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DESIGN AND IMPLEMENTATION OF AN NMOS-BASED LOW DROPOUT
REGULATOR WITH INTEGRATED CHARGE PUMP FOR SOC
APPLICATIONS

ABSTRACT

This project presents the design and implementation methodology of a low-dropout
regulator (LDO) employing an NMOS pass transistor, targeted for low-voltage and
low-power system-on-chip (SoC) applications. Conventional PMOS-based LDOs
suffer from large area requirements and limited transient response. While NMOS-
based regulators are more area-efficient, they require a boosted gate drive at low
supply voltages. To address this challenge, a charge pump was integrated into the
design to provide sufficient gate overdrive. A cross-coupled charge pump and a folded-
cascode operational amplifier (op-amp) were developed and compared in terms of
boosting efficiency, load capability, and noise injection. The LDO utilizes the designed
folded-cascode error amplifier, which can provide high gain under typical process
corners. The regulator was specified to deliver a maximum load current of 5 mA with
a stable output voltage of 1.2 V, while maintaining a power supply rejection ratio
(PSRR) of at least —20 dB across the operating range. Comprehensive simulations were
carried out in Silterra 130 nm CMOS technology using thick-oxide devices, with
process and temperature corners spanning from —40 °C to 125 °C. The design
methodology demonstrates how combining NMOS pass devices with efficient charge
pump boosting and low-power Operational Transconductance Amplifier (OTA)
architectures can achieve robust regulation, low quiescent current, and a wide
operating voltage range, making the proposed LDO suitable for modern SoC and IoT

applications.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The Internet of Things (IoT) has rapidly become one of the most transformative
technologies in recent years, connecting billions of devices worldwide. From smart
homes and wearable health monitors to industrial automation and transportation, IoT
enables real-time data exchange and intelligent decision-making across diverse sectors.
Its rapid expansion is driven by advances in wireless communication, low-power
electronics, and cloud computing, making it a key driver of innovation in modern

society (Gokhale et al., 2018).

Power management circuits are essential in modern electronic systems as the
demand for high integration, energy efficiency, and reliable operation continues to
grow. Devices such as smartphones, wearables, [oT nodes, automotive systems, and
communication equipment all require stable voltage supplies to ensure the correct
functionality of digital, analog, and RF subsystems. To address this need, power
management integrated circuits (PMICs) incorporate various regulation techniques,
with low-dropout regulators (LDOs) being one of the most widely used solutions

(Chyan et al., 2022).
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Figure 1.1: PMIC for IoT Applications (Chyan, et al., 2022)

As shown in Figure 1.1, the power management of the system-on-chip (SoC)
module is essential for IoT applications, supplying power to other blocks with various
voltage and current requirements. Compared to other DC-to-DC converters, a low-
dropout regulator (LDO) is a linear regulator typically placed at the output stage of the
PMIC.

LDOs are linear regulators that provide a stable output voltage even when the
input voltage is only slightly higher than the output voltage, typically maintaining a
dropout voltage between 50 mV and 200 mV (Chyan et al., 2022). They are preferred
in many applications due to advantages such as low noise, simple implementation, fast
transient response, and small silicon area (H. Kamel et al., 2019). These properties
make them suitable for noise-sensitive circuits, including RF front-ends, ADCs, and
mixed-signal systems. LDOs are also used as post-regulators after switching

converters to suppress ripple and improve supply quality.

Recent industrial developments have focused on improving LDO performance
to meet evolving requirements. Portable devices need ultra-low quiescent current
regulators to extend battery life, while automotive and industrial uses require LDOs
with wide input ranges, robustness, and high reliability. At the same time, integrating
multiple power domains in SoC designs has increased the need for on-chip LDOs for

localized supply regulation and noise isolation (Chyan et al., 2022). These demands



3

highlight the importance of constant innovation in LDO architectures and design

strategies.

1.2 Problem Statements

Compared to switching regulators, an LDO provides a stable power supply to other
blocks in the SoC while occupying a smaller active area. This is due to the fewer

capacitors and inductors required, thereby reducing the overall footprint of the PMIC.

Vm Vo
- b M, e b My
Vour Vour
R; R;
ZL zl
R) l Rl
(a) (b)

Figure 1.2: Main Topologies of LDO (a) PMOS pass transistor (b) NMOS pass
transistor (H. Kamel et al., 2019)

As illustrated in Figure 1.2, there are two main LDO topologies: the PMOS
pass transistor in Figure 1.2(a) and the NMOS pass transistor in Figure 1.2(b). The
PMOS pass transistor topology behaves like a common-source amplifier, while the
NMOS pass transistor topology behaves like a common-drain amplifier (source
follower). PMOS designs typically possess at least two low-frequency poles—one at
the pass-transistor gate and another at the LDO output—which can cause stability

issues and often require Miller compensation.
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Conversely, an LDO with an NMOS pass transistor provides lower output
resistance and inherently better stability. While its transconductance increases with the
load current (H. Kamel et al., 2019), it generally yields lower parasitic gate capacitance
and resistance, improving transient response and reducing chip area. Consequently,
the smaller parasitic gate capacitance of the NMOS transistor enhances the response
time of the regulator (Yan et al., 2016). In short, NMOS-type LDOs offer higher
transconductance and lower on-resistance than their PMOS equivalents, improving

power supply noise rejection for noise-sensitive blocks.

However, several design challenges exist in NMOS LDO topologies. The
primary downside is the source-follower configuration, where the gate voltage must
exceed the output voltage by at least the threshold voltage. To maintain low dropout
voltage, the gate must be driven above the input rail, typically requiring an on-chip
charge pump or a boosted gate drive (Yan et al., 2016). While a charge pump increases
voltage, it introduces design complexity, static power consumption, and switching
noise. NMOS LDOs also tend to have a lower Power Supply Rejection Ratio (PSRR)
than PMOS counterparts because the output node is less isolated from supply noise.
Furthermore, although the low output impedance of the NMOS device can shift the
dominant pole to higher frequencies—thereby improving loop stability—

compensation can still be complex.

To ensure efficient gate boosting, a clean and accurate clock signal is required.
This clock is usually obtained from an oscillator, and a well-designed clock circuit is
critical to charge pump efficiency. Utilizing circuits such as a single-to-differential
converter (SDC) or a level shifter can reduce rise and fall times, providing a sharp
clock signal that allows the charge pump to deliver sufficient voltage to the error

amplifier.

With voltage downscaling, circuits become increasingly noise sensitive.
Achieving a high PSRR, wide stability margins, and robust performance under process,
voltage, and temperature (PVT) variations is progressively difficult. Balancing these
requirements while maintaining low dropout voltage and energy efficiency remains

the central challenge in modern LDO design.



1.3 Aims and Objectives

The primary aim of this report is to design and implement a low-dropout (LDO)
regulator using an NMOS pass transistor, addressing the limitations of conventional
approaches while meeting the performance requirements of modern applications. The

specific objectives are as follows:

e To design and simulate a multi-voltage NMOS-based LDO regulator capable
of delivering a stable 1.2 V output and driving a maximum load current of 5

mA across input supply voltages of 1.8 V, 2.5V, and 3.3 V.

e To develop an integrated charge pump (CP) architecture that generates an
elevated supply voltage for the error amplifier to ensure sufficient gate

overdrive.

e To implement a robust, isolated 1.2 V clock generation and conditioning

domain to drive the charge pump efficiently.

o To evaluate the output noise and power supply rejection ratio (PSRR)

performance across process and temperature variations.
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Figure 1.3: Flow chart of Research Methodology



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

With the growing popularity of portable devices and IoT systems, low-dropout (LDO)
regulators have become essential for delivering stable, low-noise supply voltages.
Research on LDO design has explored various pass devices, error amplifier topologies,
and frequency compensation methods to balance power, area, and stability. Charge
pump circuits are also critical for NMOS-based LDOs operating at low supply voltages,
as they ensure sufficient gate-drive voltage. This chapter provides a review of prior
work on LDO architectures, operational transconductance amplifier (OTA) designs,

and charge pump topologies, highlighting their trade-offs and relevance to this project.

2.2 Low Dropout Regulator (LDO) Design

Low-dropout (LDO) regulators are linear voltage regulators designed to provide a
stable, regulated output voltage even when the input voltage is only slightly higher
than the output voltage. As shown in Figure 2.1, they typically consist of three core
blocks: a pass transistor (PMOS or NMOS), an error amplifier, and a feedback network.
The error amplifier (EA) compares the feedback voltage with a reference voltage (Vrer)
and adjusts the gate of the pass transistor to maintain regulation. LDOs are widely used
in mixed-signal and RF systems because of their low noise and fast transient response.

They play a critical role in ensuring that sensitive analog circuits and processors
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receive a clean power supply, free from voltage ripple and disturbances from switching

converters (Chyan et al., 2022).

Vad

\
VOpAmp_out

N ,
EA Pass Transistor
/

/

A4

VLDO out

Feedback Factor

Figure 2.1: Block Diagram of LDO

Furthermore, the feedback factor and the polarity of the feedback system
depend on the type of pass transistor employed. A PMOS transistor requires a low gate
voltage to turn on; therefore, the error amplifier (EA) must be capable of swinging its
output toward the lower voltage rail. Conversely, an NMOS pass transistor requires a
high gate voltage to turn on. To operate in the saturation region, the conditions in
Equation (2.1) must be satisfied (Yao, 2023). If the supply voltage (Vpp) of the error
amplifier is lower than the sum of the output voltage and the threshold voltage (Vrx),
the pass transistor cannot operate in saturation region. A charge pump is therefore

integrated to provide the necessary gate overdrive voltage.

[Vps| = [Vgs| — [Vrul (2.1)

where
Vs = gate to source voltage of the transistor, V
Vps = drain to source voltage of the transistor, V

Vry = threshold voltage of the transistor, V



Current
saturation
boundary

Iy
(Drain current)

Linear region

Saturation regign

>
>

Cut off region

Ve (Drain voltage)

Figure 2.2: Output Characteristic of MOSFET (Yao, 2023)

2.2.1 LDO Design Parameter

To design an LDO, which is one of the most suitable linear regulators and widely used
in the Power Management Integrated Circuit (PMIC), some parameters need to be
calculated and considered. The following parameters are most critical in LDO

regulator design.

Dropout Voltage (Vpo) is one of the important parameters in designing the
LDO, which is interconnected with the system parameter, dropout performance and
device parameter. In detail, the system parameter will affect the LDO’s dropout
performance, which in turn influences other device parameters. The dropout voltage is
the difference between the input/supply voltage to the LDO and the output voltage.
(Chyan, et al., 2022)

Vbo = ILoap * Rps (2.2)

where
Vpo = dropout voltage of the LDO, V

I 04p = load current of the pass transistor, A
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Rps = drain to source resistance of the transistor, £

The Vpo can be defined as the multiplication of load current (/.04p) and drain
to source resistance (Rps) of the pass transistor, as shown in Equation (2.2). (Bhuiyan,

etal., 2022)

Quiescent Current (/p) is the current consumed by the LDO, which is also the
difference between the input and output current. To ensure the LDO functioning, the
input current needs to supply the internal circuitry in the LDO such as the EA and
output voltage divider, serving as the feedback network of the LDO (Bhuiyan, et al.,
2022). It can be expressed as:

IQ = Iy — loyr (2.3)

where

Iy = quiescent current of the LDO, A
I;y = input current of the LDO, A
loyr = output current of the LDO, A

Line Regulation is the parameter determining how well the LDO maintains a

specific output voltage as the input voltage changes. It can be defined as:
Line Regulation = AVyyr/ AViy (2.4)

where
V;y = input voltage of the LDO, V
Vouyr = output voltage of the LDO, V

Load Regulation is the parameter determining how well the LDO in
maintaining a particular output voltage across a range of output currents under each
simulation conditions. It can be expressed as:

AVoyr

Load Regulation = (2.5)
A loyr

Power Supply Rejection Ratio (PSRR) is the parameter indicating the ability
of the LDO in suppressing the noise from the input to the output. An LDO with good
PSRR can minimize the noise from the input signal (Bhuiyan, et al., 2022).
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AVOUT

PSRR(dB) = 201og;,( AV
IN

) (2.6)

where

PSRR = power supply rejection ratio of the LDO, dB

2.2.2  Advantages of PMOS Pass Transistor

When comparing the PMOS and NMOS as the pass transistor used in the LDO, the
lower source to drain saturation voltage in a PMOS pass transistor type of LDO can
achieve lower Vpo, typically in the range of 50 mV to 200 mV, while the NMOS pass
transistor type of LDO needs a higher Vs to drive the NMOS transistor operating in
saturation region, resulting in higher Vpo, typically in the range of 300 mV to 800 mV
(Yao, 2023).

Furthermore, a PMOS pass transistor type LDO does not require additional

driving circuit to drive the EA, resulting in simplicity for the schematic design.

2.2.3  Advantages of NMOS Pass Transistor

However, PMOS transistor has a higher drain to source on resistance (Rpson)) and
slower switching speed. Hence, to achieve the same switching speed with NMOS pass
transistor, PMOS pass transistor needs to be larger in terms of gate dimensions which

also increases the sizing and active chip area.

NMOS pass transistor LDO regulator functions as a common drain amplifier
circuit, which has lower output impedance, better PSRR and often better load
regulation, whereas PMOS pass transistor LDO regulator functions as a common
source amplifier, which has a higher loop gain, but suffering in terms of bandwidth.
Hence, with the smaller gate capacitance and low output resistance in NMOS pass

transistor LDOs, stability is improved (Chyan, et al., 2022).
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2.3 LDO Performance Review

The continuous developments of the SoC and IoT technology demand stronger
performance for PMIC to have a stronger driving capability and lower noise. Thus,
many researchers have proposed various architectures and topologies of LDO to
address the demands. Different LDO topologies yield varying performance results,
especially regarding stability, transient response, and power supply rejection. By
focusing on these parameters of performance and trade-offs between them, different

reported works have various performance enhancements for their designed LDO.

2.3.1 NMOS LDO Designed with Folded Cascode Error Amplifier

According to the research by H. Kamel et al. in 2019, using the standard 130 nm
CMOS technology, both LDOs were designed to provide an output voltage of 1 V with
a 1.2 V input voltage. Furthermore, the load current range of the designed LDO was
limited to 30 pA to 100 mA, with a load capacitor up to 5 pF. In addition to the LDO
architectures, this work also evaluates three different topologies of charge pump:
Dickson, bootstrapped, and cross-coupled, used to raise the supply voltage from 1.2 V

to 2 V, while supporting the maximum load current of 5 pA.

1=
=

Figure 2.3: Transistor Level Architectures of PMOS-based LDO (H. Kamel et al.,
2019)
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Figure 2.4: Transistor Level Architectures of NMOS-based LDO (H. Kamel et al.,
2019)

Figures 2.3 and 2.4 illustrate the PMOS and NMOS-based LDO architectures.
Both architectures use the same op-amp architecture, the folded-cascode error
amplifier, which affects the LDO's noise rejection. Compared to PMOS-based LDOs,
NMOS-based LDOs require a charge pump to address the critical issue of high gate-

driving voltage required by the pass transistor.

1 [ [ 1
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Figure 2.5: Dickson Charge Pump based on MOS (H. Kamel et al., 2019)
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Figure 2.6: Bootstrapped Charge Pump based on MOS (H. Kamel et al., 2019)
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Figure 2.7: Cross-Coupled Charge Pump based on MOS (H. Kamel et al., 2019)
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Figure 2.8: Transient Response of Three Charge Pump Architectures Using a Load

Capacitor of 50 pF (H. Kamel et al., 2019)

- f | | = Diickson
0.2 = Bootstrapped ——
QI - J | . | | — crosecoupled | |
0 40 80 120 160 200 240 280 320 360 400 440 480 500

15

In terms of the transient response of three charge pump topologies, the startup

time for bootstrapped, Dickson’s and cross-coupled are 43.95 ps, 80 ps and 108 ps,

respectively. In short, bootstrapped has the best performance in terms of startup time,

also known as the rise time, allowing the LDO to stabilize faster while the load current

changes.
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Figure 2.9: Simulated Loop Gain and Loop Phase of PMOS-based LDO (H. Kamel
et al., 2019)
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Figure 2.10: Simulated Loop Gain and Loop Phase of NMOS-based LDO (H. Kamel
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Figure 2.11: PSRR Result at light and high load current for PMOS-based LDO (H.

Kamel, et al., 2019)
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Figure 2.12: PSRR Result at light and high load current for NMOS-based LDO (H.
Kamel, et al., 2019)

The loop gain and phase margin for the worst-case load capacitance of 50 pF

are shown in Figure 2.9 and Figure 2.10. For the PMOS-based LDO, the loop gain and
phase margin are 55.9 dB and 46° at light load (30 pA), and 61 dB and 88.1° at high
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load current (100 mA). In comparison, the NMOS-based LDO has better performance,
achieving a loop gain of 65.7 dB and a phase margin of 57.3° at a light load current
(30 nA). At a high load current (100 mA), the loop gain and phase margin are 64.7 dB
and 88.8° respectively, for the designed NMOS-based LDO. This stability
performance delivers a better PSRR for the NMOS-based LDO, achieving -53.2 dB at
a light load current (30 pA) and -50.3 dB at a high load current (100 mA) at 100 kHz.
Meanwhile, the PSRR of the PMOS-based LDO at 10 kHz is —45 dB (light load current
30 pA) and —33.6 dB (full load current 100 mA).

In summary, H. Kamel et al. (2019) demonstrated that the NMOS-based LDO
outperformed the PMOS-based LDO in PSRR, despite using the same folded cascode
error amplifier topology. Hence, the findings by H. Kamel et al. (2019) confirm the

advantages of the NMOS pass transistor in noise rejection.

2.3.2 Low-Dropout Linear Regulator Design with Bandgap and Power
Regulator

In the work by Xu and He (2020), an LDO was designed with the process technology
of Shanghai Huali Integrated Circuit Corporation (HLMC) 40 nm, operating at a
supply voltage of 2.5 V. In this work, the critical performance factors of LDO in circuit
level such as startup overshoot, loop stability and PSRR were discussed, and opinions

for the trade-off inherent in high performance regulator design were provided.
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Figure 2.13: Circuit Structure of LDO by Xu and He (2020)

Figure 2.13 illustrates a full LDO structure, that requires a bandgap reference,
error amplifier and power regulator, also known as pass transistor. Bandgap reference
circuit was used to generate a temperature independent reference voltage (Vzgr). The
feedback network samples the output voltage, the error amplifier compares the
feedback voltage and Vg, providing an error signal which modulates the gate voltage
for the power regulator to maintain the stability of the output voltage while the load is

changing.
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Figure 2.14: Schematic of Bandgap Reference by Xu and He (2020)
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Figure 2.15: Schematic of Error Amplifier by Xu and He (2020)
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Figure 2.16: Schematic of Power Regulator by Xu and He (2020)

A two-stage error amplifier was proposed in this work, as illustrated in Figure
2.15, introducing an input cascode structure to reduce the influence of parasitic
capacitance from the two input PMOS transistors on the first output pole. Besides, this
cascaded structure can enhance PSRR performance by shifting the poles to higher
frequencies, thereby improving overall stability. A basic current mirror was used as a

load, improving the output voltage margin.

The bandgap reference, shown in Figure 2.14, produces a DC reference voltage
for the op-amp that is independent of temperature and process variations by combining
a certain propagation factor, positive and negative temperature coefficients, and a
voltage. The last block of the designed LDO is the power regulator, which consists of
the pass transistor shown in Figure 2.16, serving as the critical block for the LDO's
overall performance and affecting the stability and driving capability of the LDO's

output stage.
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Figure 2.18: Simulation Result of PSRR (Xu & He, 2020)
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The simulation results for the LDO proposed by Xu & He (2020) are shown in
Figures 2.17 and 2.18, which present the gain and phase response and the PSRR
performance of the circuit. From Figure 2.17, the loop gain performance is in the range
of 73.7 dB to 95.5 dB, with a minimum phase margin of 57.7° and a maximum phase
margin of 79° across all simulation conditions, including temperature, load, and
process corners. Furthermore, the designed LDO has the worst-case PSRR of -35 dB.
These results confirm the stability of the designed LDO in all conditions.

In short, Xu and He successfully designed an LDO regulator that balances
factors such as area, stability, driving capability, and noise suppression, while
supporting a load current of 10 mA. By controlling each block in the LDO, integrating
an overshoot circuit, and optimizing the power regulator, the design provides a solution

for a PMIC using 40 nm technology.

24 Charge Pump (CP) Design

In NMOS-based LDO, to ensure the pass transistor operating in the saturation region,
the Vs need to be higher than the V7x and the Vps should be larger or equal to the
difference between Vs and V7w, as shown in Equation 2.1. Therefore, to increase the

gate voltage of the pass transistor, charge pump was introduced in this type of LDO

topology.

Charge pump is a type of DC-DC converter using switch-capacitors, to boost
the voltage without using the inductor. Of the typical charge pumps topologies such as
Dickson charge pump, bootstrapped charge pump and cross-coupled charge pump
have multiple stages to boost the voltage. In an ideal case, neglecting the voltage drop
across the diodes or transistors, these charge pump can increase the output voltage
according to the number of stages of the charge pump. For example, to increase the
output voltage to be 2 times higher than the input voltage, then the number of stages
of the charge pump should be 2 stages. But in real applications, due to the voltage drop
across the diodes or the transistors, the output voltage will be lower than the designed

values. (Palumbo & Pappalardo, 2010)
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24.1 Dickson Charge Pump

The architecture of a simplified Dickson charge pump consists of a series of capacitors
and charge transfer switches controlled by clock signals. By precisely modulating the
clock frequency and phase, the system regulates the energy transfer between stages,
enabling the multiplication of the input voltage. Higher frequencies reduce the
effective output impedance, while synchronized clock phases ensure that charge is

pushed forward through the chain without significant backflow losses.

Figure 2.19: Three-Stage Dickson Charge Pump with Diode-Connected NMOS

Transistors

Figure 2.19 illustrated the simple 3-stage Dickson charge pump where the
transistor is used at here as a switch and the clk1 and clk2 have a 180° of phase shift.
In the first clock cycle, C1 will be charged and it will discharge the voltage to C2 in
the second clock cycle, thus the C2 voltage shall be equal to 2Vpp, and then at the third
clock cycle, the output voltage will be 3Vpp. However, due to the V'ps of each transistor,
resulting in additional voltage drop, the output voltage will be lower than the expected

(Palumbo & Pappalardo, 2010).

This topology of charge pump is the simplest design of charge pump, in which
the designer needs to calculate the node voltage to ensure the transistor operating in
the saturation region. However, this topology has a low load capacity, in which when
the charge pump is required to supply a medium or high load current, which is larger
than 5 pA, the charge pump will not function properly due to the low load capacity. In
addition, the ripple of the output waveform will be quite large in which a large load

capacitor is required to filter the high frequency noise, resulting in large area.
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24.2  Cross-Coupled Charge Pump

The cross-coupled charge pump utilizes a pair of complementary switches that form a
flying double-charge pump. In the simplest form, one PMOS and one NMOS transistor
are driven in opposite phases so that each half-cycle transfers charge with virtually

zero threshold loss.

. clk1 T e T
[ stage 1 i/ Stage2

]

clk1

Figure 2.20: 2 Stage Cross-Coupled Charge Pump

The cross-coupled architecture inherently reduces the required capacitance per
output current by half as compared to Dickson’s charge pump, since the two capacitors
are being pumped in parallel. In effect, one branch is charging while the other branch
is discharging, and vice versa, resulting in a latch that only transfers when a switch is
actively on. This means the transistors are fully on during transfer and fully off
otherwise, greatly reducing the backward leakage, which is an inherent drawback of
Dickson’s charge pumps. Cross-coupled pumps typically offering much higher
efficiency and output drive than Dickson’s charge pump at the same input voltage

(Ballo, et al., 2019).
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25 Clocking System Design

According to the schematic or system architecture of the NMOS LDO design, the op-
amp requires a charge pump to increase the supply voltage to ensure the NMOS pass
transistor operating in the saturation region. Two clock signals with a 180° of phase
shift are required by the charge pump to charge and discharge for the capacitor in the
charge pump as shown in previous section. Besides, the efficiency of the designed
charge pump is affected by the quality of the clocking signal, where these two 180°
phase shift clocking signals should not overlap, and must adapt to the provided Vpp,
which is 1.8 V, 2.5 V or 3.3 V. To produce a high-quality clock signal to maximize the
efficiency of the designed charge pump, clocking system circuit should be well

designed.

2.5.1 Single to Differential Converter (SDC)

To produce two non-overlapping 180° phase-shift signals, a single to differential
converter (SDC) was introduced to solve this issue. A well designed SDC can provide
two different 180° phase-shift clock signals from only a single input oscillating signal,
that can be a sine wave or a square wave. While the input clocking signal of the charge
pump was well designed, both branches of the charge pump can charge and discharge
the capacitor simultaneously, avoiding the shoot through current which can reduce the

pumping efficiency of the charge pump (Ballo, et al., 2019).

2.5.2 Level Shifter

To achieve the best efficiency of the charge pump, except for a low rise and fall time,
two non-overlapping input clock signals for the charge pump, the accuracy of the
voltage also act as one of the important factors for the charge pump. A well-designed
level shifter can pull up the clock signal voltage as near as the supply voltage, Vpp,

providing a high voltage to charge the capacitor and driving those MOS transistors to
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switch on or off as to avoid any current leakage that will reduce the efficiency and

power delivered (Palumbo & Pappalardo, 2010).
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Figure 2.21: Schematic Diagram of Conventional Voltage Level Shifter

Figure 2.21 illustrated the schematic diagram of the conventional voltage level
shifter. This circuit can shift up the input signal almost same as the Vpp pign by
controlling the switching of the PMOS and NMOS transistors. In other words, it can
accept a low-voltage signal and generate a high output voltage swing, employing the
technique of cascode voltage swing logic (CVSL) structure, in which 4 high voltage
transistors are connected to the high voltage in cascode. When the logic of Vj, ,,
remains as high, it will pull down the Ms, Mg will close, which operate in the cutoff
region, My will turn on, thus the V,,; is in high voltage. Meanwhile, when the V;;, ,,
remain as low, Ms will turn off and Mg will pull down and the V,,,,; will be in low level
which is 0 V (Shahithi, et al., 2018). The switching transitions of the transistor
introduce propagation delay. Therefore, the device dimensions must be carefully

optimized through proper transistor sizing to meet the timing requirements.

In short, level shifter can accept a low-voltage signal and generate a high output
voltage swing, providing a high voltage of clock signal to enhance the efficiency of

the charge pump.
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2.6 Error Amplifier Design

An error amplifier (EA), utilizing the op-amp, is the circuit block serves to amplify the
difference between the two input signals. Therefore, a small difference will result in a
large output voltage signal at the output stage. To ensure the LDO output signal is at
the designed voltage, the gain of the EA should be high enough to amplify the small
difference between the reference voltage and the output voltage. Besides, the stability
of the designed EA is also important for the stability performance of the designed LDO,
which normally the zeros and poles will affect the output stage. Therefore, the EA
design is important for the LDO, in which selecting the suitable topologies is crucial

to achieve the design requirements of the LDO.

2.6.1 Basic Differential Pair

The simplest op-amp topology is the single stage differential pair, incorporating one
differential pair with the active load, typically utilizing a current mirror, to provide a
single ended output as shown in Figure 2.22. Due to the single stage design, this OTA
offers excellent stability, however, the single stage design leads to limited loop gain,
though having a high bandwidth. As a result, the PSRR in this OTA is limited due to
the low loop gain (Sharma, et al., 2012).
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Figure 2.22: Basic Differential Pair Op-amp
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2.6.2 Two Stages OTA

Due to the limited gain in the basic differential pair OTA, a common source amplifier
was introduced as the second stage of the OTA as shown in Figure 2.23, to increase

the gain where the loop gain is shown as:
Ay = App * Acs (2.7)

According to Equation (2.7), the second stage boosts up the loop gain. But on
the other hand, due to the second stage introduced, stability was compromised, due to
an additional pole contributed by the second stage, degrading the stability, in which
the phase margin and gain margin will decrease. To address stability issues, frequency
compensation needs to be considered in the design, typically by employing a Miller
RC circuit to alter the pole and zero frequencies to ensure stability (Yadav, 2012).

Besides, the high gain of the OTA improves the PSRR performance of the LDO.
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Figure 2.23: Schematic Diagram of Two Stage OTA with Miller RC Compensation
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2.6.3 Folded Cascode OTA

The folded-cascode topology stacks or folds a cascode transistor under the input pair
so that the input pair can be biased nearer to ground (or the opposite rail) while the
cascode transistors being biased near the opposite rail. This topology offers high loop
gain and large output voltage swing at low supply voltage. In a typical folded-cascode
OTA, the differential pair (NMOS or PMOS) drives opposite-type cascode devices
(Dammak, et al., 2008). Folded cascode topologies achieve very high gain and output
swing with only one high-impedance pole, hence they are intrinsically stable (Jusoh &
Ruslan, 2019). They also have excellent PSRR and low noise due to the cascading
transistor. The downside is complexity and increased power consumption: folded
cascode requires extra current branches, separate tail current sources and a cascode

current, increasing the transistor count.

Figure 2.24: Schematic Diagram of Folded Cascode Op-amp (Dammak, et al., 2008)

Despite the advantages offered by folded cascode OTA as discussed above,
there are several drawbacks of this topology, which is the most significant issue of this
OTA is the headroom problem. Because of the stacking of multiple transistors, the
supply voltage drops across each transistor, this limits the output voltage swing, which
the DC point of designing the OTA was limited, especially in the low input voltage

technologies. Besides, the multiple transistors increase the complexity of designing the
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OTA, folded cascode OTA required additional biasing circuit to bias the transistor,

which also increasing the power consumption of the OTA (Sharma, et al., 2012).

2.6.4  Current Based Symmetrical OTA

Current based symmetrical operational transconductance amplifier (OTA), also known
as “symmetrical” or “current-mode” OTA, is one of the topologies of OTA using a
single differential pair and with the output driving the circuit of current mirror loads,
as shown in Figure 2.25. Essentially, the normal load replaced by multiple mirror loads,
thus the output node can sink or source the high current and increasing the gain of the
OTA. This topology of OTA is a single stage thus it consumes lower static power, and

the stability performance is good compared to the 2-stage OTA.
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Figure 2.25: Schematic Diagram of Current Based Symmetrical OTA (Jusoh &
Ruslan, 2019)

Moreover, this OTA requires a high current to enhance its gain, as increasing
the current is fundamental to improving the gain of this design. Compared to the basic
differential pair OTA, it uses a current mirror to increase the gain. Thus, with a higher

current, this OTA can achieve higher gain. In other words, when the input current was
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limited, the gain of this OTA will also be limited which is similar to the basic
differential pair OTA, but in terms of the transistor number and the sizing of the OTA.
(Jusoh & Ruslan, 2019).

2.7 Summary

This chapter reviewed the fundamental aspects of LDO design, with focus on the
advantages and disadvantages between PMOS and NMOS pass devices, charge pump
topologies, and OTA performance trade-offs in modern applications. Four operational
amplifier topologies were discussed, including the basic differential pair, two-stage
op-amp, folded cascode, and current-mirror symmetrical OTA, with emphasis on gain,
bandwidth, and power efficiency. Additionally, two charge pump architectures, which
is Dickson and cross-coupled, were compared in terms of efficiency, voltage boosting
capability, and suitability for NMOS LDO gate drive. The review highlights how
different design choices impact stability, PSRR, area, and power, providing a

foundation for the methodology adopted in this project.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

According to the findings in the literature review, the proposed LDO was designed to
meet specific targets for stability, PSRR, and load regulation across wide voltage and
temperature ranges. The design incorporates an NMOS pass transistor, charge pumps
for low-voltage operation, and several OTA topologies as error amplifiers.
Implemented in Silterra 130 nm CMOS with thick-oxide devices, the circuits were
verified through process, voltage, and temperature simulations. This chapter outlines
the design flow, key building blocks, and simulation setup used to achieve the

specifications.

3.2 Simulation Corners

The design specifications of this project are based on the performance requirements of
the designed LDO, and have the simulation corner to ensure that the designed LDO is
able to operate under all condition such as full load or high temperature. This LDO

needs to provide a stable 1.2 V output voltage with 5 mA of maximum load current.

The performance of the circuit is affected by various parameters. To ensure the
designed LDO is able to operate in the designed temperature range, the simulation

condition of the temperature is set from —40 °C to 125 °C. Additionally to improve the
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practicality of the LDO, different input voltage was required in this LDO, where the
LDO needs to work in these various of input voltage, which is 1.8 V,2.5 Vand 3.3 V.

Furthermore, the process corners are also important in the design phase of the
LDO before sending for fabrication. These process corners can be categorized into
typical & typical (TT), fast & fast (FF), fast & slow (FS), slow & fast (SF), and slow
& slow (SS) corners, with the first and second parameter showing the performance of
NMOS and PMOS transistor in terms of Vru, respectively. In the typical corner, the
NMOS and PMOS will have the theoretically V7 as designed. In slow corners, the
Vru will be larger, while in fast corner, 7y will be smaller. Thus, when designing the

LDO, these corners need to be considered to validate that the fabricated LDO is

functional.
Table 3.1: Design Specifications of This Project

Technology Silterra 130 nm CMOS (Thick
Oxide Devices)

Input voltage 1.8V,25Vor33V

Output Voltage 1.2V

Maximum Load Current 5mA

Power Supply Rejection Ratio (PSRR) <-20dB (up to 1 GHz)

Operating Temperature -40 °C ~ 125 °C

Clock Frequency 150 MHz

Process Corners TT, FF, FS, SF, SS

Spot Noise of entire system <90 V?/Hz

Integrated Noise of entire system <130 V?/Hz
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Figure 3.1: Architecture of Designed System

Figure 3.1 shows the entire system architecture of this design. The proposed system
architecture is a multi-input voltage NMOS-based transistor low dropout voltage
regulator, designed to achieve a low noise output signal while delivering a stable
output voltage of 1.2 V while driving the load in the designed range, 0 A to 5 mA.,
across wide supplying voltage (Vpp) of 1.8 V, 2.5 V and 3.3 V. Due to the limitations
of NMOS-based LDO discussed in Chapter 2, the system integrates a charge pump to
provide a higher supply headroom for the op-amp in the LDO. The architecture
introduces a single to differential converter (SDC), to process the signal from the
oscillator or clock source, and to generate two differential clock signals that have a
phase shift of 180°. These generated clock signals are buffered by SDC to produce
high quality square waves, thereby enhancing the efficiency of the charge pump. This
SDC block was designed in the technology of 1.2 V, which is supplied by a voltage of
1.2 V, to improve the quality and performance of this SDC block. Furthermore, these
1.2 V differential clocks are stepped up by the following block, level shifter. This SDC
block functions to step up the differential signals up to the variable Vjp, followed by
the output buffer, that provides the drive capability to start up the capacitor in the

charge pump.

The designed LDO can maintain a strong regulation in different V,, conditions
by using this partitional separation method, avoiding the noise affecting the clock
signal and preventing the noise from the clock signal to interfere the output signal,

improving the noise suppression and stability of the entire design.
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3.4 LDO Design

Ver out D—

Figure 3.2: Architecture of Designed LDO

The proposed LDO integrated several critical blocks, including op-amp and a low pass
filter (LPF), a pass transistor and the output load. These blocks were designed to
optimize and enhance the overall performance, stability, noise suppression and the
transient response of the LDO. The op-amp is powered by the proposed charge pump,

while other blocks are powered by Vpp.

When the system supply voltage is 1.8 V, a headroom problem will arise in the

pass transistor, to ensure the NMOS pass transistor operate in saturation region:
Ves 2 Vry (3.1)

The process technology used in this LDO is Silterra 130 nm technology and due to the
maximum design value of input voltage is 3.3 V, a thick device was used in this LDO.
In typical condition, the threshold voltage (V7x) of the transistor is around 800 mV.

Therefore,
Ves =08V (3.2)
Since the Vs at this point is calculated as:
Ves = Vg — Vs (3.3)

where
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V; = gate voltage of the transistor, V

Vs = source voltage of the transistor, V

And the source of the NMOS transistor was connected to output and the gate was

connected to the output of the EA, thus
Veiming =1.2+08=2V (3.4)

where

Vi (miny = minimum gate voltage of the transistor, V

The minimum requirement of the gate voltage of the pass transistor is 2 V but
in the at 1.8 V supply voltage, the gate voltage is unable to achieve the requirement to
overcome the threshold voltage. To address this problem, a charge pump was
introduced in this situation. Besides, the same problems will occur in the condition of
Vpp in 2.5 V, which requires a wide swing in the cascading op-amp, which is limited
by the supply voltage. Thus, the charge pump is used to supply the op-amp, and using

some switch to control avoiding overcharge in the condition of Vpp in 3.3 V.

The gate voltage of the NMOS pass transistor should be higher than 2 V, thus
the DC point of the output node of the OTA was set in the minimum value of 2 V. In
calculation to ensure the NMOS pass transistor operates in saturation region using

Equation 2.1, the gate voltage should in the range of 2 V t0 2.6 V.

On the other hand, the drain current of the NMOS pass transistor flow to the
pull-down resistor was designed to be 50 uA to provide a balance between the trade-
offs of the sizing and current flow of the pass transistor according to the drain current
equation in saturation region:

K, W
* —
L

Iy = 3 * (Vgs — VTH)2 (3.5)

where
B ) . A
K,, = transistor gain, vz
W = width of the transistor, m

L = length of the transistor, m
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Once the drain current flowing across the NMOS pass transistor is established,

the load resistance can be calculated as:

R —V—l'ZV—24kQ (3.6)
load_I_SOUA_ :

where

R;oqa = load resistor,

The range of the drain current will be in between 50 pA to 5.05 mA, which is
the minimum load and maximum load of the NMOS pass transistor. The gate
dimensions of the NMOS pass transistor need to be large enough to cater for the
maximum load current at 5.05 mA. Lastly, the load capacitor used for enhancing the
stability and high frequency response, may decrease the bandwidth by pushing the
poles to a lower frequency, which improves the stability of the system, which is one

of the trade-offs designing this LDO circuit.

Besides, an RC LPF is placed between the output of op-amp and the gate of the
pass transistor. This LPF was integrated to attenuate those high frequency noise,
especially the high frequency ripple arising from the charge pump, and clock system,
from being injected into the gate of the pass transistor. Furthermore, this LPF block
also able to introduce a pole to assist the frequency compensation and enhancing the

overall stability performance in the close loop system.

35 Clocking System Design

In this proposed NMOS-based LDO, a gate voltage of the NMOS pass transistor
should be significantly larger than the Vj, to drive the pass transistor efficiently. To
achieve this specification in this design, a charge pump was introduced, to increase
and charging the supply voltage significantly. According to the findings in Chapter 2,
to enhance the efficiency or performance of the charge pump, two high quality
differential square wave with a phase shift of 180° are required. To ensure the

amplitude of the clocking signal varies with the Vpp, several blocks are required.
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3.5.1 Single to Differential Converter (SDC) Design
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Figure 3.3: Schematic Diagram of Designed SDC in Transistor Level
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Figure 3.4: Schematic Diagram of Designed SDC in Block Level

The primary function of this single to differential converter (SDC) is to generate two
high quality differential square waves with the phase shift of 180°, while received an
oscillating signal from oscillator or ideal clock signal generator. The schematic
diagrams of the designed SDC in transistor level and block level are shown in Figure

3.3. and Figure 3.4 respectively. As shown in Figure 3.4, the designed SDC consists
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of 2 buffers and 9 inverters, with 22 transistors in total for this block. By the
combination and arrangement of this buffer and inverter, this SDC can generate a high-

quality square wave in the same frequency with the signal received from previous

block which is set in 150 MHz in this design.

Besides, the designed SDC is designed entirely in the Vpp at 1.2 V to minimize
the dynamic power consumption while those transistors were switching in high
frequency. The design of the loop from the input signal to the negative output signal
(Vout n) should be symmetrical to the loop of the positive output signal (Vjy; ) to
avoid the propagation delay cause by those logic gates. If the transistor from these two

loops was not designed properly, it will affect the efficiency of the charge pump.

In short, this SDC block is a single input and duo output block which can

generate two high quality square wave while received a single input signal.

3.5.2  Level Shifter and Buffer Design
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Figure 3.5: Schematic Diagram of Designed Level Shifter

As the SDC was designed in the Vpp, at 1.2 V, the amplitude of the output signal from
the SDC will be aligned at 1.2 V. This voltage level is lower than the output amplitude
required to drive the capacitor in the charge pump to operate in the main V. This

level shifter block acts as a bridge between the stable 1.2 V clocking core domain and
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the variable Vpp (1.8 V, 2.5 V and 3.3 V) domain. A well-designed level shifter can

raise the low-voltage signal to the high voltage signal.

The designed level shifter should be able to operate in different temperature
and process corners to ensure the reliable state transition. Specifically, the NMOS
transistor must have the capability to overcome the latching force generated from the
PMOS transistor cross coupled load, that will be powered up to 3.3 V. To enhance the
driving capability of the level shifter, which is required to drive the large capacitor in
the charge pump, due to the capacitor is being charged and discharged in high
frequency, requiring current flowing in the rising and falling stage, a 4-stage output

buffer was introduced.

M1 M3 M5 M7

Vobuft_in —e 1
—] M2 —]_ M4 —_ ™6 ——] m8

Vobuﬂ_oul

Figure 3.6: Schematic Diagram of 4-Stage Output Buffer in Transistor Level

Inverterl Inverter?2 Inverter3 Inverter4

obuff_in 3—{>° {>° > D"_Dvobuff_out

\Y

Figure 3.7: Schematic Diagram of 4-Stage Output Buffer in Block Level

Following the level shifter, a cascading inverter chain output buffer, powered
by the Vjp is implemented. This output buffer consists of 4 inverters, and the transistor
size in each stage must be designed according to the proportion as 1:2:4:16 to drive
the large capacitive load in and flying capacitor in the charge pump without distorting

the quality of the square wave.
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3.6 Charge Pump Design

The charge pump is the final stage in the voltage boosting architecture, used to increase
the voltage headroom for the op-amp by multiplying the V,p and clock signal
generated in previous blocks. This charge pump should be designed to operate
efficiently in all process, voltage and temperature (PVT) corners, especially due to the
amplitude of the clock signal varies with the Vjp. In other words, this proposed charge
pump needs to provide a supply voltage to the op-amp, that can drive the pass transistor
to operate in saturation region in low Vpp condition, while to ensure the supply voltage

will not cause oxide breakdown in high Vjp corner.

3.6.1 Cross-Coupled Charge Pump Design

According to the needs and requirements of the design, this cross-coupled charge
pump is used to address the issue while the Vpp, is 1.8 V. The charge pump needs to
supply a stable voltage of minimum 3 V for a maximum load of 30 pA with the lowest
ripple in the output voltage. According to the discussions in literature review, cross-
coupled charge pump is the most suitable design topology to fulfil the requirements

for this design.
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Figure 3.8: Schematic Diagram of Designed Cross-Coupled Charge Pump
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The designed two stage cross-coupled charge pump was shown in Figure 3.8,
incorporating 6 NMOS and 6 PMOS transistors, and 7 capacitors. This design
minimizes the voltage drop in the charge pump by ensuring that the voltage drop in
this cross-coupled charge pump is kept below 800 mV. Accordingly, the Vps of each
transistor is designed to be less than 200 mV, while still maintaining operation in the

saturation region. As calculation, the output voltage will be:

Vour = 3Viy — 6Vps (3.7)
where
Voyr = output voltage of the charge pump, V
V;n = input voltage of the charge pump, V

Vps = drain to source voltage of the transistor, V

The minimum output voltage of this charge pump was designed to be higher
than the saturation requirement of the NMOS pass transistor, which requires a gate
voltage in the range of 2 V and including the voltage dropped in the design OTA, the
output voltage of OTA will be in 2 V, that have a wider output swing voltage.

Vstagez clk_p

Vep en b M16 M17 Vep_en

1—| > sigl

Vep_out Vep_en b —{M18

Figure 3.9: Control Circuit of Proposed Charge Pump

“M15

To prevent the charge pump overcharging in high Vj, condition, the control
circuit shown in Figure 3.9 is designed. This control circuit was designed to be enable
low, controlled by 1 bit signal, V¢p ¢, 1s in 0 when Vpp 1s in 3.3 V (high voltage). This
control circuit will pull down the sigl, close the third stage and short the output net
with the second stage signal (Vsigge2). While the Vpp in low-voltage (1.8 V and 2.5
V), Vcp en Will be set as “1° and the designed charge pump will operate as usual as a

3-stage charge pump.
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3.7 Op-amp Design

In LDO, the op-amp plays the critical role in determining the performance of the LDO.
In other words, choosing the most suitable topologies of op-amp and designing
accordingly the requirement spec of the LDO will enhance the LDO performance. The
DC point setting in the op-amp is very important such as the current flow across each
net and total current flow, the voltage at each nodes need to be calculated to ensure all
the transistors operate in the saturation region, and the DC point setting also affecting
the gain, bandwidth and PSRR of the op-amp, indicating a good DC point setting will

enhance the op-amp performance.

3.71 DC Point Setting

Folded

Ver_out D| Cascode
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""" Biasing
Circuit
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Pair

Figure 3.10: Schematic Diagram of Designed Folded Cascode Op-amp

A folded cascode op-amp topology was selected in this project, which can achieve a
high loop gain and better stability performance. As compared to the traditional two-
stage op-amp, folded cascode was designed in single stage while providing a wider

input common mode range and pushing the non-dominant pole to a higher frequency.
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This architecture simplifies the frequency compensation of the overall LDO design
while reducing the silicon area by eliminating the Miller compensation network, that

typically requires a large and area intensive capacitance.

The designed folded cascode op-amp consists of a differential input pair, a
folded-cascode stage and a biasing network. The input stage utilizes the NMOS
differential pair. This differential pair compares the difference between the referencing

voltage (Vzgr) at 1.2 V and the feedback voltage from the LDO output node. These

. . . . . 30 ..
transistors were sized in a large width to length ratio of 4—u” to maximize the

transconductance, enhancing the overall DC gain and reducing the input offset voltage.

The current flow in this loop was designed to be 5 pA in each transistor.

The signal, being in current derived from the differential pair will be sent to
the folded cascode stage. In this cascading stage, two PMOS transistors are connected
in a common gate configuration, yielding a high overall gain without cascading to
another amplifying stage. The total current flowing in this cascading stage was set at
30 pA. The DC point settings for the transistors are critical to ensure all the transistors

operate in the saturation region, enhancing the gain and stability of overall system.

A current mirror network providing a stable biasing current for the input
differential pair and the biasing network circuit. The biasing network is used to provide
a stable DC point for the cascading stage to stabilize the performance of the op-amp

in each PVT corner.

3.7.2  Small Signal Analysis

To perform small signal analysis of the folded cascode op-amp, the superposition
method can be used to simplify the small signal circuit to reduce the complexity in the
calculations, by separating the folded cascode op-amp into the amplifier and current

mirror parts.
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Figure 3.11: Small Signal Analysis Circuit in Amplifier Part
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Since the gate of M7 was connected in a constant DC biasing point, thus, in

small signal analysis, the M7 gate can be assumed to be connected to the AC ground,

and the gain of this amplifier part can be calculated as:

KCL at node v,,;:

Vout — Vs7
— 9m7Vs7 =0
To7

where

Vout = output voltage of the op-amp, V

v = source voltage of the op-amp, V

gm = transconductance of the transistor, S

1, = output resistance of the transistor,

Simplify Equation 3.3:

v = Vout
s7 —
1+ gmr7o7
KCL at node vg7:
Us7 = Vout — Vs7 Us7 0
- + ~Ym7Vs7 — Ym2Vin — -
Tos To7 To2

(3.8)

3.9

(3.10)



Substitute Equation 3.3 into Equation 3.4 and simplify:

Vout
Avamp = U_ = —9m2 (Toz//ros)(l + Gm7707)
in
where

Ayamp = gain of the amplifier, 5

v Imirror

Figure 3.12: Small Signal Analysis Circuit in Current Mirror Part
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(3.11)

Similar to transistor M7, the gate of transistor M 11 is also connected to the AC

ground, and the current mirror part can be analysed as follows:

KCL at node V,,;:

Vout — Vso
+ GmoVgso = 0
To9

Simplify Equation 3.7:

(3.12)



Do = Vout
g = — 2
* 1+ gmoToo
KCL at node Vgq:
Vout — VUsg Vg9
+ GmoVgso — =0
To9 To11

Substitute Equation 3.8 into Equation 3.9 and simplify:

To9

)

Vout = Us9(gm9ro9 +1+ r
ol1l

Calculate i,,;:

i _ Uso9
out —
To11
where
oyt = Output current, A
Calculate 1,,,;:
_ Vout
Tout = =
Lout

where

Tout = Output resistance, €

Substitute Equation 3.10 and Equation 3.11 into Equation 3.12

T,
VUsg (gm9ro9 +1+ ro9)
011

Vsg
To11

Tout =

Simplify Equation 3.13

Tout = 9moTo97011

Combining amplifier and current mirror part:

Ay = Imall o2/ /T05) (L + Gma767)1/ / (GmoTooTo11) }

where
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(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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A,, = gain of the op-amp, g

Thus, the overall DC gain of the proposed folded cascode op-amp is expressed
in Equation 3.15. These derivations show the critical parameters that might affect the
DC gain of the folded cascode op-amp, and designing the op-amp to achieve a precise

balance between the gain and silicon area.

3.8 Summary

This chapter presented the design methodology developed to implement the proposed
LDO regulator. The system specifications, including supply voltages of 1.8 V, 2.5V,
and 3.3 V, stable output voltage at 1.2 V, a load current up to 5 mA, phase margin
above 45°, PSRR below —20 dB, and a wide temperature range, were established as
design constraints. To meet these requirements, two charge pump topologies (Dickson
and cross-coupled) were designed for gate boosting at low supply voltage, while four
OTA topologies were evaluated under a maximum bias current of 30 pA. All circuits
were implemented in Silterra 130 nm CMOS technology with thick-oxide devices and
validated across process, voltage, and temperature variations. The methodology
ensures that the regulator design is robust, power-efficient, and suitable for integration

in modern SoC and IoT systems.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter presents the simulating result and performance of this proposed multi-
input voltage NMOS-based low dropout (LDO) voltage regulator system. To validate
the robustness and efficiency of the complete system, including the clocking
generation system, level shifter, charge pump and LDO was simulated and analysed.
This proposed system was evaluated under across the variable Vjp while operating

under no load (0 A) and full load (5 mA).

The subsequent section discusses the detail performance and functional
verification of each critical sub-block. First, the 1.2 V clock generation and
conditioning domain, including the SDC, and level shifter was evaluated. Besides, the
performance of the voltage boosting block, charge pump, will be analysed including
the ripple and efficiency. Finally, the closed loop performance of the LDO system was
presented, focusing on key regulatory performance such as transient response, load
regulation, line regulation, PSRR, stability and noise analysis to confirm the design

meets all targeted specifications.
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4.2 Clock Generation and Conditioning

This subsection shows the result of the output signal from the SDC, level shifter and
output buffer, which operate in 1.2 V supply voltage. Besides, this subsection also
discusses about the performance and quality of the output signal from each block
including the frequency, rise and fall time and the duty cycle, ensuring and proving
this proposed foundational timing signals are clean and robust to supply the clock signa

to following blocks.

4.2.1 Single to Differential Converter (SDC)

As discussed in previous section, this SDC is used to generate two differential square
wave signal in 180° phase shift and short rising and falling time. The foundational
timing signal required to evaluate, ensure the flowing blocks can receive clean and

robust clocking signal, and enough to drive the subsequent voltage boosting stages.
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Figure 4.1: Transient Response of Input Clocking Signal (Red), V,,,¢ , (Green), and
Vout p (Purple)

Figure 4.1 illustrated the duo differential output signal of proposed SDC, while

the SDC received the clocking signal from the oscillator or ideal clock source with the
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designed frequency, 150 MHz, this SDC can generate two stable and high quality
differential square wave with the phase shift of 180°.

094
08
074
=
So6
05
0.4 -

0.3

0.2

014

004 ~

3575 a6 3625 365 3675 37 3725 375 3775 38 3825 385 3875 39 3925 395

Figure 4.2: Rising Edge of V1

f Y A S L L A A A TR 0L O VAR TN LAV VARL AR -

133
12
114
101 6.694455ns 1.088095V
09
o8]
07
-~
053
o4
03
02
= 6.715891ns 123.8931mV
004
o
655 6.575 66 6.625 6.65 L. 67 6725 675 6775 68 6.625

Figure 4.3: Falling Edge of Vj,;



vy
o
@

£1200
gp-
£
¥ 60
i e
% 475 3: 90.36644ns 45.09487%
E
00 - . ‘ . . ‘ - . - - ‘ . ‘ . ‘
0.0 300 60.0 0.0 120.0 150.0 180.0 2100 .0 270, 300.0 330.0 360.0 380.0 420.0 450.0 480.0
time (ns)

Figure 4.4: Measurement Result of V. ,, Frequency (Red), Period (Yellow) and
Duty cycle (Green)

3.66166ns 1.083521V

3.679319ns 118.7086mV

I

Figure 4.5: Falling Edge of Vi,



124

114

104

091
081
074

o6
05
0.4
03

0.2

0.0

655 6575 66 6.625 6.65 6.675 67 6.725 6.75 6.775 68 6.825 6.85

Figure 4.6: Rising Edge of V¢ p

viv)

0.6

0.2 3

;

M6: 43.84627ns
149.9079MHz
150.0

frequency (MHz)

B
o,
i

el
£

M5: 43.70451ns 6.670574ns

Ed
£l

period (ns)
o
'Y

»
LY

o
y

M4: 33.10347ns 54.484%

52.5

dutyCycle (%)

&
Z

oo 200 0.0 50.0 100.0
time (ns)

Figure 4.7: Measurement Result of V¢ ,,, Frequency (Red), Period (Yellow) and
Duty cycle (Green)



56

The Single to Differential Converter (SDC) effectively processes the input
oscillating signal to generate two differential high-quality square waves with a precise
180° phase shift. Operating at a stable frequency of 150 MHz, the designed SDC
generates signals with a period of 6.67 ns and duty cycles maintained between 45%
and 54%. Detailed transition analysis shows sharp signal integrity, with a rise time of
approximately 21.48 ps and a fall time of 21.43 ps in the negative output of SDC. On
the other hand, due to the symmetrical design in the SDC, the positive loop has the
same frequency and period compared with the negative output signal, but the duty
cycle was increased to 55.5% instead of 45%. This is due to the Vo, , and Vyy , was
inverting to each other. Furthermore, the rise and fall time for this positive output

signal is in 24.36 ps and 17.66 ps respectively.

According to the performance of the designed SDC, the output square wave is
in short rising and falling time, which minimizing the switching losses within the
transistor, enhancing the efficiency for the following blocks. Meanwhile, the output
signal shown in Figure 4.1, exhibits some overshoot and undershoot during voltage
transitions, while the signal changing from high voltage to low-voltage and the same
problem occur while the voltage switching from low-voltage to high voltage, known
as overshoot. These transient effects are primary due to the parasitic capacitance in the
transistor specifically the gate to source (C;s) and gate to drain (C;p). During high-
speed switching, these parasitic elements undergo rapid charging and discharging
cycles which might cause the oxide breakoff in the transistor. Since these parasitic
capacitances is proportional with the transistor dimensions, therefore the sizing is very
important. In these implementations, however, the proposed SDC achieves a well-
regulated transistor with small overshoot and undershoot, ensuring the long-term

reliability for the devices.

Furthermore, two of the output clocking signals was oscillating in the same
frequency and period with the input signal, ensuring no frequency instability occurs in
this block. Besides, both output signals have the duty cycle of 45% to 55%, which
ensuring the flying capacitor in the Charge Pump have enough time to charge and
discharge. This optimization ensuring the SDC provides a high-quality clocking signal
to subsequent blocks to maximize the power conversion efficiency and minimize the

required start-up time for the charge pump.
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4.2.2 Level Shifter

The level shifter functioning as a key voltage regulation interface between the clocking
architecture, used to bridging the low-voltage supply, 1.2 V, clocking core domain of
the SDC to the variable V, domain. As the result shown in the previous section, the
proposed SDC can generate two high qualities differential clocking quare wave with
the amplitude and frequency in 1.2 V and 150 MHz respectively. This clocking
amplitude is unable to drive the flying capacitor in the charge pump. This proposed
level shifter successfully increases the amplitude scale with the variable Vjp, ensuring

a full rail-to-rail voltage swing across all the voltage corners.
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Figure 4.8: Transient Response of Level Shifter, Viysrt out n (Green) and

Vivisgt out p (Pink) with Vpp at 1.8 V
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Figures 4.8 through 4.19 illustrate the simulated transient response of the
clocking signals generated by the level shifter, including the frequency, period, duty
cycle, and the rising and falling time. Because the positive and negative differential
clock signals exhibit highly symmetrical performance, the subsequent analysis focuses
primarily on the negative clocking signal for simplicity. Across all variable voltage
corners, the level-shifted signal successfully maintains the target operating frequency
at 150 MHz. The duty cycle is well-regulated between 40% and 45%, which provides
a sufficiently balanced charging and discharging window to ensure symmetrical charge

transfer in the following cross-coupled charge pump.

On the other hand, the rise and fall times of this level-shifted signal show an
increase when compared to the raw output of the SDC, exhibiting rise times of
approximately 300 ps and fall times near 103 ps at a 1.8 V supply voltage. This
increase is an expected dynamic trade-off, which is a direct result of the cross-coupled
PMOS transistors load in the level shifter translating the voltage amplitude, combined
with the heavier parasitic capacitive load, present in the subsequent 4-stage output
buffer. However, despite this slight increase in transition time, the edges remain sharp

enough to effectively mitigate shoot-through currents in the charge pump.
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By delivering a clean and stable full swing square wave to the output buffer,
this block ensures the transistor in the charge pump will eventually operate as a switch,
and the flying capacitor can charge and discharge in every cycle. If this level shifter is
unable to scale the amplitude of the clocking signal with the variable voltage corners,
it will reduce the efficiency of the charge pump. In the worst-case scenario, the charge
pump will be unable to pump the voltage to reach the target value, rendering the entire

LDO system inoperable.

4.2.3  Output Buffer

Following the voltage translation, a 4-stage output buffer is implemented to increase
the driving capability to ensure the level shifter can drive the high capacitance load in
the charge pump. While the level shifter can scale with the variable voltage supply, it
lacks the raw of the current capability that required to drive the flying capacitor directly.
This output buffer performs as a high-power current amplifier, effectively isolating the
sensitive level shifter from the heavy capacitive load of the charge pump and
preventing the high-frequency square waves from becoming rounded or heavily

distorted under load.
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Figure 4.20: Transient Response of Output Buffer, Vjpy, 55 our With Vop at 1.8 V
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The simulation results of the output buffer are shown in Figures 4.20 to Figure
4.31. This output buffer improves the clocking square wave quality by reducing the
rising time from 706.05 ps to 300 ps in 1.8 V supply voltage, while operating in the
same frequency. Furthermore, analysing the performance across variable voltage
corners reveals a critical synergy between the level shifter and the output buffer. The
transition performance of the level shifter fluctuates significantly depending on the
supply voltage. Where, it performs poorly at 1.8 V but improves significantly at 3.3 V
due to the stronger pull-up ability of the PMOS transistors. In contrast, the output
buffer effectively normalizes the signal across all corners. Regardless of how much
the level shifter struggles with propagation delay at lower voltages, the progressive
inverter chain absorbs the timing penalty and consistently outputs a sharp, high quality
square wave. Together, these two blocks ensure that the rigorous voltage and current
demands of the 150 MHz charge pump are met securely, establishing a highly stable
foundation for the entire NMOS LDO system.
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4.2.4 Summary of Each Clocking Block Performance

Table 4.1: Summarized Result of Each Blocks in Clocking Generation and

Conditioning
Fall
Vpp Corner | Frequency Duty Rise Time |
Outputs Time (t5)
V) (MHz) | Cycle (%) | () (ps)

(ps)

SDC 1.2 (Core) 150 45.10 21.48 21.43
1.8 150 43.80 706.05 232.51
Level Shifter 2.5 150 43.30 516.03 341.68
33 150 45.60 442.12 466.86
1.8 150 40.30 300.12 103.04
Output Buffer 2.5 150 43.30 252.77 78.49
3.3 150 44.30 197.63 75.53

In short, the clocking system successfully generates and conditions a robust 150 MHz
differential clock signal across all variable voltage corners (1.8 V, 2.5 V, and 3.3 V).
The Single to Differential Converter (SDC) initiates the process within a low-power
1.2 V domain, producing pristine square waves with ultra-fast transition time around
21 ps. The level shifter accurately scales this 1.2 V amplitude to match the main supply,
though it inherently introduces propagation delays, such as a rise time of 706 ps at the
lowest 1.8 V corner, due to the NMOS network fighting the cross-coupled PMOS load.
To counteract this signal degradation, the progressively sized (1:2:4:16) output buffer
acts as a critical signal conditioner. It effectively absorbs the level shifter's delay,
sharpening the sluggish edges back down to 300 ps and maintaining a balanced 40 %

to 45 % duty cycle. Together, these blocks ensure the massive capacitive load of the
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downstream charge pump is driven efficiently without catastrophic high-frequency

ringing or shoot-through currents.

4.3 Charge Pump Result

Following an analysis of the clock signal integrity from previous blocks, the charge
pump was optimized for the highest efficiency which minimize the voltage drop across
the transistor and maximize the efficiency for the charge pump. Besides, the transient
characteristics of the output signal and voltage are also important, including the setup
time and output voltage ripple. These parameters are critical to maintaining the signal

integrity and noise performance of the overall LDO system.
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Figure 4.32: Transient Response of Charge Pump Output Signal with Vpp at 1.8 V
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Figure 4.32, Figure 4.34 and Figure 4.36 show the transient response of the
charge pump output signal at 1.8 V, 2.5 V and 3.3 V respectively. In the 1.8 V corner,
which is the most critical corner, the charge pump needs to provide enough headroom
for the NMOS pass transistor and the cascading stage in the op-amp in saturation
region. This simulation result shows that this proposed charge pump achieves the
startup time of approximately 103.58 ns. When it was stabilized, the output voltage is
oscillating between the maximum of 3.37 V and minimum of 2.87 V, having a 508.7
mYV peak-to-peak voltage ripple. The average output voltage is around 3.236 V, which

exceed the minimum requirement for the NMOS pass transistor and op-amp.

Besides, in 2.5 V corner, with a higher supply voltage, the charge capability
increases. The startup time improves to approximately 94.65 ns. The output voltage
ranges from 3.44 V to 4.15 V, exhibiting an increased peak-to-peak ripple of
709.6 mV, and average output voltage is 4.05 V. On the other hand, At the highest
supply corner, 3.3 V corner, the control circuit actively intervenes to short the third
stage and operate the pump as a 2-stage architecture to prevent oxide breakdown. The
startup time is the fastest at 81.20 ns. The output voltage operates safely between 4.00
V and 4.96 V, with a peak-to-peak ripple of 959.0 mV.
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To evaluate the noise profile injected by the charge pump switching, a fast
Fourier transform (FFT) analysis was conducted on the output signals. Figures 4.33,
4.35, and 4.37 present the frequency spectrum across the three voltage corners. In all
the corners, the highest magnitude occurs at DC, with the value of 10.18 dB, 12.12 dB,
and 13.63 dB for 1.8 V, 2.5V, and 3.3 V respectively. These results show the proposed
charge pump successfully performs DC-to-DC conversion. Due to this charge pump
was driven by the clocking signal of 150 MHz, a significant harmonic spike shows at
exactly 150 MHz across all corners. The magnitude of this switching noise is —51.84
dBat 1.8 V,-20.49 dB at2.5V, and —15.26 dB at 3.3 V. Additional sub-harmonics
and higher-order harmonics are also observed at 50 MHz, 100 MHz, and 200 MHz,
largely caused by the clock feedthrough and charge injection from the parasitic

capacitances of the switching transistors.

The results show that the proposed charge pump have a better performance at
higher supply voltages with improved efficiency and startup time, increasing the peak-
to-peak ripple and the magnitude of the 150 MHz switching harmonic. This high-
frequency ripple is primarily driven by clock feedthrough, where the 150 MHz square
wave being coupled through the C.s and Cg;p parasitic capacitances of the pumping
transistors. If this ripple of 950 mV is fed directly into the gate of the NMOS pass
transistor, it would severely modulate the LDO output and causing the PSRR
performance to fail. Therefore, these FFT results strongly justify the decision to
include the RC low pass filter (LPF) between the error amplifier output and the pass
transistor gate. The LPF is explicitly required to attenuate these high frequency
harmonics, ensuring that the heavy switching ripple produced from the charge pump

does not compromise the sensitive analog regulation of the LDO.

In summary, the proposed charge pump can boost up the supply voltage to the
necessary level as to the op-amp to overcome the headroom limitation inherent in the

NMOS-based LDO in all the voltage corners.
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4.4 Overall LDO System Result

After discussing about the performance of the individual blocks, such as the clocking
signal generation and enhancement system and the charge pump, this section shows
the comprehensive revolution for the whole integrated NMOS-based low dropout
(LDO) voltage regulator system. This system level analysis is used to verify and
analyse the proposed folded cascode op-amp and overall LDO block is able to meet
the high noise reduction performance for the IoT or SoC applications. The following
results were obtained by performing the detailed simulations of the entire system under
various of power supply ranging in 1.8 V, 2.5 V and 3.3 V, a full temperature spectrum,
including -40 °C, 40 °C and 125 °C, and across the process corners. These results
present to ensure the loop stability and noise suppression of the entire system, to

maintain a stable 1.2 V output while delivering a load current up to 5 mA.
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Figure 4.38: Transient Response of Full LDO System in Full Corners
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Table 4.2: Summarized Result of Full LDO System in Full Corners

Proposed LDO System

Outputs 0 A load 5 mA load
Minimum Maximum | Minimum | Maximum
Average of V¢ (V) 1.197 1.2 1.2 1.2
Gain_Margin (dB) 33.38 40.03 46.37 56.92
Phase Margin (°) 64.34 71.65 68.01 74.15
Phase Dip (°) 89.5 91.65 56.94 66.59
Frequency of Phase Dip

Located (Hz) 72.44 k 47.863 k 10.47 k 691k
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Table 4.2: Summarize Result of Full LDO System in Full Corners (cont’d)

Proposed LDO System

Outputs 0A load 5 mA load
Minimum Maximum | Minimum | Maximum
PSRR in DC (dB) -160.6 -101.7 -151.5 -49.58
PSRR in 100MHz (dB) -59.95 -50.64 -38.1 31.53
Maximum PSRR (dB) -37.22 -32.2 -36.82 -30.21
Frequency of Maximum
1.955M 3.02M 3.02M 3.02M
PSRR Located (Hz)
Spot Noise at IKHz (Z—i) 4.785 f 69.52 f 4.746 f 81.05f
Spot Noise at I0KHz (2—2) 1.556 f 11.46 f 1.547 t 11.46 f
Spot Noise at 100KHz
y2 1.209 f 5276 f 1.202 f 5252 f
)
Integrated Noise at IMHz
v2 3381 pn 68.73 n 334 67.73 n
)
Integrated Noise at
V2 56.57 u 88.75 n 55.45 1199 n
100MHz ()

Table 4.2 summarizes the simulation results conducted for the proposed LDO

design, demonstrating highly precise static regulation across all of the simulation

corners. The LDO successfully maintains a stable output voltage with an average value
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between 1.197 V to 1.2 V, regardless in no load or full load (5 mA) conditions. The
simulation results confirm this LDO can produce a stable 1.2 V output with a small
error of 3 mV, under full process, voltage and temperature corners, ensuring the
robustness of the unity feedback network and op-amp to tracking the difference

between the feedback voltage (Vyp) and the reference voltage (Vggr), despite of

external fluctuation.

In addition, regarding the frequency response and loop stability, the LDO
demonstrates the exceptional performance, exceeding the initial design spec
significantly. The system can achieve a minimum phase margin of 64.34° at no load
and rising to 74.15° under full load, which is well beyond the standard stability
requirement of 45° for this project. The gain margin ranges from 33.38 dB to 56.92 dB
across all the corners. These stability performances validate the architecture decision
of choosing the folded cascode op-amp as the error amplifier in this work. This
topology provides good stability and high loop gain without requiring any Miller
network by pushing the non-dominant pole to a higher frequency, optimizing the

overall area while maintaining a high performance.

The power supply rejection ratio (PSRR) and noise analysis further
highlighting the noise performance for the high-performance applications. The
proposed system can block the supply noise, with the PSRR values are able to achieve
as low as -160.6 dB under light load conditions. In high frequency conditions,

especially in 100 MHz, the PSRR maintains generally between -38.1 dB to -59.95 dB.

2
Moreover, the integrated noise analysis shows the value of 119.9 u% at 100 MHz in

2 2
full load condition, and the spot noise was controlled between 1.202 f % t05.252 f %

Besides, Figure 4.43 shows the worst case transient and its corresponding FFT result.
Under the worst-case scenario, the LDO system having the output voltage at 1.2 V
with the ripple of 1 mV, while having the FFT in the steady state of the output voltage,
the spectrum reveals the same harmonic component at 50 MHz, 100 MHz, and 150
MHz, being carried from the charge pump. However, the magnitudes of these
harmonics are suppressed to a maximum of -67.13 dB, which is considerably lower
than the levels observed in typical process corners. The effectiveness of this noise
suppression is largely attributed to the strategic placement of the RC low pass filter

(LPF) between the OTA output and the pass transistor gate, which filters out high-
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frequency ripples, particularly the 150 MHz switching noise from the charge pump,

before they can modulate the output.

In the final analysis overall system performance, the integration of the cross-
coupled charge pump and the proposed clocking blocks successfully overcomes the
primary limitations of NMOS pass transistors. The charge pump ensures the NMOS
device remains securely in the saturation region for optimal current drive and
regulation by generating a steady gate overdrive voltage that exceeds the required 2 V
threshold even when the main supply is at its lowest corner of 1.8 V. While the charge
pump introduces significant switching noise at 150 MHz due to clock feedthrough and
charge injection, the FFT and PSRR results justify the necessity of the LPF to attenuate
these harmonics. In short, the system meets all targeted specifications for stability,
transient response, and noise rejection, proving that this architecture is a robust and

power-efficient power management solution for modern SoC and IoT devices.

4.5 Regulatory Performance and Power Analysis

This subchapter evaluates the static regulatory capabilities of the LDO, especially
focus on the ability to maintain a stable output across all conditions. The key
performance parameter discussed include quiescent current (I, ), load and line
regulation, and overall power consumption, which are critical for the efficiency of the

power management system in IoT applications.

4.5.1 Quiescent Current

The quiescent current is the current consumed by the LDO itself to maintain regulation
in no load condition, defined by the difference between input and output current. For
this work, the total I is primarily dominated by the bias currents in the folded cascode
op-amp and the switching current of the charge pump. The OTA is designed with a
total cascading branch current of 30 pA, with the input NMOS differential pair

consuming 5 pA for each transistor. This low-power biasing strategy ensures that the
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regulator remains energy-efficient during idle states, which is a key requirement for

extending battery life in portable SoC devices.

4.5.2 Load Regulation

Load regulation measures the LDO’s ability to maintain a constant 1.2 V output while
the load current changes from no-load (0 A) to full-load (5 mA). As discussed in
previous section, the average output voltage remains remarkably consistent, rolling

between 1.197 V and 1.2 V across all simulation corners.

This high level of precision indicates that the NMOS-based regulator possesses
a very low output impedance, allowing it to respond rapidly to current steps without
significant voltage drop or undershoot. The intrinsic transconductance of the NMOS
pass transistor actually increases as the load current rises, which enhances loop gain
and improves regulatory accuracy under heavy loads. This results in a stable supply
voltage that is essential for preventing functional errors in sensitive digital and analog

subsystems within a System on Chip (SoC).

4.5.3 Line Regulation

Line regulation evaluates the stability of the 1.2 V output voltage as the input supply
voltage varies across the designed range of 1.8 V to 3.3 V. The simulation data
confirms that the LDO maintains excellent regulation throughout this wide input
spectrum. The successful integration of the charge pump is the primary driver for this
performance; by providing a gate overdrive voltage that scales dynamically with the
input supply, the system ensures the NMOS pass transistor never enters the linear

region, even when the input voltage is at its minimum of 1.8 V.
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4.54 Power Consumption

Table 4.3 illustrated the average power consumption of each sub-block and the total
system across the supply voltage and load conditions. This analysis showcasing and
evaluating the efficiency of the NMOS LDO, with the high frequency clocking system
and charge pump included which introduce additional power requirement and penalties

to achieve the gate overdrive.

Table 4.3: Average Power Consumption in Each Block

Average Power Consumption (W)
Load 0A 5mA 0A 5 mA 0A 5 mA
10.1904 10.2003
SDC 54972m | 54972m | 7.755m | 7.7525m
m m
Level
12833 n | 12834 | 256.14 n | 58349 pn 7371 n | 73.755
Shifter
Output 125.565
24.066m | 24.066 m | 56.45m | 56.475m | 125.73 m
Buffer m
Charge
140.56 n | 139.73 u | 25825 | 25575 | 19833 u | 90.321 p
Pump
LDO 84.67 n 908m | 11795 | 12.62m 156.55n | 16.68 m
Total 5424m | 63.24m | 121.80m | 133.75m | 26223 m | 278.32 m

According to the results shown in Table 4.3, majority of the power is consumed
by the clocking system specifically in the SDC and output buffer. In the 1.8 V supply
corner, the SDC consumed 5.497 mW, while the output buffer accounts for a 24.07
mW per branch. While increasing the Vpp from 1.8 V to 3.3 V, the power consumption
of the output buffer jumps to 125.73 mW, because this power consumption of each

block increases with Vpp. This high-power consumption is an architecture trade-off
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between the frequency and the efficiency of the charge pump, which the charge pump
requires a high-quality clocking signal and frequency to enhance the efficiency of the
flying capacitor, Consequently, the output buffers must provide significant driving
strength to maintain sharp transition edges, which inherently increases the dynamic

power dissipation of the system.

Besides, the power consumption of the LDO block is heavily dependent on the
load current. In 1.8 V Vpp corner, the LDO block consumes only 84.67 uW in no-load
condition. With the load increased to 5 mA, the power consumption of the LDO block
increases significantly to 9.08 mW. This increase is expected for the NMOS pass
transistor to handle the full current load. Furthermore, the charge pump and level
shifter blocks maintain a low power consumption in the range of pW in all conditions,
showing the efficient voltage translation and charge transfer with a minimal leakage

loss.

In overall, the total power consumption ranging from 54.24 mW in 1.8 V no-
load condition, to 278.32 mW at 3.3 V with full load. Because of the clocking system
circuit has a certain power consumption requirement, this proposed variable voltage
supply NMOS-based LDO with clocking system can achieve the primary objectives,
which this system is able to operate in a low-voltage up to 1.8 V. The results confirm
that the system is robust and capable of delivering a stable 1.2 V supply, with the
higher power consumption being a necessary cost for the improved transient response

and smaller silicon area offered by the NMOS architecture.

4.6 Summary

In short, this chapter showing the simulation result of each block and entire system
level, ensuring the proposed system is able to achieve a high performance across all of
the simulation corners, including different process, voltage and temperature (PVT)
corners. The designed clocking enhancing system is able to generate a robust 150 MHz
square wave with a sharp rising and falling edge, enhancing the Charge Pump
performance. Besides, the Charge Pump was designed to overcome the headroom issue

faced by the NMOS-based LDO, by maintaining a steady supply exceeding a 3 V to
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increasing the headroom of Folded Cascode op-amp, and the pass transistor, ensuring
all the designed transistor work in the saturation region. On the other hand, the overall
system simulation result validates the architecture selection of the folded cascode op-
amp instead of using a traditional two-stage op-amp, archiving a high loop stability
without any Miller compensation network, reducing the silicon area, and good noise
reduction. Although the high frequency clocking system required a high-power
consumption, the regulator showing a highly precise line and load regulation with a
minimal of 3 mV of error output, proving the robustness as a power management

solution for modern SoC and IoT applications.



88

CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In conclusion, the four objectives of this project have been successfully achieved. This
project demonstrates the design and implementation of robust and high performance
of NMOS-based low dropout (LDO) voltage regulator, by integrating a charge pump
in Silterra 130nm CMOS technology. The primary objective of this project was to
overcome the limitations of NMOS pass transistor in low-voltage supply, which

achieved effectively in this work through a specialized voltage boosting architecture.

In addition, the simulation results confirm that the overall integrated system is
able to maintain a highly stable 1.2 V output across a wide range input voltage supply
range including 1.8 V, 2.5 V and 3.3 V, a full temperature range of -40 °C to 125 °C,
and all the process corners. The proposed cross-coupled charge pump provides a gate
overdrives voltage exceeding the requirement of 2 V threshold at the gate voltage of
the NMOS pass transistor, even in the low-voltage supply corners, ensuring the pass

transistor work in the saturation region for optimal regulation.

Furthermore, the implementation of the folded cascode op-amp as the error
amplifier was proved highly effective. The system achieved exceptional loop stability
with the minimum phase margin of 64.34° exceeding the design target of 45°
significantly, without using any area intensive Miller network. Moreover, the noise
performance was also excellent, highlighted by a PSRR of -160.6 dB at DC and

effective high frequency suppression through a strategic RC low pass filter.
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Although the high frequency clocking blocks introduced a baseline power
requirement, but the overall designed system demonstrates excellent regulatory
accurate and robustness, that fulfilling all of the aims in this project and proving its

suitability for the modern SoC and IoT power management applications.

On the other hand, the outcomes of this research align with the United Nations
Sustainable Development Goals (SDGs), particularly Goal 9: Industry, Innovation,
and Infrastructure, and Goal 12: Responsible Consumption and Production. The
development of a stable, multi-voltage power management architecture contributes to
continuous innovation in semiconductor infrastructure, supporting the miniaturization
and advancement of modern microelectronics. Additionally, by engineering hardware-
level over-voltage protection and strict noise suppression mechanisms, the system
significantly enhances integrated circuit reliability and lifespan. Preventing the
premature breakdown of sensitive analog components directly combats the growing
global issue of electronic waste (e-waste), promoting more sustainable engineering

practices and responsible consumption within the electronics industry.

5.2 Recommendation

Although the proposed NMOS-based LDO design fulfilling the target performance
specifications, several enhancements could further improve its efficiency and
versatility for future improvement. A primary part for improvement is the optimization
of the clocking network's power consumption. Since the single to differential converter
(SDC) and output buffer required for a significant portion of the total power
consumption, that is scaling with supply voltage, in the future work could explore low-
swing clocking techniques or adaptive stage-sizing in the buffer chain to reduce

switching losses without compromising signal integrity.

Additionally, implementing a more effective control logic for the cross-
coupled charge pump could minimize output voltage ripple at higher supply levels. By
adjusting the number of active pumping stages or the switching frequency based on
the input voltage separately, the system could maintain optimal efficiency while

further reducing frequency-domain noise injection.
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Further research could also focus on extending the regulator's dynamic
performance and integration level. Although the single-stage folded cascode OTA
provides excellent stability, exploring advanced frequency compensation techniques,
such as active compensation or nested Miller loops, could further enhance the transient

response bandwidth for ultra-fast load steps.

To maximize the design's applicability in modern System-on-Chip (SoC)
environments, migrating the circuit to smaller process nodes like 90 nm or 45 nm
would allow the design to leverage higher device mobility and significantly reduce the

total silicon footprint.

Finally, future implementations should integrate a dedicated on-chip bandgap
reference circuit and oscillating circuit to provide a fully self-contained, temperature-
independent reference voltage, and oscillating signal instead of using additional off
ship circuit thereby eliminating the need for an external referencing source and

completing the power management system.
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APPENDICES

Appendix A: Figures
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Figure A-1: Testbench of Whole System in Cadence

ot

Figure A-2: Schematic Diagram of Proposed SDC in Cadence
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Figure A-4: Schematic Diagram and Transistor Sizing of Proposed Charge Pump in

Cadence
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Figure A-5: Schematic Diagram and Transistor Sizing of Proposed Folded Cascode

Op-amp in Cadence

Figure A-6: Schematic Diagram and Transistor Sizing of Proposed LDO in Cadence



