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Abstract

Recent development of power-management integrated circuits (ICs) provides
revolutionary opportunities of energy usage for future Green and sustainable
electronic devices. Advanced power converters including low-dropout regulator
(LDO), switching-mode power converter and charge pump are the keys of power
usage casting into the modern low-power IC systems. Among the afore-mentioned
power converters, LDO is well-recognized to be the best candidate to provide power
to the analogue and radio-frequency circuits in an IC system, as it can provide
low-noise and ripple-free supply voltage to the supply- and noise-sensitive circuit
blocks. In order to develop high-performance LDO for future IC applications, in this
thesis, the power-supply rejection ratio (PSRR) and transient response are
investigated.

A detailed analysis of PSRR of LDO is studied. It includes circuit modeling of a
generic LDO with signal injection at its supply. Based on the modeling, the transfer
function of PSRR is derived. Thorough analysis of the locations of poles and zeros
obtained from the transfer function is carried out, and then recommendations to
improve PSRR are given. The proposed model and the achieved results are verified
by circuit simulations using BSIM models of a commercial CMOS 0.35-pm
_ technology. The results reveal good agreement between the modeling and the PSRR
property of a LDO.

Then, an output-capacitorless LDO with a direct voltage-spike detection circuit is
presented in this thesis. The proposed voltage-spike detection is based on capacitive
coupling. The detection circuit makes use of the rapid transient voltage at the LDO

output to increase the bias current momentarily. Hence, the transient response of the



LDO is significantly enhanced due to the improvement of the slew rate at the gate of
the power transistor. The proposed voltage-spike detection circuit is applied to an
output-capacitorless LDO implemented in a standard 0.35-um CMOS technology.
Experimental results show that the LDO consumes 19 pA only. It regulates the output
at 0.8 V from a 1-V supply, with dropout voltage of 200 mV at the maximum output
current of 66.7 mA. The voltage spike and the recovery time of the LDO with the
proposed voltage-spike detection circuit are reduced to about 70 mV and 3 ps,
respectively, whereas they are more than 420 mV and 30 ps for the LDO without the
proposed detection circuit.

Finally, a low-voltage fast-transient LDO compensated by an off-chip, low-ESR,
nano-range output capacitor is reported. The proposed load-tracking impedance
adjustment and the loop-gain boosting technique make the proposed LDO have fast
response and small voltage spikes. The circuit is implemented by a commercial
0.35-um CMOS technology. The chip area is 0.032 mm?. The supply voltage ranges
from 1.5 to 3 V. The regulated voltage is 1.2 V to provide 0 to 100 mA. The quiescent
current in the no-load condition is 26 pA. A 100-nF low-ESR capacitor is sufficient to
stabilize the proposed LDO. The measured voltage spike is 44.9 mV only, and the

response time is less than 0.2 ps.
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Chapter 1

Background of LDO Research

Introduction

Low-dropout regulator (LDO) is a type of linear regulator which features a small
input-output differential voltage [1]-[16]. Its stable, low-noise, fast-transient
properties under different input-voltage and loading conditions, as well as
temperatures, undoubtedly, provide outstanding supply to many analogue and RF
circuits and systems. Thus, LDO is widely applied in many portable applications

such as cellular phones, PDA handsets, especially the wireless multimedia devices.

1.1 Structure of a LDO

Fig. 1.1 shows the structure of a generic LDO. It basically consists of an error
amplifier, a voltage buffer, a power transistor (Mp), a feedback resistor network (Rr;
and Rr,) and a voltage reference (Vrzr). The input and output voltage are denoted by
Vv and Vo, respectively, whereas R is used to model the load circuit. It is noted that
Cour and Rgsg are the off-chip capacitor and its equivalent series resistance. Their
function is to ensure the stability 6f the LDO based on dominant-pole frequency
compensation with pole-zero cancellation. Moreover, Cour is used to provide
transient current to the load when the LDO cannot respond to instantaneous change
of the load current or the input voltage. The function of the voltage buffer is to drive
the large gate capacitor of Mp so that slew rate at this node can be improved. In

addition, the low output impedance can help to improve the stability of the LDO.
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Fig. 1.1 Structure of a generic LDO.

1.2 Principle of Operation of LDO

The LDO structure shown in Fig. 1.1 reveals a feedback path [17]. The voltage
regulation of Vo is therefore achieved by the feedback formed by the feedback
network, the error amplifier, the voltage buffer and then the power transistor. The
operation can be simply explained by the following example.

When the load current or the supply voltage changes, the LDO cannot respond the
change instantaneously. As a result, Vo may increase or decrease. Assuming that Vo
increases, the effect will be detected by the feedback network and appears at the
non-inverting input of the error amplifier. By comparing with Vrer, the output of the
error amplifier is then increased and the signal is propagated to the gate of the Mp
through the voltage buffer. The reduction of Vsc of Mp causes the drain current being

reduced so that less current is generated to the load and to charge the output capacitor.
The resultant effect is that Vo drops accordingly. Similarly, when Vo drops below the
preset voltage, the feedback takes control of the gate voltage of Mp by increasing its
Vsc to provide more drain current to the load and Coyr. This will make Vp increase to
counter the effect. This mechanism repeats continuously to regulate Vo to a constant

voltage.
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1.3 Steady-State Specification of LDO

There are two specifications to measure the regulation ability of a LDO under the
change of the input voltage and the loading current. They are line regulation and load

regulation. The definition of line regulation is given by [1]

V
Line Regulation = AVO (1.1)

IN

The unit of line regulation is mV/V. For load regulation, it is given by [1]

V
Load Regulation = 5Y (1.2)

0

where Ip is the loading current of the LDO circuit. The unit of load regulation is
mV/mA. In fact, the relationship between the line and load regulations and circuit
parameters has been extensively investigated in recent decade. It is found that higher

loop gain achieved by a high-gain error amplifier improves both specifications [2].

1.4 High-Frequency Specification of LDO

Power supply rejection ratio (PSRR) is another important index to measure the
ability of the LDO to suppress the noise from the input. The definition of PSRR is

given by [15]

v,(f)
v () £

Although many researchers have realized the importance of the PSRR of a LDO used

PSRR=201log

for the future communication systems and they have proposed many effective LDO
structures to reject high-frequency signal noise from the supply line, the
fundamentals of the PSRR of a generic LDO has not been studied in detail. Therefore,

PSRR is being analyzed in this thesis.
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1.5 Dynamic Specification of LDO

In addition to steady-state and high-frequency specifications, dynamic specification
such as load transient response is vital in LDO. Research focused on improving load
transient response of a LDO has been extensively carried out in the past decade
[1]-[14]. The researchers have been working hard to improve it for some LDO
structures without and with the output capacitor. The main goal is to reduce the

voltage spikes and shorten the recovery speed of the LDO output voltage.

1.6 An Advanced LDO Structure

Although the structure shown in Fig. 1.1 has been widely used for many years, it was
found recently that a simpler LDO structure [14] based on flipped voltage follower

[18], [19] can provide better performance. This structure is shown in Fig. 1.2.

My Vi
1
Vo
. »
= |
4' Cour
DL
Vrer Regr
— Control l Lpias
transistor M

Fig. 1.2 Structure of the single-transistor-control LDO [14].

This circuit is regarded as single-transistor-control LDO which is suitable for SoC

applications, and it has been analyzed by Man et. al. [14]. The LDO structure
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basically consists of two basic transistors, with one being the power transistor (Mp)
and the other being the control transistor (Mc). The power stage based on flipped
voltage follower senses the change of the LDO output at the source of Mc, which the
signal is compared with Vger at the gate of Mc. An error voltage is then generated at
its drain to change the gate voltage of Mp. Current via Mp is thus adjusted according
to its source-to-gate voltage and regulates the LDO output. It is noted that this simple
LDO structure needs a Vzg-compensated voltage reference to cancel the effect by Mc.
This structure has many drawbacks such as slew-rate limited at the gate of Mp and
inferior regulation ability. As a matter of fact, it is necessary to improve its
performance by including some advanced circuit techniques which will be proposed

in this thesis.

1.7 Contribution and Outline of the Thesis

Based on the foregoing background of LDO, it is known that the PSRR of a generic

LDO has not been completely analyzed. Moreover, the transient response of the LDO

structure, based on flipped voltage follower, without and with the output capacitor

should be further improved by advanced circuit methods. Therefore, in this thesis,

the contribution is focused on the following three aspects:

1. Chapter 2: PSRR analysis of generic LDO

2. Chapter 3: Improvement of the transient response of the LDO structure based on
flipped voltage follower without the output capacitor

3. Chapter 4: Improvement of the transient response of the LDO structure based on
flipped voltage follower with the output capacitor

The contributions of the research work are expected to be useful for future

development of SoC applications [20].
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Chapter 2

PSRR Analysis

Introduction

Integrated power management is a promising approach to optimize function-rich SoC
designs. The concept of integrated power management is to provide on-chip, locally
optimized supply to power the system sub-blocks individually so that system
performance can be enhanced and system power consumption can also be minimized
simultaneously [1]. In the integrated power-management part, LDO is one of the
power converters widely used for the analogue and RF parts of a SoC design, since it
can provide low-noise, high-precision and ripple-free supply voltage [2]-[8].
Meanwhile, LDO is a good post-regulator as it can suppress high-frequency noise
propagating from the supply lines through the LDO. Power-supply rejection ratio
(PSRR) is used to measure the ability of signal suppression of a LDO, which is given

by

»(f)
=0 @.1)

where vi(f) and v.(f) are the input signal and the output signal, respectively. The

PSRR = 20log

frequency range of interest was from DC to around 100 kHz in ten years ago due to
the fact that the signal bandwidth of the former communication standard is not high.
However, with rapid development of the communication standard, the signal
bandwidth is being increased dramatically. One example is Worldwide
Interoperability for Microwave Access (WiMAX). The signal bandwidth of WiMAX

is scalable under different transmission conditions, ranging from 1.25 MHz to 28
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MHz [9], [10]. As a result, when there is noise signal ranging from DC to 28 MHz
appearing at the supply line, it must be suppressed by the supply-rejection property
of a LDO. Otherwise, the noise signal will propagate into the communication circuits
and is being up-converted to the frequency band of the communication standard (e.g.
2.3 GHz to 3.8 GHz for the WiMAX standard). The signal-to-noise ratio of the
communication system will then be degraded seriously. For the above-mentioned
application, it is known that the PSRR up to 28 MHz or even higher becomes very
important for the future communication standards.

Although many researchers have realized the importance of the PSRR of a LDO
used for the future communication systems and they have proposed many effective
LDO structures to reject the high-frequency signal noise from the supply line (e.g. in
[8], a LDO with PSRR of -56 dB at 10 MHz was reported), the fundamentals of the
PSRR of a generic LDO has not been studied in detail. Typical understanding is to
use cascode structure or NMOSFET power transistor to provide better isolation
between the supply line and the output of the LDO. Some mentioned the importance
of the loop bandwidth but did not discuss how much loop bandwidth is required to
improve the PSRR up to a particular frequency range. Certainly, the material and
quality of the off-chip output capacitor would affect the value of the equivalent series
resistance (ESR), which is another key factor affecting PSRR at high frequency.

In fact, it is very important to ﬁnderstand the relationship between the circuit

-parameters and the PSRR of LDO so that the key design concepts can be extracted,
before stepping further to develop more sophisticated LDO structures. Therefore, this
chapter presents the circuit modeling of a LDO to investigate the PSRR in Section
2.1. Based on the modeling, the transfer function of PSRR is found and the poles and

zeros are obtained for a detailed analysis. In Section 2.2, the circuit modeling is then
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verified by a real LDO circuit operating in different conditions. By investigating the
locations of the poles and zeros, some design recommendations to improve the PSRR
are made and presented. Finally, the conclusion of this chapter summarizes the

design recommendations to improve the PSRR of a generic LDO.

2.1 Modeling of the PSRR of LDO

The LDO structure under PSRR test is shown in Fig. 2.1(a), and the corresponding

small-signal circuit is illustrated in Fig. 2.1(b).
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=L % 1 e
C
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T :
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,\’ Vin
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Fig. 2.1 LDO under PSRR test (a) structure (b) small-signal circuit.

It is highlighted that
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1. Aga(s) = GmeaRora/(1 + sCoraRok4) is the transfer function of the error amplifier,
where Gnzs and Rogs are the transconductance and the equivalent output
resistance of the error amplifier, respectively. Moreover, Cozx is the equivalent
output capacitance of the error amplifier.

2. gms and ryp are the transconductance and the output resistance of the voltage
buffer, where 705 = 1/gmp.

3. Cgs, Cgb, Coa and Cys refer to the parasitic capacitances of the power PMOS
transistor.

4. Couris much larger than the parasitic capacitances in the LDO.

5. The gain of the power transistor is negative and is equal to guprop, Where gup and
rop are the transconductance and output resistance of the power transistor in
saturation region.

6. Rgsris the ESR of the off-chip capacitor of the LDO.

7. B=Rp/(Rr + Rp) is the feedback factor.

8. The supply signal through the voltage reference, error amplifier and voltage
buffer are neglected without losing accuracy as a simple RC-filter formed by Rir
and Cr can be added to suppress the signal injection successfully. The IR drop
across the added RC-filter can be ignored since the bias currents of the voltage
reference, error amplifier and voltage buffer (i.e. Iyr, Ie4 and Iyp) are in
micro-amperes.

From Fig. 2.1(b), the transfer function of PSRR is given by

Ay (1 " L}[l § i)(l 3 i)(l + i]
v, (s) N 2 s Z Zs Zy 2.2)

v,,,(s) (1+ s )(1+ s +s2)
rix N Op, p.
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1+gmprop

where 4, =
54 AEA gmb rob ﬂgmp rop

is the low-frequency PSRR. From the transfer

function, there are four zeros given by

s 1 (2.3a)
COEAROEA
75 Lt & (2.3b)
[Cgs iz Cgb * ng (l + gmpr op)]rab
7 = Cgs i Cgb + ng (1 # gmprop) (2 30)
P [Ca(Cpy +Cy +Co) + Coa(Co + C )T,

ey L (2.3d)

£ COUT RESR .

and a pair of complex poles, as well as a pole given by
p, = GmEAg mbg mpﬂRESR (2 4a)
° (Cgs + Cgb T ng )COEA
g ‘FEAgmbgmpﬁRESRCOEAROEA (2.4b)
Gt Co + Cea

= —1— (2.4¢)

pESR COUTRESR .

It is found that the pole and zero created by Cour and Rgsgr cancel each other. Since
there is no Coyr term in the expressions of the poles and zeros other than pgsg and
zEsg, it can be concluded that Copr is not a factor affecting the PSRR. This is based
-on an assumption that Coyr is larger than all parasitic capacitances in the circuit,
which is always valid.
Based on equations, the typical PSRR plot is obtained and shown in Fig. 2.2. It is
noted that the transfer function shown in (2.2) is accurate up to the frequency of zs.
In fact, it is hard to perform accurate analysis in the frequency domain after z3 due to

the complicated relationship interacted by the parasitic capacitances of the power
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transistor and the control circuit. Therefore, the study of the PSRR of a LDO
presented in this chapter is focused up to the frequency of z3 only (i.e. the shaded
region in Fig. 2.2), but it is sufficient for general wireless communication
applications with signal bandwidth of about 10 MHz to 30 MHz. In the next section,
detailed analysis of the PSRR of a LDO with different design parameters such as

Roka, Ae4s Resr and Ip will be given.

PSRR

frequenc
0dB . 2

20logA,

ZESR

Fig. 2.2 Typical plot of PSRR vs. frequency of a generic LDO.

2.2 Analysis of LDO Circuit Using Proposed Modeling

In order to have a more realistic picture of the analysis, a circuit in the transistor level
is used to verify and make conclusions of the analysis. The circuit implementation of
- the LDO under the PSRR test is illustrated in Fig. 2.3. The error amplifier and the
voltage buffer are formed by Mai-Mag and Mgo-Mgi, respectively. The error
amplifier is a current-mirror amplifier with a wide output swing. The voltage buffer
is a source follower implemented by a PMOS transistor only with the bulk terminal
connected to its source terminal to avoid signal injection from the supply via the bulk

terminal. Moreover, the simulated signal injection is from an AC voltage source, Vin,
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so that the connection allows signal-injection-free voltage supplied to the error
amplifier and the voltage buffer, and provides signal injection to the power transistor
Mpr simultaneously. The LDO circuit is simulated using the BSIM3v3 models of
austriamicrosystems (AMS) CMOS 0.35-pm technology (with Viw=33V,Vp=3YV,
Io =100 mA, Coyr= 10 pF and Rgsz = 0.1 Q) to investigate the effects on the PSRR

of the LDO under several conditions such as different Rog4, A£4, Re and Ip.

Fig. 2.3 A generic LDO used to investigate PSRR.

A. Impact of Rog4 towards PSRR

From (2.3a) and (2.4b), the value of Rog4 would affect the position of z; as well as the
Q-factor of p,. Certainly, the value of A;r also closely relates to it. Based on this
observation, some simulations with different Roz4 are carried out. The approach to
- change Rog4 is to have more parallel-connected transistors to Ma7 and May so that the

bias current can be increased. According to the well-known relationship between the
output resistance of a transistor (,) and drain current (Ip) given by r, (I L), itis

found that Rogs can be altered by this approach. Certainly, the value of Cogs Will be
changed as well, but it is less than the gate capacitance of Mg in general situations

and so the change can be neglected.
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According to (2.3a) and (2.4b), when Rog4 is small, z; will be increased and shifted
to higher frequency. The location of p, will remain nearly unchanged, but with a
smaller O-factor which means that the sharpness of the frequency peak is reduced. It
is noted that the effects to the O-factor of p, by Rors are not strong due to the
square-root relationship.

The simulation result with two different Rog4 is shown in Fig. 2.4. The change of
Roga is from 15.8 MQ to 6.3 MQ. A smaller Rog4 results in degraded A, z1 locating
at higher frequency, and the reduced sharpness of the frequency peak, while p, is

located at about the same frequency. The results match with the said theory well.
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Fig. 2.4 PSRR with two different Rog4.

From the study, as well as the simulation, it is found that a higher Rog4 undoubtedly
provides a better PSRR at low frequency. However, the PSRR in the moderate
frequency range (i.e. at about 1 MHz) is seriously degraded. In fact, from the
simulation result, Rog4 does not cause a significant impact for gaining a better PSRR.

Three critical parameters concerning PSRR will be discussed in the next sub-sections.
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B. Relationship between PSRR and Ag4

After the study of Rogs which is a parameter related to the error amplifier, the gain of
the error amplifier is studied. To investigate the impact of the gain of error amplifier
to the PSRR, one of the methods is to change the output voltage level of the error
amplifier. Since Vsg of Mpr is fixed for a fixed output current, the change can be
made by different Vsc of Ma;. Therefore, different bias current applied to Mg, can be
used to study this phenomenon.

When the output voltage of the error amplifier is in the middle of the supply voltage,
Ags should be the highest since both Ma; and Mag can have a large Vps
simultaneously. However, when Vs of Mg, increases, Ma7 will have smaller Vps and
so its conductance is increased. As a result, A4 is decreased and this increases Arr.
The increased A means the output of the LDO is more sensible to the change of the
input voltage (i.e. the worse PSRR). As a result, Ag4 is preferred to be large for
getting a better PSRR from low to moderate frequency, which can be verified by the

simulation results shown in Fig. 2.5.

0 l :
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Fig. 2.5 PSRR under two different 4z4.
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C. Influence of PSRR under different Rgsg

In this sub-section, the effect of the off-chip capacitor is studied. It is stated in Section
2.1 that both pgsg and zgsg cancel each other. As a result, the Coyr term does not
appear in (2.2). However, the Rgsg term seriously affect the PSRR, especially at high
frequency.

Refer to (2.4a) and (2.4b), a larger Rgsr would cause p, to higher frequency with a
larger Q. This can be ascertained from the simulation result shown in Fig. 2.6. The
curve with Rgsg of 0.3 Q does have a sharper peak locating at higher frequency, when
compared to that with a smaller Rgsg of 0.1€. Although a larger Rgsg benefits from
pushing the complex poles to higher frequency, the larger Q-factor would cause a
serious degradation in the PSRR of the LDO. Therefore, O-factor should have a high
priority over the location of p, when choosing the Rgsg. In that case, a smaller Rgsg
would be more favorable in obtaining a better PSRR. In addition to the smaller
O-factor, smaller Rgsg also demonstrated a better PSRR in the moderate to high

frequency region.
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Fig. 2.6 PSRR under two different Resg.
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D. Characteristic of PSRR under different o
Finally, the effect due to the power transistor is investigated. At low frequency, the
impedance of the power transistor is extensively improved by the feedback loop.
Therefore, the output voltage of a LDO is well-regulated. However, at moderate
frequency, the feedback loop is no longer effective due to the finite loop bandwidth. It
is not hard to understand that the high-frequency conductance of the power transistor
is a dominant factor to affect the PSRR in the moderate frequency range. Since the
size of the power transistor is determined by the maximum output current and IC
technology, the output current alters the high-frequency conductance of the power
transistor. From (2.4a) and (2.4b), when Ip decreases and g, is decreased, p, will be
shifted to a lower frequency than z;, with a smaller Q to give a better PSRR.

The PSRR of the LDO at [p = 0 A, 1 mA, 10 mA and 100 mA are simulated with
results shown in Fig. 2.7. The worst PSRR happens at the maximum loading current,
whereas the best case is at minimum loading current. When investigating PSRR of a

LDO, the maximum loading case should be considered for the worst-case analysis.

PSRR (dB)

-100 I '. . 1 l

Frequency

Fig. 2.7 PSRR under different Jo.
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2.3 Conclusion of Chapter

The PSRR of a generic LDO has been analyzed in this chapter. The poles and zeros of

the LDO have been investigated from the transfer function of the proposed modeling.

In addition, several design parameters affecting the PSRR have been studied in detail.

The conclusions made are

1. A higher Rogs undoubtedly provides a better PSRR at low frequency. However,
the PSRR in the moderate frequency range is degraded seriously.

2. Ags and Rgsg take a significant role on improving the PSRR. A larger Ag4 could
gain a better PSRR at low to moderate frequency, while a smaller Rgsg could
achieve PSRR enhancement at moderate to high frequency.

Finally, the worst PSRR happens at maximum /o.
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Chapter 3

An Output-Capacitorless LDO with
Direct Voltage-Spike Detection

Introduction

Transient response is a critical dynamic specification in LDO design. Both the
amplitude of the voltage spike and the recovery time of the regulated output voltage
affect its overall accuracy, which indirectly impacts the performance of the circuits
supplied by the LDO. In fact, the transient response of a LDO is related to different
design parameters such as the closed-loop stability, the loop bandwidth (BW) and
the slew rate at the gate of the power transistor (SRc) [1]-[5]. The closed-loop
stability and By are small-signal parameters related to the positions of the poles and
the zeros in the feedback system, while SR is a large-signal parameter that depends
heavily on the magnitude of the bias current [6]. Undoubtedly, typical measures to
optimize the transient response of a LDO are to increase the output capacitance, use a
low ESR capacitor, and increase the bias current of the error amplifier/voltage buffer
[1]. However, in the SoC design, it is expected to place an on-chip
output-capacitorless LDO adjacent to individual circuit blocks, so that the power
~supply of each circuit block can be optimized independently (i.e. accuracy,
magnitude, power-supply rejection and noise) to improve the overall performance of
the system [7]. The regulated power supplies are generated inside the SoC chip.
Under this circumstance, in the SoC design, the generic approach using external

capacitors is no longer useful to effectively reduce the voltage spike due to the

! The material presented in this chapter has been published in IEEE Journal of Solid-State Circuits:
“An output-capacitorless low-dropout regulator with direct voltage-spike detection” in Feb. 2010.
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non-zero bondwire inductance and the long power-line routings (i.e. RC delay).
Therefore, more power is needed to increase both BW; and SRg of the LDO to
suppress the voltage spike and reduce the recovery time.

Fig. 3.1 shows one reported LDO structure used in [8]-[10] to enable output
capacitorless LDO. The LDO structure is basically based on the flipped voltage
follower [11], which is a modified structure of the super source follower [6]. Vv is
the unregulated input voltage of the LDO. Mp is the power transistor, while Mc; and
Mc; form a folded error amplifier in the common-gate configuration [10]. The source
of Mc; detects the LDO output for comparing with a control voltage (Vser) defined at
the gate of Mci. An error signal is then generated at the gate of the power transistor
to achieve closed-loop voltage regulation by the negative feedback. The output
impedance of the LDO is reduced drastically by the loop gain of the shunt feedback
[6]. Since there is no large output capacitor in an output-capacitorless LDO, the shunt
feedback can push the pole created at the LDO output away from BW_ [10].
Generally, BW, is wide, as the dominant pole is a function of the gate capacitance of
the power transistor (Cpa), Which is much smaller than the value of the output
capacitance typically in the order of uF [8]-[10]. Thus, the transient response of the

LDO shown in Fig. 3.1 is dominated by the SRg limit.

Fig. 3.1 An output-capacitorless LDO reported in [8]-[10].
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There are several reported approaches to solve the problem, and the relationship

between the output current and the quiescent current is shown in Fig. 3.2.

Output current (/)
ﬂl
max. I,
time
0 -
Quiescent current ()
ﬂh
max. J, (a)
time
0 >
Quiescent current (Z,)
h
max. /, {\ (b)
min. Iq time
0 >
Quiescent current (1)
A
max. /, (c)
min. /, time

q »

0

Fig. 3.2 Relationship between the output current and the quiescent current of the
LDO (a) constant biasing [8] (b) dynamic biasing [9] (¢) current-efficient current
buffer [1], [12].

Hazucha et al. proposed to use heavy bias current of 6 mA, where the bias current is
~ independent of the output current as shown in Fig. 3.2(a), and connect a 600-pF
on-chip output capacitor to their LDO, implemented in CMOS 90-nm technology, to
deliver a maximum output current of 100 mA [8]. However, this approach is not
always applicable to the power-saving, chip-area-limited SoC designs implemented
in inexpensive technologies. In [9], Man et al. reported to use dynamic biasing, so

more bias current is used only at the transient instant when the output current is
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changed, as shown in Fig. 3.2(b). The error amplifier has a push-pull output stage to
inject and withdraw more current for charging and discharging Cpe during the
transient instant. The push-pull output stage is activated by a differential-input
common-gate amplifier. This approach enables higher bias current to solve the
SR-limit problem. However, the differential common-gate amplifier has limited
input common-mode range and, most importantly, limited bandwidth. The fast
changing voltage spike cannot be detected effectively by the differential
common-gate amplifier. As a result, more power applied to the amplifier is needed in
order to achieve significant improvement of the transient response. In addition, this
approach is not applicable when Vo is a small value. This situation happens when
providing an adaptive supply for a power-saving SoC design. Another approach is to
increase the bias current according to the magnitude of the output current [1], [12], as
shown in Fig. 3.2(c). This method is not as good as the adaptive-biasing technique
reported in [9], as the bias current remains high in the steady state when the output
current does not reach the minimum.

According to the brief review, it is obvious that the extra bias current is only
needed during the transient instant to solve the SRg-limit problem. It is not necessary
to keep the bias current high in the steady state. The adaptive biasing technique
reported in [9] enables this important advantage, but it suffers from the slow
response and the limited input rangé of the differential common-gate input stage. To
solve this problem, a simple and effective voltage-spike detection circuit applied to
the LDO structure shown in Fig. 3.1 is proposed in this chapter. The proposed
voltage-spike detection is based on capacitive coupling. The detection circuit makes
use of the rapid transient voltage at the LDO output to increase the bias current

momentarily. Hence, the transient response of the LDO can be significantly
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enhanced due to the improvement of SRg. Moreover, the small-signal response is
also improved by the capacitive-coupling feature.

In this chapter, Section 3.1 presents the small-signal and large-signal responses of
the output-capacitorless LDO. Section 3.2 introduces the proposed voltage-spike
detection circuit and its design details [13]. Experimental results are presented in

Section 3.3. Finally, the conclusion of this chapter is given.

3.1 Analysis of Output-Capacitorless LDO

Referring to the output-capacitorless LDO shown in Fig. 3.1, when the output current
of the LDO (Ip) suddenly increases (or decreases), the LDO cannot respond to the
change for decreasing (or increasing) the gate voltage of Mp to increase (or decrease)
its drain current instantaneously due to the finite B of the LDO [1]-[5]. When the
LDO is able to respond, the decrease (or increase) of the gate voltage of Mp is then
constrained by the limited SRg. Since an output-capacitorless LDO does not have a
large off-chip output capacitor to provide charges to the load circuit (or accept the
excess current from Mp) at the transient instant, Vo drops (or increases) dramatically
and a large voltage spike is generated.

In fact, the closed-loop small-signal response of the output-capacitorless LDO is
mainly determined by Mc, since AVo changes its Vsg to generate a small-signal
_ current for voltage regulation. As a result, the transconductance of Mc; should be
large in order to improve the small-signal response. This implies that more power is
needed to apply to the LDO to achieve faster small-signal response.

The output-capacitorless LDO undergoes large-signal response when there is rapid
and large change of Io. Fig. 3.3(a) and (b) shows the large-signal responses of the

LDO when Ip suddenly increases and decreases, respectively. When Ip rapidly
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increases, the LDO cannot change Vs of Mp instantaneously to provide current due
to the large Cpar, and this situation causes Vo to drop. The drop of Vo reduces Vsg of
Mg, and it causes Mc to cut off momentarily. Thus, Ipi4s2 — Ipiasi is the discharging
current of Cpar.

Similarly, when Ip suddenly decreases, the LDO cannot reduce Vsg of Mp
immediately and it makes Vo rise. The increase of Vo causes the drain voltage of Mci
to increase due to the property of the common-gate amplifier. Since the source
terminal of Mc, has low resistance (~1/gm), the increase of the drain voltage of Mci
is nearly the same as the increase of Vo. This causes Mc; to cut off momentarily.

Therefore, the charging current of Cpar i8 Iprasi-

(b)

Fig. 3.3 Large-signal response of the output-capacitorless LDO (a) undershoot (b)
overshoot.
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From the above analysis, both Igi4s; and Ipus2 determine SRg. Higher bias current
does enhance the transient response of the LDO, but this approach consumes
unnecessary power since there is no charge/discharge mechanism of Cps in the
steady state. Moreover, the discharging current of Cpar is Ipras2 — Igias1. Therefore, the
discharging capability of Cpe cannot be fully utilized by solely increasing /pi4s2-
Finally, the transistor size of Mp is very critical, since it determines the value of Cpar
or, in another point of view, the required amount of the bias current to solve the
SRg-limit problem. In 1-V or even sub-1V operation without low threshold-voltage
devices, a larger transistor size is needed to compensate the low Vg (the maximum
allowable Vsg of Mp) for delivering a large Io. Low and steady quiescent current is
not possible to achieve fast transient response of the sub-1-V LDO since Cpar is

extremely large.

3.2 LDO with Proposed Voltage-Spike Detection Circuit [13]

The proposed voltage-spike detection circuit will be introduced in this section. The

design and operation of the LDO with the proposed circuit will be discussed in detail.

A Structure and principle of operation of the proposed voltage-spike detection
circuit

Fig. 3.4 illustrates the concept of the proposed direct voltage-spike detection circuit.
The main idea of the circuit is to momentarily increase the bias current of the control
circuit of the LDO when voltage spikes appear at the LDO output in order to
overcome the problem of the SR limit due to the large Cpar of Mp. The circuit, in
fact, is a simple current mirror formed by M; and My, where I; and I, are the input

current and the output current of the current mirror, respectively. The major
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modification to this current mirror is the addition of two passive components, R; and
C; [14]. The voltage source VpuLse is used to demonstrate the voltage spike for

investigating the effect to the change of L.

— I - —
L —T C - time
R, S
|
Mlle‘L_\AN\ o I M2 ]1—’ ? r
V —p
__l= VGSI 1 :1 GS2 — time

Fig. 3.4 Current mirror with high-pass RC-network to momentarily increase the bias
current.

In the steady state, VpuLse remains constant, and so Vgs: is defined by Vs to give
I, = I,. However, as shown by the timing diagrams in Fig. 3.3, when the amplitude of
Vpurse changes from low to high (AV) instantaneously, the rapid voltage change of
Vpurse is coupled to the gate of M, directly due to the high-pass property of C;. In
addition, R; is chosen to be large for better isolation between M; and M, during the
change of Vpurse. As a result, when C; is chosen to be larger than Cgs; + Cgs2, the
gate voltage of M; is dominated by the coupled signal from C; in this instant, instead
of the DC voltage provided by R;. Thus, Ves2 is increased momentarily to increase I.

" The extra current (Al>) can be found from

12+Nz=ﬂ_"(jg"(z) ‘(Vc;sz"'AV_Vm)2
2 L )i a1

o (1) [ 4209 Vo)
2 L)

From (3.1), the magnitude of Al is extracted and is given by
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4 AV
AL = p1,Coy (T) .(VGSZ += =~V )AV (32)
M2

From (3.2), it is found that a larger W/L aspect ratio of the current mirror helps to
increase Al for injecting more transient current. When Vpyrse stays at a constant
voltage level (i.e. the steady state), C; is open-circuited and R; dominates. Thus, Vgs2
is defined by Vgs; in the steady state to make I, = I; once again. Similarly, when
Vpurse changes from high to low, the rapid AV is coupled through C; to the gate of
M, and the coupled voltage signal decreases Vgs2 to generate a smaller I,. From the
above analysis, the proposed direct voltage-spike detection circuit can provide auto
shutdown of the bias-current boosting.

Finally, the coupling effect is independent of the DC value (but is limited by the
breakdown voltage of the transistors) of Vpuwse (Curves 1 and 2 in Fig. 3.4) due to
the high-pass characteristic of the capacitor. Therefore, the proposed detection

method is suitable for detecting any output voltage level of the LDO.

B. LDO with the proposed voltage-spike detection circuit

The LDO presented in this chapter is formed by the proposed voltage-spike
detection circuit, a bias-current generator and a control-voltage generator [10]. Their
circuit implementations are shown in Fig. 3.5. Fig. 3.5(a) shows the modified LDO
structure based on the LDO shown in Fig. 3.1. Mup1, Mupz and Myps provide Ipusi to
" the LDO shown in Fig. 3.1, while Mpni, Mbn2 and Mpnz give Ipiss2. The coupling
capacitors, Cyp and Cpy, as well as two resistors, Ryp and Rpy, are included to the
LDO to form the proposed voltage-spike detection circuit illustrated in Fig. 3.4. One
of the two terminals of both Cyp and Cpy are connected to Vo to achieve direct
detection of the voltage spikes created at the transient instant. Moreover, the voltage

source Vsgris generated by the control-voltage generation circuit in Fig. 3.5(c).
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Fig. 3.5 Full circuit diagram of the LDO with the proposed voltage-spike detection
circuit (a) LDO core (b) bias-current generator (¢) control-voltage generator.
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The bias-current generator shown in Fig. 3.5(b) provides two bias voltages, Vaus,up
and Vs pn. To make the bias-current generator independent of the supply voltage,
the regulated output voltage of the LDO is used for the bias-current generation. As
shown in Fig. 3.5(b), Ipus is formed by R, M; and Vp, so that Igius = (Vo — Vsc.B)/Rp
where Vsgp is the source-to-gate voltage of M. Since Vo is regulated, Ipus is
supply-independent as Vscp is a constant when Ipys is once defined. A decoupling
capacitor (Cp) is used to stabilize Jpis. The accuracy of Cp is not important. It is 2 pF
only in this design, as the value of /ps is small and is about 1 pA in the LDO design.

The control-voltage generator shown in Fig. 3.5(c) is basically an amplifier with
negative feedback. It occupies nearly the same chip area as the error amplifier inside
a generic LDO. A temperature- and supply-independent reference voltage (VreF) is
provided by a voltage-reference circuit. The source-to-gate voltage of Mci (Vsq.ci) is
connected at the output of the LDO, so that Vo = Vser + Vsc,c1- Since Vser = VREF —
Vsc.c3 where Vsg,c3 is the source-to-gate voltage of Mcs, Vsc.c1 = Vsc.c3 is needed to
achieve Vo = Vrer. As a result, the transistor sizes of Mc; and Mc; are the same and

the current flowing through Mci and Mc3 are designed to be Ipis.

C. Principle of operation of the LDO with proposed voltage-spike detection circuit
This section includes the small-signal and large-signal analysis, as well as the
design details of the LDO with the };roposed voltage-spike detection circuit.

' C.1. Small-signal response
For the output-capacitorless LDO with the proposed voltage-spike detection circuit

shown in Fig. 3.5, the insertion of Cyp and Cpy (high-pass components) provides two

quick paths and skip Mc (a low-pass and bandwidth-limited component) to detect

AVo. The drop (or increase) of Vo is detected by Cyp to decrease (or increase) the
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gate voltage of Myp and subsequently decrease (or increase) the gate voltage of Mp
through the signal path formed by Muypz and Muyps. Similarly, Cpy also senses the
drop (or increase) of Vo to decrease (or increase) the gate voltage of Mpn: and finally
decreases (or increase) the gate voltage of Mp via the signal path formed by Mpx,
Mbpn3 and Mca.

The selection of the values of Cyp and Cpy, as well as Ryp and Rpy can be done by
investigating their corner frequencies and BW; of the LDO. Fig. 3.6 shows a simple
figure to illustrate the relationship. Since BW; of the LDO is low-pass and limited
while Cyp & Ryp and Cpy & Rpy are high-pass with the corner frequencies equal to
1/CypRyp and 1/CpnRpys it is designed to make the corner frequencies lower than
BW,. This approach does virtually extend the loop-bandwidth of the LDO, and it
makes sure that either the LDO itself or the proposed voltage-spike detection circuit
responds to the small-signal changes of Vp. The typical B, of a LDO with 100-mA
output capability is about 200 kHz to 1 MHz [1]-[5]. Assuming the corner frequency
is set to be 100 kHz, the required Cyp (Cpy) and Rup (Rpy) are 3 pF and 530 k€,
respectively. The accuracy and the matching of the values are not important, and so
Cyp and Cpy are implemented by poly-poly capacitor. They can be implemented by
MOS capacitors to reduce chip area in triple-well technologies. Ryp and Rpy can be

implemented by MOSFET or NWELL-resistor to reduce the chip area.

LDO loop bandwidth

overlapping
!
Frequency
voltage-spike detection
<+ —p-
1/RypCyps 1V/RpNCpy infinity

Fig. 3.6 Frequency range of operation of the LDO and the proposed voltage-spike
detection circuit.
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C.2. Large-signal response
The large-signal response is illustrated in Fig. 3.7, and the corresponding transient

responses of the drain current of Myp; and Mpy; are shown in Fig. 3.8.

Ryp :
Vasup O——\N—p—

M
col L

CDN 4‘%
” Rpy . |
BIAS, DN Mpni l Loy
Mpya

(b)

Fig. 3.7 Principle of operation of the proposed voltage-spike detection circuit (a)
undershoot (b) overshoot.

In Fig. 3.7(a), when Ip increases suddenly, Vo drops rapidly. The change is then
sensed by Cyp and Cpy, and is coupled to the gates of Muypi and Mpni. Due to

coupling effect of Cup, Vas of Myp; decreases, and thus the current of Muyps is
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reduced. At the same time, Cpy passes the change to the gate of Mpni. It leads to a
drastically and momentarily increase of Vs of Mpni to make Ipy increase. Therefore,
a push-pull output stage is formed by Myps and Mpns to discharge Cpar. When Vo is
regulated back to the nominal value, the bias condition of the circuit returns to the
normal. This shows the auto-shutdown feature of the proposed bias-current boosting.

Similarly, as shown in Fig. 3.7(b), when Ip suddenly decreases, Vo increases. This
change is coupled through Cyp and Cpy again to increase Vs of Myp; and reduce Vs
of Mpy; simultaneously. Therefore, a push-pull output stage is formed momentarily,
since Myps provides more drain current while Mpys gives less drain current. Cpar 1S
charged up to reduce the current provided by Mp to the load. The operation is

automatically shut down again when Vo returns to the steady state.

{L
IO
0 ; » time
V!
0 sesssune ..-..u.-...-.-:i ........... VI,\'
0 : > time
A H
Iy N
0 ; » time
A
IUP
0 -»>time

Fig. 3.8 Drain-current change of Myps and Mpys during the load transient response.
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Finally, as mentioned previously, Cp in Fig. 3.5(c) is used to maintain the bias
current during large-signal response. In Fig. 3.9, a simulation shows the change of Vo

not affecting Ip;4s much.

time

Fig. 3.9 Simulated change of Ipus under the change of Vo.

3.3 Experimental Results

The proposed voltage-spike detection circuit has been applied to a LDO design in Fig.
3.5 fabricated by austriamicrosystems (AMS) 0.35-um CMOS process. The
applications of the proposed LDO are for the analogue and RF parts in a SoC system.
In order to make a fair comparison.on the transient performance, a LDO without the
. proposed voltage-spike detection circuit is also implemented. The only difference is
that both Cyp and Cpy are removed to disable the detection circuit, while the circuit
structure, all transistor sizes and the bias current of both LDO designs remain the
same. Fig. 3.10 shows the micrograph of the LDO with the proposed detection circuit.
Table 3.1 summarizes the key information. The threshold voltages of the NMOSFET

and PMOSFET are about 0.5 V and -0.65 V, respectively. Since the threshold
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voltage of the PMOSFET is -0.65 V, the overdrive voltage is not high when the
supply voltage is low (e.g. 1 V). Therefore, the required transistor size of Mp is
30000 um / 0.35 um to provide high Jo. The chip area is 597 pm x 260 pm,
excluding the test pads. The chip area occupied by the control-voltage generator is
less than 2% of the overall chip area. The transient responses of both LDOs are
measured. Both LDOs do not need an off-chip capacitor to achieve stability. It is also
found that the LDOs are stable when the output parasitic capacitance due to the
power line, which is located at the output of the LDO, is non-zero (two cases are

tested: 100 pF and 1 nF).

Fig. 3.10 Micrograph of the LDO with the proposed voltage-spike detection circuit.

Table 3.1 Summary of the design parameters.

Technology AMS CMOS 0.35-um 2P4M
Vran ~05V
Vrup ~-0.65V
Power-transistor 30000 wum / 0.35 pm
size
Chip area 597 pm x 260 pm (excluding the test pads)
Output capacitor Not required
Stable even connected with a 100-pF or 1-nF
capacitor
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Fig. 3.11 shows the experimental setup to measure the load-transient response of
both LDOs. The minimum output current (lomin)) is defined by Ry, connected
between the LDO output and the ground, and so Iogminy = Vol/Rri- To define the
maximum output current (Jogmax)), Rr2 and an integrated NMOSFET (My) are used.
The purpose to integrate My on the chip for the measurement is to minimize the
associated parasitic capacitance and resistance for obtaining more accurate transient
results in the range of micro- or nano-second. The gate of My is driven by a signal
generator with a periodic square wave, so that My is turned on and off alternatively.
By applying a large gate voltage to My (3.3 V is used in the measurement), the
on-resistance of My is 55 m<, which is much smaller than Ry (12.12Q), and thus
the effect from My can be ignored. Thus, the value of the current flowing through
Ry is To(max) - Iogminy = Vol/Rr2. From Fig. 3.11, Vo is directly extracted and monitored
by the scope, while Ip is obtained indirectly from the node voltage V. Since Vx =
Vo — IoRy12, Vx < -Io. Therefore, the extracted Vy is scaled and inverted by the scope

to illustrate the transient change of /o.

V, (to scope)
' LDO
By l T omax) = Lo(min)
! RS 12.12Q
Vuvg_ Civ 1.2kQ | | Lomin Vy (to scope)
[ pulse train from signal generator

Fig. 3.11 Measurement setup to investigate the load-transient response.

Different combinations of the input voltage, the output voltage and the output
current are tested. The measurement results are shown in Figs. 3.12, 3.13 and 3.14.
The test cases are

1. V=14V, Vo=12V and Ippmz = 100 mA (Fig. 3.12)
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2. Vw=1V, Vo=0.8V and Ipma) = 66.7 mA (Fig. 3.13)

3. Vn=0.95V, Vo=0.7 V and Ipmay = 58.3 mA (Fig. 3.14)
The quiescent current and the current efficiency of each case are shown in Table 3.2.
The reason for the difference of Iopmay) at different Viy and Vp is that the values of Ry,
and Ry, are fixed in the measurement (as shown in Fig. 3.1 1). In fact, when the size
of Mp is fixed, Iogmax) is limited by Viv (due to the maximum allowable Vsg of Mp)
and it is also constrained by the dropout voltage (Vv - Vo). Therefore, at Vv = 0.95
V, the value of Iomay is the lowest and the required dropout voltage is 0.25 V.
Moreover, Fig. 3.5(c) shows that the quiescent current of the LDOs is a function of
Vo. Therefore, the quiescent current at Vo= 0.7 V is the lowest among the three test
cases. There is only 14 pA to drive the large Cpar of Mp with size of 30000 pm / 0.35
um. This implies the SR limit becomes more serious when Vo is lower. The above
results demonstrate the impact of the lower quiescent current to the transient

response of the LDOs with and without the proposed voltage-spike detection circuit.

; V, (with proposed circuit)
' p 4 o

bl =y 5 |
1\‘" IZOOmV/div\'----}----
——— 20us/div J | L
—
| f IzoomV/div f | V, (without
i \/ i prop. circuit) |
| 100mA
: e r | e
. . . . “« . ‘ .
l 1mA ; Io
I i

200 m\Vdiv 200 d 500 mVidiv

500Kk3
Fig. 3.12 Comparison of two LDOs with and without the proposed voltage-spike
detection circuit, where Vw=1.4V, Vo=12V, dIp/dt = 99 mA/1 ps.
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Fig. 3.13 Comparison of two LDOs with and without the proposed voltage-spike
detection circuit, where Viy=1V, Vo=10.8 V, dlp/df = 66 mA/1 ps.

V, (with proposed circuit)
RS E 1200mvzdiv - - B
L 50us/div y |
H ' ~
M ! ﬂ‘ o ‘
. | / 200mV/div
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== = srorrepers §83mA TFTETE TR TETE Fr=eT i e
if“ R R I D S
1 |

500 mvidr

Fig. 3.14 Comparison of two LDOs with and without the proposed voltage-spike
detection circuit, where Viy=0.95V, Vp=0.7V, dIp/dt = 57.7 mA/1 ps.

In Figs. 3.12, 3.13 and 3.14, the measurement results of the LDO with and without
the proposed direct voltage-spike detection circuit at different Vv, Vo and Iogmax) are

shown. There are three waveforms in each figure:
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1. Vo of the LDO with the proposed voltage-spike detection circuit (top)
2.V, of the LDO without the proposed voltage-spike detection circuit (middle)

3. Ip of both LDOs (bottom)
In all cases, Ip switches between the maximum and the minimum in 1 ps.

In Fig. 3.12, the measurement condition is Viv= 1.4 V, Vo= 1.2 V and Iogmax) = 100
mA. The quiescent current is 43 pA. The undershoot, the overshoot and the recovery
time of the LDO without the proposed detection circuit are about 420 mV, 200 mV
and 10 ps, respectively, while those of the LDO with the proposed circuit are about
70 mV, 70 mV and 3 ps only, respectively.

Similarly, in Fig. 3.13 (Viw=1V, Vo = 0.8 V and Iopnax) = 66.7 mA) and Fig. 3.14
(Vw=095V, Vo=0.7V and Iomay = 58.3 mA), the quiescent current in both cases
is reduced to 19 pA and 14 pA, respectively. The SRg-limit problem of the LDO
without the proposed detection circuit becomes more obvious. The undershoot of Vo
is about 420 mV, and the recovery time is more than 30 us (Fig. 3.13) and about 100
ps (Fig. 3.14). However, the LDO with the proposed detection circuit at different

conditions has no significant difference in the transient response.

Table 3.2 Summary of the measurement conditions of the LDO
with the proposed voltage-spike detection circuit.

Output Max. output Quiescent Current
Input voltage .
. voltage current current efficiency
L] Vo Io(max) IQ Io/(Ip + IQ)
14V 12V 100 mA 43 pA 99.957%
1V 0.8V 66.7 mA 19 pA 99.972%
095V 0.7V 58.3 mA 14 pA 99.976%
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3.4 Conclusion of Chapter

This chapter presented a direct voltage-spike detection circuit to improve the
transient response of the output-capacitorless LDO. The proposed detection circuit
consists of two high-pass coupling capacitors, which are able to detect the
fast-changing voltage spikes at the LDO output and adjust the bias current of the
control circuit momentarily to improve both the small-signal and large-signal
responses. The proposed circuit does not increase the quiescent current in the steady
state, and it solves the narrow loop bandwidth and the slew-rate limit problems of the
conventional LDO by applying a simple and effective modification to the LDO
circuit. Moreover, the accuracy of the values of the added components is not
important.

The measurement results have proven that the overshoot, the undershoot and the
recovery time of the LDO have been improved significantly by the proposed
voltage-spike detection circuit. Even though the threshold voltage of the power
transistor is high, the input voltage of the LDO is lower than 1 V and the quiescent

current is low.
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Chapter 4

A LDO with Impedance Adjustment
and Loop-Gain Boosting Technique

Introduction

Recently emerging low-voltage IC systems are driven heavily by rapid development
of the semiconductor technology. However, power consumption of modern IC
systems is not necessary to be low under a low supply voltage, since high chip
density provides opportunities to include more and faster functionality into a chip.
Hence, the power consumption, in contrast, is kept increasing. The growing trend of
high power consumption of the modern IC systems working under low supply
voltage implies that the current consumption is going to be large. When a LDO
provides a regulated supply voltage to the low-voltage IC system, the high
supply-current requirement makes the LDO design become extremely challenging
since it is not easy to suppress the output voltage spikes (AVp) of the LDO under
rapid and large load transient changes (Al7) during the switching between different
operational modes of the IC system. General practice is to make use of a large
off-chip capacitor at the LDO output (Cour) with low ESR (Rgsr), since a LDO has
non-zero response time (7;) which relates closely to the unity-gain frequency (UGF)
of the LDO loop-gain response. A larger Cour is helpful to supply transient current to
the load circuit when the LDO cannot respond to the rapid load changes. Moreover, a

smaller RESR can reduce the transient voltage spikes significantly. In fact, the

' The material presented in this chapter has been accepted for publication in IEEE Transactions on

Circuits and Systems—II: “A Fast-Transient Low-Dropout Regulator with Load-Tracking Impedance
Adjustment and Loop-Gain Boosting Technique” in Jun. 2010.
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magnitude of the output voltage spike is approximately given by

AV, ~ Aoyr T, +AI,R 4.1)
(0] r O““ESR

our

Fig. 4.1 shows the typical load transient response of a LDO with a fixed Coyr. The
smallest voltage spikes among the three cases can be achieved by a faster LDO
response and a smaller Rgsg. Moreover, the typical compensation strategy, as shown
in Fig. 4.2, is dominant-pole compensation with single pole-zero cancellation. The
zero (zgsg) is generated by the ESR of Cour to cancel the non-dominant pole p> [1].
The dominant pole (p;a) is inversely proportional to Cour [1]. When a larger Cour is
used, the UGF is reduced and so the response time is degraded, since the dominant
pole is shifted to a lower frequency (i.e. psp)- As aresult, including the concern of the
cost and the physical size of the off-chip capacitor, Cour is suggested to be small to
improve the response time, but it should be large enough to be able to achieve the
stable closed-loop LDO operation simultaneously. In fact, when Cour is reduced,
Rzsg has to be increased to generate the ESR zero at the same frequency to achieve
an effective pole-zero cancellation (i.e. zesr = 1/(CourResr)) [1]. 1t causes larger
transient voltage spikes. Therefore, there is a contradiction between the stability and
the transient-response improvement in the LDO design.

With regard to the above concerns, in this chapter, a 100-mA LDO compensated by
an off-chip, low-ESR, nano-range.output capacitor will be presented in Section 4.1.
The goal of the design is to achieve a fast transient response with small voltage
spikes. Section 4.2 will report the measurement results. Finally, a comparison with
some recently reported LDO designs using a low-ESR capacitor will be given in

Section 4.3.
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Fig. 4.1 Typical load transient responses of LDO (for a fixed Cour) with (a) a faster
response and a lower-ESR capacitor (b) a slower response and a lower-ESR
capacitor (c) a slower response and a larger-ESR capacitor.

Loop 4
gain

0dB

Fig. 4.2 Typical loop-gain responses with different output capacitances (the used
ESR values in both cases are different to maintain the same zgsg position).

4.1 Proposed LDO

The proposed LDO is shown in Fig. 4.3. It is formed by a LDO structure based on
the flipped voltage follower, which has been analyzed in [5] in detail. In Fig. 4.3,
Mepr is the power transistor, whereas Mc; is the common-gate error amplifier with a
folded structure formed by Mo;, Mo, and My, to have the output at node Y. This

structure includes a load-tracking impedance adjustment circuit formed by the
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diode-connected My; to change the impedance at node Z for the use of low-ESR
low-capacitance capacitor, and a loop-gain boosting circuit formed by Mos and Mg.
Details of the proposed techniques will be analyzed later in this section. Similar to
the design reported in [5], a control-voltage generator (i.e. to generate Vy to define
the gate voltage of Mc)) is formed by Ma;—Ma7 and Mca. The simple setup
composed of the reference voltage (Vrer), Rp and a diode-connected Mp; provides
the bias current to the whole circuit. It is noted that Cj is a filtering capacitor to keep
the bias current away from the effects of the coupling signals and noise.

VIN

ﬁl‘ﬁ{“’ MIE'“——“ 1 @F#M%—ﬁm e (_r;l

L‘ My, Vrer @ J_ =
MA3 é V. M VX COUT
Ry _’]X @”"EMM C'é"—

M, | | =_ I~ M, |l M,
s A n

.

Fig. 4.3 Proposed LDO structure.

Based on the analysis reported in [5], there are totally three left-half-plane (LHP)
poles and one LHP zero (the ESR zero). When referring to the ultimate goal to use a
low-ESR capacitor for improving the transient response, one of the non-dominant
poles and the ESR zero are locatea after the UGF due to the low ESR value, and so
they can be neglected in the analysis. Finally, the dominant pole of the proposed LDO
is given by [5]

1

b= 1 ]
Cour [(" wor !/ —J:l
ng 1

where 7,pr is the drain resistance of Mpr and gmci is the transconductance of Mci.

4.2)
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There is only one non-dominant pole left in the proposed design. It is given by [5]

1

P =
1 |
CgsPT +ngPT[l+ngT(roPT I —’):\ ("os el —_)
8mci Emr

where Cgopr and Cgapr are the gate-to-source and gate-to-drain parasitic capacitances

(4.3)

of Mpr, respectively. Since Mpr is not small, both Cgepr and Cgspr cannot be
neglected in the analysis. From (4.3), it is found that p, relates to the
transconducatance of Moy (i.e. gw7). When referring the connection of Mgy in Fig. 4.3,
it detects the source-to-gate voltage of Mpr directly. As a result, the drain current of
My is proportional to o, and this makes p, located at a higher frequency when Io
increases.

Fig. 4.4(a) shows the conceptual diagram of the loop-gain response without Mo
When I, increases, the output resistance of the LDO decreases and so the loop gain is
reduced for higher Ip. Moreover, according to (4.2), p1 is shifted to a higher
frequency, while p; remains unchanged if Moy is not included in the design. As a
result, both p; and p, are located before the loop-gain UGF, and the LDO is not
absolutely stable within the full range of /o.

However, as shown in Fig. 4.4(b), the overall loop gain is dramatically reduced due
to the impedance reduction by the diode-connected My7. Thus, Mos and Mo are added

to compensate the loop-gain loss. As a result, the loop gain is given by
—gmp(ropzl/gmc{l)g,,,c](roz//ro4)gm6(ro5//r06//gm7'1), and so the UGF is given by

80, ucr s /1T N1 117,11 821
C'OUT

UGF =

(4.4)

As shown in Fig. 4.4(c), both the loop gain and the UGF are improved. The condition
to select the value of Cour is to ensure p; always locating after the UGF in the

maximum Ip condition. The design of the gate size of Mos is important so that the
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parasitic effect at node Y will not generate a pole locating before the loop-gain UGF.
From a circuit simulation, it is found that 7,2 = 2.19 MQ, 704 = 1.86 MQ and Cg =
38.84 fF. The pole at Y is located at 4.07 MHz which is higher than the UGF of about
{ MHz. This result shows that the pole created at node Y does not affect the phase

margin of the loop gain.

Loop L°‘_’91 Loop
gain W l Pi.... gain gain o
e’ o @

loop gain —»
improved

loop gain—»
drops  0dB

0dB

Zssn?"'*m.

() (b) (c)
Fig. 4.4 Conceptual diagrams of the loop-gain responses when (a) without My7 (b)
with M7 and without Mos & Mg (¢) with Mos, Mos and Mo7.

Moreover, the large-signal response of the proposed LDO is not a limiting factor to
the response speed in this design, since the slew rate at node Z (due to the large gate
capacitance of Mpr) is not limited in this structure. When Vp is deviated from the
preset value, the gate voltage of Mpr will be adjusted by the feedback. Mps and Mge
are responsible to drive the gate cépacitance of Mpr to achieve the adjustment. Since
the pole created at node Y should be at a high frequency to ensure the closed-loop
stability, the size of Mos is not large. However, the dynamic discharging current by
Mos is not small, as it is now mainly determined by its gate-to-source voltage which
has a dynamic range between Vv — Vspoa(sat) and Vpsusar. Thus, the discharging of

node Z is not a problem towards the response time of the proposed LDO. On the
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charging side, the extra current from M7 does help the transient response at node Z.
Due to the above considerations, the design of the steady-state bias current for Mos

and My does not need to be high.

4.2 Experimental Results

The proposed LDO is implemented in austriamicrosystems (AMS) 0.35-pm 2-poly
4-metal CMOS Technology. The micrograph is shown in Fig. 4.5, and the chip area

is 250 pm x 128 pm (0.032 mm?), excluding the test pads.

Fig. 4.5 Chip micrograph of the proposed LDO.

A summary of the LDO specifications is listed in Table 4.1. The threshold voltages
of the NMOSFET and the PMOSFET in the used technology are about 0.5 V and
-0.65 V, respectively. The LDO regulates the output voltage at 1.2 V from a supply
ranging from 1.5 to 3 V, whereas the load current is from 0 to 100 mA. As will be
proven by the measured load transient responses shown in Figs. 4.7 to 4.12, the
proposed LDO is stable when Cour = 100 nF, and it is also stable in a wide range of
Cour ranging from 100 nF to 10 uF. The ESR of the used capacitors are tabulated in
Table 4.2 and are in the order of tens or several mQ. This shows the stability of the

proposed LDO does not need the help from the ESR zero.
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Table 4.1 A brief summary of the proposed LDO specifications.

Technology AMS CMOS 0.35-um 2P4M
Vrun, Vrap about 0.5 V,-0.65V
Power-transistor size 9000 pm/0.35 pm
Chip area 250 um x 128 pm
Cour 100 nF — 10 pF

Table 4.2 Measured stable range of Cour and ESR.

Cour Intrinsic ESR Added ESR
100 nF 23 mQ
150 nF 15 mQ
200 nF 11.7 mQ
0.1-05Q
2.2 uF 5.1 mQ
4.7 pF 2.5 mQ
10 pF 2.4 mQ

Fig. 4.6 presents the quiescent current (Ip) against the output current. In no-load
condition, the LDO consumes 26 pA only. At the maximum output current (i.e. lo =
100 mA), although a higher bias current is used for impedance reduction by Moz, Ip

remains below 70 pA.

Io(hA)
70

60

50

40

30

20

10

0 20 40 60 80 100
Iy (mA)

Fig. 4.6 Relationship between Ig and Io.
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Some measured load transient responses of the proposed LDO are shown in Figs.

4.7 and 4.12. They are

Fig.4.7: Cour=100nF, Ip=0-100mA
Fig.4.8: Coyur=200nF, Ip=0-100mA
Fig.49: Cour=47pF, Ip=0-100mA
Fig. 4.10: Copr=100nF,  Io=1mA —100 mA
Fig. 4.11: Cour=2000F,  Ip=1mA 100 mA
Fig. 4.12: Cour=4.7pF,  Ip=1mA-100 mA

S ‘o b 9 B9 et

Both cases of Ip = 0 — 100 mA and Ip = 1 mA — 100 mA are included, as load

regulation cannot be accurately observed in the cases of Ip = 0 — 100 mA. The reason
is that the overshoot of Vp causes Cour overcharged, but Coyr is not able to be
discharged by the LDO internally due to the low bias current. The cases of 1 mA —
100 mA are included to observe the load regulation of the design. Moreover, in all
measurements, Io is switched between 0 (or 1 mA) and 100 mA within 100 ns.

In Fig. 4.10, when the LDO is connected with a 100-nF output capacitor, it shows
stable operation with response time faster than 0.2 ps. The undershoot and the
overshoot of Vo are 30.3 mV and 44.9 mV, respectively. The load regulation is 8
mV/99 mV. The fast response time of 0.2 ps implies the loop-gain UGF is high, but it
is the boundary condition of stability (since slight ringing is observed). When a
200-nF is used (Fig. 4.11), the response time is slightly more than 0.2 ps, but it shows
better stability (no ringing). The voltage spikes are similar to the case using a 100-nF
capacitor. This proves the design consideration for Coyr stated in Section 4.1.

Fig. 4.9 and Fig. 4.12 are the transient responses when using a 4.7-pF capacitor.
The voltage spikes are reduced to about 20 mV, as the larger capacitor provides more
transient current to the load. However, a larger capacitor degrades the response time,
as the loop-gain UGF is reduced significantly. The proposed design makes a 100-nF

capacitor sufficient to achieve fast response and small voltage spikes simultaneously.
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Finally, the stability of the proposed LDO is tested with an added ESR ranging from
0.1 to 0.5 Q. It is verified that the LDO is perfectly stable in all cases. When Coyr is
small (i.e. 100 nF, 200 nF, etc.), the ESR zero locates after the loop-gain UGF.
However, it still has slight effect to cancel ps, and so, for the case of using a 100-nF
capacitor, the slight ringing vanishes when the added ESR is ranging from 0.1 to 0.5
Q. Moreover, when Copr is in the order of pF, the UGF is reduced so that the ESR

zero does not affect stability since it is located far behind the UGEF.

1

. Copr=100nF - . v, Cour=100uF. {181V | . ! Y
oy e | . 1 e M :

o1 $zomvpv ‘ A | l ‘ $2omvory | [Isz )

l 65.3mV Vo : I

v T S B

: 10ps/DIV RV | } ’
o e ST | T b eoma Lo (Juooma  Ar<1003s
oA | ! | | Io 0A F\N <100‘;“ | ‘ \/ 0A Io

(a) (b) (c)

Fig. 4.7 Measured load transient response for Viy= 1.5V, Vo=12V,Ip=0to 100
mA, Cour = 100 nF, added Rgsr =0 (a) full view (b) zoom-in view of the undershoot
(c) zoom-in view of the overshoot.

Coor=2000F . | . " Cour=2000F. | Lis/DIV . | , ‘ V. 1
BT o (R e RSO SRR [ P |
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Fig. 4.8 Measured load transient response for Vv =15V, Vo=12V,Ip=0to 100
mA, Cour = 200 nF, added Resg = 0 (a) full view (b) zoom-in view of the undershoot
(c) zoom-in view of the overshoot.

Cyyr=4.TuF  Aaead oot Shed vandds | Coyr=4.TpF - ’ t 20mV/DIV
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Fig. 4.9 Measured load transient response for Viy= 1.5V, Vo = 1.2V, Ip=0to 100
mA, Cour = 4.7 uF, added Rgsr = 0 (a) full view (b) zoom-in view of the undershoot
(¢) zoom-in view of the overshoot.
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Fig. 4.10 Measured load transient response for Viy= 1.5V, Vo=12V,Ip=1mAto
100 mA, Coyr = 100 nF, added Rgsg = 0 (a) full view (b) zoom-in view of the
undershoot (¢) zoom-in view of the overshoot.
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Fig. 4.11 Measured load transient response for Viy=1.5V, Vo=12V,Ip=1mAto
100 mA, Coyr = 200 nF, added Rgsr = 0 (a) full view (b) zoom-in view of the
undershoot (c) zoom-in view of the overshoot.
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Fig. 4.12 Measured load transient response for Vw=15V,Vo=12V,I[p=1mAto
100 mA, Cour = 4.7 uF, added Rgsg = 0 (a) full view (b) zoom-in view of the
undershoot (c) zoom-in view of the overshoot.

4.3 Comparison

Some reported LDO designs utilizing low-ESR capacitor is summarized in Table 4.3.
For the designs reported in [2]-[5], the minimum value of the off-chip capacitor is 1
pF, but the proposed LDO can be stabilized by a 100-nF capacitor. The quiescent
current and the voltage spikes of the proposed design are not large when comparing

to the others. Finally, the proposed LDO has the fastest response time of 0.2 ps.
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Table 4.3 Comparison of some selected LDO designs using a low-ESR capacitor.

[2] [3] 4] [5]** This work
Technology CMOS CMOS CMOS CMOS CMOS
0.35-pm 0.35-pm 0.35-pm 0.35-pm 0.35-pm

Vin 2-5V 2-5.5V 2V 12-15V EELS =3V
Ip 53 pA 20 pA 27 pA 95 pA 26 pA
Cour 1 pF 1 puF 1 pF 1 uF 0.1 pF
REgsr 300 mQ low * low * 16 mQ 23 mQ
Alp 150 mA 200 mA 150 mA 50 mA 99 mA
AVo 130 mV 54 mV <70 mV 37 mV 449 mV
Mea;:lred ~1.2 ps NA *** ~0.4 ps ~0.8 ps ~0.2 ps

X The actual value is not available.

#%  Among the reported results in [5], Cour = 1 pF is the minimum capacitor value
with low ESR to stabilize the LDO circuit.

#%% Measured response time is not available.

4.4 Conclusion of Chapter

A low-voltage fast-response small-voltage-spike LDO with load-tracking impedance

adjustment and loop-gain boosting technique has been presented in this chapter. It

has been proven that it can be stabilized by an off-chip, low-ESR, nano-range

capacitor. The design is suitable for low-voltage high-current applications.
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Chapter 5

Conclusion and Future Work

In this thesis, the PSRR of a conventional LDO and two proposed fast-transient LDOs
for SoC applications has been introduced, analyzed and developed.

| For the PSRR analysis, the poles and zeros of the LDO have been investigated
from the transfer function of the proposed modeling. Several design parameters
affecting the PSRR have been studied in detail. It is concluded that higher output
resistance of the error amplifier provides a better PSRR at low frequency, but it
would degrade the PSRR in the moderate frequency range seriously. In addition, a
higher gain of the error amplifier and a smaller ESR can help improving the PSRR.
To be more specific, a larger amplifier gain could obtain a better PSRR at low to
moderate frequency, while a smaller equivalent series resistance could achieve PSRR
enhancement at moderate to high frequency. It is also found from the analysis that
the worst PSRR happens at maximum /o.

After the PSRR discussion, the proposed LDO without an output capacitor has
been discussed. The direct voltage-spike detection circuit has been introduced to
improve the transient response of the output-capacitorless LDO. The simple
detection circuit only consists of two high-pass coupling capacitors to detect the
fast-changing voltage spikes at the LDO output and adjust the bias current of the
control circuit momentarily to improve both the small-signal and large-signal
responses. The proposed circuit does not increase the quiescent current in the steady
state, and it solves the narrow loop bandwidth and the slew-rate limit problems of the

conventional LDO by applying a simple and effective modification to the LDO
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circuit. Moreover, the accuracy of the values of the added components is not
important. The measurement results have proven that the overshoot, the undershoot
and the recovery time of the LDO have been improved significantly by the proposed
voltage-spike detection circuit. Even though the threshold voltage of the power
transistor is high, the input voltage of the LDO is lower than 1 V and the quiescent
current is low.

Finally, the proposed LDO with a low-ESR output capacitor is discussed. With the
proposed load-tracking impedance adjustment, the gate of the power transistor
decreases greatly which enables the use of small output capacitor with small ESR.
Moreover, the loop-gain boosting technique has been added to raise the overall loop
gain of the circuit and enhance the transient response. From the experimental results,
it has been proven that the proposed LDO can be stabilized by an off-chip, low-ESR,
nano-range capacitor.

The future work is to further investigate the gain-boosting technique on improving

the stability of the LDO against process variations.
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