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ABSTRACT

DESIGN OF HIGH EFFICIENCY SWITCHING CONVERTERS FOR
MOBILE APPLICATIONS

High power efficiency is a key design specification in mobile applications, mainly to
increase battery life. To answer this need, switching converters are preferred in such
applications to convert the battery voltage to voltage domains of various blocks. In this
thesis, design improvements and novel solutions aiming to increase power efficiency and to
enhance system performance for mobile platform switching converters are proposed for
buck, boost, and buck-boost topologies. After a brief description of switching converter
operation, a novel technique to improve power efficiency in buck converters is given,
through optimized resistive and capacitive power losses of the output stage. Then, a charge
recycling technique for single inductor dual output buck converters is described. Next, two
improved control techniques for buck-boost converters based on hysteretic control and
current mode control have been proposed. Finally, two novel techniques addressing the lock-
out phenomenon occurring in boost and buck-boost converters are described. Simulation
results show that the targeted performance improvements are achieved, thus demonstrating

promising solutions for various future mobile platforms.



OZET

MOBIL UYGULAMALAR ICIN YUKSEK VERIMLI
ANAHTARLAMALI GUC KAYNAGI TASARIMI

Yiksek gugc verimli ¢alisma, pil kullanim siiresini uzattigi icin mobil uygulamalarda
en Onemli tasarim Olgiitlerinden biridir. Bu tasarim 6l¢iitiinii karsilamak amaciyla mobil
uygulamalarda pil voltajin1 diger farkli uygulamalarin gerilim seviyelerine doniistiirmek igin
anahtarlamali gii¢ kaynaklari tercih edilir. Bu tez calismasinda, c¢ikis algaltici, ¢ikis
yukseltici ve algaltici/yiikseltici dondistiiriici 6rnekleri tizerinden, gili¢ verimini ve sistem
performansini gelistirmeyi hedefleyen tasarim iyilestirmeleri ve 6zgiin mimari ¢oziimler
sunulmustur. Anahtarlamali gii¢ kaynaklarinin kisa bir Ozetini takiben, cikis algaltict
dontstiirticiiler i¢in gii¢ verimini iyilestirmeyi hedefleyen 6zgilin bir tasarim teknigi
verilmistir. Bahsedilen teknik, ¢ikis katinin direnil ve sigasal kayiplarinin toplamini en aza
indirgemeye dayanmaktadir. Sonraki bolumde tek enduktor ¢oklu ¢ikis doniistiiriiciiler igin
yeni bir yiik geri doniistiirme teknigi anlatilmistir. Bu boliimii takiben, alcaltici/yiikseltici
dontstiiriicii uygulamalar i¢in, histeretik ve akim modlu kontrol iizerine gelistirilmis iki
Ozgiin kontrol teknigi verilmistir. Son olarak, ¢ikis yiikseltici ve algaltici/yiikseltici
doniistiiriiciilerde gozlemlenen kilitlenme olaymi ¢ézmeyi hedefleyen iki yeni yaklasim
Onerilmistir. Benzetim sonuglari hedeflenen performans iyilestirmelerine ulasildigini,
boylece cesitli mobil uygulamalar i¢in gelecekte kullanilabilir ¢oziimler iiretildigini

gOstermektedir.
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1. INTRODUCTION

The growing popularity of portable devices has been the driving force of the
electronics industry during the last decade. The rise in the demand for mobile phones was
followed by tablets, smart watches, e-book readers, handheld game consoles to many other
personal, biomedical, and industrial applications. Mostly powered by a single Li-ion
rechargeable battery cell, a portable device system may include a wide range of integrated
circuit (IC) components including microprocessors, sensors, data converters, memory,

transceivers, audio modules, etc.

As an example of a portable device system, Figure 1.1 gives a teardown of iPhone 7
Plus, listing the applications on the printed circuit board (PCB) [1]. Figure 1.1(a) shows the
components on the front side: Apple A10 Fusion (red), Qualcomm LTE Modem (orange),
Skyworks and Avago power amplifier modules (yellow, green, blue). Figure 1.1(b) shows
the components on the flip side: Murata Wi-Fi/Bluetooth module (orange), NXP near field

communications (NFC) controller (yellow) and Qualcomm transceivers (blue, magenta).

All these applications come with different input supply voltage requirements with
different input current specifications, e.g. most digital applications require ~1V supply
voltage with up to >10A, whereas a display driver requires ~36V input supply voltage. In
addition to that, the Li-ion battery source voltage changes over time: from ~4.8V (fully
charged) to ~2.8V (almost discharged). This necessitates the use of different voltage
converters for different applications.

Small form factor and long battery life are two of the critical requirements of portable
devices. Merging different voltage converter modules in a single 1C for smaller form factor
has been possible by improvements in IC process fabrication such as twin well process and
trench isolation. Called power management integrated circuits (PMIC), these ICs include
various modules for voltage conversion, together with side applications such as temperature
sensors, data converters and controllers in a single chip [2]. Referring back to Figure 1.1(b),

Dialog PMIC (green) is an example of such an IC.



(@) (b)

Figure 1.1. Teardown of iPhone 7 Plus logic board: (a) front side (b) flip side [1].

To extend battery life, high power efficiency becomes an essential design target.
Answering this need, most PMICs utilize high efficiency switching converters with a single
inductor, such as buck, boost, or buck-boost converters [3]. Design specifications of such
switching converters include supplying a wide current output range with high efficiency,
low output voltage ripple, and sufficient line/load transient response. High power efficiency
has another advantage in portable devices: the device is protected from over-heating due to

loss power being converted to heat dissipation.

However, switching converter design inherently comes with many design challenges,
particularly emerging from using an inductor and switching large (>1A) amount of currents
which make reliable control techniques difficult to achieve while meeting the design

specifications. In the meantime, design topologies aiming to improve power efficiency are



constantly evolving. Consequently, the mentioned challenges and demands present an

ongoing research platform for new design topologies and control techniques.

1.1. Motivation and Key Contributions

The motivation of this work is to provide novel design solutions for mobile platform

switching converters aiming to increase power efficiency and to enhance system

performance, through the examples of buck, boost, and buck-boost converters. Within the

framework of this thesis, the following contributions protected by patent applications have

been achieved:

A novel technique to improve power efficiency in buck converters has been
proposed, targeting to optimize resistive and capacitive power losses of the output
stage. Power losses are calculated in analog domain using a novel arithmetic cell
called “adaptive gm” [4-6].

A charge recycling technique for single inductor dual output (SIDO) buck converters
has been proposed, enabling double polarity operation [7].

A control technique for buck-boost converters based on hysteretic control has been
proposed targeting a low power solution owing to its simplicity in topology [8,9].
An improved current mode control technique for buck-boost converters has been
proposed utilizing separated buck and boost pulses aiming to improve power
efficiency, to reduce inductor current ripple and to improve stability [10].

Two novel techniques addressing the lock-out phenomenon occurring in boost and
buck-boost converters have been proposed. Both techniques aim to sense the peak of
voltage conversion vs. duty cycle curve and limit the duty cycle accordingly, thus
achieving expanded operational range and reliability of the switching converter
[11,12].



1.2. Thesis Organisation

This work is organized as follows:

Chapter 2 gives an introduction to switching converter operation, providing details
on buck, boost, buck-boost and SIDO buck design architectures and control modes, followed

by a survey of power efficiency improvement solutions in switching converters.

Chapter 3, which is the core work of this thesis, describes the adaptive pass device
control technique through the example of a buck converter. An analytic background on
capacitive and resistive power losses in buck converters is followed by system level to
transistor level design implementation and simulation results focusing on efficiency
improvement in different supply, temperature, process and load current corners. Appendix

A gives details regarding layout design.

Chapter 4 provides a novel switching architecture topology for SIDO buck
converters, enabling double polarity operation with charge recycling. Two switching

sequences targeting low load current operation and high load current operation are proposed.

Chapter 5 describes two novel control techniques for buck-boost converters. The first
technique addresses a low power design solution targeting wearable applications. The

second technique proposes an improved switching technique for current mode operation.
Chapter 6 introduces two circuit level solutions to eliminate the lock-out
phenomenon observed in boost and buck-boost converters, which are “duty cycle limitation

by replica voltage drop” and “duty cycle limitation by sawtooth signal prediction”.

Chapter 7 concludes the thesis.



2. SWITCHING CONVERTER OPERATION

Various circuit topologies and techniques for power management exist, each having
different trade-offs and providing solutions for different problems. The basic topology
incorporating a feedback loop is the linear regulator where a driver transistor sets the output
voltage together with an operational amplifier. The loop is formed such that the output
voltage matches a reference voltage and the driver transistor is biased accordingly. This
transistor (initially a bipolar transistor, later typically replaced with a PMOS transistor) is
historically called the “pass device”. Linear regulators preferably can operate with a small
voltage drop on the pass device, allowing a higher range for output voltage, hence the term
“Low Drop-out Regulator” (LDO) is commonly used. LDOs can achieve low output noise,
high power supply rejection, very high loop gain [13] and preserve their place as one of the

basic blocks of a power management system.

Capacitive charge pumps, also called switched capacitor voltage converters, can be
used to generate voltages lower/higher than the input voltage supply. This is done by
employing a floating or “bucket” capacitor where the floating capacitor is charged to a
portion of the input supply voltage and together with various switch topologies, different
output voltages can be generated [14,15]. Due to their relatively high output resistance but
relatively simple topology, capacitive charge pumps are typically preferred in applications

with sub-mA load current requirements.

Inductive switching converters step in when battery life is a concern and high power
efficiency is needed. Though many topologies utilizing transformers and multiple inductors
do exist, vendors of portable systems prefer switching converters with a single inductor to
save PCB area and to reduce costs. This chapter focuses on the three possible switching
converter architectures using a single inductor. Section 2.1 describes buck converters which
step-down the input voltage to generate a lower output voltage, followed by boost converters
stepping-up the input voltage to voltages higher than the input voltage, and Section 2.3
describes buck-boost converters which can generate output voltages lower and higher than

the input voltage. The chapter proceeds with a brief description of SIDO buck converter



topologies and design challenges. Finally, a survey on design and implementation techniques

for increasing power efficiency in switching converters is given.

2.1. Buck Converters

For many PMIC applications, buck converters are the most critical building blocks,
as the battery lifetime is set by the efficiency performance of the buck converter. The buck
converter output is always lower than its input, hence the name “buck” is given. In general,
buck converters step in where power efficiency is a system requirement and step-down

conversion is requested.

Figure 2.1 illustrates the difference between an ideal LDO and an ideal buck
converter through the example of a 4V input voltage source and a 16A load current of a
microprocessor operating at 1V. For the case of the LDO, the same 16A load current flows
from the battery and pass device to the load. The 3V voltage drop on the pass device with
16A current generates a huge 48W power loss which is converted to heat. In contrast, buck
converters ideally can achieve 100% power efficiency, as in the case example, only 4A load
current will be drained from the input supply at 4V (16W), to supply the 16A load current at

1V output (16W). Thus, no power loss will be observed on the buck converter.

-

%

48\W 4‘}
16A

16A 4A 16A
4v LDO 1V 4V BUCK 1V
L L
@) O
D D
L L

Figure 2.1. An LDO vs. a buck converter.



This high efficiency voltage conversion is made possible by the use of an inductor
element and its capability to store current through its magnetic field. Figure 2.2 depicts the
basic buck converter topology which consists of two switches, an inductor connected to the

output node, and an output capacitor [16].

In the conventional switching sequence, there are two switching states: in state I, Sz
is ON, Sz is OFF, current flows from the input supply to the output load through the inductor,
while storing current on the inductor. In state Il, S; is OFF, Sz is ON, the inductor is
connected to ground, still the stored current continues to supply the output load — while the
input supply is left floating, hence the average current drawn from the input supply is

reduced.

S :
} Ix L YN Vour
Vin 52 Cour

RLOAD
€ \ — 3

Figure 2.2. Basic buck converter topology.
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Figure 2.3. Inductor voltage and current waveforms.

The inductor voltage and current waveforms through this switching sequence is given
in Figure 2.3. In state I, a AV =Vin-Vou voltage drop is observed on the inductor. With this

voltage drop, the change in the inductor current during this time interval will be:

Vin - Vout

Al =
LI 7

ty (2.1)

Similarly, when in state Il, a AVL.= -Vou voltage drop will be observed on the

inductor. Thus, the change in the inductor current during this time interval will be:

_Vout

L

Al = (T -t) (2.2)

In steady state, Al. in both switch states will be equal, hence equalizing both

equations, the voltage conversion ratio of the switching converter can be achieved:

Ve T (23)



where D is the duty cycle of the switching converter. Equation (2.3) denotes two important
outcomes: first the voltage conversion ratio increases linearly with the duty cycle, second

the output voltage will always be less than the input voltage.

Early buck converters with active switches utilized a single “pass device” together
with a diode to implement the switching sequence. Depicted in Figure 2.4(a), the diode
element naturally conducted current flowing from the inductor in state Il and prevented
reverse current from the inductor to discharge the output capacitance, replacing Sz. Only one

control signal is needed for this topology, hence called the “asynchronous buck converter”.

Together with technology scaling, recent IC applications continuously required less
supply voltage. This necessitated a topology update in buck converters: the diode was
replaced with a second pass device as the efficiency loss introduced by the diode element
became more significant. This new topology required a separate control signal for each
switch, hence called the “synchronous buck converter”, given in Figure 2.4(b). Synchronous
switching requires security precautions to prevent overlapping of both switches which may
result in short-circuit of the input supply and also allows to introduce more flexibility in the
system, such as negative current operation to discharge the output capacitor. The upper

switch is called high side switch (HSS) and the lower switch is called low side switch (LSS).

(a) (b)
Figure 2.4. Introducing the switch element: (a) asynchronous buck converter

(b) synchronous buck converter.
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A feedback loop modulates the duty cycle such that the output voltage matches the
target voltage of the application. The target voltage can be a fixed voltage coming from a
bandgap reference, or as in recent applications, the target voltage can be modulated with
time. Many digital applications today, including microprocessors, utilize dynamic voltage
control (DVC) to enhance system performance e.g. by reducing supply voltage when the
microprocessor is not used in order to reduce leakage current, and by increasing supply
voltage when high performance and higher clock frequency operation are requested. Buck
converters with dynamically changing output voltages are also utilized as a part of RF power
amplifier applications, where the envelope of the transmitted signal is set by the buck

converter to increase power efficiency [17].

Various loop techniques are available modulating the duty cycle to set the output
voltage, as defined in the following sections.

2.1.1. Voltage Mode Control

Voltage mode control (VMC) topology is given in Figure 2.5. The topology is based
on the pulse width modulation (PWM) method. The output voltage Vour is fed back to an
operational amplifier called the “error amplifier” comparing with a reference voltage Vrer.
The error amplifier output Verr and a saw tooth signal Vrame are applied to inputs of the
PWM comparator. The output of PWM comparator together with the system clock form

inputs of a control logic block, which drives the control signals for the pass devices.

Error Amp &

Freq Comp

Vier A PWM Comp

Verr
v, - VReser
out Vramp +

Control
Logic

-
= 8

M - = [on]

"N Vou

IRAMP

Figure 2.5. Voltage mode control feedback loop.



11

Figure 2.6 demonstrates the PWM operation waveforms, the HSS turns ON with the
clock starting to charge the inductor. HSS stays ON until the sawtooth signal Vrawvp crosses
the error amplifier output voltage Verr; following this crossing HSS is OFF and LSS is
turned on, discharging the inductor through the ground path, until the clock signal. By using
this technique, the duty cycle will increase when error voltage Verr increases and will

decrease in the same manner.

clk
Vrave i i
‘ ‘ -\./ERR
—! -
> t

t;

Figure 2.6. PWM modulation technique.

Though a robust control mode technique, the voltage mode control needs
complicated frequency compensation techniques like Type-Ill, to compensate the complex
conjugate pole formed by the inductor and output capacitor. Another design challenge in
VMC designs is poor line regulation, as given with Equation (2.3) any change in input supply
voltage directly translates to change in output voltage, which necessitates feed-forward

techniques to improve line regulation performance.
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2.1.2. Current Mode Control

Current mode control (CMC) topology is formed by introducing the inductor current
to the feedback loop. Figure 2.7 gives the basic current mode control topology, where the
ramp signal is replaced by a sensed replica of the inductor current — which coincidentally
has the shape of a sawtooth signal. With this formation, the inductor current is set such that

the output voltage meets the reference voltage.

Error Amp & -
Freq Comp
Vier A PWM Comp
Verr | v
RESET
Vour | _ Vramp . J]—
Control I "YMN Vour
Logic WA
K. 1, clock
____________ (set)
- [on]

Figure 2.7. Current mode control feedback loop — basic topology.

The signaling of CMC is similar to PWM modulation, the HSS will be ON together
with the clock, the sensed replica of the inductor current will rise until it crosses the error
voltage, then LSS switch will take over. As the peak current of the inductor is controlled, it
can be assumed that the buck converter behaves like a current source. This fact brings forth

the following advantages:

e As the buck converter behaves like a current source, the complex conjugate pole at
the output is cancelled out from the system. Thus, CMC loop is easier to stabilize.

e For higher power applications, CMC allows parallel connection of power stages —
similar to parallel connection of current sources.

e CMC introduces a control on the peak inductor current, making implementation of

protection mechanisms that protect the inductor from magnetic saturation easier.
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In implementation, the added noise to the sensed replica of the inductor current
introduces a jitter to the peak inductor current, which might be disadvantageous in some
applications. Another disadvantage of CMC occurring at high duty cycles is a possible
second operation mode with half of the clock frequency, thus called “sub-harmonic
oscillation”. This phenomenon can be avoided by introducing a sawtooth signal in parallel
to the sensed inductor current, called “slope compensation”. The complete CMC topology

including slope compensation is given in Figure 2.8.

Error Amp &
Freq Comp

Vrer PWM Comp
=+
Verr

- VReser
Vour | _ Veamp . J]—

Control

S N Vour
Logic R

clock
Klg fraviy /\/\/\ (set) |: . I::I
—_ LOAD

Figure 2.8. Current mode control feedback loop including slope compensation.

2.1.3. Hysteretic Control

Hysteretic control steps out as a simpler to implement control method, generally
preferred at low load currents. Figure 2.9 gives an example of hysteretic control, where a
hysteretic window is defined at the output voltage of the buck converter and HSS becomes
active when the output voltage hits the lower limit of the window Vrer. A single pulse or a
set of pulses are applied with the buck switch charging the output capacitor through the

inductor until the output voltage hits the upper limit Vrer1 [18].

An outstanding advantage of hysteretic control is its simplicity allowing very low
quiescent current operation. As in Figure 2.9 when HSS is not active, the buck converter can
stay in “idle mode” or “sleep mode” where the circuit blocks can be put to sleep, with only

the output voltage comparator needing to be active, until the comparator toggles. Another
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advantage of hysteretic control is line regulation: as in the loop formula, there are no terms
associated with input voltage, the converter is strongly insensitive to variations in the supply

voltage.

HSSon
ACTIVE

IDLE

Figure 2.9. Hysteretic control through output voltage.

Alternative implementations of hysteretic control do exist, utilizing constant on-time
for HSS switch signaling [19], or defining a hysteretic control window with peak and valley

points of the inductor current as the upper and lower hysteretic limits [20].

2.2. Boost Converters

Considering mobile platforms using a single Li-ion battery cell of 3.8V, generation
of voltages higher than the battery voltage is needed in many applications: display drivers,
audio drivers, power amplifier modules, vibration motor drives, etc. The boost converter
answering this need, is the second switching converter topology using a single inductor,

formed by connecting the inductor to the input supply.

Shown in Figure 2.10, in state I, the boost switch is ON and the inductor is shorted

to ground, hence the current flowing from the input supply is stored on the inductor. In state-
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I1, upon releasing the switch, the stored inductor current starts flowing from the input supply
through the diode to the output node, charging the output capacitor to voltages higher than

the input supply.

Shoost C Rioap

\

Figure 2.10. Boost converter topology.

Vi
VL: Vi n

Figure 2.11. Boost converter inductor voltage and currents.

The inductor voltage and current waveforms of the boost converter are given in
Figure 2.11. Similar to buck converters, using the inductor slope formula, the voltage

conversion ratio of the boost converter can be calculated as:
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Ve 1-D (2.4)

Equation (2.4) shows that the voltage conversion ratio will always be higher than 1.
Thus, the topology is also called a “step-up” converter. A deeper analysis on the voltage
conversion ratio vs. duty cycle is given in Chapter 6, providing novel solutions to a lock-out

phenomenon induced by the parasitic resistors on the inductor current path.
2.3. Buck-Boost Converters

The third switching converter topology employing a single inductor is the buck-boost
converter. Figure 2.12(a) gives a traditional buck-boost converter, where the inductor is
connected to ground. In state | the buck-boost switch is on, the inductor stores current
flowing to ground, in state Il the switch is off and current flows from Vour to ground through
the diode thus producing a negative voltage at the output, hence the topology is also called
“the inverting buck-boost converter”. This topology is used in applications where a negative

voltage domain is needed, like organic light-emitting diode (OLED) display drivers.

It is possible to re-configure the inverting buck-boost topology to generate positive
output voltages, by introducing additional switches. Figure 2.12(b) gives the non-inverting
buck-boost converter where the introduced switches help generate positive inductor current,
hence positive output voltages. Figure 2.12(b) resembles a buck converter cascaded with a

boost converter, hence the name “buck-boost” is given.

The switching sequence of the non-inverting buck-boost topology is given in Figure
2.13. In state I, buck switch and boost switch are ON, and current is stored on the inductor
flowing from the input supply to ground. In state 11, buck switch and the boost switch are

OFF, the inductor current flows from ground to the output through the buck and boost diodes.
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Figure 2.12. Buck boost topologies: (a) the inverting buck boost converter
(b) the non-inverting buck-boost converter
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Figure 2.13. Non-inverting buck-boost switch states: (a) state I (b) state 11

Similar to buck and boost converters, using the inductor slope formula, the voltage

conversion ratio of the boost converter can be calculated as:

=— (2.5)

which is actually the buck conversion ratio multiplied by the boost conversion ratio.
Equation (2.5) shows that the conversion ratio can be both less than one or higher than one
depending on the duty cycle, meaning output voltages less than or higher than the input

voltage can be generated, introducing flexibility to system level design. Also called “step-
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up/step-down” converter, buck-boost converters have a unique place in power management

circuit topologies.

Comparing the basic buck-boost operation with a typical buck or boost converter, we
can list the following disadvantages [21]:

e Four switches (including diode-switches) change state at each cycle, thus switching
loss is two times that of a typical buck or boost converter.

e The average inductance current is significantly higher than the load current, given as:
IL.=ILoap/(1-D) e.g. when D=0.5, Vin=Vour, I.=2lLoap, Which leads to increase in
inductor current.

o Resistive losses will be higher together with inductor current e.g. for D=0.5, losses
due to the parasitic resistances will be four times of a buck converter.

e Higher inductor current ripple occurs with respect to buck or boost converters.

The mentioned disadvantages can be reduced if we separate the buck and boost
pulses: meaning that in a given cycle, either the buck switches or the boost switch will be
switching. Two improved control techniques using separated buck and boost pulses for CMC

and hysteretic control are proposed in Chapter 5.

2.4. SIDO Buck Converters

In portable applications, form factor and cost are two of the most important system
design criteria. Therefore, design topologies with smaller size and minimum number of extra
components are preferred. Single inductor dual output (SIDO) and single inductor multiple
output (SIMO) buck converters have been proposed which can supply more than one output
voltage by using a single inductor, and which can achieve high power efficiency numbers at
the same time [22]. SIDO and SIMO buck topologies are preferred when the total load
current can be supplied by a single inductor and it is requested to save printed circuit board
(PCB) area and cost by removing additional external components. Figure 2.14 shows a
conventional SIDO buck converter. The buck switch Spuck charges the inductor and the load

switches So and S; distribute the inductor current to the outputs.
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Figure 2.14. Conventional SIDO buck converter.

Saving from external components come back with the following drawbacks: limited
output current capability, need for complex control modes supporting multiple outputs,
increased voltage ripple at the output, and single polarity operation. Chapter 4 describes the
single polarity operation limitations in more detail and provides a novel control technique

achieving double polarity operation with charge recycling.

2.5. Techniques for Increasing Power Efficiency

The main design challenge in switching converters is to develop a system which is
flexible and efficient at the same time. To address this challenge, numerous works have been
presented in the literature aiming to reduce the switching and resistive losses associated by

the output stage switch transistors together with quiescent current and other losses.

A popular control mode for increasing the efficiency in low load currents is the sleep
mode where the buck converter stops switching until required [23], as described in Section
2.1.3. Sleep mode reduces capacitive losses due to reduced switching activity. However, as
the switching frequency deviates as a function of load current in this mode, electromagnetic
interference (EMI) at particular switching frequencies can emerge, such as interference with
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audio band or interference with display drivers, which can become a critical issue for

portable applications.

Pulse frequency modulation (PFM) technique has been proposed for light load
currents to improve power efficiency [24,25]. In this technique a variable switching
frequency is utilized, where the switching frequency is regulated as a function of output load
current to reduce capacitive losses at low load currents. Similarly, pulse skip modulation
(PSM) is proposed [26] where the clock operates with fixed frequency but some clock pulses
are skipped at low load currents. However, similar to sleep and PFM modes, the switching
frequency is a function of output load current, thus these mentioned techniques show

susceptibility to EMI induced issues.

A technique for partially charging the pass devices is described in [27], targeting to
reduce the capacitive losses, but this technique is not preferred in industrial applications as
the gates of the pass devices are left floating. The practical application for driving pass

devices is with as low impedance as possible, explained in Section 3.3.7 in detail.

Resonant gate drivers utilizing an inductor for gate charge recycling of pass devices
have been proposed to reduce capacitive losses [28,29]. The trade-offs of this technique are
the need for external inductors for both pass devices and added design complexity to safely
support gate switching voltage levels.
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Figure 2.15. Switching converter with segmented pass devices.

Segmentation of pass devices are presented in [30-33] where portions of the pass
device can be switched instead of the whole pass device, addressing the trade-off between
gate capacitance losses and switch resistance. For instance, when a smaller portion of the
pass device is switched, the resistive losses will be higher due to increased switch resistance,
but the capacitive losses will be lower. Figure 2.15 gives a topology example for
implementation of segmented pass devices: The output of PWM modulator (shown as
HSSon) is distributed to control logic blocks together with a dedicated segment selection
signal (shown as sel_X), hence each segment is driven by a separate control logic. Then, the

outputs of pass device segments are joined to drive the inductor.

Conventional examples of segment selection methods determine the number of
switching segments by monitoring the load current; in light-load conditions a smaller portion
of the pass device is switched, and the full pass device is switched at high-load conditions
[31,32].

One of the contributions of this work is an application of the segmented pass device

technique, aiming to achieve optimum efficiency in any given and varying supply, load,
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temperature, process, and aging conditions by adjusting the segmented pass device, such that
the sum of capacitive and resistive power terms is minimized. Chapter 3 describes the
principles of this novel technique together with an analytical approach, design

implementation, and simulation results.
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3. BUCK CONVERTER WITH ADAPTIVE PASS DEVICE

Adaptive pass device topologies can be utilized to increase the power efficiency of a
switching converter. The core work of this thesis comprises a novel control technique to
efficiently supply a wide range of output load current in a buck converter using an adaptive
pass device at the output stage. The motivation of using this technique is to improve the
power efficiency of a buck converter, as the proposed technique leads to optimum efficiency
performance in any given load current, input supply voltage, temperature, process, and aging

conditions, without the trade-offs of the mentioned efficiency improvement techniques.

The technique is based on power comparison of capacitive and resistive terms [4,5],
carried out in analog domain, calculated by using a novel analog arithmetic function cell
called the adaptive gm stage [6]. The motivation of using analog arithmetic function cells is
to reduce the power consumption of the converter. The additional current consumption
introduced by the power calculation blocks is less than 1.4 A, which enables high efficiency
system operation even at low load currents. The circuit and layout are implemented with a
standard 130nm complementary metal-oxide—semiconductor (CMOS) technology and
simulation results show 5% to 35% efficiency increase for mid/low load currents compared
to a fixed output stage buck converter. Comparison with other reported adaptive pass device
buck converters denote 4% increase in peak power efficiency with three times broader load

current range.

This chapter is organized as follows: after an analytical investigation of efficiency
loss mechanisms in a buck converter, Section 3.2 describes the adaptive pass device sizing
technique, followed by design and system level implementation given in Section 3.3.
Simulation results are presented in Section 3.4, showing power efficiency vs. load current
plots for different input supply, process and temperature corners, transient and AC response,

followed by conclusion.



24

Though the presented technique is described through the example of a buck
converter, it can be applied to other switching converters where the trade-off between

capacitive and resistive power losses exists.
3.1. Losses in a Buck Converter

Various power loss mechanisms exist in a buck converter as shown in Figure 3.1,
usually classified as resistive losses, capacitive losses and other losses. Resistive power
losses dominate at the high load current range, given by [16]:

12

P =12r+A—Lr (3.1)
R 12 '

where r is the equivalent lumped resistance in the load current path, the first term of the
equation is due to the DC component of coil current, and the second term is due to the coil
current ripple. Resistive losses occur due to switch resistance of pass devices, direct current
resistance term (DCR) of the coil, and parasitics from the printed circuit board (PCB) traces
and other external components in the inductor and load current path.

Capacitive losses dominate at low load current range and occur due to switching of

pass devices and pass device drivers, given by [34]:
Pc=Cf VDZD (3.2)

where f is the switching frequency of the buck converter, C is the equivalent switching
capacitance including gate capacitance of the pass device, gate capacitance of the pass device
drivers, parasitic capacitors due to chip layout and PCB traces, and Vpp is the input supply

voltage of the power converter.

Other loss mechanisms include magnetic core losses in the coil [35], losses due to
non-overlapping time duration of pass devices, pass device driver losses, and the quiescent

current consumption of the buck converter. Even though these mechanisms cannot be
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neglected in some particular applications, the efficiency loss is dominated by the resistive
and switching losses introduced by the huge pass devices, for a typical buck converter

driving amperes of output load current.
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Figure 3.1. Mechanisms of power loss in a synchronous buck converter.

There is a trade-off between resistive and capacitive losses of a pass device. To
minimize the resistive losses the width of the pass device has to be increased as much as
possible — limited by the allowable layout area; conversely, to minimize the capacitive losses
the width of the pass device should be minimized. The conventional solution in industrial
applications is to optimize the width of the pass device such that the peak efficiency is
achieved at 1/2 or 1/3 of the specified maximum load current. The mentioned trade-off can
be overcome by introducing the segmented pass device technique, thus enabling to switch a

smaller portion of the pass device, as described in the next section.

3.2. Adaptive Pass Device Technique

Referring back to Figure 2.15, Equations (3.1) and (3.2) related to the resistive and

capacitive losses of a pass device can be adapted for a segmented pass device as follows:
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Capacitive power loss of a segmented pass device, switching with frequency f, having
a unit segment gate capacitance Cgqg, and ns being the number of selected segments can be

expressed as:
P = nngngDZD (3.3)

Resistive power loss of a pass device, having a unit segment channel resistance ron,
with number of selected segments ns, draining a total load current I and assuming first order

approximation can be expressed as:

(3.4)

The proposed adaptive pass device technique will target minimum power loss by
comparing capacitive and resistive losses and solving for the required number of switching
segments (ns) to achieve minimum power loss. As capacitive power loss is directly
proportional to ns (Equation (3.3)) and resistive power loss is inversely proportional to ns
(Equation (3.4)), it can be shown that the minimum power loss can be achieved at the point

where capacitive loss is equal to resistive loss.
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Figure 3.2. Block diagram of the proposed method.

Thus, the proposed system will increase the number of selected segments when the
resistive loss is higher than the capacitive loss and decrease the number of selected segments
when the capacitive loss is higher, to adaptively and continuously track the minimum power
loss point as illustrated by Figure 3.2. This can analytically be expressed as Equations (3.5)

and (3.6), where ns is the number of selected switching segments:

2
IL Ton

nsCyefVip <> (3.6)

S

One of the targets of the proposed technique is to solve the mentioned power loss
comparison with analog circuit design techniques, to minimize additional power loss
introduced by the segment size decision blocks. In order to solve Equation (3.6) with
components and terms pertaining to analog circuit design (e.g. voltages and currents), first

Cgyg In Equation (3.6) will be replaced by a voltage V., utilizing a reference current Ig,
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charging an identical pass device gate capacitor for a given time At, where At=1/f, and f is

the PWM switching frequency.

(3.7)

Similarly, right side term of Equation (3.6) can be simplified by using a voltage term

Vsense, Which is actually the voltage drop on the unit pass device segment:

I
Vsense = non (3.8)

S

Thus, Equation (3.6) can be re-phrased without using resistor or capacitor terms as:

Ig
ng 7 VgD <> ILVsense (39)

Cc

Also noting that the total output current will equally be distributed between identical

segments: I, = I, 4ng, the term ns will cancel out in the equation:

Ig
Ve

VDZD <> Iseg[/;ense (3.10)
This equation can be interpreted as follows: if a unit pass device segment is operating
with balanced capacitive/resistive power loss, then also the switching converter will be

working with optimal efficiency.

As a final step, to simplify the quadratic term, both sides of the Equation (3.10) are
divided with Vpp:

IR VDD Iseg I/;“ense
<>
v 7 (3.11)
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Here both terms of the equation have the same form IxV/V to be directly processed
by the proposed adaptive gm block defined in Section 3.3.1.

3.3. Design of the proposed buck converter

This section describes the design implementation of a buck converter with proposed
adaptive output stage technique. First the key design block for power comparison, the
adaptive gm block is described. The section proceeds with design details of other building
blocks followed by system level implementation, performance specifications and the layout

of the buck converter.

3.3.1. Adaptive gm Stages

Various circuit topologies utilizing a feedback loop and self-bias to generate
reference voltages and arithmetic functions have been proposed in the literature [36-38].
This section describes a novel arithmetic function cell with an inherent self-bias loop
designed to compare the capacitive and resistive power terms expressed in Equation (3.11).
Called the adaptive gm cell, this block is designed to enable the comparison of capacitive and
resistive terms by performing a simultaneous multiplication and division of three inputs:
11xV1/V2 similar to the terms introduced in Equation (3.11). The outputs of the adaptive gm
blocks provide inputs to the segment size decision block shown in Figure 3.2 to find the
optimum number of selected segments, e.g. by decreasing the number of selected segments
if the capacitive power term is higher than the resistive term or by increasing the number of
selected segments if the capacitive power term is lower than the resistive term. This block
generates the core of power comparison, enabling optimal power efficiency for different
input supply voltage, load current, temperature, process, and aging conditions. Without this
block, e.g. by only providing load current information, the buck converter would not be

tracking the supply voltage, temperature and process variations.
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Figure 3.3. Adaptive gm Stage.

Figure 3.3 gives the operational block diagram of the adaptive gm cell [6]. The
topology is formed by using two Operational Transconductance Amplifiers (OTA) placed in
a self-bias DC feedback loop.

The cell has three inputs V1, V2, and Iy; 12 is the output current. OTAL and OTA2 are
two identical transconductance cells using same bias currents. OTA1 has an input voltage of
V1 and sources the output current I1. As OTAL input stage is formed by a differential pair
stage, the transconductance of OTAL increases with its bias current. The self-bias feedback
loop sets the bias current control voltage such that the output current of OTAL is equal to I1.
Thus, the conductance of OTAL is equal to:

Gm =y (3.12)

As OTA2 uses the same topology with OTAL and using the same bias current, it will

have an identical transconductance gm2, where:

Im2 = 9m1 = 7, (3.13)
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Thus, the output current of OTA2 can be found as:

h
I; = V271 (3.14)

which is equal to the multiplication of input current 11 and input voltage V2 and division by

input voltage V1.

The transistor level implementation of the block is given in Figure 3.4 [39]. OTAl
and OTA2 are implemented using symmetrical OTA topology biased by current mirrors Mg
and Mg. The feedback loop is formed by sourcing the input current I, from the output of
OTA1 and connecting the output of OTAL to the gates of current mirrors Mg1 & Mg2. By
connecting this way, if the output current of OTAL is less than I1, then the gate voltages of
PMOS transistors Ms1 & Mg> will decrease, leading an increase in bias currents and an
increase in transconductance gm: such that OTAL output is equal to I1. The transconductance
values will be set by sizing of input differential pairs Mi1, M12, M21, M22 and their
corresponding bias currents. Equations (3.12)-(3.14) will be valid as long as differential pairs
and their bias are identical and the transistors are operating in saturation. To achieve the
required input linearity range, long channel devices are used at input differential pairs My,
M12, M21 and Ma».

Mig My, Mas My7
—_“|| ||;J Ce l:p ||;J
[ | ES I |
|MBl MBZ
[ |
M12 M11 MZZ MZl
Vl-_| |_V1+ — |1 Vz-—' |—V2+ — |2
M16 M14 M13 MlS M26 M24 M23 MZS

Figure 3.4. Schematic implementation of adaptive gm cell [39].
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There has been ongoing research on the stability of feedback loops with recently
proposed novel compensation techniques [40,41]. As the output of OTAL is fed back to its
bias, the adaptive gm cell has an inherent feedback loop (shown in Figure 3.3). The frequency
compensation technique used to stabilize the loop is to add a dominant pole by connecting a
compensation capacitor Cc to the output of OTA1 (shown in Figure 3.4), as this node is the

high impedance node of the feedback loop.

The DC simulation results of adaptive gm block is given in Figure 3.5: (a) l2 vs. I1
comparing with ideal calculation and (b) 12 vs. V1 and ideal calculation. For the input range
of interest, output current I is directly proportional to I1 and inversely proportional to Vi as
given by Equations (3.12)-(3.14). At low values of V1, the output current is limited by circuit
output current sourcing capability. At high values of V1 the output current saturates limited
with the linearity range of input differential pair.

In typical operating conditions quiescent current consumption of a single adaptive-
Om stage from the supply is 0.66A. This low power consumption will enable the system to
perform power calculations without introducing noticeable efficiency loss even in low load

conditions.

System level calculations determine 20% accuracy specification for the output
current calculation of this block to achieve 0.1% efficiency error of the segment size decision
block. Simulation results in Section 3.4 show that this condition is met in the overall PVT
range of operation, together with the linearity range of the adaptive gm stage. Owing to the
symmetric OTA based topology, the circuit benefits from insensitivity to process, supply

voltage, and temperature variations.
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Figure 3.5. Simulation results of adaptive transconductance cell
(@) I2 vs. Iy, for Vi=V2=1V (b) I2 vs. V1, for V=1V and 1:=100nA.

A replica of the circuit given in Figure 3.4 is used for generating the resistive power

calculation term — the right side of Equation (3.11). As the input voltages Vsense and Vpp are

referenced to input supply voltage, an NMOS input differential pair is preferred for the

resistive power adaptive gm, similarly using symmetrical OTA topology. The schematic of

the replica circuit is given in Figure 3.6. The layout of both blocks with implementation

details is given in Appendix A.1 [42].
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Figure 3.6. Schematic implementation of resistive term adaptive gm cell [39].
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3.3.2. Voltage and Current Sense

To evaluate the resistive power term (the right-hand side term of Equation (3.11))
Vsense and lseg information is needed to provide an input to the adaptive gm cell. Vsense is the
voltage drop on the pass device during when the PMOS pass device is ON. Given in Figure
3.7(a), this voltage is simply generated by sampling the LX node voltage with a transmission
gate, where the LX node is the drain node of the pass devices. The transmission gate will be
ON during when the PMOS pass device is ON, shown in the figure with PGATE<O0> signal.
The capacitor C; stores the sampled voltage when the transmission gate is OFF.

Iseg is the drain current flowing through the unit pass device segment as defined in
Equation (3.11). The current sense circuit topology is based on [43], replicating a ratio of
PMOS pass device drain current, given in Figure 3.7(b). A feedback loop matches the drain
voltages of the PMOS unit pass device and the replica device, as a consequence the drain
current of the replica device is mirrored to provide a ratio of unit pass device drain current.
The sensed current is mirrored and sampled with a transmission gate and a capacitor, to
provide a continuous input to the adaptive gm stage. The layout of the voltage sense block is
given in Figure A.4. The current sense block is laid out together with the pass devices as the

replica device needs to be physically located close to the pass device for good matching.

VopSW

PMOS<0> PMOS<0> Voo
Peare<0> pass device replica device

Porre<0>
LX
=
o

Ms2 ﬂ Mae My
LX | ) Vsense E j [
] 9 il
] G
M31
1 —e—1L
< = | — IE Mag Mys
I T I
M1 Ma Ma3
(@) (b)

Figure 3.7. Voltage sense (a) and current sense (b) blocks.
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3.3.3. Error Amplifier

Targeting a voltage mode control application, the basic requirements of the error
amplifier are high open loop gain with low quiescent current. System level specifications of
the error amplifier are as follows: common mode input voltage Vin < 1.5V, open loop gain
at DC > 60dB, 1o input referred offset < 10mV, and Ippg < 10£A. The schematic design of
the error amplifier is shown in Figure 3.8 [39]. It consists of a differential PMOS input stage
together with a second gain stage. The compensation of the error amplifier and loop is done
using Type-I11 compensation given with Section 3.3.7. The layout of the error amplifier is
given in Figure A.5.

0.5uA 2uA 1uA
vddcore — . .
I | '
I I
pBias |
I I:
ibOu5
inn inp ——verr
i ~ |
I
VsSC—> -I- 1

Figure 3.8. Schematic of error amplifier [39].

3.3.4. PWM Comparator

The PWM comparator is a latching comparator with less than 20ns propagation
delay, less than 10mV 3o input referred DC offset and less than 10.A quiescent current
specifications. The comparator topology consists of two gain stages together with digital
latching functionality. The latching function is required to prevent false triggering caused by
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couplings induced by switching events. The latch is reset with each clock cycle. The
schematic of the PWM comparator is given in Figure 3.9 [39] and the layout is given in
Figure A.6 and Figure A.7 [42].

0.5uA 4uA

| | outp clamj
:I I I E reset

” - |4E |4E |{

 E— L. L. L
AL

vdd =

VSSC—

Figure 3.9. Schematic of the PWM comparator [39].

3.3.5. Ramp Generator

The ramp generator block generates the sawtooth signal necessary for PWM
modulation in voltage control mode. The block level specifications include output voltage
range between 100mV and 1.8V and trimmable ramp peak voltage. Switching frequency is
3MHz. The schematic design of the ramp generator is demonstrated in Figure 3.10 [39]. The
working principle of the circuit is as follows: a reset input discharges the capacitor at the
start of clock cycle; after reset is released, a bias current flowing to the capacitor ramps the
capacitor voltage linearly, depending on the capacitance and the current. The capacitor
voltage is replicated on a resistor through a current mirror; hence a linearly ramping output
current is achieved. The ramp generator output is connected to a resistor at a higher

schematic level, generating the vRamp voltage.

Trimmable ramp peak is generated by altering the bias current with a 3-bit current
digital-analog-converter (DAC). The layout of the ramp generator is given in Figure A.8
[42].
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Figure 3.10. Schematic of the ramp generator [39].

3.3.6. Active Diode Comparator

After the HSS is OFF, LSS turns ON and the inductor current starts falling linearly
with a negative slope. The active diode comparator (also called zero cross comparator —
(ZXC)) detects the event that the inductor current crosses zero amperes and immediately
turns OFF the LSS to prevent discharge of output capacitor of the buck converter — similar
to the behavior of a diode element. This is done by monitoring the LX node voltage (the drain
node of the pass devices) and comparing with zero volts. Block level specifications of the
active diode comparator include ~0V input common mode voltage, typical propagation delay

of 20ns, 3o input referred offset voltage < 8mV trimmable input offset voltage, and lppg <

104A.

The trimmable input offset voltage is specified for correcting the input referred offset
and to compensate for the comparator delay. Any delay in the comparator output will cause
charge leakage from the output capacitor of the buck converter, resulting in efficiency loss.
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A practical solution in reducing the comparator delay is introducing an intentional negative

offset voltage at the input.

The schematic implementation is shown in Figure 3.11 [39]. A resistor string is used
as a load for the first gain stage and at the same time allowing trimmable input offset voltage.
NMOS switches serve to select different values of resistors with the option of creating
positive and negative input offset. Replica NMOS switches are included in series with the
resistor string to compensate for the switch resistance(s). The first stage output is followed
by two gain stages, providing input to logic buffer cells.
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Figure 3.11. Schematic of active diode comparator [39].

3.3.7. Pre-Driver and Pass Devices

As pass devices are huge transistors switching amperes of current, special
precautions need to be taken while driving the gates of the pass devices. One of the
commonly implemented precautions in synchronous switching converters is ‘“non-

overlapping logic”, used to ensure a pass device is completely OFF before turning on the
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other pass device. This precaution is necessary as if both pass devices are even partially ON
(overlapped), amperes of short circuit current will flow from the input supply to ground. To
prevent this short circuit current, a time duration when both switches are OFF (non-
overlapped) is added to the switching sequence. During the non-overlapping time, the
inductor current flows through the body diode of the LSS.

A trade-off of this technique exists as a long non-overlapping duration of both
switches means loss in power efficiency due to body diode conduction losses — whereas a
too short non-overlapping duration could lead to short circuit currents in different operating
conditions. The technique implemented in this work is given in Figure 3.12, the logic gates
between nP and nN nets provide a logic feedback loop ensuring a pass device is not turned
ON until the gate of the other pass device is completely OFF. Various works for improved
non-overlapping logic timing has been proposed, including loops for adaptively tracking

input supply and process delay variations [44].

nN {>¢ blockN Poff

—> gatP

— gatN

nP >° blockP Noff

Figure 3.12. Schematic of unit pre-driver cell [39].

Another safety consideration in the pre-drivers is the dv/dt induced turn-on
phenomenon [45]. As pass device gates are turned ON and OFF with high slew rates, and

pass devices are connected with shared drains, charge injection from the Cgq Of one pass
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device to the gate of the other pass device might turn ON the other pass device, leading to a
short circuit condition. Poff and Noff blocks shown in Figure 3.12 are connected in parallel
with the pre-driver buffers to provide a short impedance path to the mentioned charge

injection.

In top level implementation a pre-driver cell exists for each unit pass device cell. The

layout of the pre-driver cell is given in Figure A.11 [42].
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Figure 3.13. Schematic of unit pass device cell [39].

The schematic of a unit pass device cell is given in Figure 3.13 [39]. The PMOS
driver (HSS) is sized by using efficiency curves of generic buck converters for the given
process technology. The NMOS driver (LSS) transistor size is then calculated in compliance
with the PMOS driver transistor’s size. The unit pass device schematic also includes a small
replica of the PMOS driver for current sense and a filtered replica of the LX node (IxN)

providing an input to the active diode comparator.
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3.3.8. System Level Implementation

System level implementation of the proposed switching converter topology is given
in Figure 3.14. The topology is based on a voltage mode control buck converter [16], formed
by a ramp generator, an error amplifier with Type-111 compensation, a PWM comparator,
and with a pass device segmented to 32 identical unit drivers, thus enabling logic control
with 5 bits. The adaptive diode comparator providing the zero-cross signal for control logic

Is not shown for simplicity.
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Figure 3.14. Block Diagram of the proposed method.

Two adaptive gm blocks generate the capacitive power term and the resistive power
term, where the inputs of the adaptive gm blocks are as defined by Equation (3.11). The
capacitive power term is generated by using three inputs: a V¢ voltage formed on a PMOS
capacitor - replicating the gate capacitance Cgq Of the pass device as in Equation (3.7), a

pulse current Ir and a portion of input supply voltage.

The resistive power term is generated by using the sampled Vsense Voltage, the unit
segment drain current lseg as defined in Section 3.2 and a portion of input supply voltage set

by the input linearity of the adaptive gm block.



42

The segment size decision block includes a current comparator which compares the
output currents of two adaptive gm cells and increases or decreases the number of selected
segments accordingly. Segment selection logic is updated with D-type flip flop cells clocked
with the system clock to cast out any conflicts with the asynchronous control logic. This is
to prevent a possible shoot-through between the unit driver stages.

Type-I11 frequency compensation is preferred in voltage mode buck converters to
cancel the phase shift of the complex conjugate poles resulting from the output capacitor and
inductor of the buck converter [46]. The frequency compensation of the buck converter in
this work is implemented with a Type-I11 network formed by two pole/zero pairs generated
by resistors R, Rz, R3 and capacitors Cy, C2, C3 connected to the feedback node Vour at the
left side of Figure 3.14 together with the error amplifier. Bode plots of the open loop system
are given in Section 3.4.3.

Target specifications of the buck converter are given in Table 3.1. An SMD inductor

TFM201610ALM is chosen for this switching converter, having 1.H inductance and 50mQ

DC resistance, with suitable size for portable applications (2.0x1.6x1.0 mm) [47].

Table 3.1. Buck converter specifications.

Technology 130nm

Input VVoltage 2.8-4.8V
Output Voltage 1.0V
Inductor / DCR 1pH /50mQ
Output Capacitor / ESR 22uF [ 5mQ
Switching Frequency 3MHz

Phase Margin > 60°

Load Current 10mA - 1.5A
Efficiency > 85%

The layout of the schematic has been implemented in a 130nm CMOS process,

including block level details given in Appendix A [42]. Special precaution has been taken
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for metal layers and a resistive 3-D extraction and analysis has been performed to ensure any
unexpected resistive loss or electromigration will not occur [48]. Complete layout of the
converter is given in Figure 3.15. The area of the adaptive output buck converter is

870.mx800.m, where the pass devices consume approximately 2/3 of total layout area.

9

b

T

i 33
IPDPDDbD > Dt tb

Figure 3.15. Layout of the buck converter with adaptive pass device [42].

3.4. Simulation Results

This section presents the simulation results of the buck converter with adaptive pass
device. As power efficiency is the most important target specification of this work, Section
3.4.1 gives efficiency results vs. load current for different input supply voltage, process and
operating temperature corners. This is followed by transient performance simulations given
for line and load transient cases. Section 3.4.3 gives AC response and the associated setup
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for performing AC simulations as switching converters need a linearized setup for small
signal analysis. This section is concluded by comparison with similar works reported in the

literature.

3.4.1. Efficiency Results

Figure 3.16 gives efficiency plots as a function of load current for different input
supply voltage, process and operating temperature corners. Figure 3.16 (a) compares the
efficiency of a fixed output stage buck converter and the buck converter with adaptive pass
device vs load current. This plot shows the improvement achieved by the proposed adaptive
output stage technique. More than 5% efficiency improvement is observed at typical 100mA
output load and more than 35% efficiency improvement is observed at 10mA output load
owing to reduced number of switching segments. It is observed that for low load currents
the adaptive buck converter minimizes the number of selected switching segments, while the
selected number of segments are increased with increasing load current, e.g. a larger pass
device is used at higher load currents as decided by the segment size decision block, to

reduce resistive losses, which is in line with Equation (3.4).

Capacitive power loss increases and resistive power loss decreases with input supply
voltage. Figure 3.16(b) gives the efficiency plots for input supply voltage corners vs. load
current. To achieve optimum efficiency response, it is observed that the segment decision
block optimizes the number of selected segments for different input supply corners. At
100mA load and 2.8V input supply voltage, the segment decision block output indicates 13
pass device segments, however at 4.8V supply voltage the optimum number of selected pass
device segments decreases to 5. This outcome is expected and is in line with Equation (3.3)
as capacitive losses increase with increasing input supply voltage; fewer pass device
segments are utilized to reduce capacitive losses at higher input supply voltages. The corner
simulation results show more than two times change in optimum pass device size, marking

the benefits of using an adaptive pass device.
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Figure 3.16. Efficiency plots for load sweep (a) comparison with fixed output stage
(b) comparison for different input supply voltages (c) comparison for different process

corners (d) comparison for different temperatures.

Figure 3.16(c) gives efficiency comparison for different process technology corners,
showing the system response to different process conditions. For active device ss (slow
NMOS - slow PMQOS) process corner, the ron 0f the pass device will be higher than nominal,
leading to an increase in resistive losses. This will be compensated by the segment size
decision block by increasing the selected number of switching segments. At 300mA load
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and typical process technology parameters, the observed switching pass device segments is
24; however, for the same load current and ss process corner, the selected pass device
segments increase to 27. Expected behavior is observed for ff (fast NMOS-fast PMOS)
corner, where the switching pass device segments reduce to 21.

Efficiency comparison for different operating temperature corners is given in Figure
3.16(d). Increasing operating temperature leads to decrease in carrier mobility thus increase
in resistive losses. Similar to previously given results, this increase is compensated by the
segment size decision block by increasing the selected number of segments. At 300mA load
and 27°C, the optimum number of selected pass device segments is 24, however for the same
load current and high temperature corner 125°C, the optimum number of selected pass

device segments increases to 27.

3.4.2. Transient Response

Transient response of this work is characterized by line sweep and load transient
simulations. Line sweep simulation results are given in Figure 3.17, sweeping input supply
voltage from 2.8 to 4.8V in 500.s with 300mA fixed output load. It is observed that with
increasing input supply voltage (top brown trace), the capacitive power term increases
linearly (bottom dotted red trace). The resistive power term decreases (bottom blue trace)
with increasing input supply, with the segment size decision block decreasing the number of
switching segments (green trace) to match resistive losses with capacitive losses, the current
flowing per segment increases and a step increase in resistive losses is observed. Overall,
the equalized capacitive power loss and resistive power loss terms per unit segment with no

unexpected ringing or transients are observed in line with Equation (3.4) and Figure 3.16(b).

Load transient simulation results for a 1A load step at typical conditions is given in
Figure 3.18. The capacitive power term stays constant as the input supply voltage, process
conditions and clock frequency are constant (Equation (3.3)). The resistive power term
increases with higher load current, limited by the output slew of the adaptive gm stage. Here,
in order to improve load transient results, to speed up segment size decision circuit, an output

voltage comparator — Vunper comparator is utilized. This comparator senses dropping output
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voltage and forces two times increase in selected number of segments per each segment
decision clock, to help quickly increase the selected number of segments and improve the

output voltage transient. Simulation results show 35mV drop at output for 1A load transient

with 1A/us slew at 1V output which is acceptable for portable applications.
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Figure 3.17. Line Sweep Simulation Results.
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Figure 3.18. Load Transient Simulation Results.

3.4.3. AC Response

As the adaptive buck converter inherently employs a feedback loop for setting the
output voltage to the target voltage, ensuring the stability of the converter is a design
concern, especially considering the complex conjugate poles formed at the output due to the
inductor and the load capacitor. However, small signal analysis of switching converters need

additional pre-processing which utilize linearized models of switching blocks.
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Therefore, a simulation setup with linearized switching components was generated
also including a linearized model for the adaptive pass device. The model originates from
[49] and was modified to take into account the change of output resistance as a function of
the selected number of segments. The small signal simulation setup including the error
amplifier, frequency compensation network, the linearized model of the adaptive pass

device, and the load is given in Figure 3.19.
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Figure 3.19. Linearized model for the adaptive pass device buck converter.

AC simulations using the linearized model are given in Figure 3.20. Under typical
operating conditions, it is observed that the loop gain crosses 0dB at 125kHz, phase margin
is 66.3°, and gain margin is 23.8dB which meet the stability specifications with a decent

margin.
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Figure 3.20. AC simulation results
3.4.4. Performance Comparison

In order to validate the performance improvements of the proposed technique, a
comparison table with other buck converters using segmented output stage is given in Table
3.2. In PWM mode, the presented output load current range 10mA — 1.5A is wider than all
mentioned articles, thus alleviating the use of sleep mode. Overall, this work achieves higher
power efficiency values for PWM mode switching, considering both peak efficiency and

minimum efficiency for different values of the load current. The external inductor and
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capacitor values and switching frequency are in a similar range with other works thus

allowing fair comparison.

Table 3.2. Performance comparison.

This
[31] [50] [51] [52] [53] [54] [55]
work
Inductor 1pH 0.1pH 1pH 2uH N/A 400nH N/A N/A
Capacitor 22uF 30nF 4uF 4uF N/A 0.9uF N/A N/A
Input Voltage 3.8V 5V 2.7V 3.6V 3.3V 2.5V 3.3V 3.3V
Output
1.0v 2.5V 1.8v 1.8V 1.8v v 1.2v 1.2v
Voltage
Switching
. 3MHz 10MHz 4MHz | 4MHz | 1.2MHz 10MHz 2MHz 2MHz
reg.
lLoaD 10mA - | 20mA— | 15mA —| 20mA —| 10mA — 15mA - | 10mA - | 15mA -
(in PWM) 1.5A 80mA 500mA | 200mA [ 200mA 500mA 1A 800mA
Min  PWM
o 80% 40% 74% 75% 35% 72% 60% 79%
Efficiency
Peak
o 93% 60% 89% 89% 88% 83% 88% 87%
Efficiency
Process
0.13um 1.5um 0.6pm | 0.6pum 0.5um 0.13um 0.13pm | 0.13um
Technology

3.5. Conclusion

In this chapter, a novel technique to improve the efficiency of a buck converter using
an adaptive pass device is presented. The proposed technique achieves optimum efficiency
in any given and varying input supply voltage, load current, operating temperature, process
technology, and aging conditions by adjusting the number of selected switching segments
such that the total loss introduced by capacitive and resistive power terms are minimized,
where the power terms are calculated employing a novel analog arithmetic function cell

called the adaptive gm Stage.
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The simplicity of the analog power loss equalization technique and the low quiescent
current consumption of the adaptive gm stage lead to high power efficiency even with low
load currents. Maintaining PWM mode, the adaptive buck converter can supply load current
range from 10mA to 1.5A, achieves 93% peak efficiency in typical operating conditions and
80% minimum power efficiency at low load currents. Compared to a buck converter with
fixed output stage, a 5% efficiency increase in mid load current values and 35% efficiency
increase in low load current values are observed. Comparison with other reported segmented
pass device buck converters show higher power efficiency values for PWM mode switching
considering both peak and minimum efficiencies, with 3 times broader load current range.
Thus, the proposed technique steps out as an alternative solution to sleep mode and as an

improvement to conventionally used segmented stage topologies in the low/mid load region.
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4. SIDO BUCK CONVERTER WITH CHARGE RECYCLING

A topology limitation in conventional SIDO/SIMO bucks is that, it can only supply
output currents with the same polarity to all outputs. As described in Section 2.4, assuming
a positive inductor current is flowing to the outputs, the switching converter will not be able
to reduce the output voltages if an overshoot happens in one of the outputs or a negative
DVC is requested.

Similar to single output buck converters, negative current and DVC function
capabilities are also requested in SIDO/SIMO buck converters thus having the functionality
to supply opposite polarity current to its outputs. The straightforward solution to this
problem (supplying positive output current to one output while discharging the other output)
is to use a pulldown switch for discharging. When an overshoot event occurs or a negative
DVC event is requested, the pulldown switch discharges the output capacitor to the requested
voltage level, however, the major drawback of this solution is efficiency loss. In inductive
switching converters, it is preferred to preserve charge by continued usage of the inductor,

thus achieving high power efficiency.

This section describes a novel technique aiming to solve this limitation by using
additional switches, making it possible to supply a negative current to one of the outputs
while supplying a positive current to the other output(s). Even though the technique
describes a new topology through the example of a SIDO buck converter, the concepts can
be applicable to other switching converters.

4.1. SIDO Buck with Negative Current

Figure 4.1 describes the proposed SIDO converter switch topology [7]. Switch Sg is
the buck high side switch. The diode (located below Sg) is usually implemented as a switch,
allowing current in a single direction. Syo and Sy are the SIDO buck switches supplying

current to outputs Vouto and Vouri. Sxo, Sx1 and Sz are the additional switches (novel)
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allowing to supply complementary current to outputs - having both positive and negative
polarity. During physical implementation, the switches Sxo, Sx1 and Sz can be designed
smaller in size (relative to the other pass device switches), the design trade-off here is silicon

area vs. efficiency in negative operation.

S'L[:I S\,ﬂ—| VOUTO
LX N Ly I i
sz
sv1
L] 9Ll

SX1
VOuUT1

T

Figure 4.1. Proposed SIDO converter switch topology.

|

During typical SIDO operation, switches Sxo, Sx1 and Sz will be off. For the case
where Vouro is supplying a positive load current (normal operation) and Vour: is requested
to perform negative current operation, the switches will enable two different operation

solutions as described in the following sections.

4.1.1. Negative SIDO Operation — Option 1

Figure 4.2 gives a bipolar operation example. In phase (a), which is typical SIDO
operation, positive current is being sourced to Vouro. Svo is ON, Sy1 is OFF, Sg is performing
buck switching, Sxo, Sx1 and Sz are OFF. Figure 4.2 phase (b) describes negative operation,
where current flows from Vour: to ground. Syo and Sy1 are OFF, Sg is OFF, Sxo is OFF, Sx1
and Sz are ON. Sx; and Sz enable current sink operation from Vour1, while maintaining

positive current flow at the inductor Lo.
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Figure 4.2. (a) Positive operation to Vouto (b) Negative operation to Vour1.

4.1.2. Negative Operation — Option 2

Figure 4.3 gives an alternative solution, with more power efficiency at high load
currents. In phase (a) —similar to Figure 4.2-, positive current is being supplied to Vouro
(normal operation). Syo is ON, Syz is OFF, Sg is performing buck switching, Sxo, Sx1 and Sz
are OFF. In phase (b), negative current is being supplied to Vour: while at the same time
providing a positive output current to Vouto. Sx1 and Syo are on, Sxo, Sy1, Sg and Sz are off. In
this switch configuration Sx1 and Svo enable current flow from Vour: to Vouro through Lo,

maintaining a positive current flow at the inductor.
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T
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Figure 4.3. (a) Positive operation to Vouro (b) Negative operation to Vour:.
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The advantage of this operation is that, the excess voltage in Vour: is used to supply
load current to Vouto — not using any supply current, recycling stored energy in load
capacitors. This advantage is expected to increase power efficiency in this operation mode
and improve output voltage ripple (both outputs are being supplied at the same time — in
normal SIDO operation only one output is supplied at a given phase). This mode might not
be preferred when Vouro is in sleep mode (e.g. there is no load current at Vouro) since
increasing Vouro could result in an over voltage (VOVER) condition. This mode also might
not be preferred when Vouro is higher than Vour: and coil current is not high; in this
condition, coil current will decay to zero and this mode will not be advantageous. In such

conditions Option 1 described in Section 4.1.1 can be preferred over this solution.

4.2. Block Level Implementation
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Figure 4.4. Block level implementation.

Figure 4.4 gives the block level implementation of the described topology. OTAp and
OTAz generate error currents lerro and Ierr1 Which provide inputs to combiner and peak limit
comparator. Using current mode control, peak limit will be a function of lgrro and lerr:

added together with other compensation factors.
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OTAo and OTA: provide the absolute value of error current as output, e.g. the error
current will always be positive even if there is an undershoot or an overshoot. (without using
absolute value, an overshoot in one output could be cancelled with an undershoot in the other
output, resulting in no response of the system). Negative operation decision will be given by
Vunoer and Vover comparators. System operation will further be explained through the

simulation results provided in the next section.

4.3. Simulation Results

In the following simulation results, switches Sxo, Sx1, Svo and Syi change logic
positions synchronous with the clock. Though this is not a requirement of the proposed
topology; this assumption helps building the macromodel in a more systematic way and
enables to follow control signal transitions discretely.
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Figure 4.5. Typical SIDO operation- both outputs having positive load
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Figure 4.5 gives typical SIDO operation where both outputs are loaded with positive
current. Simulation conditions are as follows: Vpp=3.8V, Vouto=1V, Vouti=1V, L=1uH,

CouTt0=30uF, Cout1=30uF, fsw=3MHz, ILoapo=500mA, and I oap1=100mA.

As both output loads are positive, normal operation will be performed. At simulation
time 1145 Vour: is lower, thus with the next clock Sy: turns ON and coil current supplies
Vour: (interval il in the Figure). During interval i2, Syo is ON and coil current supplies Vouro

until 13s.

Figure 4.6 gives negative SIDO operation with option 1 type switching (as in Figure
4.2). In this simulation ILoapo=50mA (low load current, inductor current is expected to decay

to zero), lLoap1= —100mA.
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Figure 4.6. Negative SIDO operation- option 1.

At simulation time 32us Vover: becomes high, requesting negative operation for

Vourz. During interval i1, Sx; and Sz are ON, discharging Vour: as defined in Figure 4.2 (b).



During interval i2, there are no Vover/Vunper Signals, thus the system is not switching,
staying in sleep mode. The build-up inductor current can optionally be discharged to Vpp by

a recycling diode which can be connected between node Ly and the input supply Vop.

At simulation time 38.s, Vunpero is high, Syo turns on and positive load current is

supplied to Vouro during interval i3.

Figure 4.7 gives negative SIDO operation with option 2 type switching (as in Figure
4.3). In this simulation I.oapo=1A (higher load current, inductor current will continuously

stay above zero), lLoap1=-250mA.
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Figure 4.7. Negative SIDO operation- option 2.

Throughout the simulation Vunpero is on as Vouro is loaded with 1A. During interval
i1, Voverz is high, requesting negative operation for Vour1. Sx1 turns on, Syo continues to stay
on. Thus, Vour: is discharged with the coil current at the same time supplying load current
to Vouro as defined in Figure 4.3 (b). During i2, Vunpero is high, load current is supplied to

Vouro, Syo stays on; buck switching (Sg switching) continues.
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5. BUCK-BOOST CONVERTERS WITH IMPROVED MODE
SWITCHING

Buck-boost converters are commonly used in wearable applications where input
supply voltage is close to output voltage and high efficiency power conversion is required
to extend battery life. A typical example of a Buck-boost converter is the battery-operated
USB drive where the USB output is 3.3V and input supply (battery) voltage can be anywhere
between 4.8V to 2.8V. As discussed in Section 2.3, due to their relatively complex switching
sequence and complicated circuit topology, there are numerous design challenges associated

with buck-boost converters.

This chapter brings forth two novel solutions for buck-boost circuit design. Section
5.1 introduces a hysteretic switching technique for low power applications with excellent
line transient response, Section 5.2 introduces a current mode switching technique for high

power efficiency and improved mode transitions.

5.1. Hysteretic Buck Boost Technique

Due to battery performance limitations buck-boost converters for wearable
applications need to achieve very low quiescent current, high power efficiency, and excellent
line transient performance. Among different control methods, hysteretic control steps ahead
as a preferred control method for wearable buck-boost converters as the line transient
performance will be excellent, topology will be simple and thus quiescent current at low load
condition will be very low. On top of the mentioned features, two additional advantages of
hysteretic control is dispensing with the error amplifier and the clock, thus further

simplifying the converter design and achieving lower quiescent current.

Various examples of hysteretic buck converters have been mentioned with Section
2.1.3. Examples of hysteretic boost converters reported in the literature similarly utilize
monitoring the output voltage and turning on the boost switch with constant on-time [56] or

turning on the boost switch with adaptive on-time [57].
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This section presents a novel hysteretic buck-boost converter control technique as
defined in [8] and [9] using separate buck and boost pulses, and constant on-time (fixed duty
cycle) operation. This section is organized as follows: an operational description of the
proposed hysteretic buck-boost topology is followed by details on model implementation

given with the next sub-section. Simulation results are given in Section 5.1.2.

The proposed control method is based on defining operation regions monitoring the
condition of the output voltage. The operating modes will use separated buck mode and
boost mode switching with using constant on and constant off times. Table 5.1 gives a
simplified description of the proposed topology. For the defined region 1, where Vout>VRrer
there will be no switching. Here Vger is the target output voltage. For region 2, where
Vout<Vrer and Vour >Vrer-4V1 there will be buck mode switching with a fixed duty cycle.
Here AV1idefines the hysteretic window where practical values of AV1 can be around 10mV.
For operational cases where the input voltage is greater than output voltage and output load
current is low, this will be the default operating mode. Similarly, for region 3, where Vour
<Vrer-4V1 there will be boost mode switching with a fixed duty cycle. When the input
voltage is lower than the output voltage, buck mode switching (region 2) will not be able to
increase the output voltage and Vour will start to decrease. Consequently, region 3 operation

will take over and boost pulses will result in increased output voltage.

Table 5.1. A Simple operating diagram

Region | Vour Condition Operating Mode

1 Vout > VRer Switches Off

2 VRer > Vout> VRer-AV1 | Buck Mode

3 VRrer-AV1 > VouTt Boost Mode

The proposed system will be enhanced with two additional improvements. First, for
faster response, the direction (or derivate) of the output voltage will be sensed, providing the
output voltage rising or falling information, which will be an additional input to the region
decision algorithm. Second, in addition to buck and boost switching modes, an additional
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functional operating mode will be defined, which is 100% duty cycle buck mode or
equivalently a 0% duty cycle boost mode also called as bypass mode. In this mode the
switches S1 and S3 will be continuously ON. The advantage of this mode is reduced
switching (reduced capacitive and non-overlapping) losses, as in this mode switches are
continuously ON. As buck-boost converters spend most of their operating lifetime where the
output voltage is close to the input voltage, this mode will be frequently used during the
operation of the converter, thus enhancing power efficiency and resulting in increased
battery life. A complete description of the proposed control system is given with Table 5.2.
The introduced technique consists of 5 different operating regions based on the position of

Vourt with respect to Vrer and the derivative of Vour.

Table 5.2. Improved Operating Diagram
Vout Condition Reg. |0Vout/ot Buck-Boost Mode

Vout > VRer 1 |(don’t care) Switches Off

2 |0>0, Vour rising Buck Mode, D=Dpycx
Vrer > Vout > VRger -4V1

3 0<0, Vour falllng Buck Mode, D=100%
3 |8>0,Vourrising |~ Boost Mode, D=0%

VRrer - AV1>Vout>VRer - 4V2

4 10<0, Vour falling  |Boost Mode, D=Dpoost

VRrer -4V2 > Vout 5 |[(don’t care) Boost Mode, D=Dpoost

A graphical description of the proposed operating regions for a case example of 3.3V

target output voltage and AV steps of 10mV is given in Figure 5.1.
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Figure 5.1. Graphical description of operating regions.
5.1.1. Model Implementation
In order to validate the proposed region-based control technique, a switching
converter model using hysteretic control, and operating as defined in Table 5.2 has been

built. Target specifications of the switching converter based on a typical wearable

application platform is given with Table 5.3.

Table 5.3. Specifications

Input Voltage 2.5-4.8V
Output Voltage 3.3V
Inductor / DCR 1uH /50mQ
Output Capacitor 30uF
Switching Frequency 3MHz

Load Current < 500mA
:_Lgig ;I;’I;)argséetr](;[ Imax <5mV

\L/.IL1 Crom 257 1o 3.8V <smV

A simplified block diagram of the proposed system is given in Figure 5.2. Three
comparators are connected to the output voltage and the reference voltages (Vrer, Vrer-4V1,

Vrer-4V2) to define the region of the output voltage. A derivative block connected to the
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supply voltage monitors the direction of the output voltage. The derivative block has a binary
output (rising / falling) and together with the other comparators they provide inputs to the
control block called: “Logic and Timers”. This control block defines the operating modes as
described in Table 5.2 and it generates the control signals for the buck-boost power switches.
Timer blocks will be used to generate fixed duty cycle (constant on time) pulses for the

power switches.

Vour v _>

\ Buck Boost Converter
LOGIC
d ]_/\fW\
an \ \| J_ [:]
TIMERS R
VREF-AVTD‘ T LR

C|_0ADJ__

Figure 5.2. Simplified block diagram of the proposed system

The detailed block diagram of the proposed system is given by Figure 5.3. The
operating regions buck_mode, boost_mode and deep_boost_mode are defined by the three

comparators shown on the top part of the figure.

A sample and hold circuit samples the output voltage when the boost switch Si is
ON, proving a control input to the derivative block. In step-up converters when the boost
switch is ON, Vour falls due to the output load. The sample and hold circuit helps to eliminate
a possible false triggering of the derivative block when the boost switch is ON. As the output
of the derivative block is binary, it can simply be implemented as a comparator together with
an RC pair. This will enable to use a low power comparator for the generation of the
derivative signal thus it will help to achieve low dissipation current, improving efficiency at

low load currents.
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Figure 5.3. Detailed block diagram of the proposed system

The buck-boost converter logic is configured to use separated buck and boost pulses.
In buck mode So and the active diode Do will be switching, S1 will be OFF and the D1 will
be continuously ON. In boost mode S: and the active diode D will be switching, So will be
continuously ON and Do will be OFF.

Referring to Table 5.2, when Vour > Vger , buck_mode will be logic 0 and no

switching activity will occur, corresponding to Region 1 operation.

Following the value of Vout, when Vout < Vrer and Vout > Vrer -4V1, buck_mode
will be logic 1 and other comparator outputs will be at logic 0. From this zone, Region 2 or
Region 3 operation will be selected depending on the condition of the derivative of Vour. If
the derivative of Vour is positive, then the system will operate in Region 2: Buck Timer block
will generate the switch ON and OFF timings for the fixed duty cycle pulses (Dpuck), defined
for buck mode operation. For the same value range of Vour, if the derivative of Vour is
negative, then Region 3 operation will occur: power switches will be conditioned for bypass
mode which is identical to 100% duty cycle buck mode or 0% duty cycle boost mode. In this

bypass mode Sp and D1 will be continuously ON, and S; and Do will be OFF.

For the next value range of Vour, where Vour > Vrer-4V1 and Vout < Vrer-4V2,

boost_mode will be logic 1. Here, if the derivative of Vour is positive, then the system will
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similarly operate in Region 3 as described in the previous paragraph. Conversely, if the
derivative of Vour is negative, then the system will operate in Region 4, as defined by Table
5.2. In this switching mode boost timer block will generate the fixed duty cycle pulses for

the power switches S1 and D1, resulting in boost mode operation with a duty cycle of Dpoost.

Region 5 operation occurs regardless of the derivative of Vour when Vour < VRrer-
AV»; deep_boost_mode comparator output will be logic 1 and system will operate with boost

mode switching with a duty cycle of Dyoost, until the condition of Vout changes.

5.1.2. Simulation Results

A functional model of the switching converter as defined in Figure 5.3 has been built
in Cadence design environment with ideal components and using 100m< switches in the
driver stage. Simulation results of the converter for different input supply voltage / output

load conditions are given in Figure 5.4 - Figure 5.7.

Typical operating conditions for the switching converter are ViN=3.8V and
ILoap=100mA. Figure 5.4 gives the simulation results for these input conditions. The system
operates in Region 2 and Region 3 corresponding to buck switching and bypass mode,
occurring interchangeably. During this simulation, it is observed that the derivative of Vour
is not low enough to trigger a logic O in rise_sense signal. This is due to the internal

hysteresis of the derivative voltage comparator.
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Figure 5.4. Simulation results for Vin=3.8V, Vout=3.3V lLoap=100mA.

The highest input supply voltage for the switching converter is 4.8V as defined in
Table 5.3. Simulation results for this input supply voltage condition and typical output load
are given in Figure 5.5. As the input supply voltage is higher from the specified target output
voltage, buck mode operation is expected. It is observed that the simulation starts with
Region 1, “no switching” condition, as Vour>Vrer at the start of the simulation. As load
current discharges the output capacitor and Vour starts to fall, the derivative of the output
voltage will become negative and rise_sense will become logic 0, also given the input
condition Vout > Vgrer -4V1, the system operates in Region 3: 100% buck mode, this is
followed by Vour rising, rise_sense will become logic 1, and the system operates in Region

2 (buck mode) and consequently loops back to Region 1.
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Figure 5.5. Simulation results for Vin=4.8V, Vout=3.3V lLoap=100mA.

The lowest input supply voltage for the switching converter is 2.5V as defined in
Table 5.3. Simulation results for this input supply voltage condition and typical output load
are given in Figure 5.6. As the input supply voltage is lower than output voltage, boost mode
operation is expected. It is observed that the simulation starts with Region 4, as Vour<Vree-
AV1, Vour>Vrer-4V2 and Vour is falling, thus boost pulses are observed. Region 3 operation

follows (bypass mode operation) when Vour starts to rise.
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Figure 5.6. Simulation results for Vin=2.5V, Vout=3.3V lLoap=100mA.

Line transient is an important performance criterion for battery operated systems,
especially for systems with relatively small batteries as in wearable applications. Figure 5.7
gives line transient simulation results where the input supply voltage falls from 3.8V to 2.5V
and rises back, with a rise/fall slew of 1V/us and with 1L.oap=100mA. As a benefit of using
hysteretic control mode, it can be observed that the output voltage regulation is less than
5mV, which defines a good performance metric for many possible switching converter

applications.
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Figure 5.7. Line transient simulation results.

In summary, simulation results using the macromodel show that the proposed control
topology is able to achieve very low line transient regulation performance with low quiescent
current, owing to the simplicity of the architecture and meet the target specifications as
defined in Table 5.3.

5.2. Current Mode Buck-Boost Converter with Continuous Mode Switching
To improve power efficiency and reduce inductor current ripple of a buck-boost

converter, separated buck and boost pulses as defined in Section 2.3 can be preferred as an

alternative switching sequence to conventional continuous switching operation.
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An example of a buck-boost converter utilizing “separated buck and boost pulses”
and using voltage mode control is implemented in [58] where the error voltage is compared
against two adjacent sawtooth signals (buck ramp and boost ramp in Figure 5.8) by two

comparators.

Error
Amplifier Boost PWM
—\ Comparator
/ +
— - I

Buck PWM
Comparator

/I/I/I Boost Ramp +
/I/I/I Buck Ramp _

Figure 5.8. Voltage mode control buck-boost converter.

I

If the error voltage is low, it will only be crossing the buck ramp signal and only buck
switching will occur. Similarly, if the error voltage is high, it will only be crossing the boost
ramp signal and only boost switching will occur. An example of switching versus changing

control voltage is given by Figure 5.9 (a).

A similar technique is using two-shifted error voltages and a single ramp signal,
given by Figure 5.9 (b). When the buck error voltage (error voltage shifted up) crosses the
ramp signal, buck switching will occur, similarly when the boost error voltage (error voltage
shifted down) crosses the ramp signal, boost switching takes place. In Figure 5.9 (b) the
difference of buck and boost error voltages is equal to the amplitude of the ramp signal.

Thus, in a given clock cycle buck and boost switching will not overlap.
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Figure 5.9. PWM pulse generation for buck and boost operations (a) using one error

voltage and two ramp signals (b) using two error voltages and one ramp signal [58].

As in buck or boost converters, current mode control (CMC) can also be used in
buck-boost converters. Though CMC is more desirable for most applications, it has serious

challenges if separated buck and boost pulses are required.

There have been examples of current mode control buck-boost converters utilizing
separated buck and boost pulses [59,60]. In both examples, the decision on staying in the
buck region or in the boost region is given by checking the duty cycle. In [60], changing
from buck to boost mode is decided when Dypyck™> 90% (in the next switching cycle, boost
switching will take place), and changing from boost to buck mode is decided when
Dboost<10%.

There is a serious disadvantage of changing modes with this technique, since it will
take significant time for the loop filter to settle to normal operation when changing from

buck mode to boost mode, unacceptable transients at the output voltage can be observed.

The following section describes a novel buck-boost mode control topology using
current mode control, utilizing separated buck and boost pulses (reducing switching losses
and inductor current ripple) and utilizing a buck/boost mode decision method with
continuous error voltage for buck and boost mode therefore eliminating transients in the

control loop between modes [10].
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5.2.1. Proposed Control Mode Topology

A buck boost system which utilizes the mentioned features has been constructed with

ideal elements and is given by Figure 5.10.

~
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Figure 5.10. Current mode buck-boost topology.

In Figure 5.10, the upper section constitutes of buck part together with current sense,
buck ramp, buck error voltage, PWM comparator, buck RS flip-flop and the buck switch.
An OR gate forces buck switch to be continuously ON during boost mode. The inductor
current sense is taken from buck switch side. The mid-section of the Figure gives the boost
part together with current sense, boost ramp, boost error voltage, PWM comparator, logic
cells and the boost switch. An AND gate at the input of boost RS flip-flop is for not setting
the boost switch during buck mode. A voltage source relates the boost error voltage to buck

error VOItage W|th Verr,boost = Verr,buck = AVerr.

Two D-type flip flops at the bottom part of the figure sample the buck RS flip flop
output at t=DsetT (e.g. comparing buck duty cycle with 0.9) and decide whether the next

pulse will be a buck pulse or a boost pulse.
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As described, the mentioned system is capable of generating separate buck and boost
pulses, operating with current mode control and having a continuous error voltage. The
following paragraph explains a simple technique to define AVerr such that mode transitions

will be continuous.

For a continuous mode transition the error voltage value at 90% duty cycle for buck
operation and the error voltage value at 10% duty cycle for boost operation need to be
equalized (other maximum duty cycle for buck and minimum duty cycle for boost values
can also be defined alternatively). For current mode operation, also considering the ramp

voltage, at D=0.9 (the time the buck comparator changes output),

Verr,buck = Isense,max,buckRsense + Dbuceramp,buck (5_1)
Vin — Yout
Lsense max,puck = lLoap + I Dyyck T (5.2)

and at the time the boost comparator changes output or when D=0.1;

Verr,boost = Isense,max,boostRsense + DboostVramp,boost (53)
i _ ILOAD in D T
sense,max,boost — 1-D + I boost (5_4)
( - boost)

where T is the cycle period. For the mentioned conditions, and for the sake of simplicity, it
has been assumed that Duoost IS close to 0 and Vi is close to Vour, lsensemax in buck and boost

modes will be similar, and:

Verr,buck - Verr,boost = 0-9Vramp,buck - O-1Vrampboost = AVerr (5_5)
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Thus, we can relate the buck and boost error voltages. AVerr is implemented as an

ideal dc source in the simulation setup of Figure 5.10. Figure 5.11 gives a graphical

description of the mentioned mode switching technique.

1) (2) ) (4)
Vset
BuckFFOut
set09
Buck Buck Boost Buck
00Ss
BoostNext Cycle Cycle ool Cycle

“State Decision Signal”

Figure 5.11. Current mode buck-boost topology operational diagram.

5.2.2. Simulation Results

Figure 5.12 gives the simulation results for Vin=4.5V, Vour=3V and lLoap=1A, fsw
=1MHz. Vin>Vour and the system works only in buck mode, with Dpyck=0.76. AS Dpuck<0.9

the BoostNext signal (bottom in Figure 5.10) is logic zero, hence no boost cycle is observed.
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Figure 5.12. Simulation results for Vin=4.5V, Vour=3V and I oap=1A.

Figure 5.13 gives the simulation results for Vin=2.5V, Vout=3V and I oap=1A. Vin< Vout

and the system works only in boost mode, with Dpyck=1. AS Dpuck>0.9 the BoostNext signal

(bottom in Figure 5.10) is always logic 1, hence only boost cycles are observed. During boost

mode, buck high side switch is continuously ON.
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Figure 5.13. Simulation results for Vin=2.5V, Vour=3V and ILoap=1A.
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Figure 5.14. Simulation results for ViN=3.5V, Vour=3V and I oap=1A.

Figure 5.14 gives the simulation results for Vin=3.5V, Vour=3V and ILoap=1A. This

is the case where the proposed topology shows the improvement to system operation. Vin is

close to Vout and separate buck and boost pulses are observed: in this case, one boost cycle

is followed by two buck cycles. The buck/boost cycle combinations vary with different

operating conditions.
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At simulation time 191s (start of frame), a boost cycle takes place. After ~0.8.s
(0.8XT, fsw=1MH2z) Vcpuck Crosses Vrampouck- AS Dbuck<0.9 the next cycle is a buck cycle.
During this cycle Douck=0.86 and the next cycle is also a buck cycle. During the second buck
cycle D is 1 and the next cycle will be a boost cycle. A stable and continuous error voltage

Is observed throughout operation.

5.3. Conclusion

Two performance improvement techniques for buck-boost converters are presented
in this section. The buck-boost converter with hysteretic control consists of a simple system:
three comparators, a derivative circuit, logic, timers, and power switches. Simulation results
show that this topology is able to achieve very low line transient regulation performance
with low quiescent current, owing to the simplicity of the architecture, thus promising to be
a convenient solution for wearable platform applications. Future work on the hysteretic

control buck boost will be incorporating digital assistance for performance improvement.

The current mode buck-boost converter with continuous mode switching technique
introduces a control technique to achieve continuous error voltage between buck mode and
boost mode transitions. An unexpected advantage of this system is its ability to suppress sub-
harmonic oscillation. Buck-boost converters encounter high duty cycle operation in buck
mode, which requires extreme values for slope compensation for CMC (Vin is typically close
to Vout). However, with this topology a high duty cycle buck will be followed by a low duty
cycle boost cycle, which will force the system back to non-subharmonic operation.
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6. LOCK-OUT PROTECTION CIRCUITS FOR BOOST AND
BUCK-BOOST CONVERTERS

In both boost and buck-boost converters, Vout/Vin is inversely proportional to (1-D)
which states that Vour will reach infinity when D=1 (where D is the duty cycle, Vour is
output voltage of the switching converter and Vi is the input/supply voltage of the switching
converter). However, due to the parasitic resistance in series with the inductor and the
parasitic resistance of the inductor itself, Vour/Vin starts to decrease with D after making a
peak. This results in a positive feedback mechanism if the duty cycle exceeds the peak,
followed by the collapsing of the output voltage; as at the right side of the peak the control
loop will be increasing D further once Vout/Vin starts to decrease and Vout/Vin Will decrease
further as D is increased by the control loop. Hence, this phenomenon is called “Duty Cycle
Induced Lock-Out Issue” [61-64]. The mentioned problem becomes more significant in
buck-boost converters where two switching pass devices are in series with the inductor thus

further increasing the value of the parasitic resistance in series with the inductor.

A practical solution to this issue is using a limit for the duty cycle (e.g. limiting D at
60%, such that it will not increase further). This limit (Diimit) is estimated considering the
worst case scenario: minimum input supply voltage, worst case temperature, maximum ron
of pass devices, maximum load current, etc. However, setting a limit for the duty cycle based
on worst case conditions also limits the operation of the switching converter in optimal
conditions, as D cannot exceed Diimit in cases where it could be beneficial to the system
performance to utilize higher values of D. As an example, the system should be able to utilize
higher values of duty cycle at low load conditions to achieve higher output voltages. Other
drawbacks of using Diimit With this method is that it is based on simulation results and models,
and this technique requires special clock generation where considering the associated timing
spread, usable value range of D will reduce further. It is preferable to sense actual peak of

Vout/Vin and limit D at the peak of Vout/Vin with an adaptive system.

After an analytical description of the mechanisms causing the lock-out, this section

describes two novel techniques for presenting a solution to the “Duty Cycle Induced Lock-
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Out Issue”. The mentioned techniques provide adaptive solutions aiming to eliminate the
lock-out mechanism by limiting the duty cycle of the switching converter when the converter

is operating in the positive feedback region.

6.1. Duty Cycle Induced Lock-Out Issue

Voltage gain (Vout/Vin) vs. duty cycle (D) plot for boost converters is given in Figure
6.1, plotted for different values of Rw/R, where Ry is the equivalent total parasitic resistance
in series with the inductor and R is the load resistance [61]. The red curve (the leftmost trace)
is for Rw=0 and the blue curve (the bottom trace) is for Rw/R=0.1. When the value of D for
some reason reaches the right side of the peak (negative slope region in Figure 6.1), Vourt
will start falling, which will cause the control loop to increase D further resulting in a positive
feedback and eventually D will be stuck at 1 and Vour will be a low voltage.

5.00
4.00 ~
VOUT 3.00 A
Vin
2.00 A
1.00 0.1  positve © Negative
’ Slope Slope
O-OO T T T T 1
0.00 0.20 0.40 0.60 0.80 1.00

Figure 6.1. Effect of the parasitic resistance : voltage gain vs. duty cycle.

As shown in Figure 6.1, the peak value of Vour/Vin is a function of Rw/R; it is

observed that with increasing values of Rw/R the negative slope starts at earlier values of D.



82

Vin ,

Figure 6.2. Simple boost converter model

To analytically locate the peak, assuming a simple boost converter with associated
parasitic resistances in series with the inductor L being modelled as Rw, as shown in Figure

6.2, the following equations can be written [61]:

2
out

R

Vil, = R,I? + (6.1)

as the input power is equal to the sum of the resistive loss and the output power, and from

charge balance equations,

Vout

1-D)I, = R

(6.2)

as the average diode current is equal to the load current. Using these formulas, we can

achieve the function of the curves given by Figure 6.1.

Vour 1 1

Vi 1-D Ry, (6.3)
l I+ T =Dy

The two proposed control techniques described in the next sections aim to locate the

peak of the curve using analog circuit components and limit the duty cycle accordingly.
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6.2. Duty Cycle Limitation by Replica VVoltage Drop

Taking the derivative of Equation (6.3) with respect to D and solving to find the value

of D where Vout/Vin has a peak, we can achieve Dmax:

h
DWW=1—-% (6.4)

The Dmax Value should be the actual limit for duty cycle (Diimit). But it needs to be
expressed in terms of parameters more compatible with analog design components for circuit

level processing. Replacing D in Equation (6.3), with Dmax given by Equation (6.4), at

|4 1 |R
= (6.5)
Vie 2Ry

D=Dmax , the equations simplify to:

and

Vi B 2(1 - Dmax) (66)

Solving for Ry from Equation (6.5), one gets:

RV
Ry =3 6.7
V2, 67)
and replacing R in Equation (6.7) with the expression from Equation (6.2) leads to:
V2
Ry I, = = (6.8)

4 (1 - Dmax) Vout
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Replacing Vour with the expression obtained from Equation (6.6) to simplify Equation (6.8),

we achieve:

Rw IL =7 (69)

thus, a condition for stability is achieved which ensures the system operates in positive slope

for Vout/Vin (referring to Figure 6.1), when

V.
Ry I, <= (6.10)

2
In Equation (6.10) Ry is the total resistance in series with L, which comprises: ESR
of L, parasitic resistances due to on-chip and off-chip connections, the resistance due to the
diode or the active-diode-pass-transistor multiplied by (1-D), and the resistance of the switch
(usually implemented as an NMOS switch) multiplied by D; in buck-boost converters the

resistance of the buck switch in series with L will add to this lumped resistance.

An interpretation of Equation (6.10) from circuit behavior approach is: if the voltage
drop on the lumped parasitic resistance exceeds half of the input supply voltage, then the

boost converter cannot function as a step up converter anymore.

In circuit implementation, a comparator will check the AV on a replica Rw having a
current of a replica 1. and will compare it with Vin/2, preferably with some margin and will
generate a logic signal which limits the duty cycle [11] , thus saving the loop from entering
the positive feedback region. As the mentioned problem becomes more significant in buck-
boost converters where two pass devices are in series with the inductor (for any given cycle),
the following technique and associated simulations will be carried out from the example of
a buck-boost converter operating in boost switching mode.
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6.2.1. Circuit Implementation

A circuit implementation which utilizes the mentioned features has been constructed

with ideal circuit components for simulation purposes as given by Figure 6.3.

I

L RESR
] Vout
_er.e_/\N\, D| >
Buck- Boost
Control
JAN —\ = §
LSS - - - -
DLIMIT

Figure 6.3. Block diagram of the circuit implementation.

The upper part of the block diagram describes a buck-boost converter together with
the basic building blocks comprising the inductor L, load resistance, and the switches. In the
bottom part of the block diagram a comparator checks the total AV on a replica parasitic
resistor for Ry and a replica pass device for Mp with a drain current of I./K, compares the
voltage drop with Vv, where Vv is equal to half of the input supply, referring to Equation
(6.10). The comparator then generates a logic signal which limits the duty cycle of the
switching converter through the buck-boost control logic. Thus, the lock-out issue is

eliminated.
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In many buck-boost converters for battery operated systems, at minimum input
supply voltage and worst case conditions, the buck high side switch (usually implemented
as a PMOS device - Mp in Figure 6.3) ron contributes to more than 50% of the series parasitic
resistance with the inductor. Similarly, ESR of L and conduction losses will contribute to
about 25% of total lumped series resistance to the inductor. Considering these facts, it will
be possible to practically replicate Rw simply with the mentioned two contributors, which

are a replica pass device Mp/K and a replica series resistance.

The value of the replica series resistance should be selected such that it replicates
ESR of L and other associated parasitics (e.g. PCB parasitics) preferably with the correct
temperature coefficient. Programmability option of this resistance can be utilized to cover
different types of coils. On top of the calculated replica resistor value, some design margin
can be added to cover non-idealities, such as process variation. For different applications
other than buck-boost converters, other resistive factors can be taken into account replicating
the pass device with correct replica devices. Simulation results of the proposed technique

are given in the next section.

6.2.2. Simulation Results

Figure 6.4 gives simulation results for a buck-boost converter with Vin=2.5V,
fak=3MHz, with a load current profile starting to increase at 100.s and the output voltage
starts to fall. There is no duty cycle limit protection (Diimit); thus, as the control voltage

VErroR Starts increasing, output voltage decreases more and collapses.
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Figure 6.4. Simulation results for a buck-boost converter with Vin=2.5V and no Diimit.

Figure 6.5 gives simulation results for a buck-boost converter with protection circuit
enabled. The Diimit comparator reference voltage (Vuwm, pink color trace) is set to 1.25V
(1/2Vin). At simulation time 10045, the load current starts to increase and output voltage
starts to fall. When load current increases, the inductor current also increases and creates
more drop on the replica PMOS Mp/K and KxRw (Figure 6.3). With increasing load current,
Vv starts to cross 1.25V and the comparator generates a logic high output (magenta trace).
At the time the comparator output becomes high, switching converter control logic turns off
the pass device. Thus, the inductor current starts to decrease, Vuwm returns back to higher
values. This is the region where the protection circuitry is operational, limiting the duty cycle
and protecting the output voltage from collapsing.
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Figure 6.5. Simulation results for a buck-boost converter with proposed protection.

6.3. Duty Cycle Limitation by Sawtooth Signal Prediction

The solution presented in the previous subsection solves the lock-out issue by using
a replica parasitic resistor (estimating sum of Lpcr, pass device resistances, etc.). This
technique is quite practical for buck-boost converters where the pass device resistances
dominate and which are easy to replicate on-chip, but specifically for boost converter
applications where the pass device resistance is considerably less and Lpcr varies, a
technique which is not affected by parasitic resistors is desirable. Such a technique is
presented by [12]. This technique is based on the solution of (6.6) with analog components.

Equation (6.6) can be re-written having Vin on the right side of the equation as follows:



V.
Vout(1 - D) > —

duty cycle < duty cycle

VOUT
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(6.11)

DLIMIT

>t

Figure 6.6. Graphical representation of Equation (6.11).

Figure 6.6 gives a graphical representation of Equation (6.11). In the upper plot, Vb

voltage represents Vout(1-D), which can be implemented with a sawtooth signal generator.

In circuit implementation, a comparator will compare Vin/2 with Vp, preferably with some

margin and will generate a logic signal which limits the duty cycle.

The circuit implementation and associated simulations are carried out from the

example of a boost converter; however, this technique is also applicable to buck-boost

converters. Figure 6.7 gives the circuit implementation utilizing the mentioned features.
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Figure 6.7. Block diagram of the circuit implementation.

The upper part of the block diagram describes a boost converter together with
inductor L, load R, and switches. In the bottom part of block diagram, a comparator compares
Vin/2 with Vp. The comparator generates a logic signal Diimit which limits the duty cycle

through the switching converter control logic.

It can be observed that only two inputs are needed to generate Diimit: The actual output
voltage Vour and the switching period information. The result inherently compensates for
temperature and process variations and any other parasitic resistances in series with L. This
will result in a wide operation range of the switching converter with a variety of internal and

external component selections.

Various methods can be utilized to generate the Vp voltage. A possible

implementation can be converting Vour to a current Vour/Rp and extracting a sawtooth
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shaped current from Vout/Rp called Isaw. Isaw will be 0 at start of duty cycle and will equate
to Vout/Rp at the end of duty cycle. The resulting current can be multiplied by Rp to generate
Vp as defined in Equation (6.12):

Vout _q ) _
R, SAwW

Vin
2

Vp =Rp ( (6.12)

6.3.1. Simulation Results

Figure 6.8 gives simulation results for a boost converter with Vin=2.5V, fak=3MHz.
At simulation time 100.s, the load current starts to increase and the output voltage starts to
fall. When the load current increases, the control voltage Verror Will increase and the duty
cycle will increase but will be limited with Diimit. This is the region where the protection
circuitry starts to work, limits the duty cycle, and the output voltage does not collapse.
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Figure 6.8. Simulation results with the proposed protection.
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Figure 6.9. Simulation results with proposed protection — zooming on logic signals.

Figure 6.9 gives the results from the same simulation, zooming on logic signals. The
duty cycle starts with the rising edge of Dgoost , which also shows the time when the pass
device switch is on. Under typical operation conditions Deoost Will be ON until the rising
edge of the PWM comparator. However, in the figure it is seen that even though PWM
comparator output stays low (asking for a longer duty cycle), Deoost returns to zero with
Dumit signal. Here DumiT signal is generated by comparing Vp (magenta) and Vin/2. At the
time Dumit becomes high, the switching converter control logic turns off the pass device.

Thus, the inductor current starts to decrease until the next clock signal.

6.4.Conclusion

Two novel techniques providing adaptive solutions to eliminate the lock-out
mechanism by limiting the duty cycle of the switching converter are presented in this
chapter. Owing to adaptive implementation, the resulting system is more flexible with
limited circuit spread. The mentioned technique can also be regarded as a protection circuit,
making sure the control loop to always be in the positive slope range. This protection mode
can turn on during load/line transients, this is expected and desirable as a part of system

operation.
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7. CONCLUSION AND FUTURE WORK

In this thesis, first, a technique to improve efficiency of a buck converter using an
adaptive pass device is presented. The proposed technique achieves optimum efficiency in
any given and varying supply, load, temperature, process, and aging conditions by adjusting
the selected number of switching segments, such that the cumulative capacitive and resistive
power terms are minimized. A novel analog arithmetic function cell called the adaptive gm
stage is employed for calculating the power terms with low quiescent current. Owing to the
simplicity and adaptivity of the introduced analog power loss equalization technique and low
quiescent current consumption of the system, high power efficiency operation even in low

load currents is achieved.

In PWM mode, the proposed converter can supply a load current ranging from 10mA
to 1.5A with 80% minimum power efficiency at low load currents and 93% peak efficiency
in typical operating conditions. Compared to the conventional buck converter with fixed
output stage, simulation results show a 5% efficiency increase in mid load regime and 35%
efficiency increase in low load regime in typical operating conditions. Compared to other
reported adaptive pass device buck converters, this work achieves higher power efficiency
values for PWM mode switching considering both peak and minimum efficiencies, with
three times broader load current range in PWM mode. The proposed technique steps out as

an alternative solution to sleep mode in the low/mid load region with no EMI issues.

Future work on this technique will be applying the demonstrated procedures to other
applications where a trade-off between resistive and capacitive power loss exists. An
example application is the capacitive charge pump where large width switches are employed

to transfer charge from and to the flying capacitor.

A next achievement of the thesis is a charge recycling technique for single inductor
dual output (SIDO) buck converters. Simulation results show that the proposed architecture

achieves double polarity operation by re-using the charge stored in the output capacitors.
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Following that, two control techniques for buck-boost converters have been
proposed. The hysteretic control buck-boost steps out as a low power solution owing to its
simplicity in topology. The improved current mode control technique utilizing separated
buck and boost pulses demonstrates continuous mode transitions and immunity to sub-

harmonic oscillation.

Finally, two techniques addressing the lock-out phenomenon occurring in boost and
buck-boost converters have been proposed. The techniques aim at sensing the peak of the
voltage conversion vs. duty cycle curve and limiting the duty cycle accordingly, thus
preventing a lock-out event. Simulation results demonstrate that the techniques provide
adaptive and flexible solutions increasing operational range and reliability of the switching

converter.



95

REFERENCES

iFixit, iPhone 7 Teardown - iFixit, 2016,
https://www.ifixit.com/Teardown/iPhone+7+Teardown/67382, accessed in September
2020.

Dialog Semiconductor, DA9053 Flexible High Power System PMIC with 1.8A
Switching USB Power Manager, 2020, https://www.dialog-
semiconductor.com/products/power-management/pmics/da9053, accessed in
September 2020.

Pistoia, G., Battery Operated Devices and Systems: From Portable Electronics to

Industrial Products, Elsevier, 2008.

Ozanoglu, K., and G. Dundar, “Buck Converter with Adaptive Pass Device Employing
Capacitive and Resistive Power Loss Equalization”, AEU-International Journal of
Electronics and Communications, Vol. 115, No. 1, Article 153060, pp. 1-9, 2020.

Ozanoglu, K. and S. Talay, “High efficiency DC-to-DC converter with Adaptive Output
stage”, U.S.Patent No. 9729075, 2017.

Ozanoglu, K., M. Toka, and F. Kronmiiller, “Method for an Adaptive Transconductance

Cell Utilizing Arithmetic Operations”, U.S. Patent No. 9608582, 2017.

Ozanoglu, K., P. Cavallini, and B. Dundar, “SIDO Buck with Negative Current”, U.S.
Patent Application 16/687229, 2019.

Ozanoglu, K., G. D. Cremoux, P. Cavallini, and M. Faerber M., “Hysteretic Buck-Boost
Converter”, U.S. Patent Application 15/475537, 2018.



10.

11.

12.

13.

14.

15.

16.

17.

96

Ozanoglu, K., P. Cavallini, M. B. Yelten and G. Dundar. “Hysteretic Buck-Boost
Converter for Wearable Applications”, IEEE Conference on Ph. D. Research in
Microelectronics and Electronics (PRIME), pp. 45-48 , 20109.

Ozanoglu, K., S. Talay, P. Cavallini and D. Grafje, “Method for a Current Mode Buck
Boost Converter with Isolated Buck and Boost Pulses”, U.S. Patent No. 9407144, 2016.

Ozanoglu, K., S. Talay, P. Cavallini, N. Unno and L. D. Marco, “Circuit and Method
for Maximum Duty Cycle Limitation in Switching Converters”. U.S. Patent No.
14730705, 2017.

Unno, N., K. Ozanoglu, P. Cavallini and L. D. Marco, “Circuit and method for
maximum duty cycle limitation in switching converters”, U.S. Patent No. 14870133,

2017.

Ozanoglu, K., M. Toka, S. Talay, and F. Kronmueller, “Method and System for Gain
Boosting in Linear Regulators™, U.S. Patent No. 9323266, 2016.

Favrat, P., P. Deval and M. J. Declercq, “A high-efficiency CMOS voltage doubler”,
IEEE Journal of Solid-State Circuits, Vol. 33, No. 3, pp. 410-416, 1998.

Ozanoglu, K., E. Topcu, S. Eroz and C. Avci, “High Efficiency Charge Pump Circuit”,
U.S. Patent No. 9112406, 2015.

Erickson, R. W., and D. Maksimovic, Fundamentals of Power Electronics, Springer
Science & Business Media, 2007.

Chu, W., B. Bakkaloglu and S. Kiaei, “A 10 MHz bandwidth, 2 mV ripple PA regulator
for CDMA transmitters”, IEEE Journal of Solid-State Circuits, Vol. 43, No. 12, pp.
2809-2819, 2008.



18.

19.

20.

21.

22.

23.

24,

25.

97

Su, F., W. H. Ki, and C. Y. Tsui, “Ultra Fast Fixed-Frequency Hysteretic Buck
Converter with Maximum Charging Current Control and Adaptive Delay
Compensation for DVS Applications”, IEEE Trans. on Solid-State Circuits, Vol. 43,
No. 4, pp. 815-822, 2020.

Redl, R. and J. Sun, “Ripple-Based Control of Switching Regulators — An Overview”,
IEEE Trans. on Power Electronics, Vol. 24, No. 12, pp. 2669-2680, 20009.

Redl,R., DC-DC Converters, MEAD Education Power Management Course Notes,
2014.

Wei, C., C. Chen, K. Wuand I. Ko, “Design of an Average-Current-Mode Noninverting
Buck—Boost DC-DC Converter With Reduced Switching and Conduction Losses”,
Power Electronics, IEEE Transactions on, VVol. 27, No. 12, pp. 4934-4943, 2012.

Kwon, D. and G. A. Rincon-Mora, “Single-inductor-multiple-output switching DC-
DC converters”, IEEE Transactions on Circuits and Systems I1: Express Briefs, Vol.
56, No. 8, pp. 614-618, 2009.

Xiao, J., A. V. Peterchev, J. Zhang and S. R. Sanders, “A 4-UA quiescent-current dual-
mode digitally controlled buck converter IC for cellular phone applications” IEEE

Journal of Solid-State Circuits, Vol. 39, No. 12, pp. 2342-2348, 2004.

Sahu, B. and G. A. Rincon-Mora, “An accurate, low-voltage, CMOS switching power
supply with adaptive on-time pulse-frequency modulation (PFM) control”, IEEE
Transactions on Circuits and Systems |: Regular Papers, Vol. 54, No. 2, pp. 312-321,
2007.

Yu, J., S. Jeon, H. Choi and N. Kim, "CMOS Integrated PFM DC-DC Converter with
Digitally-Controlled Frequency Selector” IEEE 23rd Workshop on Signal and Power
Integrity (SPI), pp. 1-4, 2019.



26.

27.

28.

29.

30.

31.

32.

33.

98

Lee, T. J., C. Hsu and C. Wang, “High Efficiency Buck Converter with Wide Load
Current Range using Dual-Mode of PWM and PSM”, IEEE International Symposium
on Circuits and Systems (ISCAS), pp. 1-4, 2019.

Mulligan, M. D., B. Broach and T. H. Lee, “A 3MHz low-Vvoltage buck converter with
improved light load efficiency”, IEEE International Solid-State Circuits Conference,
pp. 528-620, 2007.

De Vries, I. D., “A resonant power MOSFET/IGBT gate driver”, IEEE Applied Power
Electronics Conference and Exposition (APEC), pp. 179-185, 2002.

Enriquez, E., J. Medina, N. Pozo, C. Tasiguano and M. Pozo, “Efficiency Analysis of
a Buck Synchronous Converter under Snubber and Gate Drive Techniques”, |EEE
International Conference on Information Systems and Computer Science (INCISCOS),
pp. 136-142, 2018.

Williams, R. K., W. Grabowski, A. Cowell, M. Darwish and J. Berwick, “The dual-gate
W-switched power MOSFET: A new concept for improving light load efficiency in
DC/DC converters”, IEEE International Symposium on Power Semiconductor Devices
and IC's, pp. 193-196, 1997.

Musunuri, S., and P. L. Chapman, “Improvement of light-load efficiency using width-
switching scheme for CMOS transistors” , IEEE Power Electronics Letters, VVol. 3, No.
3, pp. 105-110, 2005.

Kudva, S. S. and R. Harjani, “Fully-integrated on-chip DC-DC converter with a 450X
output range”, |IEEE Journal of Solid-State Circuits, Vol. 46, No. 8, pp. 1940-1951,
2011.

Mihhailov, J., M. Koort and T. Rang, “Power Stage MOSFETs Segmentation in Ripple
Controlled Step-Down SMPS”, IEEE 16th Biennial Baltic Electronics Conference
(BEC), pp 1-4, 2018.



34.

35.

36.

37.

38.

39.

40.

41.

99

Musunuri, S. and P. L. Chapman, “Optimization of CMOS transistors for low power
DC-DC converters”, IEEE Power Electronics Specialists Conference, pp. 2151-2157,
2005.

Svorc, J., R. Howes, P. Cavallini and K. Ozanoglu, Modelling Methodologies in
Analogue Integrated Circuit Design, The Institution of Engineering and Technology,
2020.

Nagulapalli, R., K. Hayatleh, S. Barker, S. Zourob, N. Yassine and S. Sridevi, “A
microwatt low voltage bandgap reference for bio-medical applications”, International
Conference on Recent Advances in Electronics and Communication Technology
(ICRAECT), pp. 61-65, 2017.

Nagulapalli, R., K. Hayatleh, S. Barker, S. Zourob and A. Venkatareddy, “A novel
current reference in 45nm cmos technology”, IEEE Second International Conference

on Electrical, Computer and Communication Technologies (ICECCT), pp. 1-4, 2017.

Nagulapalli, R., K. Hayatleh, S. Barker, S. Raparthy, N. Yassine and John Lidgey, “A
0.6 V MOS-Only Voltage Reference for Biomedical Applications with 40ppm/oC
Temperature Drift”, Journal of Circuits, Systems and Computers, VVol. 27, No. 8, Article
1850128, 2018.

Toka, M., Design of High Efficiency Buck Converters, M.S. Thesis, Bogazici
University, 2015.

Nagulapalli, R., K. Hayatleh, S. Barker, S. Zourob and A. Venkatareddy, “A CMOS
technology friendly wider bandwidth opamp frequency compensation”, IEEE Second
International Conference on Electrical, Computer and Communication Technologies
(ICECCT), pp. 1-4, 2017.

Nagulapalli, R., K. Hayatleh, S. Barker, S. Zourob, N. Yassine and B. Reddy, “A

Technique to Reduce the Capacitor Size in Two Stage Miller Compensated Opamp”,



42.

43.

44,

45.

46.

47.

48.

49.

50.

100

9th International Conference on Computing, Communication and Networking
Technologies (ICCCN), pp. 1-4, 2018.

Durmaz. F., Layout Techniques for Analog Building Blocks and Application to an
Adaptive Output Buck Converter, M.S. Thesis, Istanbul Technical University, 2016.

Lee, C. F. and P. K. Mok, “A monolithic current-mode CMOS DC-DC converter with
on-chip current-sensing technique”, IEEE Journal of Solid-State Circuits, VVol. 39, No.
1, pp. 3-14, 2004.

Acar, T., E. Topcu, K. Ozanoglu and M. W. Kruiskamp, “Adaptive control method for
generating non overlapping time in output devices”, U.S. Patent No. 10164531, 2018.

Lee, S., S. Jung, J. Huh, C. Park, C.-T. Rim and G.-H. Cho, “Robust and efficient
synchronous buck converter with near-optimal dead-time control”, IEEE International
Solid-State Circuits Conference, pp. 392-394, 2011.

Mattingly, D., Designing stable compensation networks for single phase voltage mode

buck regulators, Intersil Technical Brief, 2003.

TDK, Inductors for power circuits, 2018, https://product.tdk.com/info/en/
catalog/datasheets/inductor_commercial_power_tfm201610alm_en.pdf, accessed in
September 2020.

Silicon Frontline, R3D, 2010, https://www.siliconfrontline.com/products/r3d, accessed
in July 2016.

Basso, C. P., Switch-mode power supply SPICE cookbook, McGraw Hill Professional,
2001.

Trescases, O., W. T. Ng, H. Nishio, M. Edo and T. Kawashima, “A digitally controlled

DC-DC converter module with a segmented output stage for optimized efficiency,”



51.

52.

53.

54.

55.

56.

57.

101

IEEE International Symposium on Power Semiconductor Devices and IC's, pp. 1-4,
2006.

Trescases, O., G. Wei, A. Prodic and W. T. Ng, “Predictive efficiency optimization for
DC-DC converters with highly dynamic digital loads”, IEEE Transactions on Power
Electronics, Vol. 23, No. 4, pp. 1859-1869, 2008.

Ma, K., F. S. Yang, J. X. Lin and X. H. Fu, “A segmented output strategy for improving
efficiency of DC-DC converter” IEEE International Conference on Electronics,
Communications and Control (ICECC), pp. 670-672, 2011.

Parayandeh, A., B. Mahdavikkhah, S. M. Ahsanuzzaman, A. Radic and A. Prodic, “A
10 MHz mixed-signal CPM controlled DC-DC converter IC with novel gate swing
circuit and instantaneous efficiency optimization”, IEEE Energy Conversion Congress
and Exposition, pp. 1229-1235, 2011.

Luo, M., P. Luo and Y. K. Mo, “An adaptive segment output stage for PWM DC-DC
converter”, IEEE Solid-State and Integrated Circuit Technology Conference (ICSICT),
pp. 1-3, 2012.

Chen, J. and Y. G. P. Luo, “An adaptive segment output stage with dual-mode control
in DC-DC converter”, IEEE International Conference on Communications, Circuits
and Systems (ICCCAS), pp. 374-377, 2013.

Wey, C.-L., C.-H. Hsu and T.-W. Chang, “A voltage-mode boost DC-DC converter
with a constant-duty-cycle pulse control”, IEEE Fourth Latin American Symposium on
Circuits and Systems (LASCAS), pp. 1-4, 2013.

Xiaocheng J. and P. K. T. Mok, “A fast fixed-frequency adaptive-on-time boost
converter with light load efficiency enhancement and predictable noise spectrum”,

IEEE Journal of Solid-State Circuits, VVol. 48, No. 10, pp. 2442-2456, 2013.



58.

59.

60.

61.

62.

63.

64.

102

Barcelo, T. W., D. M. Dwelley, “Control circuit and method for maintaining high
efficiency in a buck-boost switching regulator”, U.S. Patent No. 6166527, 2010.

Yanzhao, M., J. Cheng and G. Chen, “A high efficiency current mode step-up/step-
down DC-DC converter with smooth transition”, IEEE 9th International Conference
on ASIC (ASICON), pp. 108-111, 2011.

Andreas E., B. Wicht, M. Lin, Y.-S. Huang, Y.-H. Lee and K.-H. Chen, “Adaptive pulse
skipping and adaptive compensation capacitance techniques in current-mode buck-
boost DC-DC converters for fast transient response”, IEEE 10th International
Conference on Power Electronics and Drive Systems (PEDS), pp. 373-378, 2013.

Redl, R., DC-DC Converter, Topologies and Control Techniques, Advanced

Engineering Course on Power Management, EPFL, 2013.

Mahmood, H. and K. Natarajan, “Parasitics and voltage collapse of the DC-DC boost
converter”, Canadian Conference on Electrical and Computer Engineering, pp. 273-
278, 2008.

Kimball, J. W., T. L. Flowers and P. L. Chapman, “Low-input-voltage, low-power
boost converter design issues”, IEEE Power Electronics Letters, Vol. 2, No. 3, pp. 96-
99, 2004.

Kosov, O. A., “Comparative Analysis of chopper voltage regulators with LC filters”,

IEEE Trans. Magnetics, Vol. 4, No. 4, pp. 712-715, 1968.



103

APPENDIX A: LAYOUT OF THE ADAPTIVE BUCK
CONVERTER

The layout of a switching converter is the design stage that needs the most careful
attention, as without proper security implementations, the switching converter 1C will most
likely fail due to process related mechanisms such as snapback or latch-up, or alternatively

the chip will suffer from electromigration due to poor metal layer width sizing.

This section gives the layout of the building blocks of the buck converter with

adaptive pass device, together with a brief description on layout implementation.

A.l. Adaptive g, Cells

There are two implementations of adaptive gm cells. The capacitive adaptive gm block
— solving the left side of Equation (3.11) has input voltages referenced to ground, and uses
a PMOS input differential pair, as given in Figure 3.4. The compete layout of the capacitive

adaptive gm cell is given in Figure A.1 [42].

Figure A.2 gives transistor placement detail of the capacitive adaptive gm block, with
metal-insulator-metal (MIM) cap layers turned off for better visibility. Dummy transistors
are placed at both ends of the differential pairs and current mirrors. Antenna diodes are
placed at gate pins. The input differential pairs are surrounded with NWELL guard rings and
PTAP guard rings to reduce bulk resistance and to reduce substrate noise coupling.
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Figure A.2. Transistor placement detail of capacitive adaptive gm block [42].

The resistive adaptive gm block — solving the right side of Equation (3.11) has input
voltages referenced to input supply, and uses a NMOS input differential pair, as given by
Figure 3.6. The compete layout of the resistive adaptive gm cell -excluding MIM caps- is

given in Figure A.3 [42].
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Figure A.3. Resistive adaptive gm cell [42].

A.2. Voltage Sense

The layout of the voltage sense block is given in Figure A.4 [42]. A transmission

gate, a buffer, and an inverter for driving the gates of the sampling transmission gate, and
the hold capacitor is observed.
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Figure A.4. Voltage sense block [42].

A.3. Error Amplifier

Layout of the error amplifier is given in Figure A.5 [42]. PMOS current mirrors are
placed on the upper half of the layout while NMOS current mirrors are placed on the lower end
of the layout. PMOS differential input pair is placed in the middle. ABABABABAB placement
is used for the input differential pair, together with two dummies on each side, for improved

matching. Logic gates are placed at empty spaces around the differential pair.
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Figure A.5. Layout of the error amplifier [42].

A.4. PWM Comparator

Layout of the PWM comparator is given in Figure A.6 [42]. PMOS input differential
pair is placed at lower left, PMOS current mirrors are placed on the upper half and NMOS
transistors are placed at lower half of the layout. Logic blocks are placed at the available
space in between. The input differential pair is laid out as common-centroid structure.
Dummy transistors are located at both edges with same distance as the active transistors.
Around the block NWELL guard ring and PTAP guard rings are placed.

A zoom-in to input stage is given in Figure A.7 [42]. Input differential pair is laid out
by using common centroid and cross quad structure using dummy transistors on each side,

hence leading to more complex connections.
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Figure A.6. Layout of the PWM comparator [42].
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Figure A.7. Zoom-in to PWM comparator [42].
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A.5. Ramp Generator

The layout of the ramp generator is given in Figure A.8 [42]. Dummy transistors are
connected on each sides of the current mirrors. The MIM capacitor storing the ramp voltage
is located on the upper half of the layout (not shown for improved visibility of base layers).

SR = =

Figure A.8. Layout of the ramp generator [42].

A.6. Active Diode

The layout of the active diode comparator is given in Figure A.9 and Figure A.10
[42]. Placement of current mirrors, differential pairs, serial resistors, NMOS switches, first
and second gain stages, and logic circuitry can be seen in Figure A.9.The input differential
pair blocks are laid out such that diffusions and dummies are shared at both ends — using

ABAB matching structure.
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Figure A.10. Complete layout of the active diode comparator [42].

A.7. Pre-Driver

The layout of the pre-driver including Noff and Poff blocks and non-overlapping logic
cells are shown in Figure A.11 [42]. At the top level, this block is instantiated for each unit
pass device so that 32 replica pre-drivers will be observed.
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Figure A.11. Layout of the pre-driver cell [42].



