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ABSTRACT |

Abstract

In this dissertation, the design of a fast transient response digital low-dropout reg-
ulator (DLDO) applicable to next-generation memory systems is discussed. Recent
technologies in memory systems mainly aim at high power density and fast data rate.
Accordingly, the need for a power converter withstanding a large amount of load cur-
rent change in a short period is increased. Accordingly, a solution for compensating
for a voltage drop that causes significant damage to a memory data input/output is
searched according to a periodic clock signal. With this situation, two structures that
achieve fast transient response performance under the constraints of memory systems
are proposed.

To mitigate the transient response degradation under slow external clock conditions,
an adaptive two-step search algorithm with event-driven approaches DLDO is pro-
posed. The technique solves the limitations of loop operation time dependent on slow
external clocks through a ring-amplifier-based continuous-time comparator. Also,
shift register is designed as a circular structure with centralized control of each register
to reduce the cost. Finally, the remaining regulation error is controlled by an adaptive
successive approximation algorithm to minimize the settling time. Fast recovery and
settling time are shown through the measurement of the prototype chip implemented
by the 40-nm CMOS process.

Next, a digital low dropout regulator for ultra-fast transient response is designed. A
slope-detector-based coarse controller to detect, compensate, and correct load current

changes occurring at every rising or falling edge of tens to hundreds of megahertz
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clocks is proposed. Compensation efficiency is increased by the method according to
the degree of change in load voltage over time. Furthermore, the LUT-based shift
register enables the fast loop response speed of the DLDO. Finally, a bidirectional
latch-based driver with fast settling speed and high resolution are proposed. The pro-
totype chip is implemented with a 40-nm CMOS process and achieves effective load
voltage recovery through fast transient response performance even with low load ca-

pacitance.

Keywords: Fast transient response, low-dropout regulator (LDO), digital low-dropout
regulator (DLDO), linear search, binary search, ring-amplifier based comparator (RA-
CMP), circular shifting register (CSR), event-driven, slope detector, LUT-based shift

register, bi-directional latch-based driver, comparator (CMP)-triggered oscillator.

Student Number: 2017-25736
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Motivation

Power converters, including DC-DC converters, are widely used in an integrated
system-on-chips (SoCs) as a power supply source that can provide stable current and
voltage to building blocks. Power converter supplies appropriate power from large
systems to small sub-modules as shown in Fig. 1.1. Recently, however, many func-
tions have been integrated into a single die. Therefore, it is hard to integrate all of the
power converters that supply power to the intellectual properties (IPs) due to various
constraints. For example, there are sub-blocks with multiple functions within building
blocks, such as phase-locked-loop and analog-to-digital converter, and the power con-
ditions for each block to operate in an optimal state are different. If all of the sub-

blocks in the system receive power from one source, their transient current will affect
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the surrounding blocks as noise through the power source. As such, the supply noise
generated in the power converter's output also acts as a factor that degrades the per-
formance of the target IP [1].

Low-dropout regulator (LDO) has been proposed to overcome these problems and
is commonly used in SoC design. LDO regulates supply voltage, allows IP to achieve
higher power efficiency, and reduces power noise caused by external power sources.

In addition, even if a single supply battery is used, various supply voltages can be

- ™~
e N
Power Converter | Main Device
(DC/DC Converter)
( ) \_ J
e ™\
r N 4 )
Power | L[ | PowerConverter | LDO . .
Source (DC/DC Converter) Main Device
_ / \_ J
o ,
N— (" ) r ™\ 4 )
N Power Converter LDO Main Device
(DC/DC Converter)
\. J \_ J
L J
'Y N )
LDO [7T| Main Device
\. J/ . J
)
Main Device
SoC -
\_ S

Fig. 1.1 Power delivery system in SoC.
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created and distributed with fewer resources. Therefore, LDO is currently adopted as
an appropriate power block since the chip area has become increasingly important.
Also, high-performance LDO regulators designed to support advanced memory
have been released. LDO used in memory requires various characteristics compared
to the existing conventional structure. A key feature is the ultra-fast transient response,
minimizing output-voltage fluctuations. Frequent changes in voltage commonly occur
in UFS-based MCPs due to varying levels of read and write performance. However,
ultra-fast transient response regulates these fluctuations to a steady state within 100

ns [2].
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1.2 Various types of LDO

1.2.1 Analog LDO vs. Digital LDO

LDO is defined as two types according to the pass gate configuration: analog low-
dropout regulator (ALDO) [6] — [29] and digital low-dropout regulator (DLDO) [31]
— [53] are shown in Fig. 1.2 and Fig. 1.3, respectively. ALDO is used in applications
that require high power supply rejection (PSR) performance and low output ripple.
However, structures using error amplifier(EA) is often designed with cascodes to ob-
tain sufficient gain, which causes voltage headroom problems. In addition, the analog
EA requires re-design whenever the process changes. After all, these characteristics
are not suitable for LDO designs as the process becomes finer.

Meanwhile, DLDO is widely used in the recent trend of lowering the supply power
according to process scaling since it generally operates well even at low voltages. By
using a digital circuit, a higher loop gain than ALDO can be obtained, and because an
error detector is used instead of EA, robustness to supply voltage is obtained. In addi-
tion, DLDO is attracting more attention in high technology process design than ALDO
because DLDO shows better scalability, portability, and integration performance.
DLDO adopts a method of controlling power MOSFET with the digital manager.
Since the voltage applied to the gate of the MOSFET is a logic of 0 or 1, the MOSFET
always operates in the linear or cut-off range. DLDO shows better current density than
ALDO because MOSFET current is adjusted in full range. Also, on-resistance is

smaller than ALDO’s, so the small voltage drop is presented.
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Error Amplifier
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'?@A_ ] _|
Driver >

Fig. 1.2 Block diagram of conventional analog LDO.
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Fig. 1.3 Block diagram of conventional digital LDO.
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1.2.2 Cap LDO vs. Cap-less LDO

Fig. 1.4 and Fig. 1.5 show LDO types with and without load capacitors, respec-
tively. Depending on the capacitance value attached to the output node of the LDO,
various performances change represents the LDO. The total capacitance of the output
node is the sum of the capacitance intentionally added by the designer and the capac-
itance by parasitic. In general, if there is no intentionally added capacitor or it is not
large, it can be seen as a cap-less structure [7], [11], [20], [29], [39], [50]. In terms of
a transient response, the load capacitor has the advantage of slowing down the rate at
which a drop occurs. In addition, the capacitors at the load stage show good PSR
performance at high frequencies for LDOs. However, the area occupied by the capac-
itor is large enough and leads to a big problem that reduces the overall area efficiency.
The use of external capacitors occupying a large area is becoming difficult in a recent
integrated circuit environment where the number of physical fins is limited as the die
size is reduced. Also, the large capacitance makes a dominant pole at the load in the
LDO system. Therefore, a stability issue due to load current variation should be re-
viewed and designed through a sufficient number of simulations. Design that exploit
the cap-less structure is weak against the voltage drop caused by the load current var-
iation, so various methods have been proposed to supplement load transient response
of cap-less LDO. For example, NMOS structure [20], feedforward structure [25] and

self-clocked structure [50] for faster response of LDO to variation are proposed.
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Error Amplifier
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Fig. 1.4 Block diagram of Cap LDO.
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Fig. 1.5 Block diagram of Cap-less LDO.
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1.3 Thesis Organization

This thesis is organized as follows. In Chapter 2, the backgrounds of the DLDO
are explained. First, basic DLDO behavior is provided, and then analyze the elements
necessary for LDO to have a fast transient response. After that, several LDO design
methods for improving transient performance are introduced.

In Chapter 3, a fast droop-recovery event-driven digital LDO with Adaptive lin-
ear/binary two-step search is presented. The event-driven DLDO offers fast recovery
performance and reduced undesirable output shooting with coarse and fine two-step
regulation. In addition, the two-step regulation controller is connected by asynchro-
nous signal transition logic helps to respond immediately to load variations.

In Chapter 4, a fast transient response digital LDO with current LUT-based control
for digital load application is presented. The slope detector using the CMP-triggered
oscillator tracks the load variation immediately and measures the voltage change
speed at the load. Furthermore, using LUT reduces the delay caused by complex com-
putational processes with slew-rate information of load voltage. Besides, the settling
speed of DLDO is improved using the bi-directional latch-based drivers.

Chapter 5 summarizes the proposed works and concludes this thesis.
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Chapter 2

Backgrounds on Digital Low-Drop-

out Regulator

2.1 Basic Digital Low-Dropout Regulator

The general DLDO structure is shown in Fig. 2.1. DLDO consists of a comparator
that senses a load voltage and outputs a digital value of 1 or 0 compared to a reference
voltage and a controller part that adjusts the gate voltage of the power MOSFET by
receiving the comparator output value. In addition, output load capacitors are gener-
ally required to reduce voltage drop by load variation. Various implementation meth-
ods have been proposed depending on the elements constituting LDO are imple-
mented.

For example, the error detector is also implemented in various ways. Depending
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on the method of sensing the load voltage, the LDO type is divided into time-driven
design and event-driven design [31], [33] — [35]. As shown in Fig. 2.2, time-driven
design operates the voltage regulation loop using digital values based on errors every
certain period, while the comparator operates based on the clock. If the load variation
occurs in the middle of two adjacent clock edges, the delay occurs until the loop starts
because the trigger signal generation depends on the clock edge. Moreover, it is the
worst time for voltage droop or overshoot because it allows load variation to proceed
freely without any control during this time. Time loss can be minimized by increasing
the speed of the operation clock, but many resources are required for this. An event-

driven structure has been proposed to alleviate this performance—resource trade-off.

Vin

3. Pass Gates

|
1. Error Detector |
b,

2. Controller

CLoad

H L

Fig. 2.1 Structure of basic digital low-dropout regulator.

¥
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This structure continuously senses the load voltage and outputs a logic value if it ex-
ceeds a certain threshold. In other words, since it immediately reacts to load variations

outside the allowable range, a fast reaction rate can be obtained regardless of the op-

eration clock.

Time-driven
(Good case)

Time-driven
(Bad case)

Activation

Event-driven

Fig. 2.2 Conceptual procedure of time-driven and event-driven regulation methods.
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2.2 Fast Transient Response Low-Dropout

Regulator

In light of the role of LDO in finally supplying stable voltage and current to IP,
even a small perturbation of load voltage may cause the internal system to malfunction
or fail. Moreover, as low-voltage operation has become important recently, the
allowable voltage error range has decreased further [1]. Therefore, it is crucial to
minimize the load voltage variation under LDO operating conditions for stable
operation of IP. In addition, in the case of digital load applications, where current
consumption occurs periodically, it is an essential factor in the speed of application
operation to quickly recover and set the voltage droop to the target voltage to prepare

for the next drop.

Ips A

N
c
-5
-
i
|
1
:
'
E
1
'
1
1
|
RN P

Vps1 === Vps2 Vbs

Fig. 2.3 Pass gate Vps-lps curve with increasing lourt.
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2.2.1 Response Time

In this section, the load voltage variation caused by the load current variation is
examined through formulas and figures. Also, explore response times, which are im-
portant for reducing load voltage variations.

Fig. 2.3 shows a graph of a case where the load current increases rapidly. To take
a general situation as an example, a pass gate serving as a power source is assumed as
a PMOS. When the load current steps up rapidly from lou to lou, Which is a steady
state, the load voltage of LDO drops significantly. Droop occurs since LDO's feed-
back loop does not immediately respond to load variation, and the pass gate tries to
flow only as much current as previously supplied. Because the feedback control is not
activated immediately after the load variation occurs, the gate-source voltage (number
of PMOSs in the ON state in DLDO) of the PMOS remains the same just before the
variation occurs. Therefore, the drain-source voltage of PMOS increases from Vpgs: to
Vps2 according to the load current variation, as shown in Fig. 2.3. In the meantime,
the feedback loop starts to operate, and as the gate voltage of the pass gate PMOS
begins to change, the current supplied begins to increase. The load voltage no longer
drops when the pass gate current reaches the load current. DLDO increases the pass
gate current supplied as the number of PMOS segments in the on state increases, not
the gate voltage of the PMOS. To estimate the falling load voltage, the total imped-

ance shown at the load stage is as follows.

Zioad = Tas || Rr || Rioad (2-1)
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rgs represents the output resistance of PMQOS pass gates, Rr represents the resistance
of the feedback network, and Riead represents the impedance depending on the output.
Using this, the maximum load voltage variation when a load current change of Aliead

occurs before the feedback loop is activated as follows.

AVimax = Z1oad * Al 1oad (2.2)

AVinax = (as || Rr || Rioaa) * Alioga (2-3)

Until now, load voltage variation is obtained by assuming a situation in which only
resistance is present at the load stage. In general, LDO exhibits poor transient response
performance when the capacitance is small at the load stage. Therefore, the previous

analysis is performed again, considering the capacitance at the load stage.

Processing Unit

1
b
N
X

o= T ! 1 © V| 0aa
RF | @ .’[_ | ’OUTZ IOUT‘!
= \ Load Current

Fig. 2.4 Diagram of current flow and load voltage variation with load-transient re-

sponse.
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Fig. 2.4 shows the case where the load current increases in step function where a
load capacitor is added to the LDO. Unlike the PMOS pass gate supplied all of the
increased load currents in the previous analysis, it can be temporarily supplied from
the load capacitor. As a result, the burden on the increase in load current covered by
the PMOS pass gate is reduced until the feedback loop of LDO is activated. The total

load impedance, including the load capacitor, is expressed by the equation as follows.

Zioad = Tas || Rr || Rpoaa Il Z¢ (2-4)

Here, Zc is an impedance of a load capacitor, including an equivalent series re-
sistance (ESR). The maximum load voltage variation equals the changed amount of
load current multiplied by the load impedance. This is expressed in an equation as

follows.
AVinax = (Tas || Re || Rioaa 1l Z¢) * Alpoaa (2.5)

Due to capacitance, the load voltage slowly drops with a delay up to the max value.
On the other hand, ESR is a resistor connected in series to the capacitance and can
instantaneously cause a significant voltage drop regardless of the capacitor. This is

expressed by a formula as follows.

AVgsp = Rgsg * M qq (2.6)

The smaller ESR makes the effect less critical. Suppose that the ESR of the capac-
itor to be used for analysis is smaller than that of Zc. In addition, the effect of increas-
ing pass gate current caused by an increase in drain-source voltage by voltage drop is
excluded from the analysis. According to the law of charge conservation, it is used as

follows.
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ILoad
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IL,stan‘

T(time)

ILoad

’ L,finish

Loop
Activation

P

IL,start

T(time)

(b)

Fig. 2.5 Graph of loop activation time depending on load current slew-rate.
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TActive

AV d = Al d*
Loa Loa Load (2_7)

AV 0ag 1S the change in load voltage, Aliead is the change in load current, and Cyoad
is the capacitance of the load capacitor. In addition, Tacive i$ the duration between the
load current variation occurring and the pass gate current changes. Tactive iS SOMetimes
called response time.

Fig. 2.5 illustrates the amount of charge the capacitor discharges when the load
current’s transition rate (slew rate) is slower or faster than the Tacive. FOr the load
voltage to no longer fall, the pass gate current must reach the final load current value.
Considering this, the time it takes for the load voltage to not drop, Trota, Can be ex-
pressed as the sum of the time until the loop is activated and the time until the final

current is reached.

Trotal = Tactive + Trottow (2.8)

As the time required for the pass gate current to reach the target is shortened, a
slight voltage variation occurs under the same external conditions. However, to obtain
the exact value at which the load voltage drops, it must be calculated considering the
situation where the pass gate current increases after Tactive.

As shown in Fig. 2.6(a), if Tsiew has an order value similar to Taciive, the amount of
charge supplied by the capacitor depends on the slew rate. Therefore, the amount of
charge discharged from the capacitor is as follows.

Q = (TActive + TFollow) * AILoad - ETFollowAILoad
(2.9)

- E TSlewAILoad
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Fig. 2.6 Graph of pass gate and load current.
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1 1 (2.10)
Q= (TActive + ETFollow - ETSIew ) * AMpoqq
Therefore, the load voltage droop generated through as follows.
1 1
TActive + 2 TFollow -2 TSlew
AVLoad = AILoad * (211)

CLoad

As shown in Fig. 2.6(b), if Tsiew is much smaller than Tacive, the load current
transition time has little effect on the load voltage variation.

1
TActive + 7TFollow

AV oaa = Mppaa * Crond (2.12)
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2.2.1 Settling Time

Settling time is the time elapsed from the initial onset of the load transient to when
the output voltage returns within a few percent of a steady-state value [3]. It is an
essential feature in the voltage regulation of the digital load, which requires periodic
motion between two events where the load current changes. The load voltage must be
quickly brought to the target voltage for the digital core and peripheral circuits to
operate without problems. In addition, the shorter the setting time, the easier it is to
reduce the duration between events without any problem in power stability.

Setting time is also associated with the DC regulation accuracy of LDO. It is a
factor associated with the bandwidth of the LDO feedback loop, while DC regulation
accuracy is associated with the DC loop gain. The higher the DC loop gain, the lower
the final regulation error. Therefore, high DC loop gain and bandwidth of the LDO
feedback loop are required to improve DC regulation accuracy and settling time per-
formance, respectively.

The following section explains various regulation techniques that help improve dig-

ital LDO transient response performance, including the event-driven method.
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2.3 Various Methods for Implement Fast

Transient Digital LDO

2.3.1 Event-Driven Digital LDO

Most event detection systems perform based on a clock. Input is sampled every
clock cycle, and the system considers the sampled input as a new event and decides

whether to transmit it to the controller. As shown in Fig. 2.7, the system with the

Main Loop
E:MAI“"’WV 1 ! O V| oad
Re REesr @ I
Cour T

Fig. 2.7 Conceptual block diagram of event-driven digital LDO.
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event-driven approach accepts new inputs only when the input changes by a certain
amount or more from the previous state (i.e. new event) [31], [33] — [35]. As briefly
mentioned in the previous section, the advantage of the event-driven regulation
method is that the size of the output capacitor can be taken small without a high clock
speed supplied. This advantage is even more apparent when a system requires many
regulators to provide various power. Also, even if the output capacitor is set to be
small and vulnerable to load voltage variation, the overall voltage drop is reduced due
to the fast response time.

In addition, the event-driven regulation method has another advantage over the
time-driven regulation method. The time-driven system tries to continuously update
the controller's output, even in a steady state. Therefore, not only does it consume
unnecessary power, but it also generates a ripple in output. On the other hand, the
event-driven system stops updating after the output is set, and only quiescent currents,
such as the leakage current of the digital circuit or the bias current of the comparator,
are consumed. Therefore, it is possible to mitigate the trade-off relationship between

power and transient response.



Chapter 2. Backgrounds 23

2.3.2 Feedforward Control

Unlike a loop that continuously senses a load variation and regulates voltage
through feedback, the feedforward scheme is a regulation method that reduces the
voltage drop with one current compensation immediately after the load variation oc-
curs. It is also called initialization because it compensates at the beginning of the reg-
ulation process. As shown in Fig. 2.8, the feedforward compensation mechanism is
not achieved through the main feedback loop. Usually, a fast second loop is imple-

mented in addition to the main loop to immediately reflect the change in load voltage

Vin
Main Loop I —| E
FeedForward
Loop

-_l-_MN"NW t O V| 0ad

) Rr Resr I

COUT I

Fig. 2.8 Conceptual block diagram of feedforward-control digital LDO.
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for pass gate control [3]. Since the main loop operation requires detecting and pro-
cessing errors, it takes time to reflect the pass gate current even if the load variation
is detected. This problem can be solved by configuring a fast loop that removes un-
necessary elements. The voltage drop is also reduced by responding much faster to
the load variation. It is crucial to compensate for an appropriate current because the
feedforward scheme only compensates once per drop event. Also, it is not a feedback
mechanism, so it has the advantage that stability-related issues do not occur.
Feedforward control can be implemented in various ways. For example, in [5],
which uses a multi-bit clocked ADC, quantizes the current to be compensated and
calculates it appropriately. In [54], the droop detector block is implemented as an LPF
that can detect an instantaneous change when the voltage drops, thereby triggering a

signal that quickly controls the pass gate without going through the main loop.
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2.3.3 Computational Digital LDO

A computational scheme is a regulation method that finds and applies the control
code that power MOSFET should target at once through computational logic. Unlike
the regulation method through multiple cycles of feedback loops, computational
regulation is completed with a single cycle control. Therefore, the accuracy and speed
of obtaining the final current value are important factors in this scheme. [36] measured
the ratio of time taken until the same voltage drop occurs using the maximum available
current range to obtain the final current as shown in Fig. 2.9. Presented scheme is
expressed by a formula as follows.

T,
IoadFinat = Imax * T +T, (2.13)

Ivax = lLoad finai  ILoad final
ILoad, start

ILoad, final

i [

........................ - Compute

. Complete!
«—> >
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Imax is the maximum available current of LDO, T; is the time required to raise the
maximum current to load by a specific voltage, and T is the time required to drop the
maximum current to load by the specific voltage at the pass gate.

Finding the control code at once, regardless of the output capacitor value, not only
reduces the long setting time in the unnecessary searching process but also alleviates
the ripple. To calculate the final current value accurately, the compute logic shall op-
erate after the load current transition is completed. For this reason, if the output ca-
pacitor fails to delay the load current variation until the loop becomes active, a sig-

nificant voltage drop may occur.
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2.4 Design Points of Fast Transient Re-

sponse Digital LDO

Based on the background of Chapter 2, this section summarizes the areas that need
attention in designing LDO with a fast transient response. DLDO takes time for a load
current variation to be compensated. It takes the sum of the time to detect the load
voltage drop and output results in the error detector and the time to receive the output
of the error detector, interpret it, and output to pass gate directly. DLDO does not
respond to load variation during this time, and free-drop occurs unless an output ca-
pacitor is attached to the load node.

First, an error detector is the first block that generally senses the load variation and
determines the direction to compensate for errors, except for methods such as feed-
forward regulation. Since it is the first step in operating the loop, it is most important
to determine the transient response performance of the entire DLDO. So the error
detector should be operated quickly and accurately. In addition, not only does it react
quickly, but it has to minimize voltage drop by optimized current compensation im-
mediately after the loop activation.

Next, the controller directly adjusts the pass gate ON/OFF based on the result ob-
tained through the comparator in the front. Therefore, it is a block that plays the most
adjacent role in the load current track. The control code by the previous control should
be stored, and new information according to the error detector output in the current

state should be reflected in the control code. The shift register is the most commonly
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used structure as a controller while satisfying these conditions. The shift register raises
or decreases the control code value once each time an action signal is generated.
Shift registers change all output values in synchronization with the operating signal,
so flip-flops are often used to store each value. In order to raise the control code value
to multi-step during a single operation signal, a barrel shifter structure is adopted. As
the number of steps that can be selected increases, the structure becomes exponentially
complicated. Therefore, it is necessary to optimize the structure according to the func-

tion of the controller.
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Chapter 3

A Fast Droop-Recovery Event-
Driven Digital LDO With Adaptive
Linear/Binary Two-Step Search for
Voltage Regulation in Advanced

Memory

3.1 Overview

Recent technologies in memory systems, such as embedded DRAM (eDRAM), re-
sistive RAM (Re-RAM), and phase-change RAM (PC-RAM), require a dedicated
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power management scheme because of their increased power density and data rate
[55]. Sensing all bit-line data per word-line activation draws a large current, causing
a significant voltage droop that should be recovered within tens of ns, which is the
access period of each bank. However, sub-1V supply voltage makes it difficult to at-
tain the fast recovery using analog low-dropout regulators (ALDOSs). A digital LDO
(DLDO) can be applied to memory systems to realize low-voltage regulation with fast
response [56]. Nevertheless, such memory systems impose several critical constraints
on the DLDO. An operating clock frequency fcik is limited to tens of MHz, worsening
the transient response. In addition, an on-chip output capacitor Cour, which only have
hundreds of pF, causes a large voltage droop by the steep load current variation.

In addressing performance degradation by the fcik and Cour constraints, several

schemes have been reported to improve the transient response. While a linear search

Step1: Adaptive Linear Search

CT Comparator  2D-Circular Shifting Register Binary-Weighted
L 10b Counter Digital Pass Gates
% v
Ay IN
= DN
l RA-CMP
- uP
A
&2— + Fast

Fast-Tracking Mode
Step2: Subrange Binary Search

L
N Subrange
—1- Async. SAR >
Controller

10b Subrange Counter

Cour % @ I

Fig. 3.1 Overall architecture of proposed DLDO.
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based on a barrel shift register [49], [57] - [58] can improve the regulation speed,
multi-step control increases the structural complexity and requires a multi-bit analog-
to-digital converter (ADC) [49]. Another approach is a binary search based on a suc-
cessive-approximation register (SAR) [59]. The binary-search regulation can provide
a fast transient response, but trial-and-comparison procedure of the SAR operation
can cause significant overshoot or undershoot.

In this Chapter 3 proposes an event-driven DLDO with an adaptive two-step search
procedure that aims to achieve fast droop recovery with mitigation of the fcix and
Cour constraints. Fig. 3.1 shows the proposed architecture, which combines an adap-
tive linear search and a subrange binary search. A continuous-time (CT) ring-ampli-
fier-based comparator (RA-CMP) realizes the event-driven operation overcoming the
fek constraint. A two-dimensional circular shifting register (2D-CSR) conducts the
adaptive linear-search regulation by boosting recovery from the voltage droop. Then,
a subrange SAR performs the binary-search regulation with an adaptive current range,
thus reducing overshoot or undershoot.

Chapter 3 is organized as follows: Section 3.2 explains the operating principle and
overall architecture of the proposed DLDO. Section 3.3 describes the circuit imple-

mentation in detail. The measurement results are presented in Section 3.4.
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3.2 Proposed Digital LDO

3.2.1 Motivation

Fig. 3.2 shows the conceptual searching procedures for conventional DLDOs. The
linear-search DLDO has limitation of the slow transient response, while the binary-
search DLDO shows large overshoot or undershoot during regulation. Conversely, the
proposed searching procedure shown in Fig. 3.3 performs an adaptive linear search
for coarse-step regulation and a subrange binary search for fine-step regulation,

providing fast transient response without significant shootings. Fig. 3.4 and Fig. 3.5

Ipipo A Conventional

Significant Overshoot

Binary Search

ILOAD

_l_,_li

Slow Droop
Recovery

Linear Search

'
Time

Fig. 3.2 Conceptual procedures of conventional linear/binary searches

] S o)) &
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Coarse Fine

[
»

<

ILOAD

Subrange
Binary Search

Adaptive
Linear Search

Time

Fig. 3.3 Conceptual procedures of proposed two-step adaptive search.

show the state diagram and the timing diagram of the proposed searching procedure,
respectively. When Vour becomes lower than Vrer. or higher than Veern, the RA-CMP
triggers an adaptive linear-search controller (ALSC) by activating UP or DN signal.
The ALSC adjusts the searching steps adaptively based on an amplified output error
Verr. When a large Ve is detected, a fast-tracking mode is enabled to increase the
number of searching steps for fast Vers recovery. Otherwise, the ALSC updates the
CSR sequentially.

After the linear-search regulation, a subrange binary-search controller (SBSC) trig-
gers SAR_DUMP to set an adaptive binary-search range by referring to the turn-on
bits of the CSR. After that, SAR_EN is enabled to start the subrange SAR (Sub-SAR)

for the fine-step regulation. The subrange operation can reduce not only the number
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Subrange Dumping
Binary-Search | ALS Results
(SBSC) to SAR

Fig. 3.4 State diagram of proposed searching procedure.

(Fast-Tracking)

of searching steps but also the undershoot or overshoot in Vour by eliminating over-

flow bits. In addition, the asynchronous operations of the ALSC and SBSC allow the

DLDO to achieve fast transient response, despite the fcik limitation.
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Fig. 3.5 Timing diagram of proposed DLDO operation.
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3.2.2 ALSC with Two-Dimensional Circular Shifting
Register

The ALSC is implemented with the 2D-CSR and the corresponding binary-
weighted pass gate arrays. Fig. 3.6 shows the block diagram of the 2D-CSR element.
Each CSR element consists of an asynchronous timing controller (ATC), an 1b regis-
ter as a pointer, and a 10b thermometer-coded counter (TC-CNT). The 2D configura-
tion of the 10b TC-CNT in each element allows the ALSC to realize the fast-tracking
mode easily by updating either a single element or eight elements entirely. The ATC
manages the asynchronous operations of the pointer and the TC-CNT in the same
element. During the ALSC operation, the activated pointer moves clockwise or coun-
ter-clockwise, which corresponds to shifting up or down, respectively. At the CSR
element where the pointer is activated, the TC-CNT increases or decreases its value

according to UP or DN signal. If the RA-CMP triggers EN_FAST due to a large

Ny, Circular Shifting Register Element CSR[N]

A p
&
?‘\‘,\\ > QQ“ TC-CNT[9]
\‘x“ »| Transition . UP/DN >
& Detector Controller
¢ ol > TC-CNT[2]
(,/\\/ o\\
1 TC-CNT[1]
- Async.
":,:,';;;; Timing Ctrl. TC-CNT[0]
I I (ATC)
CSR[N-1] CSR[N+1] Thermometer-Coded Counter

Fig. 3.6 Block diagram of the CSR element.
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Normal Mode (EN_FAST=0)

Fig. 3.7 Block diagram of 2D-CSR operation in normal mode.

Fast-Tracking Mode (EN_FAST=1)

Fig. 3.8 Block diagram of 2D-CSR operation in fast-tracking mode.
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output variation, all elements in the 2D-CSR are updated at once in increment or dec-
rement, as shown in Fig. 3.7 and Fig. 3.8. The fast-tracking mode can increase or
decrease the current by double considering the previous regulation. Thus, the ALSC
realizes a boosted recovery from the voltage droop without critical undershoot or
overshoot. At this time, the regulation speed of the ALSC is mainly determined by the
number of updated elements and logic delay per searching step. Considering stability
of the DLDO, the maximum number of updated elements is designed as eight during
the fast-tracking mode. The post-layout simulated logic delay per update is about 1ns

at Vin of 1V, realizing fast regulation speed without use of several GHz clock.
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3.2.3 SBSC with Subrange Successive-Approximation
Register

The SBSC is implemented by a 10b Sub-SAR, as shown in Fig. 3.9. At the start of
the SBSC, TC-CNT[9:0] in CSR[OQ] is transferred to the Sub-SAR. As illustrated in
Fig. 3.10, when TC-CNT[CNTwmsg:0] has turn-on bits (“1”), the Sub-SAR conducts
the binary search from CNTysg to 0 instead of a fixed number of steps. In this way,
the Sub-SAR adaptively adjusts a full-range of the successive approximation accord-
ing to the ALSC status. The subrange operation provides a faster binary search by
eliminating the overflow bit, thus reducing undershoot or overshoot during the trial-

and-comparison procedure, as shown in Fig. 3.11.

(TC-CNTI9:0] in CSR(0] ]

0\
Q.
Dump | @o\s‘e\ Vi
Vrer 10b Sub-SAR[eH “rr——r——yj
Async. Ctrl. i
SAR_EVAL

Fig. 3.9 Block diagram of the SBSC.



Chapter 3. A Fast Droop-Recovery Event-Driven Digital LDO

40

&
KY N &
o°°6‘3. S}g\ \S&‘?’&
P , <Y ;’ &
MSB! | &
6‘@?\9\ 1/0 . E O 0
?’?@\ 110 ' —| 0
“ (]
VENRER —| 0
& £} L [CNTyse} —
QO 10| (x| 1[0 MSB
< =! o
S5 0
«y\"\ w1 |—f1m0f[§
m ! o)
sl ] o : 5
: . 'a : . . [72]
. ‘= ]
9«9\1\ 10 | |O E 1 |—| 170 %
NE B 17| |3
‘\6?\ \ 4 E - “2
o 170 |LsBt | 1 |—»| 1/0 |LSB
S L ot —

Fig. 3.10 Operational principles of subrange-decision procedure.

()

DA Conv. SAR Steps (Fixed)
S | iSubrange SAR Steps

= (Adaptive)

..................................

Overshoot by
Conv. SAR
Regulation

A 4

Subrange SAR Regulation

w/ Reduced Overshoot g

Time

Fig. 3.11 Operational principles of adaptive subrange SAR regulation.
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3.2.4 Stability Analysis

Fig. 3.12 shows the discrete-time DLDO model and open-loop transfer function.
The DLDO control model is constructed with RA-CMP, ALSC, SBSC, zero-order
hold (ZOH), and continuous-time output stage. Fcik and Four are the equivalent op-
erating frequency of the control model and output stage pole, respectively. The DC
gain Kpc comes from current conversion ratio of the output stage. The RA-CMP is
modeled with a comparator considering the detection delay which is the same range
with logic delay in the following digital controller. The ALSC and SBSC are modeled
with Ksr and Ksar Which represent gains of each control stages, respectively. Using
the discrete-time model, stability of the DLDO is analyzed as shown in Fig. 3.13 ~
Fig. 3.16. With the load current I 0ap 0of 10mA and 100mA conditions, pole analyses
versus Ksg and Ksar are conducted. According to the design of the ALSC and SBSC,
Ksr and Ksar are not larger than eight and two, respectively. In those Ksr and Ksar

ranges, the DLDO shows stable operation as shown in Fig. 3.13 ~ Fig. 3.16.

SBSC

l KSAR |

z'

zoH  Output Stage

1
vV X1 |—I é 1-eT Koc
'E:D oz 1 Ksr + 5 + S | s

[ &

A 14>
RA-CMP ALsC Sl
Detection Delay Vour
K K _ @ FourFox
Open-Loop Transfer Function = (——+ —) (Koc : Z-FGU,JFCM)

Fig. 3.12 Discrete-time DLDO control model.
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Fig. 3.13 Pole plots of the DLDO model at ILoap of 10mA and 100mA across Ksr
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Fig. 3.14 Pole plots of the DLDO model at ILoap of 10mA and 100mA across Ksr
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3.3 Circuit Implementation

3.3.1 Time-Interleaved Ring-Amplifier-Based Com-
parator

Fig. 3.17 shows the schematic of 1.5b RA-CMP that compares Vour With Vrern and
VrerL. Each comparator is implemented with time-interleaved ring amplifiers to offer
a seamless conversion [25]. When Verr exceeds a boundary range from Vegr L t0 VerrH,
EN_FAST is activated, and the ALSC conducts fast-tracking regulation. Out-of-range
detection of Verr is realized by trip-point programmable inverters (TPP-INV) [60] that
provide continuous-time detection.

The RA-CMP can operate with auto-zeroing frequency Faz ranging from 10 kHz to
100 MHz. The Faz can be determined depending on available clock frequency, power-
supply rejection bandwidth, or Veer tracking speed. Fig. 3.18 and Fig. 3.19 show
Shmoo plots indicating operation of the RA-CMP when supply ripple is injected with
frequency range from 1 kHz to 100 MHz and amplitude range from 20 to 200 mVee.
If the RA-CMP generates UP or DN signals due to the power-supply ripple at the
given amplitude and frequency, the corresponding ripple injection condition is marked
as “Fail”. Because of the auto-zeroing process in the RA-CMP, higher Faz offers more
robustness to the power-supply ripple [25]. Therefore, the Faz can be chosen depend-
ing on the required power-supply-rejection (PSR) performance of the DLDO. Fig.
3.20 shows the Monte Carlo simulations of the RA-CMP detection delay with 500

trials. Under the global process variation and local mismatch effect, the RA-CMP
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maintains fast detection delay below 1ns, which ensures robustness to the process
variation. To examine a sensitivity to temperature variation, the detection delays of
the RA-CMP are simulated by varying operating temperature from -30 °C to 100 °C
as shown in Fig. 3.21. The simulated detection delay ranges from 0.6 ns to 0.76 ns,

which guarantees the RA-CMP operation within the wide temperature range.
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Fig. 3.18 Simulated Shmoo plots for supply-ripple sensitivity of the RA-CMP at Faz
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3.3.2 Asynchronous 2D Circular Shifting Register

Fig. 3.22 shows the circuit implementation of the 2D-CSR element. The 1b pointer
and 10b TC-CNT are implemented using a C-element that offers asynchronous oper-
ation. The ATC in CSR[N] updates their pointer and TC-CNT by detecting transitions
in adjacent CSRs while UP or DN signal is activated. However, the fast-tracking mode

can cause a limit-cycle oscillation (LCO) due to propagation delay in the ALSC. To

Async. Timing Controller in CSR[N]

-----------------------------

TRIG[N-2] — ] Tl .:L PNT[N]:

PNTIN-1]— S C-Element '
PNTIN] —

.............................

1b Pointer

C-Element
C-Element

SR> -

C-Element
C-Element

TC-CNTJ[9:0]

Fig. 3.22 Circuit implementations of the 2D-CSR.
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prevent the LCO that alternates UP and DN signals, an LCO detector is realized with
cascaded flip-flops triggered by UP or DN in sequence, as shown in Fig. 3.23. The
number of allowed UP/DN oscillations can be programmable via OSC[3:0]. When
the LCO detector activates EN_LOCK, the fast-tracking mode is forced to be turned
off, and the ALSC can exit from the LCO.

UpP DN upP
- <
»| DFF [ DFF DFF
G
o
% Jod-c: JJod-c.
s
)
DFF [ DFF DFF
— = )
DN up DN

EN_LOCK

Fig. 3.23 Circuit implementations of the limit-cycle-oscillation detector.
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3.3.3 Subrange Successive Approximation Register

TC-CNT[0] STEP[0]

si\R__ DUMP
TC-CNT[9] ,_} STEP[9]
TC-CNT[8] STEP[8]
TC-CNT[1] '_,_:)—» STEP[1]

------------------------------------------------------

SAR_DONE[N]—

TC-CNTIN]
SAR_DUMP " STEPIN]

.....................................................

Fig. 3.24 Circuit implementations of the adaptive subrange register.

Fig. 3.24 shows the implementation of the asynchronous 10b Sub-SAR. The
subrange operation is realized by dumping 10b TC-CNT[9:0] of CSR[OQ] into
STEP[9:0], which is a 10b C-element register for indicating the binary-search step.
The overflow bits are initiated to turn-off bit (“0””) and the subrange bits are initiated

to turn-on bit (“1”) for the following trial-and-comparison procedures. Fig. 3.25 and
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Fig. 3.26 show the SAR control logic and its timing diagram. If the boundary of turn-
on and turn-off bit in STEP[9:0] is STEP[N], the SAR controller performs the binary
search by activating SAR_EVAL[N], which triggers a Strong-Arm latch comparator.

SAR EN SAR_OUT/[9:0]
SAR_DONE[N]— SAREVALINT MiN+2] 0

STEP[N]— )J_ Trial [N+1] O
STEP[N+1]—-O —_: [N] 1/0

'l' « Comparison IN-1] 1/0
VRer —*+ _'F .

SAR_COMPIN] 0
SAR_DONE[N] [oy 1/0

“1": ON /"0": OFF

VOUT =

Fig. 3.25 Circuit implementations of the SAR control logic.

SAR_DUMP M
SAR_EN J“'L
STEP[N+1]
STEP[N] W e
STEP[N-1]

SAR_EVALIN]
SAR_COMPIN]
SAR_DONE[N] _f"|/_

Fig. 3.26 Timing diagram of the asynchronous Sub-SAR operation.
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After the trial-and-comparison procedures, the SAR output register SAR_OUT[N] is
updated according to the comparator output SAR_COMP[N]. Then, SAR_DONE[N]
and STEP[N] are disabled and the next searching step is conducted at STEP[N-1]
stage. In this way, the Sub-SAR realizes the asynchronous operation and the adaptive

number of search steps.
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3.4 Mesurement Results

The prototype of the proposed DLDO is fabricated in a 40nm CMOS process. Fig.
3.27 shows the die photomicrograph of the prototype. The fabricated DLDO occupies
an active area of 0.062 mm? that includes an on-chip output capacitor of 150 pF. The
DLDO supports input voltage Viy ranging from 0.6 to 1.2 V at a dropout Vpo 0f 50
mV. The measured quiescent current and current efficiency versus Vi are shown in
Fig. 3.28. The DLDO achieves peak current efficiencies better than 99.7 % across the
entire Viy range. In the measurements, an 1 MHz clock is applied to the RA-CMP for
the time-interleaved operation, and other blocks did not use any clock source. Fig.
3.29 shows the power breakdown of the overall DLDO at Viy of 1.0 V and Faz of 1

MHz. Owing to the asynchronous operation, the ALSC and SBSC consume only 11.1 %

VRPN F <
Active Area = 0.062mm>

Fig. 3.27 Die photomicrograph of the fabricated DLDO.
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Fig. 3.28 Measured quiescent current and peak current efficiency versus input volt-

age VIn.

and 5.9 % of quiescent current. The RA-CMP occupies 83% of the entire quiescent
current. Depending on the input voltage Vi, the current consumption of the RA-CMP
can be scaled efficiently as shown in Fig. 3.30.

Fig. 3.31 and Fig. 3.32 show the measured load transient responses. Ata Viyof 1V,
a load current step of 104.2 mA is applied within an edge time Teqqe less than 1 ns.
The DLDO achieves a droop recovery time Trecovery OF 6ns and a settling time Tsetting
of 15ns. The voltage droop Voreep IS measured as 140 mV. At a Viy of 0.6 V with a
load step of 28.2 mA, the DLDO achieves a Trecovery Of 28 Ns and a Tsettiing OF 45 Ns.

Fig. 3.33 and Fig. 3.34 show the comparison of load transient responses depending on
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the fast-tracking mode in the ALSC. At Viy of 1.0 V, Trecovery are significantly im-
proved by the fast-tracking mode. Fig. 3.35(a) and Fig. 3.35(b) show the measured
load regulation and line regulation across the Vi range, respectively. The two-step
searching procedure achieves not only the fast droop recovery but also accurate regu-
lation. Fig. 3.36 shows the post-layout simulation results of the PSR at Faz of 1, 10,
and 50 MHz. The PSR can be improved by increasing Faz. The PSR is less sensitive
to the load current I oap, and the DLDO can maintain the PSR even if the load current
is increased to full load condition. Table 3.1 shows the performance summary and
comparison with other works [49][59][61][62]. The proposed DLDO achieves highly
improved transient responses of Trecovery aNd Tsewiing, Providing a fast droop recovery

for advanced memory systems.
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Fig. 3.29 Simulated power breakdown of the DLDO.
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Fig. 3.30 Simulated current consumption of the RA-CMP versus input voltage V.
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Fig. 3.31 Measured load transient responses at Vin of 0.6 V.

Fig. 3.32 Measured load transient responses at Vin of 1.0 V.
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Table 3.1 PERFORMANCE SUMMARY AND COMPARISON

[49]

[59]

[61]

[62]

ISSCC 2019 | JSSC 2018 | TPE 2020 | TPE 2021 This work
Technology [nm] 65 65 130 110 40
Operating Digital Digital Dagital Digital Digital
Type Time-Diriven | Tune-Driven | Time-Driven | Time-Driven | Event-Driven
Jerx [MHz] 16-100 1-240 250 100 1
Search Type [Computational P%I:;a{sﬁ Adaptive S'vt:;asbilzi Liji‘:il:f’]?i:;iry
Vv [V] 0.65-1.15 0.5-1 0.5-1.22 0.8-1.2 0.6-1.2
Vour[V] 06-1.1 0.3-0.45 0.35-1.17 0.7-1.1 0.55-1.15
I104p aax [mA] 163 2 145 50 200
1p[nA] 80-1200 14 3200 188.8-197.9 6-550
TRecovery [ms . . 67 @ 1V 6@ 1V,
@ Vo, .!"cr.i NA NA NA 100MEz 1(3:-1111
Tserning [ns] 279@ 1.1V, 100 @ 0.5V, | 55 @ 098V, NA 16 @ 1V,
@ VivsSax 100MHz 100MHz 250MHz 1MHz
AV pragp [mV] 46 @ 0@ 280 @ 360 @ 140 @
@ Al;0.4p/Teage | 5.6mA/0 1ns | 1.06mA/Ins | 40mA/0 1ns | 47.5mA/Ins | 104.2mA/1ns
E;’_:}:l:i';:r[‘f;t] 997 99 8 978 92.98-99 61 =997
FoM, [ps] * 293" 199* 63.9" 1.26* 5.36
FoM, [ps] ** N/A N/A N/A 1072 1.527

* FO}Il = TR (IQ/AILOAD)= TR_ :CLOAD (A VDIQQ_E/AILOAD) at Tx == TEDGE, TR :RSSPOHSB time
% FOM, = Trecovery (4 VroopVorr)(Ip/Al104p). [M.A. Akram, IEEE JSSC 2019]
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Chapter 4

A Fast Transient Response Digital
Low-Dropout Regulator with Slope-
Detector-based Multi-Step Control
for Digital Load Application

4.1 Overview

LDO is an efficient power regulator in SoC design and a key block that affects
overall system performance. In particular, the integrated digital low-dropout regulator
(DLDO) is easily used because it does not require passive devices. Recently, DLDO

has been improving several performance indicators with various architectures. For
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example, event-driven DLDO has an advantage in fast activation speed, and compu-
tational DLDO obtains a short setting time by reducing the number of times the feed-
back loop operates. However, real-time reflection of sudden current consumption by
digital clocks over several tens of MHz requires achieving both time-wise perfor-
mance and voltage-wise performance.

In this Chapter 4, the fast transient response DLDO employing a slope detector and
a bi-directional latch-based driver is presented. Short response time and settling time
are achieved with the optimization of the loop activation process by CMP-based os-
cillators and LUT-based shift register. Furthermore, not only reduce activation time,
but also reduce voltage droop and recovery time by performing slew-rate-based com-
pensation. Thanks to these features, the presented DLDO settled to a target voltage

less than 5 ns.



Chapter 4. A Fast Transient Response Slope-Detector-based Digital LDO 64

4.2 Proposed Digital LDO

4.2.1 Motivation

LDO is a power converter that supplies stable voltage and current in many sub-
block units. In particular, DLDO is often used in SoC or core processors that require
dynamic voltage frequency scaling (DVFS) to reduce power consumption because of
its advantage in low-voltage operation [36], [63]. In other words, DLDO is chosen
when reliable supply power is required during periodic transition situations. There are
two critical factors in tracking load current changes that are repeated at the same time
interval. First, the ability to respond quickly to instantaneous voltage drops, and sec-
ond, the load voltage must be stabilized before the next event occurs. Recently, many
methods have been proposed for DLDO to respond quickly to voltage drops and take
control actions. Among them, feedforward compensation shows good performance in
terms of fast transient response, with other loops that can detect drops in addition to
the main loop. In general, DLDO's main loop has a delay in accepting significant
changes in the input and controlling the pass gate for feedback. This delay is a rela-
tively long time compared to the fast loop added intentionally for the fast voltage drop.
Therefore, feedforward methods operate strongly in high di/dt environments as fast as
they can react. In addition, there is an advantage in stability issues since feedback does
not occur and compensates for the drop event only once. However, there is also a
disadvantage of the droop detector operating only once to compensate for the current.

When the load current changes over a long time, it is hard to respond to the load
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current variation that changes later because the control is handed over to the main loop
after the feedforward compensation is initially made. For example, if the current drops
slowly in the initial transition and then shows a sudden change, the drop detector will
only catch the initial gentle interval and compensate for the corresponding amount.
Therefore, the portion that makes up the voltage drop is more significant at the rear,
but the corresponding drop is not compensated with the appropriate current at once.
Instead, it is compensated by the main loop according to the clock cycle.

In order to achieve a fast response and recovery time of load voltage variation ac-
cording to the load current transition speed, the delay until the main loop becomes
active is minimized in the proposed DLDO. Also, in the process of minimizing it, a
system that can detect load current transition speed and compensate for an appropriate
value, like a droop detector, is established. In addition, the DLDO presents a fine-

control loop that can achieve a fast setting time for the next load current event.
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4.2.2 Architecture of Digital LDO

Fig. 4.1 shows the simplified structure of the proposed DLDO. DLDO consists of
two loops: the main loop (including slew-rate-dependent controller and coarse loop
controller) that operates first when a load variation occurs and the fine-control loop
that operates later. Pass gate groups controlled by each loop are distinguished to ef-
fectively compensate for the load current when an event occurs. For example, the pass
gate of the main loop is sized to compensate for a large amount of current, even with
a slight change in the control code. In addition, the incremental regulation scheme [64]
has been applied so that the following control codes significantly impact the voltage

drop compared to the previous control code.
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Fig. 4.1 Overall structure of proposed DLDO.
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On the other hand, the fine-control loop is configured in the unary size to compen-
sate for the remaining regulation errors and settle into a steady state. Also, the number
of pass gates and control bits is 32 in the coarse loop and 64 in the fine loop, respec-
tively. Finally, the comparator (CMP)-based oscillator, the starting point of each loop,
used the same structure in both loops.

The proposed main regulation scheme of DLDO is a compensation method that
quickly compensates for a moderate amount of current immediately after the event
occurs, such as feedforward regulation [43]. However, it does not include a short-cut
loop that can directly control the pass gate. Instead, the loop configuration is imple-
mented to accommodate multiple feedback controls during the load current transition
time by reducing the activation time of the coarse-control loop and adding a detector
that can measure the current change amount. After the sudden change in load voltage
by current transition, the coarse loop, which adjusts the control code one at a time,
operates instead of the slew-rate-dependent compensation. The coarse loop helps the
load voltage recover quickly near the target voltage after the drop stabilizes. In addi-
tion, the slew-rate-dependent compensation controller and the coarse loop controller
are designed as one digital block to achieve area compactness. Both controllers use
the LUT-based shift register by default to adjust the control code. Therefore, the acti-
vation time of the main loop can be reduced since the pass gate current can be changed
immediately depending on the load change.

After the load voltage reaches the target voltage, the coarse-loop cycle is completed,
and the regulation control is handed over to start the fine control loop. The DLDO has
a comparator that receives the target and load voltage as inputs to detect reaching. The

fine-control loop uses the bi-directional latch-based driver to achieve low regulation
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error and obtain fast setting time. The bi-directional latch-based driver consists of 64
drivers [54] connected in series. Unlike [54], the activation direction of the latch is
implemented in both directions. The proposed DLDO secured response time and set-

ting time for fast transient response through these two loops.
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4.2.3 Slew-Rate Dependent Coarse-Control Loop

Fig. 4.2 illustrates the detailed structure of the slew-rate dependent coarse-control
(SDC) loop. This loop consists of the CMP-based oscillators, the slope detector, the
coarse controller, and the LUT-based shift register. Among them, the coarse controller
and the LUT-based shift register are written in digital code and synthesized using the
auto P&R tool. The main operation of the SDC loop is divided into two.

First, the load current variation event type is detected using the slope detector. Load
current variation is classified into the current flowing in the steady state, the current
flowing after the event, and the edge time taken to generate the event. Since the
steady-state current is a known value, the load current variation can be tracked by the

logic circuit if the final current value and edge time are determined. Therefore, the
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Fig. 4.2 Structure of SDC loop.
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slew rate of the current changes is required to obtain these two values simultaneously.
On the other hand, as previously represented in equation 2.10, the load voltage varia-
tion is proportional to the load current variation, so it is okay to track the voltage
instead of the current that is difficult to sense. Therefore, the slope detector is designed
to obtain information about the voltage variation per time in the load (output). The
slope detector takes two reference voltages as inputs and outputs a signal when the
load voltage exceeds both voltage levels. In addition, it subdivided the slope by meas-
uring the time taken to go through two voltage levels. As a result, the slope detector
divides the type of slope into 10 bits and selects the value to be shifted from the pre-
configured LUT based on this information. In addition, since LUT is used, calculating
the desired control code by processing the slew rate information is omitted. So the
proposed DLDO activates the main loop more quickly than previous computing
DLDO.

Next is the behavior of the coarse-control loop after the slope detector compensa-
tion. The coarse loop operates after completing one current adjustment according to
the slew rate. The coarse loop determines whether the pass gate current should be up
or down through the output of the CMP-based oscillator, comparing the target voltage
with the current load voltage. Also, the loop transfers the control code to the pass gate
using the same shift register as the slope detector. Meanwhile, even after the coarse
loop starts to operate, the slope detector continues to detect the load voltage. The
coarse loop changes one control code per one clock cycle. If the load current variation
occurs faster than this, the slope detector can operate again to compensate for the pass
gate current significantly. At this time, the value passed by the slope detector is the

result of detecting the voltage slope again after the current compensation of the first
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slope detector operation. On the other hand, these two different compensation meth-
ods, the slope detector, and the coarse-control loop use the same shift register to pass
gates, so each command signal must not overlap. Therefore, supplement circuit is
added to gate the signal so that the coarse-control loop does not trigger when the slope

detector is operated.
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4.2.4 Fine-Control Loop

Fig. 4.3 illustrates the detailed structure of the fine-control loop. The fine-control
loop comprises the CMP-based oscillator with the bi-directional latch-based drivers,
and the several logic gates for the controller. Except for the CMP-based oscillator, all
blocks are written and synthesized in digital code. The primary purpose of this loop
is to stabilize the load voltage perturbation by the load current variation to the target
voltage. To achieve the main goal quickly, the proposed DLDO exploits a latch-based
driver rather than a shift register conventionally used in DLDO. The existing shift
register has been shifted to one control code per clock. However, due to the fine-
control characteristics closely related to regulation accuracy performance, it is hard to
use a fast clock or operate multiple control codes at one active signal. The latch-based
driver has a fast activation transfer speed, even if it operates many control codes, al-
lowing it to quickly reach the desired target code. Therefore, the proposed driver is
designed to have a high bit resolution and reach the desired point quickly.

On the other hand, the driver turn-on signal does not turn off immediately even if

the desired code is reached because it is configured as a latch. In this case, the driver

To

Coarse Control Loop Bi-Directional

Latch-based Driver

CTR [63:0]

1A FORIVER H Faise 270

S Lock
Enable

3b Counter

Fig. 4.3 Structure of fine-control loop.



Chapter 4. A Fast Transient Response Slope-Detector-based Digital LDO 73

activation stops at a code greater than or less than the desired code, leaving a regula-
tion error. The bi-directional latch-based driver is proposed to solve this problem with
a three-step speed control mechanism. It approaches the final control code at its slow-
est speed just before the load voltage is set. Finally, the controller receives a signal
that the current load voltage is high or low based on the target voltage. If up or down
signal is repeated, it is determined that the load voltage is set to the target voltage, and
the regulation is complete. The detailed structure of fine-control driver is shown in

Fig. 4.4.
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EN | FDRIVER Controller

CNTIZOI, | FDRIVER,, | FDRIVER,, |RST
’ (32) (32)
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Fig. 4.4 Structure of fine-control driver.
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4.2.5 Control for Load-Transient Response

In this section, the SDC and the fine-control loop algorithms are described above
in the time domain. The load transient response to the load current step is shown in
Fig. 4.5. This illustration represents a sudden drop that occurred in the load voltage,
which exceeded the detection areas of the slope detector, Vger1 and Vreso. CMP-based
oscillators sample load voltage at GHz speed and compare it with reference voltages.
Therefore, it is possible to send a signal to the LUT-based shift register within hun-
dreds of ps after the load voltage crosses the lower reference line. As such, the first
current compensation has a fast response time and supplies an appropriate amount of
current to the pass gate. After the load voltage starts to recover, the situation is divided
into two cases according to the load current variation. First, due to the compensation
of the slope detector, the pass gate current is close to the final load current, and the
voltage recovery has been made to some extent. Second, additional drops continue to
occur even after the recovery, resulting in a drop in load voltage. In the first case, the
control action of the slope detector provides sufficient current compensation, which
leads to a canonical situation in which the coarse-control loop and fine-control loop
operate sequentially. In the second case, load current variation is still more significant
than the pass gate current despite the coarse-control loop being operated after the slope
detector compensation to change the control code one by one per clock. In this case,
the load voltage passes Vrer: and VeerL2 again, creating an environment where the slope
detector must operate again, and current compensation is made as much as the slew

rate.
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After the slope detector compensation, the fine-control loop also starts to operate.
The pass gate turn-on signal is triggered since the load current is still larger than the
pass gate current. On the other hand, the fine-control loop settles at an intermediate
value of 64'hFFFFFFFF_00000000 when the reset signal is received. Therefore, the
control code on the fine loop must be switched towards 64'h00000000_00000000. If
the load voltage is recovered to the target voltage before all control codes are zero, it
is the best case, but if not, DLDO needs to find a place to receive more current. At
this point, the coarse loop operation starts. The proposed DLDO applied a false lock

scheme. If the fine loop control code is stuck at both ends, i.e.,
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Fig. 4.5 Conceptual timing diagram of load current variation.
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64'n00000000_00000000 or 64'hFFFFFFFF_FFFFFFFF, disconnect the latch driver
of the fine loop from the pass gate. Instead, give the pass gate a replica code that
copies the currently stuck code. After that, the control code of the fine loop is reset,
and the coarse loop control code shifts depending on the stuck code. The fine loop
also resumes operation according to the up and down signal from the comparator after
the reset. However, the code is not transferred to the pass gate. When the coarse loop
control code changes and the load voltage finally reaches the target voltage, the false
stuck code is released from the pass gate. From then on, the control code transferred
by the fine loop is applied, and the pass gate current is changed. After the fine loop is
fully active again at the pass gate, the setting process is performed as described in

section 4.2.4.
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4.3 Circuit Implementation

4.3.1 Comparator-Triggered Oscillator Design

Basic clocked comparator structure receives a clock from a conventional oscillator.
The basic comparator requires time from the input change to the output determination.
So the output of the comparator is in the metastability state before the required time
passes. If the clock that drives the comparator is too fast, sampling will occur at the
next edge when the output is metastable. As a result, load and reference voltage cannot
be appropriately compared with these sampled output values. In addition, it is difficult
to adequately sample the comparator output with the clock of the conventional oscil-

lator with a fixed period because the time when the output is trapped in the metasta-

CMP-Triggered Oscillator

pr OUTm Glitch
IN,, > ouT, Eliminator [—{2 CMPoyur
& Clock Gen.
CLKcup
O
CLKy D-*

Fig. 4.6 Structure of CMP-based oscillator.
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bility depends on the input or supply power voltage value. Therefore, to fundamen-
tally avoid metastability, the oscillator must generate the clock frequency with enough
margin. The inevitably required slow motion frequency is an important cause of the
overall slowness of the loops in DLDO. Thus, a CMP-triggered oscillator has been
proposed to mitigate the trade-off between metastability and DLDO operation speed
[17]. The CMP-triggered oscillator design of the proposed DLDO is shown in Fig.
4.6. The oscillation path includes paths that cause the metastability of the comparator.
Therefore, the closer the two input voltages the comparator compares, the longer it is
stuck in metastability and the longer the oscillation cycle. This structure allows the
comparator to operate at the maximum clock frequency for correct comparisons under
the current conditions. The output of the comparator is received by the logic circuit

directly following. This logic block operation includes removing glitches from the

Digital‘

CLK I
Load V V

Voltage

e LI

Fig. 4.7 Timing diagram of CMP-based oscillator and load voltage.
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comparator output and oscillating the CLKcmp using changes in the output values. The
glitch eliminator and clock generation block are a simple combination of NOR and
XOR gates, respectively.

Meanwhile, the proposed DLDO targets a load application operated by a digital
clock. As shown in Fig. 4.7, a large load current variation occurs during the edge event
of the digital clock, resulting in a significant load voltage drop or overshoot that can
affect the overall system operation. It is possible to increase the energy efficiency of
the power converter by identifying the phases that require regulation using this edge
signal. Therefore, the CMP-triggered oscillator is designed to switch the clock path
with an external trigger signal. Suppose the clock path is cut off, and the CMP-trig-
gered oscillator stops operating. In that case, the entire loop of the DLDO stops to-
gether, which can increase power efficiency by consuming only quiescent current. In
this DLDO, regulation can be performed by selecting positive or negative edges using
an externally supplied digital clock as an input signal to CLK(.

Furthermore, the structure of the comparator used in the proposed DLDO does not
need to be synthesized differently from [17], so a low-noise self-calibrating dynamic
comparator [18] is used, which can operate quickly and obtain sampling acuity at the

same time. The detailed structure of the dynamic comparator is shown in Fig. 4.8.
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Fig. 4.8 Structure of low-noise dynamic comparator.
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4.3.2 Slope Detector Design

Generally, in the time-driven DLDO architecture, the response to the load varia-
tion's performance is more challenging than in the event-driven design since the time-
based design can only respond to the droop after a synchronous error detector operates
with the clock signal. The disadvantage is that the time-driven scheme must have a
high clock speed to obtain a fast response time. Therefore, [54] proposed a structure
including a droop detector to respond faster to load variation using a time-driven de-
sign. However, this structure requires additional compensation paths in addition to the
main regulation loop. Furthermore, it is not able to supply the amount of current that
needs to be compensated.

In contrast, using a fast self-generated clock, the proposed DLDO with a time-
driven scheme can quickly sample and obtain a large amount of changing load voltage
information. The information obtained is the basis for accurately tracking changes in
load current and compensating for the appropriate pass current. So the basis is in-
cluded in the proposed DLDO implemented by the slope detector logic to realize this
scheme.

As shown in Fig. 4.9, the slope detector consists of several D Flip Flops. By default,
it performs a time-to-digital converter (TDC) operation. Fig. 4.10 shows the timing
diagram of the internal signals of the slope detector as an example in one case where
a load voltage droop occurs. First, the signal C[0] received from the CMP-triggered
oscillator comparing REF.1 and load voltage operates the flip-flop by the clock of the
slope detector. If the load voltage continues to drop and becomes lower than REF»

after a certain period, C[1] is triggered. If C[Q] is repeated for N cycles before C[1]
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triggered, flip-flops triggered by C[1] each receive T[N-1] as an input to count it.
Therefore, if C[0] passes two cycles at the time when C[1] is triggered, T[0] and T[1]
change to 1 at each edge and remain at 0 from T[2]. Flip-flops with T[0] and T[1] as
inputs perform sampling at the time when C[1] rises to 1, and at the same time, S[0]
and S[1] change their values to 1. Likewise, C[2] is the output of a CMP-triggered
oscillator comparing REF3 and load voltage. C[2] is used as the clock of flip-flops
that receive T[3:0] as input, such as C[1]. These flip-flops find that if more voltage
drops occur during the same time interval compared to the flip-flop of C[1], the slope

is steeper than the C[1] group.

Slope Detector

T T[0] Uy 2] T3]
D Q D Q D Q D Q
PaN PaN PaN PaN
co] >————+—>—+—>1 5
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—p

cr1] o———+—-1

o oPTUp oL offTUp offIp  ofF1¥
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c[2] o—- l |
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Fig. 4.9 Structure of slope detector.
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Fig. 4.10 Timing diagram of slope detector.
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4.3.3 LUT-based Shift Register Design

Fig. 4.11 shows the structure of the LUT-based shift register (SR). The LUT-based
SR consists of a preconfigured LUT, a register to store the control code, an os filter,
and a clock generator. In addition, all of the internal functions are written in digital
code and synthesized using the auto P&R tool. By default, the LUT-based SR func-
tions as a block that finally outputs the control code CTRc that activates the coarse
pass gate. To perform this role, LUT-based SR accepts the Slope[9:0] from the slope
detector and the shift signal of the coarse controller as input. The two signals make a
trigger signal that causes the LUT-based shifter to prepare the shift required for the
next operation while the clock generator starts the cycle of the SR.

Meanwhile, before the signal information is entered into the LUT-based shifter, it
goes through OS filter logic. In this filter logic, a signal that determines overshoot is
received as input and prioritized in addition to the slope and coarse control infor-
mation. If the slope detector detects a significant load voltage change rate, it is applied
to the LUT-based shifter in preference to the shift signal of the coarse controller. In
addition, the information output from CMP-triggered oscillators compared to load
voltage is clock gated according to the priority of the information because each of
them functions as a trigger for the clock generator. If overshoot occurs, all output of
the slope detector is blocked, and only the shift signal of the coarse controller and the
fine loop control is set to the target voltage. Fig. 4.12 shows the detailed clock gener-

ator structure, which triggers the SDC and fine-control loop.
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Fig. 4.11 Block diagram of LUT-based shift register.
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4.3.4 Bi-Directional Latch-based Driver Design

The bi-directional latch-based driver included in the proposed DLDO is designed
to replace the clock-based conventional shift register. The conventional shift register,
which shifts one code per clock, consumes many clock cycles according to the initial
code setting. Furthermore, unlike the previously introduced latch-based driver [54],
the proposed driver is used for fine control, so the accuracy of settling in the desired
code is additionally required. However, due to the nature of latch-based, it is hard to

obtain a correct code unless sufficient loop bandwidth is supported with a high-speed

N™ Latch Driver
-I;_ In case of Driveryp
1 > — I \ :
fout [N-1:N-3] g — ! i
: : fout[N]
CNTJ[2:0] x ! ' R Q—1D
Z&: i ds E
I 1
| ]
I ]
L L L
— 1 X }_._ l
o INt3:N+1] 2 3:)3—)— ! :
UD - EN D—

RST D—

In case of Driveryp

Fig. 4.13 Structure of N latch-based driver.
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activation signal transition. Therefore, to solve this problem, the latch-based driver
that can be transitioned on both sides and control the transition speed in the fine con-
trol loop is proposed.

The structure of the proposed bi-directional latch-based driver is shown in Fig. 4.13.
The Nth latch driver (3 <N <60, N is an integer) is compose of a sequential block of
64 latch drivers. In latch driver, SR latch is used to assign 0 or 1 to pass gate according

to the signal at the front of DLDO. The signal EN that enables the SR latch starts to

fout [0] < fout [N] ———> 1,,+[63]
Target Code |
Step1 00000/00O0 111111 UD =0
Step2 000 00 1711111 CNT[2:0] = 3'b000
~—— (Fast)
Step3 0 0 111111111
L
fout [0] < fout [N] =, [63]
Stepd 00111111 111111 UD =1
A .
Step5 0 0 11111111111 CNT[2:0] = 3'b100
T (Medium)
Step6 0000 171111111
four [0] < fout [N] =——— 15,1 [63]
v
Step7 00000011111 111 UD =0
Step8 0000 O 11111111 CNT[2:0] = 3'b110
\ (Slow)

Step9 000 O 1711111111
\ g
Match!

Fig. 4.14 Operation process of bi-direction latch-based drivers depending on UD

and CNT.
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becomes active after the compensation of the slope detector is made. The signals that
determine set and reset of SR latch are computed by the output fou [N-1:N-3] of the
previous three latch drivers and the output foix [N+3:N+1] of the subsequent three
latch drivers, respectively. If the result of the CMP-triggered oscillator compares the
target voltage and load voltage, UD, is 1, the reset path is enabled, and the set path is
disabled. First, the reset path checks the value from fou [N-1] to foue [N-3], but if all
values are 1, the reset path is inactive. It means foit [N] will not be reset (0, pass gate
ON). If four [N-3] is O, the reset path is activated, and fo [N] is reset and returns to
zero.

Meanwhile, CNT[2:0] is the output of the 3b counter, which controls the transition
speed of the latch driver. CNT 3 bits are used as control signals for each of the three
MUXs, and when CNT each bit is 0, the MUX passes the output fo,: [N] of the latch
driver, but when the CNT value is 1, it always outputs a value of 1. In other words, a
MUX with a CNT value of 1 does not reflect information from the previous or subse-
quent latch driver in the current latch driver. The initial counter value starts with
3'h000 and changes each code to 1, beginning with MSB every time it exceeds the
target voltage. Therefore, the fine-control regulation process ends if it becomes 3'b111
after three counter-bit changes. Fig. 4.14 shows the details of this process.

On the other hand, as discussed in section 4.2.4, there are two types of latch drivers,
Driveryp and Driverpn, for initial code setting during global reset. For Driverye, the
RST signal and OR and AND gate configurations are shown in Fig. 4.13 in blue.
However, for Driverpy, the inverted RST is applied instead of RST, and OR and AND

gate positions are changed. The two different structure allows the output to be quickly
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reset to intermediate code during global reset. The 64 outputs of the latch driver gen-
erated by this mechanism do not directly connect to the pass gate but go through the
filter logic for the false lock scheme once. Fig. 4.15 shows the structure of the false-

lock filter logic.

False Lock Control & Driver

fout [63] —

UD— EN

o

fout [0] n

False Lock Control & Driver

EN —
SHIFT — False
UD — Lock
CNT[2]

0
fout[N] — § CTRF [N]
fout[63] 1 E
fout[o]

Fig. 4.15 Structure of false lock control block and driver.



Chapter 4. A Fast Transient Response Slope-Detector-based Digital LDO 90

4.4 Measurement Results

The prototype of the proposed DLDO is fabricated in a 40nm CMOS process. Fig.
4.16 shows the die photomicrograph of the prototype. The fabricated DLDO occupies
an active area of 0.017 mm? that includes an on-chip output capacitor of 18 pF. The
DLDO supports input voltage Viy ranging from 0.6 to 1.0 V at a dropout Vpo of 50
mV. Fig. 4.17 shows the power breakdown of the overall DLDO at V\y of 1.0 V. The
synthesized LUT-based shift register and fine-control driver consume 45.2 %, 15.4 %
quiescent current in the entire DLDO, respectively. Owing to CMP disable switch
from CLKy, CMP-based oscillators consume only 18.3 % quiescent current.

Fig. 4.18 shows the simulated clock frequency generated from the CMP-based os-
cillator. Ata Viyof 1V, CLKcmp achieves 4.988 GHz in FF and 3.337 GHz in SS. Fast
oscillation CMP makes DLDO possible fast droop recovery and current compensation.
Fig. 4.19 shows the simulated transition speed of the bi-directional latch-based driver.
Depending on the counter value, transition speed varies through 0.6 to 1.0 V V) range.

Fig. 4.20 and Fig. 4.21 show the post-simulated load transient responses. At a Vin
of 1V, a load current step of 150 mA is applied within an edge time Teqge 2 NS. The
DLDO achieves a droop response time Tresponse OF 1.9 ns and a settling time Tsetting OF
11.82 ns. The voltage droop Vproop is measured as 175 mV. Table 4.1 shows the per-
formance summary and comparison with other works [49][54][62][65]. The proposed
DLDO achieves highly improved transient responses of Tresponse aNd Tsettling, providing

the good FOM,, compared to prior-art LDOs in the table.
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Fig. 4.16 Die photomicrograph of the fabricated DLDO.
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Fig. 4.18 Simulated CLKcwmp frequency depending on supply voltage.
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Fig. 4.19 Simulated bi-directional latch-based driver transition speed.
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Fig. 4.20 Load transient response with 1.0-V supply and 150-mA step-up current.
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Fig. 4.21 Load transient response with 1.0-V supply and 150-mA step-down current.
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Table 4.1 PERFORMANCE SUMMARY AND COMPARISON

[49] [54] [65] [62] .
ISSCC 2019 | ISSCC 2020 | TPE 2022 | TPE 2021 This work
Technology [nm] 65 28 40 110 40
] . Digital Digital Digital Digital Digital
CEeraUnziiic Time-Driven | FeedForward | Event-Driven | Time-Driven | Time-Driven
. Adaptive Variable
S h Ty ) - . . . Sk Detect
earch Type |Computational| Latch-based Linear-Binary| Step-Size ope Detec
Vin[V] 0.65-1.15 0.5-1 0.6-1.2 0.8-1.2 0.6-1.0
Vour[V] 0.6-1.1 0.45-0.95 0.55-1.15 0.7-1.1 0.55-0.95
104D 1ax [MA] 16.3 160-480 200 50 200
Cro4p [nF] 0.25 0.004 0.15 0.04 0.018
Iy [pA] 80-1200 7.7-241 6-550 188.8-197.9 195
TRespunse [llS] N/A 14 @ 0.9V 6 @ v 67 @ Y 1.9 @ 1v
@ Vi
TSertling [ns]
9@ 1. 310 @ 0.9V 16 @ 1V N/A 11.82 @ 1V
@ Vv fax |20 @ 11V 3100 @ @
AV proop [mV] 46 @ 112 @ 140 @ 360 @ 175 @
@ Al1o4p/TEqge | 5.6mA/0.1ns | 430mA/2ns | 104.2mA/Ins | 47.5mA/lns 150mA/2ns
Peak Current
Efficiency [%] 99.7 99.99 >99.7 92.98-99.61 99.9
FoM, [ps] * 293" 0.618 * 5.36 1.26" 2.47
FoM, [ps] ** 2.93 1.236 5.36 1.26 4.94

*TFTOM,; = Tr (IQ/AI]_OAD), TRJr =Cro4D (A VD[gp]J/AILOAD) at Tp >> TEDGE, Tr =Response time

** FOM, = FOM;*(Tgqg/1 ns)
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Chapter 5

Conclusion

In this thesis, several architectures of fast transient response DLDO are presented.
At first, an event-driven DLDO with an adaptive two-step search for realizing a fast
droop recovery in advanced memory system is presented. The ALSC with 2D-CSR
and the SBSC with 10b Sub-SAR provide fast regulation with mitigation of undesir-
able output shootings. The DLDO is fabricated in the 40-nm CMOS technology with
an active area of 0.0062 mm?. The ranges of input and output voltages are from 0.6 V
to 1.2 V and from 0.55 V to 1.15 V, respectively. During recovery from a 104.2-mA
load-current step with a 1-ns slew, the DLDO achieves 140-mV voltage droop and 6-
ns recovery time.

Besides, a fast transient response DLDO employing a slope detector and a bi-direc-
tional latch-based driver is presented. Fast response time and settling time are

achieved with optimization of loop activation process by LUT-based shift register.
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The DLDO is fabricated in a 40-nm CMOS process. When the load current is in-
creased by 150 mA with a 2-ns edge rise time, the DLDO exhibits 1.9-ns response
time, 11.82-ns settling time, and voltage droops of 175 mV with Vy of 1.0 V. This

work offers the total chip area of 0.017 mm?.
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