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Preface

Linear regulators, and more concretely, low-dropout (LDO) linear regulators, are
essential blocks in power management systems, as they are able to generate precise
and stable, low-noise, supply voltages, making them the right choice for supplying
sensitive blocks in analogue, mixed-signal and radio-frequency circuits. In addition,
LDO regulators can be completely integrated with no need of external components,
what translates into significant savings in area and cost. Therefore, LDO regulators
are attracting the attention from the scientific community, despite their use has some
drawbacks. To mention, the maximum theoretical efficiency of LDO regulators is
lower than that of switched-capacitor or inductor-based solutions. Even more, using
internal compensation, the system’s dominant pole is located at an internal node,
and the first non-dominant pole (located at the output node) depends on the load.
This introduces stability concerns, as load variations result on a frequency dis-
placement of the first non-dominant pole that degrades system stability.

This book tackles the study of low-power, internally compensated LDO
(IC-LDO) regulators. Through the book chapters, the reader will find an extensive
revision of circuits and techniques proposed in the literature to deal with stability
and transient response, especially those compatible with a low power consumption.
In addition, the authors propose some innovative circuits and techniques, which are
analysed, tested and compared with the state of the art.

Chapter 1 introduces the challenges that power management and distribution
face in modern System-on-Chips (SoCs). It shows how linear voltage regulators,
and specifically LDO regulators, have become critical blocks.

Chapter 2 introduces the IC-LDO regulator, starting with the classical topology
and analysing how it is able to regulate the output voltage. In addition, it gives an
overview of the main issues that a designer must take into account when under-
taking its design. In every case, a thorough review of the techniques proposed in the
literature is done. This chapter ends with a comparison of recently published
IC-LDO regulators. The results of this comparison allow the reader to acquire
confidence with typical values for each of the design parameters, and to understand
the main trade-offs of the design process.
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Next, in Chap. 3, a new technique is proposed to improve the stability of
IC-LDO regulators. It is based on the classical Miller compensation scheme and
takes advantage of an adaptive nulling resistor to extend the stability of
Miller-compensated IC-LDO regulators to a wide range of load currents. This
technique has been implemented in an IC-LDO regulator, and its measured per-
formances are compared to other regulators recently published.

Chapter 4 presents an ultra-low-power IC-LDO regulator based on the classical
topology, where a buffer has been added to drive the large parasitic capacitance
of the pass transistor. In order to reduce the quiescent power consumption as much
as possible, this buffer has been implemented with a class AB voltage follower. Just
like in previous chapters, measurements of a regulator implementing the proposed
contribution are shown, and its performances are compared to the state of the art.

In Chap. 5, the Flipped Voltage Follower (FVF) cell is presented as an alter-
native topology to implement an IC-LDO regulator. This cell and its cascode
version (Cascode Flipped Voltage Follower or CAFVF) are analysed, and their
behaviour as LDO regulator is compared to that of the classical topology. The FVF
cell and its related circuits have been widely used to build LDO regulators. Some
improvements to the basic cell have been proposed in the literature to enhance its
stability and transient performances. Once again, a comparison of recently pub-
lished papers that use the FVF or derived cells is presented. At the end of Chap. 5,
another contribution of the authors is presented that improves the transient response
of FVF-based LDO regulators using RC couplings.

Finally, in Chap. 6, some conclusions are drawn with emphasis on the contri-
butions presented in this book.

Seville, Spain José Maria Hinojo
January 2018 Clara Lujan Martinez
Antonio Torralba
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Introduction Check for

Abstract The continuous downscaling of semiconductor technology, predicted by
Gordon Moore in 1965, has had a major impact on the development of integrated
electronics. The reduction of transistor size has allowed the integration of more and
more devices in the same die, increasing the integration density. In addition, it has
led to the reduction of fabrication costs, making the final product cheaper and more
accessible. However, this increase in the functionality of an integrated circuit entails
greater complexity in the generation and distribution of the different supply voltages
required in a chip. As more systems are integrated into the same die, more biasing
domains coexist requiring different noise, regulation and/or stability specifications to
be simultaneously satisfied. Therefore, power management circuits have been acquir-
ing greater significance as technology downscales, reaching a maximum at present,
in the nanoscale era. Voltage regulators are key components for power management,
as they provide a regulated, stable and noise-free supply voltage to the active blocks
of an SoC. This chapter reviews the basics of voltage regulation with emphasis on
linear regulators.

1.1 Introduction

Battery-powered devices are gaining relevance. The development of the so-called
Internet of Things (IoT) [1-4] is revolutionizing the conception that human beings
have about the world and the way of interacting with it, both in the personal and
urban areas, as well as in the industry. This new interconnection paradigm has led to
a widespread use of solutions based on low-power wireless networks [5-8], whose
autonomous sensor nodes measure different magnitudes and transmit them to other
nodes in the network, and to the rest of the world. These nodes have strict requirements
in terms of battery lifetime, which, in some cases, exceeds 10 years. In addition,
alongside the mobile telephony, some other fields for wireless applications, like
health care and well-being, favour the appearance of wearable devices [9].

The downscaling of technologies is one of the main reasons that make possible this
trend. According to Moore’s law, the number of transistors on a chip approximately
doubles every 2 years [10]. Thus, billions of transistors can be found in a modern

© Springer International Publishing AG, part of Springer Nature 2018 1
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Fig. 1.1 Battery discharge curve for aresistive load, Ry pap, in a noisy environment, and the voltage
at the regulator output, Vour

integrated circuit, which reduces its final cost and increases its complexity, as a large
number of different functions can be integrated into the same chip. This has led to the
SoC concept. A SoC integrates all the necessary subsystems, whether analogue, radio
frequency or digital, to perform the required function on the same substrate. This
new paradigm within the semiconductor industry has motivated a change in the way
systems are designed. A new subsystem integration scheme is superimposed on the
traditional hierarchical method, where a central processor acted as the coordinator.

The high complexity of a SoC has also changed the priority in the design objectives
for integrated circuits. During the nineties, the priority was focused on improving
operating performances, while aspects such as low power consumption or low sup-
ply voltage were of less importance. The growing demand for SoCs and the need
to increase the battery lifetime in autonomous devices [11] have made low power
consumption and energy efficiency the new priorities.

Modern SoCs require stable, precise and well-regulated supply voltages. This has
caused power management systems, and specifically voltage regulators, to become
critical cells. Regulators convert the supply voltage, which could come from a noisy
voltage source of a different value, even varying in time, to a regulated, precise
and stable output voltage. Figure 1.1 depicts the complexity and challenges that
these regulators face. An example that highlights the current importance of voltage
regulators and power management blocks can be found in [12], where the power
supply requirements for a Code-Division Multiple Access (CDMA) modem of a
mobile phone are described. Up to 11 independent supply voltages are required to
ensure proper operation. Furthermore, the modem integrates a control block that
minimizes energy consumption by supervising each subsystem, switching any of
them off when its operation is not required.

1.2 Voltage Regulators

Devices responsible for supplying and conditioning power can be classified into three
main categories. The first category comprehends those which are called Switched-
Capacitor (SC) Regulators. They are based on charge transfer between capacitors to
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convert the input voltage in a regulated output voltage. The second group is known
as switching regulators. They make use of an inductor for intermediate storage of
the energy that is, then, transferred to the load. Finally, the last category is named
as linear regulators because they are based on an active element in series with the
load that dynamically adapts the voltage between its terminals in order to supply a
regulated output voltage.

1.2.1 Switched-Capacitor Regulators

SC regulators are also known as charge pumps because they are similar to a pump
that forces the charge to flow from the input to the output, using capacitors for
intermediate energy storage. They are extensively used in integrated circuits due to
their high versatility. These regulators are able to step up or down the input voltage,
or even to change its polarity. They are used in those applications whose overall
requirements are not highly demanding and thus, neither high output power nor high
efficiency is required. Non-volatile memories such as flash memories, Electrically
Erasable Programmable Read-Only Memories (EEPROMs) or Dynamic Random
Access Memories (DRAM) are examples where this kind of regulators is applied.
Another possible use is in Liquid Crystal Displays (LCD) to generate the backlight,
in diode emitters to generate their bias voltage, in Radio-Frequency Identification
(RFID) tags, and more recently, in energy harvesting circuits, where they are able
to boost the voltage generated by transducers (e.g. a solar cell, a thermoelectric
generator or a piezoelectric sensor) to an output voltage that supplies the rest of the
system.

As it can be observed in Fig. 1.2, SC regulators have a set of capacitors that
exchange their charge when a set of switches are opened and closed. For the sake of
simplicity, this figure depicts one SC stage with only two capacitors, C; and Cpoap.
In addition, the clock sequence that alternatively opens and closes the switches is
also represented in this figure. During clock phase ¢, switches labelled S; are closed
while switches labelled S, are open. In this time interval, the voltage across capacitor
C, is, in the steady state, equal to the input voltage Vin. Then, in the clock phase ¢,
switches S are open and S, are closed. Now, Cy, initially charged to Qc; = C; VN,
is in series with the input voltage source. Assuming no Cpoap, at the end of phase
©2, the output voltage is given by Vour = 2V, stepping the input voltage up. If
an uncharged Cpoap is placed at the output node, assuming ideal components, the
output voltage will be given by Eq. 1.1.

C
V =——— 2V, 1.1
our = e e o2V (L.1)

In the previous example, in the absence of Cpoap, the input voltage is multiplied
by a factor of 2. Other factors can be obtained with other, usually more complex,
topologies. Some of these more complex schemes are proposed in [13-20]. As it
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Fig. 1.2 Block diagram of a switched-capacitor regulator

can be concluded from these references, SC regulators are highly versatile as, by
modifying the switching matrix, different output voltages can be generated.

The main disadvantage of this kind of regulators is their limited capability for
maintaining the output voltage for a wide range of load currents. When the load
current changes, charge pumps are required to adapt their equivalent resistance, Rg,
to the new load condition. In order to modify Rg, either, the switching frequency, or
the capacitance of floating capacitors should be charged. In both cases, the efficiency
of the charge pump changes [18, 21]. In practice, designers tend to keep constant the
equivalent resistance and change the conversion ratio, which is defined as the relation
between Vin and Vour, to maximize efficiency. Under this condition, the voltage
Vour is bound by upper and lower limits. Beyond these limits, the regulated voltage
Vour can be improved at the expense of increasing the number of floating capacitors
or the complexity of the switching scheme. Therefore, SC regulators are implemented
in circuits without stringent requirements concerning current load variations.

In a practical implementation of an SC regulator, the power efficiency is limited
by several constraints. To charge capacitors to their final value, the time constant
RC has to be much smaller than the switching period. Note that the capacitive term
is defined by the floating capacitor, whereas the resistance is given by the on resis-
tance of switches, Ron, and the equivalent series resistance, ESR, of capacitors.
Provided the capacitor ESR is small enough, a large transistor aspect ratio must
be chosen for switches to have a small Ron. Large switches mean large parasitic
capacitances, which add up to the parasitic capacitance of the floating capacitor. As
a consequence, the circuitry that drives the switches increases its power consump-
tion, especially if a high switching frequency is chosen. Stratakos and others [22]
proposed a methodology to find an optimal size for switches used in DC-DC con-
verters, selecting conduction losses to be equal to gate-driving losses. A second issue
to be considered is the conversion ratio, which depends on the circuit topology. To
achieve a given conversion ratio, several floating capacitors and their corresponding
switching matrix might be necessary, which would increase the silicon area.
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To maximize the power efficiency, parasitic capacitances can be reduced by select-
ing expensive CMOS technologies, such as Silicon-on-Insulator (SOI). However, a
standard CMOS process is a common requirement in the design of LDO regulators.

1.2.2 Switching Regulators

Switching regulators are composed of a transistor operating as a switch, a low-pass
filter and a control block. Figure 1.3 shows the block diagram of a switching regulator.
In these regulators, the switch controls the amount of unregulated voltage delivered
to the output voltage, Vour, through pulses. Next, the low-pass filter cuts off the
high-frequency components of these pulses in order to provide a steady value for
Vour. In addition, there is a control block that implements the regulation loop. This
block senses the averaged output voltage and compares it to a reference, Vggp, in
order to select a proper value for the width of the power pulses. In this way, the mean
value of Voyr is controlled by Pulse Width Modulation (PWM).

Unlike SC regulators, the energy efficiency of switching regulators can be high. In
actual implementations, these regulators achieve efficiency between 75 and 90% [23—
28]. Many different topologies for the switching and filtering blocks have been used.
In spite of the high efficiency, their main disadvantage comes from the need of an
inductor, which simultaneously serves as an intermediate energy storage element, and
as part of the output filter. To attain a high efficiency in a fully integrated regulator, an
expensive technology with high quality-factor inductors is required. For that reason,
off-chips inductors are used, at the cost of increasing the number of components in
the PCB. The effect of the parasitic elements introduced by the package should also
be considered in this case.
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Fig. 1.4 Block diagram of a Usually a PMOS
classical linear regulator transistor
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1.2.3 Linear Regulators

Linear regulators are the counterparts to switching regulators. The classical topology
for these circuits is represented in Fig. 1.4, where three main blocks can be observed.
The first component is the pass element placed in series with the load, usually imple-
mented by a transistor (Mpass). It supplies the current required by the load. Next
block is the feedback network, which is usually implemented by a resistor divider
that provides a scaled version of the output voltage, Voyr, to be compared to the ref-
erence voltage, Vggr. Finally, the last element is the so-called Error Amplifier (EA)
that compares the scaled version of Voyur to Vggr, and modulates the controlling
voltage of the pass element, so that Voyr is kept constant, regardless the output load
and input voltage.

In linear regulators, there is an important parameter that not only determines the
minimum unregulated input voltage required for proper functioning but also limits
the minimum power dissipated by the regulator: the dropout voltage, Vgropout- This
parameter is defined as the difference between the input voltage from the unregulated
power source, Vi, and the regulated output voltage Vour. According to the dropout
voltage, linear regulators can be classified into High-Dropout (HDO) ones, when
the dropout voltage is higher than 0.6 V, and Low-Dropout (LDO) ones otherwise.
This last group typically presents a dropout voltage between 0.15 and 0.35 V [29].
Therefore, LDO regulators dissipate less power than HDO ones. This makes LDO
regulators to become popular cells in the increasingly demanded market of portable
and handled devices.

Usually, LDO regulators suffer from stability problems and require compensa-
tion. According to the selected compensation, they are classified in externally (EC) or
internally (IC) compensated regulators. In the first case, a large capacitor is connected
at the output of the linear regulator in order to force the location of the dominant pole
at this node. A typical value is between 1 to 10 pF. Conversely, an IC-LDO regulator
makes use of an internal node to place the dominant pole. Usually, this node is associ-
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ated to the gate of Mpass. Due to its large size, the total parasitic capacitance at the gate
of Mpass, Cgare, 1s usually in the order of tens of picofarads. The first non-dominant
pole of IC-LDO regulators is fixed by the output impedance of the linear regulator,
Zout, which is due to Royr and Couyr, where Royr is the equivalent output resistance
(including Rioap) and Coyr is the total output capacitance, Cour = Croap + Cpar
and C,, is the parasitic capacitance at the regulator output. In IC-LDO regulators,
Cour is dominated by the load capacitor, so that Coyr & Croap. Zour needs to be
smaller than a given maximum value so as not to degrade the regulator stability.

As shown in Fig. 1.4, an IC-LDO regulator is a simple cell, as it only requires
a few elements to provide a well-regulated output voltage. Therefore, it is possible
to achieve implementations with small silicon area and low power consumption.
Nevertheless, there are also some drawbacks that should be considered. First, the
unregulated input voltage Vin must be greater than the regulated output Voyr. Sec-
ond, the power efficiency 7 presents a theoretical upper bound imposed by the ratio
Vout/VIN, min-

The power efficiency is defined as

_ Pour _ Vour -lour _ Vour - lour
Py Vin - Iin Vin - Uour + 1p)

(1.2)

where I is the LDO quiescent current consumption, and Ioyr is the DC component
of the current provided by Mpass to the load. Taking into account that higher the
input voltage, higher the dropout voltage, it is straightforward to conclude that the
power efficiency is maximized when the input voltage Vyy is close to its minimum
value (Eq. 1.3) and the quiescent current consumption is reduced as much as possible
(Ig = 0).

VIN,min = VOUT,nom + Vdrapout (13)

An example of how the efficiency of a linear regulator is modified when the cur-
rent load changes is shown in Fig. 1.5, where the efficiency is depicted for different
values of the input voltage and four different values of the quiescent current con-
sumption. These curves have been obtained evaluating Eq. 1.2 for Voyr =1 V and
Varopout = 0.2 V. As it can be observed, the power efficiency is upper bounded by
Eq.1.4.

Vour - lour  _ Vour Vour

n= < = (1.4)
VIN : (IOUT + IQ) VlN,min VOUT + Vdropout

The maximum of the efficiency, 7,4, can be approximated as
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Fig. 1.5 Power efficiency versus variations in the load current for different values of the input
voltage and quiescent current consumption

= I 1 —
VOUT + Vdropout 1+ Vdropoul/VOUT VOUT

Nmax =

VOUT 1 Vdropaur ( Vdropout ) :
+
Vour
(1.5)
assuming Vgropout K Vour. For Vour =1V and V gropout = 0.2V, the above expression
leads to a maximum efficiency of about 84 %, which is the approximate limit for the
efficiency in the curves of Fig. 1.5. Concerning Fig. 1.5, note that, in DC, It oap =Iour-.

1.2.4 Comparison

Table 1.1 portrays the main performances of the different types of regulators that have
been previously presented, in order to ease their comparison. In this table, it can be
observed how the major advantage of linear regulators is a low noise, well-regulated
output voltage. Moreover, it is possible to save PCB area and complexity, as they
require fewer external components than their switching counterparts. Nonetheless,
linear regulators present two major drawbacks. The first one is an efficiency lower
than that of switching regulators, although when the unregulated input voltage is
close to the output voltage (i.e. the dropout voltage is small) their efficiency can still
be high. The second one stems from the fact that the output voltage can never be
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Table 1.1 Comparison of main performances and usual applications for linear, switched-capacitor
and switching voltage regulators

Regulator topology Linear Switching capacitor Switching
Boost No Yes Yes
Buck Yes Yes Yes
Negative Vourt No Yes Yes
Efficiency Poor Poor High
Noise Low High High
Regulation High Poor Medium
Area Small Medium/Large Medium/Large
Cost Low Medium High
Applications Analogue cells, RF, DRAM, Flash, Microprocessors,

Large regulation EEPROM Digital

cells, SRAMs

greater than the unregulated input voltage. In any case, linear regulators are massively
implemented in high-performance applications where a fast transient response to
variations in the input voltage and the current load is required, as well as a high
rejection to power supply perturbations.

1.3 Constraints and Challenges for IC-LDO Regulators

LDO regulators, and specifically those which are internally compensated, are cur-
rently highly demanded cells in the industry and a hot topic in the research commu-
nity. Present wireless applications demand several orders of magnitude reduction in
the power consumption of battery-operated devices. Thus, LDO regulator designers
must face the challenge of a well-regulated output voltage with low ripple and fast
transient response under low power constraint.

First of all, the transient response of an IC-LDO regulator is seriously affected
in a low-power environment, as a large current is required to charge or discharge
the large parasitic capacitance of the pass transistor. With current sources of a small
value, the output voltage may present a high ripple, which is unacceptable in many
applications such as biomedical front ends or RF transceivers.

Second, in a low-power environment, the frequency response of systems is usually
limited by the presence of low and medium frequency poles, which degrade the
stability of the system. In an IC-LDO regulator, this issue is even more critical, as
it must deal with large variations in the unregulated input voltage, load current and
output capacitance. It is difficult to stabilize LDO regulators under such varying
external conditions.
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Finally, the regulator must be also able to suppress the noise caused by other
switching regulators that could be connected at the output of the LDO regulator.
Therefore, an adequate Power Supply Ripple Rejection (PSRR) is required. This
issue becomes especially significant in IC-LDO regulators as a consequence of the
low value of the output impedance. As it will be shown in a later chapter, the PSRR
response is dominated by a pole, caused for the impedance at the gate of Mpass,
and a zero generated by Croap. Therefore, the PSRR response rapidly goes to zero
decibels, coupling the high frequency variations of the unregulated input voltage to

Vour.

1.4 Contributions of This Book

As stated before, an IC-LDO regulator must be able to regulate the input voltage,
minimizing the variations of Vur to changes in load current, input voltage and load
capacitance. This book aims to overview the design of IC-LDO regulators under
low power and low voltage constraints. In the remaining chapters, other considera-
tions will be made about stability, transient response and new topologies of IC-LDO
regulators.

In addition, some innovative contributions will be presented.

e Contribution 1. A novel Miller-based compensation scheme is proposed to
improve the stability of IC-LDO regulators. It employs a replica circuit that senses
the operating region of the pass transistor and generates a control voltage that
changes the value of the zero-nulling resistor. This scheme is shown to extend
the stability of Miller-compensated IC-LDO regulators to a wide range of load
currents.

e Contribution 2. In order to minimize the quiescent consumption and enhance the
transient response, a class AB buffer is inserted to drive the parasitic capacitance
of the pass transistor.

e Contribution 3. A Flipped-Voltage-Follower- (FVF-) based IC-LDO regulator is
proposed. The FVF cell represents a simple way to implement the error amplifier
and provides low output impedance with very low quiescent power consumption.

The proposed regulators in these contributions have been designed and fabricated
in standard 180-nm (contribution 2) and 65-nm (contributions 1 and 3) CMOS tech-
nologies. The experimental results reported in different chapters of this book show
that they are in, or close to, the state of the art.
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Abstract This chapter contains an introduction to Internally Compensated Low-
Dropout (IC-LDO) regulators. The design of these circuits and the most used Figures
of Merit (FOMs) to evaluate their performances are studied. Special attention is paid
to three aspects of their design: (a) stability. In IC-LDO regulators, the dominant
pole is located at an inner node, while the non-dominant pole, located at the output,
is responsible for the degradation of the stability. Furthermore, it depends on the load
condition, which complicates the design of a compensation network. (b) Transient
response: The regulator load usually requires fast transient response to load current
and input voltage variations, and (c) power supply ripple rejection. Perturbations in
the input voltage cause undesired disturbances in the output voltage. This chapter
discusses the techniques proposed in the literature to face these design challenges,
with emphasis on low power solutions. In addition, and based on a set of selected
figures of merit, a comparison of recently published LDO regulators is made at the
end of the chapter.

2.1 Some Key Concepts

Figure 2.1 shows the classical topology of an LDO regulator where the pass element
isimplemented by a PMOS (Fig. 2.1a) or NMOS (Fig. 2.1b) transistor, whose dropout
voltage can be as low as a one Vgp . Vsp.sar 1S the minimum source-to-drain
voltage to keep the transistor in saturation region and can be as low as 0.1 V.
Rroap and Crpoap model the load resistance and capacitance, respectively, while
Rpp; and Rgp; are the resistors of the feedback network. In the case of battery-
powered devices, where the power is a scarce resource, designers have to maximize
the battery lifetime as much as possible. In order to achieve this goal, a PMOS
transistor is more advantageous than an NMOS one, as the minimum input voltage
to properly work is Vin min = Vour + Vsp.sa. However, for an NMOS regulator, it
1S ViN.min = Vout + Vps.sat + Vis. As a consequence, a regulator based on a PMOS
pass transistor has a wider range of operation. On the other hand, it occupies more
area for the same current, due to its low carrier mobility.

© Springer International Publishing AG, part of Springer Nature 2018 11
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Fig. 2.1 Classical topology of an LDO regulator: a PMOS-type and b NMOS-type

Fig. 2.2 Small-signal model
of a PMOS-type LDO
regulator

Although load and line variations affect the large signal behaviour of the regulator,
a first-order estimation can be made using its small-signal model and assuming an
ideal error amplifier (Fig.2.2).

Applying Kirchhoff’s current law in the output node for frequencies near DC:

Rrp> Vin =V,
8m,P |:vin - Av (—V{mt — Vref + AL =

Rpp1 + Rrpa Yo.p
2.1)
= Vour
Rrp1 + Rrg2 Rpoap
1
gmp + 57
Vour = A Rem 1 Vin +
8m,PAY R + R + (Rep1+REp2) IRLOAD|To,P
2.2)
gm,PAv
+ A Rppo 4 1 Vref
8m.p V Repi+Rrp (Rrp1+RFg2) [IRLOAD|To,P
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where g, p and 1, p are the transconductance and output resistance of Mpass, respec-
tively, and A, is the gain of the error amplifier.
Assuming  guprop > 1 and  gupA, [(Resi + Rrs2) |RLoap|lrer] -
—Res2__ 51, Eq.2.2 can be simplified to

"Rrs1+Rr
8m,PTo.P 1
Vout ~ R Vin + R Vref (2.3)
Sm.pTopA, FB2 FB2
m, ’ Rrp1+Rep2 Rrp1+REp2

Let B be the gain of the feedback network, g = RI{,BIff}e[_w; then, Eq.2.3 can be

reduced to Eq.2.4. Note that the error amplifier attenuates the variations in the input
voltage vi,, but it has no effect on the reference voltage Viey.

1 1
ou = in ~ Vre 2.4
Yo =g g @4

2.1.1 Line Regulation

Line regulation measures the variation of the output voltage caused by a change in
the steady-state input voltage, and it is defined as

AV,
Line Reg. = ﬁ (2.5)
IN

In the ideal case, the output voltage does not depend on the input voltage, so that
the value of the line regulation should be zero. However, the finite gain of the error
amplifier causes a dependence of Voyr with Vix.

Using the small-signal model of Fig.2.2 with v,f = 0V, and assuming a small-
signal change at the input vy, from Eq. 2.5, the line regulation can be approximated
by

AVour _ 1
AVIN AVIB

Line Reg. = (2.6)

According to Eq. 2.6, the larger the error amplifier gain, the better the line regu-
lation.

2.1.2 Load Regulation

Load regulation measures the variation of the output voltage caused by a change in
the steady-state load current. It is defined as
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AVour

Al oap

Load Reg. = 2.7)

Using, once again, the small-signal model of Fig.2.2 with vy, =v,es = 0V, for a
change in the load current ij,g, the load regulation can be approximated by

AVour 1
Alroap gm.pAB

Load Reg. = (2.8)

According to Eq. 2.8, the load regulation not only improves when the error ampli-
fier gain increases but also with the transconductance of Mpass. This last statement
implies that Mpags should operate in saturation region. However, for those regula-
tors that must provide high I pap, Mpass is usually forced to work at maximum load
current in the triode region, to save area.

2.2 Issues Related to IC-LDO Regulators

2.2.1 Stability Analysis

Regarding frequency response, LDO regulators must operate in a wide range of
conditions, where its stability must be guaranteed. An uncompensated LDO regulator
has two major poles. One of them is determined by the large parasitic capacitance
at the gate of Mpass, Cgare- The second pole is located at the output node, and it
depends on the load conditions. The rest of internal poles introduced by the error
amplifier can be assumed to be, approximately, high-frequency poles and, therefore,
in a first-order approach, their effect on the system can be neglected. Assuming that
the small-signal model of Fig. 2.3 represents an uncompensated LDO regulator, these
two poles are given by Eqs.2.9 and 2.10, respectively. In addition, as a consequence
of the parasitic capacitance Cgq p, a Right Half-Plane (RHP) zero, whose expression
is given by Eq.2.11, appears beyond the Unity Gain Frequency (UGF).

Fig. 2.3 Small-signal model Cear ||
of an uncompensated LDO 1

regulator
Vin wpl w Vout
O “Bm,p » P2 o »
Ro,ea Coen Fop % RF31§ RLOAD% LOAD

i |n_
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Table 2.1 Table Wlth the Magnitude Value Units
values used to obtain the =
curves in this Chapter Ay 10 [V/V]
REB1 10 k2]
Rrp2 10 k2]
Ro,EA 1 [k€2]
CGATE 25 [pF]
(W/L)Mpass 250 x (50/0.18) | [wm]/[pm]
In the design of an IC-LDO, wy; is intended to be the dominant pole.
1 (2.9)
wp X — .
P
Ro.ea (Co.ea + gmpRouTCea,p)
1
Wpy X — 2 c ComniCorr (2.10)
OUT~LOAD Co.ea+8gm.pRoutCea.p
wy ~ Ll 2.11)
ng,P

In this model, Fig.2.3, gm ga, Ro.ga and Co ga are the equivalent transconduc-
tance, the output resistance and the output capacitance of the error amplifier, respec-
tively. At the same time, Royr is the equivalent total output resistance of the LDO
regulator, which includes the effect of the load current modelled by Ry pap, and is
given, approximately by Rour = 1o plIRLoADII(REs1+REB2). Caartk 18 the total equiva-
lent parasitic capacitance at the gate of Mpass, Cgate = Cgs p+Co,Ea, CLoap models
the load capacitance and g, p represents the transconductance of Mpass. From the
previous expressions, a qualitative analysis of the stability can be made as a function
of three parameters: I pap, Vin and Cppap- In what follows, when necessary, we will
use the typical parameters of a standard 0.18 pm CMOS technology, i.e. Von =0.46 V
and Vpp = —0.43 V. In addition, Table 2.1 summarizes the design parameters used to
obtain the curves in this chapter.

Load Current

In this subsection, the stability of an IC-LDO regulator under extreme variations of
the load current is discussed. From the pole-zero model presented above, it is known
that the dominant pole wp;, Eq.2.9, depends on gy, pPRout, Which, in a first-order
approach, depends on I; oap. However, g, pRoyur remains approximately constant
for I pap from O A up to tens of P A (Fig.2.4), and it only becomes highly dependent
on Ipoap When Rour = Rroap and Mpags operates in triode region (i.e. for Iy oap
ranging from several mA to hundreds of mA).
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Fig. 2.4 gy, pRout value for different I oap values

Even in this case, the dominant pole condition is still valid and, thus, the regulator
remains stable. Therefore, it can be assumed that, regarding stability, the effect of
the load current on wy,; is negligible for the entire range of I pAp.

Regarding wp, its location significantly changes with Iy oap, since it depends not
only on the product g, pRout but also, directly, on Royr (Eq.2.10). In this example,
the value of Royr is ~1 €2, for I; poap in the order of several mA, and increases when
ILoap decreases, approaching a value of 100 k<2 when the load current reaches zero.
Consequently, as I oap reduces its value, wp; moves towards the UGF, degrading the
Phase Margin (PM) of the entire system. As a consequence, an uncompensated LDO
tends to be unstable under small and zero Iy pap conditions. This effect is graphically
described in Fig.2.5.

Finally, the RHP zero also modifies its location. According to Eq.2.11, w, is
directly proportional to g, p and, therefore, it will move towards lower frequencies
(close to the UGF) when I} gaop decreases (see Fig.2.5).

Input Voltage
Similar to the load current, the input voltage can also suffer a large variation. However,

its impact on the frequency response is negligible, as its variation only produces minor
changes in the small-signal parameters of Mpass.
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CLOAD Variation

According to expressions Eqs.2.9-2.11, only wp, depends on the load capacitance.
When Cpoap increases, the phase margin is reduced, as wy) gets closer to the UGF.
Note that, in any case, the maximum value of Cypap is limited by the condition
wp1 K Wp2.-

Stability Enhancement

Usually, IC-LDO regulators use a multistage amplifier so that their pole-zero map is
more complex than that of Fig.2.5.

Many solutions have been proposed in the literature to improve the stability of
IC-LDO regulators with small Iy pap values. One of the earliest proposals [30] uses
a compensation block to control the damping factor [31, 32]. This improves the
stability of the system and increases the bandwidth. As shown in Fig. 2.6, its imple-
mentation requires a compensation capacitor, Cc, which is responsible for placing
the dominant pole at the inner node, due to the Miller effect, and a damping factor
control block. This block, consisting of a negative gain amplifier and a capacitor, Cpp,
is intended to increase the quality factor of the pair of conjugate poles that appear
at high frequency. In addition, it increases the stability of the system, especially for
small loads. According to [32], the most suitable values for these components are

8CgareCroap
Cor =Cc=gn1\ | ————— (2.12)
8m,28m,P

8&m.pF = 48m,1 (2.13)
Fig. 2.5 Pole and zero = A
locations in an S, — ILOA D,max
uncompensated LDO uo — loAD.min
regulator for different Iy oap s w,,l :

values —  fe— x_ILOADw

0 [dB] Wp2

>
freq [Hz]

‘ LOAD“




18 2 Internally Compensated LDO Regulators

Fig. 2.6 Structure proposed Error Amplifier
in [30] to improve the
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stability by controlling the VREF' :
damping factor of the :
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where g, ;1 and gy, 2 are the transconductance of the first and second stages of the
error amplifier, respectively.

When compared to a classical Nested Miller Compensation (NMC), the main
advantage of this method is the removal of the inner Miller capacitance, which
is located at the first stage of the error amplifier and is the main responsible for
the decrease of the regulator bandwidth. Consequently, another advantage is the
reduction in area. Its main drawback is the increase in quiescent consumption, due
to the introduction of the damping factor control block amplifier, Apg.

A variant of this work can be found in [33], where a block is introduced that
controls the quality factor of the pair of non-dominant complex poles. Figure2.7
shows the corresponding small-signal model. To save power, the active load of the
differential pair of the error amplifier is reused as a current buffer. An additional
branch is included to introduce a zero in the negative real half-plane with the twofold
objective of improving the stability and increasing the maximum current at the gate
of Mpass. Unfortunately, every stage of the control circuit is loaded by compensating
capacitors, which causes a decrease in the Slew-Rate (SR) of the regulator.
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Fig. 2.8 Structure proposed in [36] that uses a capacitive multiplier to reduce the size of the
compensating capacitor

Capacitive multipliers based on current buffers have also been used to reduce the
size of the compensation capacitors in IC-LDO regulators [34]. It is noteworthy that
the area consumed by the active elements in [34] is negligible, as authors reuse some
of the blocks already existing in the amplifier to implement a current buffer. However,
sometimes it is not possible to reuse existing blocks, and the current buffer has to be
implemented with new circuitry, which increases the quiescent consumption [35].

Figure 2.8 shows an example of a capacitive multiplier based on current buffers
[36]. This regulator behaves like a two-stage amplifier. The capacitor Cc is respon-
sible for splitting the poles, while Cc, reinforces the dominant role of the inner pole.
Note that, in addition to the multiplying effect of Cc, the author introduces an inter-
mediate stage with the objective of increasing the slew-rate at the gate of Mpagss, and
pushing the non-dominant poles at a high frequency.

Capacitive multipliers were also used in [37-44]. As an example, in [37], a dif-
ferentiator, formed by capacitor Ccg and a current buffer (M; to My), is introduced
(Fig.2.9). This buffer serves a double purpose. First of all, it introduces a fast path
between the output of the regulator and the gate of Mpass.

In this way, the variations at the output voltage Vour, transformed into current by
the capacitor Ccg, are injected into the gate of Mpags with the objective of increasing
the slew-rate of this node, contributing to a better transient response. Second, the
buffer helps to separate the poles, since the capacitor Ccp appears at Mpass gate
multiplied by the gain of the current buffer.

It is worth noting that the use of a current buffer is compatible with other com-
pensation techniques. As an example, in [44], a current buffer is used as part of a
classical Reverse Nested Miller Compensation (RNMC).

As a summary of this section, Table 2.2 shows a comparison of the performances
of aset of IC-LDO regulators that use some of the compensation techniques discussed
above.
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Fig. 2.9 Schematic of the
compensation proposed in
[37] based on a capacitive Veer
multiplier

Fig. 2.10 Simplified scheme
of an LDO regulator used to
analyse its transient response
to changes in a the line
voltage and b the load
current
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2.2.2 Transient Response

The effect of variations in the line voltage or current load on the transient response
is characterized by the settling time and by the maximum voltage of the spikes that
appear at the output. These voltage spikes are undesirable because they can cause
an abnormal behaviour in the circuits fed by the regulator. For instance, they might
cause the accidental shutdown of a microcontroller, or spurious variations in the
frequency of a Voltage Controlled Oscillator (VCO).
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Figure2.10a shows the simplified scheme of an LDO regulator, which will be
used to study the transient response to variations in the line voltage. The line voltage
is considered to increase from nominal to maximum value, remaining at this value
a time long enough to stabilize the transient response. Finally, it returns to its initial
value.

Figure2.11 shows the transient response of the regulator, being t, and t; the rise and
fall times of the line voltage, respectively. The settling time, tg, is the time elapsed
since the application of the input stimulus to the time when the output voltage has
entered, and remains within, a specified error band.

In the ideal case (Fig.2.11a), the response of the control loop is immediate, and
thus, there is no change in the source-to-gate voltage, vsg, and current, ivos, of Mpass,
or in the output voltage, voyr. Figure 2.11b presents a more realistic case, where the
control loop has a finite bandwidth. Now, when the line voltage increases, the control
circuit takes some time to react, which results in an instantaneous increase of vsg
and ipos. The excess current at the output is diverted to the load capacitor Crpap
causing an undesired increase in voyr. The process ends when the error amplifier
reacts, returning vsg to its initial value, and bringing voyr to a value close to the
nominal value. A dual process occurs when the line voltage drops, returning later to
its nominal value. In Fig. 2.11b, the gain of the control loop is assumed to be infinite,
so that voyr returns exactly to its nominal value.

Itis also important to study the transient response of an LDO regulator to variations
in the load current (Fig. 2.10b). Figure 2.12a shows the transient response of an ideal
controller and Fig. 2.12b the more realistic case of a controller with a finite bandwidth
control loop.

In the ideal case, when i pap, increases, the regulator responds instantaneously,
causing an increase of the source-to-gate voltage of Mpass. As a consequence, the
current ipos instantaneously increases to compensate for the increase in the load
current. Consequently, there is no excess current at the output, and then, no current
flows through Cppap so that voyr is maintained at its nominal value.

On the other hand, in Fig.2.12b, the control loop has a finite bandwidth. When
iLoaD increases, vsg does not change instantaneously. The difference between the
new load current if oap and the current at the output of the regulator has to be provided
by CLoap- As aresult, voyt decreases. After a certain time, the control loop begins to
react, bringing vsg to the value that causes Mpags current to equilibrate the increase
of iLpap and, in the last term, to bring voyr back to its nominal value. It has been
assumed, once again, an infinite gain control loop, so that the output voltage recovers
exactly its nominal value. A dual process occurs when the load current decreases from
its maximum value to its nominal value.

As it can be deduced from this qualitative analysis, the control loop bandwidth
is a critical design parameter. Since the dominant pole of an IC-LDO regulator is
located at the gate of Mpagss, to achieve a good transient response, it will be necessary
to design circuits that rapidly charge and discharge the equivalent capacitance at that
node. This can be achieved by means of large biasing currents, but would give rise
to regulators with poor power efficiency, which is not acceptable in most cases.
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Fig. 2.11 Transient response of an LDO regulator to changes in the input voltage: a ideal case and
b regulator with a limited bandwidth control loop

Most of the solutions proposed to tackle this problem use dynamic biasing circuits
that consume a low quiescent current but are capable of providing high transient cur-
rents [45-62]. Adaptive biasing, class AB amplifiers and RC couplings are adequate
solutions.

One of the first techniques aimed at improving the transient response of an IC-
LDO regulator uses adaptive biasing, so that the biasing current is kept small when
the load current is small, and it is increased with the changes in I} ppp to improve
the speed (and gain) of the control loop. The main disadvantages of this technique
lie in (a) the variation of the quiescent consumption with the load current; (b) the
complexity of the control block, which must include a circuit to sense I pap; and (c)
the need to guarantee the stability of the regulator in the entire range of operation.
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Fig. 2.12 Transient response of an LDO regulator to changes in the load current: a ideal case and
b regulator with a limited bandwidth control loop

In [45], an IC-LDO regulator whose error amplifier makes use of a self-biasing
scheme based on [63] is presented. In order to bias the first stage, which is a differ-
ential pair, the author implements a current amplifier that converts the error signal at
the output of the differential pair in a current. This current charges or discharges the
capacitor that sets the bias voltage at the gate of the transistors of the current buffer.
As a consequence, the biasing current of the differential pair is now proportional
to I oap. This causes the open-loop gain of this self-biased operational amplifier to
increase by a gm wil, factor, where gy, i1 is the transconductance of the transistor
that operates as a tail-current source, and r,, the output resistance of the stage that
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Fig. 2.13 Structure proposed in [46] that makes use of a CCI to sense I oap and generates the
appropriate bias current Iz
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Fig. 2.14 Structure proposed in [48] that makes use of a simple current mirror to replicate the
variation of I pap in the biasing of the error amplifier

generates the Mpygs gate voltage. As a disadvantage, this solution requires a start-up
circuit to set an initial charge in the capacitor.

In [46], the authors make use of a modified first-generation current conveyor (CCI)
to sense the current delivered to the load and generate a proportional current I that
biases the first stage of the error amplifier, Fig. 2.13.

The same idea about sensing the output current is used in references [48] and
[52]. In [48], the current source that biases the error amplifier is divided into two.
The first one generates a constant current Igjas of small value, while the second one
(Iap) increases with the load current. As shown in Fig.2.14, a single current mirror
generates this current. The size of the transistor that copies the variations in the load
current must be fine-tuned because its source-drain voltage, Vsp, is larger than the
dropout voltage. Ming et al. take advantage of this idea in [53], where a simple current
mirror is used to replicate the variations in the load current. Unlike [48], the error
amplifier is implemented by the high-bandwidth transconductor presented in [47].
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Fig. 2.15 Structure proposed in [56] that makes use of an adaptive biasing scheme for the error
amplifier based on the FVF cell with an additional stage for gain improvement

The current conveyor of [46] is used again in [52] to reduce the overshoot at the
output node, generating an adaptive biasing for the error amplifier. Like in [46], at a
heavy load, the biasing current is large and quickly charges the gate of Mpagss, which
reduces the overshoot voltage. To reduce the undershoot, which is produced when the
biasing current is small, an additional Sub-threshold Undershoot-Reduction (STUR)
block is implemented. This circuit differentiates the output voltage so that, when
vour goes down, it generates a discharging current that helps to reduce the voltage at
the gate of Mpagss. The transistors in the STUR block are biased in the sub-threshold
region, so that they can generate a very high current in the transient regime with a
low quiescent current consumption.

In [56], authors propose the use of an adaptive biasing error amplifier, which has
high DC gain and slew-rate. This error amplifier is based on the work presented in [64,
65]. The high slew-rate is due to the use of so-called Flipped Voltage Follower (FVF)
cell [66, 67], which allows the biasing current of the error amplifier to increase beyond
the Igjas limitation during the transient response. The high DC gain is obtained
by the use of two amplifiers in a common-gate configuration whose outputs are
added through a current mirror. Figure 2.15 shows the control scheme. The authors
include an additional stage to further increase the slew-rate of the error amplifier.
This stage contains a common-gate amplifier whose input is Voyr, and whose output
is capacitively coupled to the gate of Mpass. The coupling capacitor, C,, is also used
to help in the compensation.

In contrast with the previous works, [54] proposes to divide the pass transistor into
two. The first one, of a small size, is responsible for supplying the current to the output
when I oap is small. The second, of a large size, enters into operation when Iy pap
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Fig. 2.16 Structure proposed in [62] with adaptive biasing of the error amplifier and NMC

increases. This structure for the pass transistor makes possible to have two control
loops, consisting of two and three amplification stages, respectively. Additionally, it
increases the stability for small loads, where the regulator has only two poles. Like
in [48, 68], the bias current of the error amplifier is dynamically generated. This
current is proportional to the load current supplied by the small-sized pass transistor,
which is always active, but whose maximum value saturates when the second pass
transistor is activated. To overcome this limitation, in [61], the authors present a
similar scheme where, unlike [54], I oap current is estimated from the gate node
voltage.

In [62], an adaptive biasing scheme is proposed for the error amplifier (Fig.2.16),
along with an NMC. Authors study the relationship between the bias current of
the error amplifier and the minimum value of the load current for the regulator to
be stable. They also optimize the adaptive biasing current of the error amplifier,
clamping its value to a critical current when I pap is high, so as not to degrade the
current efficiency.

Another way to improve the slew-rate of the regulator, without sacrificing the
quiescent consumption, is to modify the output stage. In [47], a push—pull output
stage is used. Controlled by two common-gate amplifiers and a current summation
circuit, it improves the transient response for line and load regulations.

In [49], a circuit is added to the output stage in order to increase the negative slew-
rate. To this end, a second fast control loop is added. Unfortunately, the simultaneous
operation of the two control loops degrades the stability of the system. In addition,
the proposed technique only improves the slew-rate in one direction, so that the
quiescent consumption of the error amplifier must remain high if we want to rapidly
charge the parasitic capacitance at the gate of Mpass when I pap decreases.

In [55], a push—pull output stage is also used. The class AB Operational Transcon-
ductance Amplifier (OTA) published in [64] acts as the error amplifier. To improve
the slew-rate, an additional circuit is used that increases the charging or discharging
currents of the parasitic gate capacitance of Mpass when Vyr is increased. In order
to enable this circuit, two complementary current comparators detect voltage spikes
at Vour and activate the corresponding block.
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In [57], a push—pull buffer is used to act on the gate voltage of the Mpass. The
objective of this buffer is twofold. First, in large signal, it improves the slew-rate of
the regulator. Second, in small signal, it decouples the high impedance at the output
of the error amplifier and the lumped parasitic capacitance at the gate of Mpass,
improving the stability of the system.

Another technique uses RC couplings to improve the slew-rate of the regulator
to steep changes in line voltage or load current. An example of this technique is
found in [50], where a dynamic biasing circuit is proposed that takes advantage
of RC couplings to increase the bias current of the error amplifier current when
the output voltage changes. The authors use two comparators to detect changes
in Vour in both directions. In [51], both voltages, Vour and Vggr, are used to
increase the current in the output stage of the error amplifier. This mechanism makes
LDO regulators suitable to replace switching regulators in systems where power
management techniques such as Dynamic Voltage Scale' (DVS) are used.

Finally, in [60], the authors modulate the substrate voltage of Mpass to reduce its
threshold voltage, allowing a smaller size for the same current. By decreasing the
size of the pass transistor, its parasitic gate capacitance decreases, which pushes the
dominant pole to a higher frequency and improves the speed of the control loop. In
order to modulate the substrate voltage, a second error amplifier is used that fixes an
appropriate voltage to prevent the direct biasing of the substrate—source junction.

The main drawback of this approach lies in the necessity of guaranteeing a similar
behaviour between the main circuit and the replica one in every operating condition.

Tables 2.3 and 2.4 summarize the main performances of the regulators in a set of
references cited in this subsection.

2.2.3 Power Supply Ripple Rejection

PSRR is a term used to describe the ability of an electronic circuit to suppress changes
in the output voltage due to fluctuations in the power supply. Unlike line regulation,
the PSRR determines to what extent the low- and/or high-frequency disturbances in
Vin will appear in the regulated output voltage. In our case,’

A
PSRR = 2YouT

(2.14)
VIN

Since the input voltage fluctuations are considered to be of a small value, the
PSRR is normally computed in a small-signal analysis.

IDVS is a method of reducing the average power consumption in embedded systems. This is
accomplished by reducing the switching losses of the system by selectively reducing the frequency
and voltage of the system.

2Note that this definition is misleading. Despite the PSRR is defined in Eq. 2.14 to be a rejection ratio,
it increases when the rejection to power supply perturbations diminishes. However, this definition
is maintained here due to its wide use in LDO regulators’ literature.
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Fig. 2.17 Contributions to the PSRR in an LDO regulator: a signal paths and b typical spectrum
of the PSRR showing the dominant contribution in each frequency range
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Figure 2.17a shows the different paths that affect the PSRR in an LDO regulator.
Figure2.17b shows the typical frequency response of the PSRR, indicating which
path usually dominates in each frequency range. The first path comes from the circuit
that generates the reference voltage, Vrgg, and normally dominates the PSRR in low
frequency. The second one comes from the error amplifier and usually dominates at
intermediate frequencies. The latter has two contributions: the first one comes from
the control loop, and the second one comes directly from Mpags through its finite
output resistance and its parasitic capacitances, which couple the line to the output
node at high frequencies.

To study the different contributions to the PSRR, the simplified small-signal model
of Fig.2.18 will be used, where the error amplifier is represented by a gain block, Av,
with a single pole located at w,; = m As usual, Cgarr is the total capacitance
at the gate of Mpass. A small signal model, valid for intermediate frequencies, has
been chosen for Mpags. Note that, for EC-LDO regulators, it would be necessary to
take also into account the compensating capacitor at the output node, including its
parasitic inductance and equivalent series resistance, which is beyond the interest of
this study.
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Solving the nodal equations, Eq.2.15 is obtained:

Vour(s) _ Rour 1+ gmprop+s-ai+5"-a

PSRR(s) = - : (2.15)
Vin(s) To.p 1+ gupRoutAB + 5 b1 +5%-by

where

Rout = 1o,pl|(Rrp1 + Rep2) |[RroAD (2.16)
Rrp2
— s 2.17)
p Rrp1 + Rrp2

a1 = Ro,ea(1 + gm.pro.p) (Coare + Coa.p) + rop (Can.p) (2.18)

a> = 1o pR0.£A (Can,p) (Coare + Cos.p + Coap) + ro.pR0.EACes.pCoap  (2.19)
b1 = Rour (Croap + Cga.p + Cap.p) + Ro.ea (Coare + Cos.p + Coap) +

+ &mpR0 EaCga.pPRour — RourCea PA/B (2.20)
by = Ro.eaRout [(Croap + Cea.p + Cav.p) (Coare + Cos.p + Coap) —
—Cear] 2.21)

Assuming, as usual, that gn pro p > 1, and particularizing Eq.2.15 for low fre-
quencies (i.e. s — 0),

Rour 1+ gmprop 1

PSRR(0) = ~
® fop 1+ gmpRourAB  AB

(2.22)

This expression matches that obtained for line regulation in Eq.2.6. This result
was expected since the line regulation measures the ability to maintain the regulated
output voltage under steady-state variations of V.

Equations 2.15-2.21 model the PSRR for any LDO regulator, regardless the value
of Croap. To estimate the contribution of each parasitic capacitance of Mpags and,
hence, determinate which ones can be neglected, some simulations have been carried
out. Concretely, the circuits shown in Fig.2.19 have been simulated in Spectre®
Circuit Simulator using the circuit parameters of Table 2.5 in a standard 65 nm CMOS
technology. The results for each model can be observed in Fig.2.20a, b, assuming
a Croap in the order of picofarads or microfarads, respectively. Figure 2.20a shows
the typical PSRR curve for an IC-LDO regulator.

It can be observed that the effect of Cqp, p is critical at high frequency. Hence,
this parasitic capacitance cannot be neglected. In addition, for frequencies greater

than w,; = — 1 the PSRR worsens, as a consequence of the decrease of
: Ro.e4(Coare+Caa.p)

the gain in the regulation loop. This worsening persists until the effect of the output
impedance becomes dominant.
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Fig. 2.20 Spectrum of the PSRR for: a internally compensated LDO regulator (Croap = 100 pF),
and b externally compensated LDO regulator (Croap = 1 wF), using the models shown in Fig.2.19

Neglecting the capacitor ESR and parasitic capacitances. These assumptions can
be also used for EC-LDO regulators (Fig.2.20b). In this case, the output capacitor
where the output capacitor has a large value, and the effect of the output impedance
is dominant at medium and high frequencies. Similarly, as for IC-LDO regulators,
the effect of Cgp p cannot be neglected.
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Table 2.5 Parameter values used to obtain the curves of Fig.2.20

Magnitude Value Magnitude Value

Ay 10° [V/V] Sm.P 0.776 [
Rpg1 10 [k2] To.P 8.375 [Q2]
Rrg2 10 [kR2] Cgs.p 10.85 [pF]
Rroap 10 [Q] Cga,p 6.685 [pF]
Ro EA 1 [kR2] Ceb.p 0.779 [pF]
CGATE 25 [pF] Cab,p 4.636 [pF]
W/L 250%(50/0.18) [pom]/[um]

From the analysis above, it can be concluded that IC-LDO regulators generally
presents a bad PSRR for medium and high frequencies. This problem has been
addressed in references [69-85].

One of the simplest approaches to improve the PSRR at medium and high frequen-
cies introduces a low-pass RC filter in series with the output terminal that attenuates
the high-frequency variations at the output voltage. However, to minimize the dissi-
pated power and the dropout voltage, the filter resistance must be very low (in the
range of 1-10 2) and thus, a very large capacitor (in the range of 1-100 wF) is
required. As a consequence, this technique is not valid in applications requiring a
large scale of integration, low supply voltage and low power consumption, typical of
SoCs. Even though an RLC implementation would allow a reduction in the capacitor
size, the large value of the inductance and the power that would be dissipated in its
parasitic resistance make this implementation equally unfeasible.

In [70, 71], a technique for the improvement of the PSRR is proposed based on
the use of an NMOS transistor that acts as a cascode for Mpags [86]. In this way, this
transistor is isolated from the fluctuations of the input voltage. Figure2.21 shows
a simplified scheme of the proposed circuit. Authors report an improvement of the
PSRR of about 30 dB for medium and high frequencies. However, this technique
shows several disadvantages. For a proper operation of the cascode transistor, its gate
voltage must be higher than Viy. The authors generate this voltage by means of a
charge pump, whose output is filtered to minimize noise. Another drawback is the
increase in the dropout voltage (0.6 V), inappropriate for current technologies. Not
to mention the corresponding loss of efficiency, and the increase in area due to the
cascode transistor (which carries the same current as Mpass), the charge pump and
the low-pass filter.

In [72, 73], a similar technique was used. The reference circuit is replaced by a
linear regulator with an NMOS pass transistor. It allows to reduce the power dissipa-
tion with respect to reference [71], as well as the size of the capacitors of the charge
pump. In [73, 74], additional regulators are used to increase the immunity of the gate
voltage of the cascode transistor, at the expense of an even larger dropout voltage.

A second negative feedback loop to improve the PSRR in medium and high
frequencies using a replica circuit is added in [75]. To simplify the implementation,
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Fig. 2.21 Simplified block diagram of the PSRR reduction technique in [70, 71] where a cascode
transistor is inserted in series with Mpass

both feedback loops are merged in a single current amplifier. The main drawback of
this approach lies in the necessity of guaranteeing a similar behaviour between the
main circuit and the replica one in every operating condition.

The most effective way to improve the PSRR is to implement a direct path between
the input signal Vin, connected to the source of the pass transistor, and its gate
(Fig.2.22). In this way, the voltage Vg of the transistor (and, in a first-order approach,
its current) is independent on Viy. Different implementations of this technique have
been proposed. In[76, 77], the effect of the output resistance gqs , of Mpass was taken
into account, and the direct fast path amplifies Viy variations by the ratio M
Also, to avoid interfering with the main control loop, it is convenient to generate
a zero in the PSRR transfer function to cancel the effect of the LDO regulator’s
dominant pole. Using this technique, the authors extended the small value of the
PSRR, typical of low frequencies, up to 9 MHz.

A similar technique was presented in [80], where a band—band filter was intro-
duced as a direct path to couple the input voltage variations to the output. The second
stage of the error amplifier is used to make the summation of the direct path current
with that of the main loop. This technique only improves the PSRR at intermediate
frequencies, requiring the use of additional techniques to enhance the PSRR at low
and high frequencies.

In [83], a current proportional to the variations of Vyy is generated by means of a
scaled replica of Mpass whose current is correlated to Iy pap, so that the small-signal
parameters of the replica transistor have values similar to those of Mpagss. At the gate
of the replica transistor, the input signal fluctuations are coupled through a diode
connection. This allows to generate a current proportional to those fluctuations.
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Fig. 2.22 Block diagram of
the PSRR improvement
technique proposed in [77] L

Zero
network

This current is amplified to ensure that the transfer function between Viy and
the gate voltage of the replica transistor is unitary. Then, it is converted to voltage
and added to the gate of Mpass. With this process, the voltage Vsg of Mpass is
independent on the fluctuations of Vi, at least up to the frequency at which the
circuit introduced for PSRR improvement stops working.

As a summary of this section, Table 2.6 shows a comparison of the selected ref-
erences that address the PSRR limitations of IC-LDO regulators.

2.3 Comparison of the State of the Art

To carry out a fair comparison between existing IC-LDO regulators, some Figures
of Merit (FOMs) have been proposed in the literature.

To this end, we select the FOM proposed in [87], which takes into account the
quiescent current consumption (Ig), the maximum load current (I oap,max) and the
response time (T;), which is defined as

_ CroapAvour

T, (2.23)

I LOAD,max

where Avoyr is the maximum variation of the voltage at the regulator output when
there is a change in the line voltage or the load current. Equation2.24 shows the
expression for FOM,. Note that the smaller the FOM, the better the regulator.

lop  CroapAvour Io Avourly

FOoM, =T,

= Croap (2.24)

1 1 I
LOAD,max LOAD,max LOAD,max LOAD,max
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Table 2.7 FOM; values for selected references

[30] [37] [40712 [4172 [42] [44] [46] [47]
T, [ns] 0.19 0.32 42 0.36 2.8 95 0.025 1.25
FOM, | [fs] 72.2 416 16380 |388.8 2520 42750 |107.29 |30
[48] [49] [50] [52] [53] [54] [55] [56]
T, [ns] 0.036 | 0.175 170 0.155 |0.474 ]0.069 |0.47 0.117
FOM; | [fs] 245 65.98 4522 589.16 |33.18 |56.69 |65.8 24.28
[57] [58] [59] [61] [62] [72] [73] [741°

T, [ns] 0.394 284 0362 |0.21 0.195 |7.13 7.4 1.167

FOM, | [fs] 127.59 |2.77¢5 |156.38 | 1953 |274.95 |4.99¢4 |2.89e4 |2.78e3
[74]° [78] [80] [83]

T, [ns] 1.225 690 0.039 |04

FOM; | [fs] 4.48e3 |2.65¢7 [29.01 |440

aSimulation results, ?One pre-regulator, “Two pre-regulators

Table 2.7 shows the value of FOM; for a selected set of regulators. Figure2.23
represents the value of FOM; versus quiescent current consumption. In this case, the
closer to the origin, the better the regulator. The selected regulators are represented
in this figure with a different colour, depending on their main design objective. Those
that target good stability are coloured in blue, while those that target a good transient
response and a good PSRR are depicted in red and black, respectively. It is important
to highlight that this classification is subjective, and some of the selected papers
target more than one performance at the same time.

According to the results of Table2.7, the controller that obtains the best FOM|,
among those selected for comparison, is that of reference [56], with a value of 24.28 fs.
This work aims at improving the transient response using an amplifier with adaptive
biasing based on references [64, 65]. Despite the low value of FOM, Fig.2.23 shows
that its I is not among the smallest ones, as it significantly increases with the load
current.

The second best regulator is that of the reference [80]. Although the main objec-
tive of its authors was an improvement of the PSRR, they achieve a good transient
response thanks to the error amplifier of reference [33]. It has a push—pull output
stage where the PMOS transistor is controlled by the output of the first stage, while
the NMOS transistor is controlled by the negative output of the input differential
pair. Like reference [56], it achieves a very low value of FOM, even though it does
not exhibit a low current consumption.

Among the references with the best FOM, it is remarkable that the work published
in [47] achieves the lowest static consumption of the selected references (1.2 pA).

It is important to highlight that the FOM; favours those regulators performing
output voltage spikes and, in second term, those with a low quiescent current con-
sumption. Even though some other figures of merit have been proposed that favour
other features of the regulator, FOM; is still the preferred figure of merit in the
literature.
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Fig. 2.24 Circuit used to
estimate the delay parameter O
FO4,delay, based on a chain x1 x4 x16 X64
of inverters delay

Reference [47] proposes a new figure of merit that replaces T; of Eq.2.23 by the
measured settling time, resulting in Eq.2.25.

i
FOMy =ty —2 (2.25)

LOAD,max

Even though the spikes at the output voltage are highly dependent on the rise, t;,
and fall, t;, times of the stimulus signal, neither FOM; nor FOM, defines a standard
value for them. In [88], a new FOM (FOM3) is defined that normalizes the effect of
t; and t¢ on the transient response. FOM3 assumes t, = t¢, and uses a normalization
parameter to ensure a fair comparison. This parameter K is given by K = tr

where t; min i the minimum rise time employed in the set of references selected for
comparison.

AVOUTIQ

FOM; = K (2.26)

Al oap

In [89], two new figures of merit are proposed. They are defined by Egs.2.27
and 2.28, respectively. In the first one, FOMy, the term K in Eq.2.26 is affected by
the exponent 1/3, since the dependence between AVoyr and t; = t; is not linear.
At the same time, this FOM tries to be independent on the technology. To this end,
a new delay parameter, FO4 ge1ay, is defined, as the delay introduced by a unitary
inverter when it is placed at the circuit of Fig.2.24 [90-92]. It can be observed
that the excitation and the load are implemented by means of inverters of the same
technology, of relative size 1/4 and 4, respectively. The second FOM proposed in
[89] (FOM5s) eliminates the factor K used in FOM3; and FOMy, but maintains the
independence with a technology given by the FO4 4c1ay parameter. Note that FOM;
is dimensionless. Additionally, FOMs, like FOM;, uses the response time T, defined
in Eq.2.23.

Avour [Ig + TLoap|™]

FOM, = K'/3
FOu, detay AlLoaD

(2.27)

IQ + ILOAD |min

FOMs = T, -2 LoADT
FOu4, detay AlLoap

(2.28)
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Table 2.8 Values of the FOMs for the regulators in selected references

2 Internally Compensated LDO Regulators

[30] [37] [40]2 [41]2 [42] [44]
FOM, [fs] 72.2 416 16380 388.8 2520 42750
FOM, [ps] 760 19500 9750 2160 2250 1800
FOM3 [mV] 7.22 10.4 16.38 19.44 23.31 6.3
FOM, [V/ms) |1.68 9.23 6.50 11.94 7.36 1.42
FOM;s [10712] 1.905 7.83 333 14.29 3.06 2.19
[46] [47] [48] [49] [50] [52]
FOM, [£s] 107.29 30 245 65.98 4522 589.16
FOM, [ps] 858.3 96 3402.5 3393 3640 9120
FOM; [mV] 51.5 0.72 245 0.66 0.44 58.9
FOM, [V/us] | 10.24 34.78 3.86 0.97 1.099 19.089
FOM:s [10712]  |58.39 5.42 4.97 0.26 0.095 26.53
[53] [54] [55] [56] [57] [58]
FOM, [fs] 33.18 56.69 65.8 24.28 127.59 2.77e5
FOM, [ps] 10.5 4944 378 134.88 388.8 1.948¢5
FOM; [mV] 1.66 1.7¢6 6.58 6.07 0.64 13.83
FOM, [V/us]  |6.77 645.25 16.94 126.62 5.04 109.15
FOM;s [10712] 1.940 9.06e6 7.76 29.38 1.19 35.68
[59] [61] [62] [72] (73] [741°
FOM, [fs] 156.38 195.3 274.95 4.99¢4 2.89¢4 2.78¢3
FOM, [ps] 5313.6 1581 42300 14000 11700 23833.3
FOM3 [mV] 1.56 15.62 27.50 29.95 2.89 16.68
FOM, [(V/ns) |6.17 15.58 18.08 61.696  |45.03 8.36
FOM;s (1021 |0.791 13.77 19.98 2.86 0.61 8.11
[74]° [78] [80] [83]
FOM, [fs] 4.48¢3 2.65¢7 29.01 440
FOM, [ps] 365833 | 3.07¢7 296 6600
FOM3 [mV] 26.89 8.83¢7 1.45 22
FOM, [V/us] |13.47 3020.31 | 8.49 6.27
FOM:;5 [10712] 12.44 6.10e6 6.38 1.46

aSimulation results, ?One pre-regulator, “Two pre-regulators

Table 2.8 shows the values of the different FOMs defined above for a selected set
of references. Figures2.23, 2.25, 2.26, 2.27 and 2.28 depict these FOMs against the
quiescent current of the regulator, maintaining the same convention about colours
used in Fig.2.23.
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2.4 Conclusions of This Chapter

This chapter presents the classical topology of an IC-LDO and discusses the main
problems affecting this structure.

Regarding stability, forcing the inner pole to be dominant, makes the non-
dominant pole to be located at the output, and then, to be highly dependent on the
load. Thus, when the load changes, the position of the non-dominant pole changes,
which seriously affects the stability of the regulator. Therefore, it is necessary to
study in detail the position of poles and zeros in different load ranges to ensure
stability. Apart from the classic techniques to split poles and zeros, new solutions
are discussed in this chapter. Most of these solutions are based on a control of the
damping factor of the non-dominant poles.

The transient response is another important aspect in a regulator, since the pres-
ence of spikes at the output voltage can lead to a malfunction of the circuits connected
to its output. The transient response is of special interest to internally compensated
regulators, due to the absence of a large output capacitor that suppresses these spikes.
A review of the techniques proposed to improve the transient response without penal-
izing the quiescent power consumption has been made. Special attention has been
paid to those that involve the use of adaptive biasing, and the inclusion of output
stages in the error amplifier to improve the slew-rate at the gate of the pass transistor.

The third main problem that affects LDO regulators is the effect that small varia-
tions of the input voltage has on the regulated output, which is characterized by the
PSRR. The PSRR is of special importance to IC-LDO regulators used in SoCs, where
analogue and digital circuits coexist. In the small-signal analysis, the behaviour of
the PSRR in medium and high frequencies, where the main control loop is no longer
effective, is particularly significant.

Finally, a comparison of the solutions proposed in the literature has been made,
introducing some of the most relevant Figures of Merit.



Chapter 3
Adaptive Continuous Resistor for Miller ez
Compensation in IC-LDO Regulators

Abstract IC-LDO regulators are circuits that play a key role in modern power
management and SoC design. They are required to occupy small area, operate with
low power consumption and low supply voltage, and perform fast transient response
and good load and line regulations. In addition, they must remain stable under extreme
variations of the input voltage, load current and load capacitance. In this chapter, an
adaptive and continuous compensation technique is proposed that tunes the value of
the zero-nulling resistor of a classical Miller-based compensation to keep the nulling
zero close to the Unit Gain Frequency (UGF), according to the working conditions.
This technique has been applied to an LDO regulator based on a classical topology.
Results of an implementation of such a regulator fabricated in a standard 65nm
CMOS technology are shown at the end of the chapter.

3.1 Introduction

Stability is a key concern in electronic design, as it determines the performances
of linear feedback systems [93]. In modern electronics, stability becomes technical
challenge as, in addition to the high performance and efficiency that the market
demands, the designer faces constraints coming from the downscaling of CMOS
technologies [94].

The reduction of the supply voltage and the decrease of the intrinsic gain of MOS
transistors [95, 96] owing to CMOS downscaling, highlight the relevance of low-
power and low-voltage multistage circuits, whose close-loop response is degraded
by the presence of multiple poles. At the same time, and as a consequence of local
process variability and mismatch in modern CMOS technologies, integrated devices,
such as resistors and capacitors, present large temperature variation and fabrication
tolerances [97, 98]. In this scenario, classical compensation techniques are no longer
valid, and designers need to devise new ones [99].

In particular, the IC-LDO regulator is attracting a lot of attention for new compen-
sation methods, as it was shown in Chap. 2 (Sect. 2.2.1), where several compensation
techniques were reviewed [30, 33, 37, 40—42, 44]. Most of them use active blocks in
the signal path that increase the complexity and power consumption of the regulator,

© Springer International Publishing AG, part of Springer Nature 2018 49
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Fig. 3.1 a Classical topology of an IC-LDO regulator including the compensation network. b
Open-loop small-signal model of a two-stage LDO regulator with Miller compensation

resulting in complex design equations, and large area or power consumption. In this
chapter, one of the simplest compensation methods, the Miller one, is revisited, and
a new technique is proposed to make it effective in IC-LDO regulators.

3.2 Analysis of the Miller Compensation Technique
for IC-LDO Regulators

One of the easiest ways to increase the regulator stability is the so-called dominant
pole compensation [93, 100]. The rationale behind this technique is to split the poles
of the open-loop transfer function by placing a large capacitor at the selected node,
which moves the associated pole towards lower frequencies, at the cost of abandwidth
reduction. In its simplest form, this technique is not suitable for SoCs, since such a
large compensation capacitor cannot be integrated into a reasonable area.

However, if this idea is combined with the Miller effect, its efficient integration
is possible [101]. In order to illustrate this technique, Fig.3.1a shows an IC-LDO
regulator with a classical topology, and Fig. 3.1b depicts its open-loop small-signal
model, which is represented as a two-stage system. Note that the error amplifier is
modelled by a single-pole opamp, while a medium-frequency small-signal model
is used to represent Mpass. This model is valid assuming the rest of poles from the
error amplifier to be located at a high frequency.

In Fig.3.1b, Cgate = Coga+ Cgs p is the total capacitance between the gate of
the pass transistor and the (small signal) ground. Capacitor Cg p models the gate-to-
source capacitance of Mpass and Cgq p its gate-to-drain capacitance. Co ga and Ro ga
represent the output capacitance and resistance of the error amplifier, respectively.
As usual, Crpap is the load capacitance at the output, and Ryt is the equivalent
resistance at the regulator output (Eq.3.1).

Rour =7o,pIRLoaD || (RFB1 + RFp2) 3.1
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Initially, the compensation impedance Z¢ will be assumed to be purely capacitive
(i.e. Rc = 0£2). Then, the open-loop transfer function is given by

Cc+Cy,
1—s c+Cga.p

H — A 8gm, P 32

mc (5) LT vdr + s%dy (3.2)
where
AoL = &mes8m.pRo EaROUT (3.3)
di = Ro.ga [Coare + (1+ gm.pRout) (Cc + Coap)| +

+ Rour (CLoap + Cc + Cya.p) (3.4)

d» = Ro.eaRout [Coare (Cc + Coap + CrLoan) + CrLoan (Cc + Cea.p)]
(3.5)

In order to simplity these equations, it will be assumed that Cyq p < Cc < CrLoaD
and gmgaRo ga > 1, leading to Eq.3.6.

H (s)

Cc+Coq.p
A 1 —s— 842
OL( 8m, P

1+5(RourCroap + Ro,ea [CoarE +Cc (1+ gm,pRouT)]) +5*Ro,EAROUTCLOAD (CC + CGATE)

(3.6)

If the Miller compensation is properly designed, there will be a dominant pole
wp1 <K wp2, and one zero wzl:

<_;) ~ Lo 3.7)

(=)(+a) TR

Hyc (s) ®AoL

" "Ro.ga (Coare + gm pRourCe)
1
Wpr A TG 3.9)
RourCroap CGATEi-gm.i/}?TOEUTCC
8m,P
w _ 3.10
@ Cc+Ceap G-10)

Identifying terms with Eq. 3.6, it can be concluded that the system has two real
poles (Egs. 3.8 and 3.9) and one Right Half-Plane (RHP) zero (Eq. 3.10). The latter
zero depends on the ratio between gp, p and the total Miller capacitance Cc + Cgq,p.
Unfortunately, as both, gy, p and Cgqp are strongly dependent on I oap, the RHP
zero location changes several decades when the I oap is modified, moving towards
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Fig.3.2 Open-loop transfer function for an IC-LDO regulator stabilized using Miller compensation
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Fig. 3.3 Pole-zero diagram for different values of I} oap in a typical case

the Unity Gain Frequency (UGF) and, hence, degrading the phase margin, as it is

shown in Figs. 3.2 and 3.3.

In order to neutralize the negative effects of this RHP zero, different solutions
have been proposed in the literature, such as the well-known Zero-Nulling Resistor
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(ZNR) technique [93], the cascode compensation [102] or the insertion of a current
buffer [34]. The first option cancels the RHP zero effect by means of a nulling resistor
(R¢) in series with the compensation capacitor Cc. Unfortunately, as it is strongly
dependent on I; pap, the value of R¢ that stabilizes the LDO regulator for zero-load
current is not adequate for middle-range load currents, as it will be shown in Sect. 3.3.
As aconsequence, the LDO regulator is not stable for the whole range of I pap. Some
authors use a current buffer to eliminate this RHP zero [35, 37]. Nevertheless, this
solution increases the power consumption and the complexity of the design, and it
does not guarantee the stability for Iy oap = O A.

A more realistic model of the regulator would show the presence of two complex
non-dominant poles. Therefore, some authors propose to control the Damping Factor
(DF) of these non-dominant complex poles to achieve an effective pole-splitting com-
pensation [30, 33, 103]. Nevertheless, these LDO regulators are potentially unstable
for low I pap and require a high quiescent consumption. Another option was pro-
posed in [44] where an RNMC technique based on current buffers introduces two
Left Half-Plane (LHP) zeros that cancel one of the non-dominant poles of the sys-
tem. This approach requires a large capacitor to stabilize the regulator and it is not
suitable for I; oap values close to zero.

When the error amplifier is a multistage amplifier the Nested Miller Compensation
(NMC) is a choice [48, 62], at the cost of an even more reduced bandwidth, as each
stage is loaded not only by its output parasitic capacitance but also by the Miller
compensation capacitors. Note that additional circuitry and power consumption are
required to maintain the Slew-Rate (SR), and in turn, the transient response of the
LDO regulator. In addition, the NMC limits the architecture of the error amplifier,
as its last stage must be a non-inverting one in order to ensure a negative feedback
[100]. Finally, as a consequence of the large variation in the operating conditions, a
thorough analysis of the frequency response must be done to determine the proper
value of the NMC capacitors [104—-106].

Summarizing, the stability of IC-LDO regulator is a challenge that implies com-
plex compensation techniques that result in large area or power consumption. In this
paper, a new solution is proposed that uses a simple and well-known compensation
method, such as the classical Miller one with ZNR, but adapting the value of the
nulling resistor to the variations of It oap.

3.3 Stability Analysis of Miller-Compensated IC-LDO
Regulators

A deep analysis of the zero-nulling resistor in a Miller-based compensation of IC-
LDO regulators is done in this section. The analysis will target the stability for a wide
range of load currents, including zero-load current. As it was discussed in Chap. 2,
it is focused on I pap as Vi is not relevant for the stability.
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When the compensation resistor, R¢, is included in the analysis of the small-signal
model of Fig. 3.1b, the resulting open-loop transfer function is

Cc+C, RcCcC
1+s<RCCC— c gd,P)_SZ cCclgarp

8m.P 8m.P

H =A 3.11
ZNR (8) oL 15 sdh & 525 & 53¢ (3.11)
where
AoL = gm.eagm.pRo.EaROUT (3.12)
Ry = (Ro.ea + Rour) (14 gm.pRo.eal Rout) (3.13)
di = (Rc + R1)Cc + RiCgap + RourCrLoap + Ro.EaCiarE (3.14)
R
d» = Ro paRour <CL0AD [ng,P + Cgare + (1 + =< ) Cc:| +
Ro.Ea

Rc

+CqarE [ng,P + Cgare + <1 + ) Cc}) + RcRiCcCyup
(3.15)

d3s = RcRo.gaRourCc [CLoap (Coap + Coare) + CoapConre]  (3.16)

our

A quantitative analysis of the transfer function for different values of Iy pap is
presented in the following subsections. This will provide relevant information on
how R¢ modifies the frequency response (Egs. 3.11-3.16) and, consequently, affects
the stability of the system.

In what follows, as an example, this analysis is made for the IC-LDO regula-
tor designed in Sect.3.5 using a standard 65-nm CMOS technology. Although the
analysis is made for a given example, its conclusions can be extrapolated to a more
general case.

For the regulator in Sect. 3.5, Fig. 3.4 depicts the Bode diagram for different values
of I oap, and Fig. 3.5 presents the pole-zero diagram showing the movement of poles
and zeros when I poap changes. These figures have been obtained for a fixed value
of the zero-nulling resistor.

3.3.1 Zero or Low I 0AD

For I pap from 0 up to 50-100 A, Mpass is working in sub-threshold region.
Therefore, it can be assumed that gy, p is in the order of tens of wQ~ !, Rour is
around tens or hundreds of k€2, and consequently g,, pRout >> 1, Fig. 3.6. In addition,
Co,ea < Cqga,p,Croap. Thus, the transfer function can be approached as follows:
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1 + (RCCC 8m,P ) $ 8m,P S

Hzygr (s) = AoL : (3.17)
(14 25) (1 + dis + das?)
where
Aor = gm.ea&m.pRo.eaRoUT (3.18)
1
Wp1 (3.19)

Ro.£a[Co.ga + 8m.pRoutr (Cc + Cya,p)]
C RcCcC
¢ = Croan | ReCeCar (3.20)
8m, P CC + ng,P
_ RcCcCoipCroap

 gmrp (Cc + Cea.p)

2 (3.21)

In order to stabilize the IC-LDO regulator, R¢ and Cc are chosen, using Egs. 3.22
and 3.23, to obtain a PM large enough for Iy pop = 0 A, which is the worst case in
the selected range. Indeed, R is calculated to locate an LHP zero close to the UGFE.

Cc+Cea,p 2
1 — cwyer + (RCCC - M—}f) ClOWG G

wycr (1 — c2wyGr) [61 — (RCCC - —CC+C”'P)]

8&m,P

PM =tan™! (3.22)
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Cc+Cgup
> —_—

Rc
gm,pCc

(3.23)

Curves in Fig. 3.4 corresponding to I; oap from O A up to 10 . A show the effect
of the LHP zero introduced by the ZNR, and the location of the non-dominant poles
for small values of Ij pap. Furthermore, Fig. 3.5 visualizes the pole-zero movement
when I pap changes.

3.3.2 Medium Iy, oap

When I pap reaches 100 pA, and up to 10 mA, Mpass is working in moderate to
strong inversion, in saturation region. Like in the previous scenario, the assumption
gm.pRour > 1 is acceptable, as the g, p value is around hundreds of wQ~! and
the output resistance of Mpass is around several k€2 (Fig. 3.6). The transfer function
in Eq.3.17 and the following equations (Eqs. 3.18-3.23) are still valid. Under these
conditions, the Q-factor of the second-order polynomial increases, producing non-
dominant complex poles that shift the phase 180° in one decade. As the location of
the LHP zero is fixed, the UGF moves towards a frequency higher than those of the
non-dominant complex poles. This implies a significant reduction of the PM. This
situation is depicted in Fig. 3.6 for Iy pap between 100 A and 10 mA.

3.3.3 Large ILOAD

For load currents larger than tens of milliamps, the Mpagss transistor is working in
the triode region and therefore, the transconductance g, p is in the order of a few
(1), whereas the output resistance Royr is around a few ohms. Consequently,
gm.pPRour & 1 (see Fig.3.6) and Eq.3.17 is no longer valid. In this case, the system
presents two non-dominant real poles and the LHP zero introduced by the compen-
sation. The LHP zero is located below the first non-dominant pole, cancelling its
effect. The second non-dominant pole is located beyond the UGF. Consequently, the
regulator is stable. This situation is depicted in Fig.3.4 for Iy oap between 10 and
100mA.

Figure 3.7 represents the PM for different values of I} o5p in the cases of an uncom-
pensated IC-LDO regulator, and a compensated Miller version with, and without, a
ZNR. It can be observed that there is range of values of Iy oap Where the PM is not
large enough.

From the previous analysis, it can be inferred that only a change in the value of
the nulling resistor when I oap changes would guarantee the stability of the IC-LDO
regulator in the whole operation region. This is the rationale behind the compensation
method proposed in this chapter.
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3.4 Miller Compensation with Continuous Adaptive
Zero-Nulling Resistor

The stability of uncompensated IC-LDO regulators and the suitability of Miller com-
pensation have been studied in Sects. 2.2.1 and 3.3, respectively. A similar analysis
could be done for some other Miller-compensated analogue cells intended to man-
age fast and significant load variations. Figure 3.8 shows a general control scheme,
where INx signals are the external conditions that play a role in determining the
appropriate value of the nulling resistor. The control block selects this value both, in
a continuous or discrete way. When possible, a smooth variation of R is preferred to
avoid an undesirable transient response in the switching instants, which could cause
instability.

Fig. 3.8 Proposed control IN; —> Control
scheme for the modification IN,— control| 8"
of the nulling resistor in a INs——>  |qw
classical Miller H

IN, ——P

compensation with ZNR

VNODEZ

VNobE1 | E
.
.
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According to the results obtained in Sect.2.2.1, the only external condition to be
considered in an IC-LDO regulator is Iy oap. This simplifies the implementation of
the control loop and makes this technique especially suitable for IC-LDO regulators.

Following the control scheme of Figs. 3.8 and 3.9 depicts the proposed compensa-
tion scheme for an IC-LDO regulator. In order to achieve a practical implementation,
the nulling resistor Rc is split into three different resistors: R¢1, Reo and Ryagr. Resis-
tor Rc; is selected to guarantee the stability of the LDO regulator for I oap = 0 A,
whereas R¢; ensures that an LHP zero is moved beyond UGEF to stabilize the LDO
regulator at high Iy pop values. Note that Rcy << Rey. Finally, Ryagr is a variable
resistance implemented by Myag, a transistor in the triode region.

This implementation of R¢ relaxes the accuracy requirements of the control cir-
cuit, as the values in the extremes of the interval are well defined by R¢; and Re»,
respectively. Regarding Ryag, its nominal value is selected to ensure that the value
of the equivalent R¢ stabilizes the IC-LDO regulator for a specific value of I pap,
named the Icrimicar (Fig.3.10), which is defined as the I} opp for which the PM of
the IC-LDO regulator with Rc = R¢; is equal to that obtained with Rc = Reo.

Figure 3.11 shows the proposed control circuit, where Vour is the regulated output
voltage and Mpr and Icr are scaled versions of the pass transistor and Icrrricar,
respectively. Additionally, A; and A, are two NMOS-input differential pairs with
active current mirrors. Finally, a level shifter, implemented by M; g and Ipias s, is
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Fig. 3.11 Circuit proposed to control the adaptive continuous resistor value by means of the gate
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needed to adapt the output signal of the differential pair A, to the range of the gate
voltages required by the transistor Myag.

Assuming the virtual ground principle in Aj, the drain voltage in Mpg is forced
to be equal to Vour and, as the current of Mpg is set by Icg, the output voltage of A
generates the reference voltage (Vrer,garte) that corresponds to the LDO regulator
conditions for the critical Iy oap. This Vrgr garE 1S, then, used in A, to be compared
to the Vgarg of the LDO core. A, output is adapted by a level shifter to provide the
control voltage Vcrrr. This voltage is modified according to Eq. 3.24 in order to tune
the output resistance of Myag to a proper value. R, /R is selected according to the
desired accuracy and Myag is sized using Eq.3.25 [107-109].

R, R,
Verre = | 1+ R Veare — R—VREF,GATE — VEFF, M. (3.24)
1 1

1 V. -V
S S _M) (3.25)
2nuCox U Ry ar nU;

w

L

My ar

where U, is the thermal voltage; and n, 1, Cox and Vi are the slope factor, mobility,
gate capacitance per unit area and threshold voltage of Myag, respectively.

3.5 Design of an IC-LDO Regulator with Continuous
Adaptive Zero-Nulling Resistor

This section describes an LDO regulator designed to verify the proposed technique. It
has been implemented in a standard 65 nm CMOS technology and designed to provide
up to 100mA of I gpap With a minimum input voltage of 1.0 V. The output voltage is
0.8V with a dropout voltage of 200mV, and 100 pF maximum load capacitance.
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Fig. 3.12 Schematic of the error amplifier used in the proposed IC-LDO regulator

Table 3.1 Transistor dimensions and component values for the LDO regulator core

Transistor Size [pm/pm]
Mpass 2000.0/0.06
M; 2.7/0.27
\%03 0.54/0.27
M3 6.51/0.27
My 7.53/0.27
M;s 8.1/0.27
Component Value
Remrs 200[kS2]
RrB1 300 [kS2]
Rrp2 300 kL]
Igias,EA 2.5[nA]
CLOAD, Max 100[pF]

Cc 18.48 [pF]

The classical LDO topology with the proposed Miller compensation and contin-
uous adaptive nulling resistor of Fig.3.11 has been selected. The Error Amplifier is
implemented by means of the single-ended two-stage amplifier shown in Fig.3.12.
This amplifier has been used before to implement the EA of an LDO regulator [83]
showing a class-AB behaviour.

The design methodology assumes that the dominant pole is located at the gate of
Mpass and the non-dominant pole is at the output. Additionally, the error amplifier
is designed to ensure that its internal poles are at a frequency high enough so as not
to compromise the overall stability. Table 3.1 summarizes the transistors dimensions
and device values for the LDO core.
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3.5.1 Stability Analysis

In Sect. 3.4, amethodology for the design of the proposed compensation network was
described, which is based on the determination of a critical I pap. A stability analysis
of the designed LDO regulator is performed in this section. Figure 3.13 depicts its
small-signal model, where g, ; and gy, » are the transconductance of the first and the
second stages of the error amplifier, respectively. The output resistance of the first
stage is represented by Rg ga and Cyge ga models the parasitic capacitance at the
gate of transistor M3 in Fig.3.12. It is important to highlight that the replica circuit
that controls the gate voltage of Myag is not in the signal path and, consequently,
the whole compensation scheme can be modelled as a passive network composed of
three single resistors, Ryar, Rc1 and R, and the capacitor, Cc.

The frequency compensation of the open-loop response is obtained by means of
the Miller capacitor, Cc, and the proposed adaptive continuous resistor that makes
possible the movement of the LHP zero. Assuming gm 1Risg A, 8m2Roea > 1
and Croap >> Coate > Ciggka, the frequency response of the designed IC-LDO
regulator can be approached by Eq. 3.26, where the DC gain, Agr, and the dominant
pole, Q,1, are given by Eqs.3.27 and 3.28, respectively.

1+ sa; + s2ay

H(s)=ApL (3.26)
(14 2) (1+5b1 + 522)
Aor = gm1Risig. EA8m2R0.EA&m . PROUT (3.27)
N 1
wp1 = (328)

Ro.£4[Co.a + gm.pRout (Cc + Cea.p)]

The remaining coefficients, related to zeros and non-dominant complex poles, are
given by Eqs. 3.29-3.32.

V;j | V,
in gm, _ _ | gm, out
1 Cose]
& > LLoaD
Rlstg,EA% clstg,EA Roea :E E
1 I 1 I

Fig. 3.13 Small-signal model of the proposed IC-LDO regulator
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_Cc+Cgap— 8mprRcCc

a (3.29)
8m, P
RcCcC
ay =8l (3.30)
gm,P
b Rout [CLoap (Coare + Ceap + Cc) + Coare (Coap + Cc)] (3.31)
1= .
Co.ea + 8n.pRout (Cea.p + Cc)
RourRcCc [CLoap (Coare + Cea.p) + CoareCoa,r|
b, = (3.32)
Co.e4+ gm.pRour (Cea.p + Cc)
According to Egs. 3.26-3.32, the phase margin (PM) can be calculated as
PM ~ tan™! [1 — @+ b = aiby) w%]GF + a2b2630?]GFi| (3.33)
(a1 — b)wycr — (a1by — axb) Wi

Applying the design methodology described in the previous section, Rc¢; is
selected to compensate the LDO regulator at Iy oap = 0A and Re; at I pap =
100mA, resulting in 70k2 and 200€2, respectively. d Simulating the PM for the
LDO regulator using the calculated R¢; and Rz, IcriTicar can be estimated to be
14 nA.

Regarding the control circuit, as Mpass is implemented by 200 unitary transistors,
the scale ratio is set to K=200 in order to ensure that Mpg accurately replicates the
bias point of Mpass. Thus, the size of Mpg will be 10/0.06 pm and Icg = 70nA.
Additionally, the desirable value of R¢ at IcriTicaL can be estimated using Eq. 3.33.
Finally, from Rc = Ryar|l (Rc1 + Re2) and Eq.3.25, the nominal value of Ryar
and the size of Myagr are selected. Table 3.2 summarizes the transistor dimensions
and device values for the control circuit, as well as for the adaptive nulling resistor.
Figure 3.14a depicts the value of Ryar =r4s|M"® versus I pap, While Fig.3.14b
represents the equivalent nulling resistor, Rc.

Table 3.2 Transistor dimensions and component values for the control circuit

Transistor Size [pm/pm]
Mpr 10.0/0.06
Mvyar 13/0.06
Component Value

Rei 70 k2]

Re2 200[L2]

Rj 100 [k€2]

R, 1MQ]

Icr 70[nA]
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Fig. 3.14 Variation of a Ryag, and b R¢, versus I oap

Table 3.3 Simulated phase margin and gain versus I oAD

1LoAD PM [°] Gain [dB] ILoAD PM [°] Gain [dB]
0[nA] 61.39 4933 10 [pRA] 57.59 55.45
1[nA] 61.41 49.33 100 [)LA] 70.78 57.29
10[nA] 61.63 49.37 1[mA] 89.87 58.27
100[nA] 63.28 49.71 10[mA] 92.16 58.38
1[RA] 66.75 51.85 100 [mA] 92.85 27.94

3.5.2 Simulations

This circuit has been designed in a standard 65nm CMOS technology. Figure 3.15
shows post-layout simulations of the open-loop response for different I oap condi-
tions (from 0 to 100 mA). Simulations have been carried out assuming the worst
case regarding stability, i.e. Viy = 1.0V and C pap = 100pF. Post-layout simu-
lated gain and phase margin are summarized in Table 3.3, respectively. Additionally,
Fig.3.16 represents the change in the location of poles and zeros when the load
current changes.

Moreover, in order to clarify these results, Fig. 3.17 depicts the variation of the PM
versus I oap showing that, from 1 LA to 1 mA, the effect of the variable resistance
increases the PM, avoiding the critical region that appears when the value of the
resistor is fixed (Fig.3.7).

In order to demonstrate the robustness of the proposed technique, process and
mismatch Monte Carlo simulations for different load currents have been done. Fig-
ures 3.18-3.20 show the results obtained for the phase margin, while Table 3.4 sum-
marizes the statistical information, i.e. mean value and standard deviation, for each
load condition.



3.5 Design of an IC-LDO Regulator with Continuous Adaptive Zero-Nulling Resistor 65

60 v v * MM v v v v
a0
20 -
E o —— I opp=0mA
‘;’ -20 | —o— l oap=1NA
'g 20 —_— lLOAD=10nA
_‘é’ [ ILOAD:100nA
> 60t == lopp™HA
= 8oL lLoap™10HA
—v— loap=1008A
-100 — lLOAD=1mA
_120l — |LOAD=10ITIA
—_— ILOAD=100mA
140 4 7 s 9
10° 10' 10° 10° 10 10° 10° 10 10 10
Frequency [Hz]
Oy
-100
—— L oap™0mA
-200 - —o—lopp=1nA
E —_—— ILOAD=10nA
3 —300l- ILOAD=1OOnA
2 —=— lonp™ 1A
o lLoap™10MA
—400 - —— ILOAD=100uA
—e— | opp=TMA
-500 - - IL0AD=10mA 3 V
—o— | opp=100mA “\
600l el e i i

10* 10° 10
Frequency [Hz]

10 10 10

Fig. 3.15 Simulated open-loop response of the proposed IC-LDO regulator for different values of
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Fig. 3.16 Simulated pole-zero diagram for the proposed IC-LDO regulator
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Fig. 3.17 Comparison of the proposed frequency compensation technique, the uncompensated
version and the classical Miller compensation with, and without, ZNR

Table 3.4 Simulated post-layout gain and phase margin for different load conditions

ILoaD Mean PM [°] o [°]
0[nA] 69.82 4.07
100 [nA] 61.63 4.19
1[nA] 66.50 4.36
10[A] 54.66 16.20
100 [ A] 75.50 6.78
1[mA] 90.47 1.41
10[mA] 92.07 0.55
100 [mA] 93.05 1.29

3.5.3 Experimental Results

Figure3.21 shows the layout of the IC-LDO regulator superimposed on a multi-
project chip microphotograph, where region A represents the pass transistor, region
B corresponds to the error amplifier, region C shows the implementation of the control
circuit, and region D is a biasing circuit that generates the required bias voltages and
currents. Cc is the Miller capacitance; whose value is 18.48 pF. The total area is
289 x 151 wm, where the control circuit occupies an area of 46 x 30.2 pm and its
current consumption is 1.8 LA.

Once the fabricated samples were received, they were measured with the test
setup presented in Appendix B. Figures3.22 and 3.23 depict the measured load
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Fig. 3.18 Monte Carlo results for Viy = 1.0V, CLoap = 100pF, and: a Iy oap = OnA,
b I} oap = 100nA

transient response for Viy = 1.0V, Coap = 100pF, and rise/fall times of 100ns
and 1 s, respectively. In both cases, the load current changes from its maximum,
Iioap = 100mA, to its minimum values, I; oaop = OA. Measurements show a
maximum overshoot of 0.242V, and undershoot of 0.336V, for a rise/fall time of
100ns. The worst measured settling time is 17.05 s.

The line transient response is shown in Fig. 3.24 for Viy changing from 1.0to 1.2V,
which is the maximum supply voltage admissible by the technology. The rise and
fall times are 100 ns. Once again, the test setup has been configured for the worst-case
scenario using Coap = 100pF and Iy pap = 100mA. The voltage Voyr remains
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Fig. 3.19 Monte Carlo results for Viy = 1.0V, CLoap = 100pF, and: a I;oap = 1pA,

b ILoap = 100 A

within 80 mV with respect to its nominal value, and the worst measured settling time
is 0.754 ws. Experimental results show that the proposed technique stabilizes the
IC-LDO regulator in the whole current load range.
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Fig. 3.20 Monte Carlo results for Viy = 1.0V, CLoap = 100pF, and: a ILoap = 1mA,

b I oap = 100mA

3.6 Comparison with the State of the Art

Table 3.5 shows a comparison of the proposed LDO regulator with other recently
published ones. In addition, the FOM|, as defined in Eq.2.24, has been computed
for the proposed LDO regulator, and Fig. 3.25 shows a graphical comparison of the
FOM, for the IC-LDO regulators of Table 3.5.

According to Table 3.5, [54] outperforms the rest of the structures in the compar-
ison. In that paper, authors proposed an adaptive pass transistor to manage Iy pap.
Despite its small FOM,, such a scheme is not very efficient for large values of I; gap.
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Fig. 3.22 Measured load transient response with Cpoap = 100pF and Viy = 1.0 V. For I oaD
changing: a From 0 to 100mA, and b from 100 to O0mA, with rise and fall times of 100ns

As a matter of fact, when the load current increases, a high gain, three-stage ampli-
fier is needed to drive the main power transistor, resulting in a significant increase
in the total quiescent power consumption, which increases the value of the FOM;.
Note that this increase in power consumption is not considered in Table 3.5. In the
work presented here, the quiescent power consumption remains constant regardless
the value of I pap. Moreover, the small value of the FOM; in [54] is partly due to
the addition of some specific fast path blocks, which were included to enhance the
transient response. These blocks could have also been used in this regulator, but it is
beyond our interest, which is the proposition of a new compensation method.
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Fig. 3.23 Measured load transient response with Cpoap = 100pF and Viy = 1.0 V. For I oaD
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Fig. 3.24 Measured line transient response with Cpoap = 100 pF and I} pap = 100mA. For V|n
changing: a From 1.0 to 1.2V, and b from 1.2 to 1.0V, with rise and fall times of 100ns

The second best FOM] is achieved by [30]. However, its authors do not offer test
results for I oap, min = 0 A. In order to get a fair comparison, a new FOM; value is
estimated for this work under the same conditions than [30], that is, I pap switching
from 10 to 100mA with a rise and fall times of 500ns. Under this new condition,
the regulator proposed here obtains a maximum variation of +96.93mV/—39.36 mV
with respect to the nominal Voyr = 0.8V, yielding a new value of FOM; of 24.37fs,
who is the best FOM; of Table 3.5.

In addition, [30] cannot handle a zero-load current. Figure 3.25 shows the FOM;
for the IC-LDO regulators included in Table 3.5 versus the quiescent current con-
sumption. Note that, FOM; for the proposed regulator has been re-computed under
the conditions in [30], indicated as “This work*”. From that figure, it can be con-

cluded that the proposed LDO regulator (with the new compensation technique) is
in the state of the art.
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Fig. 3.25 Graphical comparison of the FOM; for the IC-LDO regulators of Table 3.5

3.7 Conclusions of This Chapter

In this chapter, an effective and simple frequency compensation technique for ana-
logue cells which have to handle very large variations of I pap is proposed. These
variations produce a significant change in their frequency response, so that it is dif-
ficult to devise a compensation scheme valid for the whole range of load currents. In
fact, the classical Miller compensation, with a fixed value of the RC compensating
network, cannot ensure the stability in the whole range. The proposed adaptive nulling
resistor technique proposed in this chapter for Miller compensation has proven to
be a promising solution that achieves a good phase margin for the whole range of
It oaD-

In order to validate the effectiveness of this technique, an IC-LDO regulator has
been designed. It is a representative example, as these cells suffer not only from
large variations of the load current but also from variations in the input voltage and
in the output capacitance. When the proposed technique is particularized to IC-LDO
regulators, it results in a simple, robust and power-efficient solution. This circuit
has been designed and manufactured in a 65 nm standard CMOS technology. As it
can be observed from Monte Carlo post-layout simulations and from experimental
measurements, the proposed technique stabilizes the LDO regulator for the whole
ILoap range, from 0 to 100mA. The measured value of a typical FOM shows that
it is in the state of the art. Even more, additional transient response enhancement
techniques could also be applied to improve the transient response. Regarding current
and area consumption, the circuitry required by the proposed compensation method
only consumes 10% of the total quiescent power consumption and negligible area.



Chapter 4 ®
Ultra-Low Quiescent Power Gouck ko
Consumption LDO Regulators

Abstract This chapter discusses challenges introduced by ultra-low power con-
sumption in power management circuits. First of all, some techniques proposed in
the literature to design ultra-low-power LDO regulators are reviewed. Then, an IC-
LDO regulator with a quiescent current consumption lower than 600 nA is proposed.
It is based on the classical LDO topology, which has been modified to include a class
AB buffer between the output of the error amplifier and the gate of Mpagss. This way,
a fast charge/discharge of its parasitic capacitance is achieved with the inherent low
quiescent power consumption of class AB circuits. The proposed regulator has been
fabricated in a standard 0.18 wm CMOS technology. Experimental results show that
the proposed regulator has a Figure of Merit in the state of the art.

4.1 Introduction

Power management systems have become very important in recent years, especially
in the design of SoCs for low-power applications [111]. Of special interest is their
use in Wireless Sensor Networks (WSNs) [112], where the sensor nodes are usually
powered by batteries and in some cases, the energy they consume is harvested from
the environment [113]. In this scenario, reducing the energy consumption of the
blocks that build these nodes means prolonging the lifetime of the batteries, and/or
reducing the requirements of the energy harvester.

When the main design requirement for an LDO regulator is ultra-low power con-
sumption (for instance, a quiescent current lower than 1 wA), two critical aspects must
be taken into account. First, extremely low bias currents make the output impedance
of the error amplifier (as well as that of any intermediate stage) very high. This trans-
lates into low-frequency poles that degrade the frequency response and therefore, the
stability. Compensation techniques based on active blocks, like those presented in
[30, 36, 37] should be avoided due to the extra power consumption they consume.
Second, extremely low quiescent currents slow down the transient response, as they
are not sufficient to rapidly charge/discharge the high gate capacitance of the pass
transistor.

© Springer International Publishing AG, part of Springer Nature 2018 75
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To improve the stability and transient response, a low quiescent power buffer
placed between the error amplifier and the pass transistor is appropriate. To avoid an
increase in power consumption, a class AB buffer is the right choice.

4.2 Ultra-Low-Power Design Challenges

In the last years, power consumption has become one of the most important concerns
for the scientific community, as a consequence of the massive impact of WSNs, which
are part of the so-called Internet of Things. Among the most popular IoT applications
we can find smart metering [114-116], biomedical and implantable sensing [117-
121], structural health [122—124] and environmental monitoring [116, 125-127].
Depending on the application, the number of sensor nodes in a WSN varies from
tens to thousands. Therefore, designers try to miniaturize sensor nodes in order to
reduce their impact on the surrounding environment and cost [128]. This miniatur-
izing trend also affects the battery size, which is proportional to the energy they are
able to store [125]. In this context, the battery lifetime can be computed by means
of the expression:
~ Ebattery

Tir
Pavg

4.1)

where Ty represents the battery lifetime, Epaqery is the capacity of the battery (mean-
ing the total energy that the battery can provide to the node) and P, is the average
power consumption of the sensor node. Based on Eq. 4.1, for a battery with a capacity
of 0.1 mWh, extending its lifetime up to 10 years, which is an adequate value for
relevant applications [117], constrains the average power consumption to the order
of nanowatts or less.

In order to reduce Py, it is necessary to analyse the sensor node operation. In
general, most of WSN-based applications perform periodic tasks. After a certain
active time (Tquty), Wwhose duration is smaller than the period (Tcycpg), the sensor
node completes its tasks. The rest of the period, Tsjeep = TcycLE — Tauty, the nodeisin
sleep mode drastically reducing its power consumption. Figure 4.1 shows a common
use case for a sensor node. During the time interval Iy, the sensor node is actively

Fig. 4.1 Typical power o: Data collection

consumption pattern of a 1;: Data transmission

sensor node in a WSN Pisr 4 Tevae ,: Transition to sleep mode
- 3: Sleep mode
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collecting data from the surrounding environment. Next, during interval I;, data is
transmitted to a central node that stores, processes and sends the useful information
to its final destination. Once this transmission ends, the sensor node prepares itself
to go into sleep mode, during interval I. Finally, the sensor node remains in sleep
mode, during interval I3, until a new cycle begins. Assuming this pattern, there are
three major contributions to Pyy,:

e Duty-Cycle power, Pgyty: accounts for the average power consumption of those
subsystems in the node which are active during the duty cycle, excluding the
quiescent power consumption,

e Sleep mode power, Pgee,: which is given by the average power consumption
of those blocks which are active during the sleep mode (such as the sleep time
counters), excluding the quiescent power consumption, and

o Quiescent power, Pgyiescent: that takes into account the quiescent power consump-
tion of those blocks (e.g. the main clock circuitry) that must remain active during
the entire cycle.

Therefore, P,y can be expressed as
Pavg = Pduty + Psleep + Pquiescent (42)

where the duty-cycle power, Pyyy, and sleep power, Pgeep, can be estimated as

1

Tcycie

Tpury
Pauy = / Pvst (1) dt =
0

T
CYCLE |

P3 : T3 _ Esleep

LEREE R (4.4)
Teycre  Tceveie

P sleep =

In Egs.4.3 and 4.4, Pinst(t) is the instantaneous power consumed by the sensor
node in time ¢ (excluding the quiescent power consumption), N is the total number
of phases required to collect data and transmit them to the central node and Px and
Tk represent the power consumed and the time spent, respectively, in completing the
k-th phase, ZkNgol Tk = Tauy. P3 is the average power consumption during the sleep
mode, excluding the quiescent power consumption.

In the same way, Eqyiy and Egjeep are the energy consumed during the duty cycle and
the sleep mode, respectively, excluding the quiescent consumption. Consequently,
the average power can be expressed as

Eduty
Pan = Pdm‘y + Psleep + Pquiescent =

+ Psleep + Pquiescent (45)
CYCLE

The above analysis is not directly applicable to cases where the sensor nodes
include energy scavenging devices. Here, the function of the battery is to ensure the
operation of a node when the external source of energy is not available or does not
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provide sufficient energy. In those situations, the lifetime of the sensor is normally
determined by the availability of the external source, rather than by the capacity of
the battery [129].

There is a recent trend towards the design of battery-less sensor nodes, which only
operate when the energy scavenging device provides enough instantaneous energy
to supply the node. In this case, the critical parameter is the instantaneous power
consumed by the sensor node, which must be smaller, at all times of Tqyy, than that
provided by the energy scavenging device [130].

For battery-powered devices, the most straightforward way to reduce Py, is to
increase the sleep time by increasing the period Tcycpg. This technique is called
duty cycling. However, this solution reduces the acting and monitoring capability of
the WSN, as it decreases the number of completed tasks in a given time interval, e.g.
in one day. As TcycLg cannot be indefinitely extended, in order to further decrease
P.v, complementary techniques to reduce Pgyy, such as clock and power gating,
Dynamic Frequency and Voltage Scaling (DFVS) or multiple voltage domains, have
been also used [131].

Regarding Pyyiescent, it is not affected by duty cycling. Thus, the only way to reduce
Pguiescent 18 to design the circuits contributing to this term with less quiescent power
consumption. As a sensor node requires a well-regulated supply voltage to properly
operate, even in sleep mode, the power management subsystem is one of the critical
contributors to the quiescent power consumption. Consequently, researchers’ interest
has been recently focused on reducing the static power consumption of these circuits
as much as possible [132—144].

Within the power management circuits, one of the most critical blocks is the
voltage regulator, as it supplies sensitive subsystems such as RF stages or analogue-
to-digital converters. One example of an IC-LDO regulator whose quiescent power
consumption is lower than 1 wW is proposed in [54]. The authors split the pass
transistor into two smaller transistors in order to minimize the quiescent current
consumption of the error amplifier for low I pap, as it was described in Sect.2.2.2.
Another example can be found in [47], where the authors propose a high slew-rate
implementation of the error amplifier to avoid the limitations that a low quiescent
current consumption imposes on the transient response. It uses an input stage based
on two common-gate amplifiers that can supply a current higher than its bias current.

In this chapter, a new IC-LDO regulator with ultra-low quiescent power consump-
tion is presented. Based on a classical LDO topology, it includes, at the output of the
error amplifier, a class AB buffer, which is able to provide large charging/discharging
current to the parasitic capacitance of Mpass. This buffer improves the transient
response of the proposed IC-LDO regulator with an ultra-low quiescent current con-
sumption.
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4.3 Design of an Ultra-Low-Power IC-LDO Regulator

The proposed LDO regulator is shown in Fig.4.2. As it can be seen in Fig.4.3a,
the error amplifier consists of a Folded Cascode operational amplifier, including the
inbuilt Ag and A amplifiers. They are low voltage, high signal range amplifiers [145]
that improve the open-loop gain of the whole system. For the sake of completeness,
their schematics are reproduced in Fig.4.3b and c, respectively.

To enlarge the signal range and increase the slew-rate at the gate of Mpyss, a class
AB voltage buffer [146] has been placed at the output of the error amplifier. Class
AB operation is achieved by means of RC coupling, as depicted in Fig.4.2b.

Under steady-state conditions, the resistor Rgyr sets the gate voltage, Vy, of tran-
sistor M4 to Vgp 2, which determines the bias current of the buffer. Under transient
conditions, the variations of the voltage Vx at the drain of M;s (which, in turn, is
the gate of M4) are immediately transferred to the gate of M4 through the coupling
capacitor Cgyr, so that the instantaneous output current of the buffer increases or
decreases according to the needs of the load. As an example, assuming that the volt-
age at the input of the buffer vy g decreases, then the voltage at the drain of M5 (gate
of M4 or Vx) increases, and, due to the coupling capacitor Cgyp, the voltage at the
gate of Mg, Vy, increases as well; this reduces the current through M ¢ and increases
that of M4, causing a fast discharge of the parasitic capacitance at the gate of Mpass
(Cgarg, Which is also the output of the buffer. The opposite effect occurs when the
voltage at the input of the buffer increases, which causes a significant increase of the
current of transistor Mg, and a decrease that of M4, which leads to a fast charge of
Cgare- The transient effect vanishes when the current flowing through the resistor
Rpur takes the voltage at the coupling capacitor Cgyr to its final value.

The proposed regulator has been designed and manufactured in a standard 0.18 um
CMOS technology for a nominal output voltage of 1V, a maximum I; gop of 100 mA
and Vggr of 0.8 V. Transistor aspect ratios and the value of the most significant
passive components are summarized in Tables4.1 and 4.2, respectively.
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Fig. 4.2 a Simplified view of the proposed ultra-low-power IC-LDO regulator. b Schematic of the
class AB buffer driving Mpass
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Fig. 4.3 Additional blocks included in the proposed IC-LDO regulator: a Schematic of the error
amplifier, and a detailed view of the inbuilt amplifiers: b A, ¢ Ag

Table 4.1 Transistor aspect ratios

Devices Aspect ratios Devices Aspect ratios
[wm/pm] [wm/pm]

Mpass 12500/0.18 M; 10/0.36

M; — M3 4/0.36 My — Ms 20/0.36

Mg — M7; Mg — My | 2/3.6 Mg — Mg; Mo— M3 | 10/3.6

Mis 4/0.36 M;is 10/0.36

Mie 40/0.36




4.3 Design of an Ultra-Low-Power IC-LDO Regulator 81

Table 4.2 Main passive

Passive component Value
element values

RrB1 12.5 [M]

Rps2 60.0 [IM2]

Rpur 50.0 [M]

Cpur 4.0 [pF]

Cc 0.8 [pF]

4.3.1 Stability Analysis

The stability of the proposed IC-LDO regulator is analysed using the small-signal
equivalent model, represented in Fig.4.4. The open-loop transfer function is shown
in Eq.4.6, where, as usual, g, ; and r,; represent the transconductance and output
resistance of the i-th transistor, respectively. The capacitance Coyr,ga models the
lumped capacitance at the output of the error amplifier. It should be noted that the
passive elements Cgyr and Rgyr have been included in this analysis to evaluate their
impact on Eq. 4.6. Capacitors C¢ are included to compensate the proposed regulator,
according to the Hybrid Cascode Feedforward Compensation (HCFC) [102, 147—-
150]. In addition, in Eqs. 4.10-4.19, Rgg nmos and Rgg pmos represent the equivalent
output resistance of amplifiers Ag and A1, respectively. Cye nmos and Cgg pvos model
the parasitic capacitance at the gate of M3 and My. Finally, R represents the output
resistance of M4, which is given by R =1, 14ll1/gp 14.

S Sz S 52 S3
(1+a+z)<l+a+z+a)
(+2)(1+2)(1+2)(1+2+2) (1+2)

wp1 o o a o W6

The output resistance, open-loop gain and the dominant pole are given by Eqs. 4.7—
4.9, respectively.

H (s) = AoL (4.6)

Rour = 1o plIRLoAD || (RFB1 + RFB2) 4.7)

Aor = gm1 [[Aogm3ro3(roallre2) ] Il (A1gmarosros)] gmpRour (4.8)
1

Wp1 (49)

N 2gmpRout [[AOgm.3r(z,3 (ro,l ||r0,2)] I (Algm,4ro,4ro,5)] Cc

The non-dominant contribution of the denominator of Eq. 4.6 is composed of three
real poles and a pair of complex poles, whose values are expressed in Egs. 4.10—4.14.
The zeros of the transfer function can be determined from Eqgs.4.15-4.19.
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Fig. 4.4 Small-signal model of the proposed IC-LDO regulator

» 28m,3 (AoRcB,pmos Cgg.Pros + A1RGBNMOSs Cog NMOS) (4.10)
2 = .
r RG.nm0s Cgg nmos (A1Ce + 28m,3RGB.Pmos Cgg,PMOS)
® gma8m 15703 (L + gm,16R1) (A1Cc + 2gm,3RGB,Pmos Cog.pyos) Cc
3=
7 Rop.rmos Cyg.Pos [gm4Cea,p (Cc + gm370.3CoUT E4) + &m,15T03 (8m3 + gma) (1 + gm16R1) CZ]
“4.11)
2
_ o4 [8m4Cea,p (Cc + gm370.3CoUT EA) + 8m,15 (8m.3 + &ma) To3 (1 + gm,16R1) CZ] (4.12)
CcCoa,p [Cc (ro3 + ros) + Court.e (8m3 + 8m.a) ro.370.4]
gm,PRouTRBUF [Cea,pgma (Cc + Cout,Eam370,3) + CZ (8m3 + &m 4) 70,38m,15 (1 + m,16R1)
) = c
CcCyd,pCout.Eto3 [CcRUF (14 gmpRouT) + CLoADRBUFROUTEmM3 + CcgmPRIROUT |
4.13)
CcRpur (1 + gmpRout) + CLoapReurRouT 8m.3 + CcgmpR1ROUT 4.14
Wp6 = R R C C (4.14)
surRouT CroanCc
gm.4 (AoRGB,Pmos Cog,Prios + A1RGBNMOS Cog.NMOS) 41
a = (4.15)
RGB,pmos Cgg.Pros (AoCc + gm.aRGB.Nmos Cyg NmOS)
gm.4 (AoRcB,Pmos Cgg.Pros + A1RGB Nmos Cyg NMOS)
a = 4.16)
R:B,pmos Cgg.pmosRGB,Nmos Cog NMosCe
by = —SnL (4.17)
Cga.p
b 8m,38m,158m.PRBUFT0.670.8 (1 + gm,16R1)
n = —
aCcCgq.p+ BCcCout,EA + 8Cea,pCouT EA
(4.18a)
o = Rpyr (ro3 +ro4) (4.18b)
B = gm15RBUFro3704 (1 + gm16R1) (4.18¢)

8 = gm,aro370,4 (Rpur + R1)

(4.18d)
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_ 8m,38m,158m,P (1 + gm,lﬁRl)

by =
CcCoa.pCout,.EA

(4.19)

Assuming that the second-order polynomials defined by c; and c;, and a; and ay,
are the dominant contributors to the phase margin. Their damping coefficients & >
and &,; ,» can be expressed by

70.3CcCoa,pCout.a (Rpur [Cc (1 + gmpRout)] + gmpRourRICc)

écl,cz =
zgm,PROUTRBUFﬂ\/CCCM‘P [Cc (rm3+ra.4)-;ffgr,m (gm3tgma)rosroa]
(4.20)
RgB,pmosRG.Nmos Cgg,pros Cgg nmosCe
Sal,ag — 88 88 (421)
2gm,4 0 \/ RGp,pmos Ceg,PMOSs (Aoii:gu,ARGlx,NMos Cyg.NM05 )
where
B = gm4Coa.p (Cc + 8m3ro3Cout.En) + 8m.15703 (m3 + &m.a) -
(1 + gm16R1) C& (4.22)
0 = AoRcB,pmos Ceg,pmos + A1RGe,Nmos Cog, NMOS (4.23)

According to Egs.4.20 and 4.21, a value of Rgyr and C¢ can be chosen to achieve
a suitable frequency response peaking.

Figure 4.5 shows the Bode diagram for different values of I; oap, obtained through
post-layout simulations. In all cases, the load capacitance is equal to 100pF that,
regarding stability, corresponds to the worst case. Table 4.3 shows the gain and phase
margin obtained for different load currents. Figure 4.6 represents a simplified pole-
zero diagram to show how their locations are modified when I oap changes.

4.3.2 Experimental Results

The layout superimposed on a micrograph of the chip is shown in Fig.4.7a, where
the designed regulator has been remarked. Figure4.7b presents a detailed view of
the cell layout. Block A corresponds to Mpass, block B is the error amplifier, block
C points to the location of the buffer used to drive the gate of Mpass and block D
corresponds to the biasing circuitry, including the generation of the cascode voltages.
In addition, the rectangle labelled as E contains decoupling capacitors required to
stabilize cascode voltages. The total area occupied by the regulator, without the
decoupling capacitors, is 315 x 460 jum, which corresponds to an area of 0.1449 mm?.
If decoupling capacitors are taken into account, the total area is 0.195 mm?.
Experimental results have been obtained using the test setup of Appendix B.
Figure4.8a and b show the static response of the IC-LDO regulator for I;oap =
100mA and Iy pap = 0.1 mA, respectively. In both situations, Cppap is equal to
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Fig. 4.5 Bode diagram for different values of I pap

Table 4.3 Phase margin and DC gain of the transfer function of the proposed LDO regulator

I 04D Gain [dB] PM [°]
100[A] 64.25 129.14
1[mA] 65.34 128.72
10[mA] 65.34 127.44
100[mA] 65.1 117.04

100 pF that, as stated before, is the worst-case condition regarding stability. To char-
acterize the static behaviour of the regulator, a 10 ms period triangular signal is used
as the input stimulus with an amplitude of 1.8 Vp,, and a 0.9 V DC level. As it can be
seen in these figures, Vouyr = 0.982V for Vv > 1.146 V, which means a dropout
Voltage VDROPOUT = 0.164 V.
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Fig. 4.8 Static response of the proposed regulator for: a CLoap = 100pF and I; oap = 100mA.
b CLoap = 100pF and I;oap = 100 A
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Fig. 4.10 Measured load transient response with CLoap = 100pF and Vix = 1.2V. For I oaD
changing: a from 0.1 to 100mA, and b from 100 to 0.1 mA, with rise and fall times of 1 s
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Fig. 4.12 Measured line response with CLoap = 100pF and I oap = 100mA. For Vin
changing: a from 1.2 to 1.8V, and b from 1.8 to 1.2V, with rise and fall times of 1 s

Figure 4.9 shows the quiescent consumption of the proposed IC-LDO regulator for
different load current values. They have been obtained using a potentiometer as the
resistor load, whose value was changed to cover the entire operating range. The input
voltage was set to its minimum value, Viy = 1.2 V. Once again, CLoap = 100pF.

Figure 4.10 shows the transient response of the regulator to variations in Iy pap for
Vin = 1.2V and Cipap = 100pF. Under these conditions, Fig.4.10a and b show
the variation of the output voltage when Iy oap varies between Iy oap min = 100 A
to ILoap.max = 100mA with a rise (t;), and fall time (t¢), of 1 us. In this situation,
the variations of Vgoyr are +274/—368 mV, with respect to its nominal value. The
worst setup time was 23.58 us. The measured load regulation is 85.44 W V/mA.

Figure 4.11a and b show the line response, voltage spikes at Voyr, when
Vin changes from 1.2 and 1.8V and viceversa, for Cioap = 100pF and
I.oap = 100pA. As in the previous case, rise and fall times were equal to 1 s.
Under these conditions, the maximum measured overshoot was 254mV and the
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Table 4.4 A summary of the performances of the proposed LDO regulator

Proposed Proposed

LDO LDO
Process [m] 0.18 AVoyr varying Viy
Vi [V] 1.164-1.8 e Maximum |[mV] 246
Vour [V] 1.0 e Minimum |[mV] —281
VbrorouT [mV] 164 AVin /l‘ﬁ [V/ws] 0.6/1
I10AD, max [mA] 100 AVour varying ILoap
Ip* [LA] 0.585% e Maximum |[mV] 274
Cout [pF] le2 e Minimum |[mV] —368
N 1L0AD ma [%] 99.9994 Alroap/ty¢ [mA/s] 99.9/1
Area [mm?] 0.195 Line regulation [mV/V] 2.5
Response [wes] 731.6 Load regulation | [wV/mA] 85.44
time?

FOM; [fs] 3.76

aWorst case, PIncluding the consumption of the biasing circuitry, °z,: Rise time

minimum undershoot was —241 mV. The worst settling time was equal to 731.16 p.s.
Additionally, Fig.4.12a and b depict the line transient response for CLoap = 100 pF
and [ oap = 100mA, with Viy changing from 1.2 to 1.8 V and vice versa. In both
cases, the rise and fall times of Vy are 1 ws. Under these conditions, the output volt-
age shows an overshoot of 246 mV and an undershoot of —281 mV. The measured
line regulation is 2.5 mV/V.

Table 4.4 resumes the main performances of the proposed regulator.

4.4 Comparison with the State of the Art

Table 4.5 shows a comparison of the performances of the proposed regulator versus
those that obtain the best Figure of Merit (FOM;). In addition, Table4.5 shows
the values of their corresponding Figures of Merit (FOM), as defined in Eq.2.24
(Chap. 2, Sect.2.3). Figure4.13 depicts the FOM; for the set of IC-LDO regulators
versus their quiescent current consumption. The closer to the origin of coordinates,
the better the regulator.

From Table 4.5 and Fig. 4.13, it can be concluded that the proposed LDO regulator
clearly outperforms the rest of regulators considered in this comparison, as it achieves
the best FOM; with the lowest quiescent current consumption.

4.5 Conclusions of This Chapter

One of the main requirements imposed by recent trends in microelectronics is low
power consumption. In this sense, ultra-low-power voltage regulators are critical
blocks to maximize the lifetime of the batteries and to enable autonomous, battery-
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Table 4.5 Comparison of low-power IC-LDO regulators based on the classical topology

[47] (53] [54] [55] [56] (80] This work
Process [wm] 0.18 0.35 0.065 0.35 0.11 0.13 0.18
Vin vl 1.0-1.8 2540 |12 1.2 1.8-3.8 | 1.15-1.4| 1.164-1.8
Vour vl 0.9 2.35 1.0 1.0 1.6-3.6 |1.0 1.0
VproroUT [mV] 100 150 200 200 200 150 164
TLOAD max [mA] 50 100 100 100 200 50 100
I [LA] 12 7.0 82.4 14.0 41.5 37.0 0.585
Cour [pF] le2 le2 le2 le2 4el 2el le2
M lonnme [%] 99.998 99.993 [99.918 99.986 |99.979 |99.926 | 99.999
Area [mm?] | 0.09>¢ 0.064 |0.017 0038 |021 0.018 0.195
Response time® | [ps] 4.0 0.15 6.0 2.7 0.65 0.4 731.6
AVour varying Viy
e Maximum |[mV] 2004 196 8.91 - - ¢ 246
e Minimum [mV] —1204 —183 —10.63 |-° —e —e —281
AVt [Vius] | 0.5/14 0.5/0.5 |02/10 |-° e —e 0.6/1
AVoyr varying Iroap
e Maximum |[mV] 2004 231 0.00 2004 200 56 274
e Minimum | [mV] —4254 —243 | —68.8 |-270 |-385 |42 —368
Aloap/t,t [mA/s] | 49.50/0.2¢ | 99.95/0.5( 100/0.3 | 99.9/1 | 199.5/0.5) 49.95/0.2| 99.9/1
Line regulation | [mV/V] | 3.625 1.0 4.70 £ 8.9 8.1 2.50
Load regulation | [WV/mA] 148.0 80.0 3000 |-¢ 108.0 |55.6 85.44

aWorst case, PEffective area, ¢Pads included, 9Estimation based on published results, *Not available,
f . .
tr: Rise time

Table 4.6 FOM; values obtained by the regulators considered in Table 4.5

[47] [53] [54] [55] [56] [80] This

work
T, [ns] 1.25 0.47 0.07 0.47 0.12 0.04 0.64
FOM, [fs] 30.00 33.18 56.69 65.80 24.28 29.01 3.76

less devices. This chapter presents the design of an ultra-low-power IC-LDO regu-
lator.

The proposed solution uses the classical topology of LDO regulators presented
in Chap.2, where a class AB voltage buffer has been included between the error
amplifier and the pass transistor to provide the large currents required to enhance the
transient response while maintaining ultra-low quiescent power consumption.

Using a class AB buffer relaxes the requirements of the error amplifier, making it
possible to build a low-power topology which complies with the gain and bandwidth
constraints, and provides good line and load regulations.
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Chapter 5 ®)
The Flipped Voltage Follower (FVF): i
An Alternative Topology for LDO

Regulators

Abstract To overcome the limitations of the classical topology to build IC-LDO
regulators, several authors have chosen alternative topologies. This is the case of the
Flipped Voltage Follower cell (proposed by Ramirez-Angulo et al., ISCAS 2002),
which meets the requirements of LDO regulators as a consequence of its low output
impedance and good stability. The first use of this cell as part of a linear regulator due
to Pulkin and Rincon-Mora (U.S. Patent No. 6,573,694, 2003), where the Cascode
Flipped Voltage Follower cell was used as a buffer to drive the pass transistor. Later,
this same cell was used in an LDO regulator as a power stage (Hazucha et al.,
JSSC 40(4), 2005). This chapter describes the FVF and CAFVF cells and their
performances as an LDO regulator, highlighting their advantages and disadvantages
when compared to the classical topology. Then, it offers a thorough review of the
regulators presented in the literature that use the FVF family of cells. Finally, a new
regulator is presented that improves the performances of CAFVF-based regulators
both in regulation and transient response.

5.1 Introduction

The FVF cell, Fig.5.1a, is an evolution of the classical common-drain amplifier
which is also known as Voltage Follower. Although it had been already used in some
circuits, it was not until [66, 67] when this cell was identified and coined as the Flipped
Voltage Follower. Its main advantage comes from the fact that, due to local feedback,
it performs a very low output impedance, Rout = 1/gm A Zm plo.ga. However, despite
the FVF-based LDO regulator is able to supply a high output current, its maximum
sinking current is limited by the biasing current Igjas ;, which directly affects the
transient response of the regulator.

Figure 5.2 shows a comparison between the classical topology of an LDO regulator
and the FVF-based solution. In Fig.5.2b, Mpass is the pass transistor that provides
the required current to the load. Mga is a common-gate amplifier which acts as an
error amplifier and compares the output voltage, Vour, to a reference voltage, Vggr,
generating the control voltage, Vgarg, at the gate of Mpass.

© Springer International Publishing AG, part of Springer Nature 2018 91
J. M. Hinojo et al., Internally Compensated LDO Regulators for Modern
System-on-Chip Design, https://doi.org/10.1007/978-3-319-75411-6_5
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(b)

MPASS
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Fig. 5.1 Schematics of IC-LDO regulators based on: a FVF and b CAFVF cells

(a) (b)

VREF

Error
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Fig. 5.2 Comparison between: a classic topology and b FVF-based IC-LDO regulator
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The regulation mechanism provided by the local feedback is graphically depicted
in Fig.5.3. Starting from steady-state conditions, if I pap increases, Voyr will
decrease, and, due to the positive gain of the common-gate transistor Mga, Vgare
will also decrease. As a result, the current delivered to the load will increase, which
compensates for the changes produced by the initial perturbation. On the other hand,
if I poap increases, Voyr will also increase producing an increase of Vgarg and a
decrease in the output current.

Vger is related to Voyr through Eq. 5.1 where Vgg ga is the source-to-gate voltage
of the transistor acting as an error amplifier. In a first-order approach, this voltage
can be considered to be constant and independent on Iy pap.

Vour = Vrer + Vsg Ea (5.1)
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Fig. 5.3 Regulation iLoan
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Note that the transient response of this regulator is limited by the value of Igias 1,
which is the maximum current that the regulator can sink from the load. In addition,
the low gain of the FVF cell limits the line and load regulation.

5.2 FVF-and CAFVF-Based LDO Regulators

References [155, 156] use, for the first time, the FVF as the LDO regulator core.
Authors make use of the basic structure shown in Fig.5.1a to generate the regulated
output voltage Voyr. A unit gain amplifier is used to generate Vgrgr (Fig. 5.4), where
Vg is a voltage reference connected to the input of the unit gain amplifier and Vggr
is given by Eq.5.2.

Vrer = Ve — VsG.Eal (5.2)

As the size of the diode-connected transistor Mga 1 is equal to Mga, and both are
biased with the same bias current Igias. 1, then VsG.eal = VsG.EA and Vour = Vie.
The circuit on the right of Fig.5.4 is a direct implementation of the FVF cell of
Fig.5.1a. Therefore, it has the same limitations regarding transient response, line
and load regulations.

Later, in references [110, 158, 159], the authors replace the pass transistor in the
FVF by the so-called composite transistor [157]. This cell, shown in Fig.5.5, is a
large bandwidth amplification stage [ 160], which controls Mpass. The additional gain
stage is intended to drive the parasitic capacitance at the Mpags gate and increase the
open-loop gain. Moreover, the equivalent impedance at the gate of the pass transistor
is approximately Req cos|M™s =1/ gmme [157]. This allows to move the location
of the pole formed by R(,,(chs|MPASS and Cgarg to higher frequencies, enhancing the
stability of the system and increasing its bandwidth. In Fig. 5.6, the structure of the
resulting IC-LDO regulator is shown. In this regulator, and with the aim of improving
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Fig. 5.4 Schematic of the LDO regulator proposed in [156]

Fig. 5.5 The so-called S
[*)

composite transistor
S
Mpass — °—| |
D

implementation [157]
its stability against changes in Cpoap, reference [110] adds an additional branch that
makes it able to drive load capacitors up to 100 nF.

Another author proposes in [161] the use of a cascode transistor to improve the
open-loop gain and, consequently, the load regulation (Fig.5.7). The gain of the
common-gate amplifier formed by Mg and My is

Acc =1+ (gmEa + gm.NDT0EAlTO, N1 (5.3)

where g, ga is the transconductance of Mga, and r, ga and r, n; are the output
resistances of transistors Mga and My, respectively. Thus, the total resistance at the
output of the LDO regulator is

Rroapllre,p

L+ 8m,p(RLoaD7o,P) + 8m,P(RLOAD 0, P)(8m,EA + 8m,N1) (o, EAllTo,N1)
5.4

Rour =
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Fig. 5.6 Structure of the Composite Vi
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Hence, the open-loop gain is

AoL = 8m,PRoUTEm,EA (ro,EAllro.N1) =
_ 8m,p8m,EARLOADIITo, P) (o EAllTo N1) (5.5)
L+ gm,p(RLoaDITo,P) + (8m,p(RLoADIT0,P)(&m.EA + 8m,N1)To,EAlIFo, N 1)

Despite the benefits of including transistor My, it increases the minimum input
voltage in one Vps g, resulting in Vi min = Vsg,p +2 Vs sa, Which is not suitable
for low voltage designs or nanometric technologies.

A way to improve the open-loop gain of the FVF cell, without limiting the input
voltage range is the use of its cascoded version, the so-called CAFVF cell depicted
in Fig.5.1b. Furthermore, the main advantage of this cell comes from the increase of
the total open-loop gain due to the inclusion of transistor Mcy in the local feedback
loop [154].
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According to its small-signal model, this new transistor is seen as a second
common-gate amplifier. Thus, its effect is added to Mga. Another advantage is
the reduction of the output impedance, Eq.5.6, which has been obtained assum-
ing rg1, I'p2 > I x, Where rg; and rp; are the output impedances of Igjas 1 and Ipias 2,
respectively, and 1, x is the output impedance of transistor M.

1
Rour ~ (5.6)
8m,P8m,EA8m,CNVo,EAT0,CN

One of the first references that use the CAFVF cell as an internally compen-
sated LDO regulator is [87]. Therein Mpags is replaced by a group of CAFVF cells.
Figure 5.8 shows the block diagram of this solution, as well as the implementation
of each CAFVF cells, which replaces Mpagss. Each stage was designed to drive a
maximum current of 5 mA, so that 20 stages were required to provide a maximum
output current of 100 mA.

Since the output voltage is not observed by the feedback loop, Fig. 5.8a, to achieve
a fast load regulation, a replica output stage is included in this loop to regulate Voyr.
By means of the error amplifier A, and a buffer that drives the CAFVF cells, a
low-noise control voltage Vcrry, is generated in order to ensure that Voyr matches
the reference voltage for I; pap = 0 A. For non-zero load current, the CAFVF cell
provides the required regulation mechanism in order to keep the output voltage spikes,
peak-to-peak, under a 10% of the nominal value of Vgyr, which is imposed by the
application.

The main drawback of this structure is the need of a large capacitor, 600 pF,
to stabilize the system and filter out the external noise. This capacitor occupies
approximately 90% of the total area of 0.1 mm? in a 90-nm CMOS technology
design. Therefore, and despite the good transient response of this regulator, it is not
suitable SoCs.

(a) (b)

Vour,rep

Replica
Output Stage =+

Fig. 5.8 Structure of the LDO regulator proposed in [87]: a Block diagram and b CAFVF cell
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As in the case of the FVF, the transient response of the CAFVF is limited by
Igias,1 and Ippas 2. Therefore, a high value for these bias currents is required to
provide a good transient response, which leads to high quiescent power consumption
and poor efficiency. In [162], authors use RC couplings to dynamically increase the
corresponding bias currents when the output voltage changes (Fig. 5.9). It reduces the
charge/discharge time of Cgarg. As a consequence, the transient response improves
without detriment to the quiescent power consumption.

A similar solution is proposed in [163], where the authors add two amplifiers to
the gate of transistors Mpias,1 and Mpjas 2, respectively, to amplify the effect of the
RC couplings, with the aim of boosting the corresponding current (Igjas 1 of Ipias 2),
enhancing the slew-rate of the CAFVF cell.

In [164], anew mechanism to charge/discharge the parasitic capacitance of Mpags
is proposed, Fig. 5.10. A digitally controlled push—pull stage is connected to the pass
transistor gate (node A). This stage detects changes at nodes A and B due to I pap
variations. The detection of these events is based on the comparison of the voltage
signal at node A (B) with a delayed version of itself. In this way, a pulse is generated
that activates the corresponding transistor of the push—pull stage, which is composed
of transistors Mpy and Myp, during the transient response, deactivating it when
the nominal condition is attained. The inverter chain is designed to delay the input
signal a time long enough to ensure the stability of the regulator, avoiding undesired
switching.

The charging/discharging of Cgarg can be improved if a buffer is introduced.
Figure 5.11a, b depict the resulting circuit for the FVF and the CAFVF, respectively.
Unfortunately, when an additional element is introduced in the signal path, the order
of the system increases and, consequently, the stability deteriorates.

E‘ MBIAS 2
VBIAS UP
c‘”’_I_

Con J_ VIN VBIAS Ve
Mcn

Vaias,on | |
R

DN

VIN

VBIAS,DN

MBIAS,I

Fig. 5.9 Structure of the CAFVF-based LDO regulator proposed in [162] including capacitive
couplings to improve the transient response
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VIN

Fig. 5.10 Structure of the IC-LDO regulator proposed in [164] that uses digital spike detection to
control a push—pull stage in order to improve the transient response

(b)

Fig. 5.11 Inserting a buffer to drive the parasitic capacitance at the gate of Mpass in an IC-LDO
regulator based on: a the FVF and b the CAFVF cells

An example of this approachis foundin [88, 165], where the authors use acommon
source non-inverting amplifier as a buffer in the CAFVF cell. The amplifier allows
to increase the open-loop gain and the voltage swing at the gate of Mpagss. Moreover,
to improve the slew-rate at the gate of Mpagss, capacitive coupling is used to detect
variations of Vgyr and to dynamically modify the current at the buffer input.

Authors in [166, 167] propose a circuit that can be used as an LDO regulator and as
a digital power gate [168], providing an output current up to 4 A. Figure 5.12 depicts
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V|N /ﬂf -------------- N
? : if SEL=="1" then
LDO Mode;

else
Digital mode;

M4A

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

leias,2 [
' Mcn o i Coare

Fig. 5.12 Structure of the LDO regulator proposed in [166]

the block diagram of the proposed regulator which includes a multiplexer, MUX,
to select the operation mode. In this way, in LDO mode, the circuit implements two
feedback loops. One, formed by the operational amplifier A; and Cy, is in charge
of fixing the value of the desired Voyrt. The other, formed by the CAFVF cell, will
react to compensate for fast variations of Vgyr.

From the stability point of view, authors implement a compensation scheme con-
sisting of transistors My, Mg and the passive components R¢ and Cc. The rationale
behind this scheme is to generate a phase delay network that will compensate for the
change in the location of the non-dominant pole due to variations in Crpap. Note that
M., Rc and Cc make a capacitor multiplier at low frequencies, and thus, it allows
reducing the required value of Cc, usually chosen as several times larger than Cgarg.
Moreover, Mg is included to limit the total open-loop gain of the regulator to ensure
its stability.

Table 5.1 compares the main performances of the solutions previously discussed
in this chapter. With the aim of a fair comparison, the FOM,, defined in Eq. 2.24, has
been used and the values obtained for each regulator are also included in this table.
The best FOM; is achieved by the work proposed in [88], due to its low quiescent
power consumption and low Cypap. Figure5.13 depicts the FOM;, versus quiescent
current consumption for a large number of LDO regulators based on the FVF and
derived cells, and those regulators based on the classical LDO topology (Chap. 2).
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5.3 Design of an FVF-Based IC-LDO Regulator

As it was discussed in previous sections, the transient response of an internally
compensated LDO regulator based on the FVF or CAFVF cells is limited by the value
of the static biasing current sources, as they set the time required to charge/discharge
Cgare- Increasing the regulator speed implies increasing the value of these current
sources, and consequently, the total quiescent power consumption, which directly
impacts on the regulator power efficiency. In this section, a new structure based on
capacitive coupling is proposed to implement dynamic biasing in an LDO regulator
based on the CAFVF cell.

To improve the transient response of an LDO regulator capacitive coupling has
been successfully used in, for instance, [161-164, 167] or [166]. These references
make use of one or several capacitive couplings to improve the transient response
to load variations. However, none of them addresses the degradation in the transient
response due to line variations. This section describes the design of an IC-LDO
regulator in a standard 65-nm CMOS technology with the same specifications of
the regulator designed in Chap. 3. It uses the CAFVF cell with capacitive couplings
combined with a transistor biased in the edge from saturation to ohmic region to
improve the transient response, and a boosting stage that increases the regulator
open-loop gain. It will be shown that the combination of these techniques achieves
an improvement in line and load regulations, as well as in the transient response.

5.3.1 Structure and Principle of Operation

The core of the proposed LDO regulator is the CAFVF cell shown in Fig.5.1b. In
order to improve the poor settling time of the CAFVF under low-power constraints,
this contribution proposes an alternative version of this cell that enhances the transient
response for load and line variations without negative effects on the quiescent power
consumption or the stability of the circuit. Figure 5.14 depicts the complete scheme
of the proposed LDO regulator, where the gain of the regulation loop is increased by
means of the gain-boosting amplifier Ay [145] without degrading the circuit speed.
To avoid instability, this amplifier is designed according to the method explained in
[169]. A compensation capacitor for Ag is not required because the parasitic gate-
source capacitance of Mcy is large enough, and approximately constant.

In addition, transient line and load responses are improved by dynamically increas-
ing the currents responsible for charging/discharging Cgarg. In particular, Igpas ; is
replaced by a charge-fast settling path (C-FSP) that is formed by a dynamic current
source that increases the charging current when the input or output voltage increases.
This block is implemented by transistors M7—M 4 and the gain-boosting amplifier
A;. For A, the design considerations aresimilar to those used for Ay. When the
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voltage Vi rises, Vour instantaneously tends to grow. Thus, Vgarg must increase
rapidly to recover the nominal value of the output voltage.

To this end, a high transient current Igjas 1 is provided by means of RC coupling,
R; — Cy, which increases the positive Slew-Rate (SR+), at the gate of Mpagss. In
addition, the output voltage is also coupled through C, to magnify this effect, because
Vv and Vgur tend to exhibit a similar behaviour.

A symmetrical discharge-fast settling path (D-FSP) was included to dynamically
increase the discharging current of Cgarg when the input or output voltages decrease.
Note that, in this case, an additional inverting amplifier, A,, is required. This is
implemented with a simple, low power, differential pair.

In order to reduce the static power consumption, A, is biased in the sub-threshold
region and Ms-Mag are biased in the edge from saturation to the ohmic region. When
Vin or Vour decreases, the current through transistor M3g rapidly increases owing
to a change in its operating region from saturation to the ohmic region, as described
in [170]. The multiplying factor K = 1 : 5.5 of the current mirror composed of
M37-Mag (W/L =20 um/0.12 um) and M39-Myg (W/L = 110 um/0.12 um), generates
a high transient current in the Vgarg branch, and consequently produces a large
negative Slew-Rate (SR—) at the gate of Mpagss. Figures5.15 and 5.16 depict the
large transient charging and discharging currents that enhance the slew-rate. In these
figures, iag =Ipias 2 — (is+Hcmi)~Ipias,2 — i, Where ig, is the total current that flows
through Mcn and Myg.

Finally, in order to reduce the overshoot when the load current is switched from
heavy to light load, capacitor Cs, resistor R, and transistor My are added. Note that,
under steady-state conditions, My is in the cut-off region, but when I} gap decreases,
R, and Cj sense the voltage spikes from V4 (Fig. 5.14) and couple them to the gate
of My. This momentarily increases the discharging current. As a consequence, the
magnitude of the overshoot is reduced. Transistor My is sized to sink enough current to
maintain the overshoot under 10% of the nominal output voltage without a significant
increment in the total area of the proposed LDO regulator.

Note that the resistor values, R;—R3, are chosen to move the RC coupling effects
towards a high frequency. For these values, capacitors C;—Cs are calculated to achieve
the appropriate increment of Vgarg, Eq. 5.7, in order to provide the required current.
Table 5.2 lists the values selected for these components.

c=—Run (1 - M) (5.7)
At AVin

Biasing voltages are generated by the circuit shown in Fig.5.17. Each branch is
formed by transistors in a single-diode connection, Mp; vcp and Mp; vcp or M ven
and Mz, ven for PMOS and NMOS versions, respectively, and by a cascode current
source, Mpp; or Mpy. Specifically, the aspect ratios of Mp; ycp or My ven, which
operate in the triode region, are chosen to be lower than those of Mp; vcp or M2, ven,
in order to create the required gate voltage to supply the cascode transistor. Vpias
in Fig.5.14 is an external source. The current consumption of the biasing circuitry
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Fig. 5.15 Dynamic behaviour of Igias2, I and Iap (Fig.5.14) when Iroap changes following
a square wave between its minimum (0.1 mA) and maximum (100 mA) values, with rise and fall
times of 1 us

is 3.6 YA, as Igiasing is chosen to be 100 nA. Table 5.3 lists the transistor sizes and
current ratios for the circuit in Fig.5.17.

5.3.2 Stability Analysis

In this section, the stability analysis of the proposed LDO regulator is studied. The
major concern regarding stability for IC-LDO regulators is raised by the large load
current variations. These variations produce significant changes in the small-signal
parameters, which affect the location of poles and zeros. Fortunately, this is not the
case for line voltage variations. A simplified small-signal model of the proposed struc-
ture is depicted in Fig.5.18, where, as usual, g, ; and r,; are the transconductance
and output resistance of transistor M;, respectively. In addition, as it was defined in
Chap. 4, Rge nmos and Rgp pmos represent the equivalent output resistance of ampli-
fiers Ag and Ay, respectively. Cge nmos and Cge pmos model the parasitic capacitance
at the gate of Mg and Mcy. The poles and zeros derived from the RC couplings are
neglected because they are located at a high frequency.
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Fig.5.16 Dynamic behaviour of Ipjas 2, Ip and Izp (Fig. 5.14) when Viy changes in a square wave
between its minimum (0.9 V) and maximum (1.2 V) values, with rise and fall times of 1 ps

Table 5.2 Selected values used for RC couplings

Device Value Device Value [pF]
Ry 100 [k€2] Cy 1.25

Ry 335 [k€2] Cs3 5.0

R3 100 [k€2] Cy 0.125

Cy 0.125 [pF] Cs 1.25

Table 5.3 Multiplying factors and aspect ratios for transistors in biasing circuit

Transistor Aspect ratio Current ratio Value
(Width [pum]/Length [pum])

Mni1,cN 0.14/1.39 Mo 4

Mp,vep 0.12/1.49 No 4

MgNi1-Mgn2 0.14/0.12 - —

Mgpi-Mgp2 0.30/0.12 - _
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Fig. 5.17 Cascode voltages and Vgas biasing circuits
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Concerning the transfer function in Eq.5.8, the DC gain is approximated by
Eq.5.9. Approximate values for the transfer function coefficients are given in

Egs.5.10-5.22.

14+ ars + as? + asys® + ass* + ass® + aes®
3 5 6

H(s)= A
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Fig. 5.18 Small-signal model of the proposed IC-LDO regulator
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The dominant pole is given by Eq. 5.23. Ry p—rsp is the output impedance of the
D-FSP block. The non-dominant pole is fixed by the output resistance and Cppap.

1
gm.PRour,.0—Fsp(RLoaplIro.p) (Cat + Casz + Cea,p)

Wp1 =~

(5.23)

A reduction in the load current, I pap, will bring the non-dominant pole closer
to the Unity Gain Frequency (UGF), thus degrading the stability. This behaviour
is represented by the simplified pole-zero plot in Fig.5.19. For the sake of clarity,
only poles and zeros below 100 MHz are included in the figure. NMC, consisting of
components Ryj, Cyi, Ry and Cypp, was used to achieve a proper phase margin
in an output current range of 0.1 mA to 100 mA. This resulted in Ry = 1 k€2,
CMI =5 pF, RM2 =10 kQ, and CM2 =8 pF

Post-layout simulations of the open-loop gain are shown in Fig. 5.20 at different
load conditions (100 pA, 1 mA, 10 mA and 100 mA). Table5.4 summarizes the
simulated post-layout gain and phase margin values. In every case, the load capacitor
is 100 pF, which is the worst-case scenario. Note that the proposed LDO regulator
is stable across the entire operating range.

Fig. 5.19 Simplified Z3 x-0 | maX| 1 lmag(s)
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Fig. 5.20 Simulated post-layout open-loop gain of circuit in Fig.5.14 for CLoap =100 pF and

Vin=09V

Table 5.4 Simulated post-layout gain and phase margin values for different load conditions

ILoaD [MA] Gain [dB] PM [°]
100 51.30 132.0
10 57.24 122.2
1 56.65 115.7
0.1 54.38 107.2
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5.3.3 Experimental Results

The proposed LDO regulator was designed and implemented in a standard 65-nm
CMOS technology. Figure 5.21 shows the layout of the IC-LDO regulator superim-
posed on a chip micrograph next to the layout of the circuit, where the area denoted
by A indicates the pass transistor Mpass, and B is the core of the circuit includ-
ing the fast settling blocks. C corresponds to the overshoot limiter implemented by
M,, R, and C3, whereas D is associated with the biasing circuit. The total area is
340.8 x 135.5 um. The core of the circuit occupies an area of 90.2 x 135.5 um. The
regulator was designed to drive a maximum load current of 100 mA with a variable
CLoap in the range 0-100 pF.

Experimental results were obtained with the test setup of Appendix B for the worst-
case value of Cpoap. Figure 5.22 depicts the line transient response for Voyr =0.7 V
and I pap = 100 mA, with Vy changing from 0.9 to 1.2 V and vice versa. In both
cases, the rise and fall times of Vyy are 1 us. Under these conditions, the output
voltage shows an overshoot of 45.2 mV and an undershoot of —61.4 mV.

In addition, the worst settling time, which was calculated as the time that takes
Vour to remain inside the 1% error band around its nominal value, is 5.17 ps.
Figure 5.23 shows the load transient response for rise and fall times of 1 us when
Vin = 0.9 V and the load current changes from 0.1 to 100 mA and vice versa. The
voltage Voyt shows a maximum variation of +75.9 mV/—67.5 mV with respect to
the nominal voltage Vour = 0.7 V. Under these conditions, the worst settling time is
4.64 ps.
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Fig. 5.21 LDO regulator layout superimposed on a chip micrograph
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Fig. 5.22 Measured line response with Cpoap = 100 pF and I} pap = 100 mA. For VN changing:
a from 0.9 to 1.2 V, and b from 1.2 to 0.9 V, with rise and fall times of 1 ps
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Fig. 5.23 Measured load transient response with Cpoap = 100 pF and VN = 0.9 V. For I; oaD
changing: a from 0.1 to 100 mA, and b from 100 to 0.1 mA, with rise and fall times of 1 ps

From Figs. 5.22 and 5.23, it can be deduced that the proposed architecture exhibits
a fast transient response for changes in both Viy and I; pap. Table5.5 summarizes
the performances of the proposed LDO regulator.

5.4 Comparison with the State of the Art

Table 5.6 compares the performances of the proposed implementation to those of
other LDO regulators published in the literature. The experimental results presented
here correspond to the worst-case scenario (according to their respective authors),
measured when I} oap and Vin change between their extreme values. In order to com-
pare different LDO regulators, we use the FOM; defined Eq. 2.24 [87]. Figure 5.24
depicts the FOM, for different LDO regulators based on the FVF cell (and on derived
cells, such as the CAFVF one), which shows that the proposed regulator is close to
the state of the art.
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Table 5.5 A summary of the performances of the proposed LDO regulator

Proposed LDO Proposed
LDO
Process [m] 65 AVoyr varying Vin
Vin [V] 0.9-1.2 e Maximum | [mV] 45.2
Vour [V] 0.7 e Minimum [mV] —61.4
VDROPOUT [mV] | 200 AViy/t [V/us] 0.3/1
I1L0AD.max [mA] | 100 AVour varying ILoap
Ié [LA] 17.38-17.88 e Maximum | [mV] 75.9
CrLoAD [pF] 100 e Minimum | [mV] —67.5
N1L0AD.max [%] 99.982 AlLoap/tP [mA/us] | 9.9/1
Area [mm?] | 0.029 Line regulation [mV/IV] 5.61
Response time? | [us] 5.17 Load regulation [uV/mA] | 433.8

AWorst case, Pz, Rise time
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Fig. 5.24 FOM; versus quiescent current consumption for those IC-LDO regulators based on the
FVF cell that perform the best FOM; (Table 5.6)

Figure 5.25 expands the comparison to the LDO regulators that have the best
values of FOM, regardless their implementation. For the sake of completeness, the
regulators designed in Chap. 3 (Chap. 3*), Chap. 4 (Chap. 4) and this chapter (Chap. 5)
have been also included in this figure. The FOM; for the regulator in Chap. 3 has
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Fig. 5.25 FOM, versus quiescent current consumption for those IC-LDO regulators that perform
the best FOM;. Regulators presented in Chap.3, Chap.4 and in this chapter (Chap.5) have been
included in the comparison

been computed in the same conditions of reference [30]. It can be seen that the ultra-
low-power regulator of Chap. 4 clearly outperforms the rest of regulators published
in the literature, concerning FOM;. As it was stated before, this FOM favours low
power consumption. In addition, only a few regulators perform better than those
presented in Chap. 3 and in this chapter.

5.5 Conclusions of This Chapter

This chapter has shown that the FVF cell, due to local feedback, is an adequate
building block for IC-LDO regulators with low power consumption. However, the
basic FVF cell has a low gain and does not implement any mechanism to reduce the
negative effect of the input voltage variations. Even more, the charge of the parasitic
gate capacitance is limited by the bias current.



115

awn AsKy 4, s)nsax paystiqnd uo paseq UOHEWISH, ‘O[qR[IBAR JON 4 ‘9S8O ISIOM ¢

¥9°5T 0951 sLLe 8L 1062 8THT 81°€E [s5] TNOA
g'eer q 0061 0001 9°6S 0801 0008 [vu/Ar] uone[nsal peo]
19°6 a q 8L'€¢ '8 6'8 I [A/AW] uone[n3ax dury
1/6'66 1°0/0S $°0/001 1°0/$°86 T0/S6'67 S0/S°661 S0/S6'66 [s71/vyu) p1/avOoTy
S'L9— 00$— 08— €L— w— S8c— £vT— [Aw] | wowgy e
6°SL 00 1€ vl 9 00T 1€ [Aw]| wnurxey e
Q«\Dq\ m:ﬁﬁg &bc\—Q
/€0 q €31/1 01/2¥°0 q q S0/5°0 [s71/A] p/NIpy
¥19— T 0 ge— aT q €81— [Aw] | wnwugy e
TSy q 0T o q q 961 [Aw]| wnwrxepy e
NIA Suikrea LN0Opy
LTS q vl oSLE 0 $9°0 S1°0 [sn] peoun asuodsay
620°0 1700 9210 6100 810°0 120 ¥90°0 [guw] vary
286'66 966'66 SL6'66 26666 92666 61666 £66'66 9] wHavoty,
(£l 196 701 o1 19¢ 1o 701 [ad] avoiy
88°L1-8E'LI 6'¢ ST 8 LE 87 L [wn] 201
00T 0 001 001 0S 00T 001 [vu] wurayoTy
00T 00T 081 00T 0s1 00T 0s1 [Aw] Lnodoyd,
L0 L0 'l 01-50 I 9¢—9'1 SeT [A] L1n0p
TI-60 8160 €e8T1 TI-SL0 YI-SI' 8'¢-8'1 05T [Al NI
S90°0 81°0 SE0 60°0 €10 110 SE0 [wrl] $59001
oM SIY, e[¥911 [¢91] [88] [08] [96] [es]

5.5 Conclusions of This Chapter

TNOA 2Y) Jo anfea 1s9q 2y pajiodar aAry jey) 250y Jo awos 0) Joje[ndar O pesodoid ayj jo uosuredwo) 9§ Iqel,



116 5 The Flipped Voltage Follower (FVF): An Alternative Topology for LDO Regulators

To solve these issues, a new CAFVF-based IC-LDO regulator has been proposed.
This cell introduces a gain block to increase the open-loop gain, and consequently, to
enhance the load and line regulations. In addition, RC couplings have been included
to improve the transient response, not only to load but also, for the first time, to line
variations. The proposed regulator has been fabricated in a standard 65-nm CMOS
technology, and experimental results show that it is close to the state of the art.



Chapter 6 ®)
Conclusions Creck for

As a consequence of technology downscaling, the coexistence of complex subsys-
tems in the same chip becomes plausible, leading to the SoC paradigm. However, this
technological evolution entails an increase in the complexity of power management
systems, as different voltage supply domains, with different requirements of voltage
level, ripple, maximum capacitive load and maximum output current, coexist in the
same chip.

Voltage regulators are key elements in power management systems. Chapter 1
reviews the most common implementations of voltage regulators, with emphasis
on linear regulators, which are preferred when a fast transient response, low ripple
and good power supply ripple rejection are required. To attain the efficiency of
switching regulators, LDO regulators are linear cells with a low dropout voltage in
the pass transistor. Usually, LDO regulators have stability problems, which can be
solved by forcing a dominant pole at the output node. This is achieved by placing a
large external capacitor, at the cost of an increase in the PCB complexity and a slow
transient response. However, following the present trend of larger system integration,
IC-LDO regulators are gaining popularity. In IC-LDO regulators, the dominant pole is
located at an internal node, usually at the gate of the pass transistor, taking advantage
of the large parasitic capacitance of this node. As no external components are needed,
the PCB is simplified and the regulator size is reduced. Moreover, as these regulators
can be completely integrated, the power supply distribution is handled inside the
same silicon die, leading to higher power efficiency.

Chapter 2 is devoted to the basics of IC-LDO regulators. Line and load regulations
are defined and their main design challenges: stability, transient response and power
supply ripple rejection are discussed. In every case, a thorough revision of the solu-
tions presented in the literature is made. The chapter concludes with the definition
of the most common Figures of Merit (FOMs) that allow a fair comparison between
IC-LDO regulators proposed in the literature.

The stability of IC-LDO regulators is the objective of Chap. 3. The analysis of
the classical topology for IC-LDO regulators shows that some kind of compensation
© Springer International Publishing AG, part of Springer Nature 2018 117
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is required; even more, this compensation is highly dependent on the load current,
so that the classical Miller compensation is not enough to stabilize the regulator in
the entire range of operation. To solve this problem a new Miller-type compensation
scheme is proposed where the zero-nulling resistor is adaptively changed as a function
of the load current. To this end, a replica circuit determines the operation point.
Simulation and experimental results show that this technique is able to guarantee the
regulator stability in the entire operation range.

Today, in the 10T era, WSNs are gaining popularity. In most cases, sensors nodes
are autonomous systems supplied by batteries which, in some cases, are comple-
mented with energy scavenging devices. To achieve a battery lifetime in the order
of years with small-sized batteries, LDO regulators with ultra-low quiescent power
consumption (consuming less than 1 pW) are required. Chapter 4 discusses the chal-
lenges related to the design of ultra-low quiescent power IC-LDO regulators and
presents an innovative solution based on the classical topology that replaces the out-
put stage of the error amplifier with a highly efficient class AB buffer that drives the
large parasitic capacitance at the gate of the pass transistor.

Finally, Chap. 5 deals with IC-LDO topologies other than the classical one. In
particular, it focuses on those regulators based on the Flipped Voltage Follower (FVF)
family of cells. These regulators benefit from the good performances of these cells
regarding low output impedance, class AB behaviour and high-frequency stability.
Chapter 5 makes a complete review of the solutions based on the FVF cell that have
been presented in the literature and proposes a new regulator based on the CAFVF
cell that includes fast charging/discharging paths for the gate capacitance of the
pass transistor, and RC couplings to improve the transient response to load and line
variations.

The IC-LDO regulators proposed in Chaps. 3, 4 and 5 have been fabricated in
standard CMOS technologies (65-nm for regulators in Chaps. 3 and 5, and 180-nm
in Chap. 4). In every case, measured performances are compared to those obtained
with the best IC-LDO regulators presented in the literature using the FOMs defined
in Chap. 2. These comparisons show that the proposed regulators are in, or close to,
the state of the art.



Appendix A
Notation

In this appendix, the general notation used in this book is defined.

In general throughout the book an upper-case letter with an upper-case subscript
is used to denote an electrical magnitude, regardless its DC, small-signal or instan-
taneous value. On the other hand, on those specific cases where it is necessary to
distinguish between the DC component, small-signal and instantaneous value the
following convention is chosen:

e DC component: It is represented by an upper-case letter with an upper-case sub-
script. Example: Voyr, Viy or ILoap.

e Deviations with respect to the DC component: It is represented by a lower
case letter with a lower case subscript. Example: v,,;, Vi, Or ij,qq. Despite these
deviations can have a small or large value, the symbol is normally used to represent
the small-signal component of the corresponding variable.

¢ Instantaneous value: It is represented by a lower case letter with an upper-case
subscript. Example: voyr, viny O ipoap-

According to the definitions above:

vour = Vour + Vour
vin = Vin + Vin

iroap = ILoADp + lioad

The most common abbreviations that appear in this book are now introduced.

e AoL: open-loop gain.

e wp;: i-th pole of the transfer function, in ascending order from the lowest frequency
(dominant pole) onwards.

e wg: i-th zero of the transfer frequency, in ascending order from the lowest fre-
quency onwards.

e Ry oap: resistance that models the load current, I; gap. It is estimated as Ry pap =
Vour/ILoap-

© Springer International Publishing AG, part of Springer Nature 2018 119
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e Rour: equivalent output resistance (including Ry pap) at the IC-LDO regulator
output.

e Cpoap: load capacitor located at the output node of an LDO regulator.

o Cp,,: parasitic capacitance at the output of the LDO regulator.

e Couyr: total capacitance at the output of the LDO regulator. Coyr = Croap +
Cpar. Usually, Cp, is neglected when compared to Croap, so that Coyr =~
CLoap-

e Zour: total impedance at the regulator output, formed by the parallel arrangement

of ROUT and COUT~

gm,Ea: transconductance of the error amplifier.

Ro ga: output resistance of the error amplifier.

Co,ra: output capacitance at the output of the error amplifier.

gm,p: small-signal transconductance of Mpass.

r,op: small-signal resistance of Mpass.

Cgsps Caaps Canps Capp: gate-to-source, gate-to-drain, gate-to-bulk and drain-

to-bulk small-signal parasitic capacitances of Mpass.

gm,;i- small-signal transconductance of transistor M;.

e 1,;: small-signal resistance of transistor M;.

o Cyiy Caajiy Capjis Cangi: gate-to-source, gate-to drain, gate-to-bulk and drain-to-
bulk small-signal parasitic capacitances of transistor M;.

e Cgarg: the parasitic capacitance, referenced to ground, at Mpass gate. This capac-
itance includes the total gate parasitic capacitance of Mpass and the parasitic
capacitance at the output of the error amplifier.

e C(: compensation resistor (in Miller-compensated regulators).

e Rc: zero-nulling resistor (in Miller-compensated regulators).

e Ron: on resistance of switches.



Appendix B
Test Setup

This appendix describes the setup used to carry out the measurements presented in
this book. This is a list of the equipment:

Oscilloscope: Agilent MSO8104A

Signal Generator: Rohde & Schwarz AM300

Digital Multimeter (DMM): HP 34401A

Bench DC Power Supply: Agilent U3630A

Vector Network Analyzer (VNA): Rohde & Schwarz ZVRL
Spectrum Analyzer: Rohde & Schwarz FSU

B.1 Measuring the Transient Response to an Input Voltage
Step

The line transient response can be measured using the setup shown in Fig. B.1, if an
adequate Bias Tee is available. Otherwise, it is possible to use a voltage buffer, e.g.
LT1210 from Linear Technologies®, which is able to provide enough current to the
LDO regulator under test, Fig. B.2. In that case, the input voltage signal was varied
from VN min t0 Vinmax. Note that a resistor Rapapr is included to properly adapt the
signal generator input impedance, typically 50 €.

B.2 Measuring the Transient Response to a Step Variation
of the Load Current

The load transient response has been measured using the setup shown in Fig. B.3.
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Fig. B.1 Line transient response measurement setup using a Bias Tee
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Fig. B.3 Load transient response measurement setup
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DC DC+RF Vin LDOVOUT
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Fig. B4 PSRR measurement setup using a Bias Tee

Vin L DOVOUT

Voltage Buffer
Bench DC (e.g. LT 1210)
Power Supply

Fig. B.5 PSRR measurement setup using a voltage buffer

B.3 Measuring the PSRR

123

Figure B.4 shows the PSRR measurement setup when an adequate Bias Tee and VNA

are available.

In those cases where it is not possible to use a Bias Tee to inject the AC signal

over the DC level, the setup shown in Fig. B.5 can be used.

Finally, if the equipment used in the measurements of Figs. B.4 and B.5 is unavail-
able, the alternative measurement setup proposed in [83] can be used, Fig. B.6. The

main disadvantage of this setup is that two spectrum analysers are required.
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Fig. B.6 PSRR measurement setup using two spectrum analysers
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measurement setup Power Supply

B.4 Measuring the Line and Load Regulations

Figures B.7 and B.8 show a setup to evaluate the line and load regulations, respec-
tively. In both cases, the load current can be implemented by a resistor or an electronic
load.

In addition, note that to evaluate the load regulation, it is necessary to insert an
ammeter at the output node in order to register the current.
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Appendix C
Some Considerations for Design of the Prototype
Test Boards

General layout guidelines for printed circuit boards (PCB) must be taken into account
when designing a test board for IC-LDO regulators. Some of the most common layout
techniques for low-noise and accurate measurements recommendations are

preserving the integrity of the signals,

e minimizing length of PCB tracks to reduce their parasitic inductance and, hence,
the voltage drops,

e using decoupling capacitor as close as possible to the power supply pins to reduce
the inductive effect of tracks,

e reducing external noise using shielding cables and special connectors, e.g. tri-axial
cables,

e avoiding to cut ground planes to reduce electromagnetic interferences, or

e using ferrite beads to filter as much as possible the power supply noise.

Following these recommendations, test boards designed to evaluate the perfor-
mances of IC-LDO regulators presented in this book are described here.

C.1 PCB for IC-LDO Presented in Chap. 3

Figure C.1 shows the test PCB designed using a two-layer FR4 board. As it can be
observed, the internal power supply generation circuitry is located close to the IC-
LDO under test to minimize the length of PCB tracks. In addition, an ultra-fast linear
regulator with a high PSRR has been chosen in order to minimize the noise effect and
voltage drops due to external sources (e.g. avoiding the effect of the bench DC power
supply regulation) in the measurements. Some test points (TPx in Fig. C.1) have also
been included as close as possible to the relevant pins, e.g. the output voltage, to
reduce the inductive effect of the oscilloscope probe.

Note that, as far as possible, the ground plane covers the entire PCB, and it is only
cut in those areas where no relevant tracks are routed.

© Springer International Publishing AG, part of Springer Nature 2018 127
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C.2 PCB for IC-LDO Presented in Chap. 4

Figure C.2 shows the test PCB designed using a two-layer FR4 board. In this figure,
local power supply is located at the top of the figure and it is generated by means of an
ultra-fast linear regulator with high PSRR. In addition, some Test Points (TPy) in the
figure have been laid out on the board as close as possible to the most relevant pins
of the test chip, like the output voltage pin. Note that, as far as possible, the ground
plane covers the entire PCB, and plane cuts are restricted to those zones where no
relevant tracks are routed.

C.3 PCB for IC-LDO Presented in Chap. 5

The PCB used to test the FVF-based regulator is shown in Fig.C.3. In this case,
the chip was designed with several biasing currents and reference voltages which
have to be generated in the prototype board. Concretely, for bias current generation,
guard rings for the inputs of the selected opamps were implemented to minimize
noise and leakage at their inputs terminal. In addition, due to the size of the board
(around 20 cm x 20 cm), different decoupling capacitors were used for each discrete
opamp. An adapter was used to test the proposed regulator, as it was delivered in a
Surface-Mount Technology package. To reduce parasitic inductance and resistance,
the length of its tracks was minimized.
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