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Abstract

The dissertation thesis deals with the design, verification, optimization, and characteriza-
tion of basic blocks and sub-blocks that are used in power management for portable devices
for which only a limited power supply is available. The reason is that power management
is being assigned an ever higher priority by trying to prolong the life of the batteries and
hence the whole device powered by this battery.

The work aims to inform readers about issues and possible solutions in the area of power
management for portable systems where only a limited power source is available. In par-
ticular, it focuses on two basic elements which are most commonly used in power man-
agement, linear regulators and switching converters. Each of these elements has certain
advantages and disadvantages. Depending on the requirements that are imposed on the
supply voltage, we need to choose the optimal configuration.

It also discusses the latest trends in the field of power management, both capacitor-less
linear regulators and switching converters. In the case of switching converters, it is divided
into parts, namely synchronous converters, which are used for example supplying of the
radio frequency power amplifier which is based on Envelope Tracking technique, and then
on frequency control for asynchronous converters.

Research in the field of linear regulators for the system on chip applications brings a new
solution for the reduction of dedicated capacitors of the regulators and thus the price reduc-
tion. Instead of such dedicated capacitors, the capacitor-less regulator is loaded only with
capacities (in the range from several hundreds of picofarads to several single nanofarads)
of systems it powers. And thanks to this approach, for example, the internal parts of the
switching converter or true random number generator can be powered by an uninterrupted
power supply, thereby improving its performance.

The work is also focused on the design of switching converters. On one hand, it deals
with the synchronous converters, sub-blocks in the PWM controller like ramp generator
and also the issue of increasing the efficiency of a three-level switching inverter, where a
special sensor is used to determine the orientation of the current in the coil, which is based
on the indirect sensing method. And further, stabilization of the switching frequency for
asynchronous converters based on the trans linear circuit while preserving their excellent
transient properties. The proposed concept avoids the need for a frequency feedback con-
trol such as a PLL or DLL.

Keywords: Power management unit (PMU), capacitor-less linear regulator, switching-
mode power supply (SMPS), current direction sensor, ramp generator, frequency

predictor.
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Abstrakt

Predlozend disertacni prace se zabyva navrhem, verifikaci, optimalizaci a charakterizaci
zédkladnich blokt a dil¢ich podblok, které se vyuzivaji ve spravé napdjeni pro pienosna
zafizeni, u kterych mame k dispozici pouze omezeny zdroj energie. Je to z divodu, Ze
spravé napdjeni se prifazuje stile vySsi priorita a to je ddno tim, Ze se snaZime stdle vice
prodluZovat Zivotnost baterie a tim i celého zafizeni, které je touto baterii napdjené. Ze-
jména se pak zamétuje na dva zdkladni prvky, a tj. linedrni regulatory a spinané konver-
tory, které jsou pro spravu napdjeni pouzivany nejcastéji. U kazdého z té€chto prvki lze
najit jeho vyhody ¢i nevyhody, které musime brat pfi ndvrhu systému v potaz.

Préce se vénuje nejnovéjsim trendiim v oblasti spravy napdjeni a to zejména bez-kapa
citnim linedrnim reguldtorim a spinacim ménicim. U spinacich ménic¢d se pak déli na
dvé ¢4sti a to na synchronni spinaci ménice, které se vyuZivaji napiiklad pro napdjeni
vysilacich vysokofrekvencnich zesilovacii, kde pro zvySeni dcinnosti vysilacich ¢asti se
zde vyuziva naptiklad technika zvand ,,Envelope Tracking* a ddle pak na ménice s promén-
nou spinaci frekvenci.

Vyzkum v oblasti linedrnich reguldtori pro SOC prindsi nova feSeni pro odstranéni
velkych vnéjSich (externich) kondenzétorti u téchto reguldtorti a tim i sniZeni ceny. Na
misto téchto externich kondenzétort je vystup bez-kapacitnich reguldtord zatiZen pouze
kapacitou jednotlivych systémt, které napdji. Tato kapacita se pohybuje v rozmezi stovek
pikofarad aZ jednotek nanofarad. Diky tomuto pfistupu lze napiiklad interni Casti spi-
naného ménice nebo generator ndhodnych Cisel napdjet nezaruSenym napdjenim a tim
zlepsit jeho vlastnosti.

Dalsi ¢4st je zaméfena na problematiku tykajici se spinanych napdjecich zdrojt. Jed-
nak se vénuje vylepSeni podbloku v PWM kontroléru a problematice zvySovani uc¢innosti
tiidroviiového spinaného ménice, kde se vyuZziva specidlni senzor pro urceni orientace
proudu v civce, ktery je zaloZen na nepfimé metod¢ snimani. A dale pak stabilizaci spinaci
frekvence u ménici s proménou frekvenci pii zachovani jejich prechodovych vlastnosti,
kde navrhovany koncept stabilizace spinaci frekvence nevyZzaduje zpétnou vazbu, oproti

systémim pro fizeni frekvence pomoci PLL nebo DLL.

Kli€ova slova: Spréiva napdjeni, bez-kapacitni linedrni regulétor, spinany ménic, senzor

pro urceni orientace proudu, generator rampy, frekvenéni prediktor.
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Chapter
Introduction

Currently, the portable devices go through rapid development in order to help us in many
ways in our daily life. Their main functions contain a GPS and NFC module, a display, a
high performance audio/video subsystem, modem for wireless communication or a radio
receiver module, a memory subsystem with SDRAM and Flash, an application processor
with graphics acceleration, etc. Great emphasis is placed especially on increasing the
computing power. However, we need to ensure also adequate lifetime and reliability of
these devices. The new processing technologies, especially for the processor and memory,
evolve rapidly. Reducing power consumption is still difficult to achieve. On the contrary,
power consumption increases, due to increasing operating frequency. The development
of battery technology is not improving sufficiently either. The solution of the above can
be found in advanced power management, which is the key factor to achieve the required
properties.

Increasing priority of optimized power management and consequently prolonging bat-
tery life of portable devices is one of key reasons why chip design changes towards system
on chip (SoC) solutions. The power consumption of such a system varies extremely over
the different use cases; the lowest power consumption of below 50mW is measured for
MP3 audio playback to the headphone and over 3W are required for video decoding in-
cluding the power for color display and the stereo speaker. Many different use cases have
to be considered and for each one the overall power consumption must be optimized to
guarantee a long battery operation. In addition to the power consumption, the overall size
is a key differentiator for a portable device. Of course, lower power consumption enables
the usage of smaller batteries, but in addition, the devices get smaller every year with in-
creased functionality which is only possible by higher integration. The main task of power
management unit (PMU) is to establish a flow of energy from a battery to a device in the

most efficient way and so to contribute to extension of lifetime of such a complex system.



PMU deals with a distribution of energy depending on actual power supply demand
of particular circuits (active, stand by, sleep and power off). PMU is usually divided into
several parts according to voltage levels demanded by particular blocks. The most frequent
demands are low noise and constant supply voltage. The blocks that are most commonly

used in power management are switching converters and linear regulators.

With the increasing effort to integrate all circuits into a single chip, thereby establish-
ing a SoC solution, the demands for PMU and its integration are growing [1]. Ideally,
each block in the SoC should be supplied by independent regulated voltage. This can be
achieved for example by using a dedicated on-chip linear voltage regulator for each circuit
in the SoC. The main assumptions concerning these regulators in the SoC are small silicon
area, low power dissipation, and last but not least the absence of external components that
must be connected to the chip, and thus increasing the price of the whole system and oc-
cupying pins of the chip. The main objective in this part of research is to develop possible
architectures for capacitor-less linear regulators, which can be used in SoC applications.
There will be presented two topologies of the capacitor less linear regulators. The first one

is based on PMOS power transistor and the other on NMOS power transistor.

Due to the quickly changing nature of the load, which is often determined by the soft-
ware applications, the supplies are required to have fast dynamic response and high effi-
ciency over the full range of operation. These requirements can be achieved by switching

regulators that have been used in ICs for many years.

The power amplifier (PA) is the most power-consuming component in portable devices
for wireless communication and its low amplification efficiency leads to a short battery life.
Moreover, as new generation of wireless communication systems is developing (such as
LTE, LTE-A, and WiMAX) and their information content increases, modulation systems
need to have wider bandwidths (BWs) and a higher peak-to-average power ratio (PAPR).
To satisfy the linearity specification of the signals, a PA should be operated at a back-off
output power region, where the efficiency is low. To improve the low efficiency at the

back-off power region, many efficiency enhancement techniques have been proposed.

The envelope tracking (ET) technology is a promising approach to achieve both high
linearity and high efficiency. Because supply voltage of the PA is modulated by a supply
modulator, the efficiency of the envelope tracking power amplifier (ET PA) is proportional
to the efficiency of the supply modulator. In an ET PA, a supply modulator tracks the
radio frequency (RF) envelope and supplies an instantaneous collector bias voltage to the
PA, which is minimized to ensure high efficiency without linearity degradation for a given
instantaneous input power. Several topologies for the ET have been proposed such as:
fast buck converters, multi-level buck, parallel hybrid structure with a Class-AB amplifier

AC-coupled with a buck converter. For an improved efficiency, a feed-forward signal,



a dual-switch, a multi-phase PWM control, or multi-level power stage is used. These
techniques enable more accurate tracking of the switching converter without increasing
of the switching frequency. In this part of the research we will focus on three-level flying
capacitor converter (FCC). More precisely, we will engage the issue of efficient regulation
of the flying capacitance voltage in the three-level FCC for 4G RF PA.

Switching DC-DC converters (e.g. Buck) with voltage-mode PWM controller (Fig. 1.1)
are widely used as basic building blocks for portable devices due to their high power effi-
ciency. Due to the increasing demands (e.g. switching frequency, low current consumption
and good regulation of these regulators) we need to develop new design approaches, which
will bring the required properties. One of the essential blocks in the PWM controller is
the ramp generator. We can improve the performance of the whole system by designing a
precise ramp, which will be proportional to the input voltage (to generate feedforward ef-
fect), to decrease the current consumption (by excluding the comparators from this block)

and significantly increase ramp frequency by omitting the comparator’s delays.

VBATO
Error
Amplifier g:r::rator \Vram _IE o
: + 2 ) LX L V
Vref - + J- PWM| = -2 ! out
_ Verror| _ 8 3
\Vii N . Cout
_Il: M, FB2
Compensation Reg1
Circuit v

Figure 1.1.: Block diagram of a voltage-mode PWM buck regulator

The most essential principle of a switching converter (for example a Buck converter) is
that the controller computes Tpy and Tprr times for the power stage based on the various
conditions of the Buck.

In a synchronous converter such as a PWM one, the period T = Toy + TorF is a con-
stant defined by the frequency of the modulation ramp and the ratio Ton/(Ton + TorF)
is determined by a feedback loop set to regulate the output voltage of the converter (Fig.
1.2a). On the opposite, an asynchronous converter such as an Hysteretic Mode (HM)
controller (Fig. 1.2b), has no external definition of T = Toy + Torr. It is derived as a
result of the converter parameters (L, C, hysteresis for example) and the external parame-
ters (VBAT,V,us, I1oap - - -)- For specific type of the converter, the relation between 7, the
converter parameters and the external parameters can be analytically derived.

A timing system that controls such a DC-DC converter switching frequency in a feed-
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Figure 1.2.: Basic types of switching converters

forward way (i.e. with no direct measurement of the switching frequency), should in con-
sequence implement this analytical derivation based on the measured external parame-
ters. This paper presents the new concept of the feed-forward frequency control for asyn-
chronous converters based on Trans Linear (TL) circuit. Stabilization of the switching
frequency is based on modulating of hysteresis for comparator, which guarantees that the
switching frequency is as constant as possible, thus avoiding the need for a frequency feed-
back control such as a PLL or DLL. The proposed solution preserves excellent transient

properties of the asynchronous converters.

1.1. Organization of this thesis

This thesis is organized as follows. The topic of this work together with descriptions of
author’s contributions and the state of the art are introduced in chapter 1. The PMU fun-
damentals and elementary building blocks are summarized in chapter 2. Chapter 3 details
the principle, design, implementation and measured results of capacitor-less linear regu-
lators. Chapter 4 deals with the synchronous PWM converter for ET technique especially
the sensors for current direction sensor. Chapter 5 describes the principle, design, imple-
mentation, and measured results of a new concept of triangular ramp generator. Frequency
control technique for asynchronous switching converters is discussed in chapter 6. Finally,

in chapter 7 are summarized the achieved results and recommendations for future research.



1.2. Author’s scientific contributions

The scientific contributions of this research are in the area of power management for
portable systems where only a limited power source is available. However, the concepts
and techniques used in the proposed linear regulators, the apparatus for current direction
detection, triangular ramp generator with single ended output and frequency control for
asynchronous converters can be utilized in other general purpose power management sys-

tems. The contributions can be categorized into these sections:

* Author has developed new architectures for capacitor-less linear regulators with low
current consumption for SoC applications. In order to achieve the research goals,
the transient characteristics of capacitor-less regulator was improved by new method
which compensates lack of capacity of eliminated dedicated capacitors. This can be
achieved by implementing of fast feedback loops, so critical for this type of regula-
tors. Author has developed two new topologies of the capacitor less linear regulators
which were designed in 130nm bulk CMOS technology known as HCMOSO9A.

 Author has designed new sensor for current direction detection in the inductor, which
is used in apparatus for efficient regulation of the flying capacitance voltage in the
three-level flying capacitor converter for 4G RF PA (switching frequency
> 80MHz). For the implementation of this control technique special triggered com-
parators have been developed. With these comparators we can create the sensor
for current direction detection, which is based on indirect measurement of the coil
current through. The basic principle is based on the voltage drop that is generated
at the power switches. The switching convertor with current direction sensor was
designed by the author in the technology known as HCMOS9A.

* Author has developed new concept of dual edge ramp generator with single ended
output. This ramp generator can be used in PWM application (e.g. for DCDC con-
verters, D-class inverters or amplifiers). Originality of the design of the saw tooth
signal generator consists mainly in the use of new control loops, ensuring a low
power consumption in a wide range of operating frequencies. This new solution has
been proposed due to the fact that comparators are not used in the proposed genera-
tor for detecting threshold levels of the output signal. The device is fully integrated
and is manufactured in 130nm bulk CMOS technology known as HCMOSO9GP.

* Author has designed new concept of feed-forward frequency control for asynchronous
converters based on TL circuit. Novel architecture and configuration of the feed-
forward frequency control circuit for asynchronous DC-DC switching converters

has been developed. The proposed solution preserves excellent transient properties



of the asynchronous converters. Proposed feed-forward frequency control method
is based on modulating of hysteresis for the comparator, which guarantees that the
switching frequency is as constant as possible. The proposed concept avoids the
need for a frequency feed-back control such as a PLL or DLL. The implementation
techniques are experimentally verified on a prototype chip manufactured in 160 nm
BCD technology known as BCD8sP and operates at the switching frequency of up
to 2MHz.

All of these technologies have been provided by STMicroelectronics.

1.3. State of the art

With each new technology, demands on the power supply of the blocks in the system are
growing, especially low noise or high performance [2, 3, 4]. Furthermore, it also increases
the number of voltage domains, which occur in the individual systems. With the increase
of the voltage domains, it is necessary to develop and upgrade the existing approaches in
power management, so that we can meet these requirements. One of the biggest challenges
for distribution of the power supply is to create devices that meet the strict requirements
and occupy a small area.

In power management, there are three commonly used general circuit topologies [5],
which provide DC supply voltage on the chip [6]. The first group includes switching con-
verters, which are employed to regulate high-performance integrated circuits like proces-
sor or RF PA due to their high power efficiency [7]. Another possible topology is created
by charge pump regulators. These circuits are usually utilized to generate high voltage for
lighting or memory units. And finally linear regulators that are used to provide low noise
supply voltage with very low ripple for noise sensitive blocks like analog/RF circuits [8, 9].
Typically, these all devices require external components that must be connected to the chip,
and thus increase the price of the whole system and occupy pins of the chip. In the last
decade, a considerable number of the authors working in the field of power management
deal with the problems associated with the elimination of external components, because
by removing of external components of power supply devices we bring new possibilities
in power management.

For example the limitation of the classical LDO regulators is caused mainly due to the
associated single pole-zero cancellation scheme, in which an external capacitor with a high
equivalent series resistance (ESR) is required. With help of ESR we are able to create a
zero point which can be placed near to the second pole of the system and so we gain the
necessary phase shift and the circuit is stable. However, this solution brings difficulties

which are associated mainly with the bandwidth limitations and thus short response time



[10, 11, 12]. There are several different principles how to narrow this dependence on ESR.
To the most common methods belongs compensation inside the regulator, or creating of
inner zero or creating adaptive modulation of dominant pole. Another method is also elim-
ination of a large external capacitor [11]. However, the removal of the external capacitor at
the LDO regulator brings disadvantages such as the deterioration of the transient response
[10, 13]. Furthermore, there may be problems with stability at low current load due to the

fact that output pole is moved significantly with this load.

From this reason it is necessary to extend the circuit by fast loops, which will be re-
sponsible for fast response of the circuit and which will have greater bandwidth than the
bandwidth of the slow regulating loop. At the same time we need to ensure stability of the

regulators.

There are several approaches how to deal with these problems, which have been pub-
lished. The first approach uses direct current feedback to improve line and load regula-
tions [14]. In this structure, symmetrically-matched voltage mirror is employed in sens-
ing the load current. Next solution uses a Dual-Loop for transient improvement [15]. In
this concept there are two OTAs, one for slow voltage loop and another for current loop.
Voltage-Spoke detection circuit for improving of transient response of capacitor-less LDO
is proposed in [16]. The detection circuit is based on capacitive coupling and it makes use
of the rapid transient voltage at the LDO output to increase the bias current momentar-
ily. Other authors propose capacitor-less LDO with a low power output voltage detector
(OVD) [17]. The OVD is based on an R/C high-pass filter which is able to detect the fast-
changing voltage at the LDO output and activate an additional path to control the power
transistor. Last but not least paper presents a capacitor-less LDO regulator with a slew-rate
enhancement circuit [18]. This proposed slew-rate enhancement circuit senses the tran-
sient voltage at the output of the LDO to increase the bias current of the error amplifier

for a short duration.

Another important area of power management, which engineers currently investigating,
is power supply for RF PA for broadband 3G/4G wireless standards. It is due to the fact that
these standards utilize highly spectral-efficient modulation schemes with inherently non-
constant-envelope signals having high PAPR. The non-constant envelope signals with high
PAPR require the PAs to be backed off from their saturation power to satisfy the stringent
linearity specs. This is a major bottleneck for realizing highly efficient mobile 3G/4G

transmitters (Txs).

Envelope tracking technique is a dynamic supply modulation scheme, and this technique
is among the most effective approach to enhance both high linearity and high efficiency
of efficiency of PA. Recent literature has demonstrated several topologies for the envelope
amplifier (EA).



The topology of the first approach, which is most common, is based is based on a hy-
brid modulator [19]. This modulator combining a class-AB buffered linear amplifier and
a highly efficient switching-mode buck converter in a master—slave configuration. The
linear stage must have large bandwidth to suppress the switching ripples. Next solution
uses high-frequency buck PWM converter [20]. This modulator has constant switching
frequency, which is equal 130MHz. Other authors propose dual switcher hybrid archi-
tecture [21]. The supply modulator has a combined structure of a linear amplifier and
two phase switching converter. This parallel combination of switching converters enable
more accurate tracking without increase of the switching frequency. Least but not last
concept ET modulator is three level buck converter in [22]. This is an improved version of
aregular buck converter where are two additional switches and flying capacitor. With this
arrangement, the circuit can apply three different voltage levels to the filter and thereby
doubling its effective switching frequency. However, there are several practical challenges
for designing the ET systems, such as the bandwidth limitation of the envelope modulator,

and the precise timing alignment between the envelope and the RF paths.

The PWM voltage-mode converters (e.g. Buck) require a ramp generator to generate
the ramp signal. This ramp generator should have as low power consumption as possible
in order to achieve high efficiency of the converter, free of the external components for
reducing board cost, and at the same time small deviation of the ramp for both amplitude
and timing. That is important specially for higher switching frequencies of converters,
because this ramp deviation causes a shift of harmonic frequencies at high frequencies. It
affects the noise performance of the circuits powered by the PWM voltage converter. The
voltage-mode PWM controller and the ramp generator have been proposed and used for
years. Typically it contains a capacitor, a charging current branch, a discharging current
branch and the comparators [25, 26]. One of the possible solutions to reduce the power

consumption is to create more efficient comparator [23] or to exclude it from this block.

For improving the current consumption, the ramp generator with Schmitt trigger was
introduced in [24]. This paper proposes a ramp generator with Schmitt trigger circuit
replacing the conventional ramp circuit using two comparators and one S-R latch circuit.
However, in this case, the ramp is generated in dependence on the hysteresis voltage Vspy
and Vspy on the Schmitt trigger circuit and therefore no longer guarantees the constant
switching frequency of the converter. A similar approach was also chosen in [23], with
the difference that a hysteresis comparator is used here. This reduces the consumption but
the switching frequency is no longer constant. In [25] 10/30MHz PWM buck converter
with an accuracy-improved ramp generator is proposed. To shorten the delay time of the
comparator in the ramp generator, a high speed two-stage push pull comparator is used.

This is associated with higher generator consumption. The presented proposal in this work



deals with the second option, which is the complete removal of comparators from the ramp
generator.

Asynchronous converters (e.g. hysteric control) offers an unsurpassed transient re-
sponse in comparison with other analog and digital techniques, which makes it advisable
to adopt this technique in all cases where wide bandwidth and robustness are required [34].
However, the drawback is that its switching frequency changes with varying input voltage,
output voltage or load current, which might result in severe electro-magnetic interference
(EMD).

At present, many works have been presented in order to keep the operating frequency of
the converters stable, including adaptive hysteresis methods [27, 30, 32, 33] and external
signal methods with injection of fixed frequency [31]. The self-adaptive window con-
troller is proposed in [27, 33] to adjust hysteresis window according input voltage, output
voltage and load current adaptively. In this system frequency-to-Voltage Converter (FVC)
is used to transform the switching frequency f; and reference frequency f.r to its corre-
sponding voltage V and V. r. Then the error between V; and V. is used to set the correct
hysteresis to achieve constant switching frequency. Although the frequency stabilization is
excellent, the disadvantage of this solution is in its complexity, size and overall consump-
tion. The second-order sliding-mode (SOSM) control approach is applied to synchronous
buck dc—dc converters, proposed in [28, 29]. Here, the digital state-machine structure is
used to stabilize the switching frequency. The novel architecture and configuration of the
feed-forward frequency control circuit for asynchronous DC-DC switching converters is

presented.






Chapter
Power Management Unit

Every electrical and electronic system needs a power supply to be able to operate. The
PMU is especially important in applications requiring high efficiency such as portable
electronic systems. This unit can control the charging time, current, and voltage of the
battery charger and is responsible for balanced energy distribution according to actual
supply-demand of particular circuits and their mode (for example, a device which is in
standby mode does not need much energy).

When designing the power supply for the system, consideration needs to be given to
the number of supply voltages required, the power handling capabilities of the supplies as
well as the ultimate generator of the input. Depending on the power supply requirements
of the system, there are several building blocks that could be used to make up the PMU.
The combination of the building blocks depends on the input source and output power
constraints of the system.

As can be seen from the Fig. 2.1 where is depicted a block diagram for MP3 Player
/ Recorder, PMU consists of several parts according to requirements of particular blocks
in the system. The blocks that belong into PMU are mainly switching converters, charger
and linear regulators [35]. Parts of this chapter has been published by the author of this
thesis in [55].

2.1. Regulation principles

Each electronic power regulator consists of a power element, a controller, and a voltage
reference [38], as shown in Fig. 2.2. The input power coming from the supply is con-
verted by the power element and provided to the load. The power conversion can be used
a current, a voltage, or a frequency converter (or any combination of these physical quan-
tities). The feedback controller compares the output voltage of the power element with a

reference voltage value and acts on the power element so that the error between the two is
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minimized. Both linear regulators and switching regulators use this elementary regulation

principle.

Power Management

Figure 2.1.: Block diagram of MP3 player [36]

2.2. Linear regulators

A linear regulator is a circuit that keeps a constant set voltage across its load despite
changes in load, temperature, and power supply, among other things. Consequently, such
a device has to have the temperature properties of a voltage reference, a good driving ca-
pability, and flexibility in output setting. The linear regulator uses a feedback control of
sensing the resistive voltage drop to regulate the output voltage as shown in Fig. 2.3. It is
constituted of a Power Transistor, a voltage reference (V,.r) and an error amplifier with a

resistive feedback loop composed of R1 and R2. The capacitor C,,, is used for adjusting

the stability in the loop compensation.

Supply

VBAT)

Power

Element

Control
Signal

Vref )

Controller

<_

Vout )

Load

Feedback

Figure 2.2.: Block diagram of a typical electronic power conversion system
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Figure 2.3.: Principal block diagram for linear regulator

The power transistor used in a linear regulator works as an adjustable resistor that re-
duces the voltage by dissipating the power that is not needed. The error amplifier adjusts
the gate voltage V, so that the voltage drop across the power transistor gives the desired
output voltage value V,,;. The regulated voltage value is controlled by the gain of the re-
sistive feedback loop. The error amplifier tends to equalize the voltage at its inputs, and
therefore, the load voltage V,,; is given by:

Ri+R,
Vour = Vref

2.1

Linear regulators are very popular due to low electrical noise, the design is less complex
and output ripple is smaller in comparison to switching converter, but linear regulators
also have some drawbacks. Their efficiency is poor, which means the power dissipated is
generally high.

The power loss in the linear regulator mainly comes from the voltage drop across the
power transistor. The maximum efficiency of a linear regulator is defined in the formula
2.2 where V,,; is the output voltage, I, is the output current and V), is the supply voltage
[37].

Vout Lour ~ Vour
Voutlour + (Vplus - Vout) Lous Vplus

Linear regulators can be divided into two basic groups [39]:

Eff=

(2.2)

» Conventional linear regulators
* LDO regulators

The only difference between these two topologies is in the orientation of a power transistor.
Conventional linear regulator utilizes a transistor which is connected in common drain, or

this transistor is replaced by BJT transistor or two transistors in Darlington configuration.
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In contrast, LDO regulator uses configuration with a common source. Both these basic
configurations are depicted in the Fig. 2.4. The orientation of a power transistor has a

general influence on both working mode and stability of the linear regulator.

Vplus Vplus

Power Transistor

Vout _ Vaout

. S .
VFB
R out Iout R Cout Iout
Conv;ntlor:atl Linear E ZI LDO Regulator E 21
egulator

Figure 2.4.: Topologies of linear regulators

One of the main drawbacks of the conventional linear regulator is that the gate voltage
of power transistor must be at least by Vi, greater than the output voltage. This is not
a problem in itself, but in addition to the ever decreasing supply voltage, this leads to the
fact that the supply voltage gets below a possible level of gate voltage. However, this leads
to a fact that such a circuit is difficult to use in low voltage applications. In order to use
such a regulator for low voltage applications, it is necessary to use a charge pump and this
way we can reach required gate voltage level at the gate of a power transistor.

An LDO regulator does not need a charge pump because the power element is in the
configuration called common source. Saturation voltage V,, of such a transistor creates a
limit in which a regulator can work. This drop of voltage, or also V4, depends on the
maximum output current of the regulator and also on parameters of the power transistor.

As has been mentioned earlier, the orientation of the power transistor has an influence
on the stability of the regulator. Fig. 2.5 depicts typical small signal AC responses for both
topologies. As it appears from the figure, the conventional linear regulator is stable thanks
to its small output impedance. First pole, P;, which is dominant, is created by the output
impedance of an error amplifier and input parasitic capacitance of the power transistor.
Second pole, P>, which is output pole, moves with loading impedance. The position of
this pole is on much higher frequencies in comparison to the first pole.

LDO regulator can work in low voltage applications without having to use a charge pump
but its disadvantage is that it can become unstable during a change of load. Big loading
capacitance together with large output impedance create dominant pole P;. However, pole
P, from an error amplifier is much nearer to the pole P; and this can lead to instability
of such a system. In order to use this regulator, it is necessary to use internal or external

compensation, which ensures the stability of the circuit.
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Figure 2.5.: Magnitude characteristics with shown poles for both topologies without com-
pensation circuits [55]

2.2.1. LDO regulators

The voltage regulator of the LDO type creates a small family of elements which belong
to power management. Its main usage is for supplying blocks where low noise and high
accuracy of voltage are necessary. As itis apparent from its name the task of LDO regulator
is quite simple - output voltage regulation to keep the output voltage constant, independent
of change in load or change of battery voltage. In other words, LDO is a voltage source
which keeps the output voltage constant even in the case that battery voltage fluctuates or
supply-demand is changing [40].

This regulation of output voltage is the most necessary during fast changes in load
current which change depending on the working modes of each particular block. At all
portable devices, we try to reduce their consumption and so to prolong their endurance.
For this reason, the circuits which are not actually needed are cut off and it decreases the
total energy consumption. These kinds of circuits are used for a large group of circuits
not only because of low voltage drop but also for its low noise, low price and low inter-
nal consumption. As has already been said, linear regulators suffer from low efficiency.
The efficiency of such a regulator is inversely proportional to the voltage drop on power
transistor (Vs — Vour). From this reason, in some PMU the LDO regulator is used as a

post-regulation element.

Properties of transient responses

Presence of a large external capacitor (C,,;) in conventional LDO regulators (Fig. 2.4)
generally improves properties of the regulator during transient responses [40]. It is due
to the fact that the external capacitor stores energy which is proportional to the output

voltage. This energy is transformed into current during a load transient. Equation 2.3
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roughly describes relation between variation of output voltage, AV,,; , variation of output
current caused by load transient, Al,,, size of the external capacitor Cpy, 17, is delay

caused by limited loop bandwidth and zg% is delay caused by limited slew rate.

Al
AV, & C—"”‘ (t1p+tsk) (2.3)

out

As can be seen from the equation 2.3, a variation of the output voltage is inversely
proportional to the size of the external capacitor. Transient properties of a regulator can
be improved by increasing of this external capacitor, or by reducing 7;, and fsg i.e. to
increase control loop bandwidth and the slew rate at the gate of pass element. Usually,
inserting a buffer with a large bias current and small output resistance as the output stage
of error amplifier can implement a good slew rate. On the other hand, however, increasing
the bandwidth of LDO loop and maintaining the precision of output voltage of LDO may

cause high power consumption, and is not very easy to implement [41, 42].

If the load transients are much faster than time response of the regulator, which is com-
mon with increasing clock frequency of IC, then the meaning of the equation 2.3 is much

more evident. Fig. 2.6 depicts this situation for conventional LDO regulator.

\‘/’olus \‘/’plus

EPower Transistor @IF’T
Vout

) ) \éout _> —————o
‘ . Charge ¢
[JR1 C transferv
—1rout out
Cout Iout -1

v

Figure 2.6.: Conventional LDO regulator with reduced loop bandwidth and its equivalent
circuit diagram for fast load transients [50]

If the time response of the regulator is much smaller than load transients, we can suppose
constant gate voltage and the power transistor can be replaced by constant current source.

With this in mind, the change of the output voltage is described directly by equation 2.3.

To improve these properties it is necessary to replace constant current source from Fig.
2.6, where the power transistor is shown, by an adaptive source of current, which can react

to fast changes of loading current.
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2.3. Switching converters

Switching converters are favored for portable applications because of their high efficiency
and large power handling capability, but the primary design limitations in the switching
converter are switching noise, large electromagnetic interference (EMI) emission, and a
large size due to the use of external components.

The principle of these switching converters is based on the conversion of energy accu-
mulated in an energy storage element, such as an inductor. It is the main difference from
linear regulators, e.g. LDO regulator. Linear regulators are built on a dissipative element
(such as power transistor). For this reason, switching converters can achieve a higher effi-
ciency than linear regulators. A more flexible and powerful type of switching converters
is DC-DC converter using both capacitive and magnetic passive devices, in combination
with active switching devices. These DC-DC converters are established to change input
DC voltage to either a higher, lower, or negative DC voltage.

In Fig. 2.7 is shown the block diagram of the DC-DC converter which converts an unreg-
ulated battery source voltage V;, to the desired regulated DC output voltage V,,,. From this
unregulated input voltage via the switch generates a rectangular wave having an average
voltage equal to the desired output voltage. Output filter (low-pass) filters the rectangular

wave signal so that the output voltage has the desired DC value, with an acceptable ripple.

Vin Unregulated DC

Low-pass | Regulated DC :yout

_T_ filter

Controler

Figure 2.7.: Block diagram of the switching regulator

2.3.1. Basic DC-DC converter topologies

There are several different basic DC-DC converter topologies arrangements of the switch-
ing and filter components that can be used to produce the required output voltage.

Three main topologies are:

 step-down topologies (like the buck converter shown in Fig. 2.8), which are only

able to provide an output voltage lower than the input voltage

* step-up topologies, which are only able to provide an output voltage higher than the

input voltage
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* topologies able to perform both step-up and step-down conversion with a single

switching converter

There are also circuits which are able to perform opposite polarity at the output. Further-
more, we can divide the inverters into isolated topologies (in which mostly transformers
are used) and non-isolated topologies with the inductor. However, in this research work,
only non-isolated topologies are considered, because transformers are not easily integrate
into portable systems. Each topology can be used for any application, but each of these
topologies has its specific benefits and disadvantages, depending on a number of operating
conditions and specifications. Examples of such specifications are the voltage conversion
ratio range, the maximal output power, power conversion efficiency, power density, etc.
To select the best topology for a given application, it is very important to know the basic
operation, advantages, disadvantages and complexity of a particular topology [35].

A typical diagram for step-down PWM switching converter is shown in Fig. 2.8 and
we can see that a switching regulator usually consists from power stage, driver and control
loop. The output voltage V,,, is sensed via the divider R; /R, and compared to the refer-
ence voltage V,.r. The Error amplifier amplifies difference of these two signals drives the
modulator, which has a square wave output that is buffered and reproduced to the inter-
mediate output node LX. The LC filter yields the average of this square wave to the final

output node V.
V IM1 L IL N

) 2
Tt G

M,
Driver

°<

out

PWM

Figure 2.8.: Schematic of a typical step-down switching converter

Step-Down converter (also called Buck converter)

This topology of the converter can only produce a lower output voltage than the input
voltage but the output current is higher than the input current. The buck converter is shown
in Fig. 2.9. It is the simplest step-down switching topology. It is made of a Q acting as

the energizing switch for the inductor L, a power diode D assuring the continuity of the
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current in L, and a filtering capacitor C reducing the output voltage ripple on V,,;. The

power input is represented by the voltage V;, and on the output voltage V,,; is required.

O—CQ/C rIY-'Y\ . 4
Vin *D CJ— V
1.

[

out

Figure 2.9.: Buck converter

The regulation of the output voltage V,,; can be done by the voltage mode controller
previously illustrated in Fig. 2.8. It consists in generating a PWM signal based on the
feedback voltage. In a steady state of operation, when the switch (Q) is closed (ON) for a
period of #,,, the current in the inductor L increases linearly and the free-wheeling diode
D is reverse biased. At the instant after opening the switch (OF F), the inductor current
continues to flow in the same direction and the voltage changes its polarity. The current

flows through the diode and decreases linearly.

Depending on the current load, if the current I;, does not reach zero during f,¢r, the
converter operates in the continuous conduction mode (CCM). If I reaches zero during
lofs, it tries to reverse but it is blocked by the diode D and the converter operates in the

discontinuous conduction mode (DCM). Some definitions are made in Equation 2.4:

fsw = #
Isw = ton + loff (2.4)
D=

The output voltage of the buck converter can be calculated:

ton tO}’l
Vour = Vin———— =Viy— =VyuD 2.5
out mn ton +t0ff m tsw mn ( )
The average output voltage value V,,,; depends on the ratio of 7, to t,. In other words,
the output voltage V,,; depends exclusively on the duty cycle D of the PWM signal gener-

ated by the controller when it is operating in CCM. D can vary between 0 and 1.

Compared with the other three basic topologies, the output ripple is the lowest because
of the location of the inductor. This makes it appropriate for noise-sensitive loads. The
disadvantages of this topology are that the switch has to be a PMOS-transistor or a floating

drive must be used for the switch.

19



Step-Up converter (also called Boost converter)

The boost converter topology shown in Fig. 2.10 is used when an output voltage V,,,; higher
than the input voltage V;, is required. In a steady state of operation, when the switch (Q)
is closed (ON) for a period of ¢,,, the input provides energy to the inductor. During the
t,n period, the current in the inductor increases linearly and no current is delivered to the
output. During this #,, period, the output load current I,,, is supplied from the output
capacitor C. As soon as the switch is opened, the voltage changes its polarity and is added
to the input voltage. The inductor current continues to flow in the same direction and

decreases linearly. The output voltage of the boost converter can be calculated:

t 1
Vour = Vin (1 + Z‘:jr';) = Vmﬁ (2.6)

by 8
. O

Vin 3 CJ_ Vout
O

— v T

Figure 2.10.: Boost converter

The output voltage ripple of the topology is relatively high. A step-up converter is very
useful for low voltages or low power applications, for example in battery-driven systems
where some devices need higher supply voltage. This converter has a low input current
ripple due to the inductor placed at the input, but the biggest disadvantage of this topology
is the high output voltage ripple because the output capacitor has to supply the entire load

during the transistor on-time.

Inverter (also called Buck-Boost converter)

The output voltage of an inverting switch mode power supply is negative and can be higher
or lower than the input voltage (Fig. 2.11). As long as the switch is closed, the current in
the inductor increases linearly. When the switch is opened, the voltage across the inductor
changes its polarity instantaneously. The current through the inductor stays the same and
flows through the diode to the output and the capacitance and decreases linearly. The
output ripple is also high because the output capacitor has to supply the entire load during
one portion of the switching cycle. Some battery-driven systems like mobile phone need

a negative voltage to supply some RF amplifiers.

t D
Vout - _Vin ( > ) - _Vin— (27)
loff
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Figure 2.11.: Buck-Boost converter

2.3.2. Switching mode control techniques

In a switching converter, the controller drives the power devices, and its principal role is
to regulate the output voltage V,,,; to the requested value of voltage, as it was illustrated in
Fig. 2.8. In order to achieve this, the controller can be designed to use different operation
control methods. In the next part these operation control methods are discussed. The
most popular regulation modes (i.e., voltage mode, current mode and hysteretic mode) are

analyzed in Section 2.3.2.

Modulation

Mainly PWM and PFM modulations are commonly used in portable devices to maximize
battery life. They provide high efficiency in step-down applications and can also convert
the low battery voltage to the higher levels required for LED backlights and display bias.
One of the concerns with switch-mode power converters is the generation of unwanted
EMI. PWM converters are often preferred by system designers because they operate at
a specified known frequency, which may make the EMI filtering design process easier.
PFM converters inherently have a variable operating frequency, and therefore many sys-
tem designers have concerns about using this type of architecture in portable products
with sensitive audio or RF subsystems. The concerns associated with the use of variable-
frequency-converter architectures are valid ones and should not be dismissed. However,
the use of PFM architectures can offer significant performance improvement in certain
applications. These improvements include better low-power conversion efficiency, lower
total solution cost, and simple converter topologies that do not require control-loop com-
pensation networks.

Understanding variable-frequency operating modes can help the system designer know
when it may be beneficial to use a PWM, PFM, or dual mode architecture for the converter
circuit. By combining both of these operation control methods into one controller, the

converter can be made very efficient over a wide range of output power [63, 73].

Pulse-width modulation - With the pulse-width modulation control illustrated ear-
lier in Fig. 2.12, the regulation of output voltage is achieved by varying the duty cycle D of

the switching devices, keeping the operating frequency constant. Usually, the pulse width
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modulation control method is preferred because constant frequency operation greatly sim-
plifies the design of the regulation feedback loop and the output ripple filter, thus avoiding
stability issues. However, since the switching frequency is constant in the PWM control
scheme, the switching losses (e.g., the losses due to the charging/discharging of the gate
and output capacitances of the power transistors) are independent of the load current. The
direct consequence is that PWM becomes inefficient when a light load is supplied because
the switching losses are more dominant than conduction losses, which are load dependent
[73].
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Figure 2.12.: Steady-state PWM timing diagram of the buck converter shown in Fig. 2.8

Pulse-frequency modulation - To overcome the dramatic efficiency reduction in
lightly loaded PWM converters, an additional operation control scheme called pulse fre-
quency modulation (PFM) has been developed. PFM is a nonlinear operation scheme
in which pulse trains are applied to the energizing switch to maintain the output voltage
within the preset voltage range. This mode lowers the frequency of the switching-cycle
events, therefore lowering the switching losses, which are dominant to the conduction
losses at light output loads (i.e., when the requested output current is low). Although PFM
control has become prevalent in battery-operated mobile equipment because its light-load
efficiency exceeds that of PWM, PFM is more difficult to design because this operation
control scheme has some important issues concerning the stability in the frequency do-
main since it is a variable-frequency control scheme. PFM allows extending the battery
life of the mobile equipment in the suspend and standby modes of operation. However, the
low frequencies can cause switching noise to enter the audio band. This can be avoided
by sizing the passives so that the PFM converter is forced to operate above the audio band
at the minimum load condition.

In DC-DC converters for mobile equipment, the PFM operation control is never used
standalone. It is always coupled to a PWM controller. The current trend in today ‘s DC-DC
converters is to increase the switching frequency of the controllers so that the passive de-

vice sizes (i.e., inductors and capacitors) can be reduced. To enable future on-chip hybrid
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integration of power inductors [72], the switching frequencies are approaching 10MHz
and they will continue to increase [71]. Therefore, the most efficient way to reach high
efficiency in both heavy and light load conditions is to combine both PWM and PFM

operation control schemes [63, 73].

Control techniques

There are three main regulatory strategies in DC-DC converters. The first and most in-
tuitive one, referred to as the voltage mode control, consists of sensing the voltage pro-
portional to the output voltage for regulating it (as with the linear voltage regulator). The
second, known as the current mode control, consists of sensing voltage proportional to the
output voltage and its used as a set point for an internal current control loop for output
voltage regulation. The third, called hysteresis mode control, uses a comparator to con-
trol the output voltage instead of the error amplifier. All of these methods have their own
advantages and disadvantages and there is no single control mode that would be optimal
for all applications [64]. In 1978, current mode control technique was introduced to re-
spond to problems with a voltage mode [65], but using new approaches and technologies,

voltage-mode can compete with the current mode [73].

Voltage-mode control -  Arguably the most common of control techniques is voltage-
mode. Thanks to its simplicity, the approach was used for the first switching regulator
designs. Fig. 2.13 shows an example of a basic voltage mode regulation based on a buck
converter [74]. In the voltage mode regulation, there is only a single voltage feedback
loop. This loop is usually formed by a resistive network that acts as a voltage divider and
a compensator network made with resistors and capacitors to ensure loop stability. The
pulse-width modulation is performed by comparing the error amplifier output voltage with
the ramp waveform. This duty-cycle ultimately determines the output voltage V,,,;. The
switching frequency, set by the frequency of the modulating ramp waveform, is by default
constant, which is an advantage in some applications from the point of view of filtering
out the switching noise.

Fig. 2.14 shows the waveforms of the signals in a voltage mode PWM controller. The
ramp waveform is generated by using the clock pulses (i.e., clk) as the command for the
charging/discharging of a capacitor with a constant current. The advantages of the voltage

mode regulation are [64]:
* A single feedback loop is easier to design and analyze.

* A large amplitude saw tooth waveform provides good noise margin for a stable mod-

ulation process.
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Figure 2.13.: Schematic of the voltage mode regulation principle.

* An accurate CMOS voltage sensor is easy to design and nearly lossless.
The disadvantages of the voltage mode regulation are [64]:

* Any change in input voltage V;, or in the output voltage V,,,; must first be sensed as
an output change and then corrected by the feedback loop. This provides a slower

transient response.

* The compensation is further complicated by the fact that the loop gain depends on

the input voltage V;,.

Avramp /I/I /]4
Verror /]l//ll/ I/ I/ I/

Figure 2.14.: Signal waveforms of the voltage mode regulation principle shown in Fig.
2.13
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Current-mode control -  As previously analyzed, the disadvantages of the voltage
mode control are relatively significant. Therefore, as the current mode regulation was in-
troduced in 1978 [65], designers were highly motivated to consider the various regulatory
options offered by the current mode (e.g. Peak, Valley, Average Current Mode) because it
seemed able to overcome all disadvantages of voltage mode control.

In current-mode control, the inductor current is regulated in a separate control loop that
operates at a higher bandwidth than the voltage loop [74]. As a result, the inductor and its
control loop look like a voltage-controlled-current-source for all frequencies of interest to
the voltage loop. A simplified schematic of a peak current mode controlled dc-dc converter
is shown in Fig. 2.15. In this case, the power transistor My is turned on periodically at fixed
instants determined by a clock, while it turns off when the peak inductor current reaches its
reference current level, determined by the voltage error signal Verror. The ramp waveform

is no more generated by the oscillator.

Vout
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PWM Controller
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:ovib | :
. Compensation
Circuit .

Figure 2.15.: Schematic of the peak-current mode regulation principle

Fig. 2.16 shows the waveforms of the signals in a peak-current mode PWM controller.
The ramp carrier is replaced by a voltage image of the current flowing through the inductor.
It is generated by using the clock pulses as the command for the charging of a capacitor at
constant current [73].

The advantages of the peak-current mode regulation are [64]:

* Since the inductor current I, rises with a slope determined by the difference between

Vin and V,,,, this waveform responds immediately to input voltage changes, elimi-
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nating both the delayed response as well as the gain variation with changes in the

input voltage.

* Since the error amplifier is now used to command an output current rather than an
output voltage, the effect of the output inductor is minimized and the filter now offers
only a single pole to the feedback loop. This allows both simpler compensation and

a higher gain bandwidth product over a comparable voltage mode circuit.

* An additional benefit of current mode regulation includes an inherent pulse-by-pulse

current limiting by merely clamping the command from the error amplifier.

While the improvements offered by current mode regulation are impressive, this method
also comes with its own unique set of problems, which must be solved in the design pro-

cess. The disadvantages of the peak-current mode regulation are [64]:
* There are two feedback loops, making the circuit analysis more difficult.

* The control loop becomes unstable at duty cycles above 50% unless slope compen-

sation to the voltage image of the inductor current is added.

* Since the control modulation is based on a signal derived from the output current,

oscillations in the power stage can insert noise into the control loop.

While current mode regulation corrects many of the limitations of voltage mode regulation,
it also creates new challenges for the design engineers. However, with the knowledge
gained from the most recent developments in power control technology [66, 67, 68], a re-
evaluation of voltage mode regulation indicated that there are efficient ways to correct its

major weaknesses [69].

A

Verror Vsense ! ! -
= g weag Vel

Cik ] ] I I I !

Figure 2.16.: Signal waveforms of the peak-current mode regulation principle shown in
Fig. 2.15

26



Hysteretic control - A hysteretic control is a simple method for control of a DC-
DC conversion circuit and it is the only mode that does not employ an error amplifier
but consists of a hysteretic comparator [70]. Both hysteretic voltage mode and hysteretic
current mode control exist. This hysteretic comparator senses the output voltage ripple
and regulates it to within its hysteresis window by controlling the switching frequency and
duty cycle of the power stage. This architecture is sometimes also referred to as a “ripple
regulator” or “bang-bang controller” because it continuously shuttles the output voltage
back and forth to just above or below the ideal set point. An example of a hysteretic mode

buck converter is shown in Fig. 2.17.
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Figure 2.17.: Schematic of the hysteretic voltage mode regulation principle

The hysteretic voltage mode control is very simple to build since no oscillator is needed.
The control loop responds very quickly to voltage and current changes in the line and load
since it only depends on the propagation delay and not on waiting for the oscillator to
start a new cycle. The structure is simplified and prevents instability. However, since
no oscillator is present and the hysteresis architecture changes the control signal based
on circuit operating conditions, the switching frequency is not constant. The hysteretic
approach is, therefore, one type of PFM architecture. Not all converter topologies are

adapted to be easily controlled by a hysteretic regulation.
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Chapter
Capacitor-less Linear

Regulators

Conventional LDO regulators are in common use and they are still being developed [41,
42, 43, 44]. However, a considerable part of the current research of regulators aims at
capacitor-less linear regulators [45, 46, 47, 48, 49, 50]. By removing an external capacitor
of linear regulator we introduce new possibilities in power management like reduction of
chip area, fewer pins are necessary and this leads to a decrease in the price of the whole
system. The principle of developed capacitor-less linear regulators can be used to generate
the internal supply voltage for the internal part of the switching converter and True Random
Number Generator (TRNG) [51, 60]. This ensures protect against interference from the
power supply and external attack in the case of TRNG.

On the Fig. 3.1 one can see that there is still a capacitor present at the output of a
capacitor-less LDO regulator. But contrary to conventional LDO regulators (Fig. 2.4)
(where the output capacitor is in the range of several microfarads) the value of this inter-

nal capacitor for capacitor-less LDO regulators is much smaller (in the range of several
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Figure 3.1.: Capacitor-less LDO voltage regulator [55]
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hundred picofarads) and consequently, its transient properties are much worse. For this
reason, it is necessary to implement enhancement structure (fast loops) to improve tran-

sient response.

3.1. PMOS capacitor-less LDO regulators

PMOS Capacitor-less LDO Regulator was the subject of my diploma thesis and in the
follow-up doctoral studies, I continued to research in this field. The first part of this chap-
ter is based on my diploma thesis [55] and is continuously followed by further research,

verification, and validation in the area of the capacitor-less linear regulators.

3.1.1. Poles of capacitor-less LDO regulator

If we take into account a conventional LDO regulator and if we begin to decrease the value
of the output capacitance, we find out that its properties fundamentally change. The result
of making the output capacitance smaller and smaller can be especially seen on stability,
its degeneration and also on fast load transient properties.

Fig. 3.2 depicts uncompensated capacitor-less LDO regulator together with its transfer
characteristic. This LDO regulator has two main poles, the first one is caused by an output
of an error amplifier, Pj, and the second pole is created by an output of the regulator, P,
[48, 50].

The position of the first pole is described by equation 3.1 [50]. As itis apparent from the
equation, the position of P; depends mostly on the output impedance of the error amplifier
and also on equivalent input capacitance of the power transistor. For capacitor-less LDO

regulator the first pole is located at relatively high frequencies.
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Figure 3.2.: Illustration of pole position for uncompensated capacitor-less LDO regulator
[55]
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1
B Rdiff (Cdiff + Cgs +Ap0wercgd)

Where Ryirr and Cy; ¢y are the error amplifier output resistance and error amplifier load

wp1 (31)

capacitance, respectively, and Ay, is the gain of the power transistor. The position of
the pole P is not constant but it changes with changes of loading current. This is caused
by the fact that the amplification of the power transistor changes with the loading current.

But this dependence of the pole P on the loading current is much smaller than at pole P».

1
Cint (Rout | |Rload)

The output of the LDO regulator creates second pole . The position of this pole is

(3.2)

Wp2 =

described by equation 3.2 and movement of this pole is directly proportional to loading
current. This is caused by the fact that output resistance decreases with increasing loading
current.

Where R;,.q and Cjy,; form load of LDO regulator and R, is the output resistance of the
regulator. Capacitor-less LDO regulator is usually stable for large loading current range
because this current pushes output pole P into higher frequencies. On the other hand,
at low loading current, the value of effective resistance increases rapidly and this brings
the fact that pole P, moves towards lower frequencies and thus it gets to the proximity of
the pole P;. In such a case the stability of the regulator cannot be guaranteed. From this,
we can conclude that uncompensated capacitor-less LDO regulator is not stable at low or

non-existing load [50].

3.1.2. Design of a capacitor-less LDO regulator

The aim of this part of work is to design a capacitor-less LDO regulator for SoC applica-
tions. Itis important for the circuit to be stable at all loading currents, mainly during small
loading currents. Also, it is necessary that the circuit has acceptable reactions to the fast
change of load.

For this reason, it is necessary to extend the circuit by fast loops, which will be respon-
sible for fast response of the circuit and which will have greater bandwidth than the slow
regulating loop. It is necessary to add these circuits due to the absence of an external
loading capacitor.

The basic concept of the designed circuit is depicted in the Fig. 3.3. In the concept one
can see a fast loop, that improves transient parameters of the circuit, and also slow loop is
shown. This slow loop sets the required output voltage during the steady state or during
slow change of an loading current [47, 48, 49, 50, 52].
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Figure 3.3.: Basic capacitor-less LDO concept [55]

On the other hand, the fast loop should react on the fast transient changes of loading cur-
rent and as such to control changes in output voltage. Also, low consumption of the whole
regulator belongs into aims of this work. It is from the reason that in power management

more and more emphasis is laid on efficiency.

Core of LDO

In the following part we will describe core of the circuit [52] (Fig. 3.4) and implementation
of enhancement structure (Fig. 3.5), which are used for realization of the capacitor-less
LDO regulator. The basis of the circuit is the power transistor (Mpr) similarly as the
topology of classic LDO regulator. This type of regulator is like a voltage source which
keeps the output voltage constant and independent of change in load or change of battery
voltage. Current /pr, which is controlled by gate voltage on the Mpr, is divided between
the load (1,,;) of LDO regulator and the transistor M5 (I5), as depicted in the Fig. 3.4.

Transistor M5 similarly like the power transistor Mpr, works in saturating mode and a
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Figure 3.4.: The core of the capacitor-less LDO regulator [55]
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control voltage from slow loop (Vpcieop) is applied to its gate. The current I5, flowing
through this transistor is dependent on the voltage Vs (Voss = Vpcioop — Vour) and so we
can say that it works as a comparator. The magnitude of the current, which flows from
current source I, is constant and in the steady state given by a sum of currents /5 and Ig,
as depicted in the Fig. 3.4.

Like in the basic topology of LDO regulator, even here a loop of feedback closes at
comparator. The feedback is used to set the output voltage. Adjustment is based on the
fact that current from source /, is constant, therefore the change of the current /5 causes a
change of the current /.4, which has an influence on the amount of charge on the gate of

the power transistor.

Improving LDO regulator

The concept of LDO regulator, which was introduced in the previous part, needs to be
rearranged in order to be realized in integrated form and also to improve its parameters
like current consumption (Fig. 3.5).

To the most fundamental changes belongs adding a differential amplifier, which main-
tains required operation point of the whole regulator. What more, we added cascade tran-
sistor M. This transistor”s task is to keep such voltage on the gate of the power transistor,
which allows the transistor to work in the saturated area. Furthermore, we added capaci-
tive differentiator (Cr, Ry, M19, M11) [48, 49, 50], which compensates transient response,
and finally a discharge transistor M7 [52]. Fig. 3.5 depicts the elementary parts which we
mentioned.

By adding differential amplifier into the concept of LDO regulator we created a series

connection of two feedback loops. The previous loop, depicted in the Fig. 3.4, repre-
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Figure 3.5.: Topology for proposed capacitor-less LDO voltage regulator [58]
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sents series fast loop while the differential amplifier creates a slow loop. For improvement
of PSRR (Power Supply Rejection Ratio) of the circuits, we used a possibility to supply
differential amplifier directly from the output of LDO regulator.

Subliminal mode of the power transistor significantly slows down the response of the
circuit. This can cause degradation in voltage regulation for applications where loading
currents drop to very low levels in a very short time. This degradation in the transient
response of LDO regulator can be eliminated by adding a discharge circuit. This is another
arrangement of circuits of the LDO regulator which should improve the transient response
of LDO regulator during the fast decrease of loading current. Fig. 3.5 depicts principal
connection of LDO regulator together with discharge transistor. This discharge circuit
works only if regulating loop does not work in common mode but it is in saturation (during

very fast changes of loading currents).

3.1.3. Achieved results

Part of the presented results in this section was published on the in EDS Conference [57]
and the Student Conference POSTER [58].

Load transient

Fig. 3.6adepicts typical behavior of output voltage during a change of loading current from
100 uA to 10mA with #5, resp. 174 1 s which was obtained from the simulation. As can
be seen the maximum deviation of the output voltage from the nominal value is 41 mV for
the typical case. This transient characteristic can be compared with the course, which was

measured at the realized circuit (Fig. 3.6b). In this case, the maximum deviation is 20mV
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Figure 3.6.: Comparison of LDO transient response on the load step from 100 uA to 10mA
with 7,50 T€SP. Lrq 1 S
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Figure 3.7.: Comparison of LDO transient response on the load step from 100 uA to 10mA
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which is better than the result obtained in the simulation and shape is very similar.
Comparison of results for very fast load transient can be seen in Fig. 3.7a and 3.7b.
Loading current is changed in the same way as it was in the previous case with the differ-
ence that 7,;5, resp. #7, edge is now equal to 10ns. In this case, the maximum deviation
of the output voltage of the LDO regulator from its nominal value is equal to 496mV for
simulation and 480mV for measurement. And how can one see from Fig. 3.7a and 3.7b

measurement results approximate to simulation results.

Line transient

The behavior of output voltage for the typical case during line transient can be seen in the

Fig. 3.8a. Here, the maximum deviation of the output voltage from its nominal value is
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Figure 3.8.: Line transient, typical case, step = 500mV in 1 tts and in 10 ts (a). Current
consumption versus I, typical case and worst case (b) [55]
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13mV for the step of voltage equal to 500mV in 1 us.

Current consumption

Maximum current consumption of this LDO regulator is 72 uA regardless of the load cur-
rent. In the following Fig. 3.8b one can see the dependence of the total current con-
sumption of LDO regulator on loading current. Here we have 2 curves; one represents

dependence for the typical case and the other for the worst case at maximum loading.

Layout

As mentioned above, the capacitor-less LDO regulator was created in 130 nm CMOS tech-
nology. The layout of this structure is the important part of the whole design and is depicted
in Fig. 3.9. The proposed LDO regulator contains two parts.

The external part (EXT) with dimensions176 um x50 pum contains PMOS power tran-
sistor with channel width 750 um and channel length 0.5 um, which is capable to sup-
ply continuously 10mA, and internal output decoupling capacitors with the total capacity
53 pF. The first two capacitors are made as metal-insulator-metal (MIM) capacitors with
a capacity of approximately 35 pF' and the third is a poly-silicon-N-well capacitor with
capacitance 18 pF.

Figure 3.9.: Layout of capacitor-less LDO regulator [55]
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The internal part (INT) with dimensions 176 umx 100 um is bigger than EXT. INT con-
tains input programmable resistor divider (LOOP), short circuit protection (SC) and op-
eration amplifier with fast loops (AMP) that directly regulates PMOS power transistor.
Very well matched structures can be found in AMP. For current mirrors, common centroid
technique was used. The input differential pair was cross-coupled. In this way, parasitic

resistances and capacitances are minimized.

3.1.4. Conclusions and future work

We introduced the capacitor-less LDO voltage regulator, which is capable of delivering
3.6V or4.3V atloading currents up to 10mA. This LDO voltage regulator does not require
any external components and is stable in a wide load current range with a capacitive load up
to SnF. Proposed capacitor-less LDO regulator was designed in collaboration between ST-
Ericsson (Prague) and Czech Technical University in Prague and manufactured leveraging
130nm technology HCMOS9A.

Achieved results show that this capacitor-less LDO regulator has a fast transient re-

sponse and low current consumption, approximating to 72 uA. The most important pa-

Table 3.1.: Comparison of results from simulation / post layout simulation (PLS) / mea-
surement for proposed PMOS capacitor-less LDO regulator [58]

Simulation PLS | Meas.
Parameter ‘ Name ‘ Test conditions Min ‘ Typ ‘ Max || Typ Typ Unit
Input supply voltage | Vs (Votus) — (Vena) 377 | 4.8 55 %
Output current Lo 0 10 mA
Output voltage Vour VSEL="‘0’ 3583 | 3.6 | 3.626 || 3.6 || 3.606 \%
VSEL="1’ 4276 | 43 | 4334 | 43 | 4.304
Expected Cout 0.1 5 nF
parasitic load ESR 0 250 mQ
Current consumption Lig Ly = 10mA 65 72 63 60 UA
Iy =0.1uA 58 67 57 58
Line Transient Litr AV =500mV
trise =tfall = 1us 13 23 12 mV
—30°Cto125°C
AV =500mV
trise =tfall =10 us 7 11 7 mV
—30°Cto125°C
Load Transient Ldtr Low (in1 1s)
from100uAto 10mA 41 72 44 20 mV
Sfrom10mAto 100 uA 27 47 32 20
—30°Cto125°C
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rameters (like Load transient) of the capacitor-less LDO regulator are shown in the Tab.
3.1, where parameters from the final circuit schematic simulation, post-layout simulation
and measurement are depicted. This regulator offers a promising choice for the area, cost
and power efficiency of SoC applications.

Next step in the evolution of this topology we will search for circuit implementation,
which allows increasing the maximum load current without any negative impact on the
transient response and quiescent current consumption. Another improvement of the circuit
lies in the implementation of the low quiescent (LQ) mode and the ultra-low quiescent

(ULQ) mode, which ensure a sufficiently reduce consumption for a low current load.
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3.2. NMOS capacitor-less linear regulators

This section is based on the publication “Capacitor-less Linear Regulator with NMOS
Power Transistor” [56] published in ElectroScope and [59].

The most significant element which has the greatest influence on the transient response
of the linear regulator is the power transistor. This transistor delivers the required current
into the load impedance which results in the required output voltage. A delay which is
caused by the power transistor in the control loop is caused by the fact that gate capac-
itance of this power transistor represents the current-voltage converter. The greater gate
capacitance, the greater is the delay. This delay has a dominant role in the entire delay of
the control loop.

In conventional LDO regulators, a PMOS transistor (Fig. 2.4) is used in common source
configuration as a power element. However, with this configuration, several disadvantages
occur. The first drawback of using PMOS transistor is its lower mobility when compared
to NMOS transistor. It means that the PMOS transistor needs a larger silicon area than
NMOS transistor for comparable properties [53]. But this larger power transistor reduces
the rate of charging / discharging of the input capacitance of its power transistor gate. Sec-
ondly, the output pole occurs at a relatively low frequency. It is due to fact that PMOS
transistor is connected in a configuration called common source. This configuration has
higher output impedance than the source follower configuration in the NMOS regulator
(Fig. 2.4). For conventional LDO regulators, this adds an additional low-frequency pole
whose frequency is dependent both on load resistance and output capacitance. To ensure
the stability of a large external capacitor and another compensation circuit is needed. Other
drawbacks associated with the low-frequency dominant pole are bandwidth limitation and
the slow load regulation response. This can be enhanced by fast loops that increase regu-
lator bandwidth [54]. Capacitor-less LDO regulator can be unstable for low load currents
and therefore its operating range is limited.

All these disadvantages associated with the PMOS transistor can be eliminated by using
the NMOS transistor. This power transistor is connected in a configuration known as
a source follower. An important characteristic of this circuit is low output impedance,
which means the output pole is placed at a high frequency. With this in mind we do not
use the output pole as the dominant pole and thus we do not need an external capacitor.
Moreover, because the NMOS transistor has greater mobility, for the same output current
a significantly smaller area of silicon is required. On the other hand, even with the NMOS
power transistor, several disadvantages are associated. One of the main drawbacks is that
the gate voltage of power transistor must be at least by Vg, greater than the output voltage.
This itself is not a problem, but in addition to the ever decreasing supply voltage, this leads

to the fact that the supply voltage gets below the possible level of gate voltage. The result is
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that the power transistor requires a charge pump. An alternative to raising the gate voltage
is approach known as gate overdrive [52], which uses a floating voltage supply to elevate
the control voltage into a range high enough to keep the NMOS pass element operating
in the saturation region. The basic concept of the designed circuit is depicted in the Fig.
3.10. In that concept one can see a few fast loops, which improve the transient parameters

of the circuit; also, a slow loop is shown [55].
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Figure 3.10.: Basic concept of capacitor-less linear regulator with NMOS power transistor
[56]

3.2.1. Design of a NMOS capacitor-less linear regulator

In the following part we will describe core of the circuit (Fig. 3.11) and implementation of
enhancement structure (Fig. 3.12), which is used for realization of the NMOS capacitor-
less linear regulator. The core of this topology is similar to the core for capacitor-less
LDO regulator which was described above. With the difference that for this topology we
need to invert the control signal and it is also necessary to ensure that the gate voltage of
power transistor must be at least by Vg, greater than the output voltage. To ensure this
condition, the circuit uses the approach known as gate overdrive, which uses a floating
capacitor to elevate the gate control voltage.

The basis of the circuit is the power transistor (Mpr) like with the topology of classic
LDO regulator. This type of regulator is like a voltage source which keeps the output
voltage constant and independent of change in load or change of battery voltage. Current
Ipr, which is controlled by gate voltage on the Mpr, is divided between a load of the LDO
regulator and the transistor Ms, as depicted in the Fig. 3.11. Current source I3 delivers
constant current, charging the gate capacitance of the power transistor. Transistor M5 sim-
ilarly like the power transistor Mpr, works in saturating mode and a control voltage from
slow loop (Vpcioop) is applied to its gate. The current /5, flowing through this transistor

is dependent on the voltage Vgs (Vo5 = Vier — Viur) and so we can say that it works as a
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Figure 3.11.: The core of the NMOS capacitor-less linear regulator

comparator. The magnitude of the current, which flows from current source I, is stable
and in the steady state given by a sum of currents /5 and Ig, as depicted in the Fig. 3.11.
After a general introduction of basic elements in the circuit, we can describe the prin-
ciple which this linear regulator works on. In the same way, as it is at the basic topology
of the regulator, even here a loop of feedback closes via a comparator. The feedback is
used to set the output voltage. Adjustment is based on the fact that current from source I,
is constant, and the change of the current /5 causes a change of the current /.. /4, which has
an influence on the amount of charge on the gate of the power transistor and related gate
voltage on the power transistor. As it was stated earlier, transistor M5 regulates the amount
of current /s which depends on the change of load. As it is apparent from the equation 3.3,

the output voltage of the regulator, V,,,, depends only on constants and on the current /.

Vour = (Vref - Vt) A Ws .~ (33)

Even during the change of load, the current source I3 still delivers constant current,
which means, that gate voltage of the power transistor Vj is controlled by change of current
1. /4. Thus the current which flows through the power transistor is controlled by the current
I, resp. by the current /5 thereby closing feedback.

The great advantage of this circuit is its speed due to the fact that the circuit works in
a current mode. Simultaneously the circuit has one dominant disadvantage — great stand-
by current consumption for an acceptable transient response. Maximum charging speed
of the input gate capacitance of the power transistor is limited by current source I3. The
magnitude of the current, which is delivered by this source, is usually half of the /, current.

The reason is that the charging/discharging of the power transistor gate need to have the
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same maximum speed.
The circuit implementation of the proposed NMOS capacitor-less linear regulator is
depicted in Fig. 3.12. Like in PMOS capacitor-less LDO regulator, we can see fast loops,

which improve transient parameters of the circuit and also, a slow loop for the setting of
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Figure 3.12.: Circuit implementation of the capacitor-less linear regulator with NMOS
power transistor [56]

As shown in Fig. 3.12, the NMOS capacitor-less LDO control loop consists of the error
amplifier, the floating voltage source, the power transistor, the compensation networks and
the feedback network. The control voltage (V) is raised above the supply level by a con-
stant floating voltage source. In theory, the floating voltage source could be implemented
as a charged floating capacitor. However, the voltage across the capacitor would drop due
to its leakage current. This problem is solved by using two switched floating capacitors.

Like in previous regulator the PSRR (power supply rejection ratio) of the proposed
regulator is improved by the fact that supply for the error amplifier is directly taken from
the output of the regulator. The detailed circuit implementation of the differentiator block
can be found in the right part of Fig. 3.12. When V,,; begins to rise, the differentiator
senses this variation, and decreases the gate voltage Vy; ¢y of transistor My;. When V¢ ¢
is low enough, M7 will exit saturation region and V, will increase. In an opposite case,
when V,,; begins to fall, the principle of regulation is inverse. Differentiator loop has one
zero at frequency 0 Hz, and two poles, thus it is a stable loop. On the other hand, the large
signal model of the differentiator block shows that the whole loop is working only when
Vour s rising fast enough.

The concept of the linear regulator, which was introduced in the previous part, needs to

be rearranged in other to be realized in integrated form and also to improve its parameters
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like current consumption.

To the most fundamental changes belongs adding the differential amplifier, which main-
tains required operation point of the whole regulator. What more, we added cascade tran-
sistor Mg. Furthermore, we added capacitive differentiator(Cy, Ry, Mjo, M11) [49] and
[50], which compensates transient response, and finally a discharge transistor M7 [52].
Fig. 3.12 depicts the elementary parts which are mentioned.

By adding differential amplifier into the concept of the regulator is created a series con-
nection of two feedback loops. The previous loop, depicted in the Fig. 3.11, represents
series fast loop while the differential amplifier creates a slow loop. For improvement of
PSRR (Power Supply Rejection Ratio) of the circuits is used a possibility to supply differ-
ential amplifier directly from the output of the regulator.

Subliminal mode of the power transistor significantly slows down the response of the
circuit. This can cause degradation in voltage regulation for applications where loading
currents drop to very low levels in a very short time. This degradation in the transient
response of regulator can be eliminated by adding a discharge circuit. This is another
arrangement of circuits of the regulator which should improve the transient response of
the regulator during the fast decrease of loading current. Fig. 3.12 depicts the principal
connection of the regulator together with discharge transistor. This discharge circuit works
only if regulating loop does not work in common mode but it is in saturation (during very

fast changes of loading currents).

3.2.2. Comparison of results and future work

The proposed NMOS capacitor-less linear regulator was designed in a 0.13 m CMOS tech-
nology. It provides a regulated output of 3.6V or 4.3V. The regulator is designed for

delivering a maximum output current of 50mA with a minimum drop-out of 100mV. The
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Figure 3.13.: Comparison of transient response on the load step from 100 uA to 10mA
with 7,5 T€SP. trq 1 s
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power transistor has a W /L (width/length) ratio equal to 4000 wm /0.5 pwm. The maximum
quiescent current of the regulator is 150 uA, which corresponds to less than 0.5 % of the
maximum load current. The load regulation response of the regulator is tested by switch-
ing the load current from 100 uA to 10mA and vice versa with #,;5./; rair €dge 1 us (Fig.
3.13) resp. 10ns (Fig. 3.14). Maximum output voltage variation for typical conditions
which was obtained from the simulation for NMOS capacitor-less linear regulator is about
76mV (Fig. 3.13a) and for PMOS capacitor-less LDO is about 41 mV (Fig. 3.13b). One
can see that for edge 1 s PMOS capacitor-less LDO has better results (variation of the
output voltage is almost twice smaller than NMOS capacitor-less linear one). Opposite
case occurs in the situation when #,g, / tran €dge is very fast (10ns). Variation of output
voltage for PMOS capacitor-less LDO (Fig. 3.14b) is about 210mV higher than for NMOS
capacitor-less linear regulator (Fig. 3.14a). Table 3.2 summarizes the performance of the
proposed NMOS capacitor-less linear regulator and PMOS capacitor-less LDO regulator
[55].

For a concept that is used to boost the gate control voltage of the NMOS power transistor,
is necessary to find approach how to decrease the noise which is generated by this circuit.
Like for the PMOS capacitor-less regulator, we need to implement both modes LQ and
ULQ to decrease current consumption of the regulator for a low current load. And also it

is necessary to validate and verify this NMOS regulator in the laboratory.

| VOUT_100uA_10mA_10ns | VOUT_100uA_10mA_10ns

4.4

43 ) 4.3-—> }
4.2 4.2

s S

2 4.1 Z 41

o (=2

< <

4.4

‘;(; 4.0 § 4.0
3.9 3.9
3.8 3.8
3.7 3.7
1T r-r-r 11 LN L L L P L L A L L
0.0u 40.0u 80.0u 140.0u 200.0u A 0.0u 40.0u 80.0u 140.0u 200.0u
Time (s) Time (s)
(a) NMOS capacitor-less linear regulator [56] (b) PMOS capacitor-less LDO regulator [55]

Figure 3.14.: Comparison of transient response on the load step from 100 uA to 10mA
with #,5 Tesp. Lfall 10ns

44



Table 3.2.: Comparison of simulation results between proposed NMOS capacitor-less lin-

ear regulator and PMOS capacitor-less LDO regulator [56]
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Chapter
Current direction sensor for

three-level flying capacitor
converter

In today’s world, the demand for new wireless communication services is growing every
day. One of the direct consequences of this development is the growth of the networks
which have to provide these services and one of the major problems is their energy con-
sumption. The total efficiency of radio base stations for the first generation of the 3G
network was just on the order of several percent’s, and the efficiency of the PAs was less
than 10% [61]. One of the main reasons for such a poor efficiency is the poor efficiency
of the linear PAs which are used to transmit the signal.

Due to the rapid development of wireless communication technologies, the bandwidth
has become very important. In order to increase the spectral efficiency, modern wireless
communication techniques use digital communication protocols such as LTE, LTE-A, and
WiMAX that use time variable envelopes. Given that these systems use the amplitude and
phase modulation, it is necessary to use linear PA. Although this type of PA offers high
linearity, its efficiency is low.

When the supply voltage is much higher than the signal’s maximal amplitude, then a
linear PA operates in the back-off region and this leads to degradation of the efficiency.
Low efficiency means that a significant portion of the supply power is wasted, increasing
cooling requirements, size of devices and at decreased lifetime portable devices. Having in
mind that long lifetime is for portable devices very important, the problem of low efficiency
of RF PA gains on its importance.

There are several techniques which are used to increase the efficiency and linearity of
the RF PA. The envelope tracking technique (Fig.4.1) is a promising approach to improve
the global efficiency of the RF transmission chain. It is based on the idea that the supply
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Figure 4.1.: Block diagram based on Envelope Tracking technique

voltage of the transmitter varies dynamically, according to the signal’s envelope, but with
certain excess in order to allow the RF PA to operate in a linear mode. The envelope and
phase modulations are done through the linear RF PA, and the supply voltage is varied just
to save the energy. This technique has raised interest in the optimization of the fast supply
envelope modulator (EM), the most critical component in the system. Several topologies
of the EM exist such as fast buck converters, multilevel buck converters [84] and parallel

hybrid structures with a class-AB amplifier AC-coupled to a buck converter [85].

In AC-coupled architectures, the high PAPR envelope signal is decomposed into low and
high-frequency (LF, HF) spectral components. The LF part that carries a larger portion of
the power is efficiently provided by a switching buck regulator, whereas the remaining HF
power is supplied by the less efficient class-AB amplifier. AC coupling gives the added
benefit that instantaneous peak envelope voltages (higher than battery level) can be gen-
erated without requiring a dedicated boost converter. Nevertheless, this structure also has
some drawbacks. Firstly, the class-AB amplifier becomes less efficient as the output power
decreases. Secondly, as the DC output voltage cannot be boosted, the maximum average

value of the PA supply stays lower than battery voltage [82].

4.1. Topologies for 4G PA

Firstly, it should be noted that the purpose of using any linearization technique such as ET
technology is to improve the efficiency. For this reason, most of the designs are based on
a buck topology because this topology is the best candidate to achieve a high efficiency.
There are known several different topologies, which can be used for implementation of
the ET. In this section, commonly used topologies of the ET will be described, such as
switching converter in parallel connection with a linear regulator, multiphase buck con-

verter, and three-level flying capacitor converter [62, 83].
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Switching converter in parallel connection with linear regulator

This topology uses the advantages of both linear regulators (sufficient bandwidth) and
switching converters (high efficiency). It is based on the parallel combination of a linear
regulator with a switching converter [19, 62]. In this way, the slow dynamics, which is
associated with a switching converter, is improved by the linear regulator. A simplified
schematic of an ET implemented using a buck converter in parallel connection with a
linear regulator is shown in Fig. 4.2. The main task of the regulator is just to give sufficient
current (a small portion of energy, which is needed) in order to avoid distortion of the

output envelope, while most of the required energy is supplied by switching converter.

VBAT
I L
Gate
Driver
==y
[FB] —
Input > \I; < C
Envelope |t Vo L Cou
out I

Figure 4.2.: Concept of the switching converter in parallel connection with linear regulator

The idea is based on the fact that each part of the ET should reproduce a certain part of
the envelope’s spectrum. Based on the analysis of the spectrum of envelope signal, it can
be concluded that the major part of the envelope energy is included in the low-frequency
components, which can be easily and efficiently reproduced by switching converter. The
linear regulator, which has much lower efficiency than the switching converter, has to
handle just a small portion of the energy, and its task is to reproduce part of high-frequency
spectrum, which is necessary to achieve the correct envelope. With this approach, we
can achieve both high linearity and sufficient bandwidth of the ET, but one of the main

problems is the separation of the spectrum.

Multiphase buck converter

Another topology which can be used is multiphase. In this topology, several switching
converters can be interleaved like it is shown in Fig. 4.3 [62]. This leads to maximizing
of the overall efficiency and minimizing of the output voltage ripple. Compared to a con-
ventional buck converter, the ripple voltage is lower and canceled for duty cycles that are
equal to a multiple of 1 /N, where N is the number of phases. However, the ripple current in

each inductor is usually larger because of the lower inductance. With the reduction of the
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output voltage ripple it is possible to further reduce the inductance and capacitance of the
output filter, which leads to improved dynamic behavior of the EA. One of the disadvan-
tages of this topology is the possibility of unbalanced current sharing among phases and
that the control becomes more complex with a higher number of phases. Also increasing
the number of inductors raises the problem of magnetic coupling between the inductors,

which is a major concern in multiphase topology.

VBAT

Vout
—O0

Qout

Figure 4.3.: Concept of the multiphase buck converter

Three-level flying capacitor converter (FCC)

Three-level FCCs are usually employed as a solution for inverters, however it is also pos-
sible to use this topology for the ET [22, 62, 83]. This topology is an improved version
of a regular buck converter where are four power switches (M, M, M3, M) and flying
capacitor; Cyp, which is connected between the nodes TOP and BOT (Fig. 4.4). The
extra degrees of freedom in this type of converter can be used to improve the performance
offered by a standard converter. The consequence is that the current ripple is reduced (or a
smaller filter can be used) for the same power losses but at the cost of extra power switches
and higher control complexity of the circuit. Another advantages of this kind of topology
are a lower output voltage ripple, reduced harmonic distortion and lower electromagnetic
concerns.

Among most of the solutions based on flying capacitor, this capacitor is approximately
equally charged and discharged during one period of a sine wave and in that way, the volt-
age level used is roughly equal. However in the case of a nondeterministic signal, this
equilibrium cannot be guaranteed and we need an additional control circuit to control the
voltage on this flying capacitor. The control circuit is used for deciding which combina-
tion of switches to be used thereby achieving charging or discharging the flying voltage.
However, if we do not know the period of the signal, it is very difficult to determine the

correct combination of switches in order to achieve the required voltage level.
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Figure 4.4.: Concept of the three-level buck converter

4.2. An apparatus for efficient regulation of the
flying capacitance voltage in three-level FCC

This section is describing an integrate, high-speed and low-cost apparatus for the control
of the flying capacitance in a multilevel converter [75] and my primary task on this ap-
paratus was to design a sensor of current direction in the inductor. Parts of this chapter
has been published in patent “Efficient regulation of capacitance voltage(s) in a switched
mode multilevel power converter” [75].

Multilevel converter structures are known in power converter applications. Floating-
capacitor converter topology, hereafter noted FCC, was introduced in 1992 [79] for inverter
application. Advantages of this kind of topology are a lower output voltage ripple, reduced
harmonic distortion and lower electromagnetics concerns [76]. For simplicity, we are
going to discuss mainly the 3-level power converter with one flying capacitance, but the
principle can be extended to any multilevel converter based on FCC topology.

As depicted in the Fig. 4.4, the 3-level power converter is constituted of 4 power
switches. 2 high side switches, My and M and 2 low side switches, M, and M3. A middle
capacitance also called Flying capacitor in the literature; Cyrp is placed between the nodes
TOP and BOT .

The 3-level power stage can be configured in 4 operational configurations or states de-
scribed in Table 4.1 and Fig. 4.5, given that V(Cyyp) is equal to VBAT /2. Both states S}
and S, are generating the level VBAT /2 on the LX node. S| and S, are hereafter called

redundant states.
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’ State ‘ My ‘ M, ‘ M, ‘ M; ‘ Vix ‘
So ON | ON | OFF | OFF | VBAT

Sy | OFF | ON | OFF | ON | VBAT /2
Y ON | OFF | ON | OFF | VBAT /2
S3 | OFF | OFF | ON | ON 0

Table 4.1.: Configurations of the power stage [75]

VBAT

Pn So

CMID |

Figure 4.5.: States of three-level FCC [75]

The functionality of the FCC depends on the correct balancing of the flying capaci-
tor. For a 3-level converter, the Cyp capacitance has to be maintained at VBAT /2 volt-
age. Several methods have been introduced to address this function. In [81], “natural-
balancing” techniques of FCC have been explored. Active regulation techniques such as

modifying the duty-cycle or redundant state selection (RSS) have been described in the
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literature. In [77], the flying capacitor voltage is maintained by adjusting the duty cycle
according to the error between the measured voltage and a reference. In [78] a regulation
technique for an N-level FCC is presented using RSS. In this regulation scheme, the pres-
ence of redundant state for generating some voltage levels (VBAT /2 in the 3-level case)
is leveraged for the regulation of the flying capacitor. When several states are available
to generate a given output level, some of the states will lead to charging the flying capac-
itance when other will lead to discharge. The charging/discharging property of a given
state depends on the current polarity in the inductor. Thus based on the voltage level of
the flying capacitance, the direction of the current in the coil and the voltage level to be
generated on the output, it is possible to select the best state for maintaining the flying
capacitor voltage level.

Redundant state selection applied to the 3-level converter

Fig. 4.6 depicts the general block diagram of a 3-level converter RSS flying voltage reg-
ulator. In addition to the power structure already presented, it features a current direc-
tion sensor whose output is a Boolean information giving the direction of the current in
the coil. This information, hereafter called I/_dir is log.1 when /1 is positive and log.0
when /] is negative. The Boolean information whether the voltage across the Cysyp capac-
itor, Vmid_Ivl is above or below VBAT /2 is generated by the Cyy;p Voltage sensor block.

Vmid_Ivl islog.1, respectively log.0, whenV (Cyyp) is above, respectively below, VBAT /2
level. A controlling part of the system is generating the command of which level shall be
generated on the LX node. This command signal is called PWM. PWM signal can take
three values: 0, 1 or 2 giving the command to set the LX node to respectively OV, VBAT /2
or VBAT . A state selection circuit is in charge, based on II_dir, Vmid_Ivl, and PWM to set
the power stage to the right state. The decision is made based on Tab. 4.2.

| PWM | II_dir | Vmid_Ivl | State |

0 X X S
1 0 0 S
1 0 1 S
1 1 0 S,
1 1 1 S
2 X X So

Table 4.2.: State selection circuit decision table [75]

Applying this algorithm to the 3-level converter will result in a regulated voltage on the
Cumip capacitance. This behavior is illustrated in Fig. 4.7. In this figure, it is assumed that
the V,,,; node is connected to a grounded capacitance. An algorithm as described in [78]

can then be used to determine which state should be chosen based on:
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Figure 4.6.: 3-level converter RSS regulation circuit [75]

* The value of the PWM signal
¢ The direction of the current in the coil

* The relative value of each flying capacitor versus its reference

4.2.1. Problems with existing solutions

FCC Technique has been developed mainly for power inverters. Thus for the application
running with discrete switching elements under voltages of several hundreds of Volts and
switching frequencies in the range of 1 to 10kHz.

The computing part linked to the regulation is usually implemented in a DSP or a PC,
the current sensing in the coil is performed with discrete Hall Effect sensors and DACs are
ensuring the conversion of analog signals to digital.

In the scope of using those types of converters as power-supply for RF Power Amplifier
in envelope tracking application inside mobile communication devices, it is required that

the control system is fulfilling the following requirements:

* High speed: The switching frequency of mentioned power supplies is in the range
of 50-200MHz.
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Figure 4.7.: RSS algorithm applied to 3-level converter [75]

* Low cost: The control solution should fit in the reasonable area of an integrated

circuit or IC to fit both price and footprint constraints.

The two previous constraints are disqualifying the Hall Effect sensor, DAC, and DSP which

are large and costly solutions.

4.2.2. Detailed description

The proposed apparatus is aimed at implementing the functions described as Cysrp level
voltage sensor and // current direction sensor in Fig. 4.6. The basic principle of the pro-
posed solution is based on the indirect measurement of the coil current through the voltage
drop, generated on the power switches. For the Cys;p voltage sensor, a combination of dif-
ferential configured operational amplifier and comparator is proposed. Fig. 4.8 depicts

the embodiments of the circuit:

* An operational amplifier in a differential configuration, Vmiddle Buffer, converting

the flying voltage V (Cyyp) to a single-ended analog signal: VmidBuf.
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Figure 4.8.: Block diagram of the proposed circuit

* Two triggered comparators, Top Comparator, and Bot Comparator respectively com-
paring TOP with VBAT and BOT with GND.

* A comparator comparing VmidBuf with VBAT /2 : Mid Comparator.

A first logic circuitry (current direction logic) determining the direction of the cur-

rent in the coil based on TOP and BOT comparators outputs. Its output is II_dir.

A second logic circuitry (Control logic) generating the commands of the power
switches and the Top and Bot comparators clocks based on PWM, the output of
the Mid Comparator and I/_dir.

CMID voltage sensor

The Vmiddle buffer, an operational amplifier connected in differential configuration, is
translating the flying voltage V(T OP, BOT) to a single-ended voltage VmidBuf. The sig-
nal VmidBuf is then compared with Vj, /2 by the Mid Comparator. The output of this
comparison, logical signal CmpMid is providing the Control Logic with the information
whether V(Cyp) is above or below VBAT /2, and thus if it should be charged or dis-
charged.

Current direction sensing circuitry

The switches My, M, M,, M3 have a non-zero resistance when turned-on, hereafter called
ron. Thus when the inductor current is passing through them, it is inducing a voltage drop

in the amount // * r,, across the switch. So when M (Sp and S states) is conducting and /1

56



is positive, the quantity V(T OP, VBAT) is negative. Then if Top Comparator is triggered,
CmpTop will output log.0. Similarly, if Il is negative, V(T OP, VBAT) is positive and
CmdTop outputs log.1.

In case M3 is conducting (S| and S3 states), The quantity V(BOT, GND) polarity is
directly linked to /I polarity. At ClkBot rising edge, depending on whether // is negative
or positive, CmpBot will output respectively log.1 or log.0.

The current direction logic then processes the CmpTop and CmpBot and based on which
state was the last used (So and S, for CmpTop, S| and S5 for CmpBot), will generate a signal
giving the direction of the current in the coil //_dir.

This behavior is illustrated in Fig. 4.9. This current sensing circuitry present the ad-
vantage to prevent using a Hall Effect probe or a sensing resistor which are techniques re-
quiring external components and thus increasing the cost. A second advantage is a speed
at which the decision can be made, triggered comparators being components compatible
with operation in the 100 M Hz range.

uv]
VBATH- — — — — — — — — — — — — — — — — N — —

V(LX out
VBAT2-——] — ,,¥ — j )\:|:>T f:li — + =1 — A
0 ; T f ; =

r

IA]

0

ClkBof LT ] | ] I ] I

CmpBof |

ClkTop /

CmpTop
Ly ]

I_dir

Figure 4.9.: Sensing circuitry operation [75]

Two designed triggered comparators, Top Comparator (Fig. 4.10a) resp. Bot Compara-
tor (Fig. 4.10b) comparing LX node with VBAT resp. GND. Requirements to be met by

triggered comparators are as follows:
* Low delay, due to the operating switching frequency of the converter

* A low offset, because r,, of power switching is relatively small and thus the voltage
drop, which is used for current direction detection in the order of several tens of
mV depending on the value of current. This offset causes incorrect detection of the

current direction.

* Immunity of the inputs comparators: due to the fact that the inputs of comparators

are connected to GND resp. VBAT and especially LX node.On the node LX may
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Figure 4.10.: Simplified schematics of the proposed triggered comparators

appear voltage in the range from VBAT +2Vp to GND —2Vp , where Vp is the diode

voltage created between the drain and body of the power switch.

4.3. Example of use for a three-level FCC

As an example of usage and implementing a three-level FCC, there are presented the re-
sults of the project ,,Envelope Modulator for Multimode Transmitters with AC-Coupled
Multilevel Regulators* [82] on which I cooperated with colleagues from ST-Ericsson and
STMicroelectronics. On this project, I have been working on circuits for three-level FCC
buck regulator - fast regulator ( Fig. 4.11). Namely on the above mentioned triggered
comparators for current direction sensor, on the input reference converter which converts
differential input signal Vref into a single-ended signal, on the fast comparator for PWM
and finally on double edge, double ended ramp generator which generates a triangular
linear ramp up to 70 MHz.

The above-mentioned three-level FCC was used in EM design for the ET technique. In
this case, parallel AC-coupled switching converters were used that improve both high and

mid-range power efficiency. This modulator is composed of two switching regulators:
* Three-level FCC buck regulator - fast regulator
* Buck-boost converter - slow regulator
The complete modulator has been designed to supply multimode transmitters. Besides

ET operation, it is compatible with both 3G/4G average power tracking (APT) operation
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Figure 4.11.: Envelope Modulator architecture [82]

and GSM power ramping. The architecture of the parallel AC-coupled EM shows Fig.
4.11. When the system is configured for ET operation, the fast regulator output is con-
trolled by the differential envelope reference Vref. On the other hand, the slow regulator
is configured to regulate the voltage across the AC-coupling capacitor (Cfly) according to
Vref _slow reference. The slow regulator feedback signal (FBslow) is originated by sensing
the voltage across Cfly. Thanks to the differential sensing, F'Bslow signal has only a DC
component and the loop does not require an additional low-pass filter to remove the AC
part of the modulation. Both fast and slow loops use voltage-mode regulation and the pairs
Lslow, Cfly and Lfast, Cpa are their respective LC output filters. Moreover, Cfly > Cpa
and Lslow > L fast. The multilevel fast regulator power stage can switch between ground,
VBAT /2 and VBAT, whereas the slow regulator can switch between ground, VBAT and
2V BAT. When needed, the system can be reconfigured for APT operation and, in this case,
only the slow buck-boost regulator stays on while the APT switch shunts the bottom plate
of Cfly to ground. Thus, the inductor Lslow and capacitor Cfly form its output LC low-pass
filter. The PA supply voltage Vpa is sensed by the feedback and the voltage-mode PWM
controller produces a constant output voltage at Vpa proportional to the reference voltage
Vref_slow.
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There are several advantages of using a three-level power stage instead of a standard two-
level architecture. Firstly, switching losses are lowered by a factor of 2 [86]. Furthermore,
the current ripple in the output coil is divided by 2 and lastly, the output voltage ripple is
attenuated by a factor of 4, leading to an improved frequency spectrum [84].

The controller of the fast regulator employs a voltage-mode PWM scheme extended with
an end-point prediction (EPP) path. There are several benefits of this fixed-frequency con-
trol scheme over variable-frequency ones such as lower near-channel noise, well-controlled
spurious frequencies and a linear transfer function from PWM modulator input to output
voltage [87]. In this architecture, the differential input reference Vref is converted into a
single-ended signal that becomes the reference for both the parallel-connected EPP path
and the error amplifier. For a PWM controlled buck converter, the duty cycle can be es-
timated knowing Vref, VBAT, and k, the ratio Vref/Vpa. In our system, this estimation is
performed by the EPP through a feed-forward path from Vref to Vpa as shown in [87]. In
addition to this open-loop path, a standard proportional, integral, derivative (PID) closed
loop compensation inside the error amplifier ensures the stability of the fast regulator. Out-
puts of the EPP path and error amplifier are summed into a Verr signal. The comparison
of Verr with two 180°-shifted triangular ramps results in 2 PWM signals having the same
duty cycle but opposite phases. Each signal drives one pair of power switches M, M3
and My, M; as in [84]. Furthermore, the 2 ramps used for modulation are proportional to
VBAT variations, leading to an additional direct feed-forward to the PWM signals, which
ensures the independence of the regulator loop gain from VBAT .

The EM has been designed and manufactured leveraging 130nm, 4.8V, n-well CMOS
technology known as HCMOS9A.

2520um

Figure 4.12.: Micrograph and layout of the EM [82]
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The package is a 400 um pitch wafer level chip scale package (WLCSP). A micrograph
and layout are shown in Fig. 4.12. The Slow buck-boost regulator operates from 1.9MHz
to 7TMHz (2MH?z typ), whereas the switching frequency of the fast regulator can reach up
to 140MHz (80 MH?z typ).

An LTE 10MHz (6.7dB of PAPR) test signal is used for all the measurements. Fig. 4.13
shows measured waveforms of the envelope reference signal (Vref_scaled - delayed and
scaled to Vpa) and modulator output voltage with resistive load (Vpa). Fast modulator
three-level output (Vix_fast) is also presented.

Vref_scaled '

Vpa

Vix_fast

|_ﬂmf36.ﬂm\r .200nsfdiv 50.0GS/s IT 2.0psipt )
@D 300mV Offset:1.8V 500 By:500M Single Seq 1
@ 300mV 200ns acgs RL:1.0M
T Cons September 06, 2013 04:11:10

Figure 4.13.: Tracking performance for LTE10 signal [82]
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Chapter
Dual Edge Ramp Generator

The following sections deal with the new dual edge single ended ramp generator concept.
Switching DC-DC converters (e.g. Buck) with voltage-mode PWM controller (Fig. 5.1)
are widely used as basic building blocks for portable devices due to their high power ef-
ficiency [88]. Due to the increasing demands (e.g. switching frequency, phase selection,
low current consumption and good regulation of these regulators) we need to develop new
design approaches, which will bring the required properties. One of the essential blocks in
the PWM controller is the ramp generator. We can improve the performance of the whole
system by designing a precise ramp [88, 90, 92, 93, 94], which will be proportional to
the input voltage (to generate feedforward effect), to decrease the current consumption (by
excluding the comparators from this block) and significantly increase ramp frequency by

omitting the comparator’s delays [90, 93].

-I- VBAT Power Stag " I
Ramp ' _I :
Generator | \ + Mg

Vram + :

Error Vcomp PWM: | \
Amplier I LOGIC b =4
Verror !

Vref P : Cou
Trailing Cl—ra—Pwm| &+ l
edge Vcomp—{S M
. Leading Vcomp—9R QF—PWM Rrg2
o ggmptensatlon edge Clk—s
ircui
Dual VeomP R QPWM Reer
edge Clk
g Vcomp S

Figure 5.1.: Buck converter with voltage-mode PWM controller
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5.1. Basic idea of the ramp generation

We can choose one of the following modulation techniques for PWM modulation: leading
edge, trailing edge or dual edge modulation (Fig. 5.2) [95, 96, 97, 98]. The most suitable
solution for high-frequency applications is the dual edge modulation, because the unavoid-
able delay of the PWM comparator is not generating error in the duty cycle if the rising
and falling delay are similar. With the leading or trailing edge modulation, the error would

be significant, as can be seen from the Fig. 5.2.

Leading edge Trailing edge Dual edge

Vramp,

AN

Verror

Figure 5.2.: PWM modulation wave

Another advantage of this ramp shape is that it helps to improve transient characteristics
of the system by creating the desired output waveforms. This is due to the fact that, the
error signal (Verror) is sampled twice every period. Also high speed edges are avoided
thanks to the fact that the discharge current peaks [88], created by the generator with the

output signal form of the saw, disappear.

5.2. Proposed ramp generator principle

The core and concept of the proposed ramp generator is shown in Fig. 5.3, where a capaci-
tor Cy is alternatively charged and discharged by a constant current / for an equal duration,
resulting in a triangular voltage across the capacitor. Originality of the design of the saw
tooth signal generator consists mainly in the use of new control loops, ensuring a low
power consumption in a wide range of operating frequencies. This is due to the fact that
comparators are not used in the proposed ramp generator for detecting threshold levels of
the generated triangular signal, unlike when leading edge or trailing edge modulation is
used [92, 93, 94, 95, 96].

For other considerations there are some definitions in equations [89] 5.1, 5.2 and 5.3:

64



5 VBAT

Clk . ; o VpeakH

Véut, Verror

o o N Mo \Vpeakto
0 >
Clk I e L e B e >

Figure 5.3.: The core of the proposed dual edge ramp generator

VpeakLo = const. > ground 5.1

VpeakHI = kVBAT + VpeakLO (52)

DutyCycle = D = You (5.3)
VBAT

If we use the concept that the generated ramp will be proportional to the supply voltage
(VBAT), it will have a positive effect on the internal Verror signal within the control section
(Verror = const. for any VBAT, for given V,,;, this is a feedforward effect) [89]. To achieve
this effect we need to generate a voltage references proportional to the power supply.

To confirm this statement, we first give the Duty Cycle from Fig. 5.3

_ Verror —VpeakLo

(5.4)
VpeakHI - VpeakLO
Substituting equation 5.3 into 5.4 and solving for Verror gives
Verror = VBO—IZT (VpeakHI - VpeakLO) + VpeakLO (5.5)
And finally, substituting equation 5.2 into 5.5 which can be further simplified to
Verror = kVou + VpearLo (5.6)

and V)eqk0 must not be function of VBAT. This confirms that with the ramp so created,
the internal signal Verror in the converter is independent of the power supply change.

The core in a simple form, as shown in Fig. 5.3, intrinsically exhibits 2 kinds of drifts
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and makes this circuit unusable. In the case of duration mismatch between charging and
discharging phases a differential drift will arise. For example if the clock duty cycle is
higher than 50 %, the capacitor Cy will at each cycle be charged more than it is discharged,
leading the voltage to drift up. Also a control of the common mode voltage could drift if
for example the top and bottom current source are un-matched.

In order to use the basic concept of the generator ramp from Fig. 5.3, it needs to be
supplemented by control loops and techniques that prevent the above-mentioned drifts.
Fig. 5.4 shows a simplified block diagram of the proposed dual edge ramp generator. As
shown on this diagram, two loops are created for the correct function, namely amplitude
loop and common mode loop. Next, there is a phase generator that takes care of charging
and discharging phases of the ramp generation, and also generates control signals for sen-
sors that are based on sample-hold (SH) for the common mode and amplitude loops. The
phase generator must be designed as symmetrical as possible and with accurate timing,

for the accuracy of the generated ramp.

MID_Vref | >
N Middle MID SNS +
Sense I
Phase |[CIk A ool - -] Vram
Generator v /\/\
. Co
o| Amplitude | AMP_CTR™ l
Sense
AMP_Vref| +

Figure 5.4.: Simplified block diagram of the proposed dual edge ramp generator

5.2.1. Common mode loop

The task of common mode loop is to manage the correct position between ground and
supply.

There are two paths for common mode inside of the proposed ramp generator. The first
one is the "Slow" path shown in Fig. 5.4. Furthermore, the “Fast” feedforward for rapid
change of VBAT, which is reflected by the proportional change of the reference voltage
MID_Vref. This reference voltage is compared to the sampled voltage MID_SNS. This
voltage is generated by two-phase sampling circuitry where samples are taken in each
half-period of charging resp. discharging cycle as shown in Fig. 5.5 to produce the desired

common loop signal.
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Figure 5.5.: Timing diagram of the sampling principle for generating the MID_SNS signal

The common mode sensing circuit is proposed in Fig. 5.6. It features two switched

capacitors, C; and C; which alternatively connect to the main capacitor Cy.

MID_SNS

|1 CCM

Figure 5.6.: Principal schematic for generation of the MID_SNS signal

5.2.2. Amplitude loop

The purpose of this loop is to manage the correct amplitude of the ramp (to take out the
corner of R and C). The principle is, as with the Common mode loop, based on the sam-
pling of the generator output signal (Vramp). However, with the difference that three-phase
sampling is used here, instead of two-phase as shown in Fig. 5.7. This results in the VTOP
and VBOT voltage values representing the upper and lower limits of the generated ramp.
These values can then be used to control the amplitude, i.e. to adjust the discharging and
charging current, so that the output ramp has the desired amplitude. Using three-phase
sampling technique does not generate pulses at the beginning of sampling. As mentioned,
great emphasis is placed on timing.

Part of the amplitude sensing circuit is proposed in Fig. 5.8. It features one switched
capacitor, C, which alternatively connect to the main capacitor C.

On this capacitor, C,, the upper and lower ramp boundaries are sampled alternately. A

simplified time diagram for one of the three phases is illustrated in the Fig. 5.9.

67



Je'nigEpEgigingigipEnEnl

I I B
e 1,

Figure 5.7.: Timing diagram of the sampling principle for generating the AMP_CTRL sig-
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Figure 5.8.: Principal schematic for generation of the AMP_CTRL signal - Phase_a
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Figure 5.9.: Timing diagram of the sampling principle for generating the AMP_CTRL for
one phase

5.3. Achieved results

The actual generator requires no external components and also does not need trimming.

High linearity of the output signal as well as the autonomy of the generator is ensured by
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the control loops that control the amplitude, and the mean value of the output signal. The
device is fully integrated and is manufactured in CMOS technology HCMOS9GP 130 nm.
The fabricated die is packaged in QFN 40 package.

The designed dual edge single ended ramp generator is a part of a multi-project test
chip, which consists of four projects and was funded by the Grant Agency of the Czech
Technical University in Prague, grant No. SGS17/188/OHK3/3T/13. The first project is
True Random Number Generator - TRNG for modern communication systems. A mis-
match among different types of MOSFETs is studied in the third project. The aim of the
last project is testing new electrostatic discharge ESD protective structures in customized
pads. The first three projects are protected by pads containing standard ESD protections
available in the used process. A layout of the whole test chip is depicted in Fig. 5.10.

Iy | T —
- | Padringj~ = i

Project Ramp
#1 generator
Project Project
#4 #3

Figure 5.10.: The layout of the multi-project test chip without displayed tiles for better
layer planarization

The die photo is shown in Fig. 5.11. The designed device occupies an area of 0.0625 mm?>

including all described parts — analogue core of the ramp generator, common mode loop,
amplitude loop, phase generator and also testing circuitry. In Fig. 5.11, there are not
clearly visible any structures, which are visible in Fig. 5.10 because the fabricated die
contains so-called tiles, which are intended to better planarization of individual layers dur-
ing chemical-mechanical polishing. For unambiguous identification, the fabricated chip
includes emblems of the Czech Technical University in Prague, whose microphotography

is shown in Fig 5.12.
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Figure 5.11.: Photo of the fabricated die. The proposed dual edge single ended ramp gen-
erator occupies the marked area

Figure 5.12.: Emblems of the Czech Technical University in Prague which is located on
the fabricated chip

5.3.1. Measurement

Block diagram and principle of measurement linearity, which was used for validation of
the designed ramp generator is shown in Fig. 5.13. We used an indirect method for val-
idation with integrated comparator. Output of this comparator is PWM signal which is
modulated with reference voltage Vref_ramp. Furthermore, Fig. 5.14 is a snapshot of the
oscilloscope, which shows the reference voltage Vref_ramp and output PWM signal from
the comparator with a magnification of three sections of this signal.

Comparison of the ideal and real curves of the duty cycle for different supply voltage is
shown in Fig. 5.15. The maximum error in the linearity of the proposed ramp generator,
in the range of the duty cycle 5 % - 95 %, is less than £3 % of the theoretical value. In
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Figure 5.13.: Block diagram and principle of measurement linearity of the proposed ramp
generator

Figure 5.14.: Demonstration of lab results, voltage reference Vref_ramp and PWM signal
with zooms

addition, proposed ramp generator was designed to generate ramp with frequency / MHz,

but thanks to the amplitude control loop, it can be used in the range from 0.5 up to 2 MHz.

5.4. Conclusions

This chapter introduces a new ramp generator concept that uses dual edge modulation. As
described above, this modulation itself will bring a number of benefits, see section 5.1.
However, the main benefit of the proposed generator is that it does not use comparators
to generate a ramp for detection but is built on switched capacitor circuits. This reduces
the consumption even with the ever-increasing frequency of the generated ramp.  The
measured results (Fig. 5.15) show that the proposed concept works properly and that the
generated ramp has excellent linearity over a wide range. However, it is necessary to em-

phasize that the design emphasis was also placed on the phase generator and its symmetry,
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Figure 5.15.: Comparison of ramp linearity for different supply voltage with theoretical
calculation

even though it is a digital part. This is because the inaccurate timing of the switched ca-

pacitor circuits causes an error in the control loops and thus in the generated ramp.
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Chapter
Frequency control of

non-oscillator referenced
DC-DC switching converters

This part presents the new concept of the feed-forward frequency control for asynchronous
converters based on Trans Linear circuit. Novel architecture and configuration of the feed-
forward frequency control circuit for asynchronous DC-DC switching converters is pre-
sented. The proposed solution preserves excellent transient properties of the asynchronous
converters. Proposed feed-forward frequency control method is based on modulating of
hysteresis for the comparator, which guarantees that the switching frequency is as constant
as possible. The proposed concept avoids the need for a frequency feedback control such
as a PLL or DLL. The implementation techniques are experimentally verified on a pro-
totype chip in a CMOS 130nm double-oxide process by STMicroelectronics in BCD8sP
technology and operate at the switching frequency of up to 2MHz.

6.1. Theoretical study of feed-forward frequency
control

In almost any analog implementation of such Tpy and Torr computations, equations 6.1

and 6.2 would be applied
\%
Toy = C-2N 6.1)
lon
VorF
Torr =C 7 (6.2)
OFF
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which express a process of charging and discharging a capacitor. The relation between

Ton and Topr times is the duty cycle

T
- ‘ON (6.3)
Ton +Torr

The novel solution presented in this paper is to maintain the switching frequency of a
Buck as constant as possible, independent on operating conditions of the buck, hence the

sum of Tpy and Tprr must remain constant

1
~ Ton+Torr

Now, the Tpy and Topr times specified in equations 6.1 and 6.2 have to be such that

Fg = const. (6.4)

both equations 6.3 and equations 6.4 are satisfies. There are two options for achieving that:

a) controlling Vo and VprF, i.e. the threshold voltages to which timing capac-
itor is charged by constant charging current (further referred to as constant

charging current timer)

b) controlling Ipy and Iprr, i.e. the currents by which the timing capacitor is
charged while the threshold voltage remains constant (further referred to as

constant threshold voltage timer)

For constant charging current (Iconst) timer (option a), the solution can be found by sub-

stituting equations 6.3 and 6.4 into equations 6.1 and 6.2 and solving for Vpy and Vprr

ICOnSt
Von =D 6.5
ON CF. (6.5)
ICOnsl
\% =(1-D 6.6
orF = ( ) CE, (6.6)

Where C is capacity of the external capacitor and F; is switching frequency of the DC-
DC converter. Depending on the type of DC-DC converter, the duty cycle D is a function
of Vi, and V,,;. For a Buck converter, for example, the first order approximation of the
dependence of the duty cycle on input/output voltages is

p - Your (6.7)

Vin

To achieve constant switching frequency of a DC-DC converter, the threshold voltages

of the constant charging current timer must be
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Figure 6.1.: Transfer function of a required ideal predictor

Vout IC()}’ZS[

Von = 6.8
ON =V CR (6.8)
‘/in - VOMt ICOnst
V, = 6.9
OFF V.~ CF, (6.9)

In consequence the predictor has to compute V,,,; /Viy, and (Vi — Vour ) /Vin expressions.
Fig. 6.1a shows the dependence of Vpy and Vorr thresholds on duty cycle D (meaning on
Vour /Vin) 1atio for I.ons /(CFs) term equal to 1V.

For constant threshold voltage (V;.,s) timer (option b) the solution can be found for

option a) described above except solving for Ipy and Ippp

1
Ion = BVconstCFs (6.10)
1
lorr = (I_—D)VconstCFs (6.11)

Accordingly, the predictor for a DC-DC converter with a constant threshold voltage

timer has to calculate Vj, /V,,, and V;,, / (Vj—Vus ) expressions

Vi
ION - V_nvconstCEv (612)
out
I = Vi VeonstCF, (6.13)
OFF — Vm — Vout const s .

as graphically shown in Fig. 6.1b for V,,,+CFs equal to 1 uA. This is somewhat less
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straightforward compared to case a) because such predictor has to deal with divide by zero
problems at limiting conditions (V,,; — 0, V,,;, — Vi,); hence a theoretical predictor

should generate infinite current which is of course not practically possible.

6.2. Practical implementation of a predictor

The transistor level implementation of the predictor could be very tricky because in both
cases (constant charging current and constant threshold voltage timer) mathematical di-
vision must be realized. The mathematical division functions can be efficiently realized
using trans-linear circuits [99, 100, 101] or also called trans-linear loops (further referred
to as “TL” circuits or “TL” loops), for example using bipolar transistors.

The TL circuits are well-known concepts that were originally based on an exponential
relationship between Vpg and IC of a bipolar transistor. The most basic TL cell is the
well-known current mirror composed of two bipolar transistors as shown in Fig. 6.2a. For
practical implementation, we have used the BCD technology of STMicroelectronics [102].
This technology is particularly suitable for this implementation while it offers both high-
quality NPN as well as PNP transistors together with regular MOS devices. Shockley
equation expresses the first order relationship between the collector current Ic; and the
base-emitter voltage Vpg of the master transistor M

Ic1 =1Is (e‘q‘%?1 — 1> (6.14)

Where I is the diode current, Is is the reverse bias saturation current, Vg is the
voltage across the diode, V7 is the thermal voltage k7' /g (Boltzmann constant times tem-
perature divided by electron charge).

The same relationship applies to the copy transistor M, provided both M| and M, are
on the same die (are matched)

Icr = mlg (evég2 — 1) (6.15)

where m is the emitter area ratio between M7 and M,. The two transistors M; and M,

are connected in such a way that their base-emitter voltage equals

Vee1 = VBE2 (6.16)

Substituting from equation 6.14 and equation 6.15 into equation 6.16 gives

I I
Veln (% 4 1) — Vyln (ﬂ + 1) (6.17)

S mlg
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(a) 2-transistor TL circuit  (b) 4-transistor TL circuit (c) 4-transistor TL circuit
(a current mirror) (stacked TL loop) (alternating TL loop)

Figure 6.2.: Example of trans-linear circuits
which can be further simplified to

Icr = micy (6.18)

This explains the principle of a current mirror.
The extension of a 2-transistor TL loop (of the current mirror) is a 4-transistor TL loop
as shown in Fig. 6.2b and 6.2c. The following equations apply to Fig. 6.2b stacked 4

transistor TL loop as well as Fig. 6.2¢ alternating 4 transistor TL loop.

VBE1 + VBE2 = VBE3 + VBE4 (6.19)

I I I I
Veln (L 1) +vein (L 41 =veln 1) +vein [ £ 41 (6.20)
Is Is Is Ig

Supposing that all 4 transistors of the TL loop have identical emitter size and that I >> I
for each of the 4 transistors (neglecting the +1 term in the Shockley equation), the equation
6.20 can be simplified to

Icilcr = Ic3lcy (6.21)

As a consequence, the 4-transistor TL loop can be used to realize mathematical multiply,

mathematical divide and/or square functions by proper biasing of the 4 transistors.

A) TL Predictor for constant charging current timer

One possible and relatively simple implementation of the function in equations 6.8 and 6.9
(constant charging current timer) is shown in Fig. 6.3a. The TL loop is formed by transis-
tors My, M>, M3 and My. Transistors Ms - Mg forming an auxiliary current mirror is not

part of the TL loop and transistor M7 assures the voltage bias of the TL loop, specifically
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Figure 6.3.: TL predictor for constant charging current timer

the correct voltage bias of the bases of M| and M4. It is obvious that transistor M; delivers

a current linearly proportional to V,,,;

‘/() ut

Ic1 = (6.22)

This current I is mirrored using Ms - Mg current mirror and subtracted from a current

Vin/R before entering M4. Hence the collector current of My is
o Vi Vow

c4 R R

As transistors M and M3 share the same tail current I, the following two equations

(6.23)

can express the functionality of the complete circuit:

Icilcr = Icslcy (6.24)
Icr +1c3 = Ipigs (6.25)

Substituting equation 6.22 and 6.23 into 6.24,6.25 and solving for I, and I3 gives

Vin—V,
lea = Thias =, (6.26)
4

VOMI

Vin

Ic3 = Ipias (6.27)
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As long as the I, and I3 currents (these are the outputs of the TL circuit) are then led

into a matched R, the resulting thresholds are

V,
Voy = Rlcs = Rlyias (6.28)
m
Vin =V,
Vorr = Rlcy = Rlbiasme (6.29)
l

where typically the Rl;,; term would be related to the on-chip bandgap reference volt-
age.

The circuit of Fig. 6.3a has been implemented using a bipolar PNP transistor of STMi-
croelectronics BCD8sP technology and the simulated transfer function is shown in Fig.
6.3b in comparison with ideal mathematical calculation. The difference between the sim-
ulated and the ideal results is caused by the real characteristics of the used bipolar transis-
tors. The maximum difference between real and ideal transfer function is less than 7 %.
The maximum is only in marginal cases, where duty cycle D(V,,,/Vi,) is less than 10 %

resp. more than 90 %. The error in the used range is so small that it can be ignored.

B) TL Predictor for constant threshold voltage timer

The implementation of the equations 6.12and 6.13 (constant threshold voltage timer) is
somewhat more complex. One way to implement this equation is shown in Fig. 6.4a.
Two interleaved 4 transistor TL loops are used to compute Ipy and Ippp. The first TL
loop is formed by M|, M>, M3 and M4. The second TL loop reuses the transistors M
and M, from the first TL loop and adds transistors M5 and Mg. This is possible because
the numerators of equations 6.12and 6.13 are identical. Transistors Mg and M;g form an
additional auxiliary current mirror and transistor My serves as a slave transistor in a M,

M7 current mirror. Transistor M; thus has 3 functions to perform in the circuit altogether:
* M, is part of the My, M, M3, M4 TL loop
* M, is part of the My, M>, Ms, Mg TL loop
* M, is master transistor in M;, M7 current mirror

Transistor Mg operates as a gain transistor in a local Mg, M>, M loop (this is not a TL
loop!) to provide biasing to the base of M, and thus maintain the correct operating point
of My and M. All the transistors M7-M are not part of any TL loop; they only contribute
to generating correct biasing for the M-Mg transistors forming the two TL loops.
Transistor M; delivers a current linearly proportional to V;, thanks to the gain transistor

The collector of M; is, in fact, a high impedance node that forces Vg through the action
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Figure 6.4.: TL predictor for constant threshold voltage timer

of Mg and M, to such a voltage that makes collector current of M; to match with current

sourced to this net, hence

Vin
ler == (6.30)

Both M; and Mg are biased with a constant current to operate correctly, hence

Ico = Ipigs (6.31)

A current linearly proportional to V,,; is injected to the emitter of M3 and then further
mirrored by My-Mo current mirror. However, this mirrored current is used for the sec-
ond TL loop described later and does not play any role in the TL loop being described.

Transistor My is the output transistor of the first TL loop and the collector current of My is

e

V.
lon = lIcs = Iyias 7y = Thias;— (6.32)
R out

The V,,; /R current mirrored via Mg-Mj( current mirror is subtracted from a current
copy of Vi, /Rcurrent (M}, M7 current mirror) before entering the transistor Ms. Then the

resulting collector current of M7 is

V.

3 Vin

lorr = Ice = Dpigs 72— = Ipigs (6.33)
ias ‘;’{' _ V;em ias Vm — Vout
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The circuit of Fig. 6.4a has been implemented using a bipolar NPN transistor of STMi-
croelectronics BCD8sP technology and the simulated transfer function is shown in Fig.
6.4b in comparison with ideal mathematical calculation. There is a clearly visible degra-
dation of the transfer function at limit conditions, i.e. at V,,; = 0 and V,,,;, = Vj,. This is
because the circuits should theoretically compute divide by zero at these conditions and
hence collector current of M4 and Mg should theoretically limit to infinity. This is of course
practically not possible and hence the gain of the circuit is limited to a finite value.

Comparison of the results from Fig. 6.3b and Fig. 6.4b shows that the error is much
smaller for TL predictor for constant charging current timer. Therefore we have decided

to use this variation for implementation.

6.3. Application of a TL predictor to a hysteretic
converter

A modern hysteric control concept of a DC-DC converter is based on active coil current
reconstruction. The coil current reconstruction circuitry fundamentally consists of a ca-
pacitor that is charged by current linearly proportional to (V;, — V,,;) during the Tpy phase
and discharged by a current linearly proportional to V,,; during the Torr phase. This is
because the voltage integrated across this reconstruction capacitor should represent the

coil current. Hence

Vin VOMt
Ioy = 20— 6.34
oN =5 R (6.34)
v
lorr = ;“’ (6.35)

It means that both threshold voltages Voy, Vorr as well as charging currents lpy, lorF
of equation (1) are functions of V;, and V,,,. The voltage hysteresis of a hysteretic con-
verter that can maintain a constant switching frequency of such converter can be found by
substituting equation 6.34 resp. 6.35 into 6.1 resp. 6.2 and then solve a set of equations
6.1, 6.2, 6.3, 6.4 and 6.7 for Vpy and Vprr which gives

Vout (Vm - Vout) 1

Von = 6.36
ON v FRC (6.36)
Vout (Vzn - Vout) 1
V. = (6.37)
OFF V. FRC

The result presented in equations 6.36 and 6.37is interesting in a sense that Vpy and
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Vorr are equal; i.e. the same hysteresis threshold is applicable in both Tpy and Tprr
phases. Thus a TL predictor suitable for a hysteretic converter has to compute 3 (and not

4) signals

1
ION = I_va - Vout (638)
1
lorr = I_evout (6.39)
V()ut (Vm - Vout)

Vra = Von = Vorr = (6.40)

Vi
To simplify the equations for the hysteretic threshold 6.36 and 6.37, we can assume the
term FsRC equal to 1. An example implementation of TL predictor suitable for a hysteretic
converter is shown in Fig. 6.5. The TL loop is formed by M}, M,, M3 and M, transistors.
All other components are used for correct biasing of the TL loop elements.
The current through transistor M; is managed in a similar manner as in the previous TL
circuit example of Fig. 6.4a. The Vg is controlled via the Mg, M; gain loop in such a

way that

Vour
R

Also, the current through M, is managed by a gain loop. In this case, the gain loop is

Ic1 = (6.41)

composed of only a single transistor Mg which controls the Vpg4 in such a way that
Vin
Icy = — 6.42
4= (6.42)
In other words, this TL circuit has 2 internal high impedance nodes, the collector of
lon lorr g3
-]
by A ve
£

M, m? :I M

@Vi}am EIM1 Mg ME Ms M3
v

Figure 6.5.: Example implementation of a TL predictor for a hysteretic converter
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M, and collector of My, which drive the gates of the two gain transistors Mg and My re-
spectively. The My collector current is then mirrored twice using the My, M5, Mg current
mirror. From collector current of Mg a copy of V,,,; /R current sourced by M}, is subtracted
before being injected into the emitter of M. Transistor M, thus sees a current of
IC2 — V_l o VOMZ
R R

The second current copy of My current, the current through Ms, is then divided into 2

(6.43)

parts: the M3 collector current and the current through My in such a way that the basic
equation of a 4-transistor TL loop 6.21 is satisfied.

Substituting equations 6.41, 6.42 and 6.43 into 6.21 and solving for I3 gives
[n — l Vout (Vzn - Vout)
3= % 7

It should be noted that transistor My has two functions in this TL circuit:

(6.44)

* Mg manages the Vg of My,
* My disposes of the excess of M5 collector current.

Should the I3 collector current be led into a matched resistor, then the resulting hysteretic

threshold voltage will be

Vnut (Vm - Vout)
Vi

Vrg = Rlc3 = (6.45)

Transistor M7, generating a current copy of M) collector current (V,,;/R), is only to
provide some bias for Mg. However choosing V,,, /R to bias Mg makes this TL circuit to
generate the 3 required outputs Ipy, lorr and Vg = Rlc3 in an elegant way.

TL predictor for a hysteric converter (Fig. 6.5) has been implemented using a bipolar
NPN transistor of ST-Microelectronics BCDS8 technology. The simulated transfer function
is shown in Fig. 6.6 in comparison with ideal mathematical calculation. For a linear
dependence of the reconstruction capacitor charging/discharging currents oy and Iprr
on V,,, the dependence of the hysteretic threshold V7 on V,,; has to be quadratic as is
apparent from equation 6.45 in order to maintain constant switching frequency.

To demonstrate the frequency stabilization effect of a hysteretic DC-DC converter con-
taining such TL predictor, the real transistor TL predictor has been placed in a model of a
hysteretic converter as shown in Fig. 6.7. Models of the remaining parts of the hysteretic
DC-DC converter (the comparator, the summing circuit, and power stage) were used to
speed up the simulation. The TL predictor is leading 2 fundamental components of the

hysteretic controller:
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Figure 6.6.: Transfer function of a TL predictor implementation of Fig. 6.5

* (7L, the reconstruction capacitor on which the inductor current /7 is reconstructed
* Rry, the resistor on which the hysteretic threshold voltage is generated

The hysteretic DC-DC converter has been supplied by V;,, = 5V supply and the output volt-
age has been swept from 0 to Vj, with 500 mV steps. At each step of sweep, the switching
frequency has been recorded and the resulting graph is shown in Fig. 6.8. The frequency
stabilization works very well and the trace is almost flat at around 2.4 M Hz for duty cycle
ratios D in range 30 % to 70 %. When the duty cycle is unbalanced, i.e. D < 30% or
D > 70%, there is a visible degradation of the frequency stabilization effect, primarily

due to the delays in a real system (e.g. non-overlap time). Nevertheless, for practical ap-

T =T

TL [J 4
Rn
predictor Y 7_ T
signal o +\ + _I ’ L Vv
PR + o) out
conditioning _L | 2
TCIL ] 2 :
. (@] I

/\,

+
+
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\

[

Figure 6.7.: Model of a hysteretic converter containing a TL predictor
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Figure 6.8.: Frequency stability of a hysteretic converter with and without the TL predictor
(conditions: V;, =5V, Iroap = 1A, L=1uH,C =22 uF)

plication with duty cycle under 80 % (V,,,; < 4V for V;, = 5V), the frequency spread can

be evaluated as

Af _ ,25-22

— =4+ _~+464 4
Fy 25422 6.4% (6.46)

To compare the influence of the predictor, the same simulation has been run for Vrgy
locked to a fixed value, i.e. the TL predictor was off. In this case, the spread evaluated by

the same measurement criteria is much large

Af 27-1.0
e L PO W 37 6.47
Fs 27410 ? 6.47)

The TL predictor circuit thus improves the frequency stability by the factor of 7 times.

In addition to frequency stability, it has been examined whether the transient perfor-
mance remained unaffected for variable Vg ; in other words, whether there is a penalty for
improved frequency stability. Compares load transients from Iy gap = 10mA to Irpap = 1A
in 100ns Fig. 6.9a and from Iy pasp = 1A to I pap = 10mA in 100ns Fig. 6.9b. It can be
seen that the load transient performance is very similar and variation of the output voltage

is under 15mV for all cases irrespective of the TL frequency predictor being on or off.
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Figure 6.9.: Load transient performance of a hysteretic converter with and without the TL
predictor (conditions: V;, =5V, V,,;, =2V, L=1uH,C =22 uF)

6.4. Measurement results

The simplified block diagram of the produced asynchronous DC-DC converter is shown in
Fig. 6.10. Besides the TL predictor for generating hysteresis, an internal ripple reconstruc-
tion active way - ramp reconstruction was created here. This approach takes precedence
in the fact that external components are not required for the reconstruction filter, which
reduces costs and overall size (footprint) requirements on PCB.

Proposed frequency predictor based on TL circuit was fabricated using a CMOS 130 nm
double-oxide process by STMicroelectronics in BCD8sP technology. The photograph of

Toggl
e . 3 Fowwww N, o
Hysteresis gener<':1t||4<?/gt(+ :

Py ; +
HEAVAY : :
Hyst % ) Hyst(- H Hysteretic comparator ; )
Ramp Reconstruction Logic ".i Vout
............... Ramp(+) Minimum Ton/Toff
Vin —) /\/\
VOUL mip
Vref VRxx E ga
VRxxFB /
v

Figure 6.10.: Block diagram of the hysteretic regulator with proposed TL predictor (Hys-
teresis generation) and internal ripple reconstruction (Ramp Reconstruction)
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Figure 6.11.: Die of the chip with designation of the proposed circuit

the chip/die is shown in Fig. 6.11 and the area where the frequency TL predictor is located
is highlighted with yellow. This circuit is part of the asynchronous DC-DC converter
marked with an orange color. The main parameters of a converter are: desired output
voltage V,,, = 3.3V, input voltage V;, = 5V, inductance L = 1 H, capacitance C =22 uF

and maximal current load /,,,,, = 300mA.

To verify the proper function of the proposed TL predictor, a function has been imple-
mented that can deactivate this circuit. In this mode, a constant hysteresis is generated,
independently of the controller’s supply and output voltages. The measured transfer func-
tion of TL predictor is shown in Fig. 6.12 in comparison with scaled ideal mathematical
calculations. The quadratic dependence of the generated hysteretic threshold Vry on V,;
corresponds to the theoretical value from equation 6.45 up to small deviations. In this
figure, it is also possible to see the measurement results if the TL circuit is deactivated and

the generated hysteresis is constant.

The hysteretic regulator switching frequency with resp. without proposed TL predic-
tor for different load current is represented in Fig. 6.13a resp. 6.13b. As expected, the

switching frequency exhibits a strong dependence on the input voltage.
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6.5. Conclusions and future work

The TL predictor circuit for simulation improves the frequency stability by the factor of 7
times while in the measurement this factor is half. This decreasing of the switching fre-
quency stabilization is due in particular to the selected range of input signals with which
the hysteresis comparator works (tens of mV') and the parasitic influences (especially ca-
pacities). For this reason, it would be preferable to use a larger range of input signals
but, while maintaining the transient properties, it brings an undesirable increase in con-
sumption. However, despite this degradation, the benefit of the proposed TL predictor to
stabilize the switching frequency of the asynchronous DC-DC controller is noticeable as

can be seen from the comparison of Fig. 6.13.
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Chapter
Conclusions

The presented thesis was created to show the current state of research in the field of power
management for portable systems where only a limited power source is available. Basic
principles and devices, which are used in power management, as well as the latest trends
in this field, were described. Next this work summarizes the knowledge, new architecture,
and concept which were obtained during the development of both linear regulators for SoC
solution and switching converters.

In this thesis there were presented two topologies for implementation of the capacitor-
less linear regulators, which can be used in SoC applications in the chapter 3. This research
brings a new solution for the reduction of dedicated capacitors of the regulators and thus
the price reduction. Thanks to this approach, the internal parts of SoC can be powered
by an uninterrupted power supply, thereby improving its performance. The first presented
topopogy is based on the PMOS power transistor and the other one on the NMOS power
transistor. The first topology was manufactured and validated in the laboratory. Simulation
and especially the measurement results of the prototype demonstrate that this architecture
is promising for use in the SoC applications (3.1, 3.2).

In the next section, the sensor for indirect current direction detection, which is used
in apparatus for efficient regulation of the floating capacitance voltage in the three-level
floating capacitor converter for 4G RF PA (switching frequency > 80 M Hz), was presented.
Advantages of this three-level floating capacitor converter topology are a lower output volt-
age ripple, reduced harmonic distortion and lower electromagnetic concerns. The sensor
is based on the voltage drop, which is generated on the power switches. This current sens-
ing circuit presents the advantage to avoid using a Hall Effect probe or a sensing resistor,
which are techniques requiring external components and thus increasing the cost.

In addition, a new concept of the dual edge single ended ramp generator was presented
in the chapter 5. Selecting this dual edge modulation is advantageous because it limits

the effect of the comparator delay on the PWM controller and also improves transient
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characteristics of the system due to the fact that the error signal is sampled twice every
period. The originality of the design of the saw tooth signal generator consists mainly
in the use of new control loops (described in section 5.2.1 and 5.2.2), which ensures low
power consumption and good linearity over a wide range of operating conditions without
having to use comparators, as shown by prototype measurements (the results listed in Fig.
5.15). The device is fully integrated and is manufactured in 130 nm bulk CMOS technology
known as HCMOSO9GP.

Last but not least this work has demonstrated that a frequency predictor based on TL
(trans-linear) circuits can be used to keep the switching frequency of an asynchronous
DC-DC converter under control. This is possible because TL circuits can realize mathe-
matical multiplication, division and squaring functions with adequate precision in a simple
and cost-effective way. Moreover, the well isolated bipolar transistors of STMicroelectron-
ics BCD8sP technology allow for relatively low biasing currents of the bipolar transistors,
hence the entire TL predictor can be made with consumption in the range of 10 uA. This is
instrumental in reducing the overall quiescent current consumption of a DC-DC converter.
Simulation and especially the measurement results of the prototype demonstrate that pro-
posed frequency predictor based on TL circuit can be used for stabilization of switching
frequency without impacting of excellent transient properties of the asynchronous con-
verters (the results listed in Fig. 6.12 and 6.13).

This doctoral thesis presents results of the development, which has been supported by
the Grant Agency of the Czech Technical University in Prague, grant No. SGS17/188/
OHK3/3T/13 (Mikro a nanostruktury a soucastky), grant No. SGS14/195/0HK3/3T/13
(MiNa), grant No. SGS11/156/OHK3/3T/13, the GACR project No. 02/09/160, and Min-
istry of the Interior grant No. VG20102015015. Parts of this thesis have been developed

in cooperation with STMicroelectronics and ST-Ericsson.
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