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Abstract

The electronization of automobiles is considered to be a revolution in automotive
technology development progress. One trend for automotive electronics design is pur-
suing higher level integration. System level integrated circuits are needed to simplify
the automotive electronics design and increase the reliability of automobiles.

In this thesis, a prototype of linear voltage regulator is designed for system level
integration. Instead of conventional PMOS linear regulator topology, a NMOS power
transistor is chosen as the pass device on considerations of smaller silicon area and
better dynamic performance. The characteristic differences of PMOS and NMOS
linear regulators are analyzed. Based on the frequency behavior analysis of these two
types of regulators, a frequency compensation scheme for the NMOS linear regulator
is purposed in this thesis. This purposed scheme is able to accommodate the wide
frequency variation of the NMOS linear regulator output pole. The effectiveness of
frequency compensation is examined by both mathematical modeling and transistor
level simulation. The over-current protection of the NMOS linear regulator is also
designed, which is realized by applying another current regulation loop to the voltage
regulator. This NMOS linear regulator is able to maintain a constant output current
around 250mA in over-current protection scenario.

Compared to the existing PMOS linear regulator counterpart, the off-chip ceramic
capacitor of this NMOS linear regulator can be reduced to 220nF (10x smaller) with-
out sacrificing the +2% output voltage accuracy within -40°C~175°C. The regulator
quiescent current at no current load scenario is 12pA. Owing to the introduction of
adaptive biasing scheme, the maximum quiescent current is 1.31mA. This adaptive
biasing only degrades the current efficiency by maximum 4%.

At the end of the thesis, possible maximum load current and external capacitor
scaling abilities of this NMOS linear regulator are discussed.
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Chapter 1

Introduction

Ever since the first modern automotive vehicle was built in Mannheim, Germany by
Karl Benz in 1885 [1], it has changed the human society in a great deal. The inven-
tion of automotive vehicles shortened the distance between individuals and brought
more convenience to human beings. The automobile is always considered as one of the
greatest inventions of the 20th century. With the increasing development of electronic
technology since 1950s, electronic devices embedded in automobile has shown signif-
icant advantages in aspects of controllability, comfortability and safety. Electronic
components currently comprise 20-30% of total costs for all automotive categories,
this figure is expected to reach 40% or so by 2015 [2]. In this thesis we will discuss
power management in automotive vehicle and focus on NMOS linear voltage regulator
design.

1.1 Power Management in Automotive Vehicles

Beside the huge mechanical system, a modern automobile vehicle can also be recog-
nized as a complex electrical system. Power management is an indispensable part
of the electrical system, which provides separate supply voltage and current driving
capabilities. Take the Audi A8 for an example, the electric front screen heating is
with an approximate power consumption of 1000 Watts!, the car audio system is
powered by 12V and consumes 80 Watts on average?. With more and more electrical
modules installed on cars, both the increasing power consumption and load versatility
complicate the power management system.

Figure 1.1 shows a simplified power management system in a car. This system
handles the battery charging through a generator (stator and rectifier). The generator
voltage control is used to regulate the generator output voltage to 12V. The battery
is supplying power to separate electronic control units (ECUs) and other electric
modules.

ECU is an embedded system that controls one or more electrical systems or sub-
systems. Modern automotive vehicles can feature up to 70 ECUs, such as airbag

ISource: Bosch and ADL research
2Source: Wikipidia and ADL research
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Figure 1.1: A symplified automotive power management system.

control unit, body control module?, engine control unit, brake control module and so

OI1l.

An example of an automotive ECU is shown in Figure 1.2. It consists of power
management, data transmitting and receiving, micro-controlling, sensing and actua-
tion modules. The ECU is powered by a typical value 12V lead-acid battery. Nor-
mally, many electronic devices inside the ECU need lower voltage than this battery
supply. Therefore, a power management module with DC voltage conversion is es-
sential. To communicate with other modules, transmitters and receivers are included
in the “In Vehicle Networking” part. Micro-controller is the central processing unit
of the ECU. Sensors and actuators are modules which can acquire and transfer data

between electronic domain and other domains.

>
Vear— Power
Supply
Sensors
Microcontroller

L ran i
Data In Vehlgle

—~4 Networking L

Actuators

Figure 1.2: A typical ECU diagram.

3Which controls door locks, electric windows, etc.




CHAPTER 1. INTRODUCTION

1.2 Linear Regulator and Switch Mode Power Sup-
ply

A linear voltage regulator is a DC voltage converter which realizes its function by
linearly regulating the input DC voltage to a lower output DC voltage, as shown
in Figure 1.3(a). Since the output voltage is linearly regulated, it has advantages
in aspects of dynamic response, output noise and power supply rejection, etc. The
major disadvantage of linear regulator is the power conversion efficiency. When the
load current is high, the power loss can be dramatic. This makes linear regulator not
a suitable candidate for some systems where large output currents are required.

Vi Vin

VREF VREF

Modultion A

) 4

Digital N
Pll?llsz Lt i
%

Feedback

% R. —=C.

Feedback

(@) (b)

Figure 1.3: DC voltage converter topology (a) linear regulator and (b) switching
regulator.

Switch mode power supply (SMPS) is a type of switching regulator which realizes
power conversion with a control mechanism in the discrete time domain, as shown in
Figure 1.3(b). Generally, at least one energy store component (either an inductor or
a capacitor) is required in a SMPS. The fundamental principle of SMPS and linear
regulator is similar. For a switching regulator, there is also a feedback loop that
regulates the output voltage to its desired value. If the output voltage is not as
expected, the discrete time control will decide to charge or discharge the energy store
component by modulating the pulse width or frequency. The advantage of switching
regulator is its efficiency can easily reach up to 80%~90% or even higher [3]. The
drawbacks are in aspects of dynamic response, output ripple and cost. The dynamic
response of switching regulator can be affected by its limited bandwidth. The output
ripple is caused by switching activities. The higher cost of switching regulator comes
from design complexity and off-chip components. For an inductor based switching
regulator, the off-chip component may include an inductor and a capacitor, while
the linear regulators may only have one external capacitor, which is cheaper. The
comparison of linear and switching regulator is shown in Table 1.1.

—C.




CHAPTER 1. INTRODUCTION

Table 1.1: Comparison of Linear and Switching Regulators

Linear regulator Switching regulator
Output range VOUT<VIN VOUT<VIN or VOUT>VIN
Dynamic response Fast Slow
Efficiency Low High
Noise Low High
Cost Low High

1.3 Pass Device in Liner Regulators

The pass device in a linear regulator is generally a transistor with a large size. This
transistor must be able to handle the maximum load current without causing over
temperature and reliability issues. To realize a low drop-out voltage at high cur-
rent load, the conducting resistance of the pass transistor in linear region should be
extremely low. Therefore, a very large transistor size is needed.

The pass transistor can either be a BJT or a MOSFET. Classical linear regulators
such as LM78xx are using BJT based pass transistors. In state-of-the-art designs,
MOSFETSs are widely used because on-chip system integration (e.g. a mixed-signal
system) can benefit from CMOS technology.

The pass device can be a n-type or p-type transistor. Generally, for the same
size, the n-type transistor has a higher current conduction ability than the p-type
one!. However, in order to easily achieve a low drop-out voltage regulation (as will be
discussed in Section 1.4), p-type transistors are preferred in many regulator designs
although they are with a lower current conduction ability.

1.4 Motivations

PMOS as the pass device is the most popular choice, owing to its gate voltage always
lower than the supply rail. For NMOS as the pass device, the gate voltage is higher
than supply if operating in low drop-out region. Therefore, an additional circuit such
as a charge pump should be added which brings more design complexity. However,
NMOS as the pass device has its advantages. First, it consumes smaller silicon area
for the same maximum output current specification. Second, for a NMOS linear
regulator, the transistor source node is directly connected to the regulator output
node, which is actually a source follower with “local feedback” characteristic. This
might provide a better dynamic performance in large signal domain.

The aim of this thesis is to investigate if NMOS linear regulator is able to achieve a
comparable performance with its PMOS equivalent one (the equivalent PMOS linear
regulator design is already available). Moreover, since the NMOS output stage may
have a better dynamic performance, there might be a chance to reduce the load
capacitance (2.2uF in the available PMOS linear regulator design).

4The hole movement involves in breaking and forming covalent bonding, while electrons are much
freer to move, therefore electrons has a higher mobility

4



CHAPTER 1. INTRODUCTION

The drawback of NMOS linear regulator is also prominent. In low drop-out region,
voltage boost techniques may introduce switched capacitor circuits. It will reduce the
NMOS linear regulator area efficiency, generate ripples at the output and increase the
power consumption.

The performance characteristics of the available PMOS linear regulator is sum-
marized in Table 1.2. The NMOS linear regulator should be designed within these
specifications while trying to minimize the silicon area and external output capaci-
tance.

Table 1.2: Performance Characteristics of the PMOS Linear Regulator

Symbol Parameter Min | Typ | Max | Unit
Vin Regulator Input Voltage 5.5 - 40 A%
Vour Output Voltage 49 | 50 | 5.1 \%
AV ut 1oad Dynamic Load Regulation -2 - +2 %
tstabilized | OUtput voltage within 0.5% after load step - - 1 ms
AV gut_line Dynamic Line Regulation -2 - +2 %
I, Quiescent Current(w/o band-gap) - 10 - pA

CL External Output Capacitor - 2.2 - uF

1.5 Organization of This Thesis

This thesis consists of six chapters. In Chapter 2, the PMOS and NMOS linear regu-
lators are compared. The aim is to briefly introduce the linear regulator specifications
with analysis of PMOS and NMOS as pass device respectively. This will build the
foundation of the regulator design in this thesis.

In Chapter 3, the design of NMOS linear regulator is presented. First, small
signal behavior of the main voltage feedback loop is accurately analyzed and modeled.
Then, a compensation scheme which is able to add a zero without being troubled by its
associated pole is proposed. After that, an adaptive biasing scheme is implemented to
further increase the bandwidth of the main regulation loop. Finally, the over-current
protection circuit design is discussed.

In Chapter 4, the performance evaluations based on detailed simulations of the
designed NMOS linear regulator are presented.

Chapter 5 introduces scaling features of the designed NMOS regulator. In the first
part, the external capacitor range of this linear regulator is discussed. The second
part focuses on design recommendations for this linear regulator to adapt for different
maximum load current specifications.

Finally, Chapter 6 presents conclusions of this thesis and gives suggestions for
future works.



Chapter 2

Comparison of NMOS and PMOS
Linear Regulators

In this Chapter, specifications of linear regulator will be discussed based on the com-
parison of PMOS and NMOS as the pass device. In the end, the AC characteristic of
these two linear regulator topologies will be analyzed.

2.1 Basic Topology

Figure 2.1 shows the basic linear regulator topologies with PMOS and NMOS as the
pass device respectively. The analysis of linear regulator specifications is based on
this figure.

V|N VIN

VREF VREF

VOUT VOUT

% R lioad % R4 lioad

Vfb %RL p— C|_ Vfb %RL ::CL

Figure 2.1: Basic linear regulator topology with (a) PMOS as pass device (b) NMOS
as pass device.



CHAPTER 2. COMPARISON OF NMOS AND PMOS LINEAR REGULATORS

2.2 Static State Specifications

2.2.1 Drop-out Voltage

The drop-out voltage is defined as the minimum voltage difference between V;y and
Vour (Figure 2.1) to maintain an intended voltage regulation [4]. A linear regulator
which can operate in low drop-out voltage regulation is commonly named as low
drop-out regulator (LDO). There is no universal agreement on how much drop-out
voltage makes one voltage regulator a “LDO”. Literature [5] defines a regulator with
a drop-out voltage below 600mV in battery-operated environments is a LDO. In state-
of-the-art design, the drop-out voltages are normally in the range of 200~500mV.

2.2.2 Quiescent Current

The quiescent current! (I,) is defined as the current consumed by the linear regulator
control circuits. The power efficiency n of a linear regulator can be expressed in
Equation 2.1, where [}, is current flowing into the load, Vgrop—out is the drop-out
voltage.

_ Edeliverd _ VOUT[load _ (1 - Vdropfout [load
Esupplied Vv]N(hoad + [q) ‘/IN Iload + [q

Both reducing Virop—our and I, will increase the efficiency. The linear regula-
tor efficiency is changing over I[j,,q variation. As Ij,,q is much larger than I,, the
Dioad/ (Lioad + 1) term? approximately equals to 1, the dominate factor affecting power
efficiency is Virop—out-

(2.1)

2.2.3 Line Regulation

Line regulation represents the ability of a regulator to withstand static variations
from its supply. It is defined as a gain between regulated output and input supply
AVour/AVin. The static supply voltage variation might be caused by the battery
voltage reduction during one discharge cycle. Figure 2.2 shows an estimated lead-acid
battery discharge curve and its regulated output.

Ideally, the regulated voltage should be fixed until the regulation losing its effec-
tiveness. However, due to the finite loop gain, the output voltage actually varies with
supply voltage. It should be noted that even line regulation is a DC specification, it
would be easier to analyze it in small signal domain. The analysis starts from the
PMOS regulator shown in Figure 2.1(a), suppose the transconductance of Mp is gy,
its output resistance is r,,, A, is the open-loop gain of the amplifier. Now assume
a small variation happens at the V;y node by AV;y, the Vopyr node should have a
correspondent voltage variation by AVpyr. The equation can be set up as:

I Also named as ground current Igna
2Which is the current efficiency
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Voltage

P N

12v Battery(i.e. Lead-acid)

Regulated Voltage

5V

v

Time

Figure 2.2: Lead-acid discharge curves under a constant load current.

R
(AVin = AVour 75— Au)gumpl (Rr + Ro)||Rellro,] = AVour (2.2)
R+ Ry
Normally, the term g,,,[(R1 + Ra)||RL||70,p] can be much greater than 1 in most

cases, Equation 2.2 can be simplified as:

AVour _ Gmpl (1 + Ra)|[Ri|roy) ~ 1 (2.3)
AV, R R '
gl (R B IBellrop Ay A

From Equation 2.3, it shows that increasing A, will improve the line regulation.

The line regulation analysis of NMOS regulator is based on Figure 2.1(b). Again,
the transconductance of My is gy, the output resistance is r,,, A, is the open loop
gain of the amplifier. The Equation of AV;y variation on AVpyr is:

R AViy — AV,
[(—AVour—— Ay — AVour) gnn + — OTN(Ry + Ro)||Ri) = AVour
Rl + R2 Ton
(2.4)
The line regulation of the NMOS regulator can be expressed as:
AVour 1
A‘/[N RQ Ton
1 + —Av mnTon + , + 1
U s Ry 9w on R TR
It is interesting to notice that the term (RH:ID%% is a number which is much
smaller than (1 + RIJERQ Ay)gmnTon- 1t can be proved as follows:
1
TO,TZ — )\Iload _ 1 (2 6)
(R1 -+ RQ)HRL VOUT AVOUT ’
Iload
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For common analog process (e.g. 0.5um gate length), the channel length mod-
ulation factor A is around 0.1 [6]. Therefore according to Equation 2.6, the term
(lew is much smaller than (1 + T + yo Ay)gmnTon, for the latter one is almost a
multiplication of A, and intrinsic NMOS transistor gain gmnron-

Then, Equation 2.5 can be simplified as:

AVour 1
AViy R
Ry + Ry

From Equation 2.7, the line regulation for NMOS regulator is related to A, and
the NMOS transistor intrinsic gain gm,7,,. Compared with PMOS regulator line
regulation result (Equation 2.3), the NMOS regulator has an improved line regulation
by GmnTon. This result makes sense because the NMOS pass device is acting as a
“cascode” transistor between Viy and Vppr. If a variation adds on the drain node of
a regulated NMOS transistor, its equivalent variation on the source node should be
attenuated by the transistor intrinsic gain and the amplifier open-loop gain A,.

(2.7)
AvGmnTon

2.2.4 Load Regulation

The load regulation is defined as the static output voltage variation (AVpyr) in
response to static load current changes (Alpyr). The PMOS load regulation analysis
is based on Figure 2.1(a). Again, the small signal analysis is used, A, is the amplifier
open-loop gain, g,,, is the transconductance of PMOS, I},44 is the current load flow
through R, (assume R; and Ry are much larger than Ry). The relation between the
output voltage variation and load current is:

Ry

— AVour————A,0m» = Ao 2.8
ouT Ri + Ry Gmp load ( )
Therefore, the AVoyr/Aljpeq is:
AVour 1
— 2.9
A]load R2 A ( )
R + Ry vIme

From Equation 2.9, the load regulation ability is determined by A, and g,,,.

The NMOS regulator load regulation analysis is based on Figure 2.1(b). Again,
A, is the amplifier open-loop gain, ¢,,, is the NMOS transconductance, I;,,4 is the
current load flow through R;. The transfer function of load current variation on
output voltage is:

R
(_AVOUTRlTQRQAU - A‘/OUT)gmn = A[load (2'10)

The expression of AVoyr/Al e is:
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AVour 1 1
= — 2.11
AIload R R2 Aygmn ( )

S )9 Ry + R,

It is found that for the NMOS regulator, the load regulation is also dependent on
A, and g,n,.

2.2.5 Temperature Drift

The temperature variation also affects the linear regulator output voltage accuracy.
Linear regulator temperature coefficient (TC) is defined as the percentage of output
voltage variation in response to temperature change [5], which has a unit of %/°C. It
can be expressed as:

Vour
AV, AV,
1 AVour (AVier + OS)<VREF) _ AVgrpr + AVps

TC = = =

(2.12)

AT represents the temperature changes, AVyrpr and AVpg are reference voltage
and input equivalent offset variation according to temperate change. From Equa-
tion 2.12, the temperature impaction on output voltage is directly dependent on the
temperate coefficient of reference voltage (AVrgr/AT) and the temperate coefficient
of input equivalent offset voltage (AVps/AT).

2.3 Dynamic State Specifications

The abilities of linear regulator in response to supply voltage and load current tran-
sient variation are two major dynamic state specifications. The output voltage spike
and recovery time affect the regulator output accuracy, which degenerates the qual-
ity of output voltage. Good transient response with small output voltage variation
including overshoots and undershoots is critical to prevent an accidental turn off or
resetting of the load device [7]. The output voltage spike is in large signal domain,
where slewing and non-linear behavior happen. Therefore, it is difficult to accurately
define the spike voltage and recovery time.

In this section, the transient behavior is divided into a few time periods. It
is possible to qualitatively analyze the transient behavior at each time period. A
comparison of linear regulators with infinite and finite bandwidth is analyzed based
on Figure 2.3.

10
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Vi max line Vinmax line

Vin [ | Vin i ransient Vi | [Vigm ransient
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variation v variation
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Ramp VG <_M Ramp VG [:M
P N
VOUT VOUT

§R1 lcap §R1 lcap

IL,max IL,max

Vi,

load load
% R transient % R

(a) (b)

Figure 2.3: Transient response of (a) PMOS regulator (b) NMOS regulator.

2.3.1 Line Transient Response

Line transient response is the output voltage transient variation (Voyr in Figure 2.3)
in response to the supply voltage (V7n) suddenly changes. In automotive environ-
ment, the supply voltage variation can be caused by car cranking®, electromagnetic
inferences, noise, etc.

In this subsection, the line transient response of PMOS and NMOS regulator will
be discussed separately. A possible line transient response of PMOS regulator is
shown in Figure 2.4, where (a) is a feedback loop with infinite bandwidth, (b) is with
finite bandwidth. In (a), as the supply voltage V;y suddenly jumps up and down,
the gate voltage Vi immediately follows the Vi, which makes Vour, Irvos, Ioap
unchanged.

In (b), limited bandwidth will make Vpoyr vary with Viy. The transient behavior
can be divided into the following ¢; — tg time periods:

At tq, the V;y and Vg are kept at their nominal value. It should be noted that at
this time I;05 is at medium current load, which makes the regulator able to adjust
output current up and down*.

At ty, Viy suddenly goes up. Due to the limited bandwidth, Vs begins to slew,
Vse is larger than t;. The increased Iy;0g current flows into the load capacitor Cp,
which leads to an increased Vppr.

At t3, the slew period ends. Both Iy;0s and Icap excursions (compare to their
nominal value at ¢1) are reducing. The regulation loop begins to take control of Voyr.

At ty4, the regulation loop controls Voyr back to its nominal value. The curve is
sort of RC discharging, the time constant is related to the loop bandwidth.

At t5, Vg reaches its maximum. The Vg is the same with ¢;.

3Cranking is referred to as the voltage drop of the car battery during engine starting
4If Inros is in its minimum, Vo can be at a voltage higher than nominal for a while since the
regulator has only source ability and no sink capability to its load
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4 to 13 ty thtz ty ts tet; fs t9
Voltage \ Voltage Ver
1 3 VSG — VIN _ SG 7V|N
Vsa Voo \
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»Time »Time
VOUTA VOUT PN

»Time » Time
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»Time »Time

lcap | lcap

»Time »yTime

t t 13 ty btz 44 ts tet; tg 19
(a) (b)

Figure 2.4: One possible PMOS linear regulator line transient response (a) with
infinite bandwidth (b) with finite bandwidth.

At tg, Vin suddenly rolls down. Again, V; starts to slew. I3;0s suddenly reduces,
Icap is providing current to compensate the current difference (Iyos+Icap=I1, as-
sume [, is constant during line transient).

At t;, the slew period ends, Vppr is gradually controlled by the feedback loop.
Both Ip0s and Ioap excursions (compare to their nominal value at ¢1) are reducing.
At the end of t7, Voyr reaches its minimum value.

At tg, the feedback loop fully takes over the control of Voyr. Vour is back to its
nominal value like a RC curve. The time constant of the RC curve is related to the
loop bandwidth.

12
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At tg, the line transient is over, the status is the same with #;.

The line transient response of NMOS linear regulator is shown in Figure 2.5,
where (a) is with infinite bandwidth, (b) is with finite bandwidth. For the infinite
bandwidth case, no matter how the supply voltage V;x varies, the Vopr is kept at its
nominal value. The finite bandwidth transient behavior is divided into t; — t9 time
periods. Each period will be discussed as follows:

t t t ty btz t ts tsty t t
Vi 1 2 3 Vi 1 bty ty 5 tt7 g 9
\— Vin Vin
»yTime »Time
Voltage 5 Voltage | vV
Ve Vos ¢
Ves vVGS Vour
Vour
»Time » Time
Ivos 1 Ivos +
»Time » Time
lcap . lcap
0 0 V N
»Time yTime
ty t ts ty tts 4 ts ety tg o

(a) (b)

Figure 2.5: One possible NMOS linear regulator line transient response (a) with
infinite bandwidth (b) with finite bandwidth.

At t1, Viny and Vpyr are at their nominal value. Again, I,0s is assumed to be
providing medium current load.

At t9, Vin suddenly goes up. Due to channel length modulation, Iy;0s starts to
provide additional current. This current is directly charged into Cp (assume [ is
constant), which makes Vo suddenly increase. Vi starts to slew to follow the fast
Vour variation.

13
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At t3, Vi is controlled by the feedback loop. Ipos and Icap excursions (compare
to their nominal value at t;) reduce. At the end of t3, the Vig is adjusted to its
nominal value (the same with ¢;), and Vopyr is at its maximum value.

At t4, the regulation loop fully takes over and regulates Vo back to its nominal
value.

At t5, all the voltages are at their nominal value.

At tg, Vin suddenly rolls down. Again, Iy;0g is reducing owing to channel length
modulation, Voyr immediately decreases. The current difference between [ and
Iyos is compensated by Icap. The fast Voyr rolling down causes Vi starting to
slew.

At t7, Vigg is near its nominal value. Iy;05 and Io4p excursions (compare to their
nominal value at ¢;) is decreasing. By the end of 7, the Voyr is at its minimum.

At tg, the feedback loop fully takes over and regulates Vo back to its nominal
value.

At tg, the line transient is over, the status is the same with ¢;.

2.3.2 Load Transient Response

Load transient response is defined as the linear regulator’s ability to regulate the
output voltage during fast load transients [8]. In practical cases, the circuit loaded by
a linear regulator can be dynamic (e.g. a micro-controller operating at several tens
of MHz), the load current variation is fast and unpredictable. The output voltage
changes in response to maximum load current variation at given period of time should
be defined for a linear regulator. In this subsection, the load transient behavior will
be analyzed in detail.

One possible load transient waveform of a PMOS linear regulator is shown in
Figure 2.6, where (a) is with infinite bandwidth. During load transient variation,
I}, is provided by the power transistor current Iy;0s. The output voltage Vouyr is
unchanged. (b) is with finite bandwidth, its transient behavior is divided into a few
time periods, the analysis is as follows:

At t1, I, and Vgq are at their nominal value.

At to, I, rises up immediately. Due to the loop delay, the major current for I,
variation is provided by Io4p. Charge flowing out of C', causes Voyr decease. Since
I}, rising edge can be very fast (e.g. 60mA/uS), the fast variation which beyond the
loop bandwidth makes Vg slewing.

At t3, Iy0s becomes the dominate source providing the load current I;. The
feedback loop gradually controls Vopr (slew period ends). For Icap is reducing, the
speed of Vpyr rolling down is reduced in comparison with time period t,.

At the beginning of t4, Injos=Ir, Icap = 0. Voyr reaches its minimum value.
Then the loop begins to regulate Vo back to its nominal value. The discharge curve
can be roughly modeled as a RC curve.

At ts5, Vour is back to its nominal value, Vg is at its maximum which provides
the maximum load current Iz 4.

At the beginning of tg, I, goes down from Iy, ;45 t0 11 min. Again, this current
variation is mainly provided by Ic4p. The fast Vpyr variation causes slewing on V.

14
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Figure 2.6: One possible PMOS linear regulator load transient response (a) with
infinite bandwidth (b) with finite bandwidth.

At t7, Ioap excursions is decreasing. The feedback loop takes the control of Vopr.
Finally, Ic4ap=0, and Vpyr reaches its maximum.

At tg, the loop fully takes over the control and Vi is increasing as a RC curve.

At tg, the load transient is over, the status is the same with ¢;.
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One possible NMOS linear regulator load transient response is shown in Figure 2.7,
where (a) is with infinite bandwidth. As the load current suddenly varies from I7,
to I maz, the gate voltage Vi is fast enough to directly rise up to the expected
Vasmaz- In the whole process, the output voltage Voyr is unchanged. (b) is with
finite bandwidth, the waveform is analyzed based on the divided a few time periods.

t t t t tot ts tety; t t
Voltage 1 2 3 Voltage 1 bty 4 5 tst7 tg 9
Vs
Ve Vs —
Vas,min Ves max Vas,min Vs, min P Vs min
Vour \ Vour
»Time »Time
I'V'OSA IMOS,;
IL,max IL,max
IL,min IL,min
»Time »Time
leap_ leap I max K
0 0
. MIL max .
»Time - » Time
IL IL‘;
IL,max IL,max
IL,min IL,min . IL,min L IL,min .
»Time »Time
t1 t2 t3 t1 tg t3 t4 t5 te t7 ts tg
(a) (b)

Figure 2.7: One possible NMOS linear regulator load transient response (a) with
infinite bandwidth (b) with finite bandwidth.

At ty, I, and Vppyr are at their nominal value.
At the beginning of ¢, I;, suddenly increases to I, ,,4,. The majority of current
I, is provided by Ioap. Charges flowing out of Cp will make Vi roll down at very

fast speed. The decreasing Vpoyr will feedback to the input of the amplifier. If the
Vour variation speed is beyond bandwidth, it will cause Vg slewing.
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At t3, Vizs is becoming larger and I;0g is the dominate source providing I7, maq-
For Ioap excursion is reduced, the Vpyr rolling down speed is slower than ¢, period.
At the end of period t3, the Iyos equals to If ez, Vas reaches Viasmaz, Ioap=0.
Vour is at its minimum value.

At t4, the feedback loop takes over the control of Voyr. The Voyr rising curve
can be treated as RC charging.

At t5, Vour is at the nominal value, Iy;05 and Vg are at their maximum.

At g, the load current is rolling down from I}, ;40 t0 I min. At the very beginning
of tg, due to bandwidth limitation Vg is still around Vs maes- The current difference
between Iy;0s and I, will be provided by Ic4p, which is a current flowing into the
capacitor. Vpopr is rising up at a very fast speed, which makes Vi slewing down.

At t7, Iyos is reducing, the loop gradually takes over the control of Voyr. The
amount of Io4p is decreasing as the difference between Iy;0s and I, are becoming
smaller and smaller. Vppr is increasing at a slower speed in comparison with g
period.

At the beginning of tg, Injos=Ir1, Icap=0, Vour is at its peak value. The regula-
tion loop fully takes over the control of Voyr. Vour goes back to its nominal value
by a RC discharging curve.

At tg, the load transient is over, the status is the same with ¢;.

2.4 High Frequency Specifications

2.4.1 Power Supply Rejection Ratio

The power supply rejection of a linear regulator can be defined as the ability to
maintain a constant voltage Voyr in the presence of noisy Viy [9]. Figure 2.8(a)
shows a linear regulator attenuating the supply noise appearing at the regulated
output.

Noisy Supply Line W Vin PSRR(dB)

i
|
Linear e Vour }
Regularor Line }
Regulation
Loading (DC) |

Blocks : PSRR

| (AC)

|

GND } Freq(Hz)

Figure 2.8: (a) Power supply rejection on linear regulator (b) typical bode plot of
PSRR.

In comparison with the line regulation ability as discussed in Section 2.2, power

17
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supply rejection ratio (PSRR) is in AC domain. Therefore, the small signal analysis
should be used. The PSRR is defined as:

y
PSRR = |20l0g1o( EUT)| (2.13)

IN

A typical bode plot of PSRR is shown in Figure 2.8(b). In low frequency range,
the supply variation can be treated as a DC component, which is actually the line
regulation discussed in Section 2.2.3. As frequency increases, more noise or ripple
from the supply line will show up at the output of the regulator. This is mainly
caused by both the feedback loop gain rolling down and capacitors inside the linear
regulator which provides AC signal paths conducting between supply and output.

For PMOS linear regulators, the noise on the power supply line directly shows at
the source of the PMOS power transistor. High PSRR performance can be achieved
by making the gate node have the same variation with source node. Therefore, the
Vs is unchanged. For NMOS linear regulator design, the signal conducting path
from the power supply to the power transistor gate should be minimized. In this way,
the Vs of NMOS power transistor is not affected by the noisy power supply.

2.4.2 Output Noise

The output noise is an important specification when the linear regulator is loading
a noise sensitive Analog/RF block, for example a high quality audio circuit or a RF
transceiver. The noise coming from the linear regulator will degrade the loading
circuit performance. The noise of a linear regulator consists of three main parts:
band-gap reference noise, feedback elements noise, linear regulator circuit noise.

VIN
Vn,bg Vn,fb Vn,regulator T
Linear Vourt
Regulator
Bandgap Circuit
=
Vi

Figure 2.9: Equivalent input noise of linear regulator.

The equivalent input noise source is shown in Figure 2.9, where V}, , is the equiv-
alent output noise from band-gap, V,, f;, is the equivalent noise source from feedback

18
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elements, V,, rpo is the equivalent input noise from the linear regulator. The V,, ;,
and V), Lpo depend on the circuit implementation of band-gap and linear regulator
respectively. If the feedback elements are all resistors, this voltage to voltage feedback
topology in Figure 2.9 has an equivalent thermal noise source contributed by R; and

Ry in parallel [10], which is V,? ;,=4KT(R, || Ry).

2.4.3 Electromagnetic Interference

The electromagnetic interference (EMI) of a linear regulator can be defined as the
electromagnetic emissions from the regulator to the main power distribution sys-
tem [11]. An EMI disturbance example in an automotive environment is illustrated
in Figure 2.10.

Generally, if the pass transistor operates in the saturation region, the PMOS linear
regulator has a better EMI performance, for the reason that the voltage variance
at the regulator output node showing at the power supply line is attenuated by the
output impedance of the PMOS transistor. While for NMOS pass device, at high load
current, the impedance seen from the output node to the supply line may be smaller
than the PMOS output impedance, which may lead to worse EMI performance. It
should be noted that if the pass transistor operates in the linear region, the EMI
performance of NMOS and PMOS regulators should be identical, because the pass
transistor is simply equivalent to a resistor.

\‘_/\,\/

Power Power \
Mangement Mangement \,‘M
Power Unit Unit Linear
Source . Y Regularor
Car Sensors Digital
Audio Blocks
System
I

Figure 2.10: EMI example in automotive environment.

2.5 Frequency Behavior

A linear regulator is a negative feedback system. Therefore, its frequency behavior
determines the loop response time, which is strongly linked to dynamic specifica-
tions such as line and load response of the regulator. A critical issue for a feedback
system is stability. Frequency behavior difference between PMOS and NMOS regula-
tors affects the frequency compensation choice. Simple second-order linear regulator
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topologies are shown in Figure 2.11. It must be noted that Figure 2.11 only represents
conventional linear regulators with relatively large C5. The aim of this section is
to illustrate internal pole P; and output pole P, movement at low/full current load
scenario.

\/OUT \/OUT

hoad hoad

(@) (b)

Figure 2.11: A simple topology of (a) PMOS regulator (b) NMOS regulator.

Gain(dB) — low current load Gain(dB) — low current load
1 ——full current load 1 ——full current load

Freq(Hz) | Freq(Hz)
(a) (b)

Figure 2.12: Bode plot of (a) PMOS regulator (b) NMOS regulator.

For PMOS linear regulator shown in Figure 2.11(a), the second-order system con-
sists of two poles P, and P,. A possible open-loop bode plot at low load current

®For some linear regulators, the output capacitive load is very small, therefore their frequency
behavior can not be represented by Figure 2.12.
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scenario is shown by the solid line in Figure 2.12(a). Roughly speaking, P; is gener-
ated by Mp gate capacitance Cyqre and the G, stage output resistance Rora, which
locates at:

1
271-FZOTAC’gate

fri= (2.14)

P, is generated by the output capacitor C'; and regulator load resistance Ry,
which locates at:

1 o Iload
ZWRLOL N 27T‘/outCL

It is clear that as the load current [,,q increases, P, linearly goes to the higher
frequency. The open-loop gain (neglecting the feedback factor) of the PMOS linear
regulator is mainly the multiplication of gain of GG,,, stage and gain of power transistor,
which is:

fr2 = (2.15)

Av == GmROTAgmpro (216)

Gmp 1s the transconductance of PMOS power transistor, 3 is the current factor
which equals to p,C,,W/L. Substituting with g,, = /260 and 1, = 1/(AMjeq),

Equation 2.16 can be rewritten as:

_ GmBlorav26 1
A V ]load

Suppose G,, and Rora are unchanged during load current variation, 8 and \ are
determined by process and transistor size, the open-loop gain is inversely proportional
to square root of loading current I;,,q. As Ijoqq goes up, the open-loop gain reduces.

A possible second-order NMOS linear regulator topology is shown in Figure 2.11(b).
Again, if C', is in a large value, the possible open-loop bode plot at low load current
scenario is shown by the solid line in Figure 2.12(b). P; is at the output of OTA
which locates at:

A,

(2.17)

1
271-F)LOTILXC’gate

fr1= (2.18)

P, is at the output of linear regulator, the output resistance of this node is roughly
1/ gmn(assume (1/gmn) < RL||[(R1+Rs)), where g,,, is the transconductance of NMOS
power transistor. The frequency of P, can be expressed as:

o Imn _ V 2ﬁ[load
27TCL 27TCL

From Equation 2.19, P, is proportional to the square root of load current. As the
load current increases, P, goes to the higher frequency.

The open-loop gain of NMOS linear regulator is composed by the gain from OTA
and the gain of NMOS power transistor. Assume R;<<R;+ Ry, it can be written as:

fp2= (2.19)
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gmnRL
1 + gmnRL

If gnRy, > 1, then A, =~ G,,Rora. The g,,, Ry, relation can be expressed as:

A, = GnRora (2.20)

‘/;)ut m%ut
gmnRL V 2ﬁlload Iload m (221)

Normally, if ;5,4 in hundreds of mA current range, g,,,[; could be a term al-
way larger than 1. For example, V., =5V, ljpadmaz=120mA, 5 ~1.7, the minimum
gmn R ~ 27, which makes the gain of the NMOS source follower roughly equals to 1.
It should be mentioned that from Equation 2.21, as I}, increases, g¢,,,R; reduces,
which makes overall open-loop gain A, also reduce. However, since ¢,,, R, is normally
the dominate term at both numerator and denominator in Equation 2.20, the gain
reduction due to output current increase is negligible.

It is obvious that both the PMOS and NMOS linear regulator in Figure 2.12 are
unstable feedback systems. Therefore, compensation techniques should be applied.
The movement of P, according to different load current adds difficulty for compen-
sation, for the reason that the compensation scheme should be effective among P,
movement range. Based on Equation 2.15 and Equation 2.19, Figure 2.13 is plotted to
show the frequency range that P, moves over the loading current from 10pA to 120mA
for PMOS and NMOS regulators respectively. Assume f=1.7, A=0.2, C,=220nF, it
can be seen that for PMOS regulator, P, starts at 1Hz and ends around 10kHz. While
for NMOS regulator, P, starts at 5SKHz and ends at 500kHz approximately.

10°

—P, PMOS regulator .-

10%H == - P2 NMOS regulator| P

N
o
>
)
A
)

P2 Frequency(Hz)
>

A=0.2

10 B=1.7 3
C,=220nF
0
10 1 1 1 1
107° 107 107° 107 10”" 10°

Output Current(A)
Figure 2.13: Py movement over load current.

It can be concluded that the P, movement range for NMOS linear regulator is
much wider than the PMOS one. For PMOS linear regulators, the P, movement can

be controlled within the bandwidth (e.g. keep the bandwidth greater than 10kHz),
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therefore the number of poles and zeros within bandwidth can be unchanged during
load current variation, which may provide better chance for compensation. While
for NMOS linear regulators, wide P, movement may go out of the bandwidth, which
adds more complexity for compensation.
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Chapter 3

Design of NMOS Linear Voltage
Regulator

3.1 Pass Device Characteristic and Sizing

Before really entering into the design phase of the NMOS linear regulator, both pass
transistor characteristic and its sizing should be known. As stated in Section 1.4,
the maximum supply voltage is 40V, therefore a power transistor with a high break-
down voltage should be used. A double diffused n-type MOSFET in advanced BCD
technology [12] is shown in Figure 3.1, the source of the transistor is implanted in a
p-well. The n-well is acting as the drift region. p-well and n-well are forming a PN
diode which is the body diode. The transistor is based on silicon on insulator (SOI)
technology. The buried oxide is used to isolate the substrate.

isolation

Buried oxide(BOX)

Substrate

S

Figure 3.1: Power MOS symbol and the cross section view.

The minimum width to length ratio of the power transistor needs to be determined.
The pass transistor should work in saturation region and linear region. In saturation
region, the drain current Ip and Vg relation is quadratic, while in linear region this
relation is linear. For the same Vg range, the current conduction ability bottleneck
is in linear region. Therefore, the power transistor minimum width to length ratio can
be found by measuring the linear region drain-source resistance Rpg. In this design,
the expected Rpg is 0.5V /120mA~4.17¢).
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Practically, the minimum width to length ratio should be enlarged to compensate
non-idealities such as bond wire resistance, transistor mismatch, etc. Moreover, the
heat density should also be taken into account before finally deciding the area of the
transistor. Finally, a NMOS power transistor with an area three times smaller than
the PMOS power transistor (used in the available PMOS linear regulator) is chosen
in this design.

3.2 NMOS Linear Regulator Topology

From top level point of view, if starting from a PMOS linear regulator topology to
design its NMOS equivalent, an analog level shifter block should be added to level up
the gate voltage as shown in Figure 3.2. It should be mentioned that the op-amp is
built in low voltage domain (Vppy) in the previous PMOS design on considerations
of better transistor matching! and smaller silicon area. The charge pump is added
to boost the level shifter supply voltage when the battery (Vpar) is low (regulator
in low drop-out). When the battery is high, the charge pump is disabled and the
battery is supplying the analog level shifter.

VBAT

Rﬂ

Charge
VDDL Pu mp VPﬁT
Analog
Level 44 = My
Shifter K

|

:

Figure 3.2: NMOS linear regulator topology.

There are three blocks in this NMOS linear regulator top view (op-amp, analog
level shifter, charge pump), it is easy to find ways to combine some blocks together.
For example, the charge pump and analog level shifter can be combined which directly
boost the op-amp output voltage up to control the gate of My. Giustolisi et al. are
using charge merging technique to boost the gate voltage [13]|[14]. Camacho et al. are

'High voltage transistors are normally with poor matching characteristics
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applying a switched floating capacitor to generate the gate voltage [15]. The charge
pump and analog level shifter combining together has advantages in aspect of lower
static current consumption and less complexity of the circuit. The biggest disadvan-
tage is the noise that the switching floating capacitor circuit generates. According to
the application environment for this design, the NMOS regulator is in low drop-out
regulation (LDO mode) only during engining starting. In most of operation time,
the linear regulator is working in high drop-out regulation (HDO mode), the switch
circuit still adds noise in high drop-out region, which is a drawback for automotive
applications.

The other method to simplify Figure 3.2 is to combine the charge pump and the
amplifier together (neglecting the analog level shifter stage) [16]. The advantage of
this combination is that the charge pump is effective only during the low battery case.
The switching noise exists in low battery supply, which only lasts for a short period
of time. In normal case, the amplifier is directly connected to battery. As the battery
voltage can be maximum 40V, a high voltage amplifier should be designed.

3.3 High Voltage Error Amplifier

Both operational transconductance amplifier (OTA) and operational amplifier (op-
amp) can be used as a gain stage in linear regulator design. The gain stage is also
named as “error amplifier (EA)”, because it amplifies the voltage difference between
the reference and the feedback voltage. As discussed in Section 2.2 and Section 2.3,
the error amplifier characteristics are directly related to the static and dynamic per-
formance of a linear regulator. Therefore, the design of error amplifier is key of the
whole linear regulator design.

Since OTA has a high output resistance, its output resistance and power transistor
gate capacitance can be combined together to form a dominate low frequency pole,
which is referred to as internal compensated regulator?. This is a good solution
for some capacitor-free linear regulator structures [17][18]. For these structures, the
low output capacitance leads to a high frequency output pole (outside the desired
bandwidth), the system can be designed as a single pole system.

For external compensated linear regulators (the output pole is the dominate one),
an op-amp (cascading of an OTA and a buffer) is common to drive the gate of the
power transistor. Since the output pole is the dominate one, any internal poles will
add difficulties for compensation. Therefore, a buffer is added between the OTA and
the gate of power transistor. This configuration makes the power transistor gate node
with low impedance (for the low output resistance of the buffer). The OTA and the
buffer interface is also with low impedance (for the low parasitic capacitance between
OTA and buffer). In this way, one low frequency pole at the power transistor gate
(OTA as gain stage) is traded by two relative high frequency poles (op-amp as gain
stage).

2The dominated pole is inside the control circuit
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Figure 3.3: High voltage operational amplifier with cascode low voltage input pair.

In this design, the op-amp is preferred to drive the gate node of the power tran-
sistor. This preference is mainly based on the frequency compensation choice which
will be discussed in Section 3.4.3. The high voltage operational amplifier is shown
in Figure 3.3. The input pair transistors (M3 and M;) are low voltage transistors
for better matching. The gain stage is composed by transistors M;-My, two diode

connected transistors M; and Mg are mirroring the current flow through their branch
to M10 and Mu.

Mo and My is named as a feed-forward Class AB biasing output stage [19]. The
drawback of this topology is the output voltage swing is limited by the gate-source
voltage of the output transistors [20]. However, in this design, considering the supply
is provided either by the charge pump or the battery (always higher than 10V), the
output voltage swing of the op-amp can be designed within 5.5V~8.3V, which means
the requirement of op-amp output voltage swing is not critical.

One consideration of using a Class AB output stage is during line and load tran-
sient variation, the capacitative nodes may slew. The overall slew rate is limited by
large capacitive nodes. By applying this Class AB output stage, the slew rate at the
gate node can be increased.
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3.4 Frequency Compensation

For now, the size of the power transistor, regulator topology and op-amp structure
are decided, the next step is to tie these modules into a feedback loop. As discussed in
Section 2.5, the NMOS linear regulator is difficult to compensate because the output
pole movement over load current is dramatic. In this section, firstly the load capacitor
size of this linear regulator is chosen, then the feedback loop is modeled in small signal
domain. Finally, the proposed frequency compensation will be presented.

3.4.1 Output Capacitor Sizing

In this design, the external output capacitor is required as this linear regulator is
targeted for providing supply voltage to devices on printed circuit board (PCB).
From previous PMOS linear regulator design, a typical value 2.2uF external ceramic
capacitor is defined. Since the NMOS regulator has possible advantages in transient
response, there might be chance to reduce this output external capacitance in order
to reduce the linear regulator cost. An output ceramic capacitor of 220nF is targeted
in this design.

However, it should be noted that the value of output capacitor is related to high
frequency performance such as PSRR, noise, etc. Lowering the output capacitance
value may degrade these performance. Another challenge of reducing the output
capacitance is the smaller output capacitance, the wider frequency range the output
pole moves as expressed in Equation 2.19, which may add difficulties for frequency
compensation.

3.4.2 Small Signal Modeling

Before doing frequency compensation, the small signal behavior of the feedback loop
should be modeled. Based on the high voltage op-amp structure and linear regu-
lator topology, the small signal equivalent of the feedback loop can be expressed in
Figure 3.4.

It should be noted that the Class AB output stage is modeled as a single source
follower. In numerical calculation, the g¢,, pur is the transconductance of p-type and
n-type source followers (Mjo and M, in Figure 3.3) adding together. The gate-source
capacitance of My and My, are neglected.

The transconductance of the power transistor (g, an) is varying over different
load current, which changes the small signal behavior of the loop. It is necessary
to model the transconductance of the power transistor My first. Transconductance
modeling of NMOS power transistor is based on two different operating regions.

In sub-threshold region ([, is low), the n-channel of My is not formed. The
gate voltage is controlling the p-type substrate to form a NPN bipolar transistor.
Therefore, the transconductance of the NMOS transistor can be roughly modeled
as a bipolar junction transistor (BJT). The transconductance of BJT is expressed
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Figure 3.4: Small signal equivalent of NMOS linear regulator.

in Equation 3.1, where V; is the thermal voltage, I, is the quiescent current, n is a

constant.

I+ [q
m,substnresno ~ 31
9m,substhreshold nv, ( )

In saturation region, the transconductance of NMOS power transistor can be mod-
eled as Equation 3.2, where p, is electron mobility, C,, is the gate oxide capacitance,
W and L are the width and length of the power transistor, Vg is the gate to source

voltage, Vry is the threshold voltage.

W w
9m, saturation ~ ,unCo:cf(VGS - VTH) - QMnCoxfIL (32)
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For now, the transconductance of each transistor operation region is modeled. In
this design, the current factor § = ,unC’ox% ~ 1.7. The transconductance is plotted
in Figure 3.5. The solid line is the simulation result from Spectre, the dashed line is
from the calculation results based on Equation 3.1 and Equation 3.2. (Matlab code
is shown in Appendix C.1)

0

10
—— Simulated 1
= = =Calculated :
107k R |
— 10_2' ‘E

10
10°° 10

10°

(A)

IDrain
Figure 3.5: Transconductance of NMOS power transistor.

The symbolic transfer function of Figure 3.4 need to be calculated. First of all,
the AC feedback loop is broke at the negative input of the op-amp while keeping the
DC bias point right as shown in Figure 3.65.

The transfer function is calculated as the signal transferring from V;, to V.. At
each node(V;-V3) the current follows Kirchhoff law. Then, there are equations as
follows:

( Rora

MO sRoraCora '

(Vi = Va)gm.Bur = sCyamnVa + sCys pin (Vo — Vi)

R, (3.3)
_ m s TR
(Vo = Va)(gm.pur + sCosain) 7 e = Vs
Ry
‘/ou =575V
t Rl + R2 ’

There are 4 equations and 4 unknown symbolics (suppose input signal Vj, is
already known) in Equation 3.3. The relation between V;,, and V,,; can be calculated

3In this design, the feedback loop is broke by Spectre stb analysis with the method presented in
21]
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Figure 3.6: Transfer function calculation.

in Matlab (see Appendix C.2), the solution can be simplified based on the practical

component parameters (Table 3.1):

Table 3.1: Components Parameters of the NMOS Linear Regulator

Symbol | Parameter | Symbol | Parameter
Ry 6.26M(2 Cp 220nF
Ry 2MQ Cora 0.3pF

9m,BUF 90uS IMMN 60mS

Garora 595 Cos,MN 14pF

Rora 1.31GQ | Cyamn SpF

The transfer function can be written as:

Vout - Im,MNIm,BUFGaroraRe R Rora + 8Gm, BurCys M NG amoraRe R Rora (3.4)
Vi $3CLCora(Chamn + Cysun)(R1 + R2) R Rora .
+5%9m urCrLCora(R1 + Ro) R Rora
+5Gm, N Gm,BuFCora(R1 + Re) R Rora
+0m,pur(R1 + Ra)(1 + gmmnRL)

Equation 3.4 can be further simplified as (suppose the poles are widely separated,
the detailed simplification steps are discussed in Appendix A):

1+ s—CgS’MN
A Cos C C '
Vin (1§ sRopaCopa)(1 4 s=2sMN T Codhiny g o CL
9m,BUF 9m,MN
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Ry gm,MNRL
Ri+ Ry 1+ gmunRL

From Equation 3.5, there are three poles and one zero in the transfer function. The
zero Z; is formed by the power transistor g, »n and Cys prnv, which is a feed-forward
zero locates at the left half plane (LHP), the frequency of it is:

where A, is the DC gain of the loop, A, = —GyroraRora

Im,MN

Zy = ——JmMN
! QWCgvaN

(3.6)

Pole P; is generated by the interface of the OTA and the buffer, the frequency is:

1
PP 3.7
! 2rRoraCora (3.7)

Pole P, is formed by the buffer output resistance and the power transistor gate ca-
pacitance, it is at relative high frequency for the buffer output resistance is 1/g,, pur,
the frequency is:

9m,BUF
Py =— : 3.8
? 21(Cysun + Cyamn) (38)
Pole P; is generated by the output capacitance C', and the g, psn. The resistance
seen from the regulator output node is roughly 1/g,, v, the frequency of Pj is:

gm,MN

2nC, (3.9)

sz

3.4.3 Proposed Compensation Scheme

As discussed in Section 3.4.2, the transfer function of the feedback loop has three
poles (P;-P3) and one zero (Z;). P and P, are fixed at certain frequencies, Z; and
Py are variant to load current due to g,, amn is in their expressions. Since Z; is a high
frequency LHP zero, it increases both gain and phase at a certain frequency range
and possibly makes the feedback loop more stable. The only “trouble maker” to the
stability of the loop is the output pole Pj, because it can vary a lot over the whole
output current range (Figure 2.13).

The compensation scheme should accommodate the P; movement. In other words,
the compensation should be functional over all current load. The wide movement
range of P3 adds difficulties for compensation. To deal with this movement, roughly
speaking, two methods might be effective:

(1) Making Ps always out of the expected bandwidth.
(2) Accommodate Py movement by adding a zero.

Method (1) can be realized by increasing the standby load current (e.g. in mA
range) to move P to higher frequency, but this is unacceptable for the low quiescent
current requirement in this design. It can also be realized by some pole-splitting
methods [7][22], which push the output pole out of the bandwidth. However, two
reasons make this solution not suitable for this design. One is the gain of NMOS
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power transistor in source follower configuration is near 1 which makes pole spitting
very difficult. The other is the large 220nF load capacitor resulting the output pole
at relatively low frequency. To push this pole to the higher frequency may require a
very large spitting capacitor and high current consumption.

Gain(dB)

—— low current load
———full current load

0 Freq(Hz)

Figure 3.7: Compensation scheme of Method (2).

Method (2) can be conceptually shown in Figure 3.7, where Z, is the zero added in
the loop. It can be seen that as the load current increases, the output pole P; moves to
the higher frequency. However, due to the existence of Z., the loop is stable because
the phase shift of P, is compensated by Z.. It is interesting to notice that as P3 goes
to higher frequency, the bandwidth also get extended. This may add advantages on
transient performance as the bandwidth of the linear regulator is playing a role in
line/load response.

It seems that Method (2) is a good candidate for the frequency compensation.
To compensate this loop, the zero Z. should meet two requirements: One is it must
near the minimum frequency of P; to ensure the low current load stability; the other
requirement is the associated pole generated by adding zero Z. should be outside the
maximum close-loop bandwidth. The drawback of Method (2) is the generation of low
frequency Z. needs large passive components (big resistor and big capacitor), which
requires large silicon area. Also, adding Z. through passive components will bring an
associate pole with it. A few zero generation topologies are shown in Figure 3.8. If
the Z, is at low frequency, the associated pole is also at relatively low frequency.

To make Z. located at low frequency without consuming too much silicon area,
the resistive divider R; and Ry in Figure 3.4 is preferred to be reused in frequency
compensation as shown in Figure 3.8(c), because the low quiescent current requires
large R; and Ry (e.g. in M) range). To make the associate pole locate at higher
frequency, literature [23] presents an active zero compensation scheme, which is able
to generate a zero by using the resistive divider. Two drawbacks in this solution
are unacceptable for this design, which are: (1) the interface between the active zero
generation circuit and the resistive divider are adding DC inaccuracy at the output;
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Figure 3.8: Adding a zero and its associated pole.

(2) the active zero generation circuit may not be functional when the output voltage
varies vigorously.

By analyzing the structure shown in Figure 3.8(c), it can be calculated that the
frequency of the associated pole is (R; + Rs)/R> times higher than the zero. The
optimum solution for this design is making the associated pole absolutely disappear.
A possible solution can be to make the associated pole merge with other poles. To
be specific, by making the dominate pole at the output of the resistive divider, the
time constant of the associated pole can be added into the very large time constant
generated by the dominate pole. This idea is illustrated in Figure 3.9.

Vin

Vout

Cbig _ R2

Figure 3.9: Adding a zero while merging the associated pole with dominate pole.

The transfer function from V;, to V,,; in Figure 3.9 can be written as:
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Ry
‘/out _ 1 + SRQCbig _ RQ(l -+ sRlC’l) (3 10)
Vi Rl RQ (R1 + Rz) + 8R1R2<Cbig + Cl) ’

+
1+ sRCy 1+ SRQCbig

The pole is at —1/27(R;||R2)(Chig + C1) and the zero is at —1/27R;Cy. If Cpiy >
(', the effect of the associated pole on the dominate pole is negligible.

For now, the method of adding a zero without being troubled by its associated pole
is found. The next step is to generate a large capacitance to form the Cpy;q. It turns
out that pole splitting technique is a perfect candidate for generating an equivalent
large capacitance. In this design, the Cy;, can be generated by connecting the high
voltage op amp into an integrator configuration by C5 as shown in Figure 3.10. The
equivalent capacitance at the input of amplifier is around A,C5, where A, is the
open-loop gain of the op-amp. If the signal transfers from the input node of resistive
divider Vj,, to the gate node of power transistor Vju., the nodal equations can be
written as:

( Vin — Vi \%
Tl + 5(Vin —V1)Cy = Elg + 5(Vi = Vgare) Co
V;
—GuoraVh = 2 4+ 5CoraVs (3.11)
OTA
gm,BUFVé = gm,BUFvaate + SCgate‘/gate + S(‘/gate - ‘/1)02

\
Suppose the poles and zeros are separated, transfer function is calculated by Mat-
lab (Appendix C.3) as?:

s3C1CoCoraR1RyRora + s*CoCoraRaRora
Voate . —59mBurC1GuoraRiReRora — gmpurGuoraR2Rora

~ 3.12
Vi $3C1CoraCyate RiReRora + $*Gm surC1CoraR1ReRora (3:12)
+59m,surCoGrroraRi1 Ry + (R + R2)gm.Bur
The transfer function can be further simplified as:
CyC, CyC,
(1 + 5R101>(1 — S 22074 — 82 2-0TA
Viate A Gm,BurR1C1G 01 9m,BUurG 0T A (3.13)
A CoraC Clate '
Vi [1+ sGaroraRoraCa(Ry||Ry)|(1 + 8%) 14 s—22 )
M,0TAL2 9m,BUF
Ry
here A, = -G Rora———
wihere M,0TALTOT A Ri + Ry

4 The simplification is based on C;=10pF, Cy=1.2pF and other numerical values shown in Ta-
ble 3.1
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Figure 3.10: Integrator configuration with Cj.

First starting from the numerator, there are three zeros, the first zero Z; is the
expected zero to compensate the system, which locates at:

1
7y = S RiC, (3.14)
Another two zeros are generated by the feed-forward capacitor Cs. It should be
noted that this zero pair is a LHP zero and a RHP zero in combination. The content
in the numerator second parentheses of Equation 3.13 can be simplified as (based on

R101>>CQCOTA)Z

5,0,
1— 82 200TA (315)
G'M0TAGm,BUF
It results two zeros at:
1 /G m
Z2,3 ~ M,OTA9m,BUF (3.16)

27 CQCOTA

We now calculate the pole frequencies, P, is the pole formed by the splitting
equivalent capacitor Cy and resistive divider, which is at:

1
B 27TGM’OTAROTAO2(R1 | |R2)

P, is formed by the OTA transconductance and capacitance, C; and C5 is forming
a capacitive feedback around the OTA. The pole frequency is:

1 Cy Grora
p= 20N 3.18
? 2r Cy Cora ( )
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P; is formed by the buffer output resistance and gate capacitance at the power
transistor, which locates at:

_ 9m,BUF
27Tcgate

In Equation 3.13, the simplification is based on the assumption that P, and P;
are separated. P, and Pj3 can also form a pair of complex poles. To further model
this transfer function, the transfer function of Equation 3.13 can be written as:

Ps =

(3.19)

(14+sRiCh)(1 —s C>Cora — 52 C>Cora
Vour A RC\Gyoragm, BUF G r,0T7AGm,BUF
Vi, CoraCi C1CoraCyate
m 1 G R Cy(Ry||Rs)(1 2 g
L+ sGhroraforaCa(Bl|B2)l(1 + SGM,OTAC2 gm,BUFGM,OTA(Cz )
3.20

The complex poles can be formed if:

CoraCh 2 _ 4 C1CoraCyate

3.21
Gar,oraCs I, BurGar,oraCh (3:21)
which is:
m O, G
9m,BUF < 4_2 M,OTA (3.22)
Cgate Cl C’OTA
The pair of complex poles will have a resonate frequency at:
1 m G C.
Pyy=—— 9m,BUF G M,0T7AL2 (3.23)

2m Cl C(OTA Cgate

For now, the signal transfer behavior from the input of the resistive divider to
the gate of power transistor has been analyzed. It would be necessary to know the
total feedback loop transfer function. The signal transfer from the gate of the power
transistor My to the output of the linear regulator will meet one zero (Equation 3.6)
and one pole (Equation 3.9). Assume Cute~Cys mn +Cya vy and neglect the resistive
divider loading effect due to break the AC loop (for C7, is large), the simplified transfer
function of the whole loop can be written as:

Ay(1 4 sR,Cy)(1 — s C2Cora )1+ SM)

Vout - gm,BUFGM,OTA 9m,MN
— CoraC C1CoraClyate
Vin 114 sGaroraRoraCo(Ri|| Ra)(1 + s ~0TACL | 2 ©1C0TATgate yq |
GaroraCs 9m,BurGv,0raCo

Ry

here A, = -G Rora—————
where M, 0T ALLOT A R, + Ry

The pole zero locations are summarized in Table 3.2.
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Table 3.2: Poles and Zeros Location of the Whole Loop

Poles Zeros

1 1

P = 7 = —
! 21GrroraRoraCs(Ry||R2) ! 2r R Cy

1 [ gm,BurGaoraC 1 [gm,BurGaora
P273 ~ £l 2 2273 ~ :l:% r

- _% Cl COTACgate C2COTA
9m,MN 9m,BUF
P - ’ Z —_
4 27TCL ! 27TC’gs,MN

It should be noted that P, 3 are assumed to be a pair of complex poles (Inequa-
tion 3.22 is easily tenable in this design), the P, 3 frequency in the table is the resonant
frequency(where gain and phase reduce on bode plot).

More accurate overall transfer function is calculated by solving nodal equations
which is shown in Appendix B.

The accuracy of the small signal modeling should be verified. Figure 3.11 shows
the low load current bode plot of the overall transfer function, where the solid line
is the Spectre transistor level simulation result. The dashed-dot line is based on the
simplified transfer function shown in Equation 3.24. The dashed line is based on the
calculated overall transfer function Equation B.2 in Appendix B.

It can be seen that the simplified transfer function is accurate enough to describe
transistor level circuit AC behavior. The poles and zeros marked on the figure are
corresponding to Table 3.2.

Since the bode plot at low load current is already known, it would be interesting
to notice the stability. The bode plot can be simplified as shown in Figure 3.12.

Suppose the gain roll down from P; to P, is by 20dB/dec, from P, to 0dB is by
40dB/dec. Then, the following equation holds:

Ayap — 2000910274 — 40l0gin B — g (3.25)
fPl fP4
which is:
2
Ade = 20[0910 fP4fBQW (326)
fPifpa

Suppose the decimal value of A, 45 is Ay decimar, Equation 3.26 can be rewritten
as:

fraftw

frifi

Av,dB - 2OlogloAv,decimal = 20l0g10 (327)
which can be simplified as:
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Figure 3.11: Bode plot at I;,=0uA.
Av,decimal - féW (328)
frifpra
The bandwidth is:
fBW - \/Av,decimalfplfp4 (329)

Since the bandwidth, poles and zeros frequency are already known, the phase
margin (PM) of this bode plot can be written as:

PM =90 — arctan Jow + arctan fow (3.30)
fr4 Iz
which is:
Av ecima Av ecima
PM =90 — arctan Avdecimat fp1 + arctan & Qlfplfm (3.31)
JP4 [z

According to Table 3.2, it can be rewritten as:
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Figure 3.12: Simplified bode plot analysis at I},

.32
C.Cs (3.32)

GmmunR1CE

+ arctan
Cy

L

C
Im. MmN

PM =90 — arctan

Assume A, gecimarfp1 s 100kHz, sweep fps and fz;, the phase margin can be

plotted in Figure 3.13.

100

(=] o o o
[¢°] © < N

(ea1baq)uibiep aseyd

1000

10000

0

=0uA.

Figure 3.13: Phase margin analysis at [,
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It can be seen that either moving fps to higher frequency or moving fz; to lower
frequency will improve the phase margin. However, these two approaches are costly for
the design. To be specific, moving fp4 to the higher frequency means more quiescent
current (g, mno<y/(L; + 11)). While moving fz; to lower frequency means increasing
R4, which means more silicon area.

Next, the feedback loop stability at high current load is investigated. Again, the
transfer function is based on Equation B.2 and Equation 3.24. g, ;n is based on
Figure 3.5. The bode plot at full current load (/;=120mA) is shown in Figure 3.14.
The solid line is the transistor level simulation result in Spectre, the dashed line is
the based on the overall transfer function and the dashed-dot line is based on the
simplified transfer function.
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Figure 3.14: Bode plot at full load current I;,=120mA.

It can be concluded that the calculated transfer function describes the transistor
level AC behavior accurately. P; has already moved to the higher frequency, which
resulted in a bandwidth extension. However, as shown in Figure 3.14, the feedback
system at full current load is instable, because the bandwidth is larger than the Ps 3
frequency, resulting in four poles one zero inside bandwidth. Since the bandwidth
should be lower than the P»3 frequency, it is important to know the bandwidth
expression. The simplified bode plot is show in Figure 3.15

Since the frequency axis(x-axis) is in logarithmic scale. The following holds:
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Figure 3.15: Stability analysis at high load current.

_Jew _ Jm (3.33)
fintegrator fZl
Using the pole-zero expressions in Table 3.2, the bandwidth can be written is:

f . gm,MNCI
B 2nC LCQ

From Equation 3.34, it can be seen that either reducing C; or increasing C7, and
C5 can limit the bandwidth. However, according to Equation 3.32, the value of C
is chosen to increase the phase margin at low current load. Typical value of C7p, is
determined. The only value can be tuned is C. As (5 increases, the fgy is limited.
P, 5 also go to the higher frequency which allows us to stabilize the system.

By increasing C5 the system can be compensated by sort of “narrow-banding”
technique, but it sacrifices the transient performance by making the feedback loop
bandwidth slower. If this bandwidth extension characteristic of the proposed com-
pensation scheme can be taken advantage of, methods of pushing P 3 to higher fre-
quencies without limiting the bandwidth should be considered.

(3.34)

3.5 Adaptive Biasing

In this section, an adaptive biasing method is introduced which can stabilize the sys-
tem without sacrificing the bandwidth. Form Table 3.2, P, 3 can be moved to higher
frequency by increasing g,, pur and G ora. According to the op-amp topology (Fig-
ure 3.3), it can be known that the tail current flow through M, determines both the
bias current of the OTA and the buffer. As the tail current increase, both the g, pur
and Gy ora will increase. If the tail current of My is proportional to the load current
Ir,, then P, 5 will move to higher frequency as I, increases. In this way, the stability of
the loop can be ensured without sacrificing the bandwidth. The concept of adaptive
biasing is illustrated in Figure 3.16.
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Figure 3.16: Illustration of adaptive biasing idea.

3.5.1 Current Sensing for Adaptive Biasing

The current sensing of NMOS transistor can be achieved by keeping the node voltages
of My and My, exactly the same as shown in Figure 3.17. The source node voltage
of My and My, are regulated to the same voltage level, the current sensing can work
precisely.

The only error of this current sensing scheme is due to the mismatch of My, My,
and the finite gain of the OTA. It can be found that when the output current increases,
the regulation loop gain reduces, the sensing error increases. Since the output current
sensing is not required to be very accurate, this error can be tolerated.

It should be noted that in low drop-out regulation, My and My, are effectively
resistors. The sensing current is still with the same ratio to the current flow through
the pass transistor because the Rpg resistance is inversely ratioed. Therefore, the
current sensing scheme in Figure 3.17 works accurately in saturation and linear region.

3.5.2 Frequency Compensation for Current Sensing Loop

Since the regulation loop is used for generating a NMOS current mirror, the stability
of this regulation loop should be taken care of. Moreover, the bandwidth of this loop
is the “bottleneck” of the overall bandwidth of the regulator, because the stability of
the main feedback loop is relies on this adaptive biasing. If the adaptive biasing is
slower than the main loop, it might cause stability problems.

R3 and C5 are added at Vpyr; node for frequency compensation of the current
sensing loop. This compensation is functional when My is conducting little current.
At this scenario, Vo node is actually a high impedance node, and the OTA output
also provides a high impedance node. These two low frequency poles inside the loop
cause stability issues.
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Figure 3.17: Current sensing scheme with regulated source node voltage.

Normally, to deal with two low frequency poles, “pole splitting” is a good candi-
date. However, there are two causes that make it not suitable for this design. The
first is the bandwidth of this regulation loop should not be limited by frequency
compensation. The second is at high load current, the gain reduction of Mjs(due to
current flow through Mpy) will make the spitting not very effective.

Based on these considerations, a compensation scheme which does not limit the
bandwidth and only effective at low current load is desired. The current sensing loop
is broke at the Voyri node. The equivalent small signal model is shown in Figure 3.18,
the transfer function can be written as:

\/out

L.
Cs
b,MN1 %%%é F23

lo12 1/gm,MN1

-1 1]
1

Figure 3.18: Small signal equivalent of current sensing loop.
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( Vi
VinGmora2 = "+ sViCoras
OT A2
gmlz(V1 - VQ) = gm13V2 (3 35)
‘/ou V‘Ou ‘
gmi2(Vi — Vo) = . Ly G, N1 Vout + SCsp vin1 Vour + —tl
SCg
\
The complete transfer function is written as:
Vout Im12 Guora2Rorasrea(1 + sCsRs)

Vin  9miz + gmiz (1 + sRoraeCoraz)[l + gmarniTor2 + 5(Csrorz + 101205 pnt
+C3R3 + gmmiN1T012C5R3) + 5203337“01203b,MN1]

(3.36)
Suppose g mn1T012>1, C5>>Cly v, Equation 3.36 can be simplified as:
Vout ~ Im12 GumorazRorasreia(1 + sC3Rg)
Vi Gm12 + gm1z (1 + SRora2Cor42)[gm mn1To12 + S(1 + g pin1 R3)r012C3

+3203R3T012Csb,MN1]

(3.37)

It can be seen that in Equation 3.37, there is one pole at Ps = —1/(27r Rora2Cora2)
and one zero at Zs = —1/(2nR3C3). For another two poles in the transfer function,

their frequencies are related to the g, pn1. At low current load, the term in the de-
nominator of Equation 3.37 s(14 gy amn1R3)7012C3/57512C5 (for gm i is quite small
e.g. 1uS), which leads the two poles Po=—gpm mn1/(27C5) and Pr=—1/(27 R3Csp prn1)
respectively. The simulated bode plot is shown in Figure 3.19.
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Figure 3.19: Current sensing loop bode plot at I, = OuA.

At high load current, the term in the denominator s(1 + g an1Rs)7e12C5~
$7012C3Gm, pmn1 R (for gy arn1 is much larger due to current increases, gp, prnv1R3>>1),
the Ps and P; frequencies are changed to —1/(2nR3C3) and —gm pni/(27Cs pnt)
respectively. The Zs and Py are canceling each other, the P; is at relatively high
frequency for Cg, arni1 is quite small. The simulated bode plot of current sensing at
high current load is shown in Figure 3.20.

Figure 3.21 shows the phase margin and bandwidth over all current load for this
current sensing regulation loop, it can be seen that the bandwidth of this loop is
alway higher than 1IMHz. The minimum bandwidth happens at the current is at
250mA®, which is around 3.5MHz. The bottleneck of the main voltage regulation
loop bandwidth should be lower than this value.

°It should be noted that the typical maximum current load for this regulator is 120mA, however,
stability should be guaranteed to near 250mA before the current limitation operates.
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Figure 3.20: Current sensing loop bode plot at I;,=120mA.
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3.5.3 Adaptive Biasing Current Ratio Consideration

For the adaptive biasing, the ratio between output current I, and high voltage op-
amp bias current should be defined. It is clear from P35 frequency in Table 3.2
that the more bias current, the higher frequency of P, 3. However, this bias current
degrades the overall current efficiency. Especially, in this design, the bias current can
be provided by a charge pump during low battery mode. Higher current ability for
charge pump requires more silicon area.

At high current load, the bias current should be at its maximum. Theoretically, if
P, 3 are always kept at 3~4 times higher than the bandwidth frequency. The system
can be kept stable with a good damping behavior. However, the bandwidth of the
linear regulator is not increasing linearly with I;. The bandwidth increases faster
near low current load region. Therefore, an adaptive biasing circuit (composed by
Mz, Myy and Ryjmi) with peak current limitation and fast bias increasing rate near
low current load is used, which is shown in Figure 3.22.

The voltage drop on Ry is forcing My, going into the linear region at high cur-
rent load. The maximum adaptive bias current can be limited to (Vi —Vru3)/ Riimit-
The adaptive bias current gy, pias versus Iz, is shown in Figure 3.23.

Simplified OTA

Ms |
VAR T
i Idyn.bias ;1_00/ N
| Riimit OM ‘\*’/‘ I
Ve | Ll
[: M, L Mug AV _|K M3
! den_bias
____________ GND

Figure 3.22: Adaptive biasing on the main voltage feedback loop stability analysis.
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Figure 3.23: Adaptive biasing current versus load current Ij.

3.5.4 Adaptive Biasing Effect on Main Voltage Regulation
Loop

The interesting question for adaptive biasing scheme would be “Does it affect the
linear regulator main voltage regulation loop stability?”. To find this answer, the
effect of adaptive biasing on the op-amp output will be analyzed, which is shown in
Figure 3.22.

It can be seen that there are two paths (dashed and solid line) for the adaptive
biasing signal (the sine-wave). If transistors are perfectly matched and there are no
parasitic poles in the signal transfer paths, the op-amp output should not be affected
by the adaptive biasing signal variation (as shown that the solid and dashed waveform
are canceling each other at Cj,,q node). However, in practical circuits there must be
some asymmetries. To further verify the stability of adaptive biasing loop, the AC
loop is broken at M4 gate node, a test AC signal V, ;, is injected, the feedback signal
Viout is received at the Mz gate node. The open-loop gain (V; oui/Viin) plot of the
adaptive feedback loop is shown in Figure 3.24.

The maximum gain of the adaptive biasing loop is less than -20dB. Therefore, the
adaptive biasing loop through the whole regulator can not be treated as a “feedback”
system, because even for a signal injects into the feedback system, there is not strong
enough a signal back. Therefore, stability of this adaptive biasing loop is ensured.
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Figure 3.24: Adaptive biasing loop gain plot.

3.5.5 Linear Regulator High Current Load Stability with
Adaptive Biasing

At high current load (I,=120mA), the linear regulator main voltage feedback loop
bode plot with adaptive biasing is shown in Figure 3.25. From this plot, it can be
seen that with the implementation of adaptive biasing, P 3 is moved to the higher

frequency (compare to Figure 3.14), which ensures the system stability at high current
load.
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Figure 3.25: Linear regulator high current load bode plot with adaptive biasing
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3.6 Over-current Protection

The linear regulator should have the over-current protection (OCP) ability to protect
itself from overload current damage, because current above limitation may cause
the power transistor heating up which reduces its lifetime and may result in device
failure. In real applications, the over-current scenario could be caused by the over
power demand from the loading circuit. In this case, the linear regulator should
better be kept at some constant output current to drive the loading circuit, this
feature prevents the loaded circuit from resetting if the over power demand only lasts
a short period of time.

The output current I, and the load resistance Rj, relation is shown in Figure 3.26.
If there is no over-current protection mechanism in the linear regulator, the load
current can be very high when Ry is low (as the dashed line shows).

||_ A \
\ — with OCP
A w/o OCP
\\
\
i =250mA |—
P
0 R|_ + QOO

Figure 3.26: Current limitation scheme.

When the linear regulator is in OCP mode, the output voltage will linearly reduce
with the load resistance. Therefore, the main voltage regulation of the loop should
be disabled, or else this loop will try its best to regulate the output voltage to 5V.
To disable the main regulation loop, one method has been implemented to force the
input transistor into cut-off region as shown in Figure 3.27. Again, the current sensing
should be added to know the exact output current value®. The over-current protection
is able to control Mpcp. If the output current is below Ij;,,:;, current I is near 0,
which adds no effect on the overall loop. If the output current is higher than I,
then the over-current control circuit will increase the gate voltage of Mpcp, making
the current of My flows through Mocp. Then, as the I; barley equals to zero, My can
be treated as operating in cut-off region, the main voltage regulation loop is disabled.

6Tt should be noted that the current sensing for OCP is not based on Figure 3.17, because in
that figure Mo and M3 both need voltage headroom to be functional. Since Vopyr might be a
low voltage during the current limitation, this current sensing circuit in Figure 3.17 can not work
accurately
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Figure 3.27: Over-current limitation.

The detailed transistor level implementation is shown in Figure 3.28. M5 and Mg
form a PMOS current mirror which mirrors out the current Ip yo flowing through
Mpyso. M5 is a large transistor to ensure a small Vgg 5. Mz, Mg, Mg and Mg
compose a current comparator which compares the difference between Ipig and Ipig.
M7 is acting as a voltage clamp to make sure Mg and Mjy can be low voltage
transistors (providing advantage in mismatch).

Since there is DC gain in both current comparator and Ms;, when the over-
current protection circuit operates, it actually forms another regulation loop which
forces input current (Ip n2) equaling to some ratio of input current (Igefiimit). In
this way, the output current can be regulated to a fixed I}, it is actually a current
regulator being formed in over-current protection.

This current regulator has two stages of amplification, which provides a high
gain to ensure the output current accuracy. The stability of this current regulation
loop should be taken care of. In this design, Rs;, Cy, My have been added for
frequency compensation. Since My is acting as a common source amplifier, pole
spitting technique is considered to be a good way to compensate this system. The
additional capacitance Cy at the gate of Mg should be a small value, or it will introduce
asymmetry for the main feedback loop.
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Figure 3.28: Over-current limitation schematic.

The simplified loop for stability analysis is shown in Figure 3.29. Roughly speak-
ing, 3 poles and 2 zeros are inside the loop. It should be noted that the gate capaci-
tance of My is neglected in this simplified loop for the reason that My can provide
enough current bias for source follower Mg, then the pole at the gate of My can be
at high frequency.

Since C} is acting as a pole splitting capacitor, the frequency of Py is:

1

27T(7’016| |7’o18)9m21 (7“021 ’ ‘7“09)04

Ps=— (3.38)

Due to the introduced capacitive feedback by C}, Py is spitted into relative higher
frequency. Suppose the capacitive to ground at node Py is roughly Choges = Cysoo +
Cys21 + Capis + Capie. Then Py frequency is at:
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Figure 3.29: Current limitation simplified loop for stability analysis.

Im21 Cy

Py=—
9 27Chodes (Crodes + Ca)

(3.39)

where Cy/(Chodes + Cy) is the feedback factor for the capacitive feedback loop that
C} introduced.

It is interesting to notice that Mys is actually a source degenerated transconduc-
tance stage, which transfers the voltage signal into current to the current comparator
input. The degeneration impedance is composed by R; and Cp. In this way, the
transconductance can be written as:

G _ Im,MN?2 _ gmmn2(1+ sRLCL)
Mz 1+ g RL 1+ gm7MN2RL + SRLCL
mMN2 1+ SRLCL

(3.40)

As the Gy n2 is the proportional to the transfer function, then it results a zero
Z6 at:
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1

Jg = ———— 3.41
6 QWRLCL ( )
And a pole Py at:
1+ gmun2RL
Po=— . 3.42
10 QWRLCL ( )

This zero-pole pair locates at range of several kHz (e.g. R;,=1012, C,=220nF will
result Zs=73kHz), it will extend the bandwidth (if the bandwidth> Zs), which will
cause instability. This problem is quite difficult to handle, because Ry is a variable
which can not be decided, C, is a fixed value. As the OCP operates, the fixed
output current results g,, ;rn2 is also a constant. It is true that reducing the g, aprnve
will make the zero and pole close to each other, however, due to accurate matching
requirements, the My should be at most 100 times smaller than the main power
transistor My, gm a2 can not be reduced arbitrarily.

The resistor R5 and capacitor Cy generate a LHP zero to save some phase shift
near the the bandwidth, which frequency is roughly at:

! (3.43)

Ly =—
’ 27TR5C4

@
o
(@)
()
Q
D
(72}
©
c
o
10 I 2 I 4 I 6 8
10 10 10 10
Frequency(Hz)

Figure 3.30: Current limitation loop bode plot (R;=1012).

The bode plot of the over-current protection loop is plotted in Figure 3.30. To
enable the over-current protection loop, a R;=10 resistor is loaded.
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The over-current loop stability over different load resistor Ry is shown in Fig-
ure 3.31. It can be found that over the resistive load, the over-current control system

is stable.
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Figure 3.31: Current limitation stability over Ry.

The main voltage regulation loop bode plot in OCP mode is shown in Figure 3.32.
It can be seen that as the over-current protection is enabled, the main loop gain is kept
at below 0dB, which shows the main voltage regulation loop is effectively disabled.

10* 10
Frequency(Hz)

Figure 3.32: Main voltage regulation loop gain plot over Ry.
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Chapter 4

Performance Evaluations

In this chapter, the performance of NMOS linear regulator will be presented and
summarized. All the simulations are based on the test-benches shown in Appendix D.

4.1 Static Performance

4.1.1 Drop-out Region

From Figure 4.1, it shows that the regulator is functional around 5.2V, which makes
low drop-out regulation available. It should be noted that in the low drop-out range
(e.g. the battery voltage Vpar<10V), the charge pump (Vop) is assumed to be turned
on to provide supply voltage for the op-amp.

Vour¥

..... 1, =5uA
—1,=60mA ||
- - -1,=120mA

3 4 5 6 7 8 9 10 11 12
VoV

Figure 4.1: Vpyr versus Vpar (Vop=10V, typical process corner, temp=27°C).
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4.1.2 Quiescent Current and Current Efficiency

The quiescent current I, over load current [, is plotted in Figure 4.2. When there
is no load current, the quiescent current is 12uA. At full current load scenario, due
to adaptive biasing I, becomes 1.31mA. It should be noted that the band-gap circuit
quiescent current is excluded in this figure.

10” |
Iq=1 .31mA when IL=120mA

<
E
—o

107"} 1

/Iq=1 2uA when IL=0A
10_2 I I I I I
0 20 40 60 80 100 120

I (mA)

Figure 4.2: I, versus I, (Vpar=12V, typical process corner, temp=27°C).

Since adaptive biasing scheme is used in this design, it is important to know how
much the overall current efficiency (as defined in Equation 4.1) it degrades.

Iload

current — 7 X 100(7 4.1
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Figure 4.3: Current efficiency (Vpar=12V, typical process corner, temp=27°C).
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Figure 4.3 shows the current efficiency of this NMOS linear regulator. The dashed
line is the current efficiency without adaptive biasing (I, is always 12uA). It can be
found that the adaptive biasing scheme degrades the current efficiency. However, the
degradation is not very prominent at low current (below 0.1mA). For [;~3mA, the
maximum degradation happens due to the biasing current for the op-amp reaches
its maximum (as shown in Figure 3.23), it only reduces this efficiency by 4%. At
high current load, the majority of I, is contributed by the 100:1 current mirror in the
current sensing circuit, the degradation of the efficiency is around 1%.

4.1.3 Static Output Voltage Accuracy

The static output voltage accuracy of the linear regulator is presented in this subsec-
tion. Figure 4.4 shows the line regulation performance. The line regulation ability is
enhanced by the intrinsic gain of NMOS power transistor as expressed in Equation 2.7,
which makes the output voltage quite accurate in response to different battery volt-
ages.

4.9979

4.9978} b

49977+ i

49976+ _Temp: 27OC b
=~ ~Temp=-40C
4.9975¢ emp o |
T T Temp=175C

4.9974} 1

Output Voltage(V)

4.9973} 1

499721 T T 7T T == e e ray

4.9971 : : : : : :
5 10 15 20 25 30 35 40

Figure 4.4: Static line regulation (/;,=120mA, typical process corner).

Figure 4.5 shows the load regulation performance. The output voltage becomes
more inaccurate as the load current increases. There are two reasons for this inac-
curacy, one is as the current goes up, voltage drop on the modeled 25mf2 bond-wire
parasitic resistor will increase (e.g. 25mx120mA=3mV). The other is the DC gain
of the loop decreases as I} increases (Equation 2.11). However, the gain reduction is
not prominent as shown in Figure 3.25. From Figure 4.5, the maximum inaccuracy
is around 3mV, this is mostly contributed by the bond-wire resistance voltage drop.

In practical cases, the mismatch between transistors and passive components also
contribute to the output voltage inaccuracy. Figure 4.6 shows the monte-carlo sim-
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Figure 4.5: Static load regulation(Vpar=12V, typical process corner).

ulation results of the output voltage over all process corners and temperature range.
One standard deviation (o) of output voltage is 11.4mV, for +30 range, the out-
put voltage will spread +34.2mV. This inaccuracy can be solved by trimming of the
feedback resistors during the chip fabrication.
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Figure 4.6: Ouput voltage spread (Vpar=12V,I[;=0,-40°C~175°C).
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4.2 AC Performance

The main voltage regulation open-loop bode plot over different load current is shown
in Figure 4.7. As the load current increasing, the output pole is moving to higher
frequency. Owing to the added zero and adaptive biasing scheme, the system stability
can be ensured.
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Figure 4.7: Bode plot over different I7.

The phase and gain margin is shown in Figure 4.8. It shows that at zero load
current the phase margin is around 35°. However, as the load current increases to
around 10pA, the phase margin is above 45°. It should be noted that although the
system shows under-damped behavior (for the phase margin is low) in low load cur-
rent range, the regulator output voltage variation due to load response in this range
is not critical. The reason for that is small current variation can be immediately
compensated by the charge stored on the large external capacitor.

The bandwidth of the overall loop is shown in Figure 4.9. The bandwidth is
increased with the load current [, which meets the expectation in Section 3.4.3.
This increased bandwidth will reduce the loop response time, which improves the
transient performance of linear regulator.
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Figure 4.9: Bandwidth versus [ .

4.3 Dynamic Performance

4.3.1 Line Transient Response

The low battery line transient response is shown in Figure 4.10. In this test-case, the
supply voltage of op-amp is 10V (the charge pump is ON). The dashed line shows the
+30 range of the Vppyr during the line transient variation. This +3c range in this
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section means over the full temperature range (-40°C~175°C), with process corners
and mismatch included, 99.97% samples will have the output variation within the
dashed range.
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Figure 4.10: Low battery line transient response (/,=120mA, -40°C~175°C).
The high voltage line transient response is shown in Figure 4.11. It can be seen

that as the NMOS power transistor goes into saturation region, the Vpar transient
variation on Vpyr is greatly reduced.
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Figure 4.11: High battery line transient response(/;,=120mA, -40°C~175°C).

4.3.2 Load Transient Response

The load transient response for Vp47r=12V is shown in Figure 4.12. It can be found
that for a typical process corner (temp=27°C, no mismatch and process corners), the
Vour variation is around £50mV. For £30 range, the output voltage can vary around

+100mV.

From Figure 4.8, in low load current region, the system shows under-damped
characteristic. It is necessary to check if this region gives any critical under-damp
behavior to the feedback system. The Vpyr variation in response to I varies from 0
to 100pA in 100ns is shown in Figure 4.13. It can be seen that there is a little under-
damped behavior showing up, however, the amplitude of output voltage variation is

not prominent due to low [,.
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Figure 4.12: Load transient response (Vpar=12V,-40°C~175°C).

100l 100uA i
3
. 50} 100ns 100ns ]
0 ‘OLlA | OHA\
4 5 6 7 8 9 10
Time(ms)
5.04|- - _ S 1~ |—Typical||
_ 502 g om2se |
2
'_
M~ ———
8 5N V—
4.98F "« _ e _t s b
\\// - '1\Ir- \\_/ -
496+ ‘ N ‘ ‘ ‘ |
4 5 6 7 8 9 10
Time(ms)

Figure 4.13: Low current load transient response (Vpar=12V -40°C~175°C).
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To make the test-bench match practical load current behavior better, a staircase
load current is applied to this regulator. The output voltage variation is shown in
Figure 4.14.
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Figure 4.14: Staircase load transient response (Vpar=12V -40°C~175°C).

It should be noted that in some transient test-cases, the required minimum I,
is from zero to some high current load. To deal with this case, a current sink path
should be designed. This is discussed in Appendix E.

4.4 High Frequency Performance

4.4.1 Power Supply Rejection

The power supply rejection is shown in Figure 4.15. The PSRR is around 63dB at
100kHz. The worst case for PSRR is around 37dB.

4.4.2 Output Noise

The output noise of this linear regulator is shown in Figure 4.16. The integrated noise
from 1Hz to 1IMHz is 66.4uVgars. The low frequency noise is mainly contributed by
the resistive divider thermal noise and 1/f noise of the input pair transistors. As
frequency goes higher, the output capacitor also plays a role to attenuate the total
noise.
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Figure 4.15: PSRR over I}, (Var=12V typical process corner, 27°C).

Output Noise(uVAHz)

108 10

10°

10*
Frequency(Hz)

10

Figure 4.16: Output noise (I;=20mA typical process corner, 27°C).

4.5 Over-current Protection Performance

The static load current I, versus load resistor R plot is shown in Figure 4.17. This
plot meets the expectation shown in Figure 3.26. It can be seen that the limitation
current level can vary with temperature.

The test-bench of the over-current limitation is shown in Appendix D. The output
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Figure 4.17: I, versus Ry (Vpar=12V, typical process corner).

resistance is periodically varies from 50€2 to 1092 with 2us transition time (Figure D.2).
If the over-current protection is not functional, this will lead to the output current
variation from 100mA to near 500mA. Figure 4.18 shows the effectiveness of the over-
current protection. The load current is kept around 250mA when 10€) is loaded.
Due to the bandwidth limitation, the current can beyond the limitation at the very
beginning of the output resistance reduction (e.g. from 502 to 102). The protection
circuit will regulate the output current to 250mA within 10us.

[t can be found that the regulating current has some spread (from 221mA to
320mA), this is mainly caused by the current mirror error of Mg and Mg in Fig-
ure 3.28. In order to save the quiescent current, gy m: should be low (250nA in
this design). Therefore a large current mirror ratio should be used. The low cur-
rent drives this two transistors in weak inversion region where the (Vgs-Vry)-Ip has
an exponential relation, this makes the current mirror more inaccurate due to Vg
mismatch.

4.6 Overall Performance Summary

Table 4.1 shows the overall performance summary of this NMOS linear regulator.

68



CHAPTER 4. PERFORMANCE EVALUATIONS

—— Typical
-~ ~%x30
L
: 4 4.5
Time(ms)
6001 —— Typical
-~-~-+30
< 400} 1
E oo o f |
— |
200t |- L ——————— ]
O 1 1 1 1
2.5 3 3.5 4 4.5
Time(ms)

Figure 4.18: Over-current protection transient behavior (Vpar=12V ,-40°C~175°C).

Table 4.1: Overall NMOS Linear Regulator Performance Summary

Symbol Parameter Min | Typ | Max | Unit
Vin Regulator Input Voltage 5.5 - 40
Vour Output Voltage 49 | 5.0 | 5.1
AV out 1oad Dynamic Load Regulation -2 - +2
tstabilized | Output Voltage Within 0.5% After Load Step | - - 1 ms
AV out line Dynamic Supply Regulation -2 - +2
I, Quiescent Current(/,=0, w/o band-gap) - 12 - A
PSRR Power Suplly Rejection@100kHz - 63 - dB
Vioise Output Noise - 1664 — WWers
CL External Capacitance - 220 - nkF
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Chapter 5

Scaling Features

As the NMOS linear regulator is already designed, the scaling abilities on external
capacitance and maximum load current should be investigated. In this chapter, the
possible scaling features on this NMOS linear regulator will be discussed.

5.1 External Capacitor Scaling

In this design, the typical value of the external load capacitor Cp, is 220nF. More C',
values are also acceptable. From Figure 3.13, the low load current stability might be
degraded by the large output capacitor (moving fps lower), however, this degradation
can be tolerable. As we discussed, even the low phase margin at low current load
makes the system under-damped, it can be easily compensated by the charge stored
at the output capacitor, which may not result big output voltage variation.

90

- ———— = ===~ =
_____
g
e

80 7

70 / ——1,=0uA

/ ool =
soll 1, =120mA

501

40t

Phase Margin

301

20¢

10

0 0.5 1 1.5 2 25 3
Load Capaitance(uF)

O L L

Figure 5.1: Phase margin among output capacitor sizing range.

The calculated phase margin over different C'p, is plotted in Figure 5.1. Clearly,
there is a trade-off between high current load and low current load stability. To be
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specific, when C7, is low (e.g. less than 60nF), at high current load, the phase margin
is only around 30°. This under-damped behavior at high load current will result
large output voltage variation. When C, is high (e.g. greater than 1uF), at low load
current, the phase margin is around 15°.

In this design, the P 3 is around 10MHz at maximum current load. If the linear
regulator maximum bandwidth is near this frequency at high load current, the system
is instable. Figure 5.2 shows the expected bandwidth over Cf. At Cpa~20nF, the
expected bandwidth is at 10MHz, the whole system is quite under-damped which is
risky to define the linear regulator with this C7, value. Therefore, the C'p with at least
20nF is required for stability.
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m 10 ¢! ]
| ]
: Possible
| Instability
i when CL<20nF
|
|
105 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Load Capaitance(uF)
Figure 5.2: Bandwidth at high current load over C.

To further investigate the impact of different C, value on the transient behavior,
several (', values are chosen for the load transient simulation. The Vo variation
for I, goes from low to high is shown in Figure 5.3. It can be seen that the different
(', resulting different damping behavior of Voyr. Lower C, makes the phase margin
lower, the system becomes more under-damped as shown in C;,=100nF curve. For
large C'1, the system is over damped, the reaction time becomes much longer as shown
in the C=2.2uF curve.

The load transient behavior for I varying from high to low over different C7, is
shown in Figure 5.4. Higher C', value will make the Vi1 overshoot smaller, but due
to the larger capacitance, the Voyr needs more time to decrease to nominal output
voltage (5V).

It should be noted that normally a larger €'y will result in a better transient
response for a lower linear voltage regulator. However, in this design the C}, is
inversely proportional to the bandwidth, if C', is increased, the reduced loop speed will
also degrade the transient performance. From Figure 5.3 and Figure 5.4, increasing
Cp from 100nF to 2.2uF only improved Vi variation by £7mV approximately.
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Figure 5.4: Load transient response (I, decreasing) with different C7,.
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5.2 Load Current Scaling

In this design, the typical maximum output current is 120mA. The load current can
also be scalable. To scale the current, the first consideration is power transistor
sizing. From Section 3.1, the minimum of the transistor size is determined by the
linear region Rpg resistance of the power transistor. As the maximum load current
increasing/decreasing n times, the Rpg should be reduced /increased by n times, which
leads to the size of power transistor increase/decrease by n times.

The second thing to check is the effect on main loop stability when scaling maxi-
mum /. First, the high current load bandwidth is proportional to the transconduc-
tance of power transistor g,, »;y. Since the size of the power transistor has changed
by n times, the g,, »n is changed by n times, as expressed in Equation 5.1.

nW / W
gm,MN = \/Q,unC’OITnIL =N z,uncoxf[L (51)

To roughly keep the same bandwidth to ensure the stability at high current load,
based on Equation 3.34, C, can be tuned to accommodate the g, sy scaling. This
means C', should also be n times in response to nly.

For power transistor changes by n times, the Cjq. also changes by n times. If
n > 1, P, 5 (Table 3.2) will move to a lower frequency. This means even the maximum
bandwidth is kept at the same, there is still a potential instability risk. P53 can be
kept at the same frequency during scaling by changing g,, pyr by n times. This can
be done by providing a n? times adaptive biasing current.

For the low current load stability, it is a pity that g, an at low current load does
not scale with transistor size as analyzed in Equation 3.1. To keep the same phase
margin at low current load (Equation 3.32), the quiescent current flow through power
transistor at low current load should be changed by n times to accommodate the
modified n times C}.!

To make the factor n into practical values, possible I scaling factors are summa-
rized in Table 5.1. It should be noted that these values are only leading to a functional
(stable) linear regulator, there is still much room for optimization. Different trade-offs
can be made for specific applications.

Table 5.1: Load Current Scaling

Scaling Factor 1 Cr, Max Igyn bias | 14@Q1,=0A
n=>0.42 50mA | 100nF 11pA 9.5uA
n=1 120mA | 220nF 65uA 12puA
n=2.1 250mA | 470nF 2861A 17.51A
n=4.2 500mA | 1uF 1.2mA 26A
n==8.4 1A 2.2uF 4.6mA ATpA

The linear regulator in this design is scaled up to maximum 1A current load based
on Tablet 5.1. The load transient behavior is shown in Figure 5.5. It can be seen

'In this design, the quiescent current flow through power transistor is 5uA when Iy =0.
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that the linear regulator is stable and shows no under-damp behavior. The bond-

wire resistance will contribute a lot on voltage drop at high current load (around
1A X25mN=25mV).

1 1A 1A
<
— 0.5 2us 2us A
O | I . SmA . |
200 300 400 500 600 700 800 900 1000
Time(us)
5.05f _
S 5——J ,,,,,,,, SR ]
% 4951 Bondwire IxR voltage d |
onawire IXR voltage aro
>~ 40} ge drop |
4.85} |

2000 300 400 500 600 700 800 900 1000
Time(us)

Figure 5.5: A 1A linear regulator load transient response.
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Chapter 6

Conclusions and Future Work

In this thesis, a NMOS linear regulator is presented. The small signal behavior of
the regulation loop has been accurately modeled. Based on the small signal model,
a frequency compensation scheme which can generate a zero without being troubled
by its associated pole is proposed. The effectiveness of the compensation is verified
by both calculation and simulation.

This NMOS linear regulator is able to keep £2% output voltage accuracy within
-40°C~175°C. With the implementation of adaptive biasing, the quiescent current of
this linear regulator can vary from 12pA to 1.31mA, the current efficiency is only
degraded within 4%. Owing to the proposed frequency compensation scheme, this
regulator can achieve a maximum 3MHz bandwidth. Compared to the PMOS linear
regulator counterpart, the power transistor area can be decreased by 3 times, the
output external capacitor can be reduced from 2.2uF to 220nF without sacrificing
the performance.

Due to the time limit, measurement results of this NMOS linear regulator test-
chip is not included in this thesis. Beside the silicon verification of this work, from
design point of view, the future work can be done in four aspects: (1) designing an
area-efficient charge pump which has an output current ability around 200uA; (2)
designing a low battery sensing circuit which can enable/disable the charge pump;
(3) adding short circuit protections, over-voltage protections (e.g. Vg protection)
and ESD protections; (4) trimming can be implemented on the feedback resistors R
and R, to minimize the output voltage spread.
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Appendix A

Method for Simplifying the
Transfer Function

The expected simplified equation in the numerator or denominator of a transfer func-
tion for pole zero calculation is as Equation A.1, where a, b, ¢ are symbolic or numer-
ical terms, where s is Laplace variable.

(14+as)(1+bs)(1+cs)=0 (A.1)

Assume a, b, ¢ are real, another expression of Equation A.1 is:

abcs3+(ab+?’c+ac)52+5@+£+cls+1:O (A.2)
p q t

Equation A.2 is the form that Matlab transfer function solution are given (with
the calculated symbolic value p, g, t). If the p, ¢, t are are already known, it is possible
to solve solutions of a, b, c.

Assume a<<b<c, we have:

t=a+b+crc (A.3)

Since c is the largest term, which will result the lowest frequency pole or zero (the
dominate one).
Also, p and ¢ have a relation:

b+ bc+ 1 1 1 1
g_aoroerac L 2 a2 (A.4)
abe a b ¢ «a

which is:

p
a~ = A5
. (A.5)

a is smallest term, which is actually the highest frequency pole or zero (the least
dominate one).
The intermediate term b can be found as:

76



APPENDIX A. METHOD FOR SIMPLIFYING THE TRANSFER FUNCTION

p = abc (A.6)
Substituting a and ¢ solutions into Equation A.7, then:

g (A7)

ac t
Therefore, if the p, ¢, t of a third order system are given, it is easy to roughly
calculate its separated solutions of a, b, c. It should be noted that this calculation is
only on the assumption that a, b, ¢ are real and widely separated. In cases that a,
b, ¢ are near each other and/or complex numbers, this simplification method will be

inaccurate.
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Appendix B

The Overall Transfer Function
Calculation

It is true that the total transfer function can be calculated by solving nodal equations.
The small signal behavior of the whole loop is shown in Figure B.1. The nodal
equations can be written as:

+
T |
- Gumota ‘ BUF
Rota ICOTA1/9m,BUF ICQd,MN:Cgs,MN Im,MN
= = C2 = = Vout
I
il
R4 J‘(31
I
1
Y; Cq Ci— RL%
\/\/\/\ Vin R2
R

R% L1 1

Figure B.1: Signal signal model for the whole loop.

( V=V V,
sCy(Vin — V1) + L= L 5Oy (V) — V)
R R,

V-
2+ 5CoraVs
OTA (B.1)

Gm.BUFV2 = gm,purVs + sCo(Vs — V1) + sCyamnVa + sCos v (Va — Vour)
‘/out

(gmmnN + SChsmun) (Vs — Vour) = sCLVour + R,

—GaroraVh =
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APPENDIX B. THE OVERALL TRANSFER FUNCTION CALCULATION

The transfer function can be calculated by Matlab(see code in Appendix C.4) as':

s*C105CoraCys min RiRo R Rora + $°C1C5CoraR1 Ro R, Ror agm MmN
—8*C1Cys, unGrroraR1 RoRL RoT AGm BUF
Vout - —801GM,OTARlRQRLROTAgm,MNQm,BUF - GM,OTARQRLROTAgm,MNgm,BUF

Vin s*C1CLCorA(Cyamn + Cysin)RiRo R Rora + s ChCrCoraRiReRLRor AGm, BUF
+52CCLGaroraRiRaRL Ror agm sur + sCoGarora Ry Ro Ry Ror Am MN G BUF
+Gm,pur (R + Ra2)(1 + gmunRe)

(B.2)

ISimplification is based on small numerical terms shown in Appendix C.5
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Appendix C
Matlab Codes

C.1 (G, Calculation

cle;

clear;

WITTTTITTTSTIImport  data from Cadence simulation resultsISTTTTTTS
plotData = importdata ('U:\ Simulated_Data_CSV _format\gm_MN_plot.csv’);
loglog (plotData.data(:,1),plotData.data(:,2), ’k’, LineWidth’,2)
xlabel (’I_{load}(A)’, FontSize’ ,15);

ylabel (’"Gm(A/V)’, FontSize’ ,15);

set (gca, "FontSize’ ,15);%change X,Y Tick font size

hold on;

WSTTTTTTTTTTITTTTICalculated Mode VITTTTSTTTISSITTSSITTISSTTTTo

% Weak Inversion Region(2uA—3.5mA)
I_out=2e—6:1e—6:3.5e—3

g MN=I_out /0.0325

loglog (I_out ,g MN, '—k’, ’LineWidth’ ,2)
hold on

Y%Saturation Region (3.51mA—120mA)
I_out=3.51e—3:1e—3:120e—3

g MN=sqrt (3.4« I_out );

loglog (I_out ,g MN, ’—k’, ’LineWidth’ ,2)

hleg = legend (’Simulated’,’ Calculated’,’Location’, ’NorthWest’);%legend curve%
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APPENDIX C. MATLAB CODES

C.2 Uncompensated Transfer Function Calculation

cle;
clear ;

%For fast calucation speed%
%V _1=x,V_ 2=y, V_3=2%

Syms s x v z GMOTA ROTA COTA s g mbuf CgdMN...
CgsMN gmMN R.L C.L R.1 R-2 V_out V_in

S = solve ('—V_in*GMOTAx* (R.OTA/(1+s*R.OTAxC.OTA))=x",V_.in, ...
" (x—y)*x g mbuf=s*C_gdMNxy+s*C_gsMNx*(y—z) ",y ,...
"(y—2z )% (gmMN+s%C_gsMN)=z / (R_.L/(14+s*R_.L«xC.L)) ",z ,...
"V_oout=(R_2/(R_-1+R_2))*z’ ,V_out);
TF=(S.V_out/S.V_.in)

collect (TF,s)

C.3 'Transfer Function to the gate of My

cle;
clear;

%For fast calucation speed%

%V _1=x,V_2=y%

GMOTA R.OTA COTA s g.mbuf C_gate...

Syms S Xy
R.1 R:2 C.1 C.2 V_gate V_.in

S = solve (' (V_.in—x)/R_14+s*(V_in—x)*C_1=x/R_2+s*(x—V _gate )« C_2’ ,V_.in ,...
'—GMOTAxx=y /R.OTA+s*C.OTAxy "’ ,y,...
'g_mbufxy=g_mbuf*V_gate+sxC_gatexV_gatet+s*(V_gate—x)+xC_2’ | V_gate );

TF=(S.V_gate/S.V_in)

collect (TF,s)

C.4 Compensated Transfer Function Calculation

cle;
clear;

%For fast calucation speed%

70V_1=x,V_ 2=y, V_3=2%

syms s x y z GMOTA ROTA COTA s g.mbuf CgdMN...
CgsMN gmMN R.L CL R.1 R2 C.1 C2 V_out V._.in

S = solve ('sxC_1%(V_in—x)+(V.in—x)/R_1=x/R_24sxC_2x%(x—2z )’ ,V_.in , ...
'—GMOTA*x=y /R.OTA+s*C_OTAxy |y, ...

81



12
13
14
15
16
17

0 O Ui Wi

o s R R W W W W W W W W W WNDNNDDDNDDNDNDDNDNDN e e e
B WNRFR O OO R WNDFE OOk WD —E O OO0 Utk W= O o

APPENDIX C. MATLAB CODES

'yxg_mbuf=g_mbufxz+sxC_2%(2—x)+s+*C_gdMNxz+s+C_gsMN#(z—V_out) *,z , ...

" (gmMN4-s xC_gsMN ) % (z—V _out)=s*xC_L*V_out+V_out /R.L’,V_out);
TF=(S.V_out/S.V_in)

collect (TF,s)

C.5 Comparison of Bode Plot

cle;
clear;

%Values in transfer function aproximation%%
R_1=6.26¢6;

R_2=2¢6;

g_mbuf=90e —6;

GMOTA=59¢ —6;

R.OTA=1.31¢9;

C.OTA=0.3e—12;

C_L=220e—9;

C_1=10e —12;

C2=1.2e—12;

C_gsMN=14e —12;

C_gdMN=8e —12;

R_L=1e6 ;%Change the load current by R_L
I_out=5/R._L

VAL

%Switch the Output Power transistor between Weak Inversion BJT
%and Staurated MOS operation%

if T_out <=3.5e—3 %Operating in BJT mode
gmMN=I_out /0.0325

else %Operating in MOSFET mode
gmMN=sqrt (3.4« I_out)

end

%End of Values in tranfer function aproximation%

%Simulation results%
subplot (2,1,1)

%import simulated data%
plotData=importdata (...

'U:\ Simulated _Data_CSV _format\bode_plot_low_current_with_modified_ckt_0726.csv’);

semilogx (plotData.data(:,1),20%logl0 (abs(plotData.data(:,2)+1j*plotData.data(:,3)))...

'k, ’LineWidth’ ,1.5)
xlabel (’Frequency (Hz)’, FontSize’ ,15);
ylabel (’Gain(dB)’, FontSize’ ,15);
set (gca, "FontSize’ ,15);%change X,Y Tick font size
hold on;
grid on;
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45

46 %Caculation result%

47

48 w = logspace (0,10,100);

49

50 tf=(((C-1xC_2%C.OTA%C_gsMN*R_1%*R_2+R_L*ROTA*(1jsw)."4)...

51 +(C1xC_2xC.OTA*R_1*R_2*R_L*xR.OTAxgmMN)* (1 j*w)." 3)...

52 +((—C_1xC_gsMNxGMOTA*R_1*R_2xR_L*R.OTA*g_mbuf)*(1j*w). 2)...
53 +(—C_1*GMOTA*R_1%R_2*R_L*R.OTA*gmMNxg_mbuf*(1j*w). 1)...
54 +(-GMOTA*R_2+*R_L*R.OTAxg mMNxg_mbuf ) ) ...

55 ./ ((((C1%xC_L*C.OTA*C_gdMN*R_1+«R_2xR_L+*R.OTA . ..

56 +C_1%C_LxC.OTA%C_gsMN*R_1*R_2xR_L*xROTA)*(1j*w). 4)...

57 +((C_1%C_L*COTA*R_1xR_2xR_L+xR.OTAxg_mbuf)*(1j*w). 3)...
58 +(C2«C_LxGMOTA*R_1*R_2xR_LxR.OTAsxg_mbufx(1j*w). 2)...

59 +(C-2«GMOTA*R_1%*R_2%R_L*R.OTA*gmMNsg_mbufs(1jsw). 1)...
60 +(R_-1xg_mbuf+R_2xg_mbuf+R_1*R_LxgmMN*g_mbuf+R_2+«R_LxgmMNxg_mbuf)));
61

62

63 f=w/(2xpi);

64 semilogx(f, 20xloglO(abs(tf)),’—’, LineWidth’ ,1.5);

65 hold on;

66

67

68 %Aproximation result%
69 Av=—GMOTA*R OTAx(R_2/(R_1+R_2));

70

71 tf2=Av*((14+1j*wxR_1xC_1)...

72 A(1—=(1j#w). 2% (C_2xC.OTA/(GMOTA*g_mbuf)))...

73 (141 *wxC_gsMN/gmMN) ). ..

74 /(141 jxwxGMOTA*R.OTA*C_2%(R_1*R_2)/(R_.14R_2)) ...
75 (14 (1j*w)* ((COTAxC_1)/(GMOTA*C_2))+(1j*w). 2% ( C_1%*C.OTAx(C_gsMN+C_gdMN ) . ..
76 /(g-mbuf+*GMOTAxC_2)))...

7 (141 *wxC_L/gmMN) );

78

79

80 semilogx (f, 20xlogl0O(abs(tf2)),’r—.", ’LineWidth’ ,1.5);
81 hold on;

82

83 hleg = legend (’Simulated’,’Calculated’,’ Simplified’ ,...
84 "Location’,’NorthEast’);

85

86 hold off;

87

88 %Phase Plot%

89 subplot(2,1,2)

90

91 H=180/pixangle(plotData.data(:,2)+1j*plotData.data(:,3));
92 %1j for complex index for fast speed

93

94 semilogx (plotData.data(:,1) ,H, ’k’, ’LineWidth’ ,;1.5)
95

96 hold on;

97

98 xlabel(’Frequency(Hz)’, FontSize’ ,15);
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ylabel (’Phase(Degree)’, FontSize’ ,15);
set (gea, "FontSize’ ,15);%change X, Y Tick font size

%Caculation result%

f=w/(2%pi);

semilogx (f, 180/pix(angle(tf)),’—’, LineWidth’ ,1.5);
hold on;

%Approximation result%

semilogx (f, 180/pi*(angle(tf2)),’r—.’, LineWidth’ ,1.5);
hold off;

hleg = legend(’Simulated’,’ Calculated’,’ Simplified’ ,...

"Location’, ’NorthEast ’);
grid on;
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Appendix D

Test-benches

The test-bench used for NMOS linear regulator performance evaluation is shown in
Figure D.1.

N.MOS Vour
Linear ——000—vW\
+ Regularor 3nH  25mQ l
220nF
Line Bond wire model Load OCP Test
Transient C{)J_L Transient
Response ESRZ 5ma Response Rrest
Test Test

GND
Figure D.1: Test-benches.

The Rrgsr resistance variation in time scale for OCP test is shown in Figure D.2.

50Q

Rrest
N
c
w
N
C
w

10Q 10Q

v

Time

Figure D.2: Rrgsr waveform.
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Appendix E

Current Sink Path

For this linear regulator, the test case of load transient variation from OuA to 120mA is
not included in Chapter 4, because the power transistor is only able to source current
to the load. The linear regulator can also be treated as a Class A output voltage
buffer. If the load current suddenly reduces to 0A, the power transistor current and
load current difference will charge the output capacitor, making the output voltage
higher than the nominal value.

150

120mA
= 100+ -
£ 2us 2us
—
- 50} -
OuA OuA
O2 25 3 3.5 4 4.5 5 5.5 6
Time(ms)
5.2 T T T T T T T
5, J
S ]
< 48 5.022V
>O 4.6f -
4.4+ —— WY/O Current Sink Path| ]
4'22 2.5 3 3.5 4 4.5 5 5.5 6
Time(ms)

Figure E.1: Without current sink path.

The power transistor does not have the ability to sink current, the output voltage
reduces only by the discharging path composed by R+ Ry and C. Since Ry, Ry, C,

86



APPENDIX E. CURRENT SINK PATH

are all in relative large values. The discharging time constant can be quite long (e.g.
T ~1.32s in this design).

In this case, if the output voltage “stucks” at a level higher than its nominal,
the feedback loop will force the gate voltage Vi to reduce (in some cases Vg may
even below 5V). Then, when the load current suddenly increases, the gate voltage
will experience a larger excursion from low to high than its normal case. For the
larger excursion on Vg, the output voltage will have larger spikes which is shown in
Figure E.1. It can be seen that the output voltage is stuck at 5.022V before the I
increases. This results a large Vpyr variation by 700mV.

Vear

Current
Sink Path
120m,9(\\/ operates
VRer 1\
TN v e
P / G Eg MN : :
e I ouA \ /: OuA
\\ /7
Vour e
VDDL
R oL |
SINK
sensed R il
< CL _— * ||_
R.= 1:150 C
| [ | zﬁ K
Mig ofl b My b Mas Moy |__| ZSMgs
GND

Figure E.2: Current sink path circuit.

To solve this problem, a current sink path should be added. The current sink
circuit is active only when the load current varies from high to low. In other cases,
the current sink path should not draw any quiescent current from the linear regulator.
Figure E.2 shows one possible current sink path solution. Again, the output current
is sensed by the circuit described in Section 3.5.1. In normal case, the current from
Msy and Mss are roughly equal, little mismatch current flows into Myy. If Moy and
Ms3 are chosen to be long channel devices, the channel length modulation effect can
be further reduced, the static mismatch current will be negligible.

When I, changes from 0 to its maximum, the M3 will sink all current from Mas,
pulling the gate of M5 down to ground, Ig;yx~0. When [ changes from maximum
to 0, My and Msz will shut off. Due to the RC delay, My, still provides high current.
The current difference between May and Mys will sink into My, which mirrors current
to Mys forming a large amount of current Is;ng.

The effectiveness of this current sink path is simulated and the results are shown in
Figure E.3. It can be seen that during I, from high to low, the peak Is;yg is around
80mA. This Is;yx current peak removes additional charge on C7,. The output voltage
can be back to its nominal value after 800us, the Voyr variation can be reduced to
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70mV, which is nearly 10 times smaller than the case without current sink path.

150 x x x x
120mA
&g 100¢ .
= ot 2us A
O OuA | | 1 OHA 1
0 0.5 1 15 2 25
Time(ms)
100 x x x x
g
— 50r 1
7
0 L L L
0 0.5 1 15 2 25
Time(ms)
5-05 T T T T
g 5 R N
'—
2
= * | — With Current Sinking Path
4.9 ‘ ‘ ‘ ‘
0 0.5 1 15 2 25
Time(ms)

Figure E.3: With current sink path.
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