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Abstract: With the introduction of switch-mode power supplies (SMPS) in the mid-1970s, the effi-
ciency of DC–DC conversion rose from 60 to 80% and SMPS became a popular power supply solu-
tion. However, linear regulators have not become obsolete. The modern power management system 
in portable devices supports a complex mix of DC–DC converters, combining switch-mode power 
supplies (SMPS), switched capacitor converters (SCCs), and linear regulators in the form of low-
dropout regulators (LDOs). LDOs are used to supply low-voltage DC power rails with very low 
noise and high current slew rate capability, which are usually fed by the output rail of SMPS. This 
paper provides a comprehensive review of the evolution of the application scope of linear-type DC–
DC converters in the power supply context and the present research trends. First, we review the 
context of linear DC–DC converters in detail, particularly in portable device power supplies. Then, 
the details of LDO regulators and their recent industry development and research trends are dis-
cussed. Then, the discussion focuses on supercapacitor-assisted low-dropout (SCALDO) regulator 
design and its scope in the portable device power management together with SCALDO-based dual 
output and reduced switch designs, and finally, the conclusions follow.  
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1. Introduction 
Most electronic circuits, including portable devices, require a clean and constant volt-

age DC power supply. In a successful electronic design, the power supply should not be 
considered an afterthought or the final stage of the design process, because it is the most 
vital part of a system for ensuring reliable performance under worst-case circumstances. 
As shown in Figure 1 [1], the main energy source available for the system may be a com-
mercial AC supply, a battery pack, or a combination of the two. After this stage, various 
types of DC–DC converters are used to match the various load power requirements. Pri-
marily, three basic types of DC–DC converters, linear regulators, switch-mode power sup-
plies (SMPS), and switched capacitor converters (SCCs), are mixed and matched accord-
ing to the nature of power supply requirements. 
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Figure 1. Block diagram of a generic power management system [1]. 

Most power supply design issues are due to resource and component limitations 
within the power supply and the power management system (PMS). Non-ideal compo-
nents, particularly passive devices, have commercial limitations in providing sufficient 
backup energy storage within the battery pack. Furthermore, unexpected surges and tran-
sients from the commercial AC supply and fast load current transients could create ex-
treme and unexpected conditions within the system unless the PMS adequately addresses 
all the possible worst cases at an early design stage. 

Evolution of Power Supply Design Technology 
As shown in Figure 2, in the 1960s and early 1970s, power supplies were linear regu-

lator designs having efficiencies in the range of 30–50% [2]. With the introduction of 
switching techniques in the 1980s, efficiency rose to 60–80%. In the mid-1980s, power den-
sities were about 50 W/in3 [3]. With the introduction of resonant converter techniques in 
the 1990s, this increased to 100 W/in3. When high-speed and power-hungry processors 
were introduced during the mid-1990s, much attention was focused on transient response, 
and industry trends were to mix linear and switching systems to obtain the best of both 
technologies [2]. Low-dropout (LDO) regulators were introduced in 1977 to power noise-
sensitive and fast transient loads in many portable applications [4]. In the late 1990s, 
power management and digital control concepts and many advanced approaches were 
introduced into power supply and overall power management solutions [3]. In addition 
to the two main technologies, SCCs (also known as charge pumps) are used. Charge 
pumps are lightweight, small converters that offer some attractive features such as ease 
of use, low cost, compactness, inductor-less architecture, and ruggedness. The voltage 
gain of a charge pump is fixed, and it depends on the number of switching capacitors and 
switches. Therefore, the desired output voltage is achieved by manipulating the capacitor 
connections. The output voltage can be either regulated or unregulated based on the ar-
chitecture [5,6]. Charge pumps can drive output currents typically up to 250 mA due to 
their considerable output impedance. Table 1 provides a characteristic comparison of the 
performance of SMPS, charge pumps, and linear regulators. 



Appl. Sci. 2022, 12, 4594 3 of 22 
 

 
Figure 2. Evolution of power supply design technology. 

Table 1. Comparison of performance of SMPS, charge pumps, and linear regulators. 

Parameter  Linear Regulators and LDOs SMPS Charge Pumps  
Design flexibility Step down Step up/Step down/Inversion Step up/Step down/Inversion 

Circuit Diagram 

 
LDO  

Buck Converter Switch capacitor voltage doubler 

Efficiency (typical) Linear regulators: 50–60% 
LDOs up to 98% 

Higher than 95% 70–80% 

Complexity Low High Low 
Size  small Smaller than LDO Smallest  

Total Cost Low High Low 
Electromagnetic 

interference (EMI) Low High Medium 

Noise  Low High Medium  
Input voltage 

range Narrow Wide Narrow 

Thermal manage-
ment 

Moderate (mainly the series 
pass device) 

Complex (multiple devices to deal 
with where the heat is dissipated) 

Moderate (switches) 

Output current ca-
pability 

Medium High Low  

2. Switch Mode Power Supplies (SMPS) 
SMPSs are the most adopted method for supplying power to portable DC appliances 

where high-frequency switching is used for energy conversion [7]. High energy-effi-
ciency, compactness, and the ability to convert a given voltage into any desired output 
voltage are the key features that make switch-mode power supplies dominant in the field 
of portable devices. SMPSs are used in a range of low power density applications where 
buck, boost, and buck–boost converters are used, to the high power density applications 
where push–pull, half-bridge, and full-bridge versions are used [8]. 

2.1. Issues with SMPS 
In theory, SMPS can achieve 100% efficiency. With the assumption of the ideal be-

haviour of the basic circuit elements used in SMPS, such as inductors, capacitors, and 
transistors, 100% theoretical efficiency can be achieved. However, in reality, those circuit 
components have losses due to their internal parasitic resistance and various operating 
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conditions. Due to these losses, theoretical higher efficiency may not be achieved in real-
ity. The drawbacks of SMPS are discussed in the following subsections. 

2.1.1. Inductors and Transformers 
Inductors play a major role in switch-mode power supplies in storing energy. Hyste-

resis and the eddy current losses are inherent losses in electromagnetic devices. Both the 
hysteresis loss (𝑃) and the eddy current loss (𝑃) are proportional to the operating fre-
quency (𝑓), as shown in Equations (1) and (2) [3], respectively. 𝑃 ∝ 𝑓𝐵௫ଶ  (1) 𝑃 ∝ 𝑓𝐵௫ ଶ  (2) 

where 𝐵௫ is the maximum flux density of the core. 

2.1.2. Capacitors 
Capacitors are commonly used in SMPS for two purposes: (1) to stabilise the control 

loop, and (2) to filter out high-frequency noise. In the practical sense, every capacitor has 
an equivalent series resistance (ESR) which cannot be neglected and also contributes to 
ohmic losses. 

2.1.3. Switch Elements 
SMPS converts energy using high-frequency switching. BJTs, MOSFETs, and diodes 

are the commonly used switching devices. Even though switching delays are simply ne-
glected in the theoretical efficiency calculations in SMPS, in reality, there is a small delay 
while changing the operation state of the switching component where neither current nor 
voltage is zero across the switching device. As a result, power loss occurs during the tran-
sient time where the operation status of the switch changes from on-state to off-state or 
vice versa [9]. Switching loss is proportional to the switching frequency, as reflected in the 
efficiency curve in Figure 3. Furthermore, MOSFETS and BJTs contain internal capaci-
tances and inductances. As a result, there are energy losses due to the charging and dis-
charging of these internal capacitances and inductances and from their parasitic re-
sistances. These losses are also proportional to the switching frequency. 

 
Figure 3. Efficiency vs. switching frequency variation in switching devices. 
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3. Linear/Low-Dropout Regulators Operating Principle 
The basic concept of a linear regulator is to use a series pass element to act as a vari-

able resistor against the input voltage fluctuations and load current changes to supply a 
regulated output voltage [10]. Transistors or a combination of transistors are used as the 
series pass element and using a feedback control loop, as shown in Figure 4a. The voltage 
drop across the series pass element is controlled to regulate the output voltage via the 
reference voltage (Vref). 

  
(a) (b) 

Figure 4. (a) Linear regulator functional diagram; (b) basic linear regulator configuration. 

As shown in Figure 4b, a voltage comparator is used to generate the feedback signal, 
and a simple voltage divider circuit is used as the feedback. With the assumption of ideal 
op-amps, output voltage 𝑉௨௧ can be formulated as in Equation (3) [11]. 𝑉௨௧ = 𝑉  ቈ1  𝑅௫𝑅௬ (3) 

The efficiency of the linear regulator (𝜂) approximately can be calculated by Equation 
(4) [11] as follows: 𝜂 = 𝑉௨௧𝐼௨௧ 𝑉𝐼 ൎ 𝑉௨௧𝐼௨௧ 𝑉ሺ𝐼௨௧  𝐼ሻ ൎ 𝑉௨௧ 𝑉 1  𝐼𝐼௨௧൨ (4) 

where 𝐼 is the current used by the control circuit, which is usually referred to as ground 
pin current. The efficiency of the linear regulator can therefore be improved by designing 
a control circuit with minimum ground pin current. In addition, it is important to note that 
efficiency is 𝑉௨௧/𝑉 when the ground pin current is negligibly small. 

Compared with the SMPS, there are specific advantages of using linear regulators 
such as low cost, low noise, and design simplicity, and the major advantage of using linear 
regulators is the excellent transient response to load current fluctuations [3]. However, 
linear regulators can only be used in applications where the input and the output voltage 
difference is very small. Otherwise, the efficiency is compromised. Low-dropout regula-
tors (LDOs) are introduced to overcome the efficiency issues associated with linear regu-
lators. 

The name LDO is denoted because of the small voltage difference in dropout (𝑉ௗ) 
between the input (𝑉) and the output (𝑉௨௧) voltages (see Equation (5) [11]). 𝑉ௗ = 𝑉 െ 𝑉௨௧ (5)

Power consumption across the LDO ሺ𝑃) can be formulated as in Equation (6). 𝑃 = ሾ𝑉  െ 𝑉௨௧  ሿ𝐼௨௧  𝑉𝐼 (6) 
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where 𝐼 is the quiescent current. When the dropout voltage 𝑉ௗ is high, the power dissi-
pated through the LDO is high. The first term of Equation (6) represents the power dissi-
pated through the series pass element. Therefore, LDOs are typically used in applications 
where the dropout voltage is very small. In addition, the lower the dropout voltage, the 
higher the efficiency is. The second part of Equation (6) represents the power consumed 
by the controlling circuits. Most commercially available LDOs have a very small ground 
pin current. As a result, the power consumed by the control circuit is very low, and this 
improves the efficiency of the LDO. 

An LDO uses a single transistor as the series pass element. PMOS and the NMOS are 
the two widely used CMOS devices and, of the two, NMOS have the lowest ON resistance. 
However, when using an NMOS device as the pass element, the charge pump is required 
to drive the NMOS, which makes the design complex and requires more PCB area. Due 
to the aforementioned disadvantages of NMOS, generally, PMOS is used as the pass ele-
ment of the LDOs. Further details are given by Gunawardane [12]. 

4. Dominant Characteristics of LDOs 
LDOs currently available in the market have quite a number of unique advantages 

when used in portable devices, as noted in the subsections below. 

4.1. Higher Efficiency 
The efficiency of an LDO is highly dependent on the dropout voltage. There are ultra-

low-dropout regulators which achieve a high level of efficiency. Table 2 shows some com-
mercially available highly efficient ultra-low-dropout regulators. The LDOs used for this 
comparison are selected based on those specifications suitable for portable device power 
supplies. 

Table 2. Commercial ultra-low-dropout regulators. 

Dropout Voltage 
(mV)  

Input Voltage 
Range (V) 

Output Voltage 
Range (V) 

Current Rating 
(mA) 

Maximum Effi-
ciency (%) 

Commercially Availa-
ble LDOs 

200  1.5–5.5 −0.3 ± 0.3 200 96.36 LDBL20 [13] 
65–125 0.8–5.5 0.8–3.6 1500 97.72 LD59150 [14] 

80 1.5–5.5  0.8–3.3 100 98.55 LD39015 [15] 
175 1.1–6.5  0.8–5.15 4000 97.31 TPS7A54 [16] 
225 1.5–6 0.55–5.5 1000 96.25 TLV752 [17] 

4.2. Low Noise 
LDOs are capable of filtering noise and ripples while operating as voltage regulators 

due to their high-power supply rejection ratio (PSRR). Therefore, LDOs can generate a 
clean DC voltage without noise components, which prevents the resetting of sensitive de-
vices and minimises distortions in signals due to noise. Usually, standard LDOs have an 
integral noise above 50 uVRMS. In addition, there are specific low-noise LDOs where the 
noise level is less than 30 uVRMS, such as TPS7A8101 [18], TPS74401 [19], and TPS7H1210-
SEP [20]. 

4.3. Low Quiescent Current 
High efficiency and energy savings can be achieved with a lower quiescent current. 

Especially in portable devices, long battery life is somewhat dependent on low quiescent 
current. Figure 5 [21] shows the typical quiescent values of commercially available LDOs. 
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Figure 5. Basic quiescent current of typical LDOs [21]. 

4.4. Better Transient Performances 
LDOs can overcome transient fluctuations without needing any additional compo-

nents. Regardless of the sudden variations in the input side, LDOs are capable of keeping 
the output voltage stable. There are specially designed LDOs for fast input variation ap-
plications, such as TPS57140-Q1 [22], where the slew rate is 1.2 V/µs, and the better tran-
sient performance is a very important factor when supplying power for microprocessors. 

4.5. Small Package Size 
Compared with SMPS, where external components such as inductors need to be con-

nected, LDOs are normally available as a single integrated component which makes them 
a perfect solution for portable devices. 

Table 3 shows some of the LDO ICs in the market specifically designed for particular 
applications based on their dominant LDO characteristic. 

Table 3. Commercially available LDOs for specific applications. 

LDO Specific Property  Industrial Application Commercially Available 
LDOs 

Reduce noise and PSRR levels 

High-speed communications 
applications, video processing 

applications, and high-accuracy 
measurement applications. 

TPS717xx family [23] 

`Compactness Compact portable devices  

TPS720 [24], TLV733P 
[25], ADP160 [26], 

ADP166 [26], ADM7160 
[27] 

Lower quiescent current Battery-powered applications  
TPS7A19 [28], TPS7B69 

[29], LT3009 [30], STLQ50 
[31], LDK715 [32] 

5. Current LDO Application Trends and Their Market Share 
Due to the excessive nature of communication and signal processing happening in-

side industrial automation systems, it is mandatory for them to have a noise-free clean 
power supply, as well as to maintain very low EMI levels [33]. EMI issues can cause 
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serious errors in sensor measurements and PLC processing [34]. Because of their very low 
EMI levels and the ability to filter the noise components, LDOs have become popular in 
industrial automation systems [33]. Furthermore, with the simple compact design of 
LDOs such as ADP166 [26], TPS720 [24], and TLV733P [25], LDOs are the perfect alterna-
tive to the SMPS. 

Today’s technology trend is to use more artificial intelligence and machine learning 
concepts in portable devices such 

as mobile phones, laptops, tablets, etc. In addition, in the modern world, most con-
sumer devices tend to be portable/wireless. This concept involves a higher level of signal 
processing requirement. According to Moore’s law, the number of transistors on a micro-
chip doubles every two years, but the cost of computers is halved [35]. This statement 
clearly indicates that usage of microprocessors and microcontrollers will be further in-
creased in future electronic devices. Figure 6 [36] shows the growth prediction for transis-
tors until 2030. 

 
Figure 6. Semiconductor devices production [36]. 

For portable devices, battery life and compactness are the major criteria of design. 
With these requirements, there is a challenge to design highly efficient power supplies 
with very low levels of noise, no EMI issues, and better transient performance. Due to 
their unique properties, as described in the above sections, LDOs are widely used in in-
dustry and consumer devices. As shown in Figure 7 [37], due to the high demand for 
consumer devices, the LDOs market is quickly growing. The price of the LDO is also com-
paratively cheap, which is another reason why the market for LDOs is growing. Major 
LDO producers are consistently trying to introduce more enhanced versions of LDOs to 
keep up with the competition. As an example, in 2019, Texas Instruments introduced an 
ultra-low-dropout regulator (TPS7A02 [38]) which has the smallest quiescent current of 
25 nA in the industry [38]. 
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Figure 7. LDO market share [37]. 

6. LDO’s Recent Research Trends 
With the growing market for LDOs, researchers are focused on further expanding 

the horizons of currently available LDOs. With the high level of LDO applications in port-
able devices, major LDO manufacturers and researchers are keen to further enhance the 
performance of LDOs [39]. The efficiency of LDOs, size of LDOs, and the noise and EMI 
levels of LDOs are the major key areas of high concern for enhanced performance of port-
able devices. 

6.1. Improving the Compactness 
An output capacitor that connects to the LDO is very useful in an intrinsic manner 

for reduced noise level, smoothing voltage spikes, handling fast load current variations, 
and improving the PSRR [40]. The dominant pole of LDO is simply created by a gigantic 
off-chip capacitor placed at the output of the LDO [41]. Normally, output capacitors are 
bulky, and due to the requirement of output capacitor, the LDO chip needs to accommo-
date additional pins so that the pin count increases. However, with state-of-the-art chip 
designs, bulky output capacitors compromise the compactness aspects of the design. 
Therefore, researchers are currently investigating designing capacitorless LDOs [42,43]. 
The challenge is to develop a capacitorless LDO without compromising the positive ef-
fects of the output capacitor in the LDO [44]. Li et al. [44] propose a push–pull buffer for 
driving the pass transistor in the LDO. As an example, Texas Instruments TPS744xx series 
is capable of stable operation using much smaller ceramic capacitors [19]. 

6.2. Reducing Noise Levels Further 
The requirement for noise-free power supplies is increasing due to the rapidly in-

creasing use of microcontrollers and processors in portable electronic devices. Increasing 
the PSRR is a commonly used approach to address this issue [45]. The higher the PSRR, 
the lower the ripples in output voltage [45]. PSRR is higher when the dropout voltage 
(voltage across the drain and the source of PMOS) is higher because when the voltage 
across the drain and the source of PMOS is high, the operating point is within the satura-
tion region where the PMOS series resistance is lowest. When the dropout voltage is low, 
the operating point of PMOS moves to the triode region, where PMOS resistance is higher 
than the PMOS on resistance in the saturation region. With lower resistance, a higher level 
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of noise will pass from the input to the output of LDO [46]. Therefore, there is a trade-off 
between the PSRR and the efficiency of LDOs [47]. Researchers are focused on developing 
synchronous digital LDOs to overcome this issue [48,49]. A digital error amplifier is in the 
synchronous digital LDO, and an external sampling clock is used in the feedback control-
ler and the comparator [50]. 

6.3. Improving the Transient Performance 
Transient responses have unique features that inherently connect to the application. 

Therefore, by considering the special properties of the application, LDOs can further be 
improved to withstand transients. Researchers are now focusing on developing LDOs for 
specific applications while considering the transient behaviours of the application [51]. 
Huang et al. [51] reviewed the benefits of using analog and digital LDOs based on the 
environment and also discussed the advantages of using hybrid LDOs such as analog-
assisted digital LDOs and digital-assisted analog LDOs. 

There are LDOs especially developed for flash memory systems [52]. A fully inte-
grated digitally assisted LDO was proposed for NAND flash systems using a 500 nm I/O 
CMOS transistor. The proposed LDO’s input voltage range is 2.3–3 V and output is 2.1 V 
and it is capable of achieving both fast transient response and highly accurate regulation 
in the steady state. The measured output voltage drop is 225 mV against a load current 
step fluctuation of 150 mA in 20 ns. 

Huang et al. [53] proposed a nano-ampere LDO to be used in IoT devices considering 
their exact transient properties. As shown in Figure 8a,b, the proposed setup consists of 
two LDO setups where the input is 1 V and the output is 0.8 V. Figure 8a shows the LDO 
1 which combines dynamic current biasing techniques to reduce the quiescent current, 
while Figure 8b shows the LDO 2 consisting of an inverter-based dynamic loop to further 
improve the transient response. This prototype was fabricated in a 65 nm low-leakage 
CMOS process and tested against a transient fluctuation of a load current stepped from 
100 nA to 10 mA in 1 µs transition time. The measured output voltage undershoot for 
LDO 1 is 336.8 mV, and 196 mV for LDO2. 

  
(a) (b) 

 
(c) 
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Figure 8. (a) Proposed structure of LDO 1 [53]; (b) proposed structure of LDO 2 [53]; and (c) LDO 
architecture with the proposed event-driven PI control systems [54]. 

6.4. Improving the Efficiency 
Many researchers focus on designing control circuits for LDOs with minimum power 

consumption. Control circuits consist of high-frequency processors that continuously 
monitor the regulated voltage of the LDO and generate feedback according to the regu-
lated voltage. Currently, researchers are focused on using approaches such as time-coding 
architectures [54] to drive LDO control circuits. Time-driven controllers operate at every 
clock edge. If the LDO output varies after a locking edge, the controller captures the de-
viation at its next cycle. As shown in Figure 8c [54], the authors proposed an architecture 
consisting of analog-to-digital converter with a refresh circuit, proportional–integral con-
troller, and a power transistor. By using time-coding architectures, LDO control circuits 
can be operated as event-driven controllers instead of continuously operating. As a result, 
consumption of quiescent current has been significantly reduced and the efficiency has 
increased to 93.6% [54]. 

7. Current Context of Portable Power Supply Designs 
The power supply design is considered an integral part of the overall system design 

of a portable device due to important design constraints determined by the user require-
ments, such as longer battery life and reduced power consumption. 

The most common storage technology that is used in today’s power supplies is the 
Li-ion battery [55]. Driven by the volume of the portable device market, the Li-ion batter-
ies provide the best combination of power density and cost. The typical operating range 
of Li-ion batteries is 3.0 V to 4.2 V, which is a very convenient voltage because fewer cells 
are required in many applications [56]. Li-ion batteries have a high energy density and 
also the self-discharge rate of Li-ion batteries is very low; typically 5% in the first 4 h and 
dropping down to around 1 to 2% per month [57]. In addition, Li-ion batteries have a 
higher number of lifetime charge–discharge cycles and they do not require regular 
maintenance, unlike other available batteries that require regular discharge to overcome 
the memory effect [58]. There is no requirement for priming Li-ion batteries as there is for 
nickel-based rechargeable batteries. Apart from these advantages, there are two major 
drawbacks of Li-ion batteries, which are poor robustness and flammability [59]. As a re-
sult, a high degree of protection is required against overcharge and excessive discharge. 

Portable devices normally have a combination of subsystems that require different 
voltage levels. As shown in Figure 9 [60], modern portable devices such as mobile phones, 
tablets, and portable electronic medical devices consist of many subsystems: batteries, 
memory, display, peripherals, etc. [60]. Those components operate at various voltage lev-
els based on their requirements. When designing powering techniques for these subsys-
tems, it is very important to verify that it produces the desired voltage level regardless of 
the following: 

I. Variation of the current consumed by the subsystem. 
II. Fluctuation of the battery voltage in the portable device. 

III. Variations due to operating conditions of the device, such as temperature. 
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Figure 9. Subsystems of a portable device [60]. 

Power supply requirements for a given application depend on many factors, and we 
can divide these into two different areas, namely, (I) primary specifications and (II) sec-
ondary specifications. Primary specifications include: 
a. Output rail voltage. 
b. Maximum load current. 
c. Output impedance of the power supply. 
d. Noise and ripple allowed. 
e. Input voltage range. 
f. Efficiency. 
g. Weight/volume of the power supply. 

Secondary specifications include: 
I. Transient response capability and transient response. 

II. Radio frequency interference/electromagnetic interference (RFI/EMI). 
III. Reliability and the age of the power supply. 

Usually, for very large power requirements for a given output voltage and maximum 
current requirement, end-to end-efficiency (ETEE) is a critical factor, and this value de-
pends on the design of the power supply. SMPSs are theoretically 100% efficient, based 
on the assumption that switches, inductors, and capacitors used are ideal. However, six 
secondary losses associated with a DC–DC converter reduce the ETEE to a lower value, 
and these six main losses are summarised in Table 4. 

Table 4. Secondary losses of DC–DC converters. 

Item Loss Reason Remarks 

1 

Static losses of the 
switches such as 

transistors and di-
odes 

• Nonzero collector-emitter voltages (in bi-
polar transistors) 
• Nonzero RDS(ON) losses in MOSFETS 
• Similar losses in the output side of an 
IGBT  
• Diode forward-drop-based losses  

These show up a cumulative content 
known as “static losses” which in-

creases with output voltage and the 
load current.  

2 

Dynamic losses in 
transistors and di-
odes increase with 
the switching fre-

quency 

• Transistors and diodes carry parasitic ca-
pacitances associated with junctions  
• These capacitors are charged and dis-
charged in each switching cycle  

The higher switching frequency of 
switch-mode power supplies increases 

the dynamic losses linearly with the fre-
quency in general. 
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3 
Secondary losses in 

inductors 

• Hysteresis loses  
• Eddy current losses  
• Ohmic losses 

Except for ohmic losses, others are fre-
quency-dependent and have a nonlinear 

behaviour with frequency.  

4 
Secondary losses in 

capacitors 
• Losses associated with ESR of a capacitor 
while charging and discharging 

Smaller capacitors have high ESR and 
large capacitors have relatively lower 

ESR. 

5 

Power consumed by 
the controller circuit 
associated with the 

power stage 

• Control circuit’s power consumption  
• Any associated secondary power supply 
for the control IC or the control circuits inside a 
power IC. 

These losses depend on the control cir-
cuit section of the switch-mode power 

supply.  

6 
PCB track losses/in-
terconnection losses 

in an IC version 
• Ohmic losses  The larger the current the higher these 

are.  

In a linear regulator, Items 2 and 3 are nonexistent, and Item 1 is mainly dependent 
on the input to output voltage difference. LDO achieves higher efficiency by maintaining 
the input to output voltage difference at a very small value, usually in the range of a few 
tens of millivolts to fractional volts, giving a high ETEE of approximately of Vout/Vin. 

When a small volume or weight is a primary target for a DC–DC converter, the 
switch-mode approach pushes the designer to move into higher frequencies, and this, in 
turn, increases the contribution by Items 2, 3, and 4. However, in an LDO, Items 2 and 3 
are completely nonexistent, while capacitor losses are only related to the ripple of the 
power supply. 

A switch-mode power supply brings the additional major issue of RFI/EMI, which 
requires added circuitry of filters at the input and output side of a DC–DC converter in 
general. The non-ideal nature of capacitors and inductors used in the circuit for this filter-
ing contributes additionally to Items 2 and 3 in general. 

When the secondary requirements of a converter are dictated by the load, sometimes 
a pure switch-mode converter does not satisfy the case. A classic example of this is in 
mobile phones and other portable devices where a large amount of mixed-signal circuitry 
is used. In these situations, the most useful secondary properties, such as Items 1 and 2 in 
an LDO or a linear converter, are used by cascading the output of the switch-mode con-
verter with the input of an LDO for the overall achievement of the wider specifications of 
the power management system. 

In summary, a switch-mode converter is utilized when the primary specifications are 
critically important. However, when the load side cannot tolerate limitations such as Items 
1 to 3 above, a low component count LDO is used or an LDO is placed in tandem with a 
switch-mode converter. A more detailed discussion on this is available in [3]. 

Therefore, inside each portable device, there is a requirement for multiple voltage 
levels, and DC–DC voltage converters are used to convert voltages to the various levels. 
Based on the application’s requirements, the best technology is selected for portable de-
vices. Efficiency, noise levels, EMI levels, and the compactness of the converter are some 
commonly considered factors when selecting a voltage converter for a portable device 
[61]. 

With the noise-sensitive nature of the portable devices due to communication re-
quirements, LDO regulators are used as post-regulators in portable devices, which pro-
vides a sustainable market share for the linear regulator manufacturers [62]. 

8. Future Prospects for LDO Regulators in Power Supplies  
It is evident that LDO has become an essential component in portable device design. 

However, the efficiency of the LDO is inversely proportional to the voltage difference be-
tween the input and the output. Consequently, the input and output voltage differences 
of LDOs need to be kept very small to achieve higher efficiencies [63]. Modern portable 



Appl. Sci. 2022, 12, 4594 14 of 22 
 

devices consist of multiple subsystems which require different operating voltages. These 
subsystems in portable devices are powered using a technique called point of load (POL), 
where multiple regulators stages are used [64]. It is difficult to power POL using SMPS 
due to their high noise, slow slew rate, and the complex nature of their output impedance 
[65]. With the presence of high-frequency switching in SMPS, noise and EMI levels can be 
increased [3]. LDOs are coupled to the output stage of SMPS as post regulators to satisfy 
the power requirements of the subsystems in portable devices [66]. Nonetheless, it be-
comes a costly and complex power management solution. However, when LDOs are cou-
pled with SMPS, there are some technical challenges, such as the additional space require-
ment and the LDO’s output current limitations due to temperature rise. To address these 
technical challenges, Linear Technologies introduced a solution combining a high-effi-
ciency SMPS with multiple LDOs in a single package (LTM8001 [67]), as shown in Figure 
10a,b, [68] and Figure 10a [68] shows a single 2.5 V, 5 A regulator from a 12 V supply. In 
Figure 10a [68], LDO 1 to LDO 5 are connected in parallel with SMPS to produce a 2.5 V, 
5 A output. In the configuration of Figure 10a [68], SMPS in LTM8001 produces an output 
of 3 V and each LDO has a dropout voltage of 500 mV where LDOs operate at their rated 
load current condition of 1.1 A. 

 
(a) (b) 

Figure 10. LTM8001 operated as a (a) single output [68]; and (b) dual outputs [68]. 

Figure 10b [68] shows a dual output regulator which can generate outputs of 5 V and 
3.3 V from a 12 V supply. In the configuration of Figure 10b [68], SMPS in LTM8001 pro-
duces an output of 5.5 V. LDO 1 and LDO 2 are connected in parallel to produce the 5 V 
output. Since LDO 1 and LDO 2 have 500 mV dropout voltages, they can operate at their 
rated load current condition of 1.1 A. Therefore, the 5 V output has the capability of de-
livering 2 A. LDOs from 3 to 5 are used to produce a 3.3 V output. Due to the high dropout 
voltage, each LDO’s output current degrades to 330 mA and, as a result, the 3.3 V output 
can only deliver an output current of 1 A. 

The combined LDO and SMPS technique still needs further development to enhance 
the higher current capabilities and to reduce noise levels, but compared with the LDOs 
and SMPS, the SMPS + LDO technique is comparatively complex.  

9. Supercapacitor-Assisted Low-Dropout Regulators (SCALDO) as a Solution to the 
Linear Regulator Efficiency Problem 

When the dropout voltage becomes higher, linear regulators have very low efficiency 
due to power loss across the series pass element. As a solution to this issue of low effi-
ciency in linear regulators, the concept of the lossless voltage dropper approach is used in 
the SCALDO technique. 
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9.1. Supercapacitors as Lossless Voltage Droppers 
The SCALDO technique works on the simple principle that an ideal capacitor pro-

vides a voltage drop across its terminals, with the option to reuse that stored energy later. 
However, a small-value capacitor, such as an electrolytic of the order of microfarads, will 
fully charge in a short time if placed in series with an LDO and will block the current path. 

Within the past two decades, supercapacitors (SCs) with capacitance values from 1 
to 100,000 F in a single cell have entered the market [69]. With the same canister size as 
electrolytic and film capacitors, SCs offer at least a million times bigger capacitance while 
their ESR is in the range of 0.1 mΩ to 100 mΩ. [60]. With the capacitance in the order of 
farads, when they are placed in series with a resistive load such as a loaded LDO, they 
create charging circuits with a very long time constant, allowing the designer to use very 
slow speed switches for transferring the energy back to the LDO with ease. Commercial 
supercapacitor families today come in four different sub-categories, namely, (i) symmet-
rical supercapacitors, (ii) hybrid supercapacitors, (iii) battery capacitors, and (iv) Li super-
capacitors. More details are given by Gunawardane [12]. Out of these types, symmetrical 
SCs come in values varying from 0.1 F to over 3000 F, and their ESR values vary from 100 
mΩ to 0.1 mΩ, respectively [54]. Table 5 provides a generalised range of specifications for 
symmetrical-type SCs, available in the commercial market [69–71]. 

Table 5. Supercapacitor specifications. 

Parameter Unit Range 
Rated voltage V 1.2–3.8 
Capacitance F 1–3000 

Specific energy density  Wh/kg. 1–10 
Specific power density W/kg <10,000 

Cycle life  Cycle number >50,000 
Charge and discharge effi-

ciency % 85–98 

Fast charge duration Seconds 0.3–30 
Fast discharge duration Seconds 0.3–30 

Shelf life Years 20 
Operating temperature  0C −40 to 75 

Typically, supercapacitors having a capacitance of 50 F or less have an ESR value 
between 20 mΩ and 100 mΩ [54]. If we compare these values with the MOSFETS used 
inside an LDO IC, they are comparable to, or lower than, the ON resistance of the 
MOSFET, and hence useful in connecting in series with an LDO as a lossless dropper. 

9.2. Concept of SCALDO 
When a precharged large capacitor is placed in series with the input path of an LDO, 

it keeps on accumulating the series drop, reducing the voltage drop across the series pass 
transistor of the LDO, assuming that the input DC voltage is constant. 

The voltage change (dv) of a capacitor with time is given by Equation (7) [72] as fol-
lows: 𝑑𝑣 =  න 1𝐶  𝑖ሺ𝑡ሻ𝑑𝑡     ௧

  (7) 

where 𝐶 is the capacitance and 𝑖ሺ𝑡ሻ is the instantaneous current through the capacitor. 
For a constant load current, if the capacitance is very large, 𝑑𝑣 will be very small over 
time, and it takes a long time to block the DC path. 
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Figure 11a depicts how this simple series connection helps in improving the effi-
ciency of an LDO. If the capacitor CSC has an initial voltage of 𝑉ௌ , input voltage at the 
input of LDO (𝑉 ) will be expressed as Equation (8), 𝑉 =  𝑉ௌ  െ 𝑉  (8) 

As it carries on charging, at a later moment, the LDO will reach its minimum value 
for the correct operation of the LDO and at that point, the SC will have to be placed in 
parallel with the input of the LDO, as shown in Figure 11b. During this time, the input 
voltage source is disconnected, and the SC discharges back to LDO, to maintain the charge 
balance of the SC. 

 
 

(a) (b) 

Figure 11. SCALDO configuration: (a) phase 1: supercapacitor charging circuit [72]; (b) phase 2: 
supercapacitor discharging circuit [72]. 

When considering the current flow during phases 1 and 2, the charge balance of the 
supercapacitor following connection can be formulated as in Equation (9) [72]. 𝐼  𝑡 =  𝐼  𝑡ௗ௦  (9) 

Where 𝑡 , 𝑡ௗ௦ , and 𝐼  are the charging, discharging times, and cur-
rent consumed by the load, respectively. By simplifying Equations (9) and (10), it can be 
formulated as follows. 𝑡 =  𝑡ௗ௦  (10) 

With the above connection in Equation (10), the average current drawn from the un-
regulated power supply ሺ𝐼ீ ሻ can be formulated as in Equation (11) [72], 𝐼ீ = 𝐼  𝑡 𝑡   𝑡ௗ௦ = 𝐼  2  (11) 

Assuming there is no current drawn for the control circuit, the efficiency of the 
SCALDO can be derived as in Equation (12) [72], 

From Equation (12), it can be seen that the efficiency of a SCALDO is two times higher 
than the typical regulator. As shown in Figure 12a [5], an experimental setup of 12 V to 5 
V SCALDO was implemented to verify the proposed SCALDO technique. The 12 V to 5 
V SCALDO was implemented using MCP1827 LDO from Microchip. As shown in Figure 
12c, the maximum theoretical efficiency of a conventional 12–5 V LDO lies between 38–
43% [73]. The 12–5 V SCALDO prototype achieved an overall end-to-end efficiency of 70–
83.3% [73]. The setup was tested against a load current between 100–800 mA and the 

𝜂ௌை = 𝑃௨௧ 𝑃 = 𝑉𝐼  𝑉  𝐼  2 = 2 𝑉𝑉   
(12)
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switching frequency is between 0.05 to 4 Hz, which is a very low operating frequency 
compared to SMPS. 

  
(a) (b) 

 
(c)  

Figure 12. (a) SCALDO 12 V–5 V discrete prototype [5]; (b) SCALDO IC; (c) comparison of end-to-
end efficiency of the 12–5 V SCALDO [73]. 

Instead of using a single supercapacitor depending on the requirements, an array of 
SCs can be used as a voltage dropper element. This further-extended concept is discussed 
in [74]. Using the SCALDO technique, LDOs can operate with a higher level of difference 
between input–output voltages without compromising efficiency. The integrated circuit 
version of SCALDO has been designed as in Figure 12b and is currently in the testing 
phase. 

9.3. Advantages of Using SCALDO in Portable Devices 
For portable applications, SCALDO technique has much greater advantages com-

pared to the currently used switch mode + LDO combination, mainly because the 
SCALDO prototype IC (Figure 12b) design provides a huge reduction of PCB space with-
out the bulky inductors required in the case of SMPS. Another prominent characteristic of 
SCALDO is very low EMI and noise level, which is due to the very-low-frequency opera-
tion in the range of Hz to MHz. This will be used to a good advantage in portable devices 
that commonly consist of microcontrollers and processors. This will eliminate the need 
for additional filters. 

The SCALDO technique has been further developed with two new versions, DO-
SCALDO and RS-SCALDO, which can be used in many specific applications in portable 
devices too [63,75,76]. 
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9.4. Limitations of SCALDO Technology 
Even though SCALDO technology has many salient advantages, there are a few areas 

with limitations; primarily minor effects due to the component constraints. The efficiency 
in SCALDO design is constrained by the ESR and the leakage current losses in the super-
capacitors. As mentioned above, ESR values of supercapacitors are in the range of 0.1 mΩ 
to 100 mΩ [69] and the leakage current of supercapacitors is in the range of 5 to 50 µA [77]. 
Generally, both ESR and the leakage current of supercapacitors have very small values 
and the losses due to ESR and the leakage current can be negligible. 

The control circuitry power consumption is the other factor. In an integrated design, 
this can be minimised to a significantly small value with the right component selection. 

10. Conclusions 
Linear regulators are no longer obsolete; instead, they have a dominant market in 

portable devices with the introduction of LDOs. LDOs come in the form of ICs, typically 
outputting up to about 5 A load current, and they are low in cost compared to the switch-
mode stages within a PMS. LDOs have excellent EMI characteristics as well as low noise 
output and high current slew rates. With these desirable features, there is a dominant po-
sition for LDOs in portable device power supplies to be supplemented at post regulator 
stage to overcome major issues in SMPS.  

Many researchers are currently working to improve the performance of LDOs in 
terms of efficiency, noise levels, compactness, and transient characteristics. Currently, the 
efficiencies of LDOs in the market are in the range of 96.25 to 98.55%, which are compara-
ble to SMPS efficiencies. In larger systems, where larger currents are required, a discrete 
transistor-based LDO implementation is possible, provided the designer keeps the drop-
out voltage at a very low value to achieve high efficiency. 

A newer extra-low-frequency SCALDO design approach summarised in this article 
demonstrates a unique way to achieve quasi-linear DC–DC converters where a high-effi-
ciency LDO can be combined with a supercapacitor front end for loss recovery, creating a 
high-end-to-end-efficiency converter. 
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Nomenclature 
SMPS Switch-mode power supplies 
SCC Switched capacitor converters 
PMS Power management system 
ESR Equivalent series resistance 
LDO Low-dropout regulator 
ETEE End-to-end efficiency 
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POL Point of load 
SCALDO Supercapacitor-assisted LDO 
EMI Electromagnetic interference 
PSRR Power supply rejection ratio 
SC Supercapacitor 
Vref Desired voltage in volts 
Vout Output voltage in volts 
Iq Current used by the control circuit in amps 
Vin Input voltage in volts 
Vd Dropout voltage in V 
PD Power consumption across LDO in watt 
C Capacitance in farads  

dv Voltage change  

i(t) Instantaneous current through the capacitor in amps 

tcharging Charging time in seconds 

tdischarging Discharging time in seconds 
IAVG Average current drawn from the unregulated power supply in amps 
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