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ABSTRACT

With the increase of density and complexity of high-performance integrated cir-

cuits and systems, including many-core chips and system-on-chip (SoC), it is becoming

difficult to meet the power delivery and regulation requirements with off-chip regulators.

The off-chip regulators become a less attractive choice because of the higher overheads

and complexity imposed by the additional wires, pins, and pads. The increased I2R loss

makes it challenging to maintain the integrity of different voltage domains under a lower

supply voltage environment in the smaller technology nodes. Fully integrated on-chip

voltage regulators have proven to be an effective solution to mitigate power delivery and

integrity issues. Two types of regulators are considered as most promising for on-chip im-

plementation: (i) the low-drop-out (LDO) regulator and (ii) the switched-capacitor (SC)

regulator. The first part of our research mainly focused on the LDO regulator. Inspired by

the recent surge of interest for capless voltage regulators, we presented two fully on-chip

external capacitor-less low-dropout voltage regulator design.
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The second part of this proposal explores the complexity of designing each block

of the regulator/analog circuit and proposed a design methodology for analog circuit syn-

thesis using simulation and learning-based approach. As the complexity is increasing

day-by-day in an analog circuit, hierarchical flow mostly uses for design automation. In

this work, we focused mainly on Circuit-level, one of the significant steps in the flow. We

presented a novel, efficient circuit synthesis flow based on simulation and learning-based

optimization methods. The proposed methodology has two phases: the learning phase and

the evaluation phase. Random forest, a supervised learning is used to reduce the sample

points in the design space and iteration number during the learning phase. Additionally,

symmetric constraints are used further to reduce the iteration number during the sizing

process. We introduced a three-step circuit synthesis flow to automate the analog circuit

design. We used Hspice as a simulation tool during the evaluation phase of the proposed

methodology. The three most common analog circuits are chosen: single-stage differen-

tial amplifier, operational transconductance amplifier, and two-stage differential amplifier

to verify the algorithm. The tool is developed in Python, and the technology we used is

0.6um. We also verified the optimized result in Cadence Virtuoso.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

According to the VLSI industry’s demand to minimize the power dissipation and

meet the current demand for high-performance microprocessors, the dual-VDD micropro-

cessor was proposed [3, 4]. Later, to maximize the utilization of chip area and low power

consumption, system-on-chip was introduced. The basic idea is to integrate all computer

or other electronic system components into a single chip. As different components require

different voltage to operate on-chip, voltage regulation becomes one of VLSI’s promising

fields. Moreover, due to the dynamic switching power’s quadratic dependence and the

more than linear dependence of the gate oxide and sub-threshold leakage on the supply

voltage, power dissipation is significantly diminished when parts of a microprocessor op-

erating at a lower voltage level. Different approaches are made and proposed for voltage

regulation.

Voltage regulators, which are the integral parts of the power delivery systems of

all microelectronic circuits and systems, are traditionally off-chip devices placed on the

motherboard to deliver regulated voltage to different integrated circuits and components

of the systems. Typically, these off-chip regulators are made of power transistors and

large passive components like inductors and capacitors with significant footprints, which

are not as scalable as the on-chip logic transistors and interconnects. With the introduction
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of multi-/many-core chips and system-on-a-chip (SoC), dynamic voltage and frequency

scaling (DVFS) has become the standard approach to achieve optimum performance with

the minimum number of voltage sources [5]. Different components/cores of the high-

performance and high-density chips require different voltages. These voltages often need

to be adjusted quickly. Slow off-chip regulators limit the scope of performance energy

efficiency improvement. Nowadays, a complex integrated circuit requires an increasing

number of voltage domains to increase computational resources by utilizing parallelism

within a strict thermal and power budget. Because of this requirement, the extent of the

power supply’s scalability has become further limited. Slow off-chip voltage regulators

would not be able to modify the supply voltages in response to varying on-chip load and

activity at nano/picosecond timescale.

The number of cores and on-chip functional blocks are increasing in Soc. There

are an increasing need and an inherent benefit to utilizing an individual power supply

for each core/functional block to optimize the total chip power and performance. These

additional off-chip regulators will increase the power supply impedance due to a sepa-

rate package power plan and a limited number of pins, which will degrade performance

and power efficiency. Additional off-chip regulators also lead to additional costs due to

the increased motherboard size and package complexity. The power and performance

constrained applications like sensors, and biomedical devices need to overcome these

problems. Thus, on-chip voltage regulators have become an indispensable part of the tra-

ditional microprocessors’ power management scheme. One of the primary objectives of

the on-chip voltage regulator is to lower the supply voltages whenever possible. Lower
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voltage level leads to a quadratic reduction of dynamic switching power and more than

the linear reduction of the sub-threshold and gate leakage power. On-chip regulators can

provide fast voltage scaling, and multiple on-chip power domains with various voltage

and current specifications [6]. The key motivations to integrate voltage regulators on the

chip are: (i) minimizing the conduction and parasitic losses in the power delivery sys-

tem by reducing the interconnect length between the regulator and the processor, and (ii)

reduction of the response time of the feedback control.

For on-chip implementation, two different types of VRs are mostly explored in the

recent literature; Switching VR and linear VR. Whereas switching VR offers the highest

efficiency, linear VR is free from any switching noise, possesses ripple rejection capacity,

low voltage noise, and is less complicated [7]. The linear regulators have the advantages

of low output noise, fast response time, and smaller area overhead, but their efficiency is

lower compared to the switching regulator.

1.2 Thesis Objective

Due to the exponentially increasing demand for portable and mobile devices, the

design complexity in the field of System-on-Chip (SoC) is increasing considerably. The

industrial need is concentrated towards high-performance circuit design, which requires

very low power but enables high-speed operation [8–10]. In addition to that, the need

for a self-regulating power supply or Voltage Regulator (VR) for every functional block

is also increasing because it optimizes the total power and performance of the chip by
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turning it off during the idle period. Incorporating an off-chip VR lowers the power-

efficiency and performance as the power-supply impedance substantially rises owing to

the split-package power planes and limited PINs. On the other hand, an on-chip VR saves

area and enables power-efficient, high-speed, and secure localized voltage regulation [6].

Due to these reasons mentioned above, on-chip VRs have become a vital portion of a

conventional microprocessor circuit’s power management scheme along with the power

and performance constrained applications like sensors and biomedical devices as it can

provide noise and ripple-free supply voltage throughout the complete chip [11] [12].

Two different types of VRs are mostly investigated in the previous literatures, such

as: Switch-Cap [13] [14] [15] and linear VR [11] [12] [16] [17]. Whereas switch-cap VR

offers the highest efficiency, linear VR is free from any switching noise, possesses ripple

rejection capacity, low voltage noise, and is less complicated [7]. Hence, linear voltage

regulators are preferable to other types of voltage regulators. Low- DropOut (LDO) is

a type of linear VR which can provide output voltage close to the input voltage (the

difference between the output voltage and input voltage <1V).

Two types of LDO can be found in the literature: analog and digital. Usually,

lower technology nodes are used to design digital LDO, whereas higher is preferable

for analog [18] [19] [20]. Analog LDO is preferred for on-chip implementation because

digital LDO consumes more area and are more complex to design. In this work, we

consider only analog LDO, and henceforth the term LDO denotes analog LDO.

Several researches on Fully integrated LDO VRs are available where the scope of

design is mostly confined to technology nodes above 90nm [16] [17] [21] [22] [23] [24].
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A limited number of literatures are available for less than 90nm technology nodes as

analog blocks’ power supply rails become more noise-prone in lower nodes. The low-

frequency noise in a MOSFET increases gradually with decreasing gate area. As a result,

for a specific W/L ratio, a larger L means a larger W, which results in more gate area

and lower noise. Few other drawbacks of working with lower technology nodes are the

electromigration process, higher leakage current, quantum effects, etc. To maintain min-

imal noise and alleviate the issues mentioned above, higher technology node is preferred

in analog circuits. Few designs of LDO VR are proposed with 65nm node [21] [25] [26]

and some are in 45nm and beyond where mostly Silicon-On-Insulator (SOI) structure are

used [27] [28] [29] [30] [31]. Generally, a large capacitor is used at the LDO’s output

to enhance the Power Supply Rejection Ratio (PSRR). This large capacitor consumes a

large area in case of an on-chip implementation and generates a large area-overhead. To

alleviate the issue, occasionally, off-chip capacitors are utilized. For the fabrication of

a VR block along with the SoC or functional blocks receiving power supply from VR,

two different technology processes are needed by the industry, which makes the fabrica-

tion process more complicated as SoC is generally implemented in the sub-nm region.

In our paper, we propose an external capacitor-less LDO design in 45nm CMOS bulk

technology, which offers low power and high PSRR and includes a small on-chip out-

put capacitor. For fabrication, we designed another capless LDO in TSMC 180nm using

traditional LDO design concept. The main contributions of this work is as follows:

1. Proposed fully on-chip LDO designs in 45nm and 180nm CMOS technology;

2. Introduced an additional feedback loop in the traditional LDO to improve transient
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response and PSRR

3. Designed the LDO with very small active area and wide output range;

4. Presented DC, transient and stability analysis of the proposed design;

5. Presented corner analysis and the effect of temperature variation on the proposed

design;

6. Compared proposed designs with the state-of-the-art prior works.

There is an extensive manual work and time involved to design each block of an

analog circuit like LDO regulator. To investigate this issue, we explored the analog design

flow and proposed a methodology for analog circuit synthesis. We took error amplifier

from LDO as an example to implement our methodology. We also developed a tool in

python to control the flow of the methodology. The main contributions of this work is as

follows:

1. Proposed a fully design methodology for analog circuit synthesis;

2. Introduced two phase optimization for topology selection and transistor sizing

3. Introduced three abstraction level to synthesize analog circuit correctly;

4. Used random forest tree and symmetric constraints to reduce the iteration and find

optimize sizing which will eventually reduce flow completion time;

5. Developed a tool to run the proposed methodology in Hspice.
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CHAPTER 2

ON-CHIP POWER DELIVERY SYSTEM

2.1 Background

On-chip power management is usually limited to power gating for digital circuits

and linear regulators for analog circuits. Power gating can minimize the leakage current

while the primary circuit is off. Most of the power gating schemes need additional cir-

cuitry to maintain the state of the logic elements during the off state, leading to the extra

area and power overheads because of the additional circuitry’s switching losses and IR

drop. Besides, power gating techniques cannot support dynamic voltage and frequency

scaling (DVFS). Linear regulator technology such as the low-drop-out regulator (LDO)

mostly able to satisfy these objectives of DVFS for low-noise implementation. How-

ever, the linear regulators have low efficiency due to their limited voltage conversion ratio

(VCR). Therefore, LDOs are not commonly used for the DVFS scheme and power do-

mains requiring high currents (in SoCs and high-performance microprocessors). LDOs

are usually used for analog circuits that require good supply noise rejection, and effi-

ciency is relatively less critical. In these applications, the regulator power consumption

is insignificant compared to the whole chip’s total power. For applications where higher

efficiency and a more comprehensive range of output voltages are critical, the switch-

ing regulators are the only alternative. The linear regulators have the advantages of low

output noise, fast response time, and smaller area overhead, but their efficiency is lower
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compared to the switching regulator. Switching regulators are widely used in power con-

straint systems due to their higher efficiency and performance [32].

In 2003, on-chip integration of a switching regulator (a high-efficiency monolithic

buck-converter [3]) was demonstrated on the same die as a dual-VDD microprocessor.

Both the inductive and capacitive components were used in that design. However, on-

chip integration of the traditional switching regulators (mostly buck converters) is very

challenging due to large inductors in these circuits. Integrating physical inductors inside

the chip is very inefficient and costly. Therefore, there has been a growing interest in

designing inductor-less or emulated inductor-based switching regulators for on-chip im-

plementation [33]. The active filter-based circuit topology is proposed in 2005 [34] to im-

prove the switching voltage regulator circuit in size and cost perspective. It is theoretically

shown that with active filters, it is possible to obtain transfer functions nearly the same

as the LC low pass filters with much less area. In 2010, a fully integrated SC converter

with different step-down ratios was presented to spread the output voltage range [35]. The

primary purpose of this design was to achieve high-power efficiency across a wide range

of output voltages. However, the on-chip voltage regulators induce additional problems

like added power loss, area consumption, and increased susceptibility to the load current

steps. A detailed system-level analysis of fast and per-core DVFS using on-chip switching

regulators has been done in [5] to explore the potential benefits of on-chip regulators. The

analysis also shows how the overall system power consumption can be reduced, providing

fine-grained power management and fast voltage scaling with an on-chip regulator [5].

Some hybrid implementations explored the possibility of integrating the switching

8



(a)

(b)

(c)

Figure 1: Different distributed power delivery system (a) off-chip implementation (b)
having on-chip linear regulators with external on/off-chip switching regulators (c) having
on-chip switching regulators with only one external on/off-chip switching regulator.

9



and the linear regulators to take advantage of both [36–39]. In [38], a hybrid two-stage

power delivery system with off-chip buck converters and a tree of on-chip linear regula-

tors has been proposed. These hybrid regulation schemes are expected to be efficient and

straightforward in design and achieve higher power efficiency and lower noise, area, and

voltage overheads. The regulators generate the desired supply voltage from a higher input

voltage, thereby becoming an independent supply source for each voltage domain. As a

larger conversion ratio leads to lower efficiency, a power management scheme may have

several stages of voltage regulators to step-down the primary supply voltage to some inter-

mediate voltages step-by-step. These intermediate stages may consist of either both linear

and switching regulators or only switching regulators. In using both types of regulators,

switching regulators should be the first stage to achieve higher efficiency with different

conversion ratios. In the last stage, linear regulators supply low noise core voltage to the

microprocessors and SoCs’ components/cores.

Fig. 1 illustrates how regulators can be implemented to provide distributed power

delivery with both on-chip and off-chip implementation using linear and switching regu-

lators. The typical all off-chip regulator implementation is shown in Fig. 1a. Distributed

on-/off-chip regulators based power delivery scheme is shown in Fig. 1b, where four ex-

ternal switching regulators are used to supply each independent on-chip LDO regulators

designated for one specific voltage domain. Each external regulator has different output

voltage and current requirements and supplies to each SoC component through the linear

regulator. Fig. 1c shows the distributed delivery system consists of only one switching

regulator in the first stage and an array of switching regulators in the second stage. Here,
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one switching regulator would step down the primary supply voltage to an intermediate

value, and each second-stage switching regulator then supplies the core voltage to each

component. The original concept of the on-/off-chip hybrid regulation scheme was pre-

sented in [?]. It is proposed that the second stage regulators delivering supply voltage to

individual core/component should be linear regulators, which would be controlled by the

external or internal switching regulators. For the schemes like Fig. 1b and Fig. 1c, the

implementation of the first-stage voltage regulators can be either off-chip or on-chip. In

the scheme presented in Fig. 1c and [38], with only one single external switching voltage

regulator, the motherboard area and circuit overheads used for the power delivery network

can be considerably reduced, leading to the improvement of the efficiency of the voltage

regulation by 3â4% [5]. However, the active filter based on-chip switching regulators

have many functional blocks and very complex circuitry. To reduce the on-chip footprint

of these switching regulators, researchers are continually looking for new ways.

2.2 Voltage Regulator Classification

Voltage Regulator (VR) is the most essential component of a power management

integrated circuit (PMIC). The main objective of a VR is to provide a fixed DC voltage

irrespective of input voltage or load condition. There are three essential components

of a Voltage Regulator stage in PMIC; pass elements, a feedback circuit, and a stable

reference voltage. The feedback circuit senses the output variations and does the error

correction by amplifying the error signal. Then generates a control signal which drives

the pass element to minimize the output’s error/variation based on the reference voltage.
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Voltage regulators can be categorized into Linear Voltage Regulators, Switching Voltage

Regulators [32, 40]. In this survey, the transistor is the pass element in all the state-of-

the-art works discussed here. Transistors can be operated in three regions to regulate the

voltage at the output. These regions are saturation or active, ohmic or linear, and cut-

off region. In linear voltage regulators, the pass transistor works in the linear region of

its operation during voltage regulation. When the pass transistor operates and switches

in-between the cut-off and saturation state, the regulator is called a Switching Voltage

regulator.

2.2.1 Linear Voltage Regulator

Linear Voltage Regulators are the original form of regulators in regulating power

supplies to the desired output voltage. In a linear voltage regulator, the active pass el-

ement (usually a BJT or a MOSFET) is responsible for regulating the output voltage.

When a load is connected, the input or load changes will result in a current variation

flowing through the transistor so that a fixed voltage is maintained at the output. For the

transistor to vary it’s current, it must be operated in a linear or ohmic region. A significant

amount of wasted power is realized in linear VR, which can be calculated from the differ-

ence of input and output voltage. This voltage difference is dropped in the pass element

and wasted through heat dissipation. In linear VR, a minimum voltage is needed to get

the desired output within the specifications. Often the difference between this minimum

input voltage and the output voltage is referred to as dropout voltage. Earlier, linear volt-

age regulators were sorted into five categories; Positive Adjustable Regulators, Negative
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Adjustable Regulators, Fixed Output Regulators, Tracking Regulators, Floating Regula-

tors [32, 40]. In all of these categories, they needed several volts to get the desired output

voltage. For a well-established linear VR like LM7805, the value was about 2.5V. Since

the output is 5V, at least 7.5V is needed at the input. There is a significant increase in

the demand for efficient power supplies in today’s world, where designers are trying to

minimize the wasted power dissipated as heat. The manufacturers are considering to min-

imize the dropout voltage to as low as 100mV sometimes. As a result, a new type of

linear regulator emerges called a low-dropout (LDO) voltage regulator. Nowadays, if the

dropout voltage is less than 1V, it is essentially called LDO. For the rest of the paper, we

are considering LDO as linear VR.

Linear Voltage regulators can be categorized based on how the load is connected

to the output. They are Series Voltage Regulators; Shunt Voltage Regulators [40].

2.2.1.1 Series Voltage Regulator

In series voltage regulators, the active pass element (transistor) is connected in se-

ries with the load. Fig. 2a shows the basic circuit diagram of the series voltage regulator.

The load RL is in series with the pass element. In this circuit, the regulator’s output volt-

age is sensed through the voltage divider network R1 and R2 and feedback to the control

circuit’s input. The control circuit then compares this voltage with a reference voltage.

The resulting error signal controls the conduction of the pass element. Irrespective of the

load, the output voltage will be maintained by changing the pass element’s conduction.
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2.2.1.2 Shunt Voltage Regulator

A Shunt voltage regulator is just the opposite of a Series voltage regulator. The

pass transistor here is connected in parallel to the load. Along with the voltage divider

network, a voltage limiting resistor,R3, is connected in series with the load. Fig. 2b shows

a typical shunt voltage regulator. The transistor’s conduction is controlled based on the

feedback and reference voltage such that the current through the series resistor remains

constant. Though the transistor’s current varies with varying loads, the voltage across the

load should remain constant. When compared to series regulators, shunt regulators are

slightly less efficient but have a more straightforward implementation.

(a)

(b)

Figure 2: Block diagram of (a) series Linear Regulator and (b) shunt Linear Regulator.
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2.2.2 Switching Voltage Regulators

A switching regulator’s operation is different from the Linear Regulator because

the pass transistor acts as a switch. The pass transistor switches between off state (cut-off

region) and on state (saturation region). The output voltage is maintained at a fixed value

by controlling the on-time of the pass transistor.

(a)

(b)

Figure 3: Example of step-down (a) switched-inductor converter and (b) switched-
capacitor converter.

Switching regulators are the most promising VR to provide a wide range of output

voltages with higher efficiency. In switching regulators, the charge is drawn from the input

and stored in one step, and then transferred to the output in the next step. Depending on

the storage element, Switching regulators can be classified into two categories based on

the energy element [41]; Switched-inductor converter and Switched-Capacitor Converter.

Fig. 3 shows two common examples of step-down switching converters using an inductor
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and a switched-capacitor (SC) converter. There is no fundamental limit on these switching

converters’ efficiency in an ideal state with lossless inductors and capacitors. Between

these two types, the switched-capacitor converter is our main focus in this paper.

A capacitor has three operation states; charging, discharging, and idle. A capacitor

can get charge from a voltage source or other capacitor connected in the circuit. Similarly,

the capacitor can discharge to a load or another capacitor in the circuit. The capacitors

which are getting charged from or discharged to another capacitor are called intermedi-

ate capacitors. These intermediate capacitors increase the level of energy transfer and

conduction loss in the circuit. When the capacitor is not transferring or receiving any

charge, it is called an idle state. Depending on the way of charge transfer from source to

load, SC converter can be divided into two categories; direct-charging-based converters

or indirect-charging-based converters [42].

SC-based DC-DC converters typically use five common topologies, including

Dickson, Fibonacci, Doubler, Ladder, and Series-Parallel. The first three are considered

the up-converter (boost) because the Voltage Conversion Ratio (VCR) of these convert-

ers is more than one. The other two topologies (Ladder and Series-Parallel) are down-

converter (similar to buck converter) with VCR less than one. Sometimes, Fibonacci and

Doubler topologies are called exponential converters because their VCR is exponentially

related to the number of capacitors. These implementations support a range of different

voltages, but most of the switches are not ground referenced, making them difficult to

implement. Ladder and Dickson topologies provide regularity to the power switches and

their drivers. In contrast, the Series-Parallel topology has the best capacitor utilization,
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(a) Dickson

(b) Fibonacci

(c) Doubler

(d) Ladder

(e) Series-parallel

Figure 4: Different Switched-capacitor regulator topology
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which means it requires the smallest total capacitance for the same performance compared

to other topologies. There are two other metrics named Slow-Switching-Limit (SSL) and

Fast-Switching-Limit (FSL) to evaluate and compare different converter topologies’ per-

formance [43–46].

The SSL impedance is calculated assuming that the switches, capacitors, and in-

terconnect lines are ideal and have very negligible finite resistance. The FSL occurs when

the resistances associated with the switches, capacitors, and the interconnect lines domi-

nate, and the capacitors act effectively as fixed voltage sources. In the FSL, current flow

occurs in a frequency-independent piece-wise constant pattern, while the SSL impedance

is inversely proportional to switching frequency. A set of charge multiplier vectors are

associated with these metrics. The performance of a converter is related to the square

of the sum of these charge multiplier coefficients. Topologies with a small sum of these

coefficients perform better for a given switch conductance than a topology with a large

sum of coefficients. These metrics also depend on the conversion ratios of the regulators.

For a conversion factor of 2, all the topologies perform almost equal.

In contrast, for higher conversion ratios, in SSL comparison, Series-Parallel topol-

ogy performs better than others due to lower output impedance. Moreover, Series-Parallel

topologies ensure the best utilization of the capacitors and SSL comparison solely depen-

dent on the elements’ capacitance values rather than resistance values. In general, no one

topology can perform well in terms of both of these metrics. In SSL and FSL compari-

son, Series-Parallel topology and Ladder topology performs better than other topologies,
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respectively [43]. Some topologies use switches efficiently, and others use capacitors ef-

ficiently, but none of the topologies are superior in both aspects. In the CMOS processes,

fully integrated SC converter implementations are typically dominated by the capacitor

area and performance. Therefore, Series-Parallel topology is the best topology because it

is more efficient in capacitor implementation.

The differences between linear and switching voltage regulators are summarized

in Table 1.
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Table 1: Summary of differences between Linear and switching regulator

Linear Voltage Regulator Switching Regulator
Working
Principle

Pass element works in the linear re-
gion. By controlling the conduction
of the pass element, the output volt-
age is maintained.

Pass element works in the cut-
off or saturation region. By con-
trolling the on-off period of the
pass element, the output voltage is
achieved.

Circuit ele-
ment

Do not need any storage elements
for energy transfer.

Need storage element like inductor
or capacitor for energy transfer in
one or multiple steps

Advantages Ease of use, simple design, low
cost, free of switching noise, and
smaller device size. Robust in over
current protection and thermal pro-
tection.

Higher efficiency, both step-up or
step-down operation is possible. As
less power is wasted, less heat emit.

Drawbacks Low efficiency, only steps down op-
eration is possible. Power is wasted
through heat dissipation.

Higher switching noise, bottom
plate capacitance loss, complex ar-
chitecture. Takes more on-chip area
than a linear regulator.

Application

1. Suitable for low power applica-
tions with low output current where
power requirement is not critical.
2. For noise-sensitive applications,
especially for radio devices and
communications.
3. Time-sensitive applications.
4.Applications, require output volt-
age is close to the input voltage.

1. Because of the higher ef-
ficiency, suitable for applications
where power requirement is critical.
2. Thermal sensitive applications.
3. Suitable for both step-up and
step-down applications.
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CHAPTER 3

FUNDAMENTALS OF ON-CHIP VOLTAGE REGULATOR

3.1 Low-dropout Voltage Regulator (LDO)

PMIC systems are divided into multiple power domains to improve power effi-

ciency, noise isolation and fulfill the purpose of power gating in SoCs. Hence, the re-

quired number of voltage regulators are increasing. LDO is used in SoC to provide a

stable, noise-free, and accurate output voltage to the components. LDO can be fully inte-

grated into SoCs or work as a standalone PMIC.

3.1.1 LDO Voltage Regulator Architecture

An LDO voltage regulator’s basic architecture comprises a voltage reference, an

error amplifier, a pass transistor, and a resistor feedback network. LDO has a closed-loop

architecture as the system’s output is fed back to one of the error amplifier’s inputs. So to

ensure a stable operation, loop stability analysis should be done. The two necessary sta-

bility analysis parameters, gain and phase margin, show if the loop has a stable operating

condition in a specific range. An unstable feedback loop can produce ringing, continuous

oscillations at the output, which results in a poorly designed voltage regulator.

A traditional LDO VR requires an external capacitor to have an acceptable power

supply rejection ratio (PSRR), good transient response, and to ensure the LDO regulator’s

stability. Along with these advantages mentioned, there are some drawbacks to have an
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Figure 5: Basic structure of an LDO

external capacitor. The external capacitor usually has higher values, which takes a large

area for on-chip implementation. Most of the time, the external capacitor is used as

an off-chip element, which decreases the system’s long-term reliability and consumes

valuable pins in SoC devices. Some external capacitor free design found in literature

where the LDO architecture does not require an external load capacitance. These designs

are mentioned as ”capacitor less” or ”capless” LDO VR. The absence of the external

capacitor makes fully on-chip implementation possible for LDO VR. Economically it is

a tremendous advantage of capless LDO. Nevertheless, transient performance and PSRR

become notably degrade in capless architecture. As a result, designers need to overcome

significant design challenges to improve the overall performance of LDO.
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3.1.2 LDO Voltage Regulator with External Load Capacitor

The off-chip capacitor value can be in the range of a few uF in a typical LDO

design. Because of the capacitor’s high value, one dominant pole resides at the output,

which gives good stability in the overall system. Off-chip capacitors also offer good line

and load regulation as well as good power-supply noise rejection. Nonetheless, several

practical concerns must be considered when selecting external output capacitors for spe-

cific applications. External capacitors are usually bulk and have non-idealities, which can

be critical. Two parasitics parameters Effective Series Inductance (ESL) and Effective

Series Resistance (ESR), affect the capacitor’s performance badly at high frequency.

A capacitor usually has four impedances; ESR, ESL, a large leakage resistor, and

the ideal capacitor connected parallel leakage resistor. An ideal capacitor’s reactance

decreases with increasing frequency. Hence, a minimum ESR is needed so that the total

impedance does not go to zero at high frequencies. The total impedance of the output

capacitor is calculated from the capacitance and ESR reactance. The dynamic response

degrades because of low impedance during the loop stability analysis as the dominant

pole reduces phase margin. On the contrary, a large ESR creates a zero that stretches the

closed-loop’s unity gain frequency, critically worsening the phase margin and making the

system unstable.

For stability purposes, the ESR of the output capacitance should be restricted

within a particular range of minimum and maximum values. An external load capacitor’s

wrong selection might cause unnecessary power dissipation, noise, and overall stability

problems, which hamper battery and device longevity.
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3.1.3 Capless LDO Voltage Regulator

For SoC integrated and discrete applications, the capless LDO VR is an intriguing

choice for the designers. Without the external load capacitor, fully on-chip implemen-

tation will be possible. Moreover, this can translate into a small digital footprint in the

printed circuit board (PCB) area, and lower Bill-of-Materials (BOM) costs.

By not having any external capacitor at the output also brings several advantages

for capless LDOs. There will be a reduced number of metal paths, bond wires, external

pins and pads, package connections, and a decrease in the cost associated with them. In

modern complex systems like SoC, several LDO VRs are typically needed. Therefore,

eliminating external output capacitors gives a multiplier effect over these benefits. As

there is no external capacitor at the output, there is no dominant pole at the output but a

dominant internal pole changing with the load current. So it will be a challenging design

problem to provide a stable output voltage across a wide range of load current and load

capacitors for capless LDOs.

3.2 Switched Capacitor Voltage Regulator

Switched capacitor regulators are becoming a popular choice in PMIC for their on

chip-implementation. Moreover, they offer a reconfigurable output voltage from a single

input voltage with higher power conversion efficiency and design flexibility.

24



Figure 6: Basic structure of an SC regulator

3.2.1 Switched Capacitor Voltage Regulator architecture

A switch capacitor regulator’s basic structure consists of switches, capacitors as

storage elements, a comparison circuit, and control circuitry (Fig. 6). By controlling the

on/off-time of the switches, capacitors transfers charge from input to output. Depending

on the condition of the switches, capacitors will be charged or discharged.

The switches’ on-off time is controlled by a pulse-width-modulation(PWM) op-

eration, which is usually controlled by the control circuit. The output of the regulator

is fed back to the comparison circuit to compare with a reference voltage. The resultant

output then feeds to the control circuit to generate a pulse, which eventually controls the

switches to charge and discharge the switches. When output falls below the reference

level, on-time increases, and more charges are transmitted from the input side or interme-

diate capacitor to increase the output level. The on-time reduces when the output voltage

reaches the reference level to prevent overshoot at the output.

Interleaving is a widespread technique usually used in SC VR design to minimize

the ripple at the output [46]. In this technique, the SC regulator is divided into multiple
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smaller units, and clock signals deliver to each unit with a phase shift in between each unit.

A simple 4-phase interleaved SC converter is presented in Fig. 7. This technique benefits

in multiple ways. It reduces the input current and the output voltage ripples without re-

dundant input and output decoupling capacitors. To minimize the output ripple, typically,

there is a need for a large decoupling capacitor in single phase implementation, which in-

curs a significant on-chip area. Considering N-phase interleaving implementation, when-

ever an SC regulator’s fly capacitor changes state between charging and discharging, fly

capacitors in the remaining N-1 phases efficiently act to minimize the decoupling effect

so that the output ripple will be less.

Figure 7: A simple 4-phase interleaved SC converter

The interleaving units’ operation is controlled by a single-bound hysteretic con-

trol scheme implemented in the feedback loop. The scheme is beneficial for its simple

and inherently stable operation and its high bandwidth control. The switches’ switching

frequency is modulated by this scheme to control the SC converters’ equivalent output

resistance, which ensures the desired voltage at the output. Switching frequency modu-

lation is a popular regulation technique for on-chip SC converters [44, 45]. The scheme’s
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basic concept is to generate a trigger signal whenever the output voltage is less than the

reference voltage at the clock rising edge. The trigger signal causes the shifted clock sig-

nal to change the switches’ state in the next unit to provide enough charge to make a rise

at the output voltage. If the output is less than the reference voltage, no trigger signal is

generated, and all the switches will be in the same state.

3.2.2 Different types of capacitor used in SC Regulator

The SC regulators would be able to take full advantage of monolithic integra-

tion [33, 44, 45, 47]. It is anticipated that the SC regulators can provide higher efficiency

and minimize interconnect lengths and losses. SC converters consist only of transistors

and capacitors, and it is easy to integrate these components inside the chip [45]. However,

the SC regulators have some issues like the bottom plate capacitance of the fly capacitors,

the conduction and switching losses in the transistors, the transistors’ parasitic capaci-

tances, and the Voltage Conversion Ratio (VCR). These factors negatively affect the SC

regulators’ performance and make it challenging to obtain the desired voltage level, ef-

ficiency, power density, and load currents. The bottom plate parasitic capacitance losses

of the on-chip capacitors usually limit the peak efficiency of the converter. These losses

occur when the SC converters supply the load by charging and discharging the fly ca-

pacitors. The charging and discharging of the bottom plate parasitic capacitance in every

clock cycle is a non-desirable impact that imposes the losses. Several designs have been

proposed to overcome these limitations and achieve higher efficiency and power density.

27



These design approaches include different capacitors to minimize the parasitic and bot-

tom plate capacitance losses used novel feed-forward control, hysteretic control, and other

approaches.

The performance of the SC converters is mostly dependent on the capacitor tech-

nology. The most commonly used capacitor technologies are Metal-Oxide-Metal (MOM),

Metal-Oxide-Semiconductor (MOS), Metal-Insulator-Metal (MIM), and Deep-Trench ca-

pacitors. The fundamental differences among these technologies are in the structure and

construction procedure. One of the most crucial factors to design an SC regulator is the fly

capacitors’ capacitance density. The deep-Trench capacitor is the most suitable one from

this perspective because of its inherent 3-D nature that helps achieve larger capacitance us-

ing a significantly smaller silicon footprint than the other technologies like MOM, MOS,

or MIM. The capacitances obtained from the Deep-Trench technology are more than 100

times denser than the MOS capacitors and thus show a significant improvement in the SC

regulators’ power density.

The MOM capacitor’s capacitance density is 0.2-1fF per µm2 depending on the

number of the metal layers and the pitch between the layers. The MIM capacitor has a

capacitance density of 1-3fF per µm2. However, the Deep-Trench capacitor suffers from

large series resistance and poor frequency response and exhibits a slower transient re-

sponse than the equivalent MOS capacitor. The MOM and MIM structures have relatively

low series resistance due to the full metal connections and show linearity, making these

two technologies suitable for SC regulators’ implementation. For the lower-node tech-

nologies, the MOS structure is not suitable for low supply voltage [46]. Some literature
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uses another kind of capacitor called ferroelectric capacitor in SC VR for their extremely

low bottom plate capacitance and high-density [48]. One of the primary sources of losses

in the SC regulator is the parasitic capacitors associated with the technological features

and on-chip capacitors’ manufacturing process. For the MOS and MIM capacitors, par-

asitic capacitance from the bottom plate to the substrate can reach several percent of the

minimal capacity, which may diminish the regulator’s efficiency by 10â15% for some

ranges of the operating voltages and currents [46]. Different capacitor technologies can

be used for the proposed SC voltage regulator depending on a particular application’s

specifications and requirements.
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CHAPTER 4

LDO DESIGN IN 45NM TECHNOLOGY

In this section, we describe the basic blocks of the proposed LDO along with the

design specification.

4.1 Proposed LDO Design

The traditional LDO comprises an Error Amplifier (EA), a pass transistor, and

a resistive feedback network, as shown in Fig. 8a [49]. In the proposed design, we

replace the resistive network with an extra NMOS pass transistor driven by a common-

source (CS) stage. The proposed circuit is shown in Fig 8b. The desired output voltage is

achieved by controlling the gate voltage of the two-pass transistors (NMOS and PMOS).

A Equivalent Series Resistance (ESR), value of 1 is used here in series of output capacitor

for proper modeling.

The purpose of the additional NMOS pass transistor here to get better control of

the output voltage regulation and improve the transient response and PSRR. CS stage

drives the NMOS based on the amplified output of EA. The NMOS is driven with feed-

back from the output node with higher amplification leveraging both EA and CS stage,

and it is biased in the saturation region.

Note that the reference voltage, Vref is an input to the LDO and is connected to

the negative terminal of EA, which comes from a bandgap reference voltage circuit. We
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have skipped discussion on the bandgap circuit since that out of the scope of this paper.

Details regarding EA, CS, buffer, and pass transistors are given below:

(a)

(b)

Figure 8: Block diagram of (a) traditional LDO and (b) proposed design.

4.1.1 Error Amplifier (EA) and Common-Source (CS) Stage

The EA (Block A in Fig. 8b) is a differential amplifier having one input as a

reference voltage and other input coming from the output node as feedback. The output

of the EA stage is connected to M6 of the common-source (CS) stage (Block B in Fig.
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8b). In the first stage, the output is compared with the reference voltage and then feeds to

the second stage. CS consists of two transistors. The output of EA also goes through the

buffer (Block C) and controls the PMOS transistor. The output of CS is fed to the NMOS

pass transistor. As the cascaded structure of EA and CS create a two-pole system, one

compensator capacitor (C1 in Fig. 9) of 18fF value is used for the stability purpose. The

M5 and M8 are biased with a biasing voltage from a supply independent biasing network.

(Fig.10).

Figure 9: Schematic diagram of EA, CS and buffer.

4.1.2 Biasing Circuit

The biasing network is designed in such a way that it will deliver fixed current

irrespective of a range of supply voltage shown in Fig.11. It is a beta-multiplier circuit
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Table 2: Design Parameters of Fig. 9

Parameter Name Value
(W/L) of M1, M2 16/2
(W/L) of M3, M4 40/2
(W/L) of M5 9/2
(W/L) of M6 500/2
(W/L) of M7 53/2
(W/L) of M8 9/2
(W/L) of M9 66/2
(W/L) of NMOS Pass 250000/2
(W/L) of PMOS Pass 125000/2
C1 18fF (on-chip)
C2 10fF (on-chip)

with a differential pair in between the current mirrors to reduce the sensitivity over supply

voltage. A resistor R is having a value of 720 used in the source of M8 (Fig. 10) to

accurately set the output current.

4.1.3 Buffer

A common source follower is used in the proposed design as a buffer stage (Block

C in Fig. 8b), which controls the gate voltage of the PMOS pass transistor. The output of

the EA drives the buffer stage. A 10fF capacitor (C2 in Fig. 9) used here as a compensator

capacitor between the gate of NMOS (M9) and ground to reduce the effect of noise.

4.1.4 Pass Transistors

The PMOS pass transistor (Block D in Fig. 8b) is the primary driver switch of the

proposed design, and the NMOS pass transistor (Block E in Fig. 8b) is used instead of
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Figure 10: Schematic diagram of supply independent biasing network.

the resistive feedback network. Pass transistors are chosen with considerable sizing value

to provide a sufficient amount of current to the load. Depending on the reference voltage,

the output voltage is regulated by controlling two pass transistors’ gate voltage. The body

of the NMOS pass transistor is tied to the source to reduce the body effect.

4.1.5 Simulation Environment

The LDO in this work is designed using 45nm NCSU PDK [50] bulk CMOS

technology in Cadence Virtuoso. All the design parameters, such as (W/L) values of all

MOSFETs and capacitor values of Fig. 9, are summarized in Table 2.
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Figure 11: Output current of the supply independent biasing network.

4.1.6 Design Specification

In lower technology nodes, voltage headroom is a critical issue for the analog

circuit as the supply voltage is scaling. Therefore, the LDO is designed for minimum

output voltage. The proposed design’s input voltage range is 1.2V to 2.2V, and it can

generate a range of output voltage from 0.4V to 1.0V depending on the reference voltage

(output voltage follows the reference voltage). The proposed LDO achieves a minimum

dropout voltage of 200mV. The overall specification of the proposed design is summarized

in Table 3.

In the proposed design, there are two feedback loops:

Loop-1: Through EA, CS stage, and NMOS. It maintains the DC value of Vout.

EA sensed the change in output and delivered the amplified feedback to NMOS through

the CS stage. If Vout suddenly drops, NMOS immediately increases the current through
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Table 3: Specifications of the Proposed LDO

Parameter Specification
Input/Output Voltage 1.2V-2.2V/0.4-1.0V
Voltage Overhead <10mV
Line Regulation 2.5 (mv/V)
Load Regulation 0.0089 (mV/mA)
Load Current 15mA (max)
Quiescent Current 309uA
Cout 10pF (on-chip)
∆Vout 35mV
Area 0.0052mm2

PSRR max 65dB @100KHz

it by getting the amplified correction form CS. Therefore, the NMOS contributes to the

transient response of LDO.

Loop-2: Through EA, buffer, and PMOS. It improves the transient response of

LDO by changing Iload rapidly for changes in the load. EA senses any changes in Vout.

The output of EA changes and delivers feedback to PMOS via the buffer, which corrects

the Vout by changing the current.

Advantages of additional loop: Threefold improvement we achieved because of the

additional loop (Loop-1).

1. The voltage overhead of the output is minimized as output is more controlled by

both PMOS and NMOS pass transistors.

2. The noise in the supply is now filtered through the series of PMOS and NMOS pass

Transistor. Because of that, PSRR is improved in the proposed design.
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3. The NMOS pass transistor in an additional loop improved the transient response of

the proposed design.

4.1.7 Layout of the Proposed Design

The layout of the proposed design is implemented in Cadence Virtuoso (Fig. 12).

DRC and LVS checks are done with the Caliber tool [51]. The total active area of the

design is 214.75um2. This does not include area for C1, C2 and Cout. With all on-chip

capacitors, the total calculated area is 0.0052mm2. In Fig. 12, all the transistors and the

inputs are annotated. Metal 1, Metal 2, and Poly are used here for all cell level layout.

Parasitic extractions are not possible due to the limitation of the NCSU PDK (usage is

limited to academic purposes only).

Figure 12: Transistor level layout of the proposed design.

4.2 Modeling Frequency Response of The Proposed Design

In this section, we present the modeling of the proposed design’s frequency re-

sponse using its small-signal equivalent model.
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Figure 13: Small signal equivalent circuit of the EA and CS stage

4.2.1 Modeling of Loop 1

The cascaded structure of the EA and CS constructs a second-order two-pole sys-

tem, leading to instability of the design [52]. Therefore, a compensating capacitor is

needed. We have considered a capacitor of 18fF as a miller capacitor between the EA

and CS stage in this work. This capacitor creates a large separation between the dominant

and non-dominant pole and ensures better stability. The small-signal equivalent model is

represented in Fig. 13. The gain and poles equations are presented by 4.1 to 4.7. Here,

the dominant pole resides on the output of the EA.

R1 = rds4‖rds2 (4.1)

R2 = rds6‖rds7 (4.2)

C1 = Cdb4 + Cdb4 + Cgs7 (4.3)
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C2 = Cdb7 + Cdb6 (4.4)

Av =
Vout
Vin

=
gm1gm2R1R2(1− sCc

gm2
)

(1 + s
ωp1

)(1 + s
ωp2

)
(4.5)

ωp1(Dominant) ∼=
1

gm2R1R2CC
(4.6)

ωp2(Non− dominant) ∼=
gm2

C1 + C2

(4.7)

4.2.2 Modeling of Loop 2

There is no need for a miller capacitor for Loop-2 as there is no gain in this con-

figuration. Note that the output impedance of buffer (= 1/gm8) is lower than that of the

compensating and gate capacitor of the PMOS pass transistor since the PMOS is designed

with large size. Therefore, the pole moves into the unit-gain frequency of LDO and does

not create any stability issue. The buffer’s gain is near to unity gain, so the circuit will

always be in stable condition.

4.2.3 Effect of output capacitor on Power Supply Retection Ratio

This section explains the effect of output capacitor on power supply rejection ratio

(PSRR) and how PSRR changes over frequency. The ratio of the change in input to the

output voltage it produces is called PSRR. It quantifies LDO’s capability to suppress
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ripple on the input voltage. The following equation can specify the PSRR of an LDO:

PSRR = 20log
Vinput
Voutput

(dB) (4.8)

In our proposed design, the input ripple voltage is divided into output resistance

of PMOS and NMOS devices and the output impedance of the LDO. So, equation 4.8 can

be written as,

PSRR = 20log
rdsp + rdsn + Zout

Zout
(dB) (4.9)

Here, Zout = output impedance, rdsp = output resistance of PMOS Pass and rdsn = output

resistance of NMOS Pass. Output impedance is coming from the output capacitor which

can be modeled as capacitance value and Equivalent Series Resistance (ESR).

Zout = RESR +
1

sCout
(4.10)

In low frequency, the capacitance value itself is dominant, but in ultra high frequency, ESR

is responsible for LDO’s PSRR. For low and ultra high frequency, following equations can

be derived from equation 4.9 and 4.10 respectively.

PSRR = 20log(1 + sCout(rdsp + rdsn))(dB) (4.11)

PSRR = 20log(1 +
rdsp + rdsn
RESR

)(dB) (4.12)

4.3 Simulation and Result Analysis

In this section, we present the transient, DC, and AC analysis of the proposed

design. The corner analysis and effect of temperature variation is also discussed here.
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4.3.1 Transient Analysis

Transient response is a metric to evaluate an LDO’s performance for the change in

the input reference voltage and load current variation (i.e., change in the load impedance).

Fig. 14 shows the load transient performance of the LDO for a step in the refer-

ence voltage from 900mV to 1.0V. Note that the output voltage is closely following the

reference voltage. The voltage overhead (the difference between the reference voltage

and output voltage) for the 900mV-1.0V range is below 10mV.

To evaluate the LDO’s load transient response to change in the load current, we

consider a step in the load current of 15mA with 10ns for both rise and fall time with the

desired regulated Vout = 1.0 V. Fig. 15 shows the corresponding result. A change in the

Vout of 24mV is observed when the load current incurs the step of 15mA.

Figure 14: Reference tracking response of the regulator with a step in the input reference
voltage from 900mV to 1.0V.
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Figure 15: Load transient response of the proposed regulator with a step of load current
from 0 to 15mA.

4.3.2 DC Analysis

DC analysis is a metric which evaluates the operating region, line regulation etc.

of a LDO. Fig. 16 shows the output voltage regulation for various reference voltages

with respect to load current. The output voltage maintains stable irrespective of the load

> 102Ω.

To evaluate LDO’s line regulation, we perform a DC analysis to observe output

voltage variation by varying the input supply voltage. Fig. 17 shows the corresponding

result. We calculate the line regulation as ∆Vout/∆Vin = 2.5. The simulation result

indicates that the quiescent current of the proposed design is 309uA.

Fig. 18 shows the output voltage with respect to load current for various reference

voltages. We observe performance degradation (unregulated output) at a high output load

current for the reference voltage = 1.1V. Therefore, the LDO operates accurately within
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Figure 16: Output voltage regulation for various reference voltages and loads.

the 0.4V-1.0V output range. There is also a slight deviation observed for 0.4V and 0.5V

when the load current is below 100uA. The load regulation of the proposed design is

measured at 0.0089 (mV/mA).

4.3.3 AC and Stability Analysis

The frequency response of the circuit is presented in Fig. 19. In the design, But-

terworth optimization is chosen since precise regulation is required across the passband

to regulate the transistors’ gate voltages. As depicted by Fig. 19, Butterworth architecture

provides maximum passband flatness. The system of EA and CS stage has a 61.59dB

gain and 69.9◦ phase margin. The whole system’s overall gain is close to unity as Vout

is directly fed to EA without any resistive feedback network. It indicates that the overall

system is stable under full load conditions.
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Figure 17: Line regulation of the proposed design.

Figure 18: Output voltage with respect to load current. Output starts to distort for Vref >
1.0V.
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Fig. 20 shows the PSRR plot of the proposed design for 1mA, 5mA, 10mA, and

15mA of load current. The plot can be divided into two regions. Region 1 is annotated by

the LDO active area and shows traditional op-amp gain characteristics [53]. Gain slowly

decreases linearly toward the end of Region 1 since the control loop cannot keep up with

the gain. The maximum PSRR we observe is 65db until 100KHz for 1mA load current.

Figure 19: Frequency response of the loop consists of EA and CS stage.

4.3.4 Process Variation Analysis

We did the corner analysis and showed the effect of temperature on the proposed

design’s output and PSRR. We choose typical, fast-fast(ff) and slow-slow(ss) corners and

three temperatures (-5, 27, and 85) to analyze the performance of the proposed design.

Note that, fast-slow(FS) and slow-fast model is not available for this NCSU 45nm model.

Table 4 shows how Vth and βeff value of PMOS and NMOS pass transistor change with

temperatures for different corners (using DC analysis).
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Figure 20: PSRR plot of the Proposed LDO Design.

We also analyzed the step response of the output for those corners and temper-

atures using transient analysis (Fig. 21). The highest overshoot found 24.84mV for ff-

corner at 85◦C, whereas the undershoot is 26.12mV for ss-corner at 85◦C. The highest

settling time found is 2.89uS for ss-corner at -5◦C. We observed the PSRR for different

corners and temperatures at a pick current of 15mA using AC analysis (Fig. 22). The

best PSRR found 55.69dB for ff-corner at -5◦C, and the worst is 28.52dB for ss corner

at 85◦C. The summary of the corner analysis at different temperatures of the proposed

design is presented in Table 5.

4.4 Comparison with Prior Works

In this section, we present a discussion on the practicality, assumptions, and lim-

itations of the proposed LDO design. A comparative analysis of the proposed LDO with
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Table 4: Corner analysis value for PMOS and NMOS pass transistor

Corner PMOS
Vth(mV)

NMOS
Vth(mV)

PMOS
βeff

NMOS
βeff

Temp
(◦C)

typical 169.4 231.7 7.765 44.9 27
typical 147.3 223.4 9.715 51.9 -5
typical 182.9 234.8 5.131 32.67 85
ss 213.8 270.1 7.581 46.81 27
ss 192.4 259.6 9.673 54.65 -5
ss 222.8 273.9 4.923 33.28 85
ff 125.7 197.6 8.123 43.47 27
ff 104.1 191.1 9.968 49.86 -5
ff 142.0 199.7 5.482 32.22 85

Table 5: Corner analysis value of the step response at different temperature

Corner Overshoot
(mV)

Undershoot
(mV)

Settling
time(uS)

PSRR(db)
@100kHz

Temp
(◦C)

typical 15.92 19.04 1.24 44.22 27
typical 13.29 19.82 1.58 48.50 -5
typical 23.79 19.96 0.74 37.47 85
ss 13.84 25.02 2.14 34.32 27
ss 13.28 24.23 2.89 38.57 -5
ss 22.79 26.12 1.20 28.52 85
ff 16.25 14.56 0.73 52.39 27
ff 15.92 14.94 0.91 55.69 -5
ff 24.84 19.97 0.45 46.11 85
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(a)

(b)

(c)

Figure 21: Corner Analysis of the Proposed design with step load for (a) typical (b) fast-
fast and (c) slow-slow.

48



(a)

(b)

(c)

Figure 22: Corner Analysis of Proposed design for PSRR (a) typical (b) fast-fast and (c)
slow-slow. 49



some state-of-the-art prior works is presented in Table 2. As few LDO designs with 45nm

technology are available in the literature, we compare with the state-of-the-art LDOs of

40nm, 45nm, and 65nm technologies.

This work offers a variable output range of 0.4-1.0V, which can be obtained by

providing an appropriate reference voltage. As some of the key data were not mentioned

in the compared prior works, we could not determine the FOM (figure-of-merit). A quan-

titative analysis is given here for comparison purposes. The line regulation of this work is

1.46X and 14.27X less compared to [25] and [26], respectively and 2.5X more compared

to [30]. This work’s load regulation is 2.8X less compared to [30], which offers the lowest

among the others. The work is having the lowest value of the on-chip output capacitor

and therefore has the lowest area. The PSRR of this work is highest compared to other

work for up to 100Khz.
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CHAPTER 5

LDO DESIGN IN 180NM TECHNOLOGY

5.1 Proposed LDO Design

For 180nm, we used an additional buffer in the traditional architecture showed in

Figure 8a in between the error amplifier and the PMOS pass transistor 23. The desired

output voltage is achieved by controlling the gate voltage of the PMOS pass transistor.

The purpose of the buffer is to improve the transient response, reduce the noise effect

and improve PSRR. Buffer will control the gate voltage of PMOS based on the amplified

output of EA. Note that the reference voltage, Vref is an input to the LDO and is connected

to the negative terminal of EA, which comes from a bandgap reference voltage circuit.

Figure 23: Block Diagram of proposed design in 180nm
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Figure 24: Schematic of Error Amplifier Circuit

5.1.1 Error Amplifier (EA)

Two stage differential amplifier is used here as error amplifier. First stage is a

differential pair, and second stage is the common source stage which creates a two-pole

system (Figure. 24). A miller capacitor of 500fF is used for stability purpose here. M5,

M7 are the biasing transistor which are properly biased by biasing network. The error

amplifier compares the output voltage of the LDO with reference voltage and generates

an error signal which feeds to the buffer.

5.1.2 Biasing Circuit

Biasing Network is basically a beta-multiplier circuit with a differential pair in

between the current mirrors to reduce the sensitivity over supply voltage (Figure. 25).
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Figure 25: Schematic diagram of supply independent biasing network.

Figure 26: Output current of the supply independent biasing network.
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The biasing network is designed to ensure the proper operation of each transistor in the

circuit. Linear circuits involving transistors typically require specific DC voltages and

currents for correct operation. As an example, for an amplifier, this requirement means

that the transistor must stay in the saturation mode and avoid triode or cut-off.

M1,M2,M3 andM4 are the differential pair andM5,M6,M7 andM8 constitutes the

current (Figure. 26). A resistor R is having a value of 1.35KÎ© used in the source of M8

to accurately set the output current.

5.1.3 Buffer

Buffer circuit is also known as voltage follower. As showed in Figure. 27, M1 and

M2 compares input and output signal of the buffer and maintains the input voltage at the

output. Here, M9 act as a diode-connected load.

5.1.4 Pass Transistors

The PMOS pass transistor is the primary driver switch of the proposed design,

Pass transistors are chosen with considerable sizing value to provide a sufficient amount

of current to the load. Depending on the reference voltage, the output voltage is regulated

by controlling the pass transistor’s gate voltage.

5.1.5 Resistive Feedback Network

The regulatorâs output voltage is sensed through the voltage divider network R1

and R2 (Figure. 23) and feedback to the error amplifierâs input. Feedback network works

as a sample circuit in voltage regulator.
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Figure 27: Schematic of Voltage follower/Buffer Circuit

5.1.6 Simulation Environment

The LDO in this work is designed using 180nm TSMC CMOS technology in

Cadence Virtuoso. For design rule check (DRC), layout vs schematic (LVS) and paracitic

extraction, Calibre is used. The chip is now with MOSIS for fabrication.

5.1.7 Design Specification

The design specification of the proposed design is presented in the table. The

supply voltage is 1.8V with a maximum load current of 20mA. A capacitor having a

value of only 1pf is used at the output of the design. The proposed LDO achieves a

minimum dropout voltage of 200mV. The overall specification of the proposed design is
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Table 7: Specifications of the Proposed LDO

Parameter Specification
Input/Output Voltage 1.8V/0.8-1.6V
Voltage Overhead <5mV
Line Regulation 0.043 (mv/V)
Load Regulation 0.0001 (mV/mA)
Load Current 20mA (max)
Cout 1pF (on-chip)
∆Vout 2.78mV
Area 0.018mm2

PSRR max 88dB @100KHz

summarized in Table 7.

5.1.8 Layout of the Proposed Design

The layout of the proposed design is implemented in Cadence Virtuoso (Fig. 12).

DRC and LVS checks are done with the Caliber tool [51]. The total active area of the

design is 0.018mm2. The layout with all the capacitors and transitors are shown in Figure.

28, all the transistors and the inputs are annotated. Metal 1, Metal 2, and Poly are used

here for all cell level layout. For capacitor, Metal 5 and Metal 6 are used.

5.2 Modeling Frequency Response of The Proposed Design

In this section, we present the modeling of the proposed design’s frequency re-

sponse using its small-signal equivalent model.
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Figure 28: Transistor level layout of the proposed design with capacitors

Figure 29: Small signal equivalent circuit of two stage Error Amplifier

The cascaded structure of the differential stage and common-source stage con-

structs a second-order two-pole system, leading to instability of the design [52]. There-

fore, a compensating capacitor is needed. We have considered a capacitor of 500fF as

a miller capacitor between two stages in this work. This capacitor creates a large sep-

aration between the dominant and non-dominant pole and ensures better stability. The

small-signal equivalent model is represented in Fig. 29. The gain and poles equations are
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presented by 5.1 to 5.7. Here, the dominant pole resides on the output of the EA.

R1 = rds4‖rds2 (5.1)

R2 = rds6‖rds7 (5.2)

C1 = Cdb4 + Cdb4 + Cgs7 (5.3)

C2 = Cdb7 + Cdb6 (5.4)

Av =
Vout
Vin

=
gm1gm2R1R2(1− sCc

gm2
)

(1 + s
ωp1

)(1 + s
ωp2

)
(5.5)

ωp1(Dominant) ∼=
1

gm2R1R2CC
(5.6)

ωp2(Non− dominant) ∼=
gm2

C1 + C2

(5.7)

5.3 Simulation and Result Analysis

In this section, we present the transient, DC, and AC analysis of the proposed de-

sign. The proposed design is implemented and simulated in Cadence Virtuoso Simulator

using 180nm TSMC CMOS process.
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5.3.1 Transient Analysis

Transient response is a metric to evaluate an LDO’s performance for the change in

the input reference voltage and load current variation (i.e., change in the load impedance).

Load regulation is the capability to maintain a constant voltage (or current) level

on the output channel of a power supply despite changes in the supply’s load. To evaluate

the LDOâs load transient response to change in the load current, we consider a step in

the load current of 20mA with 10ns for both rise and fall time with the desired regulated

Vout = 1.6 V. Fig. 30 shows the corresponding result.The maximum deviation observed is

2.78mV. The load regulation of the proposed design is measured at 0.0001 (mV/mA).

Figure 30: Load transient response of the proposed regulator with a step of load current
from 0 to 20mA.
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Figure 31: Line regulation of the proposed design.

5.3.2 DC Analysis

DC analysis is a metric which evaluates the operating region, line regulation etc.

of a LDO.

Line regulation can be defined as the percentage change in the output voltage for

a given change in the input voltage. To evaluate LDOâs line regulation, we perform a DC

analysis to observe output voltage variation by varying the input supply voltage.Fig. 31

shows the corresponding result. We calculate the line regulation as 0.0043. That means

each voltage change at the input changes the output by only 43mV.

5.3.3 AC and Stability Analysis

The frequency response of the circuit is presented in Fig. 32. In the design, But-

terworth optimization is chosen since precise regulation is required across the passband
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to regulate the transistors’ gate voltages. As depicted by Fig. 32, Butterworth architecture

provides maximum passband flatness. The two stage error amplifier has a 73.33 gain and

82.83◦ phase margin. The whole system’s overall gain is close to half as Vout is fed to

error amplifier through resistive feedback network. It indicates that the overall system is

stable under full load conditions.

Fig. 33 shows the PSRR plot of the proposed design for 1mA, 10mA, and 20mA

of load current. The maximum PSRR we observe is 88db until 100KHz for 1mA load

current.

Figure 32: Frequency response of the two stage error amplifier

5.4 Comparison with Prior Works

A comparative analysis of the proposed LDO with some state-of-the-art prior

works is presented in Table 2. This work offers a variable output range of 0.8-1.6V,
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Figure 33: PSRR plot of the Proposed LDO Design.

which can be obtained by providing an appropriate reference voltage. The proposed de-

sign shows better result in-terms of line regulation, load regulation and PSRR which are

the most important metrices of an LDO regulator. Moreover we get a wide range of output

voltage compared to other designs.

5.5 Application

The proposed design of LDO regulator in 180nm is used in a memory security ap-

plication. This is a collaborative work with the hardware security group of Pennsylvania

State University. In this work, security for non-volatile memory is proposed by isolat-

ing the power pin from the memory array during read/write operation. The memory is

powered through on-chip capacitor banks that act as a battery. This isolation effectively

63



Ta
bl

e
8:

C
om

pa
ri

so
n

w
ith

Pr
io

rW
or

k

Pa
ra

m
et

er
[5

4]
IS

SC
L’

18
[5

5]
T

V
L

SI
’1

9
[5

6]
T

PE
L’

18
[5

7]
T

PE
’1

8
[5

8]
JS

SC
’1

4
[5

9]
IS

SC
L’

19
T

hi
s

W
or

k
Te

ch
no

lo
gy

(n
m

)
18

0
18

0
13

0
13

0
18

0
13

0
18

0
Vo

ut
(V

)
1.

4-
1.

6
1

20
0

20
0

1.
6

0.
53

0.
8-

1.
6

V
dr

op
(m

V
)

20
0

20
0

1-
1.

4
1.

2
20

0
50

20
0

A
ct

iv
e

A
re

a
(m

m
2)

0.
21

0.
05

5
0.

00
42

0.
00

46
0.

25
N

/A
0.

01
8

M
ax

L
oa

d
(m

A
)

50
20

0
25

50
50

3
20

O
ut

pu
tC

ap
ac

ito
r(

pF
)

50
10

0
25

40
0

10
0

12
0

1
âV
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eliminates the side channel signature observed by the adversary (through VDD pin) and

thereby, prevents power Side Channel Attack (SCA) with no performance degradation.

A VR is used to regulate the output of on-chip capacitor during read/write of the mem-

ory. During the charging phase, the VDD source is used to charge a capacitor bank (C).

The current observed during capacitor charging does not reveal any sensitive information.

Once charged, the VDD pin in isolated and the capacitor voltage is fed to a VR which

delivers a constant supply to NVM. Adversary cannot extract side channels since the VDD

pin is isolated during the NVM access. The setup is shown in Figure 34.

Figure 34: Setup Configuration of the proposed memory security
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CHAPTER 6

ANALOG DESIGN AUTOMATION

6.1 Background

Due to the increasing demand for telecommunication/wireless devices in the semi-

conductor industry, the integration of mixed-signal circuits in System-on-chip(SoC) is

booming. Both Analog and RF functions are now integrated into a single chip [60] [61].

The specifications like high performance, low power, low noise, increasing functional-

ity are becoming more stringent in integrated circuits. New technologies are developed

to enable an exponential increase in IC density and meet the specifications mentioned

above. The complexity of designing an integrated circuit is increasing day-by-day with

technology shrinking. Thus the productivity is slowing down. This phenomenon is re-

ferred to as the design productivity gap. New Computer-Aided-Design (CAD) tools and

methodologies are being developed to improve the designers’ productivity and lessen the

design productivity gap. Though analog circuit usually occupies a small fraction of the

total chip area (less than 20%), the analog circuit’s design time is significantly higher

than the digital circuit because of the complexity. Besides, digital intellectual property

(IP) can be reused, and it is a standard practice supported by well-established automated

methodologies and synthesis tools, which enables increasing design productivity.

In analog/mixed-signal designs, there are many rules and strategies associated

with the design to achieve the desired specifications. Design methodologies and CAD
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tools for analog design are not matured enough to support complex analog design flow. As

analog design parameters(such as power dissipation, DC gain, bandwidth, phase-margin,

slew rate, noise, power, area, etc.) are more sensitive to the fabrication process than the

digital circuit, reuse of analog IP is challenging and costly. Second-order and third-order

effects are more crucial in analog circuits than the digital circuit [60] [62]. With multi-

ple parameters, each analog cell produces hundreds or thousands of various performance

measures [60]. Therefore, reusing one analog design from one technology to another with

the same design parameters requires a redesign of the circuit significantly [62]. As the

technology or the project’s specification and rule changes, the analog circuit libraries be-

came obsolete for the next generation. Though there is a significant amount of research

and progress seen during the last couple of decades, analog design methodologies and

tools are still far from a well-developed stage like the digital counterpart.

A clear definition of a hierarchical design flow is essential to handle the increasing

complexity of analog and mixed-signal IC design. The analog design automation (DA)

tools still cannot support the whole analog design flow as tools only concentrate on each

part individually, and they need intervention from experts. Moreover, tools generally ad-

dress circuit-level synthesis, making it challenging to implement in complex and large

circuits. Hence, hierarchical design mostly implements in design methodologies nowa-

days, just like the manual design approach to applying a divide-to-conquer strategy. The

trend to design an automation method will consider three aspects to improve [1]:

• The methodology will have the flexibility to deal with multiple architectures or

circuits and interact during the synthesis process.

67



• The methodology will use different tools and techniques to do various design steps(such

as topology selection, circuit sizing, layout etc.).

• The methodology will handle intricate systems and implement strategies having

multiple abstraction levels.

For the last few decades, researchers are relentlessly working on finding a com-

plete design methodology and an efficient tool to make the complete analog design auto-

mated. Few sizing methodology and tools are developed in [63] [64] [65] [66] [67] [68].

We mainly concentrated on the circuit-synthesis part of the hierarchical analog design au-

tomation flow in this work. We proposed an optimization methodology to synthesize an

analog circuit accurately and efficiently in each design step (such as topology selection,

sizing transistors, etc.). We used one supervised learning method, random forest tree,

and the symmetrical constraints to minimize the design space point. The circuit synthesis

flow will consume less time and give an optimized solution. The proposed methodology

is a combination of learning and simulation-based optimization, which has the flexibility

to work with different technologies. We also developed a tool to execute the complete

synthesis methodology properly.

6.2 Analog design Flow

Two approaches are usually followed to design an analog system; flat and hierar-

chical. In a flat approach, the whole circuit is designed altogether. As the analog system’s

complexity and dimension are increasing day by day, it has become a less popular option

among the designers. In a hierarchical approach, designers follow the divide-to-conquer
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strategy. The hierarchical approach is divided into two flows: top-down design flow and

bottom-up verification flow [62] [2] [69] [70] [71] [72]. Each flow has several levels

of steps with a set of design tasks [62] [2] [69] [70]. The hierarchical approach is now

widely followed in handling the complexity of analog and mixed-signal integrated cir-

cuits. A general design flow of analog/mixed-signal systems is presented in Fig. 35 [1].

A brief description of each step is given below:

6.2.1 System-Level

System-level is the first level of developing an analog/mixed-signal system. At

this level, the technology process, the objectives, and the system specifications are ad-

dressed. The whole system’s structure is designed and partitioned into several high-level

building blocks for the next stage. The different system specifications are mapped into

intermediate-level parameters that become the lower-level building blocks’ specifications

in this stage. These partitionings and specifications are validated using different suitable

high-level behavioral tools or simulation tools, such as MATLAB, Verilog AMS, etc.

6.2.2 Block-Level

In this stage, the high-level building blocks are translated into functional blocks’

architecture to realize the specific behavioral description. These functional blocks are then

described separately using appropriate hardware description language (such as VHDL

and VHDL- AMS). Then they are tested for the required specifications using different

behavioral simulations tools like Ultrasim, NcSim, Hsim, Modelsim, etc.
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6.2.3 Circuit-Level

Here, each analog functional blocks are optimized according to a given optimiza-

tion process. This optimization process is based on the acquired specifications and tech-

nology process from the upper level. It is an iterative process that determines the physical

dimensions at the device level. This stage has two primary objectives: to select the appro-

priate circuit topology and to obtain the proper sizing parameters of the circuit elements.

For a robust design, different process variations and device tolerance are taken into ac-

count to ensure a high-yield design. The final circuit is then tested against the required

performance specifications using circuit-level simulator tools such as HSPICE and Spec-

tre.

6.2.4 Layout hierarchy

During this phase, the optimized functional blocks achieved from the circuit-level

schematic are transformed into a multi-layer layout. The circuit layout is the physical

representation of the circuit that contains the circuit elements’ planar geometric shapes

and maintains the design rules specified by the fabrication process. The circuit layout,

which is obtainable either manually or automatically, is optimized for minimum area and

some other design specifications. A verification phase is then done to check for design

rule error known as Design Rules Check (DRC). The DRC is followed by an LVS check

(Layout vs. Schematic) where the layout and schematic design is matched for input/output

pins. After that, the layout parasitics are extracted, whose effects are checked with circuit

simulations so that the circuit performance does not vary substantially from the target
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specifications.

6.2.5 Fabrication and Testing

Fabrication and testing is the final stage where IC produces by a series of mask

generation. Several precise quality tests are associated with the whole fabrication process

to avoid defects in the chip. Test bench, along with a test setup, tests and verifies the

circuit’s correct operation.

These hierarchical abstraction levels are blended with a top-down and bottom-up

approach with a redesign or backtracking iterations [2] [73] as illustrated in Fig. 35.

Our primary focus is to implement the design methodology at the Circuit-level of the

hierarchical strategy. Hence, we are only discussing the top-down and bottom-up flow at

the Circuit-level. The top-down flow has the following steps:

1. Topology selection: The circuit topology is chosen in this step to meet the speci-

fications coming from the system and block level in the hierarchy. The selection

can be made manually from a database using heuristic rules. In this method, each

topology’s feasibility in the database is realized to see if a particular topology can

meet the required specification. Another approach is called an optimization-based

approach [74], where topology selection is combined with the device sizing step.

2. Specification translation/Sizing: In this step, an optimized design with all the re-

quired specifications is sought from the selected topology. The specifications com-

ing from the upper level are translated into the system’s sub-blocks and eventually
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depend on the transistors’ sizing in each sub-block. In higher levels of the de-

sign hierarchy, this process implements the block’s decomposition under design

in a subset of specifications that are passed down in the hierarchy tor each sub-

block in such a way that the actual block meets its specs. For the lowest levels in

the hierarchy, where the sub-blocks are materialized in single devices (transistors,

resistors, etc), circuit sizing occurs according to the performance specs and the se-

lected topology received from upper levels. There are two main approaches: the

knowledge-based approach and an optimization-based approach relying on differ-

ent optimization methods.

3. Synthesis Verification: After proper sizing of the transistors in each block, the sim-

ulation and verification start to see if the optimized design meets the required spec-

ifications. If the desired performance is achieved, the design flow advances to sub-

blocks of the lower level in the hierarchy. Otherwise, the whole flow restarted inside

the same hierarchical level for redesign or other hierarchical levels for backtracking.

The bottom-up flow layout performs the next steps:

1. Layout Generation: Physical layout of each sub-block is generated and optimized

in this step, considering all the design constraints.

2. Extraction: After successfully passing the DRC and LVS, the layout is extracted to

approximate the fabrication’s effects on the circuit’s performance, called parasitics.

3. Layout verification: In this step, the extracted layout is simulated and verified to
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quantify the layout parasitics’ effects on the circuit’s overall performance. Be-

cause of the parasitics, the extracted view simulation might largely deviate from

the schematic simulation. In that case, the redesign process will involve the associ-

ated blocks in the same or different hierarchy levels.
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CHAPTER 7

PROPOSED ANALOG DESIGN METHODOLOGY

7.1 Methodology

In this work, we proposed the design methodology to implement in the circuit-

level of the hierarchical flow. The detailed methodology flow is shown in Figure 36. We

explained the top-down flow and showed how we could incorporate the bottom-top flow

in our proposed methodology.

7.1.1 Topology Selection

One of the critical factors for achieving a high-performance design is choosing

an appropriate architecture [75]. Based on the specification parameters, the topology

will be selected from a predefined library having a particular group of circuits with the

required functionality. The proposed algorithm has two phases: learning and evaluation.

The proposed methodology would start with the simplest topology and go ahead with

the next one if the first one failed to meet the specification parameters in the learning

phase. The predefined library will be prepared with only the possible topologies suitable

for the requirement. This preparation will save some computing time by not including

unnecessary topology to check.
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7.1.2 Sizing Automation and Performance evaluation:

The device/circuit performance is mostly dependent on the sizing of its transistors.

There are two well-known approaches usually practice in the industry for transistor sizing.

7.1.2.1 7.1.2.1 Knowledge-based approach

In this approach, the whole system is considered altogether to characterize and

plan how each sub-block should design to meet the overall system specifications [62] [76]

[77] [78]. This method’s primary purpose is to utilize the designer’s knowledge, develop

a preliminary design plan with equations, and design tactics to find the sizing to meet

specific parameters. This approach’s major drawback is the massive overhead regarding

defining a new design plan for each new topology and new technology. The whole process

is very time-consuming, and getting an optimum solution is not a sure thing.

7.1.2.2 7.1.2.2 Optimization-based approach

An optimization methodology is applied in this approach to complete the design

tasks. This method is an iterative process where different transistor-sizing/design vari-

ables are used in each iteration until all the design specifications have met. The optimiza-

tion algorithm explores the design space to find the appropriate sizing for each transistor,

and the evaluation tool verifies if all the performance parameters are satisfied. When

all the system requirements are satisfied, the transistors’ sizes at that iteration use as a

solution to design the selected topology. There are three techniques to efficiently guide
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the search mechanism to evaluate and minimize the iteration number in the optimiza-

tion process. These are equation-based optimization, simulation-based optimization, and

learning-based optimization.

For the sake of time and accuracy, we chose an optimized-based approach. We

combined simulation-based and learning-based optimization to develop the algorithm to

minimize the iteration number. The algorithm will synthesize and find the optimized

value in three-step: find optimized transistor sizing, find other component value, and

find the proper size and bias voltage for biasing transistor. The learning phase will have

only the first step, but the evaluation phase will have all three steps. The first task is

to identify the mutual transistors in the test topology, which will drastically reduce the

overall iteration number based on the topology’s mutual transistor pair number. A good

starting point is critical to get the least number of iterations, leading to less computational

time and resources. So instead of choosing a transistor and its size randomly, we choose

the transistors pair near the output and gradually go to distant transistors/transistor pairs.

In this way, the model can closely observe how the design parameters change and make

the algorithm more optimized.

Our proposed methodology’s first phase is to create a learning environment and

run the flow with a predefined step size. The step size will be chosen based on the tran-

sistor number in the circuit. Large step size should be selected if the transistor number is

high to reduce the learning phase’s iteration number. Then using random forest, we can

reduce the design space. Then the flow will continue by using the reduced design space

for the evaluation phase. It will save time as well as give an optimized design. If the
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topology has components other than transistors (such as capacitor, resistor), some prede-

fined values will be used for those components during the learning phase. Resistors and

capacitors introduce poles and zeroes in the analog circuit. These poles and zeroes affect

the phase margin, thus the stability of the whole circuit. These components’ value will be

identified through iteration during the algorithm’s evaluation phase after optimizing the

transistors sizing to meet the phase margin requirement. In the end, the biasing transistors

will come into the picture and will find the proper sizing for that using simulation in the

evaluation phase. If one topology does not meet the design requirement in the learning

phase, the following topology will be chosen. In this way, time and resources will be

saved by not evaluating a topology with vast design space, which is one of the significant

advantages of the proposed methodology.

We used supervised learning to limit the transistor sizing from the initial range

to reduce the design space point between the learning and evaluation phases. This way,

the whole sizing automation process will go through a lot less number iteration without

losing any optimized solution. Random forest tree is supervised learning we used in our

methodology to reduce the transistors sizing range.

Random Forest: Random forest or random decision forest is a learning method

that operates by constructing multiple decision trees during the training phase of a given

dataset. The random forest chooses the decision of the majority of the trees as the final

decision. The decision can come out in the mode of classes or mean prediction of the

individual trees [79]. Random forest can perform efficiently in an extensive database and

give the most accurate result. It can operate on thousands of input variables and can offer
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(a)

(b)

Figure 37: Relation between iteration number and a) transistor step size b) transistor
count.
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to detect variable interaction. These features are highly required to analyze a complex

circuit dataset with many transistors where each design specification depends on each

transistors’ individual and mutual performance. Lastly, Random forest does not overfit,

and it is fast to train a dataset. These are reasons for choosing this learning method in our

proposed methodology.

How we should choose the step size?: The step of transistor size can be chosen

by the user in both phases. With the increase in step size, the computation time decreases

as well as the accuracy. Usually, the iteration number to find all the combinations of

transistor sizing in topology is an, where ’n’ is the number of transistors and ’a’ is the

number of step size. There are eight transistors in the second topology (Figure 39). So

with a 5um step size, there will be forty steps, and the total iteration number should be

6.56x1012. Even if a condition is put in the usual way based the specifications, there will

be no control over the flow, and the user might have to wait for an optimized solution for

an indefinite time. The lowest iteration number is also dependent on how the iteration

loops are structured. We placed the transistors in different position of the iteration loop

and the proposed the way which gave the best result in terms of iteration and time as

well. The plot shown in Figure 37 explains how iteration number increases with the

transistor count and step size. In the y-axis of the plots, logarithmic data is shown for

better visualization. Iteration number will exponentially increase if either transistor step

size or count increases. As execution time is proportional to iteration number, if iteration

number increases so thus the execution time. Based on the plot, we cay say that if we can

decrease the iteration number, we will find the optimized solution in less time. Besides,
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step size will also determine the accuracy of the algorithm we are using. The more the

step size, the wider will be the design space and the less accuracy we will have. So based

on the requirement, user should choose step size carefully.

To incorporate the proposed methodology in bottom-up flow, we need to estimate

parasitic in the selected topology and add them during the sizing automation to evaluate

the circuit performance properly. To get the estimation, we need to complete the whole

top-bottom and bottom-top flow once with the sizes we can get from the proposed method-

ology’s learning phase. We can choose the point closest to the required specification in

the design space to pursue the bottom-top flow. We could not verify the bottom-top flow

because of the lack of a layout automation tool. That is why this is out of the scope of this

work.

7.2 Implementation of the proposed methodology

In this section, we presented the implementation of the proposed methodology.

Three sets of specification parameters were chosen, which can be met by an operational

amplifier to show how the proposed methodology performs to find an optimized solution.

The design specification parameters are summarized in Table I. We are assuming that all

the transistors should be operating in the saturation region. We used a fixed length of

0.6um for all the transistors in all topologies, and the biasing current is 25uA.

We consider a single-stage differential amplifier, an operational transconductance

amplifier (OTA), and a two-stage differential amplifier for topology selection and include
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Figure 38: Circuit diagram of a Single-stage Differential Amplifier

them in the predefined library. The specifications are set in such a way that each topol-

ogy will meet one single specification set. The algorithm will start with the differential

amplifier, as this is the simplest one.

The circuit diagram of a single-stage differential amplifier is shown in Figure 38.

The circuit consists of two transistors pairs; one pair of NMOS (M1 and M2) and one

pair of PMOS (M3, M4). Each mutual pair will have a similar sizing throughout the

algorithm. As both the pairs are near the output, the NMOS pair will be in the iteration’s

inner loop, and the PMOS pair will be in the outer loop. For the learning phase, the step we

chose is 30u. The range of the transistors’ width will come from the design specifications
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Figure 39: Circuit diagram of an Operational Transconductance Amplifier

Figure 40: Circuit diagram of a Two-stage Differential Amplifier
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parameter. Using the random decision forest, the design space of the transistors’ width

will decrease. In the evaluation phase, the user can give the step size to get optimized

transistors sizing. Here we chose 5u as the sizing step. The single-stage amplifier will

meet the first set of design parameters, so the algorithm will not go to the next topology.

The first topology will fail to meet the second set of specifications. The algorithm

will determine in the learning phase and eventually choose the second topology and start

the learning phase. The circuit diagram of an OTA is shown in Figure 39. There are four

pairs of transistors(two NMOS pairs and two PMOS pairs in the schematic. As M6 and

M8 are near the output, M7, M8 will be in the inner loop, followed by M5, M6. Then

M1, M2, and M3, M4 will be the most outer loop for sizing iteration. As there are four

transistors pair, we chose 45u as a sizing step to use a low iteration number during the

learning phase. For the evaluation phase, we chose 10u as the step size for achieving

optimized sizing. The rest of the settings and methodology flow will be the same as the

first topology.

The algorithm will reject the first two topologies during the learning phase and

move onto the third topology to meet the third set of specifications. The circuit diagram of

the two-stage differential amplifier is shown in Figure 40. Along with two transistor pairs

like single-stage, there is an additional transistor (M5), one resistor (R), and one capacitor

(C). For the learning phase, a predefined value is chosen for the resistor and capacitor.

There will be three iterations because of two transistors pair (M1/M2, M3,/M4) and one

transistor (M5). As M5 is near the output, it will be in the inner loop, then M1, M2 in

the middle loop, and M3, M4 will be in the outer loop. The algorithm will pursue the
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learning and evaluation phase to find the correct sizing of the transistors. The sizing step

in learning phase is 30u and 10u is in evaluation phase. Later, two extra loops are needed

for the third topology to find the R and C’s optimized value after completing the learning

and evaluation phase to meet the phase margin requirement.

After finding the optimized sizing and values of the circuit’s components, the bi-

asing transistor will replace the biasing current source with proper biasing voltage. A

sample random forest decision tree for a single-stage amplifier is shown in figure 41 to

show how random forest classification is used in the proposed methodology to find the

sizing limit for transistors. As there are two pairs of transistors in the first topology, two

decision trees are developed and then combined to get a random forest decision tree. Only

one transistor is shown from each pair to develop the tree. The possible outcome is high-

lighted in bold red color. Note that the tree is developed based on the dataset’s point from

the learning phase, which gave the specific requirements within ±10%.

We organized the dataset obtained from learning phase into two classes. One class

represents the data fulfilling the specific requirements within ±10%. The rest of them are

in class two. We also used two well known classifier support vector machine and naive

bias classifier and compared result with random forest algorithm. The accuracy of each

algorithm is given in Table 10 and we can say that random forest is performing better than

other algorithm.
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Table 10: Accuracy of three different classification algorithm

Algorithm Accuracy
Naive bias 0.885
Support Vector Machine 0.93
Random Forest 0.993

7.3 Result and Analysis

To control the algorithm flow, we developed a tool using python scripting. For

simulation and verification, we used Hspice simulation software. The technology we

used here is 0.6um with a 5V supply voltage and 200fF load capacitor. After finding each

topology’s optimized solution, we verified the result by simulation in Cadence virtuoso.

The specifications from Table 9 were used for topology selection and sizing. All the

simulations and flow control via the tool is done on an Intel Xeon Linux Machine with

3.10GHz.

Each topology’s learning phase and evaluation phase during the sizing algorithm is

summarized in Table 11. The table contains the iteration number and time for each phase

and showed the reduced sizing limit for each transistor in a topology. The optimized

result for each topology coming from the algorithm is verified in Cadence virtuoso. Table

12 presented the specification parameters achieved from Hspice and Cadence simulation

with the optimized sizing.

We used Python’s Scikit-Learn library to implement the random decision forest in

the proposed methodology. After the learning phase, each qualified set of transistors’ size

used as a dataset to build the random decision forest. A visual representation is presented
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in Figure 6 for a single-stage amplifier.

The proposed methodology is entirely dependent on the simulation result. A

model file for each transistor type (NMOS and PMOS) is used for simulation. This model

file contains all the technology-dependent parameters, and a simulation tool simulates the

circuit based on this model file. The whole optimization flow will be the same whether

the model file changes or not, and based on the simulation result, the methodology will

decide the outcome. As a result, this design methodology can be easily transferable to a

different technology node.
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CHAPTER 8

ENERGY EFFICIENT FDSOI AND FINFET BASED POWER GATING CIRCUIT

USING DATA RETENTION TRANSISTOR

8.1 Background

With the constant scaling of the process technologies, VLSI designers are looking

for futuristic way beyond the bulk CMOS to meet the requirements of the industry. Lower

node bulk CMOS technologies are experiencing severe short channel effects like mobil-

ity degradation, velocity saturation, hot carrier effects, Drain Induced Barrier Lowering

(DIBL), back scattering, punch-through etc. To minimize these effects, device structures

like Fully Depleted Silicon-on-Insulator (FDSOI) and Fin Field Effect Transistor (Fin-

FET) are currently being used for many applications. The uniqueness of the Silicon on

Oxide (SOI) device is the presence of a Buried Oxide layer (BOX) that separates the body

of the device from the substrate. The FDSOI and FinFET devices can both be imple-

mented using the BOX structures (see Figure 42 and Figure 43). The main advantage of

having the BOX layer is the reduction of the junction capacitance [80]. The reduction of

this parasitic capacitance increases the working speed of the device, which in turn gives

better performance. The presence of the BOX layer prevents leakage of the charge carri-

ers into the substrate by confining them into the channel itself. This in turn leads to lower

power consumption. Several memory designs are proposed in literature with FDSOI and

FinFET [81–83]. For energy efficient design, futuristic technology like TFET, CNTFET,
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GNRFET etc. are also explored in [84–88]

Leakage currents are the main source of power consumption in the standby mode

in high performance integrated circuits. Typically, power gating circuits are used to re-

duce power consumption and thermal stress due to excessive leakage. Sleep Transistors

are usually used in most of the power gating techniques with different configurations

to reduce the subthreshold leakage current, which is considered as the major source of

the standby power [89]. These sleep transistors, which are added as header and footer

switches between the supply lines and the circuits, can be replaced by using double gate

FDSOI as logic transistors [90]. The groundbreaking idea of eliminating the sleep transis-

tors and combining the functions of the logic and power gating transistors into the same

set of transistors would significantly reduce circuit complexity [90]. However, this new

approach is yet to be adopted in the IC design and fabrication process. The technique

presented in [90] can be improved and optimized for data retention or minimizing ground

bounce noise. In smaller nodes, integrated circuits are becoming even more susceptible

to leakages and power supply noises (Ldi/dt noise, IR drop, ground bounce and substrate

coupling). The substrate noise is one of the main signal integrity challenges in digital

and mixed signal SOCs. Besides, power delivery network introduces the greatest disrup-

tion to the substrate in the form of ground bounce. As substrates are highly doped to

increase latch-up immunity, they provide a very efficient conduction path for substrate

noise, which may lead to large ground bounce. If the value of the voltage surge/droop due

to the ground bounce is greater than the noise margin of a circuit, the circuit will give erro-

neous value or logic level and switch at wrong time [91]. Ground bounce mitigation with
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virtual ground scheme is also mentioned in [92]. In this work, we presented a technique

where we used a data retention transistor in addition to the header and footer sleep transis-

tors to suppress the ground bounce noise and hold the value during the inactive period of

the circuit [93]. We implemented the technique by using FDSOI and FinFET devices and

also compared some performance metrics like delay, leakage power and energy between

FDSOI and FinFET based implementations using a 2-input NAND gate.

Figure 42: Double gate FDSOI device

8.2 Characteristics of Devices

8.2.1 FDSOI

The simple structure of a double-gate fully depleted SOI FET is depicted in Figure

42. According to the name, it is comprised of two gates whereas the second gate contact

(back gate) is created below the substrate. These two gates basically regulate the charges

in the channel between the box layer and front gate oxide layer. The idea of double-

gate FDSOI technology is to add another conductive layer beneath the SOI device [94].
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Figure 43: FinFET device on a SOI structure.

There are two categories of commonly used SOI MOSFETs: (i) fully depleted (FD) and

(ii) partially depleted (PD) [94]. This work focuses on FDSOI devices for the presented

power gating design. The FDSOI ensures much better control of the back-gate on the

channel over PDSOI. In the PDSOI, the front surface and channel potential are slightly

influenced by the back gate or the substrate.

The silicon film thickness is typically below or equal to half of the depletion width

of the bulk device in FDSOI devices [94]. Electrical parameters, especially drain current

and threshold voltage of the SOI devices, are influenced by the film thickness. Threshold

voltage (VTH) of double gate FDSOI is dependent on the back gate voltage of FDSOI as

shown in Figure 3. VTH of FDSOI is given by equation 8.1 and 8.2.

VTHF
= VFBF

+2φB−
Qb

2COX
−(VBG−VFBB

−2φB+
Qb

2CBOX
)

CsiCBOX
COX(Csi + CBOX)

(8.1)

Qb = −qNATTSI(or) + qNDTTSI (8.2)
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Where VFG and VBG are front and back gate voltages. VFBF
and VFBB

are front

and back gate flatband voltages. COX is front and back gate oxide. CBOX and Csi are

buried oxide and depleted silicon film capacitances. Qb is the area charge density in

depleted Si film. From Figure 44, it can be seen that by controlling back gate voltage, we

can change the threshold voltage of N-type FDSOI and P-type FDSOI. Threshold voltage

is inversely proportional to back gate voltage for N-type devices and directly proportional

for P-type devices.

Figure 44: Threshold Voltage Dependence upon back gate bias for FDSOI.

8.2.2 FinFET

FinFET is categorized as a kind of multi-gate Metal Oxide Semiconductor Field

Effect Transistor (MOSFET) where a thin silicon film enclosed over the conducting chan-

nel and forms the body. The structure of FinFET comprises of a set of fins covered by

the gate. The channel length of the device is defined from the thickness of the device.

It is basically a non-planar, double-gate transistor. There are two types of FinFET: (i)
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Bulk FinFET and (ii) SOI FinFET. The classification of FinFET is based on the âbaseâ

onto which it is fabricated. The gate of the FinFET is enclosed around which decreases

leakage current thus increases efficiency. In this work, we mainly focused on SOI FinFET

which is comparatively less effected by the short channel effects of transistor. In tradi-

tional bulk-MOS (planner MOS), the channel is horizontal while in FinFET, it is vertical.

So for FinFET, the height of the channel (Fin) defines the width of the device. The drive

current of the FinFET is proportional to the width of the channel which means propor-

tional to the height of the Fin. So we can increase the device current by increase the height

of the fin. The device current can also be increased by constructing parallel multiple fins

connected together. Threshold voltage, which is a dependent variable on depletion region

charge, always plays an important role on decreasing leakage current. For double gate

FinFET, we can apply a constant DC bias on one gate and use the second gate as input

terminal. By changing the DC bias voltage, we can change the depletion region charge to

achieve variation in overall threshold voltage.

8.3 Working Principle of Proposed Design

The proposed design using data retention transistor in addition with sleep transis-

tor is implemented in a basic 2-input NAND gate. Figure 45 represents the basic structure

of our proposed design. And Figure 46 represents the structure using 2-input NAND gate.

There are two control signals: a) CLOCK and b) HOLD and three modes of operation:

a) Active b) Hold c) Cut-off. Table 13 represents how these two control signals control

different modes of operation. The CLOCK and HOLD in Figure 45 represents the inverse
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of CLOCK and HOLD signal.

Figure 45: Power gating technique using sleep transistor and data retention transistor for
any Logic Module.

Header and footer sleep transistors decreases the leakage of the logic module by

introducing virtual VDD and virtual GND but hampers the logic level of the circuit.

Therefore, data retention transistor is introduced to retain the original logic level by be-

ing active during the inactive period of CLOCK signal. All the back gates/substrates of

PMOSs are connected with supply voltage and NMOSs are connected with ground. For

FDSOI further leakage reduction is possible by controlling the back gate voltage which

will change the threshold voltage of the transistors but that will require additional wiring.

During the active mode, â1â is sent through CLOCK and â0â is sent through
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Table 13: Modes of operation depending on control signal.

Modes CLOCK HOLD
Active 1 0
Hold 0 1
Cut-off 0 0

HOLD signal. This combination makes the transistor Q1 and Q2 on and Q3 and Q4

off (Figure 45). Due to this the logic module gets full rail to rail supply voltage and it

works in a normal mode. In Hold mode, CLOCK is kept at â0â value and HOLD is kept

at â1â. In this situation, Q1 and Q2 remain off and Q3 and Q4 are on. As Q3 is a P-type

transistor, it is a bad pull-down devices. So a virtual VDD is created which is slightly

less the real VDD. And as Q4 is an N-type transistor, it is a bad pull up device. And thus

a virtual ground is created which is at a slightly higher value than the real ground. In

this mode of operation, the logic module gets a reduced supply voltage. This helps the

retention of the data but with a lower power consumption. In the Cut-off mode, â0â is fed

through both the CLOCK and HOLD control signal and transistor Q1, Q2, Q3 and Q4 all

are in an off state. As a result, the logic module is disconnected from the supply voltage

and no current flows through the circuit.

8.4 Benchmarking between FDSOI and FinFET based NAND logic gate

The proposed design is implemented and simulated in Hspice Simulator using

20nm FDSOI process of Leti-UTSOI model files from CEA-Leti and 20nm FinFET of
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Figure 46: Power gating technique using sleep transistor with data retention transistor for
2-input NAND gate.

PTM-MG model files from ASU. A standard NAND gate is implemented using the pro-

posed design for both FDSOI and FinFET. Table 14 gives the detailed comparative anal-

ysis of the design for FDSOI and FinFET. From the table, it is observed that though the

design gives better result for FDSOI in terms of propagation delay, the leakage power

and total consumed power is far better for FinFET than FDSOI. FinFET-NAND gate

consumes 3.75 times less energy compared to FDSOI-NAND gate during active mode.

However, FinFET-NAND gate consumes 1.05 times more energy than FDSOI-NAND

gate during hold mode. The propagation delay for FinFET is 2ps less than FinFET.
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Table 14: Performance summary of FDSOI and SOI-FINFET based NAND gate.

Devices FDSOI FinFET
Technology (nm) 20

Supply Voltage (V) 0.9
Propagation Delay (ps) 8 10

Leakage Power (pW)
Active mode 162.9 0.77
Hold mode 101.8 0.58

Total Power (nW)
Active mode 14.34 3.04
Hold mode 3.11 2.63

Energy Consumption (J)
Active mode 1.14E-19 3.04E-20
Hold mode 2.5E-20 2.63E-20
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CHAPTER 9

CONCLUSIONS & FUTURE WORK

9.1 Summary

The voltage regulator has been an indispensable part of the integrated circuit’s

power delivery system from the beginning of the technology era. Voltage regulators have

evolved from off-chip regulator to on-chip implementation to improve the performance

and meet the ever-growing tech industry’s requirements. The increasing complexity and

more stringent power requirements are continuously pushing researchers to overcome the

limitations of on-chip voltage regulators. As the Internet of Things (IoT), biosensors,

battery-powered devices are more coming into the picture, power-efficient, fast response,

and noise-free supply are in high demand more than ever. To design such a efficient

regulator, it takes a significant amount of time and resources to successfully implement

it. For the last few decades, researchers are relentlessly working to find an optimized,

mature, and less time-consuming tool to automate the analog design process and minimize

the design productivity gap.

In this work, we have surveyed a significant number of recent and state-of-the-art

literature and compared based on the working principles and different key design param-

eters (such as efficiency, consumed power, area, etc.) and assembled the findings in this

paper. This dissertation has also explained the background and classification of differ-

ent prevailing LDO and SC VR and compared them based on their operating principle,
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advantages/disadvantages, and suitability of their implementation.

We proposed a fully on-chip LDO implementation in 45nm without an external

capacitor is proposed. An input voltage of 1.2V is used, and a wide range of 0.4V to 1.2V

output voltage is achieved in this proposed design. An additional pass transistor is used

instead of a resistor feedback network to reduce the active area and achieve a three-fold

improvement. High PSRR, better line, load regulation, and fully on-chip implementation

as there is no need for an external capacitor make the proposed design suitable for on-chip

implementation as well as in smaller devices.

In addition, we also proposed a external capacitorless fully on-chip LDO imple-

mentation in TSMC 180nm and sent it for fabrication. We further utilized the VR design

in memory security application.

For analog automation, We presented a robust optimization methodology flow for

circuit synthesis and transistor sizing as a possible solution in the Circuit-level of analog

hierarchical design flow in this work. We proposed two phases of iteration and used an

efficient supervised learning algorithm, random decision forest between those phases to

reduce the transistor sizing limit. As a result, the time will not be wasted unnecessarily

on evaluating an incapable topology, and the optimized solution can be found in minutes.

9.2 Future Work

As voltage regulator is a fundamental part of an integrated circuit, it has been well

studied for many decades. An efficient VR can ensure a stable operation of a whole chip.

That is why the study of a more efficient and competent design of VR is still ongoing.
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As technology is shrinking as well as the supply voltage, the need for research on on-

chip VR in lower node technology is vital and more needed. This paper will help future

researchers understand the performance and limitations of on-chip VR and implement the

knowledge to design future regulators. The most optimistic implantation of on-chip VR

will be a single entity having small, simple, and noise-free designs with a fast transient

response and high efficiency.
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