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Abstract

Most modern circuit designs have a mix of analog and digital circuit blocks

integrated on a single chip. Such designs require a dedicated power man-

agement unit to provide a stable, regulated and clean power supply. This

is achieved by using LDOs. Analog LDOs are accurate and have a fast

transient response suitable for driving analog core on the chip. However,

such LDOs are not scalable and cannot regulate lower voltage domains.

Digital LDOs are thus used to supply lower voltage domains required for

digital cores. Digital LDOs have a poor transient response with a poor

DC load regulation.

A fully on-chip 200mA class, flash ADC based digital LDO is proposed

in this work with analog-assisted dynamic reference correction to improve

the DC load regulation and a faster transient response. The proposed

LDO can be easily scaled to drive a larger or smaller load current. An

effective way to test noise at the output of the power delivery network

using S-parameters has also been demonstrated in this work. Using this

PDN analysis, we show a significant reduction in the simulation time.

The full custom design has been implemented in STMicroelectronics 28nm

FD-SOI CMOS technology and the device has been sent for fabrication.

We achieve a 0.005mV/mA load regulation capability for 200mA load

current variation using 5nF load capacitance, with a worst case settling

time of 139ns and a peak-to-peak ripple of 7.8mV, using the post layout

simulations.



Contents

1 Introduction 1

2 Related Work 3

3 Proposed Digital LDO Design 7

3.1 Digital LDO design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.1 Comparator . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1.2 Pass Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.3 Dynamic Reference shifting controller . . . . . . . . . . . . . . 11

3.2 Scalability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 Small signal model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4 Power Delivery Network(PDN) 15

4.1 Power Delivery Network Analysis . . . . . . . . . . . . . . . . . . . . 15

4.1.1 Transient Analysis . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1.2 S-parameter Analysis . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.3 AC Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 Ring Oscillator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

5 Simulation Results 20

5.1 Digital LDO Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5.2 PDN Noise Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6 Future Work 27

7 Conclusion 28

A Research Impact 31

References 32

i



List of Figures

2.1 Analog LDO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Conventional Digital LDO [7] . . . . . . . . . . . . . . . . . . . . . . 4

3.1 Proposed Digital LDO . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.2 Comparator Block Diagram . . . . . . . . . . . . . . . . . . . . . . . 8

3.3 Latched Comparator [7] . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.4 Proposed Comparator . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.5 Dynamic Reference Shifting Controller . . . . . . . . . . . . . . . . . 12

3.6 Small Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.1 PDN Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2 Transient setup with ring oscillator fed from LDO . . . . . . . . . . . 17

4.3 S-parameter analysis setup . . . . . . . . . . . . . . . . . . . . . . . . 17

4.4 Ring Oscillator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

5.1 Layout of digital LDO design with on-chip load capacitor . . . . . . . 20

5.2 Regulated output voltage without dynamic reference shifting controller 21

5.3 Shifting of internal reference voltages . . . . . . . . . . . . . . . . . . 22

5.4 Regulated output voltage with dynamic reference shifting . . . . . . . 23

5.5 Transient performance of the designed Digital LDO . . . . . . . . . . 24

5.6 Transient simulations using S-parameters and using full-system simu-

lations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.7 Output Noise profile in frequency domain . . . . . . . . . . . . . . . . 26

5.8 Output noise profile in the time domain . . . . . . . . . . . . . . . . 26

ii



List of Tables

5.1 Performance Comparison at Varying Load Capacitance And Currents 24

7.1 Comparison with state-of-the-art Digital LDOs . . . . . . . . . . . . 30

iii



Chapter 1

Introduction

In the modern day, we are surrounded by gadgets and devices including portable ones

which include mobile phones, tablets, music players, etc. Most of these devices are de-

signed to operate at a pre-defined constant voltage. Almost all of these devices use a

battery to operate. The battery supplies a voltage, which overtime keeps on reducing

as a result of discharging. Due to this discharging, batteries are unable to supply a

constant power supply. Consistent with the Moores law, technology has been scaling

fast. This not only leads to the scaling of channel length of the transistor, but also of

the voltage domains on which the circuits operate. As the operating voltage scales, a

stable power supply is required since the device characteristics are very sensitive to

supply variations. These issues coupled, lead to the demand of a voltage regulator

circuit which can supply clean and regulated voltages.

Low dropout voltage regulators have become a preferred choice of voltage regulating

circuits due to their high accuracy and current efficiency. Most integrated circuits

(ICs) have a power management unit along with some analog and digital circuitry.

With the advancement in IC design techniques, there has been a rise in IC designs

which have multiple voltage domains existing on a single chip. For this purpose,

switching regulators, primarily buck or boost as used to generate these domains from

a constant supply. These switching regulators introduce large ripples in the supply

due to the RLC oscillations introducing switching activity. Such a supply is not suit-

able for analog designs which are highly susceptible to noise in the supply. This calls

for a need of LDOs between the circuitry and the switching regulators. Increasingly,

there has been a demand for lower voltage domains for digital circuitry along with

relatively larger voltage domains for analog circuitry. For larger supply domains, ana-

log LDOs are generally used, which are unable to operate at near-threshold voltages,

digital LDOs capable of doing this were designed. Digital LDOs however suffer from
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large ripples, slow transient response and poor DC load regulation.

In this work, a digital LDO is designed and simulated with an improved DC load

regulation capability, while minimizing the output ripple and improving the transient

performance.

This dissertation is organized as follows: chapter 2 contains the background of the

problem and related work done in this field; chapter 3 explains the proposed work

which lays an outline for the digital LDO design; chapter 4 presents the power delivery

network analysis to estimate output noise faster; chapter 5 shows the simulation re-

sults. After highlighting the possible future work in chapter 6, we conclude in chapter

7.
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Chapter 2

Related Work

Conventional Analog LDO design as shown in Fig. 2.1, uses an error amplifier in a

stable negative feedback configuration to vary the on-resistance of a pass transistor

switch. This, in turn varies the amount of current flowing from the transistor into

the load. As a result, the output voltage settles at the reference voltage, so that the

transistor provides exactly the amount of current as required by the load.

Figure 2.1: Analog LDO
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Further, LDOs can be divided into classes based on their capability to ensure open-

loop stability. A conventional LDO employs a large off-chip capacitor at the load

to compensate a sharp transient in load current, creating a dominant pole at the

output. This imposes a penalty in terms of larger chip area and also leads to sev-

eral integration issues. Other LDOs use the Electrical Series Resistance (ESR) of

the load capacitor to cancel the pole with zeros. In this case, however, stability is

dependent on the value of ESR, which is itself dependent on temperature. Over time,

designs have evolved to use Miller compensation techniques to generate an internal

dominant pole, therefore ensuring stability without using a large off-chip capacitor.

Such a LDO has a poor transient performance and a degraded PSRR as compared

to conventional LDO. Several design modifications have been proposed to improve

the transient performance of such LDOs. All such modifications lead to an area or

power overhead. Even with the additional circuitry, such LDOs fail to operate at

near-threshold voltages. Digital LDOs have become effective alternates for Analog

LDOs due to their low-voltage operability and process scalability.

Digital LDOs use an analog-to-digital converter (ADC) to sense the output volt-

age and then perform reconstructive control on this digital value. The system then

converts this digital signal back into analog output using a digital-to-analog converter

(DAC). The advantage of a digital LDO is that it can work on low input voltages and

is scalable. However, its performance is not as good as an analog LDO.

Figure 2.2: Conventional Digital LDO [7]
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Digital LDO, first introduced in [7], used a bi-directional shift register to control the

number of turned on switches based on the difference between reference and output

voltage level. Fig. 2.2 shows a block diagram of this conventional digital LDO design.

This design faced a large ripple of about 90mV, which might be undesirable. Besides,

it had a poor DC load regulation of 0.65mV/mA. Coarse-Fine dual loop has been

used in [3, 5] to improve the DC load regulation and minimize the output ripple

magnitude. The transient performance of such an LDO is based on the speed of the

clock driving the shift registers. A fast clock implies a fast transient response, with

a large dynamic power consumption, governed by equation 2.1. A slow clock on the

other hand would reduce the dynamic power consumption, but will also slow down

the transient response. Thus, synchronous Digital LDO designs suffer from a power

versus speed trade-off. To reduce the dynamic power consumption, an event-driven

digital LDO was proposed in [4]. This design however faced large droop voltages of

10% value, while consuming a large on-chip area.

Pdynamic = α.CL.V
2
DD.fCLK (2.1)

In this work, a fully on-chip Digital LDO supporting load currents up to 200mA is

proposed with a fast transient response and improved DC load regulation, using a

small load capacitor.

LDO Specifications and Design Parameters

Dropout Voltage: It is the voltage difference between the input and output volt-

age to keep the regulator operational. It is defined as the voltage drop across the

pass switch as shown in Fig. 2.1. A low dropout voltage is desirable as it leads to

increased power efficiency of the regulator. However, to maintain the pass switch in

saturation, a minimum fixed amount of dropout is required.

Quiescent current: It is defined as the current required by the regulator to ensure

proper biasing conditions and remain operational in no-load conditions. Alterna-

tively, it is defined as the difference between the current drawn from input supply

and the output current delivered at the load. A lower quiescent current is desired for

maximum power efficiency. It is the current that does not directly contribute to the

output power delivered, and consists of bias currents to the reference generator, error

amplifier, etc.
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Load Regulation: It is defined as the capability of the regulator to maintain the

desired output voltage as a result of change in load current. In other words, when

the load current changes by 1mA, the corresponding change in the regulator output

gives the load regulation capability of the LDO. It is defined by equation 2.2 and is

measured in terms of mV/mA.

LoadRegulation =
∆Vout
∆Iload

(2.2)

Transient Response: It is defined as the ability of the regulator to react to no-load

to full-load change in the load current while regulating a desired output voltage. It

takes several factors into account, like peak overshoots and undershoots, settling time

and peak-to-peak ripple.

Current Efficiency: It is defined as the ratio of load current delivered to the total

input current (comprising of the quiescent current and load current), as in equation

2.3.

η =
Iout

(Iout + IQ)
∗ 100% (2.3)

Figure of Merit (FOM): It is defined as in equation 2.4, as in [1]. The lesser the value,

the better regulator it is.

FOM =
(Cload.∆Vout.IQ)

(I2
load)

(2.4)
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Chapter 3

Proposed Digital LDO Design

3.1 Digital LDO design

Figure 3.1: Proposed Digital LDO

It has already been established that Analog LDOs suffer from lack of low-voltage

operability, and are not scalable. Digital LDOs on the other hand, have a slower

transient response, and a poorer DC load regulation capability as compared to an
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analog LDO. Therefore, in this work, a 200mA class Digital LDO with dynamic ref-

erence correction loop has been proposed to improve the load regulation capability

and improve the transient response. The proposed LDO is scalable in terms of the

load currents it can drive, which shall be established in the later sections.

As shown in Fig. 3.1, the proposed LDO is made using comparators, a gm-C in-

tegrator, pass switches, and a resistor ladder. Comparator stage is used to convert

analog output to digital control signals, which control the states of the pass switches.

These switches act as a digital-to-analog converter, which change the output voltage

to minimize the error between the input and output voltages. The gm-C integrator

is used to dynamically shift the references of the flash ADC, to improve the DC load

regulation, as explained in subsequent sections.

3.1.1 Comparator

Analog LDOs use an error amplifier in the feedback loop to compare the difference

between input and output voltages, and based on this difference vary the on resistance

of a pass switch. In digital LDO, however, a comparator is used to sense the difference

between the input and output voltages and based on the difference, give output as

either digital bit 0 or 1. This digital bit varies the number of turned on pass switches.

Fig. 3.2 shows the block diagram of a comparator.

Figure 3.2: Comparator Block Diagram

Faster the response of the comparator, larger is the frequency at which the shift reg-

ister can receive the control signal, thus making the transient performance better.

This makes it absolutely necessary to have a fast comparator in the design. The
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traditional comparator designs are made by using an operational amplifier in open-

loop configuration. Such comparators are however slow, since the high gain of the

op-amp limits its bandwidth, thus reducing their speed. Op-amp based comparators

also suffer from a limited resolution governed by the input offset of the op-amp. To

offset this limitation of limited resolution and slow speed, comparator operation is

divided in two stages- comparison and decision stage, by using a clock signal. The

compensation capacitor of the op-amp is disabled during the comparison phase to in-

crease the speed. This however introduces clock-feedthrough effect due to unwanted

charge injection when the transistors turn off. A multi-stage comparator can be used

to solve this issue of clock-feedthrough. This type of design have a high resolution but

require multiple phase clock signals, which slow down the circuits. To increase the

speed, latched comparators with first stage as a pre-amplifier and a second track-and-

latch stage are used. While the pre-amplifier stage, with a small gain (typically 4-10)

improves the resolution, while track-and-latch stage amplifies the output further and

makes it rail-to-rail. Such comparators, as shown in fig. 3.3, are very fast and are

widely used in the reviewed digital LDO designs.

Figure 3.3: Latched Comparator [7]
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Synchronous comparators as described above, use clock to switch between track and

latch modes in the track-and-latch stage. The faster the clock speed, the better is

the comparison speed of these comparators. However, as defined by eq. 2.1, dynamic

power dissipation is directly proportional to the clock frequency. Using synchronous

comparators would lead to lower power efficiency, which is undesirable. To reduce

the dynamic power consumption in our design, we used asynchronous latched com-

parators. Fig. 3.4 shows the circuit diagram of the asynchronous comparator used in

our design.

Figure 3.4: Proposed Comparator

In this circuit there are two feedback paths- a negative current series feedback from

source nodes of M1 and M4, and another being a positive voltage shunt feedback from

the latched connections (from gate to drain) of M2 and M3. If the positive feedback

becomes greater than the negative feedback, there would be hysteresis in this circuit.

So, to keep this circuit free from hysteresis, ratio of the sizes of M2 and M5 must

be less than 1. Using K<1 in the circuit in fig. 3.4, we ensure a partial positive

feedback, providing us with high gain of the comparator. Owing to its high gain,

we obtain a high resolution, capable of detecting voltage differences of the order of

µVolts. This circuit operates at a bias current of 10µA, and making it highly power

efficient and giving comparison speeds of the order of 2GHz. The propagation delay

of this comparator circuit is 450ps at typical operating conditions.
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3.1.2 Pass Switch

Typically, pass switch in an analog LDO is modelled as a gm stage with a load

resistance and load capacitance at its output. This is because the current through

this switch is a function of its gate to source voltage, and the gate voltage depends on

the difference of reference voltage and the output voltage. This generates a RC pole

at the output. In digital LDO, however, this pass switch can be simply characterized

as a Ron resistance since at any point of time, it is only acting as a binary switch,

either on or off. The current through this switch is either zero or it is the current

flowing through the source of this branch. It is in no way defined or controlled by

this switch.

3.1.3 Dynamic Reference shifting controller

In conventional digital LDOs, it is observed that with the variation in the load cur-

rent, output voltage settles at different DC voltage levels. This degrades the DC

load regulation capability of the regulator. This level shift arises because for differ-

ent values of load currents, a different number of pass switches are turned on, each

of which corresponds to a different voltage level. At a higher load current, the out-

put voltage DC level is lesser than the output voltage DC level at a lower load current.

Dynamic reference shifting controller is proposed in this work to cancel this DC

shift on load current variation. It works as a gm − C integrator, which pumps in

extra current when the DC level of the output voltage falls, therefore making the

voltages across each of the resistors to increase. Similarly, when the output voltage

DC level rises, it reduces the amount of current flowing into the ladder, thus reducing

the voltage levels across each of the resistors. This controller forms a low-bandwidth,

high gain loop which reduces the output voltage error, leading to better DC load

regulation capability.

As shown in fig. 3.5, when the output voltage falls lower than the reference volt-

age, gate voltage of PMOS transistor goes down, as a result Vgs increases, thus

increasing the amount of current flowing through PMOS transistor into the resistor

ladder increases. This shifts up the internal references (Vref1 - Vref4) feeding the

comparator reference voltages. Since the comparison thresholds go up, the output

voltage also goes up.

11



Figure 3.5: Dynamic Reference Shifting Controller

3.2 Scalability

This design can be easily modified to drive larger or smaller load currents by increasing

or decreasing the size of the pass switch respectively. Reducing the size of the pass

switch leads to a lower capacitance at the output, thereby reducing the response time

of the comparator. As a result, output ripples reduce. This enables us to use smaller

capacitance at the output. Thus, similar level of performance can be ascertained by

reducing the load capacitance for a smaller amount of load current, and vice versa.

For regulating a constant voltage V (given by equation 3.1), V is constant as long as

the ratio (I.∆t)/C is constant. For an increased load current, we can increase load

capacitance to keep similar performance and for smaller load current, we can reduce

load capacitance to keep similar performance.

V =
I.∆t

Cload
(3.1)
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3.3 Small signal model

Figure 3.6: Small Signal Model

The small signal model is realized as shown in fig. 3.6. The dynamic reference shifting

controller is modelled as a gm−C integrator, which forms a slow loop due to its large

loop gain and small bandwidth. This slow outer loop introduces a pole in the system.

Comparator stage is realized as a delay element with a large non-linear gain k. Pass

switch stage is realized as a single-pole system with the pole at 1/τ , where τ is defined

as in equation 3.2.

τ = (Ron||Rload).Cload (3.2)

The fast inner loop (flash), although suffers from stable limit cycle oscillations, it

is stable in itself. The limit cycles oscillations arise due to the non-linear transfer

function of the comparators. The transfer function of the system is given by equation

3.4, where k1 is given by equation 3.5.

Vout = [Vout −
gm
sC1

.(Vref − Vout)].e−sTd .
kout

1 + sReqCL

2π

(3.3)

Vout
Vref

=
−2πgmk1

s2ReqC1CL + sC1(1− k1)2π − 2πk1gm
(3.4)

k1 = e−sTd .kout (3.5)

13



Stability of the system in figure 3.6 is ensured by making the bandwidth of the outer

loop low. The error, E is a function of load current drawn, and is defined by equation

3.6. Here, Iunit is the maximum current that can pass through each ON pass switch

at any point of time, and VLSB is the minimum reference voltage of any comparator.

E ∝ Iload
Iunit

.VLSB (3.6)
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Chapter 4

Power Delivery Network(PDN)

4.1 Power Delivery Network Analysis

For any circuit design implemented on silicon, there exists a requirement of packaging

to ease its integration with devices. On-chip connections pass from the internal pins

to the pins of the package through metal interconnects, which introduce non-idealities

in the design and may cause some issues with the functioning of the chip. These non-

idealities occur in the form of a combination of parasitic resistances, capacitances and

inductances, which is usually modelled as in fig. 4.1. This network is termed as a

power delivery network (PDN).

Figure 4.1: PDN Model

The important consideration for the designers of any circuit block that goes on chip

is to ensure a smooth and stable supply through each of the pins to the chip. This

makes it extremely necessary for the designers to test the functioning of their design

15



with a model of PDN expected to be present post fabrication. The noise due to PDN

mainly comes from three sources:

1. IR Drop: The total resistance from the external supply to the chip pins comes

from the resistance of the on-chip wires, resistance of solder bumps, resistance

of package connections and the resistance of PCB plane. This resistance causes

a drop in the voltage delivered to the chip, depending on the current flowing

through it. There is an always flowing quiescent current in the chip, which

contributes to the static component of IR drop. However, there is an additional

flow of current due to switching of devices on-chip, which leads to the dynamic

component of the IR drop.

2. Ldi/dt Noise: The parasitic model of a PDN in fig. 9 shows the inductance

introduced in the system. This inductance leads to a voltage change at every

instantaneous change in the current. This introduces a switching noise in the

voltage levels, which may disturb the normal functioning of the circuit.

3. LC resonance: The capacitances introduced in the design cause LC oscillations

at low frequencies, causing a noise. This noise is not filtered by the decoupling

capacitances since it is low-frequency. This can be offset by having a large

inductance in series with the PDN, but that would lead to a greater Ldi/dt

noise. So, there exists a trade-off between Ldi/dt noise and the LC resonant

noise.

Due to these reasons, we decided to test our design of Digital LDO with the

model of PDN supplying at both the supplies VDD and GND of a test circuit

block. For this, the PDN model was used and a simple ring oscillator was

designed to be used as test circuit.

4.1.1 Transient Analysis

The circuit was connected with a simplified model of PDN as shown in fig. 4.2, and

transient analysis was performed to obtain the response of the circuit.

This is a rather slow simulation since it takes a long time of around 40 minutes

to finish this simulation only at the typical corner at 27◦C operating temperature.

This time would be quite large for larger circuits with a lot of switching activity

involved, e.g. Analog-to-Digital converter.
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Figure 4.2: Transient setup with ring oscillator fed from LDO

4.1.2 S-parameter Analysis

For this analysis, first the S-parameters of the test circuit are extracted and then

this S-parameter model of the test circuit is used in place of the actual test circuit.

Transient analysis is then performed on this model, as shown in fig. 4.3.

Figure 4.3: S-parameter analysis setup

This simulation is faster since it eliminates the actual model with a mathematical,

S-parameter model, a lot of approximations are done, which reduce the amount of

calculations on the part of the simulator, thus giving results faster. This simulation

takes about 1 minute to simulate.
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4.1.3 AC Analysis

Here, we make use of the fact that output impedance is a figure of merit (FOM) of

any voltage source, and it can therefore be used to define a LDO as well [9]. The first

step for this analysis is to find the output impedance of the LDO in the frequency

domain. This is done by simulating the LDO in AC analysis. Next, we simulate the

test circuit block in transient mode and obtain its input current profile. This becomes

the load current profile in time domain for our analysis, since the input current of

the test circuit is the load current for the LDO. This current profile is converted to

frequency domain by taking fast Fourier transform (FFT) as in equation 4.1.

I(f) = fft{i(t)} (4.1)

Switching noise at the output of the LDO is calculated by performing complex multi-

plication of output impedance of the regulator and the current in frequency domain,

as given by equation 4.2.

∆Vout(f) = Iload ∗ Zout (4.2)

The noise in time domain can be obtained by taking the inverse fast Fourier transform

of this ∆Vout(f) [10]. This gives the switching noise profile at the output of the LDO.

This analysis is very fast since it involves only mathematical equations to be solved

rather than the simulation of actual circuits. This simulation gives the output in less

than 20 seconds.

4.2 Ring Oscillator

A ring oscillator was designed as the test circuit for the purpose of testing our regulator

with a PDN. Ring oscillator is a cascading of an odd number of inverters in series

thus forming a ring, as shown in fig. 4.4. The output of the ring oscillator oscillates

between the rail-to-rail supply levels. The resistors and capacitors are introduced

between the stages to increase the delay between the two stages, thereby increasing

the time period of oscillations. Such ring oscillators are found in a wide range of

applications, including in voltage controlled oscillators (VCOs) etc.
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Figure 4.4: Ring Oscillator

The supplies of a ring oscillator are very critical, since they not only determine the

voltages between which the output would oscillate but also determine the frequency of

this oscillation. The delay of the inverter is a function of the current flowing through

it. This means that if the VDD supply of the inverter is more, more current would

flow through the PMOS M1 into the output of this inverter. This increases the rate of

charging of the capacitor, thus reducing the delay between two inverter stages. This

in turn, leads to a reduced time period of oscillations. For a ring oscillator with n

inverter stages, and t delay between the two inverter stages, frequency of oscillation

f is given by equation 4.3.

f =
1

2 ∗ t ∗ n
(4.3)
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Chapter 5

Simulation Results

The full custom design was implemented in STMicroelectronics 28nm FD-SOI process

using the Cadence Virtuoso schematic editor. Further, layout of the design was

done using Cadence Virtuoso layout editor. For pre-layout simulations, netlist was

generated using ADE-L, and simulations were done using Mentor Graphics ELDO

simulator at high precision accuracy (EPS = E-9). Post-layout (PLS) netlist was also

extracted and PLS simulations were done using ELDO simulator. All the results of

digital LDO presented in this section are from PLS simulations, while for the PDN,

results are from pre-layout simulations. PDN simulations were not done with post-

layout netlist since it is just an approximate model, and actual R, L, C values may

vary after fabrication. Fig. 5.1 shows the layout of the digital LDO design. The total

area occupied by digital LDO is 0.027mm2.

Figure 5.1: Layout of digital LDO design with on-chip load capacitor

20



5.1 Digital LDO Results

Fig. 5.2 shows the regulated output voltage using the designed LDO without the

dynamic reference correction loop. It shows a 50mV DC level shift in the output

voltage when load current is varied from no load to full load of 200mA.

Figure 5.2: Regulated output voltage without dynamic reference shifting controller

Fig. 5.3 shows the shifting of the internal reference voltages on load change from

no load (0A) to full load (200mA) and then to 100mA and finally to 50mA. It is

evident from this figure that when load current increases, since output voltage falls,

the outer reference correction loop shifts the internal references of the comparators

up to compensate the DC shift. Similarly, when the load current falls from 200mA to

100mA, the internal references are shifted down to compensate the DC shift upwards

in the output voltage.
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Figure 5.3: Shifting of internal reference voltages

It is observed from Fig. 5.3 that the internal references are shifted due to load

variation. This shifting leads to compensation in DC shifting as well. Fig. 5.4 shows

the regulated output voltage with the dynamic reference shifting controller working.

It is evident that there is no DC level shift in this case.
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Figure 5.4: Regulated output voltage with dynamic reference shifting

Fig. 5.5 shows the transient response of the LDO with peak-to-peak ripples of 7.8mV,

a maximum overshoot/undershoot of 64mV and a worst case settling time of 139ns

for no load to full load variations.
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Figure 5.5: Transient performance of the designed Digital LDO

Scalability

We compared the performance of the presented design for various load currents, i.e.

2mA, 4mA, 20mA, 40mA, 100mA and 200mA. The performance comparison results

are displayed in Table 5.1.

Table 5.1: Performance Comparison at Varying Load Capacitance And Currents
Cload (nF) 0.1 1 5
Iload (mA) 2 4 20 40 100 200
∆Vout (mV) 30.8 43 23.6 42.6 35.9 64
Tsettling (ns) 91 135 75 115 98 139
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5.2 PDN Noise Analysis

Fig. 5.6 shows the output waveform obtained from S-parameter analysis match the

one obtained from transient analysis. V(P3) is the output obtained from transient

simulations using S-parameter analysis, while V(VDDS) shows the output obtained

from full system transient analysis. The waveform wf(6) gives the error between the

noise profile obtained using full-system transient analysis and the transient analysis

using S-parameters. Even though there is a phase shift of 180 degrees, but the

magnitude of output variation is similar in both the cases, validating our theory.

Figure 5.6: Transient simulations using S-parameters and using full-system simula-
tions

Fig. 5.7 shows the output impedance characteristics of LDO along with the current

and reconstructed output signal in frequency domain. Fig. 5.8 shows the recon-

structed output waveform using the AC analysis method, in time domain. It can be
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clearly seen that the noise profile is matching with the transient output. The peak-to-

peak variation is nearly similar. The reconstructed waveform is limited in time due

to the calculative limitations of the Ezwave waveform viewer which has been used for

calculating and displaying the results.

Figure 5.7: Output Noise profile in frequency domain

Figure 5.8: Output noise profile in the time domain
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Chapter 6

Future Work

The design has been fully verified using post-layout netlist with extracted R and C,

and the device has been sent for fabrication at STMicroelectronics fabrication lab.

The post-silicon validation needs to be done on the manufactured device to test its

functioning in practical operating scenarios.

As mentioned in chapter 1, we have used an asynchronous comparator in our de-

sign to reduce the dynamic power dissipation occurring due to switching of clock.

This requires our design to have a larger quiescent current of 75µA, which is quite

large for the IoT applications. Also, there is a large offset present due to the minimal

sizing of the transistors in the comparator. There is no easily implementable way

to cancel this offset. For this, right now, we have gone for off-chip trimming, which

needs to be done away with. Due to these reasons, using synchronous comparators

needs to be tested. It is widely known that offset cancellation can be easily done

in synchronous comparators, and they consume lesser static current as compared to

asynchronous comparators. So, there might be a possibility that using synchronous

comparators we can improve the current efficiency of our LDO without compromising

much on dynamic power consumption.
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Chapter 7

Conclusion

In this work, a fully on-chip, 200mA class digital low-dropout voltage regulator has

been designed and implemented in STMicroelectronics 28nm FD-SOI process using

a small on-chip load capacitance of 5nF. This design is highly scalable in terms of

the load current it can support, and can be easily modified to drive larger or smaller

load currents. The designed LDO has a superior DC load regulation capability due

to the novel dynamic reference correction loop introduced, which shifts the internal

references of the ADC up or down depending on the DC shift in the output voltage.

The design also has a fast transient response time of 139ns for a full 200mA load

current variation due to its Flash ADC based structure as opposed to SAR ADC

based structure used in conventional digital LDO designs.

The power delivery network has also been modelled and an effective way to ana-

lyze the circuit behavior faster using S-parameters of the circuit block and the output

impedance of the regulator has also been demonstrated in this work. This would help

circuit designers to speed up the simulation process to effectively model the noise

performance of their designs.

The total quiescent current consumption of this design is 75µA with all its peripheral

circuitry involved. The maximum peak-to-peak ripple of 7.8mV is observed. This

design gives a load regulation capability of 0.005mV/mA, which is better than al-

most all of the designs compared. The total active area of the design is 0.027mm2.

The proposed design is able to regulate a reference voltage of 1.2V using a supply

of 1.25V, giving a dropout of 50mV. We calculate the FOM of our design using the

formula in equation 2.4, which is found out to be 0.61ps which is better than almost

all of the previous designs despite having a larger quiescent current consumption. We

achieve a maximum current efficiency of 99.96%, which is one of the best in this class
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of digital LDOs surveyed. We finally compare the results of post-layout simulations

of our design with other digital LDO designs in Table 7.1.
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Appendix A

Research Impact

Patent:

1. Process has been initiated for the filing of the US Patent on this work titled,

“Digital LDO with Analog-Assisted Dynamic Reference Correction for Fast and

Accurate Load Regulation”.

Publications:

1. Paper titled, “Digital LDO with Analog-Assisted Dynamic Reference Correction

for Fast and Accurate Load Regulation” has been accepted at the 60th IEEE

International Midwest Symposium on Circuits and Systems (MWSCAS) for

poster presentation to be held in Boston, USA from August 6-9, 2017.

2. Paper titled, “A 200mA Digital LDO with low load capacitance and high current

efficiency” was presented in STMicroelectronics India Techweek 2017 (internally

archived conference) and was awarded the best paper award in the Analog Track.
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