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“There is no better than adversity. Fvery defeat, every heartbreak, every loss, contains

its own seed, its own lesson on how to improve your performance the next time.”

Malcolm X



DC-DC Regulators For Ultra Low Power Applications

Sherif ELHOSAINY

Abstract

This dissertation introduces a new linear regulator that can be used in a parallel hybrid
linear switching regulator system. The purpose of the novel system is to make use of
the high power efficiency of the switching regulator and the good transient response of
the linear regulator. The designed linear regulator achieves 32 different output voltages
ranging from 380mV to 1V with a step of 20mV with the control of a programmable
digitally controlled resistor DAC. The circuit consumes only 7 A of quiescent current and
can supply up to 10mA current with a maximum output load capacitance of 10nF. The
linear regulator typically operates in inactive mode and gets activated automatically only
in transient conditions enhancing the transient performance of the switched regulator
with negligible degradation in efficiency. A new feedforward technique is used to improve
the transient response of the linear regulator operating with such low power consumption.
The linear regulator can limit the overshoot resulting from a sudden load current change
from no load to full load, to 100mV. The circuit design and layout are done on UMC
65nm CMOS.

Keywords: Linear regulators; Ultra low power; Switching regulator; LDO; Parallel

hybrid linear switching regulator



Ultra Diigiik Giiclii Uygulamalar Icin Voltaj Regiilatorleri

Sherif ELHOSAINY
Oz

Bu tezde paralel-melez dogrusal-anahtarlama regiilasyon sistemlerinde kullanilmak tizere
yeni bir dogrusal regiilator tanitilmigtir. Bu 6zgilin sistem anahtarlama regiilatériiniin
yiiksek gii¢ veriminden ve dogrusal regiilatoriin hizli tepkisinden faydalanmaktadir. Tasar-
lanan regiilator 380mV’dan 1V a kadar 20mV adimlarla degisen tam 32 farkli ¢ikig volta-
jin1 iiretebilmektedir. Bu 32 referans voltaji dijital olarak kontrol edilebilen programlan-
abilir bir direng DAC’i ile elde edilmektedir. Devre sadece 7TuA akim ile ¢aligmakta
ve 10nF ’maksimum c¢ikig yik kapasitansi i¢in 10mA kadar akim saglayabilmektedir.
Dogrusal regiilator genel olarak pasiftir ve yiik akimi atlamalarinda otomayik olarak
galigarak anahtarlama regiilatoriiniin performansim geligtirmektedir. Bunlarin yam sira,
bdyle diisiik gii¢ tiiketimi ile ¢aligan dogrusal regiilatorlerin tepkisini hizlandirmak icin
yeni bir teknik kullanilmigtir. Devrenin tasarimi ve modellemesi UMC 65nm CMOS ile
yapilmistir.

Anahtar Sézciikler: Dogrusal regiilator; Ultra diigiik gii¢; Anahtarlama regiilatori;

LDO; Paralel melez dogrusal anahtarlama regiilatorii
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Chapter 1

Introduction

1.1 The importance of power management

In the past few decades, the integrated circuit industry has been developing too quickly
with new and vast challenges to suit different applications, starting with simple control
circuits and sensors attached to machines, passing through the design of transceivers and
ending with highly complex circuits and processors|1]. Each of these applications, being
portable or not, always has at least one DC power supply such as a battery supplying
the whole application. Batteries provide a decaying voltage level with time as shown
in Figure 1.1. Also, the voltage level changes with many factors such as load current,
temperature, etc. [2] These voltage sources can be modeled as an ideal supply and a
series resistance as shown in Figure 1.2. When connecting this supply with a load, the

real voltage applied to the load is given by:

Rload

L7“eal - LBatter *
Y R R
load series

which is why the voltage level changes with the load.

Different electronic circuits demand different and stable DC supply levels so that they
can perform the optimum required performance. These circuits might be integrated
into one system and share one battery. Power management blocks are responsible for
transferring a voltage level to different stable and constant voltage levels with a variety
of design specs defined by the applications they are serving. One of the most important
of these specs is the efficiency of the power management block, which plays the major

1
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FIGURE 1.2: Battery modeling

role in the battery lifetime of portable devices that are growing vastly. Similarly, for
ultra-low power applications, increasing the regulator’s efficiency is the primary market
demand. Other specs such as PSRR and noise are critical to analog and RF circuits
due to the fact that these circuits are noise sensitive [3|. Because of all the mentioned
reasons, design of power management blocks is critical for the systems they are used in,
and researchers are investing a tremendous amount of time and effort to achieve better

results.
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1.2 Organization of Thesis

Chapter 2 explains the main theory of operation of different types of DC-DC regulators.
In Chapter 3, linear regulators will be discussed in detail. Chapter 4 discusses the new
idea of the parallel hybrid regulators and the proposed circuit design. The conclusion

will be discussed in Chapter 5.



Chapter 2

Types of Regulators

DC-DC regulators can be categorized into two main categories, the first being the switch-

ing regulators, and the second being the linear regulators|1].

2.1 Switching Regulators

Switching regulators consist of energy transfer components such as inductors or capaci-
tors, and transistors which are used as ON/OFF switches. Since the transistors remain
in triode or cut off, switching regulators can provide very high efficiency which can reach
100% theoretically. On the other hand, switching regulators are complex to design, and
they are area ineflicient due to the energy transfer component used. Switching regula-
tors can be divided into subcategories according to the energy component types, namely

switched capacitor converters and magnetic (inductor) switching mode converters.

2.1.1 Inductor-Based Switching Regulators

Off-chip inductor based converters as shown in Figure 2.1 are often used for applications
such as power amplifiers that require high efficiency [4]. Inductor based converters can
generate different output DC levels by changing the duty cycle of the feedback signal
using pulse width controller. The inductor is used for averaging the pulses generated by
the switching operation of the regulators. Although this type of converters can operate

at a very high efficiency, they have several drawbacks. The main drawback is the bulky,
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FIGURE 2.1: Inductor based converters

high quality-factor off-chip inductor. These off-chip inductors prevent the converter from
being fully integrated. There have been efforts to replace the off-chip inductor with on-
chip spiral ones, but these converters suffer from high losses due to higher series inductor
resistance and higher switching frequency due to smaller inductor size. Inductor based
switching converters also generate electromagnetic interference (EMI) and spur problems
due to their switching actions. As a result of these disadvantages, the energy component
in the switching converter can be replaced by capacitors that may be integrated on-chip.

The resulting converters are categorized as switched capacitor DC-DC converters.

2.1.2 Switched capacitor DC-DC converter

VAT I 91 P2 Vout

FIGURE 2.2: Switched Capacitor based converters
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Switched capacitor regulators, as shown in Figure 2.2, is designed using only capacitors
and switches. The substitution of the inductor with a capacitor makes it possible to
fully-integrate the regulator. The regulator can provide a variety of voltage conversion
ratios, Vout/Vpar, depending on the switched capacitor configuration. The operation
of the circuit in Figure 2.2 is defined by the switch configurations. The switches are
controlled by signals of the same frequency but with 180°phase difference and preferred
to be non-overlapping. The configuration of the switches allows the flying capacitor
CYiy to be charged from the battery during the first half cycle and to discharge to the
load capacitance (', in the second half cycle. Switched capacitor converters suffer from
various losses that limit their efficiency. The main sources of losses are conduction losses,
bottom plate capacitor losses and gate-drive losses. Extensive research have been done to

analyze and show the impact of these losses on the overall efficiency of these converters.

[51[6][7][8]

2.2 Linear Regulators

The second type of DC-DC regulators is the linear regulators. Linear regulators are one
of the most widely used blocks in the IC industry. As each SOC is composed of digital,
analog, and RF circuits, different linear regulators with different specifications are often
designed and integrated to suit each of these circuits. The function of DC-DC regulators
is not only to convert a DC voltage to another DC voltage but also to convert it with

high integrity. The requirements for these circuits are defined as follows:

e Conversion: The DC-DC regulator should be able to convert the input DC level to

the desired output DC level accurately.

e Regulation: The output voltage should be a regulated voltage or a constant output
voltage with an allowed variance against a range of variations at the load current

and the DC input voltage.

e Power supply rejection: The regulator should reject the noise or the ripples at input

DC voltage from the output DC voltage.
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e Efficiency: The main function of the regulator is to transfer a form of power to
another. The power efficiency of the regulator is one of the most important specifi-
cations of a regulator, and it is defined as the ratio of the output and input power

of the converter. It is enhanced by decreasing the power consumed by the regulator

itself.
RVariabIe
4 ;
Vi, Control |, Feedback Vout Rioad

Circuit Network

Il

FIGURE 2.3: Linear regulator model

2.2.1 Theory of operation

The linear regulator can be modeled by an ideal voltage source Vj,, a variable series re-
sistance, a feedback network, and a control circuit as shown in Figure 2.3. Assuming that
the feedback network loading effect is negligible, the output voltage will be a potential

divider of the input voltage between Rj,qq and Rygriabie, Shown in Equation 2.1

Rload
Vour = Vin * 2.1
u fn Rload + RVam'able ( )

If the output voltage changes as a result of the change of either the input voltage or the
load resistance, the feedback network will report this change to the control circuit which
will respond linearly to change the value of the variable series resistance to regulate the

output voltage to the required value.

This model is realized by the block diagram shown in Figure 2.4. The pass element
resembles the variable series resistance, and the error amplifier is the control circuit.
Each of these blocks can be implemented by different circuits. The choice between those

components and circuits are based on the design specifications of the linear regulator.
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FIGURE 2.4: Linear regulator block diagram

Linear feedback network has four main categories:

1. voltage-mixing, voltage-sampling
2. current-mixing, current-sampling
3. voltage-mixing, current-sampling

4. current-mixing, voltage-sampling

Since we need to sample the output voltage and to mix it with the reference voltage,
voltage-mixing, voltage-sampling are commonly used in linear regulators, and this is sim-
ply achieved by a potential divider. The error amplifier can be any type of operational
amplifier like a single stage common source amplifier, cascaded amplifier, cascode am-
plifier, or folded cascode amplifier, etc. as long as the amplifier achieves certain specs of

gain and bandwidth.

The pass element can be implemented using NMOS or PMOS. PMOS is commonly used

as a pass element since the minimum dropout voltage across its terminals is the overdrive
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voltage of the transistor, which is smaller than the minimum dropout voltage that can

be applied on the NMOS, which is limited by V.

Linear regulators are divided into two main categories: low dropout voltage "LDO" and
high dropout voltage "HDO". As mentioned previously, PMOS has a lower limit of
dropout. Therefore, it is used in LDOs. However, NMOS is used in HDOs as there is
no need for its low dropout limit. Furthermore, it achieves better performance regarding

stability and power supply rejection.

2.2.2 Efficiency

From the power efficiency definition mentioned earlier, the power efficiency of LDO can

be given by Equation 2.2.

_ POut _ VOut * IOut Al VOut & IOut (2 2)
PIn Vln & IIn VIn * (Iq + IOut)

where Ppy: is the power provided by the LDO to the load, Py, is the power provided
from the supply line to the LDO, I, is the current entering the LDO, Iy is the current
delivered to the load, and I, stands for quiescent current which is the current used in

the feedback network and error amplifier.

For a certain conversion from Vo, to Vi,, and certain load current, I, it is clear
that in order to increase the power efficiency, we should minimize the quiescent current.
However, if the quiescent current is assumed to be zero, the efficiency will be defined as

Equation 2.3
n = ‘/out * Iout _ ‘/out
VIn * Iout ‘/}n

(2.3)

This efficiency is called the ideal efficiency of the LDO, and it is limited by the conversion
ratio which is the main and only drawback of the linear regulators compared to switching

regulators.

2.3 Systems design

Different loads require different regulator specs. Usually, the choice of the type of the

regulator is decided depending on the required specifications. Once this is decided, we
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can go further with choosing from the different topologies of a particular regulator type.
Table 2.1 presents a comparison of switching regulators and linear regulators. Figure 2.5
shows a practical power management system for a SOC. For Loadl, putting two LDOs
in series helps to increase the PSRR, which may be used for RF blocks since RF blocks
are very sensitive to noise. The configuration for Load2 is less immune to noise, so it
is used for conventional analog circuits, and the configuration for Load3 is much less

immune to noise which is mainly used for digital circuits.

TABLE 2.1: Comparison between Linear regulators and switching regulators.

Linear regulator Switched regulator
Power Efficiency High efficiency only with | High, and doesn’t depend
low drop-out voltages on the conversion ratio
Transient response speed High Low
Output Noise Low High
Complexity Simple Complex
Cost Low High

The combination of the linear and the switching regulators are categorized into two main

categories, explained below and represented in Figure 2.6:-

1. Series hybrid linear switching regulators.
This system is a series combination of switching regulator and linear regulator,
where the total conversion ratio is divided between the two regulators. The switch-
ing regulator realizes the bigger portion of the conversion ratio to make use of its
higher conversion efficiency. The second portion of the conversion is done by the
linear regulator to achieve a high PSRR. This system optimizes the power efficiency

of the switching regulator with a high PSRR of the linear regulator.

2. Parallel hybrid linear switching regulators.
This system is a parallel combination of switching regulator and linear regulator.
The idea is to divide the load into low-frequency load current supplied by a switch-
ing regulator and high-frequency load current provided by a linear regulator. This
system is not commonly used for supplying regular loads. However, it is utilized in
dynamic power supply modulation of power amplifiers [9], where a dynamic, power

efficient, and fast power supply regulator is required.
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11

VBAT

Switching Regulator

LDO LDO
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Loadl Load?2 Load3

!

|

|

FIGURE 2.5: Power management system for a SOC
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FIGURE 2.6: Types of hybrid regulator systems



Chapter 3

Linear Regulators

In this section, the characterization and the parameters of the LDOs are categorized

based on different analysis of these circuits. Figure 3.1 shows a regular LDO circuit.

3.1 DC Analysis

Error
amplifier
Vref

|
L

<

fb

COut

FIGURE 3.1: Regular LDO

The primary parameter characterizing the LDO from the DC perspective is the output

voltage regulation. This regulation has two types, Load regulation, and Line regulation.

13
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Ip2

Ioo
Ip1

FIGURE 3.2: IV characteristics of the PMOS

1. Load regulation is the ability to supply different load currents with a constant out-
put voltage. Qualitatively, it can be explained using the I-V curve of the MOSFET
in Figure 3.2. Assumimg that the operation point is Py in Figure 3.2 initially, and
the load current, which is the drain current of the PMOS decreases, while the input
voltage is constant. Since the line voltage doesn’t change and the aim is to provide
a constant output voltage which happens to be the drain voltage, the circuit main-
tains a constant Vi and decreases the drain current by lowering V4, hence the
operation point moves to P;. The control loop is responsible for doing this; when
the load current decreases, Vy, increases and consequently, the gate voltage of the
PMOS increases which in turn decreases V4 and reduces the load current. On the
contrary when the load current increases, the operation point moves to P». Loop
gain has the key role for load regulation since it is responsible for adjusting the gate
voltage to the necessary value finely, and this is shown in detail in the analytical

analysis below. Quantitatively, the load regulation is defined by Equation 3.1.

AVvOut

LoadRegulation =
g AIOut

= RorLpo (3.1)

where Alpy: is the change in the load current, AVp,; is the change in the output

voltage as a result of the load current change, and Rorpo is equivalent output
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resistance of the LDO.
From the feedback theory Rorpo is defined by Equation 3.2
A‘/Out ROn

Alow Forpo = 17 AB

LoadRegulation = (3.2)

where Rp,, is the output resistance of the PMOS, 3 is the potential divider ratio,
and A is the open loop gain resulting from the error amplifier and the PMOS
common source stage. From Equation 3.2, it is clear that increasing the loop gain
is the key factor in decreasing the variation in the output voltage resulting from

the changing load current, i.e. enhance the load regulation.

2. The second regulation type is the line regulation, which is the ability to provide
a constant output voltage while changing the input line voltage. Qualitatively,
similar to load regulation, it can be explained from the MOSFET I-V curve in
Figure 3.2. Lets assume that the operation point is at Py initially and the line
voltage which is the voltage at the source of the PMOS decreases, while the load
current is constant. In order to maintain a constant load current while the line
voltage decreases, the loop increases Vi, by decreasing the PMOS gate voltage
and changes the operating point to P3. However, this correction is limited by the
minimum overdrive voltage of the PMOS. The opposite happens if the line voltage
increases and the operation point moves to P;. Quantitatively, the line regulation

is defined in Equation 3.3.

AVoy
LineRegulation = A“/Znt (3.3)
AVout AVg
= A — A .
AV, PP APERY, (3:5)
AVvOut A‘/Out
= App — ApgA., f——— 3.6
AV, PE pEAerB AV (3.6)
A‘/Out
1+ ApgA.B)=A 3.7
AV, (1+ AppAeB) PE (3.7)
AVout Apg
= 3.8
AV, 1+ AppAcf (3:8)
LineRegulation = AVou . _1 (3.9)

AVIH - Ae’rﬂ
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where Apg is the PMOS common source stage gain, A, is the error amplifier gain,
and AV7, is the change in the input line voltage [1].
Equation 3.9 shows that similar to Load regulation, error amplifier gain controls

the line regulation.

3.2 AC Analysis

Analyzing the LDO from an AC perspective, it is a negative feedback circuit with several
poles and zeros. In order to ensure stable operations, the design needs to meet the Phase

and Gain Margin requirements.

Typically, LDOs have two dominant poles. Going back to Figure 3.1, the first pole is
located at the output node of the LDO and defined by Equation 3.10, and the second
pole is located at the gate of the pass element and defined by 3.11. Other parasitic poles

usually exist within the error amplifier due to internal nodes.

1
wpl = ——m— 3.10
i COutROut ( )
wpy = # (3.11)
CParReT

where Cp,; is the equivalent capacitance at the output node of the LDO, Ry is the
equivalent resistance at the output node of the LDO, R, is the output resistance of the
error amplifier, and Cj,, is the equivalent capacitance at the gate of the PMOS. Cq, is
dominated by the PMOS gate capacitance, as this transistor is always designed large to
support a high load current. Two methods are used to stabilize this circuit.

1- The first and the commonly used is to make the output pole the dominant pole
by adding a large off-chip capacitor in the range of microfarads [2][3][10]. This large
capacitor makes the output node a dominant pole and assures an adequate phase margin.
This method has several drawbacks: Firstly, this is not a fully integrated solution, which
is highly desired in today’s low cost solutions. Secondly, off-chip capacitor comes with
ESR which introduces another pole and zero. The ESR value varies with temperature

and process making the stability a little more complicated.
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Error
amplifier Viine
Vref \ Rer
— 1. o
T =r_ Rout

+ T CPar VOUt

Rl g Cext
7 pr—
Vi )
ESR CL
Ry | 5 ==
FIGURE 3.3: Regular LDO with external capacitance
Loop Gain |

FIGURE 3.4: Frequency response of external capacitor LDO

Equations 3.12; 3.13, 3.14, and 3.15 define the values of the poles and the zero of the

circuit in Figure 3.3 that utilizes output compensation.

1

wp] = ————— (3.12)

CemtROut

1

_ _ 3.13

wr CParRer ( )
1

= 3.14

wrs CLResr ( )
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1

_ 3.15
Cext Resr ( )

Wz =

where C.,; is the added external capacitor, C, is the load capacitance, and Rgg- is
the ESR. Figure 3.4 represents a typical frequency response for this method with an
acceptable phase margin [2].
2- The second method is called capless LDO. The stability of the circuit is achieved by
making an internal pole the dominant one [10][11][12]. Introducing a large capacitor
using Miller theorem is one of methods utilized for achieving the compensation.
Miller theorem states that if a capacitor is connected between input and output of a
negative high gain amplifier, the equivalent capacitors at the input and output are defined
by Equations 3.16 and 3.17.

Crn = Chril Al (3.16)

Cout ~ Chi (3.17)

where C',, is the equivalent input capacitor and Cp,; is the equivalent output capacitor.
However, Miller capacitor introduces a right-hand plane zero, which deteriorates the
stability by decreasing the phase of the loop. This problem can be solved by adding
a resistance in series with the Miller capacitor. The new zero frequency is defined by
Equation 3.18. The RHP zero can be converted to LHP zero by making sure that
the series resistance is larger than the transconductance of the amplifier. The LHP
zero frequency can be set to cancel any other parasitic pole to enhance the stability,
or based on the design conditions, the designer can eliminate the zero by setting the
series resistance equal to the transconductance of the amplifier. The problem of this
method is, the values of the Miller resistance and capacitance are usually large if the

load capacitance is large, and this slows down the response of the regulator.

1
~ Cuilgm' — R)

wz

(3.18)

It is also important to mention that a comparison between External capacitor LDO and
capless LDO is unfair, since each approach has advantage for different specs such as

PSRR and transient response.
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3.3 Transient Analysis

While DC analysis defines the steady state operation of the LDO, transient analysis
describes the transient response of the LDO due to sudden load changes. As described in
the DC load regulation, when the load current changes, the operating point changes. Due
to the finite response speed of the LDO, the circuit takes some time to respond. The limit
in speed is due to the limited bandwidth of the LDO and the slew rate delay caused by
the error amplifier. Figure 3.5 shows a typical LDO response due to sudden load change
from no load to full load. Due to this sudden increase in the current, the output voltage
drops by AVg, which is called the overshoot or the undershoot. This is an important spec
of the LDO and it needs to be minimized, since especially undershoot cause regulation

to disappear for this short amount of time. AVy is defined by Equation 3.19.

VOut“ Tdelay
A
AVs
\
- > Time
t
ty

F1GURE 3.5: Transient response of regular LDO

AIOut
AVg = ————t1 + Vo 3.19
s Ce:rt + CYL ! ( )

where V4, is the voltage change due to the ESR, and ¢; is the time taken by the LDO

to respond and it’s given by Equation 3.20.

1 1 AV
th=——+t¢

==+ — 2
BW SR BW + ISRCPar (3 0)
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where BW is the closed loop bandwidth of the LDO, tgg is the delay caused by the slew
rate effect, AV is the change in the voltage seen by Cp., and Iggr is the current of the
output stage of the amplifiers. ¢5 in Figure 3.5 is the time it takes the PMOS device to
charge the output capacitor and it depends on the phase margin of the feedback loop.

From Equation 3.19, it is apparent that decreasing t; decreases the undershoot, and from
Equation 3.20, 1 is a function of the bandwidth and slew rate which depend on the error
amplifier current. Consequently, there is a tradeoff between the power efficiency and the
undershoot. Additionally, increasing the output capacitor minimizes the undershoot.
This is one of the reasons that LDOs with external capacitors are more efficient for high-
speed applications. Capless LDOs are slower than external capacitor LDOs and various

techniques have been proposed ([10][11]|[12]) to enhance their transient response.



Chapter 4

Implemented System and Proposed

Circuit

4.1 Parallel Hybrid Regulators

Researchers have been trying to tackle the issue of a fast, all integrated and highly
efficient converter for a long time. Parallel hybrid regulator is a good approach, as the
combination makes use of the high-speed regulation of a linear regulator and the high
power efficiency of a switching regulator. One problem with the parallel hybrid regulators
is that the distribution of load on both regulators is not always clear [9]. And because
the linear regulator load contribution is not defined, it might supply most of the load.
Consequently, power efficiency of the whole system may suffer as a result.

This work redefines the system with small modifications to assure that the previously
mentioned problem doesn’t exist. Since the advantage of the linear regulator is its high
speed of regulation, the linear regulator should be off in supplying stable loads, and the
high efficiency switching regulator supplies the load solely. The linear regulator only
gets activated in sudden load changes to prevent any overshoot and undershoot in the
output voltage, then goes back to idle mode. This assures that the system benefits from
the high power efficiency of the switching regulator at stable loads and the high-speed

regulation of the linear regulator in sudden load changes.

21
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4.2 Proposed Linear Regulator

For the proposed parallel system explained in the previous section, the linear regulator
needs to be off or disconnected at steady state with minimum power consumption to
maintain the high power efficiency of the system. At sudden load changes, the linear
regulator senses the output voltage variation and gets activated to regulate the output
voltage with high speed until the switching regulator responds, and then the linear
regulator goes back to sleep mode again. Figure 4.1 shows the circuit diagram for the
proposed linear regulator that accomplishes this functionality. This circuit is composed
of a class AB output stage and two feedback loops that work simultaneously to create
three regions of operations shown in Figure 4.2. Details of the working principle of this

circuit are given below.

Vref 1

FIGURE 4.1: Circuit diagram for the proposed linear regulator

4.2.1 DC Analysis

As mentioned previously, the linear regulator is expected to kick-in during transient
changes to help regulate the output voltage. The operation of the linear regulator is

divided into three regions of operation. The first region of operation is Region zero
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Active region 2

Active region 1

FIGURE 4.2: Regions of operation of the linear regulator

defined in Figure 4.2. The output voltage lies between V,;, and Vggyp, and they are
defined by Equations 4.1 and 4.2, which are set slightly offset from the desired nominal

output value.

Ri+R
Vdown = ‘/refl 1; 2 (41)
2
Ri+R
Vup = ‘/ref2 1; & (42)
2

In this region of operation, Vy;, lies between V,..r1 and V,..r2 and both of the loops are
disabled as follows. The first loop tries to regulate the output voltage to Vo by trying
to decrease the output voltage. It achieves this by pulling down the gate of the NMOS
device, eventually shutting it down by pulling the gate to ground. Oppositely, the second
loop tries to regulate the output voltage to V,,;, by pulling up the PMOS gate, eventually
shutting the PMOS device. When the output voltage is within the range of the nominal
output voltage, the output stage is completely disabled, and the only power consumption
in the linear regulator is the power consumed in the error amplifiers.

In the case of sudden increase in the load current, the switching regulator often is not
able to respond to this fast change and the output voltage decreases to go below Vgoun
and enter Region 1. As Vo, decreases below Vggyn, Vi decreases below V,.p1 and Ery
pulls the NMOS gate voltage up. This switches on the NMOS and allows it to regulate
the output voltage to Vyown by supplying the current shortfall. The second loop also
attempts to regulate the output to V,, by turning off the PMOS as explained in Region
zero. After the switching regulator responds and regulates the output voltage to the
nominal output voltage into Region zero, the first loop shuts down the NMOS again.

For the case of a sudden decrease in the load and the slow response of the switching
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regulator, the output voltage overshoots and increases above V., Vy, also increases
above V,.cpo. The first loop tries to regulate the output voltage to Vo, by reducing
the gate voltage of the NMOS device and turning it off. However, since Vy;, is larger
than V,.r2 for the second loop, the gate voltage of the PMOS decreases and the device
turns on, regulating the output voltage by draining the excess amount of current. After
the switching regulator responds and regulates the output voltage to the nominal output

voltage into Region zero, the second loop shuts down the PMOS again.

4.2.2 AC Analysis

Analyzing the circuit in Figure 4.1 from AC perspective, the circuit contains two loops
and each loop has two main poles at nodes A and B and one zero. The poles of this

nodes are given by Equations 3.11 and 3.10, and the zero is given by Equation 4.3.

(4.3)

Taking a closer look at the poles and the zero values, the RHP zero is located at a
higher frequency compared to the two poles. To ensure the stability of the circuit, the
frequency of the two poles need to be allocated far from each other, i.e. one pole is
dominant enough to stabilize the circuit and provides enough phase margin. Since the
system is designed for ultra low power applications, the error amplifiers are designed with
low current resulting with a high output resistance for the error amplifiers. Consequently,

the internal pole is located at a very low frequency.

The output capacitance associated with the output pole is determined by the switching
regulator and set to be in the range of 10nF' in this case, which is not enough to make
the output node pole the dominant one. Furthermore, the value of the first pole changes
dramatically for different load current values. For example, if the operation of the linear
regulator is in the active region with high load current, Rp.; value is estimated to be
small and wp, is located at high frequency. When the switching regulator is responding
and the linear regulator is in Region zero as described in the DC Analysis section, Roy:
value increases and moves wp, to a lower frequency. This results in the frequency of wp,
to change from high frequency to a low frequency, which may be even lower than the

internal pole frequency. Hence, the system is not stable and needs to be compensated.
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FIGURE 4.3: Proposed linear regulator with the compensation solution

Simple compensation techniques are applied to stabilize the circuit presented in Fig-
ure 4.3. The error amplifiers are implemented by two stage common emitter amplifier.
Adding a Miller compensation capacitor creates a dominant pole to stabilize the circuit.

The equivalent capacitors’ values are defined by Equations 4.4 and 4.5.

CITL[\/[ ~ CC‘A2’ (44)

COutM ~ Cc (45)

where Cf,, is the equivalent input capacitor, Co,: is the equivalent output capacitor, and

Ao is the gain of Ers.

R, is added to convert the RHP zero to a left LHP zero. Also, a second zero is introduced
by adding CYy, to flatten the gain and increase the UGB. Adding Cy; also introduces
another pole but at a higher frequency compared to the zero. The poles and the zeros

are defined as follows:

1
== 4.6
WPX CInM RX ( )
1
Wpy- (47)

~ CyRy
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1

= = 4.
“Pp COutROut ( 8)
R+ Rs
- < 4.9
WPy, Cbel ( )
w = ; (4 10)
oo CC(gv;ll - R,) .
S (4.11)
Zy — Cbel )

where wpy , wp,, wpg, and wp;, are the poles located at nodes X, Y, B and Vy;, respec-
tively, wz.,. and wz,, are the zeros created by coupling capacitor and feedback capacitor

respectively, and g,, is the transconductance of Ers.

The configuration of the poles and zeros is set as follows: wp, is the dominant pole, wz,.
cancels the first non dominant pole wp, , and wg,, is located in the frequency range of

wp, to ensure the stability of the circuit.

4.2.3 Transient Analysis

As explained in the transient analysis section in Chapter 3, the linear regulator suffers
overshoot or undershoot due to sudden load changes. Analyzing the proposed linear
regulator in Figure 4.3 and applying Equations 3.19 and 3.20, the linear regulator suffers

a high overshoot and undershoot because of the following reasons:

1. Since the applications of this work are ultra low power, the error amplifiers are
designed with a very low current. Low current error amplifiers have high resistive
output nodes which result in a low bandwidth of the circuit. From Equation 3.20,

low bandwidth leads to high ¢;.

2. The slewing time is estimated to be high due to the low current used in the error

amplifiers and the high Cp,,, this leads to high ¢; according to Equation 3.20.
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3. The relatively low output capacitance and the high #; result in high overshoot and

undershoot according to Equation 3.19.
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FIGURE 4.4: Proposed linear regulator with the compensation and transient solutions

Figure 4.4 shows a proposed solution to enhance the transient response parameters. The
solution is done by adding a switching current instead of increasing the DC current to
reduce the power consumption. Two feed-forward paths are added to the linear regulator
to realize the switching currents contributions. The feed-forward paths are composed of
analog buffers and pull-up switch M,s; for the NMOS and pull-down M, ;s switch for
the PMOS.

To explain the work of the feed-forward paths, let us consider the case of a sudden drop
in the output voltage due to an increase of the load current and before the loop linearly
regulates the output voltage. The feedback voltage drops and consequently the voltage
at node X drops. So, the voltage at node Y increases by charging the high equivalent
capacitance at this node, Cpg., with the low DC current used at the amplifier. This
delay is limited by the slew rate of the amplifier. By adding the feed-forward path, the
voltage decrease at node X is buffered to pull the gate of M;s low. When the gate of
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M,z is pulled to ground, M,y is switched on to charge Cpy, with the added current
which is a function of the dimensions of M. After the loop is regulated, the voltage
at node X returns to its normal value and is buffered to generate VDD at the gate
of M,y to turn it off again. This limits the undershoot by eliminating the slew rate
delay without increasing the power consumed in the error amplifiers in steady-state. The

reverse operation happens in the other path when the output voltage overshoots.

Analytically, the delay due to slew rate is defined by Equation 4.12.

A
tsp= 7 — VCpar (4.12)
SR

After adding the feedforward path, the slew rate delay can be redefined by 4.13.

tsp = G (4.13)

where Ipcgy, is the current of the second stage of the error amplifiers, and sy, is the

current added by the feedfarward path through M, ; ¢, which is defined by Equation 4.14.

Iswep = 1/2Cop(W/L)(VDD — Viy)? (4.14)

where p, Cop, (W/L), and Vi, are the mobility, oxide capacitance, dimensions, and ther-

shold voltage of M, ; respectively.

By setting the delay due to slew rate to be less than 10% of the bandwidth delay, the slew
rate part of the delay in Equation 3.20 can be ignored. Figure 4.5 shows the response

with and without the feedfarward path.

4.2.4 Design and Results

The circuit in Figure 4.4 is implemented using 7uA current distributed as follows:

e The first stage of the error amplifiers consume 2uA each.

e The second stage of the error amplifiers consume 1uA each.
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FIGURE 4.5: Transient response of the linear regulator with and without the feedfar-
ward path

e The feedback network consumes 1uA.

The linear regulator is designed to have 32 output voltages ranging from 380mV to
1V with step of 20mV. The programmability is done by using a resistor-DAC for R;
using simple switches with 5 bit controls. Figure 4.6 shows the programmable feedback

network.

5 Bit controls

FIGURE 4.6: Programmable feedback network with 32 variable configurations
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The DC functionality of the linear regulator is tested using the test bench in Figure 4.7,
where the linear regulator is programmed to have an output voltage of 1V and connected
to a load resistance of 1000hms. A current source with a variable DC current is connected
at the output node to model the switching regulator. The current source is used to push
a variable current ranging from 0 to 20mA to the load. Figure 4.8 shows the results of
the output voltage, current supplied by the NMOS and current drained by the PMOS.
The results illustrate that at Region zero, the NMOS and the PMOS are switched off.
Only at Region 1 the NMOS is switched on to supply current to the load, and only
at Region 2 the PMOS is switched on to drain current from the current source. The

maximum current the linear regulator can supply or drain is 10mA.

Linear \ﬁim Viine

Regulator
Source

Vrefl —\

VOut
Vief2 — pa
S . RLJ_CL

Current

FIGURE 4.7: Test bench used to simulate the linear regulator for DC and Transient
analysis



Chapter 4. Implemented System and Proposed Circuit

-

=N

NMOS Current (mA)

S}

!
10 12 14 16 18 20

0 2 4 6 8
Load Current (mA)
10 T T T T T T
9 4
8- i
<
s i
£
=
£ 1
@
£
=
Q
wn 4r -
=}
= 3k .
A
2+ i
1+ i
0 L L L L L Il | 1 |
0 2 4 6 8 10 12 14 16 18 20
Load Current (mA)
1.06
1.04
-
Z 1020
D
3
s
=
[=} -
S 1
-
=]
=3
£
S 098}
o
0.96 -
L 1 1
0 2 4 6 8 10 12 14 16 18 20
Load Current (mA)

FIGURE 4.8: DC Analysis (a) Current supplied by the NMOS (b) Current drained by
the PMOS (c) Output voltage in different regions of operation.



Chapter 4. Implemented System and Proposed Circuit 32

The stability of the linear regulator is simulated using the same test bench in Figure 4.7.
The changing current changes the operating point and hence the frequency response.
Figure 4.9 presents the frequency response of the first loop. It shows that as the variable
current supplied by the current source increases, and the current supplied by the linear
regulator decreases, the pole at the output node shifts to a lower frequency. The minimum

phase margin is approximately 67°across all load values.

Loop Gain (dB)

10! 10° 0 10! 10° 10

Frequency (Hz)

6

Loop Phase (degree)

Frequency (Hz)

Phase Margin (Degree)

0 1 2 3 4 5 6 7 8 9
Load Current x107

FIGURE 4.9: Frequency response of the linear regulator (a) Loop gain
(b) Loop phase (¢) Phase Margin.
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The transient response of the linear regulator is simulated using the same test bench
in Figure 4.7. The current source supplies sudden transient current pulses to the load
changing from 10mA to 0 to test the undershoot. Output NMOS device supplies the
current to the load during these transients. Also, the current source is set to supply a
transient current changing from 10mA to 20mA to test the overshoot, where the PMOS
should drain current from the output node. Figure?? ws the simulation results of the
transient response of the linear regulator for the maximum and minimum output voltages.
The results show that the maximum undershoot and overshoot is less than 100mV from
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FIGURE 4.10: Transient response (a) Changing from no load to full load at nominal
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4.2.5 Layout

Figure 4.11 shows the layout of the final design shown in Figure 4.4. The dimensions of
the layout are 275um * 265um and most of this area is composed of the compensation
capacitors, which are 100pF in size. The capacitor layout is a combination of MOM cap
and NMOS cap stacked together to save area. However, the area is still dominated by
the capacitance which occupies 70% of the total area. The differential stage of the error
amplifiers is laid out with a complete consideration for matching to avoid DC offsets.

Figure 4.12 shows the differential stage of error amplifier layout.

FIGURE 4.11: Linear regulator layout

F1GURE 4.12: Differential stage of the error amplifier layout
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Conclusion

This dissertation presented the circuit design, layout, and simulated performance for
a linear regulator for a parallel hybrid-linear-switching regulator system. The design
consumes only 7uA quiescent current and can supply or drain up to 10mA current to
and from the load. The circuit is designed to be normally inactive where the switching
regulator supplies the load solely with its high power efficiency. The linear regulator gets
activated only in sudden transient changes in the output voltage and limits the overshoot
and undershoot to less than 100mV. The circuit is designed to transfer an input voltage
of 1.2V to 32 different output voltages ranging from 380mV to 1V with a step of 20mV'.
The total circuit area is 72.875 * 10~3mm? in a 65nm CMOS technology.

The system in this work shows a novel way to achieve a better transient response than the
switching regulator, which increases the frequency of the control circuit for a fast response
at the expense of power efficiency. The linear regulator presented can accomplish the fast
response and it is flexible for different design specifications of load current, capacitor,

and output voltage.

Future work: In this dissertation, the power efficiency of the system during transient
condition has not been discussed. Future work would include decreasing the output
capacitor of the system in order to decrease the power wasted during switching on and
off the power management unit. Consequently, the non-dominant pole moves to a higher
frequency, and a smaller compensation capacitor can be used, which saves the large area
of the design and results in a larger bandwidth of the loop that enhances the transient

response.
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