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ABSTRACT

This thesis presents work on the design of 1.5V, 100mA low-dropout (LDO) regulators
with fast transient responses in the IBMS8HP 0.13pm BiCMOS process. A conventional LDO
architecture intended for use in an RF system was implemented and measured. The design
of a printed circuit board (PCB) that is capable of measuring all pertinent characteristics
of the regulator is also presented. Measurements show that the conventional design achieves
a recovery time of less than 100ns with output voltage variations of less than 50mV. In
addition to the conventional design, a new output capacitor-free architecture is introduced
that can be fully integrated onto a chip. Simulations show that the output capacitor-free
design achieves a recovery time of less than 50ns with output voltage variations of less than

140mV.
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CHAPTER 1

INTRODUCTION

Voltage regulators are a critical part of most integrated circuits (ICs). As illustrated in
Figure 1.1, these regulators are responsible for providing a stable power supply to the loading
circuitry. The choice of the type of regulator depends heavily on the system in which the
regulator is operating. While switching regulators can exhibit very good efficiency, they also
produce a significant amount of noise that can cause sensitive analog and RF circuits to fail.
In these types of applications, linear regulators are typically employed for their low noise
performance. However, all linear regulators generate the desired output voltage by directly
dissipating the necessary power to account for the difference between input and output
voltages. For this reason, low-dropout (LDO) regulators were developed which maximize
power efficiency by minimizing the required input voltage.

For analog and RF applications, the transient response of the voltage regulator is critical
to ensuring the performance of the loading circuits. The transient response is an indication
of how fast the regulator can react to changes in the load current. A faster transient response
means less noise at the output, thus reducing the impact of the regulator on the performance
of the loading circuitry. For this reason, there is significant interest in the development of

fast-transient regulators for analog and RF applications.
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Figure 1.1: Typical Voltage Regulator Application

In addition to a fast transient response, the power supply noise due to crosstalk between
critical subsystems can be reduced by powering each subsystem with its own regulator as
shown in Figure 1.2. Unfortunately, conventional LDO regulators use a large external capac-
itance at their output to ensure stability and to provide a low impedance at high frequencies.
The inclusion of this external capacitance in the design requires significant area, both on the
chip and on the board, making it difficult to use multiple LDOs in a system. As a result of
this limitation, interest in output capacitor-free LDO regulators has been growing. These
regulators do not require the large output capacitor, and thus can be fully integrated onto
the chip, saving a significant amount of area. However, without the capacitor at the output
to provide a low impedance at high frequencies, there is a significant challenge in developing
output capacitor-free LDO regulators that can achieve a transient response on par with those
of the conventional design.

This thesis covers three main contributions. The first is a fast-transient LDO regulator
implemented in the IBMS8HP 0.13um process. This regulator is designed using a conventional
LDO regulator architecture with a large capacitor at the output to achieve a fast-transient

response. Measurements indicate that this design achieves output voltage variations of less
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Figure 1.2: Local Power Supplies Using Integrated LDO Regulators

than 50mV with a recovery time of less than 100ns. The second contribution is a printed
circuit board (PCB) designed to facilitate the measurement of all pertinent LDO character-
istics. This test setup is easily extendable to any regulator that utilizes an off-chip output
capacitance, and will facilitate the measurement of future regulator designs. The final con-
tribution of this thesis is the design and simulation of a novel architecture for an output
capacitor-free regulator that is capable of achieving a transient response almost as fast as
that of the conventional design. Simulations show that the output capacitor-free design
can achieve output voltage variations of less than 140mV and a recovery time of less than
50ns. The resulting regulator is suitable for a full-on chip implementation to drive high

performance analog or RF circuitry.



The organization of the thesis is as follows. Chapter 2 gives some background on linear
regulators, the conventional LDO regulator architecture, and recent advances in output
capacitor-free designs. Chapter 3 covers the implementation of the conventional architecture
in the IBM8HP 0.13um BiCMOS process, as well as the test setup used to characterize the
design. Chapter 4 introduces a new architecture for a fast-transient output capacitor-free
regulator, along with simulation results to demonstrate its capabilities. Finally, Chapter 5

concludes the thesis and provides suggestions for future improvements to this work.



CHAPTER 2

BACKGROUND

Linear regulators are responsible for providing a stable supply voltage to a load circuit,
regardless of how much current the load circuitry is consuming. As shown in Figure 2.1,
a regulator is comprised of a power transistor and a control feedback loop. The power
transistor is responsible for providing the necessary current to the load. The control circuitry
that implements H.,(s) is placed in a feedback loop to drive the power transistor such that
the output of the regulator is regulated to the desired voltage. For integrated circuits, the

load is typically a current source in parallel with a load capacitance.

2.1 Key Regulator Specifications

As a critical block for almost all integrated circuits, linear regulators have several speci-
fications that must be met in order to ensure the proper operation of the load circuitry. The

following sections define each of these specifications as used in this thesis.

2.1.1 Input Voltage and Load Current

The input voltage for integrated regulators is typically specified as the voltage, or range of
voltages, at which all the other specifications are met for the regulator. The minimum input

voltage is typically determined by the operating characteristics of the power transistor. That
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Figure 2.1: Block Diagram of a Linear Regulator

is, the input voltage must provide sufficient drain-source voltage to the power transistor, to
ensure that it can supply the maximum load current to the load. The maximum input
voltage is dictated by the process and type of transistors used to implement the circuitry
of the regulator. For instance, many processes offer thick gate transistors that can sustain
larger voltages before breaking down. Implementing the regulator circuitry using these thick
gate devices can allow for the regulator to sustain larger input voltages.

The input voltage specification also has a significant impact on the power efficiency of

the regulator. The power efficiency can be calculated as

Povr _ Vourlroap 2.1)
Prn Vop(Iroap + 1g)’ .

Efficiency =

where I is the quiescent current of the regulator as discussed in Section 2.1.5 [8]. As shown,
the efficiency is inversely proportional to the input voltage, Vpp. Thus, it is desired to
minimize the necessary input voltage to improve the efficiency of the regulator.

The load current is typically specified as a minimum and maximum load current, des-
ignated I,,;, and I,,.., respectively. For this range of load currents, it is expected that all

6
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Figure 2.2: Definition of Load Regulation

specifications are met for the regulator. Generally, some properties of the regulator, such as
load regulation, discussed in Section 2.1.2, will degrade when the load current is very low
and the power transistor is driven into the cutoff region. The maximum load current speci-

fication indicates the amount of current that must be sourced through the power transistor,

thus dictating its size.

2.1.2 Load Regulation

Load regulation is a measurement of the ability to regulate the output voltage over the

entire range of desired load currents. Figure 2.2 shows how load regulation is typically

measured for an LDO. The load current starts at the minimum value, Ij;;5, and the DC
output voltage is measured. Next, the load current is increased to the maximum value, Ip;4x

and the DC output voltage is measured again. The load regulation is then given as

A
Load Regulation = M. (2.2)
AlLoap
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Figure 2.3: Definition of Line Regulation

2.1.3 Line Regulation

Line regulation is a measurement of the ability to regulate the output voltage when the
input voltage changes. Figure 2.3 shows how line regulation is typically measured for an
LDO. The output voltage is measured for two different input voltages. In this thesis, the
change in input voltage is chosen as AV;y = 0.1V. The line regulation is then calculated as

AVour
AVin

Line Regulation =

(2.3)

2.1.4 Power Supply Rejection

Power supply rejection (PSR) is a measurement of the ability of the regulator to reject
variations in the input voltage. In linear regulators, applying a ripple to the input of the
regulator results a ripple out the output of same frequency and smaller amplitude as shown

in Figure 2.4. The PSR of a regulator is typically measured in dBs and is given as

PSR = 20log,, 29 (2.4)

UIN

PSR is similar to line regulation as discussed in Section 2.1.3, however PSR is a small-signal
AC measurement, whereas line regulation only measures DC variations.

8
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Figure 2.4: Definition of Power Supply Rejection

2.1.5 Quiescent Current

The quiescent current of the LDO is the amount of current consumed by the LDO that
is not supplied to the load. It can be used to determine the efficiency of an LDO. In battery-
powered applications, the battery life is more readily estimated by using the current efficiency
rather than the power efficiency as discussed in Section 2.1.1 [2,16]. The current efficiency

can be calculated as

ITovr  Iroap

Efficiency; = (2.5)

Iiv Iroap+ 1o

Thus, it is desired to minimize the quiescent current of the regulator to increase the current

efficiency, allowing for an increase in battery life.
2.1.6 Transient Variations

Transient output variations occur at the output of the regulator when the load current
is quickly increased or decreased. This causes undershoots and overshoots in the output
voltage, during which the sudden change in load current propagates through the control
loop. This is illustrated in Figure 2.5 for the case that the load current suddenly increases.

A similar issue occurs when the load current suddenly decreases with the transient variation
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Figure 2.5: Hlustration of Transient Supply Variation and Recovery Time

being opposite in magnitude. As shown, the supply variation, AVp, is defined as the peak
difference in output voltage when the load current suddenly changes.

Both the recovery time, Tg, and the settling time, T, can be used to characterize the
transient response of the regulator as shown in Figure 2.6. The recovery time is defined as
the time it takes for the output voltage to return to within AVg of the final output voltage.
In this thesis, AVy is defined as 1% of the final output voltage. It is important to note that
the recovery time does not consider the variation in supply voltage after it recovers to the
desired value, making it mostly useful for applications where only the absolute value of the
supply voltage matters. Alternatively, the settling time can be used to indicate the time it
takes for the output to reach its steady state value after the load current is switched. From

Figure 2.6, the settling time is given as
Ts =t + tra, (2.6)

where t,; is the time it takes for the regulator to respond to the change in load current, and
t.o is the time it takes to settle to within 1% - AV of the final value after the regulator

10
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Figure 2.6: Transient Variation Definitions

responds. The settling time is a more suitable metric for sensitive analog or RF applications
where any variations in the supply voltage can degrade the performance of the system.

In general, transient variations in LDO regulators have been shown to depend largely
on the bandwidth of the regulator, the slew rate of the internal nodes, and any capacitive
decoupling at the output [18,26,31]. The time for the regulator to react to the change in

load current is defined as t¢,; and can be approximated by

1
BWer,

trl ~

+ tor, (2.7)

where BW¢y, is the closed-loop bandwidth of the regulator, and t,. is the delay in the
regulator loop due to the finite slew rate of the circuitry. As discussed in Section 2.2, the

value of t,; largely determines the magnitude of the transient variation, AVy. The settling

11



and recovery times are mostly dominated by t¢,o, which is determined by all of the settling

characteristics of the regulator including the bandwidth, slew rate, and phase margin.

2.2 Conventional LDO Regulator Architecture

Conventionally, LDO regulators have been designed using the architecture shown in Fig-
ure 2.7. In this architecture, the power transistor, Mp, supplies the necessary current to the
load. The use of a PMOS device as the power transistor allows the regulator to operate at
input voltages as low as Voyr + Vpsarp, where Vpsarp is the drain-source voltage that is
required to maintain the power transistor in the saturation region over the desired load cur-
rent range. The amplifier, often called the error amplifier in LDO regulators, compares Vppg
with the output of a bandgap voltage reference, and adjusts the gate voltage of the power
transistor such that Vpg = Vpg. Thus, the output voltage can be controlled by choosing

Rrp1 and Rppy such that
Rrpy + Rrpa _ Vour
Rpp2 Vee

(2.8)

As discussed in Sections 2.2.1 and 2.2.2, a large external capacitor, C,, is used to stabilize the
regulator and improve the transient response. This capacitor will exhibit a nonzero equivalent
series resistance (ESR), denoted as Rpsg in Figure 2.7. This ESR can significantly impact
both the stability and transient response of the regulator, and as such, must be considered

when designing a regulator that uses the conventional architecture.
2.2.1 Stability

The conventional LDO regulator architecture, shown in Figure 2.7, can be viewed as a
two stage amplifier, with the error amplifier forming the first stage and a power transistor

with feedback resistors forming the second stage. This indicates that the uncompensated

12
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Figure 2.7: Conventional LDO Regulator Architecture

regulator will have at least two significant poles and may be unstable. Thus, the poles and
zeroes of the regulator must be carefully designed to ensure its stability [10]. Figure 2.8a
shows the poles and zeroes contributed to the loop gain by each node in the regulator. As
shown, the regulator exhibits a large amount of poles and zeros that can make stability
difficult to achieve.

Figure 2.8b shows the relative placements of the poles and zeros in the conventional
design, where the poles and zeros are approximated using the effective resistance and capac-
itance at each node [30]. The large external capacitor, C'p, creates a dominant low frequency

pole at the output of the regulator. This pole can be approximated as

13



® : poles Gain (dB)
: zeros
Bandgap | Vse é O] ’ ’
Faran e - Wp1 Wp2 Wp3 Wpa A
Reference 3Q l': Mp ’ Freq 0
+ 0 Wz wepw 72
O2 Pole-Zero Placement
. 0 Freq
Cuasp Vour
79
REesr
g Rrp1
4Q Phase (°)
Vin I Cr 180°
§ Rrp2 L
0° - —— - Freq
External Wpt W1 Wp2 Wp3
_ waBw
(a) Corresponding Nodes for Poles and Zeroes (b) Bode Diagram

Figure 2.8: Pole-Zero Placement of the Conventional Architecture

where Royr = (Rpp1+ Rrp2) || Tasp is the effective resistance at the output of the regulator,
and rg.p is the drain-source resistance of the power transistor. Over the range of valid load
currents, rqsp can change by more than an order of magnitude, causing w,; to be largely
dependent upon the load current. Such a large deviation in the location of the dominant
pole makes the stabilization of the regulator non-trivial.

Another non-dominant low frequency pole is created at the gate of Mp due the large

gate-source and gate-drain capacitances of the transistor. The pole can be approximated by

I — (2.10)

where Rg 4 is the output resistance of the error amplifier, and Cgp is the effective capacitance
at the gate of the power transistor. This pole will create additional phase shift than can
render the regulator unstable if it is not carefully designed. If needed, wp; can be moved to
higher frequencies by inserting a voltage buffer to drive the gate of Mp, [2,7,31]. Rather

14



than increasing the current consumption of the regulator to push wy to higher frequencies,
the effects of wyy can be canceled by placing a nearby zero as discussed later in this section.
Additional poles are formed at Vip as well as at the internal nodes of the error amplifier. To
ensure stability, these poles must be placed at frequencies much higher than the unity-gain
bandwidth of the regulator.

The conventional architecture contains two zeros that affect the stability. The ESR of

the external capacitor will form a left-half-plane (LHP) zero that can be approximated by

1

—_— 2.11
RpsrCL ( )

Wyl =~ —

This zero can be placed near wpy, such that the pole and zero cancel, as shown in Figure 2.8.
However, the designer has little control over Rgsr, making pole-zero cancellation a non-
trivial task. If w,; < wpe, a bandwidth extension will occur that may move the unity-gain
frequency past the other high-frequency poles. On the other hand, if w,; moves to higher
frequencies such that w,; > wys, excess phase shift will occur for the frequencies between
the pole and the zero, resulting in degraded stability. Thus the regulator must be designed
such that variations in Rggr can be tolerated without becoming unstable. Alternatively,
improvements to the conventional architecture have been proposed that generate an internal
low frequency LHP zero that can be used to cancel wp, however, this requires that w,; is
moved to high frequencies, which may limit the maximum allowable value for Cp, [5].

The second zero is located in the right-half-plane (RHP), and is formed by the gate-
drain capacitance of the power transistor, Cyqp. Because Cyyp appears across the gain stage
formed by Mp and the feedback resistors, it exhibits the well-known Miller effect [17, 30].
The Miller effect has three significant effects on the pole-zero frequencies in the regulator.
The first of these effects is a significant increase in the effective capacitance at the gate of
Mp, moving wy to lower frequencies. Second, due to the feedforward path from Vi to Vour,

15



wp1 Will move to higher frequencies. In other words, the separation between the dominant
and non-dominant poles will be reduced, degrading the stability of the regulator. The third
impact of the Miller effect due to Cyyp is an RHP zero, w,», that is also caused by the
feedforward path from Vg to Voyr. This zero can be approximated as

gmp

Wy A : (2.12)

ngP

where g¢,,p is the transconductance of Mp. For large load currents, g,,p will be very large,
placing w.o at high frequencies. However, as the load current is decreased, g,,p will also
decrease, moving w,, to lower frequencies. If w,s moves to frequencies close to that of
the unity-gain bandwidth of the regulator, the gain margin, and thus the stability, will
be degraded. Thus, care should be taken to ensure that the unity-gain bandwidth of the

regulator is much less than w5 for all loading conditions to ensure stability.
2.2.2 Transient Response

As discussed in Section 2.1.6, the transient variations of the regulator are determined
largely by the bandwidth of the regulator, the slew rate of its internal nodes, and any
capacitive loading decoupling at the output. The instant that the load current switches
from Ip;rn to Iprax, the control circuitry will have yet to react, requiring the difference
in load current to come directly from the capacitor. Furthermore, while the capacitor will
act as an AC ground at high frequencies, the voltage drop across Rgsr will immediately
appear at the output, due to the load current begin provided by the C';. Thus, the transient
variation do to a sudden change in load current is approximated as

N
AV, ~ %tﬂ + Al oapResr, (2.13)

L

where %,1 is the time it takes for the regulator to respond to the variation and is related to
the bandwidth of the regulator as discussed in Section 2.1.6, [27]. As shown in (2.13), Cf
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can reduce the transient variations by slowing them down enough for the control circuitry to
react to the sudden change. However, the minimum achievable performance will be limited by
Rpsr which is not easily controlled by the designer. It is important to note that the results
of (2.13) do not consider the response of the regulator after the load switch and before
t,1, making the equation a somewhat pessimistic approximation, however it still provides
fundamental insight into the transient response of the regulator.

Further insight into the transient response of the regulator can be obtained by analyzing
the output impedance of the conventional architecture using the simplified diagram in Fig-
ure 2.9. For this analysis, the control circuitry, comprised of the error amplifier and feedback
network, is simplified into the transfer function H.(s). For a fast transient response, the
regulator must exhibit a low output impedance at high frequencies to effectively mitigate
voltage fluctuations at the output due to sudden changes in the load current. The output

impedance of the regulator in Figure 2.9 is derived as

1
SOL + Hctl(s)ng .

Zovr = (2.14)

Again, it is clear that increasing C7, will reduce the output impedance at high frequencies,
thus resulting in an improved transient response. The dependence of the transient response
on the bandwidth of the control circuity is also shown in (2.14). As discussed previously, the
dominant pole created by the large external capacitance requires that the bandwidth of the
control circuitry is large to ensure the stability of the regulator. The use of high bandwidth
control circuitry is a distinct advantage of the conventional design over the output capacitor-
free designs discussed in Section 2.3. The result is that | H.;| will be larger at high frequencies,
yielding a lower output impedance, and thus an improved transient response.

As discussed in Section 2.1.6 the response time of the regulator, ¢,1, is largely determined
by the bandwidth and the slew rate at the internal nodes of the regulator [18,27]. This
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External

Figure 2.9: Simplified Representation of the Conventional Architecture

problem can be solved by increasing the current of the error amplifier such that the slew
rate is not an issue, however this can significantly degrade the efficiency of the regulator,
especially when the load current is low. The use of current feedback amplifiers to provide a
slew rate improvement [26,32] has also been proposed, however this technique is often limited
by voltage headroom and is still limited by the bandwidth of the amplifier during transient
voltage swings at the output. Another solution is to dynamically increase the bias current of
the amplifier when the load current is high [31]. Such a solution can increase the slew rate of
the amplifier, while providing a minimal impact on the efficiency of the regulator, however
it will only help when the load current is switched from low to high. When switched from
high to low, the bias current of the amplifier will decrease, thus degrading the slew rate.
Slew rate enhancement (SRE) circuits have also been proposed that momentarily in-
crease the amount of current during slewing conditions, without significantly increasing the
quiescent current [21,25]. These slew rate enhancement circuits can ideally sense transient

swings in the output voltage, and charge the slow internal node as fast as possible during
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such swings without significantly impacting the frequency response, and thus the stability,
of the regulator. In the conventional architecture, SRE circuits are typically used to charge

and discharge the large gate capacitance of the power transistor.

2.3 Output Capacitor-Free LDO Regulators

Although an output capacitor can be used to achieve fast-transient performance in LDO
regulators as discussed in Section 2.2, the use of the output capacitor severely limits the
ability to integrate multiple regulators on a single chip, as each regulator would require at
least one pin on the chip for the output as well as an external capacitor on the board that
is placed close to the pin. To solve these issues, output capacitor-free LDO regulators have
been recently developed [3,6,13,14,16,18-20,22-25]. These regulators remove the need for

an external capacitor, allowing the entire regulator to be integrated onto the chip.
2.3.1 Stability

To achieve stability in output capacitor-free regulators, a significantly different approach
is required than that of the conventional design. This concept is illustrated in Figure 2.10,
where the control circuitry for the output capacitor-free design is simplified into the transfer
function Hgyy,(s). The pole formed at the output of the regulator is located at a very high
frequency due to the low load capacitance, necessitating a dominant pole located at low
frequencies in Hgoy($). In other words, the output capacitor-free regulator is stabilized by
slowing down the control circuitry. This is a significant departure from the strategy of the
conventional architecture, shown in Figure 2.9, where the dominant pole is located at the
output, and high-bandwidth control circuitry can be used.

Although reducing the bandwidth of the control circuitry stabilizes the output capacitor-

free regulators, this can also severely degrade the transient response. Thus, a significant
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Figure 2.10: Simplified Representation of the Output Capacitor-Free Regulator

challenge in developing output capacitor-free LDO regulators is the creation of an internal
dominant pole, while maintaining the largest possible bandwidth. Much of the literature
involves compensation strategies similar to the pole-splitting techniques of multistage am-
plifiers [11,14,18,22,24,25]. The movement of many of the poles in LDO regulators over
different load conditions makes these types of compensation techniques more difficult than for
typical multistage amplifiers. To maintain stability over these conditions, techniques such as
damping factor compensation [20], Q-reduction for non-dominant poles [19], and gain reduc-
tion [16] have been developed to stabilize output capacitor-free regulators, while minimizing
the required internal compensation capacitance. Recently, output capacitor-free LDO regu-
lators based on the flipped voltage follower (FVF) have been proposed [3,7,13,23,27]. As
discussed in detail in Chapter 4, these FVF-based regulators remove the need for a high gain
error amplifier, reducing the number of poles that can potentially cause instability. However
these FVF-based regulators often suffer from several drawbacks that are discussed in detail

in Section 4.1.
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2.3.2 Transient Response

While the previously discussed techniques are able to effectively stabilize an output
capacitor-free regulator while improving its bandwidth, achieving a transient response com-
parable to that of conventional designs remains a challenge. The small load capacitance
will discharge very quickly after a large increase in current, making the first term in (2.13)
rather large. Because the load is integrated on the chip alongside the regulator, the ESR
effect in (2.13) can be mitigated, however this is typically insignificant compared to the fast
discharging of the small load capacitance. Furthermore, because stability is achieved by
placing the dominant pole in the control circuitry, effectively slowing the control loop down,
t,1 will be large compared to the conventional architecture, resulting in a degraded transient
response. This can be seen more clearly by noting the effect of removing the output capacitor
on the output impedance of the regulator. Ignoring the small load capacitance, the output

impedance in Figure 2.10 is derived as

1

Zou = 77 . -
! Hslow(s)ng

(2.15)

Thus, because the dominant pole is placed in the control circuitry, Hg,,, will exhibit a low
bandwidth, resulting in a large output impedance at high frequencies.

As with the conventional architecture, the slew rate of the control circuitry has a signif-
icant impact on the transient response of the output capacitor-free regulators. The issue is
even more severe in output capacitor-free regulators due to the placement of the dominant
pole in the control circuitry. The slew rate is typically the worst at the node at which the
internal dominant pole is placed [18]. In [14], the transient response of the regulator was
significantly improved by consuming about 6mA of current to overcome these slew rate is-

sues. However, in addition to the large amount of current the regulator in [14] is intended for
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microprocessors and exhibits insufficient load regulation capabilities for many other applica-
tions. The slew rate enhancement circuits discussed in Section 2.2 are also suitable for use
in output capacitor-free regulators [3,13,15,22,24]. Although slew rate enhancement circuits
can significantly improve the transient response of an output capacitor-free regulator, they
must sense the output voltage to detect when transient swings are occurring, before they
can react accordingly. The delay inherent to sensing the output voltage often inhibits their

ability to achieve transient performance on par with conventional regulators.
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CHAPTER 3

CONVENTIONAL LDO DESIGN

Many applications, especially RF systems, require linear regulators which exhibit a fast
transient response. Such regulators reduce the amount cross-talk between critical blocks,
improving the performance of the system. This chapter details the design of a fast-transient
regulator in the IBM 0.13um process and a test setup capable of thoroughly characterizing
the proposed regulator.

Table 3.1 shows the design goals for the proposed LDO regulator. Because this regulator
is designed for a nominal load of 100mA, the quiescent current specification of 3mA is fairly
relaxed. With the output capacitor keeping the transient variations at acceptable levels,
this current can be used in the error amplifier to obtain a bandwidth that is high enough to
ensure that the recovery time specification is met.

The input voltage range of 1.8 — 3V also poses a challenge. Voltage headroom suffers
when the input voltage is 1.8V, however an input voltage of 3V requires the use of thick
gate devices for many of the critical transistors which exhibit larger gate capacitance and
higher threshold voltage than the standard transistors in the process. This can make it more

difficult design the error amplifier and power transistor to achieve the desired performance.
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Table 3.1: Design Goals for the LDO Regulator

Parameter Specification Units
Input Voltage 1.8—-3 \Y
Max. Load Current 100 mA
Output Voltage 1.5 \Y%
Transient Variation +100 mV
PSR @ 100Hz < =55 dB
Recovery Time < 100 ns
Accuracy 3 %
Quiescent Current 3 mA
Load Regulation 20 mV /5
Line Regulation 1 mV fyy

3.1 Power Transistor and Feedback Network Design

The design of the power transistor and feedback network, as shown in Figure 3.1, are
critical to the performance of the regulator. Table 3.2 shows the designed component pa-
rameters for the power transistor and feedback network. The power transistor, Mp, was
designed to remain in saturation over the entire load current range. As shown in Figure 3.2,
this is not trivial to do with the limited headroom of the power transistor. The result is a
very large power transistor which makes the design of the error amplifier critical. However
the large size of the power transistor is necessary in this design to ensure sufficient loop gain
at high load currents. Furthermore, the drain-source resistance is higher in the saturation
region than in the triode region. This helps to keep the dominant pole at the output of
the regulator from becoming too high which could lead to instability. Increasing the size
of the power transistor too much will increase the current in the subthreshold region of the
transistor, making it harder to turn off under low load conditions. This can degrade load
regulation and power supply rejection depending on the minimum load current that the reg-

ulator is required to drive. In this design, a minimum load current of 5mA is used so that the
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Figure 3.1: Schematic of the Conventional LDO Design

current in the power transistor in the subthreshold region does not significantly impact the
performance when the load current is low. Below this minimum load current, the regulator
performance will degrade.

The feedback network was designed to ensure that the pole at Vg that is formed by the
feedback resistors and the input to the amplifier is well above the unity-gain bandwidth of
the regulator. Because the power transistor is so large, its drain-source resistance is typically
smaller than Rrp; and Rrps and as such, the feedback resistors do not impact the dominant
pole at the output of the regulator.

The output capacitor was also selected carefully to ensure the regulator is stable and
meets the transient specifications. A large capacitor is required to form the dominant pole
with the output resistance of the power transistor, however, larger capacitances often exhibit

larger ESRs. While the ESR is necessary to achieve stability, it must be limited to meet the
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Table 3.2: Component Parameters for the Power Transistor and Feedback Network

Component  Value Units
Mp 10/0.24  pm/pm
Rrp 4 k2
Rrppo 11 kS
CL 1 ILLF
Resr 0.5—2 Q

Bandgap | Vaa
Reference

Figure 3.2: Hlustration of the Minimum Voltage Headroom in the Regulator
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transient variation specifications as discussed in Section 2.2. It is also important to consider
other series resistances between the regulator and the output capacitor that add directly
with the ESR of the capacitor such as interconnect and bondwire resistance. While these
resistances may not have a significant impact on the transient variations, it could have a
significant impact on the stability of the regulator by moving the LHP zero that is created
by the ESR. Thus, the stability should be confirmed for a range of ESRs. The proposed
regulator was designed to ensure stability for ESR values of 0.5 — 20 by adjusting the pole

at the output of the error amplifier

3.2 Error Amplifier Design

Figure 3.3 shows the schematic of the error amplifier used in the proposed design. The
core of the amplifier is the differential pair formed by @), and ()5. The use of bipolar tran-
sistors for the input pair rather than MOSFETSs improves the transconductance of the input
pair, thus increasing the gain and bandwidth of the amplifier. Transistors M; — M, form two
source followers that provide the necessary current to the bases of the input pair. Without
these source followers, the input of the amplifier would draw enough current to significantly
impact the output of the bandgap voltage reference, thus degrading the accuracy of the
regulator. Transistor Mg creates the bias current with the bias voltage Vpp. The bandgap
voltage reference generates Vpp to create a proportional-to-absolute-temperature (PTAT)
current. Biasing the NPN transistors with a PTAT current yields a stable transconductance
over the entire operating temperature range so that the bandwidth of the amplifier does not
significantly change with temperature [17].

Transistors M9 — My, implement dynamic biasing for the amplifier. This technique was

first proposed in [31] as a means of improving the current efficiency at low load currents.
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Figure 3.3: Proposed Error Amplifier Schematic

Table 3.3: Component Parameters For the Error Amplifier

Component Value Units
Q1 — Q2 18/0.12 pm/pum
My — My 9/2 pm/ pm
Ms — My, My 10/1  pm/pm
M5 — Mg 10/1  pm/pm
M7, MlO—M13 10/]_ ,um/,um
Mg 10/5  pm/pm
My 10/0.24  pm/pm
Rs 3 k<
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M4 mirrors the current in the power transistor to the tail current of the differential pair
so that the current consumption of the amplifier is reduced for low load currents where the
current consumption of the error amplifier can be a significant portion of the total current
consumption of the regulator. Resistor Rg mitigates current offsets between My, and Mp
due to the finite output resistance of My4. Under high load currents, the power consumption
of the system is dominated by the load current as well as the dropout voltage, making the
increase in current consumption of the error amplifier negligible.

In this design, the dynamic biasing of the error amplifier provides additional benefits
to the regulator. The load transistors, M5 — Mgy are designed for the maximum biasing
conditions of the amplifier. Thus, at low load currents they are driven into the subthreshold
region, resulting in an increase in their drain-to-source resistances. Due to the large size of
the power transistor, the output of the error amplifier is very close to Vpp such that the power
transistor is sufficiently shut off. The high output voltage of the amplifier can degrade the
gain if Mg is driven into the triode region, thus the increase in the drain-to-source resistance
improves the gain under these conditions, allowing the regulator to maintain sufficient power
supply rejection and load regulation characteristics.

Furthermore, the increase in the bias current of the amplifier during high load current
improves the slew rate at the gate of the power transistor. As discussed in Section 2.2, the
slew rate at the gate of the power transistor can have a significant impact on the transient
performance of the regulator. The increase in current allows for a quicker recovery when the

load current swings from low to high currents.
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3.3 Bandgap Voltage Reference

The design of the voltage reference used in an LDO regulator is critical to the accuracy
and power supply rejection of the regulator. The reference voltage directly sets the output
voltage of the regulator, and as such any inaccuracies or power supply ripple in the reference
voltage are translated directly to inaccuracies and ripple at the output of the regulator.
While a detailed analysis of bandgap voltage references is outside the scope of this paper,
this section will cover the most important considerations of the voltage reference design used
in the proposed regulator.

Figure 3.4 shows the schematic of a conventional bandgap voltage reference that was
used in the proposed LDO regulator design [17,30]. Table 3.4 shows the parameters for each
component in the design. The core of voltage reference is formed by Q)3 — Q4, R1 — R5, and
M5 — M. The amplifier maintains equal currents in both legs of the core. The feedback
loop is stabilized by capacitor Cc. Transistors M7 — Mig and the resistor Rg form a startup
circuit that ensure that the bandgap enters the correct state when power is applied to the
circuit. Assuming Ry = Ry = Ry and R3 = Ry = R34, the output of the voltage reference

is given as

Ve =V, AV =V, — o
BG BE3 + R+ (Bs — ) BE BE1 T 7

AVpg, (3.1)

where Vpg, is the base-emitter voltage of ()3, and AVgg is the difference in base-emitter
voltages between Q3 and ()4. The first-order dependence of Vps on temperature can be
mitigated by adjusting R, 2 and Rs4. Rrp and Cpp form a low pass filter to improve power
supply rejection at high frequencies.

Figure 3.5 shows the schematic of the amplifier used in the bandgap voltage reference.

This amplifier is a simple differential pair with an active load. Transistors M3z — Mss form
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Figure 3.4: Bandgap Voltage Reference Schematic
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Table 3.4: Component Parameters for the Voltage Reference

Component Value Units
(3 — Q4 18/0.12  pm/pm
M15 —M17 ].0/5 um/,um
M21 - MQQ, M25 10/5 Mm/,um
Mg 0.7/0.7 pm/pm
Mg — My 10/5  pm/pm
Mys — Moy 10/2  pm/pm
Ry — Ry 11.9 k2
Rs — Ry 10 k2
Rs 3 k2
Rip 10 k(2
OLP 11.4 pF
CCl — ch 1.7 pF

a self-biasing tail current. This produces a tail current that is proportional to the currents
through both legs in the core of the voltage reference. Transistor My provides a startup
current for the self-biasing circuit, with Vgragr generated in the bandgap circuit as shown
in Figure 3.4. Transistors My, — Mg are sized to have identical gate and drain voltages as
M5 — Mg in the core of the reference generator shown in Figure 3.4. This reduces the input

offset of the amplifier that is caused by the finite output resistances of those transistors.

3.4 Layout

Figure 3.6 shows the layout of the proposed design. Table 3.5 shows the area of each
block of the regulator. Excluding the pads, the active area of the design requires an area of
about 0.34mm?, with the power transistor consuming the greatest amount of the total area.

The accuracy of the regulator is largely determined by the matching of all differential
pairs and current mirrors in the design. All such transistors were carefully placed to optimize

matching between corresponding transistors. The layout of the power transistor and traces
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Figure 3.5: Bandgap Amplifier Schematic

Table 3.5: Area Usage in the LDO Regulator
Component Width (um) Height (um) Area (mm?)
Power Transistor 750 200 0.150
Error Amplifier 200 150 0.030
Bandgap Reference 300 150 0.045
Total 750 450 0.340
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Figure 3.7: Schematic of the LDO Test Setup

that carry the load current is very critical to the performance of the regulator. Any resistance
on the Viy trace can reduce the voltage headroom, while resistance on the Voyr trace can
add directly to the load regulation measurement. In this layout, all available layers are used
to route these traces over the power transistor. Large traces are used in the top two layers to

carry the load current to the input and output pads, as these layers exhibit lower resistance

than the lower layers.

3.5 Regulator Test Setup

A printed circuit board (PCB) was developed to fully test the capabilities of the proposed
LDO. A schematic of the test setup is shown in Figure 3.7. This circuit has been designed

to support the testing of all LDO characteristics discussed in Section 2.1.
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Transistors M, — M, are power transistors that are used to switch between two input
voltages and two loads. These should be power transistors that are capable of passing 100mA
with a low on resistance.

The VIN_SEL signal controls the selection of input voltages, allowing for load regulation
measurements. The LOAD_SEL signal controls the selection of the load and allows for load
regulation and supply variation measurements. The values for Ry and Ry have been selected
such that the load current will be roughly 10mA and 100mA, respectively. C] is used for
decoupling with the minimal specifications shown in the figure. This capacitor will also be
present in the end-application.

To facilitate quiescent current measurements, the current sense circuit is added before
the input of the LDO. This circuitry will be necessary for accurate quiescent current mea-
surements, as the series resistance of the digital multimeter (often listed as the “Burden
Voltage” in the user manual) will cause a relatively large voltage drop at 100mA, affecting
the performance of the LDO. This particular LDO was designed to have a quiescent current
that varies with load current, so it is insufficient to simply measure the current consumption

with the load disconnected.
3.5.1 PCB Layout

Appendix A shows the schematic of PCB for the test setup. Figure 3.8 shows the layout
of the PCB. The PCB was designed in a single layer with all surface mount components
to ease production of the board. As shown in Figure 3.9, the LDO regulator die was wire-
bonded to the PCB. The five wirebonds in the top left corner of Figure 3.9 connect the input,

ground, and output of the regulator to the PCB. The lowest wirebond optionally connects
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Figure 3.8: PCB Layout for the LDO Test Setup

an RF amplifier that is also present on the die to the output of the regulator to test the

operation of the regulator under a more realistic load.
3.5.2 Test Setup Measurements

Using the proposed test setup, the LDO can be fully characterized with the exception
of the power supply rejection. The following sections discuss the methodology for each

measurement.

Quiescent Current

Figure 3.10 shows how the test setup in Figure 3.7 can be used to measure the quiescent
current. Both a constant input voltage and constant load are connected to the LDO while

the It spnse output is measured with a multimeter or oscilloscope. The I spnse output
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Figure 3.9: Wirebond Diagram for the LDO Test Setup

is provided by current sense circuitry, as shown in Figure 3.7, that measures the current
flowing into the LDO and provides a proportional voltage output. The LOAD _SEL input
can be used to switch between load currents of 10mA and 100mA to determine the quiescent

current at each operating point.

Load Regulation

The proposed test setup can be used to measure the load regulation as shown in Fig-
ure 3.11. The LOAD_SEL input is used to switch the load current between 10mA and
100mA, while the output voltage is measured with a DMM or oscilloscope. The change in

load current can be calculated as

Ve V.
Aloap = 3;7’2 — %]Tla (3.2)
9 1
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Figure 3.10: Measurement of the Quiescent Current

where Ry and R, are the resistors used to make the load in Figure 3.7 and Voyri and Voyrs
are the output voltage measurements that were taken (AVoyr = Vouri — Vourz). This
allows for the load regulation measurement to account for errors in the resistance values of

the load resistors, and removes the need for a current sense circuit in series with the load.

Line Regulation

The proposed test setup can be used to measure the line regulation as shown in Fig-
ure 3.12. The LOAD_SEL input is used to switch the input voltage between 1.8V and 1.9V
to achieve AV;y = 0.1V. The output voltage can then be measured for each of these input
voltages to determine AVppyr. For improved accuracy, the input voltage is measured at
VWin_sense to avoid errors due to the switching transistors and the current sense circuitry.
It should be noted that the line regulation measurement is limited by the precision of the
voltmeter or oscilloscope used to take the measurement. With AVpyyr the best measurable

line regulation is 1 — 2mV /v assuming the measurement device has a precision of 1uV.
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Figure 3.12: Measurement of Line Regulation
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Figure 3.13: Measurement of Supply Variation and Recovery Time

Transient Supply Variation and Recovery Time

The proposed test setup can be used to measure the supply variation and recovery time
of the LDO as shown in Figure 3.13. This measurement is very similar to the load regulation
test, except that transient data is taken rather than DC measurements. The LOAD_SEL
input is used to quickly switch the load between I,y and Iy;4x, and the output voltage is
measured with an oscilloscope. The supply variation can then be extracted from the output
voltage vs. time waveform as the peak change in output voltage. The recovery time can also
be extracted from the same waveform as the time difference between the load current pulse
edge and the time at which the output has settled to within 1% of the final value. This
test can be repeated with a high-to-low transition in LOAD_SEL to determine the transient

response to a sudden reduction in load current.
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Figure 3.14: Measurement of the Power Supply Rejection

Power Supply Rejection

The proposed test setup can be used to measure the power supply rejection as shown
in Figure 3.14. A small ripple is added to the input of the regulator, and the resulting
ripple at the output is measured. The power supply rejection can then be calculated as the
ratio in the amplitude of the output ripple to the amplitude of the input ripple as discussed
in Section 2.1.4. Unfortunately, this method of measuring the power supply rejection is
vulnerable to noise while measuring the small ripple at the output, and requires a function
generator that can source 100mA of DC current and a sine wave simultaneously. However
it is the method which uses the most readily available equipment.

The PCB presented here includes an additional method of measuring power supply rejec-
tion that uses a high power operational amplifier to combine the DC and ripple components,
allowing for the use of a spectrum analyzer to obtain the full power supply rejection curve

and removing the need for a function generator that can source large DC currents [28]. This
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requires a spectrum analyzer that has high impedance inputs and is capable of operation
at very low frequencies. This circuitry has not been tested due to the unavailability of the

required spectrum analyzer and thus will not be discussed further in this paper.

3.6 Results

The proposed LDO regulator was implemented in the IBM 8HP 0.13um BiCMOS pro-
cess. Figure 3.15 shows the simulated loop gain of the regulator for the FF corner with
Rgsr = 1Q. As shown, the regulator exhibits a loop gain of 83° when I, = 100mA. For
I, = bmA, the stability of the regulator degrades due to excess phase shift between 10kHz
and 100kHz, however the regulator maintains stability with a minimum phase margin of 50°.
The reduction in phase is expected, and is caused when the pole at the output of the error
amplifier moves to the left of the LHP zero due to the dynamic biasing of the amplifier.

Figure 3.16 shows the measured output voltage of the regulator. The regulator exhibits
load and line regulations of 92mV/a and 2mV /v, respectively. When the load is placed off-chip,
as in the test setup used for these measurements, the resistance of the bondwire degrades
the load regulation measurement. It is expected that when the load is integrated with the
regulator, the load regulation will improve in the absence of these parasitic resistances. As
discussed in Section 3.5.2, the line regulation measurement is limited by the precision of the
oscilloscope used to make the measurements.

Interestingly, Figure 3.16 indicates that the output voltage decreases as the input voltage
is increased above 2.2V. This is likely caused by the positive feedback created by the dynamic
biasing in the error amplifier. The DC power supply rejection can also be estimated from
Figure 3.16 as at least —54dB. A similar result was obtained by applying a 100mV,,, sine

wave of 100Hz to the input of the regulator and measuring the ripple at the output as
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Simulated Loop Gain of the LDO Regulator
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Figure 3.15: Simulated Loop Gain of the Regulator
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Measured Output Voltage Over Vi and Load Current Changes
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Figure 3.16: Measured Output Voltage of the LDO Regulator

discussed in Section 3.5.2. These methods of measuring PSR are limited by the noise and
precision limitations of the measurements taken from the test setup. For a regulator with
high PSR, the measured ripple at the output will not be much larger than the noise in
the system, significantly impacting the PSR measurement. Making the ripple at the input
larger can mitigate this issue by creating a larger ripple at the output, however, such a
measurement would include undesired large-signal effects which could further degrade the
precision of the measurement. Thus, it is possible that the power supply rejection is better
than the measured value, however the current test setup is unable to measure smaller values
of ripple.

Figure 3.17 shows the transient response of the regulator when the load current is switched
from 10mA to 100mA. Similarly, Figure 3.18 shows the transient response of the regulator
when the load current is switched from 100mA to 10mA. The overshoot and undershoot
due to the change in load current are limited to 40mV and 48mV, respectively. The output

voltage recovers to within 1% of the final value within 96ns.
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Transient Response to a 10-100mA Load Current Change
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Figure 3.17: Measured Transient Response to 10 — 100mA Load Change
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Transient Response to a 100-10mA Load Current Change
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Figure 3.18: Measured Transient Response to 100 — 10mA Load Change
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Figure 3.19: Startup Response of the LDO Regulator

Figure 3.19 shows the output of the regulator when the input voltage is switched on.
As shown, the turn-on time of the regulator is about 12us for both low-load and high-load

cases. Furthermore, there is no overshoot present at the output, indicating that there are

no stability or startup issues in the regulator.

A summary of the results for the regulator design is given in Table 3.6. Except for

the line regulation and power supply rejection measurements, which are limited by the
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Table 3.6: Summary of Measured Results

Parameter Specification Measurement Units
Input Voltage 1.8—-3 1.8—-3 \Y%
Max. Load Current 100 100 mA
Output Voltage 1.5 1.5 \Y%
Transient Variation £100 +40/—48 mV
PSR @ 100Hz > 55 54 dB
Recovery Time < 100 96 ns
Accuracy 3 2.2 %
Quiescent Current 3 1.04 mA
Load Regulation 100 92 mV /A
Line Regulation 1.7 2 mV fy

available precision of the test setup, the conventional architecture was able to meet all

design specifications for the regulator.
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CHAPTER 4

FAST-TRANSIENT OUTPUT CAPACITOR-FREE DESIGN

As semiconductor processing scales to lower process nodes, an increasing amount of cir-
cuits are being integrated onto a single chip. Consequently there is a desire to integrate more
regulators into such systems. This could allow several power domains that can be chosen
to best suit the circuits that each regulator is driving. Furthermore, providing independent
power domains to major blocks in sensitive circuits, such as those on an RF chip, can mitigate
cross-talk between those blocks, thus improving system performance. For these reasons, it
is desired to develop LDO regulators that do not need an output capacitor. Furthermore, to
be practical in high-performance applications, such output capacitor-free regulators should
exhibit performance on par with those of the conventional design.

The following sections propose an output capacitor-free LDO regulator design based on
the flipped voltage follower that is capable of achieving performance on par with conventional
LDO regulator designs. Section 4.1 provides a background on FVF-based regulators, while
Sections 4.2 and 4.3 improve upon previous FVF-based designs by improving the loop gain,
accuracy, and transient variations. Finally, Section 4.5 gives simulation results that verify

the performance of the design.
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Figure 4.1: Schematic of the Flipped Voltage Follower

4.1 Flipped Voltage Follower LDO Regulators

The flipped voltage follower, shown in Figure 4.1a, is an analog buffer designed for reduced
output impedance [4]. Transistor M; is placed in a cascode configuration with the bias
current, [, to form a gain stage. That gain stage is then used to regulate Mp to provide the
necessary current to Vpopr to ensure that the current through M; remains constant.

Assuming ¢,,174s1 > 1 and g,,prqsp > 1, the DC gain of the flipped voltage follower is
given as 1V/v. Ignoring parasitic capacitances, the output impedance of the flipped voltage

follower is determined as
1

Im1GmpPTds1

Zovr = (4.1)

Thus, the flipped voltage follower exhibits a better output impedance than the conventional
source follower by a factor of 1/g,.pre,;. Furthermore, it achieves this improvement without

additional quiescent current.
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Figure 4.2: Schematic of an FVF-based LDO Regulator

By generating the appropriate input voltage for the FVF, it can be used as an LDO
regulator [23]. The generation of this control voltage can be accomplished with the addition
of a mirror device and a voltage buffer as shown in Figure 4.2. Assuming M; and M, are
the same size, and ignoring their finite output resistances, the circuit in Figure 4.2 will set
Ve such that Voyr = Vrpr. The result is a very compact regulator that can be designed
such that it requires no external capacitor, and thus can be fully integrated on to a chip.

The design of the FVF becomes more difficult when used as an LDO regulator than in
typical analog systems. Section 4.1.1 analyzes the loop gain and accuracy of the FVF-based
regulator, while Sections 4.1.2 and 4.1.3 analyze the stability and transient response of such

regulators, respectively.
4.1.1 Loop Gain and Accuracy

Although the FVF-based regulator is a simple architecture, calculating an exact loop gain

by hand is a difficult task. Such an analysis would need to include the loading effects of the
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different parts of the circuit, resulting in complexities significant enough to usually relegate
this task to simulation [30]. To gain intuition into the design of the regulator, it is therefore
desired to develop an approximate analytical expression for the loop gain. Generally, this
is accomplished by breaking the loop at a node, applying a test signal to that node, and
determining the returned signal. However, breaking the loop at a node in such a manner will
remove the loading effects between the circuits on each side of the broken node. Thus, the
node at which to break the loop should be carefully chosen to ensure that the inaccuracies
due to the removal of these loading effects is negligible.

The use of a voltage or current as the test signal for measuring the loop gain should
be chosen to mimic the loading of the circuits on each side of the broken node. Generally,
a voltage source should be used for driving a high impedance node, and a current source
should be used to drive a low impedance node. For the FVF-based regulator, this choice is
not so simple. Figure 4.3a shows the FVF-based regulator with the loop broken at Vpour.
The impedance seen looking into Vpyr is the parallel of r4;p and the impedance looking into
My, which is approximately given as 1/g.,. At high load currents, r4sp < /g,.1, indicating
that a voltage source should be used to drive the test signal at Voyr [7]. However at low load
currents, rgsp is close to 1/g,.1, making a voltage or current source inadequate approximate
the load conditions between Voyr and V{51, thus resulting in excessive inaccuracies in the
determined loop gain.

Alternatively, the loop of the FVF-based regulator can be broken at the gate of Mp as
shown in Figure 4.3b. Because the gate of Mp presents a very high impedance, only a voltage
source should be used to drive the test signal. This configuration would ignore the effect of
Cysp as well as the effective Miller capacitance created by Cyqp. However, these parasitic

capacitances can be lumped together into one capacitance, Cgp, at the V% node as shown.
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Thus the poles caused by such capacitances will be included in the loop gain analysis. The
Miller capacitance will also create an RHP zero and move the non-dominant pole to higher
frequencies [17,30]. Due to the large transconductance of Mp, the zero will be located at
a frequency much higher than the unity-gain bandwidth of the regulator, thus making it
negligible. The movement of the non-dominant pole to higher frequencies will only improve
the stability of the regulator, making it safe to ignore for the purposes of this analysis.

Figure 4.4 shows the small signal model of the FVF-based regulator with the loop broken
at the gate of Mp as shown in Figure 4.3b. The output resistance of the current source is
modeled as r,. Assuming ¢,,174s1 > 1, the loop gain of the regulator can be determined
from the signal signal model as

p A
A, =26 . L,DC : (4.2)
Vg Gpest +aps+1

where Ar pe, api, and a,e are given as

A — _ 9mi1Tds1TdsPTb
L,bC ng Tds1+To+9mi1Tds1"dsP (43)

= —gdmpP [gml(rb || Tdsl)rdsP || rb]

ap1 = [(rdsl + gmlrdslrdsP) || Tb] CGP

Ta +r (44)
+ {ﬂ—b I 'f’dspl Croap
Im1Tds1
TasiTbTds
ap2 = bl CepCroap. (4.5)

Tds1 + 7o + Gm1Tds1TdsP

The frequency response of the FVF-based regulator will be discussed in detail in Section 4.1.2.
Assuming 7, is large compared to 74, the loop gain is optimistically determined by the
cascaded intrinsic gains of Mp and M;. This may be inadequate to achieve the desired
regulation specifications, especially at lower process nodes where the transconductance and
drain-source resistance of the transistors is degraded. As the power transistor is designed to

meet the load current requirement, the DC loop gain can only be increased by increasing the
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intrinsic gain of M;. This necessitates the use of high current and a large device to achieve
the desired DC loop gain.

The flipped voltage follower also suffers from limited voltage headroom, which can further
degrade the loop gain of the regulator. To keep transistor M; in saturation, the control

voltage is limited to
Vop — Vasar — 2V < Vo < Vpp — Visaer — Vasar1 — Vr, (4.6)

where Vs is the drain to source voltage required to keep the corresponding transistor in the
saturation region, and V7 is the threshold voltage of the transistors. Equation (4.6) indicates
that the flipped voltage follower has a valid input range of just Vi — Viysar1. Furthermore,
the load current at any given time will determine the value of Vs p, causing the upper and
lower limits of V¢ to significantly change with load current. Because Vi is set to achieve the
desired output voltage, transistor M; may enter the triode region when the load current is
low, resulting in a significantly reduced loop gain. To overcome this limitation, it has been
demonstrated that the gate of Mp can be driven with a source follower, as in the LSFVF.
Alternatively, an additional common gate stage can be used to drive the gate of Mp to form
a cascaded flipped voltage follower (CAFVF) as shown in Figure 4.1c¢ [29]. While the LSFVF
and CAFVF solve the voltage headroom issue they also incur higher current consumption
and add additional poles that may degrade the stability of the voltage follower.

The accuracy of the control voltage will have a large impact on the accuracy of the FVF-
based regulator. As shown in Figure 4.2, an additional voltage buffer and mirroring device
must be placed in between the reference voltage and the regulator loop. Any inaccuracies in
these circuits will directly translate to errors at the output of the regulator. Furthermore,
the FVF regulator will suffer from a systematic offset due to the mirroring device used to
generate the control voltage. The drain voltages of M; and M, will not be equal, resulting
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in an offset at the output due to the finite output resistance of those transistors. This will

degrade the accuracy of the regulator, even if M; and My are perfectly matched.

4.1.2 Stability

As shown in Equation (4.2), the loop gain of the FVF-based regulator exhibits two poles
that must be designed to ensure the stability of the regulator. To achieve stability, the two
poles should be real and widely separated, allowing the denominator of Equation (4.2) to be
approximated as

82

S S S
apas® + aps + 1= <1+—) <1+—) = +—+1, (4.7)
Wp1 Wp2 Wp1Wp2 Wp1

where wy,; and w,y are the angular frequencies of the dominant, and non-dominant poles,

respectively. Solving for w,; and wy, yields

1 1
Wpr = — = (48)

1 [(rgs1 + gmirasirase) || 7] Cop + [;fnf;;r;’ [ TdsP:| Croap

1 1 1
Wpy = L — - + . (4.9)
(p2 Wp1lp2 <Td81 H rb) CGP <gﬁ || rdsp) C’LOAD

To obtain a more intuitive understanding of the poles in (4.8) and (4.9), it helps to
consider the nodes at which the poles are created. One of the poles is formed at the output,
and is created by C'roap and the parallel of the resistance seen looking into the drain of Mp
(rasp), and the resistance seen looking into the source of M;. The other pole is formed at
the gate of Mp and is formed by Cqp and the parallel of the resistance seen looking into the
drain of M; and the resistance of the current source r,. For the FVF-based regulator with a
low load capacitance, the dominant pole, wy,; will be formed at the gate of Mp, making the
Croap term in the denominator of (4.8) negligible. Similarly, the non-dominant pole, wpy

will be formed at the output node, making the 1/csp term in (4.8) negligible. The poles can

o7



then be approximated as

1
Wp = 4.10
P [(Tds1 + GmiTasiTasp) || o) Cap (4.10)
1
Wy & (4.11)

(ﬁ I Tdsp> Croap

It is important to note that, assuming 7, is large compared to ry4,, increasing g,,; will move
wp1 to lower frequencies, while moving wpy to higher frequencies. Thus, the FVF-based
regulator can be stabilized by designing ¢,,; such that there is sufficient separation between
the two poles to ensure that wpy, is placed above the unity-gain frequency of the regulator.
Alternatively, to further reduce the frequency of the dominant pole, Miller compensation
can be added to the FVF-based regulator [13]. The effective Miller capacitance would add
directly into Cgp, thus decreasing the frequency of the dominant pole. Furthermore, the use
of Miller compensation will entails pole splitting, which will cause the non-dominant pole to
move to even higher frequencies, improving the stability of the regulator [17,30].
Alternatively, the output node can be chosen to form the dominant pole. In this case, w2
will be formed at the gate of Mp. However, because the size of power transistor is delegated
by the load current requirements, it is difficult to reduce Cgp, causing wpy to also locate
to relatively low frequencies. Thus, it is quite difficult to stabilize the basic FVF-based
regulator in this configuration. However, wp; can be moved to sufficiently high frequencies
by driving the gate of Mp with a conventional source follower to create a level shifted flipped
voltage follower (LSFVF), shown in Figure 4.1b [7,9,29]. The LSFVF architecture effectively
reduces the impedance seen at the gate of Mp, thus moving the corresponding pole to much

higher frequencies and stabilizing the regulator.
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4.1.3 Transient Response

As with most output capacitor-free LDO regulators, the transient response of the FVF-
based regulator is severely limited by slewing at the dominant pole. As shown in Figure 4.5a,
during positive slewing, current can flow directly from the output node, through transistor
M to the gate of Mp, resulting in a large positive slew rate. This indicates that the regulator
will have a relatively fast transient response when the load current is switched from high to
low. However, when the load current is switched from low to high, negative slewing occurs
when transistor M; shuts off due to the drop in Voyr, and the maximum current available
for discharging the gate capacitance of Mp is I,. This will result in a very slow transient
response when the load current switches from low to high.

The limited slew rate of the FVF-based regulator necessitates the use of slew rate en-
hancement circuitry as discussed in Section 4. The simplest of such slew rate enhancements
is shown in the cascoded FVF regulator of Figure 4.5b [3]. This regulator adds a cascode
transistor, M, and a capacitor, Cy, to increase or decrease the tail current during large
transient swings in Voyr. The capacitor Cy will act like a short when the load current is
switched, allowing current to flow from the gate of Mp through M to the output. However,
the effectiveness of this approach is limited by the size of C'; and the transconductance of M,
and this topology still exhibits limited voltage headroom as discussed in Section 4.1.1. This
limited voltage headroom will cause M; to enter the triode region when there is a sudden
rise in Vpoyr, reducing the transconductance of M7, and thus reducing the maximum positive
slew rate.

While the CAFVF architecture, shown in Figure 4.1c, can improve the voltage headroom
for the regulator, the positive slew rate is limited by the current source [y, resulting in

slower transient response compared to the basic FVF architecture. Thus, a more complex
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Figure 4.5: Analysis of slewing in the FVF-based regulator. The solid red and dotted blue
lines show the current flow from the gate of Mp when the load current is suddenly increased
or decreased, respectively.

slew rate enhancement technique is required. Figure 4.6 shows one such SRE technique [13].
During positive transient swings at the output, current flows through C; to increase the
current through Mg which is then mirrored by M;j to the gate of Mp, resulting in a large
positive slew rate. During negative transient swings at the output, the bias current I is
multiplied by the gain of the common gate stage formed by M, and M;, and mirrored to
My, resulting in a significant improvement in the negative slew rate. While this technique can
significantly improve the slew rate, each current mirror stage has a pole and will that exhibit
some propagation delay during fast transient swings. These delays slow down the reaction
time of the SRE circuitry, inhibiting this architecture from achieving a transient response
performance on par with regulators that use large output capacitors. Furthermore, this SRE
technique requires three additional current mirrors that increase the quiescent current of the

regulator.
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Figure 4.6: The CAFVF regulator with SRE. The solid red and dotted blue lines show the
current flow from the gate of Mp when the load current is suddenly increased or decreased,
respectively.
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4.2 Improving Loop Gain and Accuracy

As discussed in Section 4.1.1, FVF-based regulators typically exhibit low loop gain and
poor accuracy due to short-channel effects and limited voltage headroom. Furthermore,
the error amplifier used to generate Vi, as shown in Figure 4.2, does not sense the output
voltage directly, making it unable to mitigate systematic errors at the output. Placing
the amplifier inside the regulation loop as shown in Figure 4.7 can increase the loop gain
and accuracy of the regulator by increasing the effective transconductance of M;. This
Gn-boosted FVEF (GMB-FVF) regulator also avoids issues caused by the limited voltage
headroom by mirroring the current through M; to the gate of Mp, thereby allowing a large
voltage swing at the gate of Mp while maintaining all devices in the saturation region.

The addition of the amplifier creates a second loop in the regulator as shown in Figure 4.8.
Both loops must be analyzed to ensure the stability of the regulator. The main regulation
loop is designated by the solid red line in Figure 4.8. It is designated as the main loop because
it is analogous to the loop of the FVF-based regulator, and gives the most insight into the
regulation characteristics of the circuit. The main loop can be analyzed by breaking the loop
at the gate of the power transistor, as done for the FVF-based regulator in Section 4.1.1.
The auxiliary loop is shown by the dotted blue line in Figure 4.8, and can be analyzed by
breaking the loop at the gate of M;. If both loops exhibit stable transfer functions, the
regulator will be stable [11]. Note that while analyzing one of the loops, it is important to
keep the other loop closed, as each loop will have a significant impact on the stability of the
other.

Figure 4.9 shows the small signal model of the main loop in the GMB-FVF' regulator
for loop gain analysis. The current mirrors are assumed to have negligible high-frequency

poles and a current gain of K. The resistance seen at the gate of Mp has been simplified to
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Figure 4.8: lustration of loops in the GMB-FVF. The solid red line is the main regulation
loop, similar to the loop in the FVF-based regulators. The dotted blue line is the auxiliary
loop created by the addition of the amplifier.
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ra = (rass || ), where ry is the resistance of the current source, I,. The amplifier is assumed

to have a single-pole frequency response, with the gain given as

- (4.12)

WpA

where Ay and w4 are the DC gain and dominant pole of the amplifier, respectively. Assuming
Tas1 > Tasps Gm1 > Yras and Ag > 1, the loop gain of the regulator can be determined from

Figure 4.9 as

Ap = Yo _ Aro <=l (4.13)
va <1 - wipl> ($%ape + say + 1)
Aogm
ALO = —L%Kgmp’l“g (414)
Aogm1 + P
1
4.15
Wp1 TGOG ( )
Wz1 = AOWpA (416)
C 1
(g = ——22AP (4.17)
TdsP + Aogm Wpa
1
1 + 9m1
ap = —————— |Croap + &2 | | 4.18
pl Tdip T+ Avgin LOAD oo ( )

The DC loop gain in (4.14) is improved by the amplifier when g,,1 < '/rs,p. Due to the large
size, and therefore low output resistance, of Mp, this constraint is easy to meet. As the
DC gain of the amplifier, Ay, is increased, the DC loop gain will asymptotically approach
a maximum of Arg e = Kgmpre. Thus, the loop gain can be further adjusted with by
adjusting the current mirror gain K. This can be useful for increasing or decreasing the
loop gain, as necessary, for stability. Furthermore, because the amplifier is directly sensing
Vour, the GMB-FVF regulator avoids inaccuracies due to short-channel effects. Thus, the

GMB-FVF regulator can achieve greater accuracy than the FVF-based regulator.
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Figure 4.9: Small Signal Model of the FVF-based Regulator with Amplifier in the Loop

As shown in (4.13), moving the amplifier into the regulation loop creates an additional

pole and zero compared to the FVF-based regulator loop gain in (4.2). The zero is given by

1

a1

= Agwpa. (4.19)

This zero is located at the unity-gain frequency of the amplifier, where the amplifier stops
boosting the transconductance of M;. As discussed later, the pole of the amplifier, and thus
its unity-gain frequency, will be large. Thus, w,; will be well above the unity-gain frequency
of the regulator, making it negligible.

The additional pole introduced by the amplifier combines with the pole at the output of
the regulator to form a complex pole. The second order term in the denominator of (4.13)

can then be expressed as [17,20,30]

1 2
SPap + say + 1= s*— —i—s( C)—i—l, (4.20)

wp2,3 wp273
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where w3 is the effective frequency, and ¢ is the damping ratio of the complex pole pair.

From (4.20), wye3 is given as

1
1 TdsP +A09m1
Wp2,3 = = . WpA- 4.21
PR Vam \/ Croap " 2

The damping ratio can also be derived from (4.20) as

1
1 1 w —— + Gmi1
C — §ap1wp2,3 = 5 pA [CLOAD + SdsP © ] . (422)
< L4 AOgm1> Croap “pA

TdsP

For ¢ > 1, the second order term is considered overdamped, resulting in two real poles
that can reduce the bandwidth of the system. Similarly, for ( < 1, the system will be
underdamped, and considerable peaking will occur in the frequency response of the regulator
due to the resonance of the complex poles [20]. For optimal stability, it is desired that wy; 2
is located above the unity-gain frequency of the regulator, and that ( ~ 1 to ensure that
the complex poles do not cause peaking that can degrade the gain margin. From (4.22), it
is clear that increasing the amplifier gain will reduce the damping ratio which could result
in degraded stability. Thus, the gain and bandwidth of the amplifier should be carefully
designed to ensure that the complex pole pair that it introduces does not destabilize the
regulator.

The stability of the regulator will also depend on the stability of the auxiliary loop. While
the analysis of this loop does not give much insight into the performance characteristics of
the regulator, it must be carefully analyzed to avoid instability or ringing in the regulator
transient response. For loop gain analysis, this loop can be broken at V¢, resulting in the

small-signal model shown in Figure 4.10. Assuming K ¢,,17¢gmp > gm1 + , the loop gain

1
TdsP

can be derived as

* 1
AL,auz = U_C = _AO L Swzal (423)
ve (520 + sy + 1) (1+ 2%
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The auxiliary loop exhibits a zero, w.,1, and three poles, one of which is created by the pole
of the amplifier, w,4. The other poles can be approximated by assuming Cg > €Loap/g,.irq.

Using the same method as in Section 4.1.2; the poles can then be approximated as

w _ i _ Im1Tdsp Kng
P 1+ gearase Co

(4.27)

a1 1+ gmarasp
wpa2 -

Qb2 WpalAp2 CrLoApTdasp

(4.28)

Both w41 and wy,s are located at high frequencies due to the low output resistance and large
transconductance of Mp, leaving w,,; as the dominant pole. It is important to note that
Wpa1 1s not dependent on r¢, and thus is located at frequencies much larger than that of the
main loop in (4.15). Therefore, there will not be a lot of separation between the dominant
pole, wp; and the non-dominant poles, wy4 and wye. Thus, the DC gain of the amplifier must

be limited to ensure that the unity-gain frequency is below these non-dominant poles.

4.3 Improving Transient Variations

As discussed in Section 2.3, output capacitor-free LDO regulators are typically unable
to achieve a transient response on par with those of the conventional design. The largest
contributor to this issue is the low slew rate at the node where the dominant pole is created.
In the proposed GMB-FVF architecture in Section 4.2, the dominant pole is formed at the
gate of the power transistor by the large gate capacitance and high output impedance of the

current mirror stage.
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Figure 4.10: Small Signal Model of the GMB-FVF Auxiliary Loop

In the GMB-FVF, the current through M is mirrored by My — M; to the gate of Mp,
thus providing at large positive slew rate at that node. However, no such path is available
during negative slewing where only I, is available for discharging the gate capacitance of
the power transistor. As discussed in Section 4.1.3, slew rate enhancement can be applied
to improve the negative slew rate at the gate of Mp. Figure 4.11 illustrates the addition
of the SRE circuitry to the GMB-FVF regulator. As shown, the SRE circuitry adds an
additional path through which to discharge the gate of the power transistor. The SRE is
implemented as a dependent current source with a conductance of Gy(s). This current source
is responsible for detecting changes in the output voltage due to a change in load current,
and quickly discharging the gate of the power transistor.

For the fastest transient response, the number of transistor stages in the SRE circuit
must be minimized. Fach transistor stage will introduce a pole into the circuit that will
increase the delay, and thus the reaction time of the SRE circuit. Thus, it is desired to
provide the most direct path for current from the gate of Mp to the output of the regulator

as possible. Figure 4.12 shows the proposed SRE circuit. This circuit provides a current
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Figure 4.11: Addition of Slew Rate Enhancement to the GMB-FVF Architecture
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Figure 4.12: Slew Rate Enhancement Circuit

path from the output of the regulator to the gate of Mp through C;; and My, resulting in

a very low reaction time. A slower secondary path is provided through Cys to drive the gate

of My such that the effective transconductance of M;; is boosted.

A basic understanding of the SRE circuit in Figure 4.12 can be gained by analyzing the
circuit at very high frequencies, where Cy; and Cyy are effectively short circuits. Ignoring

the delay through the current mirror formed by M;s and M3, the current through the SRE
circuit is then given by

It = (Ar + 1) gmun Vour, (4.29)
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where Ap = 9m3/g,.,, is the gain of the secondary path. Thus, the SRE circuit is able to
provide a large amount of current for discharging the gate of Mp. The principle of the
proposed SRE circuit is similar to that of [11,24], where Ahuja cascode compensation [1]
is used to simultaneously reduce the frequency of the dominant pole for stability while
increasing the slew rate during transient swings at the output. However, because the Ahuja
method reduces the bandwidth of the regulator, the designer has little control over the
amount of slew rate improvement that is achieved. The proposed method has no effect on
the dominant pole of the regulator, and thus gives the designer more freedom to choose the
appropriate trade-off between slew rate enhancement and current consumption.

The addition of the SRE circuity to the GMB-FVF regulator complicates the analysis of
the frequency response. A detailed analysis of the loop gain is given in Appendix B. While
the SRE circuit adds two poles and two zeros to the loop gain analysis, these poles and zeros

effectively cancel, allowing the loop gain to be approximated as

1+ -2
Ap =~ Apo = (4.30)
(1) (5 + (35) s +1)
Wp1 Woa,5 Wp4,5
AoGm
ALO - = 0gmi 1 KngrG (431)
Aogm1 + —
TdsP
Aogm1 + (Ar + 1) gmnt
W23 = w 4.32
’ Im1 + (AT + 1)gmt1 4 ( )
1
= 4.33
W= O (4.33)
1+ AogmiTas
Wy 5 = \/ S e P) s (4.34)
LOAD
1 WPA ( 1 + (gmtl + gmt?)rdsp)
=5 C + . 4.35
“ 2 \/TdsPOLOAD (1 + AggmiTasp) LoAD Wpa (4.35)

As shown, the locations of the poles are largely unaffected by the addition of the SRE circuit.

Interestingly, the SRE circuit shifts the location of the high frequency zero in the GMB-FVF
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Table 4.1: Component Parameters for the GMB-FVF Regulator Design

Component  Value Units
Mp 10/0.24  pm/pm
M, 8/0.24  pm/pm

M, — M; 4/0.30  pm/pm
Q1 — Q2 10/0.12  pm/pm
My — My 4/0.30  pm/pm
M5 — My; 2/0.30  pm/pm

Qn 2.5/0.12  pm/pm
My 6/0.30  pm/pm
Cn 12 pF
Cin 100 DF
Cha 10 pF

regulator to lower frequencies, allowing it cancel some of the phase shift caused by w45 and

resulting in improved stability.

4.4 G,,-Boosted FVF Regulator Design

The proposed GMB-FVF architecture and SRE circuit have been simulated in the IBM8HP
0.13um process. Figure 4.13 shows the full GMB-FVF regulator with the slew rate enhance-
ment circuit. Table 4.1 shows the parameters for each component in the circuit. To ensure
reliability, high-breakdown devices have been used for all transistors. Transistors Q)y; and
Q1 — Q2 have been implemented as the SiGe bipolar transistors available in the process as
they exhibit substantially higher transconductances than their MOS counterparts, allowing
for a reduction in current consumption. Transistor M,, and capacitor C,, implement the
well-known pole-splitting compensation technique [12,17,30] to move the dominant pole at
the gate of Mp to lower frequencies to achieve stability.

To ensure that the complex poles in the frequency response do not degrade the stability

of the regulator, the amplifier was designed for Ay = 15 and w,4 = 27-100MHz. A schematic
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Figure 4.13: Schematic of GMB-FVF Design with Slew Rate Enhancement
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Figure 4.14: Schematics of the GMB-FVF Amplifier Design

of the amplifier is given in Figure 4.14. Table 4.2 gives the parameters for each component
in the amplifier. To achieve the high bandwidth, only the SiGe bipolar transistors are used
in the signal path with the exception of the differential input pair formed by M,; — M,5. The
PMOS differential input pair is driven by emitter followers formed by Q.1 — Qu2. Feedback
resistors Ry — Ry are used in the typical inverting amplifier configuration to set the desired
gain and move the dominant pole to higher frequencies. Transistor M,; is proportional in size
and drain current to transistor M; in the core of the regulator such that Vrg = Voyr = Vin_
to minimize the loading of the feedback resistors on the amplifier. This reduces the offset of

the amplifier, thus improving the accuracy of the regulator.
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Table 4.2: Component Parameters for the GMB-FVF Amplifier Design

Component  Value Units

Qu — Qa2 2.5/0.12 pm/pm
Moy — Moz 3/0.3  pm/pum
Ma3 - Mam 20/1.2 ,um/#m
Mo 8/0.24  pm/pm
My1o — M5 1.5/0.3  pm/pm
Qai’y - QaG 10/0.12 Ium/um
Ry 1 k2

Ry 15 k2

4.5 Simulation Results

Figure 4.15 shows the simulated loop gain of the GMB-FVF regulator with slew rate
enhancement in the worst case corner (FF). As shown, the regulator achieves a minimum
phase margin of 48° and a gain margin greater than 10dB over the entire load current range.
The regulator is also stable when the load current is zero.

Figure 4.16 shows the simulated loop gain of the auxiliary loop created by the amplifier.
As expected, the auxiliary loop is easily stable over the load current range due to the low
gain of the amplifier. The minimum phase margin in the load current range is 97°. At zero
load current, the phase margin degrades significantly to 45°, however the regulator remains
stable. This degradation in phase can be attributed to excessive peaking caused when the
pole at the output of the regulator moves to lower frequencies due to the increase in rg45p at
such low currents.

Figure 4.17 shows a histogram of the DC output voltage of the GMB-FVF regulator
over 100 Monte Carlo simulations including both mismatch and process variations at the
worst-case temperature (125°C). As shown, the proposed regulator has an accuracy of 1.2%,

with a standard deviation of 5bmV. It is important to note that these simulations use an

76



Simulated Loop Gain of the GMB-FVF Regulator
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Figure 4.15: Simulated Loop Gain of the GMB-FVF Regulator
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Simulated Auxilliary Loop Gain of the GMB-FVF Regulator
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Figure 4.16: Simulated Auxiliary Loop Gain of the GMB-FVF Regulator
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Monte Carlo Simulation of Vpour
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Figure 4.17: Monte Carlo Simulation of the DC Output Voltage

ideal voltage reference. The accuracy of a fully integrated regulator will depend heavily on
the accuracy of the voltage reference that is used.

Figures 4.18 and 4.19 show the load and line regulation of the regulator, respectively, for
the worst Monte Carlo sample. For load currents between 5mA and 100mA, the regulator
exhibits a load regulation of less than 10mV/a and a line regulation of less than 0.25mV/v. For
load currents less than 5mA the load regulation degrades as expected due to the significantly
reduced loop gain when Mp is shut off.

Figure 4.20 shows the simulated PSR of the GMB-FVF regulator for the worst Monte
Carlo sample. The PSR is better than —58dB up to 10kHz. Thus, the regulator can ef-
fectively reject a significant amount of supply ripple from a switching power supply that
operates with a switching frequency below 10kHz. As with most output capacitor-free regu-

lators, the lack of a large decoupling capacitor at the output causes the power supply rejection
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Simulated Load Regulation of the GMB-FVF Regulator
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Figure 4.18: Simulated Load Regulation of the GMB-FVF Regulator

Simulated Line Regulation of the GMB-FVF Regulator
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Figure 4.19: Simulated Line Regulation of the GMB-FVF Regulator

80



Simulated PSR of the GMB-FVF Regulator
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Figure 4.20: Simulated PSR of the GMB-FVF Regulator

to degrade significantly around the unity-gain frequency of the regulator. Thus, applications
sensitive to power supply noise in this band may require some additional filtering.

Figure 4.21 shows the transient response of the proposed GMB-FVF regulator for the
worst Monte Carlo sample where the full load current is switched in 10ns. The regulator
achieves a very fast response time, with an undershoot of 80mV and an overshoot of 140mV.
The overshoot is somewhat larger than the undershoot do the the delay of the current mirror
stages during positive slewing at the gate of Mp. The output voltage recovers to within 1%
of the final value within 50ns. The settling time of the regulator is below 410ns in the worst
case.

Table 4.3 compares the results of the GMB-FVF regulator with those of previous publi-

cations. The figure of merit is given as [14]

CroapAVourlg

FOM = : (4.36)

[MAX
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Simulated Transient Response of the GMB-FVF Regulator
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Figure 4.21: Simulated Transient Response of the GMB-FVF Regulator
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where AVoyr is the output voltage variation, I is the quiescent current and, Ip;4x is the
maximum load current. This figure of merit is useful for comparing the transient response of
two regulators, however it should be noted that it does not consider the rise and fall time of
the load current used to measure AVpyr and as such, can be inconsistent between different
publications. As shown, the GMB-FVF regulator is the only regulator that simultaneously
achieves low output voltage variation, fast recovery time, low load regulation, and low line

regulation.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

Two fast-transient LDO regulators have been presented in the IBMS8HP 0.13um BiCMOS
process. These regulators are able to quickly respond to load current changes, effectively
reducing the power supply noise for the system. The conventional design achieves a fast-
transient response using a large output capacitor. A thorough test setup has been presented
that is capable of fully testing the regulator. The output capacitor-free design implements
a novel G,,-boosted Flipped Voltage Follower architecture with a slew rate enhancement
circuit. This GMB-FVF design allows for the complete integration of the regulator, while
maintaining a transient response close to that of the conventional design. The full on-chip
integration of LDO regulators leads to many interesting possibilities, especially in analog
and RF systems where many integrated local power supplies can be used to reduce crosstalk

between sensitive subsystems.

5.1 Conventional Design and Test Setup

While the conventional design achieved the design goals, the use of the ESR of the output
capacitor to stabilize the regulator can be problematic as the ESR is not easily controlled.
This issue can be solved by creating an internal zero in the regulator and allowing the zero

caused by the ESR to move to high frequencies [5]. Furthermore, there is a desire to design
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regulators capable of driving larger load currents for RF circuitry, necessitating a larger
power transistor. Placing a buffer between the error amplifier and the power transistor and
applying Miller compensation could make the stability of the regulator relatively independent
of the size of the power transistor. This could allow the regulator to be easily scaled for larger
load currents by only resizing the power transistor and buffer.

The test setup could use three changes to make it more effective at measuring the perfor-
mance of the regulators. First, the test points should be grouped together in a single location
so that it is easier to make all of the necessary connections to the test equipment. Second, the
test setup would benefit from a two-layer board design, adding a ground plane to the bottom
layer. This will reduce the inductance of all of the traces, which can significantly effect the
measurement results when switching large load currents. Finally, more decoupling capacitors
should be added to the input supply to reduce ringing caused by parasitic inductances in
the traces and wires connecting the power supply to the board. Such an improvement would

make it easier to accurately measure the transient response of the regulator.

5.2 GMB-FVF Design

While the GMB-FVF regulator with slew rate enhancement provided a significantly im-
proved transient response, the delay of the current mirrors still limits the ability of the
regulator to mitigate overshoots in the output voltage. Thus, it would be beneficial to ex-
plore methods of adding slew rate enhancement circuitry capable of quickly charging the
gate of the power transistor when an overshoot is detected at the output. The limited volt-
age headroom between the gate of the power transistor and the input voltage make this a
non-trivial task. Furthermore, the proposed design was not optimized for minimum current

consumption. Techniques such as dynamic biasing may help improve the current efficiency
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of the regulator, however the impact on the reaction time of the regulator would need to be

studied carefully.
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APPENDIX A

SCHEMATIC FOR THE LDO TEST SETUP PCB
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APPENDIX B

FREQUENCY ANALYSIS OF THE GMB-FVF REGULATOR
WITH SLEW RATE ENHANCEMENT

The small signal model of the SRE circuit is shown in Figure B.1, where Ay = 9m3/g,,,.,
is the gain of the auxiliary loop. The effective conductance of the SRE circuit can be

determined from Figure B.1 as

Ir s (1 + s(Agp + 1)5%32)
=Cpn

C C \
(1 + ng—’fl> (1 + s%—t;>

The small signal model of the GMB-FVF regulator with slew rate enhancement is shown

Grls) = Vour

(B.1)

in Figure B.2, where r¢ is the effective resistance at the gate of Mp. Using (B.1), and
assuming that 1/g,,, >> rg for all devices, the loop gain of the regulator can be derived

from Figure B.2 as

az383 + az282 + a5+ 1

AL - ALO (B2)
(ap434 + ap3s® + ap2s? + Apa1 S + 1) (1 + w%ﬂ)
CnC, m
a3 = —— 72 (AT 4 Imt 1) (B.3)
AﬂgmlgthWpA Gmil
CnC, 1 Ar+1 1 C C C

Uy = t1“t2 ( + T > + < tl + t2 ) tl (B4)

Imi2 Gmitl Aogml AOWPA Gmitl Imi2 Aogmlpr

C C 1 C

Uy = tl + t2 + + tl (B5)

Imt1  Imt2 Aopr Aogm
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Figure B.1: Small Signal Model of the SRE Circuit

TasPCrLoapCiC (B 6)
Imt19me2WpA (1 + AogmlrdsP) .

_ 1 [ CiuCi 14 rasp(gmn + gth))
1+ AogmlrdsP WpA

ap4 =

ap3 (TdsPCLOAD +
Imit19me2

r4spC C C
| Tasp LOAD( noy t2):|
WpA
_ 1 [ CiCp
1+ AogmiTasp

Imt1 Gmt2

ap2 1+ AogmiTdasp
P gmtlgth( )

C C 1
+ ( 14 ”) (rdspCLOAD + —> (B.8)

Imt1 Imi2 WpA

rasp(Cp + C, CnC,
4+ dP( t1 t2) + t1“t2
pr Imt19mi2

g ) (7 0
ap = + Aogm
Pl 1 + Aogmlrdsp |:<gmt1 T'dsp 09m1

1
+ <7”dsPCLOAD + — +7r4sp(Ch + Ct2)):| -

pr

Tdsp (gmtl + gth):|

(B.9)

As shown, the slew rate enhancement circuitry adds two poles and two zeros to the

GMB-FVF regulator. The loop gain analysis can be simplified by assuming

Cyn C
& ) 2> rasp(Croap + Cu + Ci2) (B.10)
Imt1l Gmi2
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Figure B.2: Small Signal Model of the GMB-FVF regulator with SRE

C C 1
t1 ’ 2 .
Imt1l  Gmit2 WpA

The loop gain can then be approximated as [12]

s+ (25) ] (1)
(ez) () (e2s) [+ (25) 1

y _ 1 Imt19me2
21,2 1_‘_M CinCi

AL = ALO

Aogm1
¢ :1 1 Ci gz i gmi1 Ci
o2\ 14+ (AP‘TM Gmt1 Cpo Cu Gmeo
09m1
o — Aogm1 + (Ar + 1)gmt1w B
23 —
gm1 + (Ar + 1)gmn P
oy — Imitl
5 = 2
g Cu
oy — Imt2
9 =
P Cia
_ \/(1 + AogmlrdsP) WpA
Wpa5 =
Croap

¢, = 1\/ WpA (C’ oup + 14 (gmn + gth)TdsP)
=3 LOAD .
P2\ raspCroap (1 4 AggmiTasp) WpA
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(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
(B.16)

(B.17)

(B.18)

(B.19)



If the SRE circuit is designed such that (Ar 4+ 1)gmn <= AoGm1, then ¢, >=1/v2 and w1 o
will be located between wys and wy3. By placing wps and w3 close together, they will cancel

with w,; 2. The loop gain can then be approximated as

14+ -2
AL ~ ALO Y23 (BQO)

(1+25) (= + (2)s+1)
Wpl Wp4,5 Wp4,5

Thus, the SRE circuit has a small effect on the poles of the GMB-FVF regulator. The zero,

w3, is shifted to lower frequencies by the SRE circuit and can improve the stability of the

regulator by canceling some of the phase shift caused by wpa 5.
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