro) by using the circuit theory. This simplified block 

diagram of the error amplifier is shown in Figure 3-4.  

vref

+

-

vfb

voe

Ro

 

Figure 3-4: The simplified error amplifier model. 

 Modelling of the SCALDO converter 

The small-signal modelling of SMPS topologies is conventionally done with the aid 

of the state-space averaging technique [52, 53]. In this approach, the switching 

ripple is averaged out, and the low-frequency components of the reference voltage 

perturbation are extracted. In other words, this method low-pass filters the signal 

with a corner frequency of the switching frequency [52]. Consequently, the state-

space averaging method is accurate for modelling the systems only for frequencies 

less than the switching frequency.  

The SCALDO regulator is also a periodic and time-varying system as discussed in 

section 2.2. Nonetheless, the operating frequency of this regulator is typically in the 

millihertz (mHz) range. Hence, the state-space averaging technique is not applicable 

to investigate the system behaviour for control signals which have frequencies 

higher than the switching frequency. In that case, this study uses the circuit 

averaging method and classical control due to the uniqueness and the low-

frequency nature of the SCALDO regulator compared to SMPS topologies.  

Moreover, the stability analysis of the LDO regulators is done based on the reference 

voltage perturbations assuming that the voltage of the input power source is fixed 

[54, 55]. On the other hand, the theory of super-positioning is used to model the DC-

DC converter circuits with disturbances due to both reference and power source 

voltages [56]. In this method, the transfer impedance Vo(LDO)/Vin is derived for a fixed 
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reference voltage. Similarly, the transfer function of Vo(LDO)/Vref is obtained for a 

constant power supply voltage. Since the transfer function of Vo(LDO)/Vin is subjected 

to PSRR analysis [50, 57, 58],  it is left out of the scope of this analysis. Therefore, the 

control system of the SCALDO regulator is modelled for a constant input source 

voltage as with the conventional stability analysis of the LDO regulators.  

Start

Initialise the SC charging process
 for the first run 

(S1 and S2 ON/ S3 and S4 OFF)

If the SC voltage 
has reached

 slightly higher 
than Vmin

S1 and S2 OFF/ S3 and S4 ON

Toggle the SC 
for charging and discharging phases

End

If  Vin(LDO)   Vmin

Yes   

Yes   

No   

No   

 

Figure 3-5: The switching algorithm of the basic SCALDO topology. 

The switching controller  

The switching method of the SCALDO regulator is based on the comparison of the 

input DC voltage of the LDO regulator with Vmin. The algorithm of the switching 

controller is displayed in Figure 3-5 (Refer Figure 2-1 for switching arrangement). 

The key parameters, which govern the switching frequency of the SCALDO 
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 )(min_)( 22 LDOinininampLDOin IRVVV   (3-8) 

VSCVin(LDO)

Vo(LDO)

Time

Voltage

Vmin

Vin-Vmin-2RinIin(LDO)

tc tctd td

Vin

T T

Vin-Vmin-RinIin(LDO)

Vmin+RinIin(LDO)

Vin(LDO)_avg

Vin(LDO)_amp

 

Figure 3-7: The variation of voltages of the single-stage SCALDO regulator. 

For a given switching frequency (Where; f = 1/(T/2)), Vin(LDO) can be written using 

the Fourier series as; 
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Since tc= td = T/2 at steady state, the average input voltage of the LDO regulator  

Vin(LDO)_avg can be obtained considering the shaded area in Figure 3-7 as per (3-10). 
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Figure 3-8: The equivalent circuit model of the SCALDO regulator. 

According to (3-10), the equivalent circuit model of the SCALDO regulator at steady 

state can be constructed as Figure 3-8. For the linearity of this model, Vin(LDO)_amp 

should be kept as low as possible. When this ripple is kept small, the DC bias point 
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of the series-pass device remains unchanged, and the device is not pushed into the 

large-signal variation throughout the switching cycles. Vin(LDO)_amp can be minimised 

by using an effective value for Vmin in the SCALDO switching controller.  In the 12 V 

to 5 V SCALDO case, for example, if Rin= 0.19, Iin(LDO) = 0.1 A and Vmin = 5.95 V,  the 

amplitudes of the fundamental and the second harmonic of Vin(LDO) become 20 mV 

and 10 mV, respectively according to (3-9). Due to the high PSRR of the LDO 

regulator at low frequencies [50, 57, 58, 61], the switching frequency and its 

harmonics are attenuated, and their effect on the output voltage is negligible.  

According to (3-10), the DC current and the DC input voltage of the LDO regulator 

are Iin(LDO) and Vin(LDO)_avg, respectively. Consider that the perturbation (vref) is 

applied at the reference voltage source. The changes in the input voltage and current 

of the LDO regulator due to the reference perturbation are defined in (3-11).  

)(
2

)()()(_)( LDOinLDOinin
in

LDOinavgLDOin iIR
V

vV  (3-11) 

Where: iin(LDO)  and vin(LDO)  are the small-signal quantities of the input current and 

the input voltage of the LDO regulator due to the reference voltage perturbation.  

Subtracting (3-10) from (3-11), the AC components can be extracted as per (3-12). 

)()( LDOininLDOin iRv  (3-12) 

According to (3-12), the linear circuit model of the SCALDO regulator for small-

signal analysis is shown in Figure 3-9.  
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Figure 3-9: The linear circuit model of the SCALDO regulator. 
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The open-loop gain transfer function 

The open-loop analysis is conventionally used to determine the stability of a LDO 

regulator [54, 55, 62]. Therefore, the same approach is considered for the stability 

of the SCALDO regulator in this study.  

The linear small-signal model of the SCALDO regulator is displayed in Figure 3-10. 

This diagram is constructed with the aid of the linear circuit model in Figure 3-9, the 

MOSFET model in Figure 3-2, and the error amplifier model in Figure 3-4.  

rds

voe

vgs

v2

Rpa

CGS CGDi1

i2i3
i4

i5 i6

c

ba
zo

i4

S D

G

Rin

Figure 3-10: The small-signal model of the SCALDO regulator. 

The following assumptions are made to reduce the complexity of the analysis in this 

circuit model. Nevertheless, all these parameters are included in the simulations. 

 The source terminal resistance, the drain terminal resistance, and the source-

drain parasitic capacitance are neglected (rD≈0, rS≈0, CDS≈0).

 Only the low-frequency pole (ωp1(ea)) of the error amplifier is considered.

 The feedback resistor network is not considered for output impedance (zo).

The parameters used in Figure 3-10 are defined as follows; 
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For the convenience of the reader, the s-domain impedance of CGS and CGD are 

denoted as zGS and zGD, respectively in two equations above.  

The numerator (n(s)) and the denominator (d(s)) of G(s) can be further simplified 

as (3-26) and (3-27), respectively, assuming that rds is much greater than Rin, and 

RESR. 

   11)( 2  sbsaCsRgrsn zzocmds  (3-26) 

Where;  minGDGSz gRGCa / ,     dsmGDGSininmdsGDz rgCCRRgrCb /)1(   

  1)( 234  sdscsbsasd pppp  (3-27) 
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The equations (3-26) and (3-27) can be factorised assuming the zeros and poles are 

real numbers, and they are widely separated. Therefore, the SCALDO plant transfer 

function can be approximated as (3-28). 
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The angular frequencies of the zeros of G(s) can be approximated as: 
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Similarly, the angular frequencies of the poles of G(s) can be approximated as: 
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 Voltage control loop  

The voltage control loop of the basic SCALDO regulator is constructed in Figure 3-11 

using the plant transfer function in (3-28) and the output voltage of the error 

amplifier in (3-13). Since vref is considered as a positive term in this control loop, the 

differential input voltage of the error amplifier becomes vref – vfb that is the negative 

value of (3-13). Therefore, the output voltage of the error amplifier is multiplied by 

(-1) and shown as -voe. The SCALDO plant transfer function (G(s)) should also be 

multiplied by (-1) to remove this effect.  

-G(s)
vout

vfb

+
-

Gea

1+ s/ωp1(ea)

-voe

H(s)

vref

 

Figure 3-11: The voltage control loop of the basic SCALDO topology. 

The term H(s) in this diagram is the transfer function of the feedback network, which 

is defined in (3-36). 
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The open-loop gain transfer function of the SCALDO regulator (T(s)) is defined in 

(3-37). 
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The DC gain of T(s) is given in (3-38). 

dsmfbeaDC rgGGA  (3-38) 

Relative locations of the poles and zeros of the SCALDO 
regulator 

The loop gain information of voltage regulators is most often provided in the form 

of a Bode plot [63] which plots the gain (dB) and phase versus frequency. The Bode 

plot of a typical discrete SCALDO regulator is illustrated in Figure 3-12. The phase 

margin and the unity gain frequency are denoted as PM and UGF, respectively in this 

diagram. 

The open-loop transfer function of the SCALDO regulator has three zeros and five 

poles as can be seen from (3-37). The first zero (ωz1) is due to the capacitance of the 

output capacitor (Co) and its ESR (RESR). This zero falls at low frequencies compared 

to the other two zeros of T(s) as shown in Figure 3-12. The second zero (ωz2) is due 

to the parasitic capacitances, the transconductance, and the output resistance of the 

MOSFET, and the ESR of the input switching network (Rin). Interestingly, this zero is 

a right-hand-plane zero, which gives non-minimum phase behaviour. The frequency 

of this zero reduces when CGS, CGD and Rin increase. The third zero (ωz3) is also 

composed of the same parameters of ωz2. The frequency of ωz3 occurs at relatively 

high frequencies for typical circuit component parameters of a discrete SCALDO 

regulator. The frequency of this zero is also inversely proportional to Rin.  
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Figure 3-12: Bode plot of the SCALDO regulator. 

When the first pole (ωp1) of T(s) is considered, it can be observed that this pole is 

mainly governed by Co, RESR, rds, gm, and Rin. Since rds depends on the load current, 

the frequency of this pole changes accordingly. Also, it is a low-frequency pole which 

typically occurs before the unity gain frequency of a SCALDO regulator. When Rin 

increases, the frequency of this pole drops slightly.  

The second pole (ωp2) is primarily due to the CGS and CGD parasitic capacitances, Rpa, 

gm, RESR, and Rin. Based on the parasitic capacitances and Rpa, this pole may fall before 

or after the UGF. Nevertheless, it is also a low-frequency pole of the SCALDO 

regulator. Interestingly, the frequency of this pole increases with Rin when CGD is 

much smaller than CGS. 

The other two poles (ωp3 and ωp4) occur at relatively high frequencies compared to 

the first two poles of the SCALDO regulator. The frequency of ωp3 depends on the 

load current of the SCALDO regulator. The error amplifier dominant pole also 

contributes to phase lag in T(s).  

It is important to note here that the frequencies of the fourth pole and the third zero 

of T(s) are approximately the same (ωp4 ≈ ωz3) and their effect is cancelled out.  
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 Comparison of pole-zero frequencies of the LDO and the 
SCALDO regulators  

The frequencies of the poles and zeros of the SCALDO regulator are compared with 

the pole-zero frequencies of the generic PMOS LDO regulator in Table 3-1. This table 

is constructed using the prior art of the frequency analysis of the PMOS based LDO 

regulators [31, 54, 55, 64].  

Table 3-1: DC gain and pole-zero frequencies of LDO and SCALDO regulators 
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Table 3-1 reveals that both regulators have the same parameters for their DC gains, 

the first zero, and the third pole. Similarly, the error amplifier low-frequency pole is 
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also identical for both regulators. Nevertheless, the frequency of this pole depends 

on the particular error amplifier topology applied in the LDO regulator. In addition, 

a single-stage SCALDO regulator has two high-frequency zeros and a high-frequency 

pole due to the low-frequency SC circulation network.  

Closer inspection of the frequency of the first pole of these two regulators shows 

that the SCALDO regulator consists of an extra term: 1/(1+ gmRin) which has a value 

less than 1. Therefore, the frequency of the first pole of the LDO regulator is slightly 

higher than the frequency of the first pole of the SCALDO regulator. On the other 

hand, if the value of CGD << CGS, the frequency of the second pole of the LDO regulator 

becomes slightly lower than the frequency of the same pole of SCALDO regulator.  

 Frequency compensation of the SCALDO regulator 

The phase margin (PM) of a control system is the algebraic sum of the phase shifts 

of the individual poles and zeros [10]. Since the effect of ωz3 and ωp4 is cancelled out 

in the basic SCALDO topology, the PM of this regulator is approximated in (3-39). 
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According to (3-39) it can be seen that four poles (ωp1, ωp2, ωp3, and ωp1(ea)) together 

with the right-half-plane zero (ωz2) cause a phase lag. Closer inspection of the 

locations of ωp1 and ωp2 in Figure 3-12 shows that they occur at relatively low 

frequencies and might cause a maximum of -180° phase shift at UGF. The other two 

poles (ωp3, and ωp1(ea)) and the high-frequency zero ωz2 might also contribute to a 

considerable phase lag at UGF. 

Pushing the dominant pole of the error amplifier to high frequencies and selection 

of the optimal value for the decoupling capacitor (Cb) might reduce the phase lag 

due to ωp1(ea), and ωp3, respectively. Also, using multi-stage amplifiers instead the 

conventional differential pair can reduce the output impedance of the error 

amplifier and set the frequency of ωp2 to occur at high frequencies accordingly. Even 

though the parasitic capacitance of a high-current MOSFET is a significant factor, the 

phase lag due to ωz2 can be reduced by selecting the switches with lowest possible 
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resistance and the SC with a small ESR in a SCALDO design. Similarly, if the ESR of 

the input switching network is reduced, the phase lag due to ωp1 can also be reduced. 

 Compensation using the output capacitor ESR 

Only the zero due to the output capacitor (ωz1) contributes a phase lead. Therefore, 

this SCALDO circuit design should be carefully designed to stabilise the control loop. 

The location of ωz1 should be determined from no-load to a full load output current 

to provide a sufficient phase margin. Therefore, the selection of the stable range of 

the output capacitor ESR is crucial in this scenario to make the discrete SCALDO 

regulator stable. Typically, the output capacitor ESR should provide a phase margin 

of no less than 30° for the full range of output load current [10, 62, 63]. If the ESR 

itself not sufficient to provide the required phase margin, the other phase margin 

improvement techniques (e.g., feedforward compensation) should be applied to 

stabilise the SCALDO design.  

 Feedforward compensation 
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Figure 3-13: Feedforward compensation of the SCALDO regulator. 

In practical circumstances, the output capacitor ESR might be able to provide a 

sufficient phase margin in the SCALDO regulator. Nevertheless, the temperature 

dependence of the ESR of the output capacitor might cause stability issues even in a 

properly compensated regulator [63, 65]. One solution to improve the phase margin 

is the use of feedforward compensation; this is also applied in LDO regulator designs 

[51]. This compensation is done by connecting a feedforward capacitor (CF) in 

parallel with the upper resistor (R1) of the feedback network as shown in               

Figure 3-13.  
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Based on the output voltage (Vo(LDO)) and the reference voltage (Vref), the feedback 

factor (Gfb) of this LDO regulator becomes 2 according to the relationship defined in 

(3-1). This feedback gain can be provided by using two equal resistors connected in 

series. Since the feedback resistors also contribute to quiescent current 

consumption, the values of the resistors should be large. Conversely, an enormous 

resistance might add noise. Therefore, a compromise should be made when 

selecting the appropriate values for the feedback resistors. Two 2.2 kΩ metal film 

SMD (surface mount device) resistors are used in the feedback network considering 

the above factors. These resistors limit the shunt current of the feedback network to 

1 mA which is well below the required quiescent current specification defined for 

this LDO regulator. 

 Supercapacitor switching controller  

The basic SCALDO topology requires four switches to control the supercapacitor 

operation as highlighted in Section 2.2. Since the SCALDO switching network 

typically uses back-to-back connected MOSFETs to avoid any short-circuit paths 

when switching [21], four photovoltaic relays are used in this design to provide the 

same requirement. They are controlled by the digital output pins of a 

microcontroller (ATtiny261). Two analog input channels are also used to monitor 

the input voltage of the power source and the input voltage of the LDO regulator. 

The firmware of the microcontroller is developed according to the algorithm shown 

in Figure 3-5.  

 Circuit design 
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 Figure 4-1: The experimental design of the discrete SCALDO regulator. 
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The basic arrangement of the experimental design of the discrete SCALDO regulator 

is shown in Figure 4-1. The schematic and the PCB of the complete design are given 

in Appendix B. The parameters of the essential circuit components of this SCALDO 

design are summarised in Table 4-1. 

Table 4-1: Parameters of the circuit components  

Device Type Circuit Notation Design Properties 

Series-pass device 
 

P-channel 
MOSFET: 
Si2343CDS 

PMOS Threshold voltage (Vth)=     
-2.38 V 
Channel length 
modulation (λ) = 0.34 V-1 

Gain = 3.15 AV-2 

rS: 0.02 Ω 

rD: 0.013 Ω 

rG= 5 Ω 

CGS= 1100 pF 

CGD= 500 pF 

CDS= 50 pF 
Error amplifier NPN BJT 

Differential 
pair  
 

Q1, Q2= BC546B 

RC1= 3.3 kΩ (1 %) 

RC2= 3.3 kΩ (1 %) 

RE = 1.5kΩ (1 %) 
 

Gea= 25.1 dB 

ωp1(ea)= 536 kHz 

MOSFET gate and 
error amplifier 
coupling resistor 

SMD Metal film 
chip resistor 

Rpa 18 kΩ (1 %) 

Supercapacitor Nesscap CSC  CSC = 3.3 F (±5 %) 
Maximum DC voltage=    
8.1 V 
ESR (RSC)= 90 mΩ 

Switches  photovoltaic 
relays: 
TLP3543 
 

S1, S2, S3, S4 On-Resistance (RSW) =     
50 mΩ (each) 
 
 

Feedback Resistors  
 

SMD Metal film 
chip resistor 

R1 and R2 2.2 kΩ (±0.1 %)  

Small-signal 
injection resistor 

SMD Metal film 
chip resistor 

Rsig 50 Ω (±0.1 %) 

Output capacitor   SMD Multilayer 
Ceramic 
Capacitor 

Co 10 μF (±10 %) 
RESR=400 mΩ at 1 kHz 
 

External ESR 
resistor 

SMD Metal film 
chip resistor 

RESR 1 Ω (±0.1 %) 

Decoupling 
capacitor  

SMD Multilayer 
Ceramic 
Capacitor 

Cb 1 μF (±10 %) 
ESR is negligible from 10 
Hz to 1 MHz   

Switching network 
variable resistor 

SMD Metal film 
chip resistor 

Rcn Discrete: 100 mΩ, 200 mΩ, 
300 mΩ 
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As the first step, the LDO regulator is developed considering a typical 5 V discrete 

design. Next, the SC switching network is designed. Since the resistance offered by 

the ESR of the SC and the switches is fixed, a control resistor (Rcn) is placed between 

the switching network and the input of the LDO regulator to adjust the resistive 

parameter. After the values of the circuit components are defined, a PCB is 

developed. The SCALDO prototype is tested in the laboratory to obtain frequency 

behaviour and dynamic response.  

 Theoretical calculations 

This 12V to 5V experimental SCALDO design is developed based on the stability 

analysis of the SCALDO regulator with PMOS pass device as described in Chapter 3. 

Therefore, the ESR of the output capacitor is used as the frequency compensation 

technique for this SCALDO regulator. After selecting a stable value for the output 

capacitor ESR, the stability is determined for the extreme values of the critical circuit 

parameters.  

 Determination of the stable range of the output capacitor ESR 

The ESR of the output capacitor is one of the major design considerations for a PMOS 

LDO regulator [31, 64]. Similarly, it is also an essential requirement for the stability 

of a SCALDO regulator built with a PMOS LDO regulator as discussed in Section 3.8. 

The stable range of the output capacitor ESR against the load current of this SCALDO 

design is shown in Figure 4-2. At least 45° of phase margin is considered to maintain 

the stability of the SCALDO regulator for this calculation.  

Figure 4-2 suggests that the stable range of the output capacitor ESR varies 

approximately from 0.6 Ω to 5 Ω for the desired output current levels. Since the 

ceramic output capacitor has a very low ESR as shown in Table 4-1, an external 1 Ω 

resistor is added in series with this capacitor to stabilise the voltage control loop. 

Therefore, the equivalent stable ESR (RESR) of this SCALDO prototype is considered 

as 1.4 Ω. Since this value is able to provide a phase margin higher than 45°, other 

frequency compensation techniques such as feedforward compensation is not used 

in this experiment for the simplicity of analysis.  
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Figure 4-2: The stable range of the output capacitor ESR of the SCALDO regulator. 

Gain and phase calculation 

Figure 4-3: Calculated phase and gain behaviour of the SCALDO regulator for different 
levels of load current. 

Using the selected stable ESR value of the output capacitor, the phase and gain plots 

of the SCALDO regulator are obtained for different levels of load currents and 
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displayed in Figure 4-3. As this diagram shows, the phase margins for 5 mA, 50 mA, 

100 mA, and 200 mA are 68.9°, 71.7°, 71.9° and 72.3°, respectively. Besides, the UGFs 

for the same currents, respectively, are 14kHz, 35kHz, 42kHz, and 51kHz. These 

calculated results show that the phase margin is well beyond the 45° minimum 

phase margin requirement.  

Calculation of pole-zero frequencies against the equivalent 
resistance of the switching network 

Table 4-2: Calculated pole-zero frequencies against the equivalent resistance of the 
switching network 

Pole/zero Load current = 5 mA Load current = 100 mA Load current = 200 mA 

Equivalent resistance of 

the switching network 

(Ω) 

Equivalent resistance of 

the switching network 

(Ω) 

Equivalent resistance of 

the switching network 

(Ω) 

0.19 0.29 0.39 0.49 0.19 0.29 0.39 0.49 0.19 0.29 0.39 0.49 

ADC (dB) 58.8 58.8 58.8 58.8 45.8 45.8 45.8 45.8 42.8 42.8 42.8 42.8 

ωz1 (kHz) 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 

ωz2 (MHz) 63 62 61 60 245 225 209 194 321 287 260 237 

ωz3 (MHz) 792 529 402 326 910 648 520 444 981 718 590 515 

 ωp1 (Hz) 22.0 21.7 21.3 21.0 259 248 237 228 417 395 376 358 

ωp2 (kHz) 6.14 6.21 6.28 6.34 7.71 7.90 8.08 8.27 8.32 8.55 8.76 8.96 

ωp3 (kHz) 177 177 177 177 211 211 211 211 230 230 230 230 

ωp4 (GHz) 2.47 1.63 1.22 0.97 2.57 1.73 1.32 1.08 2.62 1.78 1.37 1.13 

ωp1(ea) 

(kHz) 

536 536 536 536 536 536 536 536 536 536 536 536 

PM (deg) 68.9 69.2 69.4 69.6 71.9 72.2 72.5 72.8 72.3 72.6 72.9 73.2 

The frequencies of the open-loop poles and zeros are calculated for different levels 

of the load current by varying the equivalent resistance of the switching network 
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(Rin) and listed in Table 4-2. This input resistance is controlled by adjusting the value 

of the external Rcn resistor. The values of Rin are selected in a way that they fall within 

the boundaries of the minimum and maximum input resistance which could occur 

in a typical SCALDO regulator. In other words, this resistor represents the sum of 

the switch resistance and the ESR of the SC. The nominal value of Rin is 190 mΩ when 

the resistance of the switches and the ESR of the SC are added together, and the 

maximum value could be 490 mΩ for the worst-case scenario. 

Only the frequencies of ωz2, ωz3, ωp1, ωp2, and ωp4 depend on the equivalent 

resistance of the switching network as derived in (3-30), (3-31), (3-32), (3-33), and 

(3-35), respectively. The frequency of the ESR zero (ωz1) is independent of the load 

current and Rin. The calculated results further show that ωz2, ωz3, and ωp4 fall at 

relatively high frequencies. Besides, for a given load current, the frequencies of these 

high-frequency poles and zeros decrease when Rin is increased. Nevertheless, these 

frequencies occur well beyond the UGF of the SCALDO regulator even for the 

maximum value of Rin. 

When the two low-frequency poles are considered, the frequency of ωp1 reduces 

with the increase of Rin and the frequency of ωp2 rises when Rin is increased.  

Interestingly, the variations of the phase margins are minimal (maximum of around 

2% deviation) when the Rin is changed from its nominal value to the maximum level. 

This low variation in the phase margin is because of the occurrence of ωz2, ωz3, ωp4 

at high frequencies compared to the UGF and the net zero impact caused by ωp1 and 

ωp2 due to the change of Rin.  

 Worst-case analysis to determine the circuit behaviour against 
the variation of design parameters 

The most widely used method to determine the circuit behaviour against the 

variation of design parameters are the worst-case and Monte-Carlo analyses. The 

worst-case analysis is a method of finding the worst possible variation expected in 

some parameters while the Monte-Carlo analysis is a process of determining the 

variations with the aid of probability distributions. 

In this study, a discrete SCALDO regulator is implemented by using the circuit 

components of different manufacturers. Since the manufacturers do not always 

provide the probability distribution of parameters of individual circuit components, 
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it is a difficult task to apply the Monte-Carlo analysis to this stability analysis. 

Nevertheless, the extreme values of the circuit components are readily available in 

the datasheets. Therefore, the worst-case analysis is applied to determine the worst 

possible variations regarding the stability of this SCALDO regulator. 

Six critical circuit parameters are identified based on the open-loop transfer 

function defined in (3-37), and their extreme values are provided in Table 4-3. These 

corner values are set out according to the datasheet specifications. It should be 

noted here that the SCALDO prototype is designed to work at 25°C and the worst-

case analysis is done based on this temperature. 

Table 4-3: Critical circuit parameters and their ranges 

Critical circuit parameter Extreme corners 

Output capacitance (Co) 
(± 10% deviation from the nominal value) 

9 μF to 11 μF  

Equivalent output capacitor ESR (RESR) 

(based on the ESR of Co and the external ESR resistor) 

1 Ω to 2 Ω  

Error amplifier gain (Gea) 
(± 20% deviation from the nominal value) 

14.4 to 21.6  

Threshold voltage of the MOSFET (Vth) 
(Min/max values) 

-1.2 V to -2.5 V  

Channel length modulation of the MOSFET (λ) 
(± 20% deviation from the nominal value) 

0.272 V-1 to 0.408 V-1   

Gate-Source capacitance (CGS) 
(± 20% deviation from the nominal value) 

880 pF to 1320 pF  

 

Phase margin variation for extreme circuit values 

Sixty-four different combinations are developed using the extreme corners of the 

critical circuit parameters, and the phase margins are determined accordingly. 

Based on the results obtained from this evaluation, it is found that the minimum 

phase margin occurs when Co = 9 μF, RESR = 1 Ω, Gea = 14.4, Vth = 2.5 V, λ = 0.408 V-1 

and Cgs = 1320 pF. Similarly, the maximum phase margin occurs when Co = 11 μF, 

RESR = 2 Ω, Gea = 14.4, Vth = 1.2 V, λ = 0.207 V-1 and Cgs = 880 pF. These phase margins 

are plotted against the load current in a resolution of 1 mA and illustrated in       

Figure 4-4. 
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Figure 4-4: Extreme variation of the phase margin against the load current. 

As can be seen from Figure 4-4, the nominal phase margin varies between 66° and 

68° from no-load to the maximum load current. The maximum phase margin is 

around 82°at 1 mA of load current as shown in the upper trace of Figure 4-4.  

What is striking about lower trace in Figure 4-4 is that the phase margin doesn’t fall 

below 53° when the parameters are set to extreme edges. Therefore, the worst-case 

analysis confirms that this SCALDO design has satisfied the minimum phase margin 

specification (45°) for the corner values of the critical circuit parameters. 

Variation of the poles and zeros  

The minimum and maximum values of the frequencies of the poles and zeros along 

with the DC gain are listed in Table 4-4. According to Table 4-4, the maximum 

possible value of the DC gain is 64.9 dB, which occurs when the load current is 5mA. 

Similarly, the lowest DC gain (40.35 dB) occurs at full load. The frequency of the zero 

due to the output capacitor ESR (ωz1) can vary from 7.23 kHz to 17.68 kHz 

independent of load current. The lowest possible frequency of the error amplifier 

dominant pole is 384.5 kHz. 
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Table 4-4: Extreme values of the pole-zero frequencies 

Pole/zero Load current 

5 mA 50 mA 100 mA 200 mA 

Min Max Min Max Min Max Min Max 

ADC (dB) 56.37 64.90 46.37 54.90 43.39 51.89 40.35 48.88 

ωz1 (kHz) 7.23 17.68 7.23 17.68 7.23 17.68 7.23 17.68 

ωz2 (MHz) 47.53 78.08 126.0 224.4 135.6 299.4 156.2 390.0 

ωz3 (MHz) 268.2 994.7 319.9 1094.7 353.8 1160.3 404.9 1259.4 

ωp1 (Hz) 15.03   29.83 97.77 213.42 159.45 360.34 249.13 583.73 

ωp2 (kHz) 5.041 7.965 5.709 10.12   6.066 11.186 6.531 12.497 

ωp3 (kHz) 91.57 214.84 107.45 245.29 117.10 264.38 130.78 292.15 

ωp4 (GHz) 0.8582 2.8551 0.9049 2.9453 0.9331 2.999 0.9732 3.0772 

ωp1(ea) 

(kHz) 

384.5 792.3 384.5 792.3 384.5 792.3 384.5 792.3 

 

The second zero (ωz2) which depends on the SC switching network parameters does 

not fall less than 47.53 MHz even when the circuit parameters are changed to their 

extreme values. Similarly, the minimum value that ωz3 can have is 268.2 MHz. On the 

other hand, the high-frequency pole (ωp4) due to the SC switching network can fall 

to 858.2 MHz. Therefore, this worst-case estimation reveals that the values of the 

high-frequency zeros and the pole of the SCALDO regulator occur at relatively high 

frequencies even for the extreme values of circuit parameters.  
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(c) 

 

(d) 
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(e) 

 

(f) 

Figure 4-5: The simulation model of the SCALDO Regulator: (a) Compacted model, (b) 
Switching Network, (c) Logic circuit (MCU) (d) Output impedance (zo), (e) first-order 

model of the error amplifier, (f) high-frequency model of the error amplifier. 

The simulation framework of the SCALDO regulator is developed in the MATLAB 

Simulink environment. The block diagram of the Simulink model is displayed in 

Figure 4-5. The parameters of the Simulink blocks of the discrete SCALDO prototype 

are defined by using the datasheet specifications of the circuit components.  

The control unit displayed by the MCU subsystem in Figure 4-5 (b) controls the four 

switches based on the SCALDO algorithm. The logic circuit of this controller is 

displayed in Figure 4-5 (c). Two delay blocks (Delay1 and Delay2) are introduced to 

avoid the algebraic loops when doing the simulation. 

The output impedance of the SCALDO regulator is composed of the output capacitor 

(10 μF), the external ESR resistor (1 Ω), the 1μF bypass capacitor, and the load 
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frequencies). The pole due to the decoupling capacitor falls between 135 kHz and 

180 kHz. The error amplifier pole occurs at about 538 kHz. Two high-frequency 

zeros are also visible, and one is a right-hand-plane zero. Besides, one high-

frequency pole can be seen in this frequency response graph. Therefore, this 

simulation matches with the poles and zeros defined in (3-37). 

 

Figure 4-6: Simulated phase and gain behaviour of the SCALDO regulator for the first-
order model of the error amplifier. 

Secondly, the open-loop response of the SCALDO regulator is simulated by using the 

high-frequency model of the error amplifier (BJT differential pair). The simulated 

results of this case are provided in Figure 4-7. In this simulation, the high-frequency 

poles and zeros of the error amplifier also fall with the poles and zeros of the 

SCALDO regulator.  
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Figure 4-7: Simulated phase and gain behaviour of the SCALDO regulator for the high-
frequency model of the error amplifier. 

 Simulated pole-zero frequencies 

The SCALDO regulator is further simulated with the high-frequency model of the 

error amplifier for different values of the ESR by varying the value of Rcn resistor. 

The frequencies of the poles and zeros, the DC gain, and the phase margins are 

shown in Table 4-5.  

The simulated results, as shown in Table 4-5, indicate that the DC gain, poles, and 

zeros fall within the calculated boundary values. These simulated results further 

reveal that the frequencies of ωz2, ωz3, and ωp4 decrease when the equivalent 

resistance of the switching network is increased for a given load current. This 

pattern agrees with the theoretical derivations. Besides, ωz2, ωz3, and ωp4 occur at 

relatively high frequencies compared to the other poles and zeros.  

When the low-frequency poles are considered it can be seen that ωp1 decreases with 

the value of Rin. On the other hand, ωp2 increases when Rin rises. The frequency of the 

first zero (ωz1) and the error amplifier low-frequency pole are independent of Rin. 
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Table 4-5: Simulated pole-zero frequencies against the equivalent resistance of the switching network 

Pole/ 

zero 

Load current = 5 mA Load current = 100 mA Load current = 200 mA 

equivalent resistance of the switching 

network (Ω) 

equivalent resistance of the switching 

network (Ω) 

equivalent resistance of the switching 

network (Ω) 

0.19 0.29 0.39 0.49 0.19 0.29 0.39 0.49 0.19 0.29 0.39 0.49 

ADC (dB) 57 57 57 57 44.4 44.4 44.4 44.4 41.2 41.2 41.2 41.2 

ωz1 (kHz) 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4 

ωz2 (MHz) 61.2 58.2 55.6 51.37 189.6 168.59 152.8 140.5 239.1 208.25 185.88 168.75 

ωz3 (MHz) 781.5 556.99 440.56 320.74 1018 775.43 645.77 564.3 1132 879.6 743.0 656.57 

ωp1 (Hz) 22.34 22.01 21.69 21.10 196.0 188.45 181.46 175.25 317.22 304.0 292.0 280.99 

ωp2 (kHz) 5.38 5.44 5.49 5.61 6.86 7.00 7.15 7.29 7.42 7.58 7.74 7.89 

ωp3 (kHz) 135.5 135.3 135.3 135.18 168.5 167.33 166.19 165.18 186.98 184.56 182.27 180.25 

ωp4 (GHz) 2.1081 1.4656 1.1269 0.77568 2.216 1.573 1.235 1.025 2.281 1.638 1.299 1.089 

ωp1(ea) (kHz) 536 536 536 536 536 536 536 536 535 536 536 536 

PM (deg) 64.5 64.7 64.9 65.4 68.36 68.69 69.03 69.36 68.64 69.02 69.4 69.77 
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(c) (d) 

Figure 4-8: Simulated load-transient response for different ESR values of the output 

capacitor: (a) RESR = 0.4 Ω, (b) RESR = 1.4 Ω, (c) RESR= 5.4 Ω, (d) RESR= 10.4 Ω.  

Figure 4-8 (a) depicts the regulator response when RESR is set to 0.4 Ω. This ESR 

value is less than the lower margin of the calculated stable range. Similarly, subplots 

(c) and (d) of Figure 4-8 show the transient responses when the ESR is out of the 

stable upper margin. On the other hand, Figure 4-8 (b) presents the dynamic 

response when the ESR is set to a stable value (RESR = 1.4 Ω in this design). The time 

domain performance characteristics of these simulations are summarised in       

Table 4-6. 

These time domain characteristics show how the output capacitor ESR affects the 

dynamic behaviour of the SCALDO regulator. The regulator suffers from ringing in 

the output voltage when the output capacitor ESR is out of the stable region as 

shown in Figure 4-8 (a), (c), and (d). This effect is mainly due to the low phase 

margins of the regulator when the ESR of the output capacitor is out of the stable 

region.  

Moreover, the fastest settling time of the output voltage for the rising edge of the 

load current occurs when the ESR is set a stable value as shown in Table 4-6. The 

overshoot for the rising edge of the load current is the lowest when the ESR is 1.4 Ω 
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compared to the other three cases. Therefore, it is apparent from these simulations 

that a stable value of the output capacitor ESR produces a better transient response. 

Table 4-6: Characteristics of the simulated load-transient response 

Characteristic Equivalent output capacitor ESR (Ω) 

0.4 1.4 5.4 10.4 

Overshoot (falling 

edge of the 

current) 

10 mV 100 mV 200 mV 220 mV 

Overshoot (rising 

edge of the 

current)  

-290 mV -270 mV -310 mV -350 mV

Settling time 

(falling edge of the 

current) 

20 μS 20 μS 30 μS 70 μS 

Settling time 

(rising edge of the 

current) 

110 μS 25 μS 30 μS 35 μS 

Experimental results 

Figure 4-9: The experimental setup of the stability analysis. 
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(b) 

Figure 4-11: Experimental frequency response of the SCALDO regulator: (a) Open-loop 

gain, (b) Open-loop phase. 

Table 4-7: Measured frequencies of open-loop poles and zeros of the SCALDO regulator 

Pole/zero Frequency 

Iout = 5 mA Iout = 50 mA Iout = 100 mA Iout = 200 mA 

ADC (dB) > 50.75 54.05 53.70 52.39 

ωz1 (kHz) 10 20 20 20 

ωp1 (Hz) <100 200 250 300 

ωp2 (kHz) 5 8 9 10 

ωp3 (kHz) 100 200 200 200 

ωp1(ea) (kHz) 400 400 400 400 
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Table 4-8: Measured phase margins for different values of the output capacitor ESR. 

output 

capacitor 

ESR 

Phase margin (degrees) 

Iout = 50 mA Iout = 100 mA Iout = 150 mA Iout = 200 mA 

0.4 33 25 23 24 

1.4 68  65 64 62 

5.4 48 48 50 50 

10.4 24 28 31 30 

Load-transient response 

   

(a) (b) 

   

(c) (d) 
      

CH1 (DC coupling): Load current waveform (ratio: 1mV→20 mA),  

CH2 (AC coupling): Output voltage waveform 

Figure 4-12: Experimental load-transient response for different ESR values of the output 

capacitor: (a) RESR = 0.4 Ω, (b) RESR = 1.4 Ω, (c) RESR = 5.4 Ω, (d) RESR = 10.4 Ω. 
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The experimental results related to the load-transient response of the SCALDO 

regulator are obtained by following the methods described in [40, 41]. A small shunt 

resistance of 50 mΩ is added between the load and the ground return path of the 

regulator to observe the transient load current. Figure 4-12 shows the variation of 

the output voltage of the SCALDO regulator for different values of RESR when the load 

is changed from 0.005 A to 0.2 A at a slew rate of 10 mA/μs. 

According to Figure 4-12 (b), the ripple amplitude of the output voltage is about 32 

mV and 28 mV for the rising edge and the falling edge, respectively when the ESR is 

1.4 Ω. Since the measured phase margin is higher than 45° for this stable ESR value, 

there are almost no oscillations in the output voltages.  

Although the fastest settling time for the falling edge of the load current occurs when 

the ESR = 5.4 Ω, there is some ringing in the output voltage for the rising edge as 

shown in Figure 4-12 (c). Also, the output voltage ripple is higher compared to 

Figure 4-12 (b). 

Conversely, when the ESR is dropped to 0.4 Ω, the phase margin becomes lower than 

the 45° threshold level, and the ripple amplitude becomes 52 mV in the rising edge 

of the step current as shown in Figure 4-12 (a). There are severe oscillations in the 

output voltage before it settles down to the new value since this ESR is out of the 

stable range. Also, the slowest settling time is observed in this case compared to the 

other three graphs. 

Similarly, when the ESR is changed to 10.4 Ω which is also a value out of the stable 

ESR range, the ripple amplitude becomes 44 mV for the falling edge of the step load 

current. Also, the settling of the loop shows more pronounced ringing in the output 

voltage in the rising edge of load current.  

When the four cases are compared, it is clear that the best performance can be 

achieved when RESR is within the stable region. These responses show a good 

agreement with the calculated results in Figure 4-2 and the simulation results in 

Figure 4-8.  
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Regulator behaviour against the equivalent resistance of the 
switching network 

Figure 4-13: The experimental phase margin variation against the equivalent resistance of 
the switching network.  

Figure 4-13 displays the phase margin variation of the SCALDO regulator against the 

load current for different values of Rin. These observations are done by adjusting the 

value of Rcn resistor as discussed in Section 4.3.3.  

Figure 4-13 suggests that there is a minimal influence on the phase margin when the 

equivalent resistance of the switching network is changed between the typical 

values. These open-loop measurements are further verified by the load-transient 

results displayed in Figure 4-14.  
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(c) (d) 

CH1 (DC coupling): Load current waveform (ratio: 1mV→20 mA), 

CH2 (AC coupling): Output voltage waveform 

Figure 4-14: Load-transient response over equivalent resistance of the switching network: 

(a) Rin = 0.19 Ω, (b) Rin = 0.29 Ω, (c) Rin = 0.39 Ω, (d) Rin = 0.49 Ω.

According to Figure 4-14, there are hardly any changes in the output voltage due to 

the equivalent resistance of the switching network. Therefore, these results reveal 

that there is almost no effect on the stability of the SCALDO regulator due to the 

typical values of the equivalent resistance of the switching network.  

Comparison of the results 

Frequencies of the open-loop poles and zeros 

The theoretical small-signal model of the SCALDO regulator consists of three zeros 

and five poles including the error amplifier dominant pole of its first-order model as 

discussed in Section 3.5. The frequencies of these open-loop poles and zeros are 

calculated for corner values of the critical circuit parameters and listed in Table 4-4. 

Similarly, the open-loop poles and zeros extracted from the simulations are 

displayed in Table 4-5. The simulated results indicate that the number of open-loop 

poles and zeros matches the theoretical derivations for the first-order model of the 

error amplifier. Due to practical limitations of the experimental setup, only the low-

frequency open-loop poles and zeros could be extracted as shown in Table 4-7. 

When these three tables are compared, it can be seen that the simulated and 

experimental poles and zeros fall within the boundaries of the calculated frequency 

margins.  
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 Effect of the output capacitor ESR on stability 

It is shown in Section 3.8 that the selection of the stable range of the output capacitor 

ESR is crucial to make the SCALDO regulator stable. The calculated values of output 

capacitor ESR for the stability of this SCALDO prototype are displayed in Figure 4-2. 

The simulated frequency response in Figure 4-7 suggests that the 12 V to 5 V 

SCALDO regulator model is stable for the selected ESR value (1.4 Ω) in this design. 

Also, the experimental results of the open-loop response of the prototype in       

Figure 4-11 indicate that the regulator is stable having a phase margin over 45° for 

this ESR value.  

Moreover, the simulated load-transient results in Figure 4-8 and the outcomes of 

the experiment in Figure 4-12 demonstrate the effect of the output capacitor ESR on 

stability. Also, these results verify the selection of the stable value of the output 

capacitor ESR for the stability of the SCALDO regulator.  

 Effect of the resistive parameter of the switching network on 
stability 

The sum of the resistance of the switches and the ESR of the supercapacitor is 

considered as the equivalent resistance of the switching network (Rin) in the 

SCALDO regulator. This equivalent resistance generates two high-frequency zeros 

(ωz2, ωz3) and one high-frequency pole (ωp4) in the open-loop transfer function as 

discussed in Section 3.7. In addition, Rin causes discrepancies in the frequencies of 

the two low-frequency poles (ωp1, ωp2).  

Calculated values in Table 4-2 show that ωz2, ωz3, and ωp4 fall at relatively high 

frequencies for typical values of Rin in a SCALDO regulator. These results are further 

confirmed by the simulated values given in Table 4-5. Besides, both theoretical and 

simulated values in these two tables show that the frequencies of these high-

frequency pole/zeros decrease with the increase of Rin. Interestingly, these results 

further demonstrate that the frequency of one low-frequency pole (ωp1) decreases 

with the increase of Rin while the frequency of the other low-frequency pole (ωp2) 

increases when Rin is raised.  

Furthermore, the phase margins are calculated against Rin and listed in Table 4-2. 

These values are compared in Section 4.4.2 with the outcomes from the simulations. 

This comparison also suggests that there is a minimal influence on the phase margin 
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due to Rin. Also, the experimental values displayed in Figure 4-13 and the load-

transient results in Figure 4-14 further support this fact. This small variation in the 

phase margin is because of the occurrence of ωz2, ωz3, ωp4 at high frequencies 

compared to the UGF and the net zero impact caused by ωp1 and ωp2 due to the 

change of Rin.  

 Discussion 

The stability of the SCALDO technique is investigated by developing a 12 V to 5 V 

discrete regulator. This circuit is composed of a discrete LDO regulator and a 

supercapacitor circulation network. The frequency compensation of this SCALDO 

regulator is done by using the ESR of the output capacitor. The range of stable values 

of the output capacitor ESR is determined to provide at least 45° of phase margin. 

The open-loop frequency response is obtained theoretically for the selected output 

capacitor ESR. The worst-case analysis is also performed to ensure that the SCALDO 

regulator is stable even at the corners of the critical circuit parameters. The 

calculated results show that the frequencies of poles and zeros due to the SC 

circulation network occur at relatively high frequencies. Also, it is found that there 

are some discrepancies in low-frequency poles due to the resistive parameter of the 

switching network. Interestingly, calculated results suggest that the net effect on the 

phase margin of the SCALDO regulator is minimal due to the equivalent resistance 

of the switching network.  

The discrete SCALDO regulator is simulated in the MATLAB Simulink environment 

to observe its frequency and load-transient responses for different values of the 

output capacitor ESR and the switching network parameters. The simulated 

frequencies of the open-loop poles and zeros are close to the calculated values. Also, 

these simulations show that the high-frequency pole and zeros due to the SC 

circulation network fall well beyond the UGF of the SCALDO regulator and their 

effect on the phase margin is minimal. The changes in the low-frequency poles 

against the switching network parameters match with the theoretical derivations. 

Besides, the simulated results related to the load-transient response demonstrate 

the influence of the output capacitor ESR on the stability of the SCALDO regulator.  

The SCALDO regulator is tested experimentally to obtain the open-loop frequency 

response. The measured values of the low-frequency poles and zeros are within the 
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calculated margins. The experimental phase margins and the load-transient 

responses show how the output capacitor ESR affects the stability of the SCALDO 

regulator. 

In addition, the open-loop and dynamic responses are obtained by changing the 

equivalent resistance of the switching network of the switching network. These 

outcomes confirm that there is a less influence on the stability of the SCALDO 

regulator due to the resistive parameter of the switching network.  
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 Theoretical Background of the Dual-Output 
SCALDO Technique 

Abstract- This chapter discusses the development of a split-rail DC-DC converter 

using the fundamental concepts of the SCALDO technique. The potential 

advantages of this dual-output version are discussed and the conceptual 

background is described. The circuit topology is explained related to modes of 

operation and parameters are defined. The major losses are identified and the 

end-to-end efficiencies at different operating phases are derived.  

Introduction 

After the establishment of the SCALDO theory and implementation of various 

prototypes, further improvements have been considered. This study demonstrates 

the design of a dual-output DC-DC converter as an extension of the SCALDO 

research. This concept is also named as the dual-output SCALDO (DO-SCALDO) 

regulator, and it can be designed to generate dual outputs with the same polarity or 

with dual-polarity. The preliminary work related to the DO-SCALDO concept is 

published in [70-73]. Therefore, this chapter and the next chapter exclusively 

explore the dynamic behaviour, loss estimation, and efficiency advantage along with 

a quantitative comparison with other well-known split-rail topologies. 

Since this research is based on the dual-polarity version, it can fill some gaps related 

to the limitations of the state-of-the-art split-rail techniques as highlighted in 

Section 2.7.3. The connected downstream loads can enjoy the low-noise and high 

slew rate capable output of a LDO regulator. Also, the low-frequency SC circulation 

approach can reduce the burden of EMI/RFI issues. The same ETEE of a single-stage 

SCALDO topology is obtained in this DC-DC converter. The potential applications of 

this dual-output regulator are noise sensitive applications, portable devices, and 

industrial equipment. 

Dual-polarity SCALDO concept 

A negative-rail regulation type LDO regulator (LDON) and a positive-rail regulation 

type LDO regulator (LDOP) are cascaded to produce dual outputs as shown in 

Figure 5-1. The output loads and the ground pins of the two LDO regulators create a 
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virtual ground (GNDV), and it is at a floating voltage with reference to the common 

ground (GNDin) of the circuit. The terminals of the circuit which are connected to 

GNDV are highlighted in light blue traces. Even though the GNDV varies with time, 

the generated outputs are regulated and dual-polarity.  

GNDV

GNDin

RN

RP

Vin

Iin Vin(LDO  )P

Iin(LDO  )P Io(LDO  )P

+Vo(LDO  )P

Ig(LDO  )P

Vin(LDO   )N
-Vo(LDO   )N

Io(LDO   )NIin(LDO   )N

Ig(LDO   )N

LDOP

LDON

 

Figure 5-1: Cascaded positive and negative LDO regulators with dual-polarity outputs. 

The relationship between the voltage source and the input voltages of the LDO 

regulators of this circuit is defined in (5-1). Similarly, the current in each node is 

given in (5-2). The input current of a single LDO regulator is the sum the output 

current and the ground pin current according to the operation principles [10]. 

 
)()( NP LDOinLDOinin VVV   (5-1) 

 
)()()()()()( NNNPPP LDOgLDOoLDOinLDOgLDOoLDOinin IIIIIII   (5-2) 

Where Vin, Vin(LDOP), Vin(LDON) are the source voltage, the input voltage of the positive 

LDO regulator and the input voltage of the negative LDO regulator, respectively. 

Similarly, Iin is the source current, and Iin(LDOP), Io(LDOP), Ig(LDOP) are the input current, 

the output current, and the ground pin current of the positive LDO regulator, 

respectively. The currents of the negative LDO regulator are marked by using the 

same notation and with the N subscript.  

The source voltage should be greater than the summation of the minimum input 

voltages of the two LDO regulators to maintain the regulation of the circuit as 

defined in (5-3).  
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)min()min( Np LDOLDOin VVV   (5-3) 

Where; Vmin(LDOP) is the minimum working voltage of the positive LDO regulator, and Vmin(LDON) 

is the minimum input voltage of the negative LDO regulator.  

Equation (5-2) shows that the sum of the ground pin current and the load current 

of LDOP should be equal to the sum of the ground pin current and the load current 

and of LDON. Since the ground pin currents of well-designed LDO regulators are very 

small [31, 32], the regulation is continued if and only if their output currents are 

equal. Due to this reason, the regulation is not possible when the loads are 

unbalanced. A voltage-balancing circuit can simply solve this issue [18, 21, 27]. 

These circuits typically change the effective resistance of each output rail and create 

a path to pass the excess current due to the unbalanced loads. Thus, it will reduce 

the overall efficiency due to the energy loss in the path where the excess current 

flows. As a better approach, the SCALDO technique can be used to solve this issue 

without degrading the efficiency of the circuit. The cascaded LDO regulators with 

the SCALDO method are illustrated in Figure 5-2. 
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Figure 5-2: The cascaded dual LDO regulators with the SCALDO approach. 

Once the SCALDO technique is integrated into the cascaded dual LDO regulators, the 

SC can be used as a lossless element to control the differential load current. In one 

phase of the circuit operation, the SC charges, allowing the differential current to 

pass through it. In the next cycle, the stored energy of the SC is delivered back to the 

circuit.  

The following design constraints are chosen in the proposed dual-output DC-DC 

converter.  
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 The output voltages of the positive and negative LDO regulators should have

equal magnitudes.

)()( NP LDOoLDOo VV  (5-4) 

 The minimum working voltages of the two LDO regulators should be equal in

magnitude as per (5-5).

min)min()min( VVV
Np LDOLDO  (5-5) 

 The source voltage should be higher than twice the minimum operating

voltage of the LDO regulators as defined in (5-6). This condition is derived

from (5-3) and (5-5).

min2VVin  (5-6) 

 The SC should be rated to work under the maximum operating voltage as

shown in (5-7).

min(max) VVV inSC  (5-7) 

Where; VSC(max) is the maximum voltage that the SC can withstand in the proposed DC-DC converter. 

Operational modes of the DO-SCALDO technique 

The DO-SCALDO method works based on four operating modes. 

 Phase 1: Initial charging process.

 Phase 2: Output current of LDOP is greater than the output current of LDON

(Io(LDOP) > Io(LDON)).

 Phase 3: Output current of LDOP is lower than the output current of LDON

(Io(LDOP) < Io(LDON)).

 Phase 4: Two LDO regulators have equal output currents

(Io(LDOP) = Io(LDON)).
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 Phase 1: Initial charging process 
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Figure 5-3: Initial charging process. 

At the very beginning of the power-up of the circuit, the SC is charged to bring its 

voltage slightly higher than Vmin. This initial charging process is done by using the 

charge-control resistor (RC) as depicted in Figure 5-3. The switches S4 and S5 are 

closed, and all the other switches are opened to pass the charging current (ISC(c)) 

through the SC. Besides, the two LDO regulators are turned off and the loads are 

isolated from the source to avoid oscillations in the supply voltage. The initial 

charging time of the SC is mainly determined by the source voltage, the RC resistor, 

and the capacitance of the SC. Once the charging process is completed, the SC can be 

switched to one of the inputs of the two LDO regulators. Then the other circuit 

modes are activated by turning on the LDO regulators.  

 Phase 2: (Io(LDOP) > Io(LDON)) 
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Figure 5-4: DO-SCALDO circuit operation in phase 2: (a) charging cycle (b) discharging 
cycle. 

A differential current of Io(LDOP) - Io(LDON) is created due to the effect of the unbalanced 

loads in phase 2, and it is handled by the charge balance method of the SC. The 

switches S3 and S4 are closed, and S1 and S2 are opened to connect the SC and LDON 

in parallel in the charging phase as shown in Figure 5-4 (a). The path of the 

differential current (which is the same as the charging current of the SC) is 

illustrated by the segmented lines. The source current turns to Io(LDOP) during this 

period. If the approximate initial voltage of the SC is Vmin, the input voltage of LDON 

(Vin(LDON)) rises from Vmin. At the same time, the input voltage of LDOP (Vin(LDOP)) 

descends from Vin-Vmin. The SC is kept in parallel to LDON until Vin(LDOP) drops to Vmin. 

The SC voltage (VSC) at the end of the charging phase is approximately Vin-Vmin.   

When the charging cycle is completed, the SC is disconnected from the input of LDON, 

and connected in parallel with LDOP. Since the differential load current is supplied 

by the discharging process of the SC (as shown in Figure 5-4 (b)), the source current 

falls to Io(LDON) during this period. This process is stopped when Vin(LDOP) reaches 

Vmin. These charging and discharging processes are continued until the 

Io(LDOP) > Io(LDON) condition is satisfied.  

The circuit operation of phase 2 falls into a special scenario if Io(LDON) becomes zero. 

Theoretically, LDON can be considered as OFF. The circuit operation in this situation 

is displayed in Figure 5-5 (a) and (b). The SC, LDOP, and the power source are 

connected in series in the charging phase as shown in Figure 5-5 (a). The differential 
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load current approximately becomes Io(LDOP). Even though the input source is 

connected to the circuit in the discharging phase (shown in Figure 5-5 (b)), its 

current drops to zero as the SC delivers the required current to LDOP. Therefore, this 

situation is similar to the operation of the basic SCALDO regulator. 
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(b) 

Figure 5-5: Basic SCALDO operation when the LDON is OFF: (a) charging cycle (b) 
discharging cycle. 
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 Phase 3: (Io(LDOP) < Io(LDON)) 
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Figure 5-6: DO-SCALDO circuit operation in phase 3: (a) charging cycle (b) discharging 
cycle. 

When Io(LDOP) < Io(LDON), the differential load current becomes Io(LDON) - Io(LDOP). In the 

charging phase, the SC and the LDOP are in parallel, and the excess current is passed 

through the SC as depicted by the dashed lines in Figure 5-6 (a). Only the switches 

S1 and S2 are closed during this period. Vin(LDOP) ascends from the Vmin value,  

Vin(LDON) descends from Vin-Vmin, and the source current turns to Io(LDON). The 

charging cycle is terminated when Vin(LDON) drops to Vmin. After that, the SC is 

disconnected from the current position and connected in parallel to LDON by closing 

the switches S3 and S4 as shown in Figure 5-6 (b). The source current falls to Io(LDOP), 
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and the differential current is provided by the stored energy of the SC during this 

period. This processed is finished when Vin(LDON) falls back to Vmin. 

LDOP falls to the OFF state when its load current drops to zero while keeping the 

Io(LDOP) < Io(LDON) condition true. This situation is identical to the basic SCALDO 

approach where a negative-rail regulator is now in operation as illustrated in    

Figure 5-7 (a) and (b). 
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Figure 5-7: Basic SCALDO operation when the LDOP is inactive; (a): SC charging phase (b): 
SC discharging phase. 

 



86 

Phase 4: (Io(LDOP) = Io(LDON)) 
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Figure 5-8: DO-SCALDO circuit operation in phase 4 (a) SC is in parallel to the LDOP (b) SC 
is in parallel to the LDON. 

When the load currents become equal, the SC current falls to zero, and the source 

current is directly passed through the LDO regulators (Iin ≈ Io(LDOP) ≈ Io(LDON)). The 

SC can be placed in parallel to either LDON or LDOP as shown in Figure 5-8. When 

LDOP and the SC are in parallel as depicted in Figure 5-8 (a), Vin(LDOP) equals VSC. 

Similarly, Vin(LDON) = VSC when LDON and the SC are in parallel as illustrated in 

Figure 5-8 (b). 
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Moreover, the circuit operation is governed by the difference of the ground pin 

currents if the two load currents reduce to zero. Since the ground pin currents of the 

commercial LDO regulators are very small, the transient time between the charging 

and discharging cycles is significantly high compared to the time duration of the 

other phases of the DO-SCALDO operation.  

 Parameters of the circuit modes of the DO-SCALDO regulator 

The key parameters of the four operational phases of the DO-SCALDO regulator are 

listed in Table 5-1. The constant current loading is considered for the simplicity of 

analysis for phase 2, 3 and 4. In phase 1, where the initial charging of the SC is 

performed, the ESR of the SC and the resistance of the switches are not used in 

parameter calculations since RC is typically higher than these values. 
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Table 5-1: Parameters of different operating phases 

Phase Input source current SC current SC voltage at the end of the phase The time duration of the phase 
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Where; RSW is the equivalent resistance of a switch, RSC is the DC-resistance (ESR) of the supercapacitor, Ig is the common ground pin current of the two LDO regulator, IMCU 
is the current of the control circuit, and t is the time. 
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 Power losses 

Since the DO-SCALDO regulator is based on the basic SCALDO technique, the main 

power losses are similar to those for SCALDO regulators [15, 26]. In addition, the 

initial charging process of the SC can also be taken as another loss. These key power 

losses can be listed as follows.   

1. The ohmic losses due to the switches and the ESR of the SC. 

2. The dynamic losses due to the switching transient events.  

3. The power usage of the control circuit.  

4. The energy loss when the capacitors with different voltages are connected in 

parallel. 

5. The power losses in the LDO regulators. 

6. The power dissipation of the current limit resistor (RC) during the initial 

charging process of the SC. 

If the maximum differential output current of the DO-SCALDO regulator is Imax(diff), 

the ohmic losses (Pohmic) can be calculated as per (5-8).  

  scRswR
diff

IohmicP  22
)max(

 (5-8) 

Item (2) depends on the operating frequency of the converter [74, 75], and it is very 

small in the DO-SCALDO regulator due to the very low switching frequency. 

According to item (3), the power consumption of the control circuit (MCU in this 

case) accounts for another loss.  

The LDO regulators applied in the proposed DC-DC converter typically require input 

capacitors for stability. At the beginning of the charging or discharging steps, there 

is always a voltage difference between these input capacitors and the SC. Because of 

this voltage difference, energy is wasted across the ESR of the SC and the ESR of the 

input capacitors. Some portion of the charge is delivered to the LDO regulators at 

the same time. The calculation of the exact amount of the energy loss due to this 

effect is out of the scope of this analysis and more research is needed. Nevertheless, 

the worst-case energy loss can be estimated considering that the loss factor is 

entirely due to the ESR of the capacitors [15]. This worst-case power loss of a single 

input capacitor (Pcap) at steady state is defined in (5-9) considering a complete 

switching cycle with a period of T. This equation is derived assuming that the 
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capacitance of the SC is much larger than the capacitance of the input capacitor. Also, 

it is assumed that the input capacitors in both rails have the same capacitance (Cin). 

T

VVC
P

capinSCin
cap

2
)( )( 

 (5-9) 

Where; Vin(cap) is the voltage of the input capacitor which comes in parallel with the SC at the start of 
a single switching cycle.  

The power losses in the LDO regulators are similar to the typical losses inherited in 

a linear regulator. These losses mainly depend on the input-output voltage 

difference, the output current and the power consumption of the control unit [76]. 

The power loss in the controller is very small due to the use of the low quiescent 

current LDO regulators whereas the energy loss across the series-pass device 

(typically the pass transistor/MOSFET) can be obtained by taking the integral of the 

product of the instantaneous output current and voltage across the LDO regulator 

over the time.  

The voltage of the SC is brought to a value close to Vmin at the start as highlighted in 

Section 5.3.1. Therefore, the energy stored in the SC can be approximated as 

0.5CSC(Vmin)2 at the end of the initial charging process. Also, the same amount of 

energy is wasted due to the current limit resistor RC, ESR of the SC and the resistance 

of the switches. Since this process is done only for one time (at the very beginning 

of the power-up of the circuit), its effect on efficiency can be neglected if the 

regulator is operated significantly large time duration compared to the initial 

charging time of the SC. 

End-to-end efficiency 

After the initial charge up of the SC, the circuit is operated in either phase 2, 3 or 4, 

as highlighted in section 5.3. The ETEE of the DO-SCALDO regulator can be 

calculated considering the zero net-charge accumulation in the SC and constant load 

currents at the outputs. The ETEE for phase 2 or 3 (η2,3) is given in (5-10). The 

numerator of this equation represents the energy delivered by the two LDO 

regulators in a complete cycle, and the denominator shows the energy consumed by 

the converter during the same period.  
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Where; Iin(c), Iin(d), tc, and td, are the source current of the charging cycle, the source current in the 
discharging cycle, the charging time, and the discharging time, respectively.  

The charging or discharging periods are theoretically infinite in phase 4. Therefore, 

the ETEE of this phase can be calculated by taking the limit of (5-10) when the 

charging and discharging times go to infinity. 

If the losses due to the control circuit and the ground pin currents of the LDO 

regulators are neglected, the theoretical maximum ETEE (ηmax) can be obtained as: 
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 Discussion 

A split-rail DC-DC converter was developed by extending the concept of the SCALDO 

regulator, and it is named the DO-SCALDO regulator. The dual-polarity voltages are 

generated by cascading a positive-rail type LDO regulator and a negative-rail type 

LDO regulator with a virtual ground at the output. A low-frequency supercapacitor 

circulation technique is used to control the differential load current, and the circuit 

operation can be derived from the basic SCALDO method. The voltage of the SC used 

in the circuit is raised to the minimum working voltage of the LDO regulators in the 

initial stage, and the charge balance of this SC is maintained throughout the 

switching cycles thereafter. It was identified that the switching frequency depends 

on the capacitance and the ESR of the SC, the supply voltage, the minimum voltage 

of the LDO regulators, the differential load current and the resistance of the 

switches. It was also found that the power losses in this dual-output SCALDO 

regulator are similar to the losses inherited in a basic SCALDO design. The maximum 

achievable ETEE of the proposed design at steady state is the ratio of the sum of the 

absolute values of output voltages of the LDO regulators to the supply voltage. The 

next chapter focuses on the validation of the DO-SCALDO model with experimental 

results.  
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 Experimental Validation of the DO-SCALDO 
Concept 

Abstract- The theoretical concept of the dual-output SCALDO regulator is 

validated with experimental results in this chapter. A 12 V to ±5 V DO-SCALDO 

regulator prototype is implemented, and the steady-state characteristics and 

transient responses are experimentally investigated. The end-to-end efficiencies 

and the losses are also experimentally observed and analysed. The unique 

characteristics of the DO-SCALDO regulator are highlighted and compared to 

commercial split-rail and dual-output converters.  

Implementation aspects of the 12 V to ±5 V DO-SCALDO 
prototype  
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(b) 

Figure 6-1: The 12 V to ±5 V DO-SCALDO proof of concept prototype: (a) schematic (b) 

PCB design. 

The 12 V to ± 5 V DO-SCALDO proof-of-concept prototype is constructed with a 

positive-rail LDO regulator of the type LT3086, and a negative-rail regulator 

(LT3091) from Linear Technology. This prototype is shown in Figure 6-1 along with 

the simplified circuit diagram. The complete schematic and the PCB design are 

available in Appendix D. The nominal ground pin current of the two LDO regulators 

chosen is about 5 mA. The maximum output current of these two LDO regulators is 

adjusted to 1.5 A. The capacitance, and the DC ESR of the SC are 3.3 F and 90 mΩ, 

respectively. The switches (S1 to S5) are the photovoltaic relays of the type TLP3543, 

and they are selected based on the maximum output current of the LDO regulators. 

Since these photovoltaic relays are made with back-to-back connected MOSFETs, 

they do not create any short circuit paths due to the body diodes. The typical value 

of the DC resistance of a single switch is around 50 mΩ. These relays are controlled 

using five digital output channels of the ATMega16 microcontroller unit (MCU). This 

microcontroller consumes about 25 mA of continuous current at 5 V, and it is driven 

by a 5 V linear regulator (L78S05). 

The source voltage, the virtual ground potential and the SC voltage are monitored 

with the aid of the analog-to-digital (ADC) channels of the MCU as shown in          

Figure 6-1 (a). The minimum input voltage of the LDO regulators (Vmin) is defined as 

5.4 V in the MCU program to satisfy the criterion defined in (5-6). This value is 150 
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mV higher than what is specified in the data sheets of the LDO regulators. The input 

and output capacitors are used to ensure the stability of the LDO regulators 

according to the datasheet specifications. Initially, the SC is charged up to 5.4 V using 

the 27 Ω resistor, and the switches S4 and S5. All the other switches are turned off 

during this period. Then the pre-charged SC is placed in parallel to LDON, and the 

switching scheme is started based on the differential load current. The MCU 

algorithm of the prototype is given in Figure 6-2. 

Start

Initialise the Microcontroller/ 
Turn OFF all the switches (S1 -to- S5)

If the SC voltage 
has reached

 slightly higher 
than Vmin

S1, S2 and S5 OFF/ S3 and S4 ON

Toggle the SC between the inputs of the 
LDOs

End

If  
Vin(LDO ) or |Vin(LDO  )|   Vmin

Yes   

Yes   

No   

No   

Initialise the SC charging process 
(S4 and S5 ON)

P N

 

Figure 6-2: The MCU algorithm of the prototype. 
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 Steady-state performance  

The steady-state performance of the DO-SCALDO prototype is observed for different 

levels of the load currents ranging from zero mA to 1.5 A. The source voltage is 

adjusted to its rated value (12 V) during the testing. The source current is measured 

by using a hall-effect current sensor with a scale of 100 mV/A. The input and output 

voltages of the positive and negative LDO regulators are measured with respect to 

the virtual ground (GNDV). Even though GNDV varies over time relative to the 

common ground (GNDin), the output voltages of the LDO regulators are regulated all 

the time with respect to GNDV. It is important to note here that GNDV is not measured 

and shown separately. Even so, the input voltage of the negative-rail LDO regulator 

(Vin(LDON)) represents the inverted GNDV with respect to GNDin. 

 Phase 2 (Io(LDOP) > Io(LDON)) observations 

  

(a) (b) 

Figure 6-3: Steady-state results of phase 2 when Io(LDOP) = 1100 mA and  Io(LDON) = 100 mA; 

(a): Input and output voltages of the LDOs (b): Voltage and current of the power source, 

voltage across the supercapacitor. 

In Figure 6-3 where the test results of Io(LDOP) > Io(LDON) criteria is displayed, the load 

current of LDOP and LDON are 1100 mA and 100 mA, respectively. Vin(LDOP) reduces 

from 6.6 V to 5.4 V (Vmin) whereas Vin(LDON) varies from -5.4 V to -6.6 V relative to 

GNDV. These triangular voltage waveforms are generated by the charging and 

discharging steps of the SC. In the first phase, the SC charges in parallel to the input 

of LDON allowing the differential load current (1 A) to pass through it, and in the 

next phase, it discharges in parallel to LDOP releasing the same amount of current. 

The duration of the charging and discharging steps is approximately 2.8 s while the 

Vin(LDON) 

Vin(LDOP) 

Vo(LDON) 
Vo(LDOP) 

Vin 

VSC 

Iin 

ESR voltage drop 
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calculated period is around 2.7 s. The measured output voltages of LDOP and LDON 

are + 5 V and – 5 V, respectively.  

Similarly, the source voltage, the source current and the voltage across the SC are 

depicted in Figure 6-3 (b). The control circuit current and the ground pin current of 

two LDO regulators are around 30 mA. According to this oscilloscope trace, the 

source current increases to 1130 mA in the charging phase and reduces to 130 mA 

in the discharging phase. The ESR of the SC creates a small voltage drop in every 

cycle.  

Phase 3 (Io(LDOP) < Io(LDON)) observations 

(a) (b) 

Figure 6-4: Steady-state results of phase 3 when Io(LDOP) = 100 mA and  Io(LDON)= 1100 mA; 

(a): Input and output voltages of the LDOs (b): Voltage and current of the power source, 

voltage across the supercapacitor.  

The prototype is further tested by setting the output current of LDOP to 100 mA and 

LDON to 1100 mA. The input source voltage is kept around 12 V.  In this phase, the 

input voltage of LDOP tends to increase from 5.4 V to 6.6 V in each cycle as displayed 

in Figure 6-4 (a). The measured period of one charging/discharging cycle is around 

2.8 s and the corresponding calculated duration of a single step is about 2.7 s. 

Furthermore, the input voltage of LDON varies from -5.4 V to -6.6 V and the regulated 

output voltages of LDOP and LDON, are respectively 5 V and – 5 V. The variation of 

the source voltage, SC voltage, and the source current of this phase are depicted in 

Figure 6-4 (b).  
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VSC
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Phase 4 (Io(LDOP) = Io(LDON)) observations 

The output currents of LDOP and LDON are set to 1 A to investigate the behaviour of 

the proposed DC-DC converter at equal load currents. From Figure 6-5 (a), it can be 

seen that the input voltages of LDOP and LDON are fixed at 6 V and -6 V, respectively. 

Besides, their regulated output voltages are 5 V and -5 V for LDOP and LDON, 

respectively. Figure 6-5 (b) shows that the SC voltage is constant and has a value of 

around 6 V. The observed input source current is about 1030 mA, and it passes 

through both LDO regulators. Interestingly, the SC current falls to zero in this phase. 

(a) (b) 

Figure 6-5: Steady-state results of phase 4 when Io(LDOP) = 1000 mA and  Io(LDON)= 1000 mA; 

(a): Input and output voltages of the LDOs (b): Voltage and current of the power source, 

voltage across the supercapacitor. 

Operating frequencies 

The SC switching frequency of the DO-SCALDO regulator depends on the differential 

load current, the supply voltage, the capacitance of the SC, the resistance of the 

switches, and the DC ESR of the SC. The operating frequencies are observed for 

different load currents, and the results are listed along with the calculated values in 

Table 6-1. These calculations are done based on the equations defined in Table 5-1 

and the circuit component values in Figure 6-1.  

Table 6-1 implies that the switching frequency increases with the differential load 

current. Besides, when the load currents are equal, the differential current falls to 

zero and the energy circulation process of the SC stops. For the given capacitance of 

the SC and the resistance of the switches, the operating frequency varies between 

zero Hz and 350 mHz for different levels of the load current. 

Vin(LDON)

Vo(LDON)Vo(LDOP) 

Vin(LDOP)

Vin

VSC

Iin 
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Table 6-1: The steady-state operating frequencies of the DO-SCALDO prototype  

Load current 

of the positive 

LDO regulator 

(A) 

Load current 

of the negative 

LDO regulator 

(A) 

Differential 

load current 

(A) 

Calculated 

switching 

frequency 

(Hz) 

Experimental 

switching 

frequency 

(Hz) 

0  1.5 A 1. 5 A 0.361 0.353 

0.1 A 1.5 A 1.4 A 0.318 0.307 

0.1 A 1.1 A 1 A 0.185 0.179 

1 A 1 A 0 0  0 

1.1 A 0.1 A 1 A 0.185 0.179 

1.5 A 0.1 A 1.4 A 0.318 0.307 

0 A 1.5 A 1.5 A 0.361 0.353 

 

 Load-transient response 

 Positive-rail LDO regulator response 

In the beginning, the step load test is done to each LDO regulator without applying 

the SCALDO switching sequence. In this case, LDON is disabled, and 6 V is applied to 

the input of LDOP. This method keeps LDOP active while all the other parts of the 

circuit are isolated. Then the load current is changed from 0 mA to 500 mA at a slew 

rate around 10 mA/μs. The variation of the output voltage and current of LDOP is 

displayed in Figure 6-6 (a). According to Figure 6-6(a), the output ripple voltage of 

the rising edge and the falling edge load currents are about 22 mV and 29 mV, 

respectively. 

In the next stage, the switching sequence is initiated, and the two LDO regulators are 

tested for the step load change using the same output current levels. Figure 6-6 (b) 

depicts the input and output voltages of LDOP and the voltage across the SC in the 

charging phase. Similarly, Figure 6-6 (c) shows the variations in the discharging 

phase.  
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(a) 

(b) (c) 

Figure 6-6: Load-transient measurement of LDOP; (a): Before applying the SCALDO 

method (b): After applying the SCALDO method - SC charging phase (c) SC discharging 

phase. 

Figure 6-6 (b) shows that the output ripple voltages of the rising and falling edges 

are about 18 mV and 24 mV, respectively. The excess current of the rising edge 

passes through the SC and generates a voltage of about 45 mV. Similarly, the SC 

voltage falls about 45 mV in the falling edge of the transient load current. Also, the 

input voltage of LDOP trends to drop at about 140 mV during the rising edge and it 

ascends by the same amount in the falling edge. The 100 mV difference between the 

change of voltages of the SC and the input voltage of LDOP is due to the resistance of 

the switches in the charging and discharging paths. 

Furthermore, Figure 6-6 (c) depicts the load-transient response of the discharging 

phase. The output voltage of LDOP is about 19 mV in the rising edge, and it is about 

26 mV in the falling edge. Both the SC voltage and the input voltage of LDOP fall 

during the rising edge due to the fact that SC and LDOP are in parallel. The drop in 

the SC voltage is 40 mV whereas the reduction in the input voltage of LDOP is 130 
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Load current 
falling edge 

Vo(LDOP) 

Load current 
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Load current 
falling edge 
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VSC
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mV. Similarly, in the falling edge of the transient load current, the input voltage of 

LDOP rises about 130 mV and the SC voltage increases about 40 mV. There is almost

90 mV voltage difference across the switches during this period.  

According to Figure 6-6 (b) and (c), there is about a 140 mV voltage drop at the input 

of LDOP during the transient event. Nevertheless, the continuous voltage regulation 

is maintained by setting the Vmin value 150 mV higher than the manufacturer-

specified minimum input voltage of a LDO regulator for a maximum step load 

change.   

The output voltage regulation of LDON is unaffected when the LDOP is tested for load 

transient response. Since the SC and LDON are in parallel during the charging phase 

of LDOP, the ripple at the input of LDON is same as the fluctuation of the SC voltage. 

This low-frequency ripple of Vin(LDON) is attenuated due to the high power supply 

rejection ratio (PSRR) of the LDO regulator and its effect on the output voltage is 

minimal. 

Furthermore, it can be observed from Figure 6-6 that the output voltage variation of 

the LDOP regulator is the same in all three cases.  Therefore, these step load results 

imply that the DO-SCALDO regulator produces the same quality voltage regulation 

as a LDO regulator for transient loads.  

Negative-rail LDO regulator response 

The results obtained from the load-transient test of the negative-rail LDO regulator 

are displayed in Figure 6-7. First, LDON is tested before applying the SCALDO 

technique by setting the input voltage to -6 V. Figure 6-7 (a) illustrates the transient 

response of LDON when the output load is changed from 0 mA to 500 mA at a slew 

rate of 10 mA/μs. The output ripple voltage is about 14 mV for both rising and falling 

edges of the load current.  

Figure 6-7 (b) depicts the load-transient response of LDON in the charging phase of 

the SC when the SCALDO method is used. Similarly, the load- transient response of 

the discharging period is displayed in Figure 6-7 (c). According to Figure 6-7 (b) and 

(c), the ripple voltage is about 14 mV for both rising and falling edges of the transient 

current. This ripple voltage is the same as the value shown in Figure 6-7 (a) when 

LDON is tested without applying the SCALDO approach. Therefore, the results in 
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Figure 6-7 further indicate that the DO-SCALDO regulator has similar behaviour as 

compared to a LDO regulator for the load-transient test. 

 

 

(a) 
 

    

(b) (c) 

Figure 6-7: Load-transient measurement of LDON; (a): Before applying the SCALDO 

technique (b): After applying the SCALDO technique - SC charging phase (c) SC discharging 

phase. 

 Loss estimation 

The main losses of the DO-SCALDO DC-DC converter are similar to the losses 

associated with a basic SCALDO regulator as highlighted in Section 5.5. These key 

implementation losses are estimated based on the maximum differential load 

current (1.5 A) and the rated voltage (12 V) and listed in Table 6-2. The estimated 

total power loss is about 1.89 W when the above factors are concerned. The DO-

SCALDO prototype has approximately 20 % losses at 12 V and 1.5 A of differential 

load current for the worst-case scenario.  

Load current 
rising edge 

Load current 
falling edge 

Vo(LDON) 

Load 
 current  

Vo(LDON) 

Vin(LDON) 

VSC 

Vo(LDON) 

VSC 

Vin(LDON) 

Load 
 current  
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Table 6-2: Power losses in the 12 V to ± 5 V DO-SCALDO regulator 

Loss factor Description Estimated value 

1 Ohmic losses due to the ESR of the SC and the 

switches 

428 mW 

2 Dynamic losses during switching ≈ 0 W 

3 The power consumption of the control unit 300 mW 

4 Energy loss due to the paralleling of capacitors 

with different voltages 

2.57 µW 

5 Power losses in a single LDO regulators 

1) Due to the series-pass device
2) Due to the ground pin current

1.101 W 
60 mW 

Efficiency estimation 

Figure 6-8: End-to-end efficiency of the 12 V to ± 5 V split-rail regulator at the rated input 

voltage. 
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The maximum theoretical ETEE of the prototype is 83.3 %, according to (5-11). 

Nevertheless, the measured efficiency of the DO-SCALDO regulators is around 81 % 

for 15 W output power (1.5 A load in each LDO regulator). Figure 6-8 depicts the 

ETEE of the proposed regulator plotted against the load current in each rail. 

According to this diagram, the efficiency drops at light loads due to the sum of the 

control circuit and ground pin currents. This issue can be minimised by using low 

quiescent current LDO regulators and replacing the MCU with low power analog 

comparators and logic circuits.  

The ETEE of the prototype is observed by varying the source voltage ± 5 % from its 

rated value while keeping the load current to its maximum. The calculated and 

experimental efficiencies are plotted in Figure 6-9. This diagram implies that the DO-

SCALDO prototype can reach up to 86.2 % of the ETEE if the source voltage is 

reduced by 5 % from the rated value. Similarly, the ETEE does not fall below 78 % 

when the supply voltage is raised by 5 %. The corresponding estimated ETEE 

efficiencies for these two cases are 87.8 % and 79.5 %, respectively.  

Figure 6-9: End-to-end efficiency for ± 5% difference of the rated input voltage at 

maximum load current. 
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 Comparison of the basic features of the DO-SCALDO concept 
with other split-rail DC-DC converters 

Table 6-3 summarises the key features of the DO-SCALDO concept compared to 

conventional split-rail techniques. This table is constructed extracting the datasheet 

specifications of commercial dual-output DC-DC converters typically used in low 

voltage applications.  

Table 6-3: Comparison of the DO-SCALDO regulator with other split-rail topologies 

Feature 12 V to ±5 V   

DO-SCALDO 

regulator 

Buffer circuits Charge pumps Switch-mode 

converters 

Voltage 

regulation 

Regulated Unregulated Unregulated*(1) Regulated 

Typical 

switching 

frequency 

Less than 1 Hz 

(CSC= 3.3 F,          

RSC = 0.09 Ω,     

RSW = 0.1 Ω,         

Vin = 12 V) 

No switching 10 kHz -to- 100 kHz 100 kHz –to- 2 MHz 

Maximum 

differential 

output 

current 

1.5 A                

(using 1.5 A LDO 

regulators) 

TLE2425:         

20 mA 

BUF 634:        

250 mA 

 

LM27762: 250 mA 

MAX 865: 20 mA 

 

LT1956:                 

Positive rail = 700 mA,                   

Negative rail =            

550 mA*(2) [77] 

ADP1613: 50 mA *(3) 

[78] 

TPS54160: 500 mA 

(output1),  200 mA 

(output2)*(4) [79] 

Efficiency 81 %  

(at 1.5 A 
differential output 
current) 

 

BUF 634 ≈ 90 % LM27762:              

85% at 250 mA 

MAX 865:                

62 % (negative 

rail),                           

77 % (positive rail) 

When the differential 
output current ≥ 100 
mA 

TPS54160: 85-91 % 

LT1956: 78-82 %, 

ADP1613: 70-84 % 
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Feature 12 V to ±5 V   

DO-SCALDO 

regulator 

Buffer circuits Charge pumps Switch-mode 

converters 

Output 

noise 

LDOP noise =       
40 μVRMS with   
300 μV of SCALDO 
ripple*(5) 

LDON noise =      

18 μVRMS with   

100 μV ripple*(5) 

BUF 634: 

 4 nV/√Hz 

 

MAX 865:  

Positive rail: 10 mV,  

Negative rail:          
20 mV  

(for 3.3µF 
capacitors and          
1 mA load) 

ADP1613 ≈ 20 mV  

(for 10 uF output 
capacitance, 1.3 MHz,    
5 V and 50 mA output 
settings) 

 

Essential 

components 

2 LDO regulators,  

5 switches,  

1 Supercapacitor,  

a switch 
controller, 

2 input 
capacitors,  

2 output 
capacitors 
(typically small 
ceramic 
capacitors              
1 μF- 10 μF)  

 

Error amplifier,  

a voltage 

reference 

MAX 865:  

8 switches,  

2 flying capacitors,  

2 reservoir caps 
(typically                   
1 μF- 10 μF), 

a switch controller 

SEPIC-Ćuk (ADP1613): 

2 coupled inductor,       

2 diodes, 8 capacitors,  

single switch 

Buck (LT1956): single 

switch, 3 diodes,            

2 inductors,                      

5 capacitors,  

Buck (TPS54160): 

single switch, 2 diodes, 

1 coupled inductor,       

4 capacitors 

*(1) some charge pump converters such as LM27762 use LDO regulators for voltage regulation. 

*(2) based on the typical application shown in Fig.14 of the datasheet. 

*(3) based on the ±5 V test circuit.  

*(4) based on the dual-output regulator reference design. 

*(5) The SC switching ripple at the input of the LDO regulators is attenuated based on PSRR. 

The DO-SCALDO regulator offers regulated output voltages compared to the buffer 

circuits and the switched-capacitor converters. The essential component count of 

the DO-SCALDO regulator is in the range of what is required for the high-frequency 

switching converters. Also, the load current and the efficiency of the proposed split-

rail circuit are comparable with the switching converters.  

The switching frequency of the DO-SCALDO regulator depends on the differential 

load current, and it is less than 1 Hz in the 12 V to ±5 V prototype. Nonetheless, this 

operating frequency is very low compared with SCCs or the switch-mode dual-

output converters. The output noise of the proposed design is mainly due to the 

internal noise of the LDO regulators and the low-frequency switching of the SC. 
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Interestingly, the low-frequency voltage ripple is attenuated because of the high 

PSRR of the two LDO regulators.  

In addition, the inductor-less architecture and the low-frequency operation of this 

method might reduce the EMI/RFI issues, and further research is required to design 

a DO-SCALDO regulator for a specific EMI/RFI requirement.  

The power density of the DO-SCALDO regulator is not compared in this stage since 

the prototype is a discrete version and the other commercialised dual-output 

converters are ICs. As the next stage of DO-SCALDO research, an integrated chip 

version developed with dual LDOs and five switches would reduce the PCB area and 

increase the power density.  

 Discussion 

A 12 V to ± 5 V proof-of-concept prototype is designed to validate the DO-SCALDO 

theoretical model. The steady-state results show that the voltage regulation of the 

output rails is maintained with respect to the virtual ground throughout the 

switching cycles. The switching frequency varies with the differential load current, 

and the maximum frequency of this prototype is less than 400 mHz. The dynamic 

losses and the losses due to the voltage mismatch of the capacitors are minimal in 

the DO-SCALDO design. The ohmic losses due to the resistance of the switches and 

the ESR of the SC add a significant contribution to the loss factor along with the 

power consumption of the control circuit. The theoretical achievable ETEE is         

83.3 %, while the maximum working efficiency is about 81 % for the rated input 

voltage and 15 W of output load. The ETEE can be increased up to 86 % if the supply 

voltage is reduced by 5 % from its rated value. The transient results indicate that 

the output loads experience the same quality voltage regulation as a linear solution. 

The comparison of the features of the DO-SCALDO concept with other split-rail 

techniques suggests that this approach offers low noise, regulated voltages and high 

differential output power. Also, the inductor-less architecture of this method may 

reduce EMI/RFI burden. Typical applications of the DO-SCALDO regulator will be 

the industrial devices, commercial devices, and auto accessories where the virtual 

ground potential is necessary with symmetrical outputs for circuit components that 

do not require a common mode range GND.  
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 Conclusions and Further Research 

Outcomes of this research 

The advanced analysis of the SCALDO regulator is performed based on two research 

questions as discussed in Section 2.8. Therefore, the research work was carried out 

with the following two objectives.  

1. Evaluate the stability of the overall SCALDO regulator when the low-

frequency SC switching network is added in front of the LDO regulator.

2. Design and implementation of SCALDO based dual-output regulator for split-

rail applications to overcome the limitations of existing topologies.

The outcomes and the conclusions of this research are discussed based on the above 

two factors in Sections 7.1.1 and 7.1.2, respectively.  

 Outcomes and conclusions of the stability criterion  

The stability analysis of the single-stage SCALDO topology is investigated using a 

discrete LDO regulator built with a p-channel MOSFET. The circuit averaging 

method is used to derive the small-signal model of the discrete SCALDO regulator 

considering the low-frequency supercapacitor circulation network. The significant 

findings of this analysis are listed as follows: 

 The open-loop gain transfer function of the SCALDO regulator has three zeros

and five poles all of which are independent of the capacitance of the

supercapacitor.

 The equivalent series resistance of the input switching network affects the

frequencies of some of the low-frequency poles. It also creates two high-

frequency zeros and one pole. One of the high-frequency zeros is a right-hand-

plane zero.

 Two techniques have been identified to frequency compensate the basic SCALDO

topology built with a PMOS LDO regulator. The first method is the use of the

output capacitor ESR as with the conventional PMOS LDO regulators. The second

method is the application of feedforward compensation by adding a feedforward

capacitor to the feedback resistor network. The simulated and experimental
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results obtained from a 12 V to 5 V discrete SCALDO regulator show how the 

output capacitor ESR can be utilised to stabilise the control loop.  

 The calculated and simulated results further show that the frequencies of the 

poles and zeros due to the SC circulation network occur at relatively high 

frequencies and their effect on the phase margin is minimal.  

From the above observations, the following conclusions are made. 

1. The ESR of the output capacitor can be effectively used to stabilise the control 

loop of a basic SCALDO configuration. 

2. When the capacitance of the supercapacitor is significantly larger than the 

input and output capacitors, its effect on the open-loop poles and zeros are 

negligible. 

3. If the sum of the resistances of the switches and the ESR of the supercapacitor 

is very low (typically less than 0.5 Ω), its influence on the phase margin is 

minimal and doesn’t affect the stability of the SCALDO regulator.  

 Outcomes and conclusions of the dual-output SCALDO regulator 
Implementation 

A split-rail DC-DC converter is designed and developed by extending the 

fundamentals of the SCALDO regulator. The significant findings related to this work 

are listed below.  

 The cascade connection of the positive and negative LDO regulators with a 

virtual ground creates the dual-polarity voltages at the output. The differential 

load current is controlled with the aid of the charge balance of a supercapacitor, 

and the circuit operation can be derived from the single-stage SCALDO topology.  

 The switching frequency of the proposed dual-output DC-DC converter is very 

low as with the SCALDO method, and it depends on the capacitance and the ESR 

of the SC, the power supply voltage, the minimum voltage of the LDO regulators, 

the differential load current and the resistance of the switches. 

 The power losses of this dual-output SCALDO regulator are similar to the losses 

inherent in a basic SCALDO design. The ohmic losses due to the resistance of the 

switches and the ESR of the SC add a significant contribution to the loss factor 

along with the power consumption of the control circuit. 
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 The maximum achievable ETEE of the DO-SCALDO regulator at steady state is

the ratio of the sum of the absolute values of output voltages of the LDO

regulators to the source voltage.

 The steady-state observations of a 12 V to ± 5 V proof-of-concept prototype show

that the voltage regulation of the output rails is maintained with respect to the

virtual ground throughout the switching cycles. The switching frequency varies

with the differential load current, and the maximum frequency of this prototype

is less than 0.4 Hz.

 The theoretical achievable ETEE is 83.3 %, while the maximum working

efficiency is about 81 % for the rated input voltage and 15 W of output load. The

ETEE can be increased up to 86 % if the power supply voltage is reduced by 5 %

from its rated value.

 The transient results indicate that the output load enjoys the same quality

voltage regulation of a linear regulator.

 The comparison of the features of the DO-SCALDO concept with other split-rail

techniques suggests that this approach offers low noise, regulated voltages and

high differential output power.

 The inductor-less architecture of this method might lead to low EMI/RFI issues.

The conclusions of the DO-SCALDO research approach are listed below. 

1. The SCALDO regulator can be developed to generate dual outputs using two

LDO regulators of opposite polarity with the low-frequency energy

circulation of a supercapacitor.

2. The same useful characteristics such as high efficiency, low noise, fast

dynamic response and voltage regulation of the original SCALDO concept are

achieved in the dual-output version.

3. The inductor-less architecture and low-frequency operation of the proposed

dual-output DC-DC converter provide some potential advantages over

switch-mode or charge pump converters especially for noise sensitive

applications.

The significance of the findings of this research 

The flowchart in Figure 7-1 demonstrates where the SCALDO research fits in the 

field of modern DC-DC converters. This study contributes to the SCALDO research 
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by developing a dual-output DC-DC converter and analysing the stability of the basic 

topology.  

 Conventional Topologies

Switch-mode 
converters

Charge-pump 
converters

Linear 
regulators

SCALDO 
regulators

Basic Topology

Generalized 
Topology

Reduced-Switch 
Topology

SoC Design

Stability Analysis

DC-UPS Integration

Dual-output
Topology

 Modern DC-DC converters

 Non-conventional 
Topologies

Other 
regulators

Figure 7-1: The contribution as a part of SCALDO research. 

The findings of this study have several important implications for future practice. As 

an example, the results of the stability analysis will help designers select the 

appropriate circuit parameters to ensure the stability of the SCALDO regulator. 

Similarly, this work can be used to optimise the process parameters of the IC version 

of the SCALDO regulator. Also, the DO-SCALDO regulator brings some competitive 

advantages over conventional dual-output or split-rail converters, especially for 

noise sensitive applications. Since the DO-SCALDO concept is validated in this thesis, 

a compact version of this design such as an IC will be an advantage for 

commercialisation. 
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 Recommendations for further research  

The work presented in this thesis could be further developed and extended in a 

number of directions. Since the stability analysis is done with respect to a discrete 

SCALDO regulator, a possible further extension would be the investigation of the 

stability of a SoC design. Also, it will be useful to analyse the stability related to the 

optimisation of the loop parameters during the design process. It is also required to 

investigate the stability of the other topologies of the SCALDO regulator such as the 

generalised concept and the reduced-switched method.  

In terms of the DO-SCALDO regulator, further research could explore the stability of 

the overall circuit design. The outcomes of the stability analysis of the single-stage 

SCALDO topology may be used to derive the stability of the dual-output version. In 

addition, the proposed DO-SCALDO regulator might eliminate the EMI/RFI issues 

due to its inductor-less architecture and low-frequency operation. Nevertheless, 

further research needs to be done in the direction of the EMI testing, and such work 

would be useful in developing the DO-SCALDO regulator for a specific low-EMI 

application. Moreover, the power density of the converter can be increased if the 

two LDOs and the switches are combined in a single IC. In this scenario, the 

supercapacitor and the input/output capacitors are the only components external 

to the IC; this leads to a large decrease in PCB space. Also, the development of an 

adjustable voltage version of the DO-SCALDO regulator might expand its 

applications to a wider scope.  

Another practically useful study might explore the power supply ripple and its 

influence on the output voltage of a SCALDO regulator. The effect of the input source 

ripple together with the switching noise should be evaluated in a SCALDO regulator. 

Also, this kind of study will make an important contribution to low noise power 

supply design using the SCALDO technique. 
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Appendix A: Small-Signal Model of the Error Amplifier 

The small-signal model of the BJT differential pair (previously shown in Figure 3-3) 

is constructed in Figure A-1[49]. The two transistors are displayed as Q1 and Q2, and 

their base, collector and emitter terminals are denoted as B, C, and E, respectively 

with the subscript of the transistor number. The base-collector and base-emitter 

parasitic capacitances of Q1 are shown as CBC1 and CBE1, respectively. The term RB1 

represents the junction resistance of the base terminal of Q1. The output resistance 

of Q1 for small signals is displayed as ro1. Also, rπ1 denotes the small-signal input 

resistor between the base and the emitter. Since the collector and the emitter 

junction resistances are very small compared to RC1, ro1, and RE, they are ignored in 

this model. The current-controlled voltage source of Q1 is the product of the 

transconductance (gm1) and the base-emitter small-signal voltage (vπ1). The output 

voltage at the collector terminal of Q1 is shown as Voe1. Since the two transistors are 

identical, the same notation is used for the small-signal parameters of Q2.  

Vin
B1

E1

C1

ro1gm1vπ 1CBC1

CBE1
Vref

RC1

RE

RB1 rπ1

CBE2

RC2

gm2vπ 2ro2 CBC2

RB2rπ2

C2

E2

B2

Vfb

Voe1

Q1 Q2

Voe2

 

Figure A-1: The small-signal model of the NPN BJT differential pair. 

The small-signal voltage gain is obtained by applying the half-circuit analysis [80]. 

The half-circuit of Q2 is constructed in Figure A-2. Since the two BJTs have identical 

properties, the terms RB, RC, rπ, gmb, ro, CBE, CBC and Ro in this diagram are applied to 

an equivalent single BJT transistor. In addition, vdiff, vcm, and voe are the small-signal 

quantities for the input differential signal, the common-mode voltage across rπ, and 

the output voltage, respectively. Similarly, Rsig is the resistance of the input 

differential signal.  
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vcm rπ

CBC

CBE
gmbvcm

RB

Ro voe2vdiff

Rsig

 

Figure A-2: The half-circuit of the differential amplifier (considering the Q2 transistor). 

The voltage of the input differential signal is defined in (a-1).  

   2reffbdiff vvv   (a-1) 

Where; vref and vfb are the small-signal quantities of the reference voltage and the feedback voltage 
of the SCALDO regulator, respectively.  

Because the base of Q1 is connected to the reference voltage source (which is 

considered as the ground for ac signals), the impedance of the input differential 

signal is the impedance seen through the feedback resistor network (refer            

Figure 3-1 for SCALDO circuit diagram). If the impedance across the P-channel 

MOSFET of the LDO regulator is considered to be very small compared to the 

resistance of the feedback network, the resistance of the input differential signal can 

be approximated as (a-2).  

 
21 // RRRsig   (a-2) 

Where; R1 and R2 are the resistances of the feedback resistors of the LDO regulator. 

The output resistance of this half-circuit model is approximated in (a-3). This 

approximation is done by neglecting the effect of RE since it is larger than the small-

signal resistance between the base and the emitter (looking into the emitter) of a 

BJT so that the input differential signal is divided equally between the two emitter 

junctions. More details are available in [49]. 

 
oCo rRR //  (a-3) 

Where; RC = RC1= RC2. 
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The half-circuit in Figure A-2 can be further simplified by applying Thevenin’s 

theorem to the input side. The Thevenin’s equivalent circuit of this half-circuit 

model is displayed in Figure A-3.   

vcm

CBC

CBE gmbvcm

Rcm(eq)

Ro voe2

i1
i2

i3 i4

A

B

vdiff(eq)

X Y

vbc

 

Figure A-3: Thevenin’s equivalent half-circuit of the NPN BJT differential amplifier. 

The Thevenin’s equivalent input voltage (vdiff(eq)) and the equivalent resistance 

(Rcm(eq)) of this circuit are defined in (a-4) and (a-5), respectively.  

 

  diff
sigB

eqdiff v
RRr

r
v







)(  (a-4) 

   rRRR sigBeqcm //)(   (a-5) 

The following two relationships can be obtained by applying KCL to the nodes X and 

Y in Figure A-3.   

 0321  iii  (a-6) 

 043  cmmbvgii  (a-7) 

Similarly, KVL can be applied to loops A and B to derive (a-8) and (a-9).  

A⃕ 0)(1)(  cmeqcmeqdiff vRiv  (a-8) 

B⃕ 02  oebccm vvv  (a-9) 

Also, the two currents that flow through CBE and CBC capacitors are defined in                 

s-domain as follows: 

 
BEcmCsvi 2  (a-10) 
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BCbcCsvi 3 (a-11) 

The ratio of the output voltage (voe2) to the input voltage (vdiff(eq)) can be obtained 

by using the relationships from (a-4) to (a-11). This ratio is given in (a-12). 

  1)(

)(

)(
2

)()(

2






sCRgCRCCRsCCRR

sCgR

v

v

BCombBCoBCBEeqcmBCBEoeqcm

BCmbo

eqdiff

oe
(a-12) 

The poles of (a-12) can be obtained by factorising the denominator assuming that 

they are widely separated. Therefore, the factorised gain transfer function is given 

in (a-13). 
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 (a-13) 

Where; ωz(ea), ωp1(ea) and ωp2(ea) are the zero, the first pole and the second pole of the gain transfer 
function of the error amplifier.  

The frequencies of these poles and the zero are approximated as follows: 

BC

mb
eaz

C

g
)( (a-14) 

BCmbeqcmoeqcmBEeqcm
eap

CgRRRCR ))1((

1
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 (a-15) 
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
 (a-16) 

The ratio of the output voltage of the Q2 transistor to the input differential signal can 

be redefined as (a-17) by using (a-1), (a-4), and (a-13). 
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



(a-17) 

Gea is the gain of this error amplifier as per (a-18). 

mbosigBea gRRRrrG ))/((5.0   (a-18) 



116 

According to the operation principle of the BJT differential pair [49], the mirror 

output voltage at Q1 should be negative with respect to the output voltage of Q2 

(voe1= - voe2). Since the PMOS pass device of the SCALDO regulator is fed from Q1, the 

output signal of Q1 to the differential input signal is defined as per (a-19). For the 

simplicity of notation, the output voltage the error amplifier is denoted as voe, where; 

voe= voe1= -voe2. 

       )(2)(1

)(

)(2)(1

)(

/1/1

)/1(

/1/1

)/1())/((5.0

eapeap
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eapeap
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
















(a-19) 

If the high-frequency pole (ωp2(ea)) and zero (ωz2(ea)) are neglected, the error 

amplifier first-order model for the small-signal quantities can be approximated as 

(a-20).  
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Appendix B: Schematic and PCB design of the 12 V to 5 V Discrete SCALDO Regulator 

 

Figure B1: The schematic of the 12 V to 5 V discrete SCALDO regulator.
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Figure B2: The PCB Layout of the 12 V to 5 V discrete SCALDO regulator. 
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Appendix C: Oscilloscope Traces of the Open-Loop 
Frequency Measurements 

  

                                   (a)                                                                                   (b) 

  

                                   (c)                                                                                   (d) 

Scope settings: CH1= VP(sig), CH2= VN(sig) 

Figure C1: The open-loop measurements for 100 mA of load current: (a) 1 kHz, (b) 10 kHz, 

(c) 100 kHz, (d) 1 MHz. 

  

                                   (a)                                                                                   (b) 
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                                   (c)                                                                                   (d) 

Scope settings: CH1= VP(sig), CH2= VN(sig) 

Figure C2: The open-loop measurements for 200 mA of load current: (a) 1 kHz, (b) 10 kHz, 

(c) 100 kHz, (d) 1 MHz. 
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Appendix D: Schematics and PCB design of the 12 V to ±5 V DO-SCALDO Regulator 

Figure D1: The schematic of the control circuit.
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Figure D2: The schematic of the power circuit.
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Figure D3: The schematic of the switching circuit.
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Figure D4: The PCB design of the 12 V to ±5 V DO-SCALDO regulator. 
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