Chapter 1
Introduction

Power Supply and power management units are the most fundah@and indispensable
components found in any integrated circuit’(). The supply voltage needs to be stable,
constant and accurate to ensure proper operation of the@ndigital and mixed signal
circuits in thel/C'. Such stable voltages are obtained from the power managamén
which is powered from the main input supply like a battery or&C' — DC' regulator.
The power management circuit does the job of conversionefrtput voltage level to the
desired level and also maintains its output level independkethe load current and input
fluctuations. There is a constant endeavor to build a higblyegr efficient converter with
small size and low weight. Low voltage power converters adispensable to develop
hand held deviced]. With the progress of technology the required internal@ypoltage

is continuously decreasing. This is mainly to reduce theadyic power loss of a system
in quadratic manner((V2) [2]. In these portable systems, DC-DC voltage conversion
is required to generate different voltage levels from a leirexternal battery source. So
the DC-DC converter is actually intermediate module of th&dyy and the core circuits.
The core circuits are treated as load for the converter. difjbiency conversion helps to
increase the life time of the battery. Based on the basicirement of DC-DC voltage
conversions, there are basically two classes of convert@ne class is used for stepping
up the voltage level and the other class of converter is fEp@hg down the input supply
voltage. The DC-DC converter which does the step-down jgosilarly known as ‘Buck
Converter’ while the other one is widely called as ‘Boost Ganter’. Based on imple-
mentation there are three major categories of step-dowrD@@onverters; viz., inductor
based, switched capacitor based and linear regulator. rékearch work is on switched
capacitor based buck converter integrated with a lineaxlatigpn loop.
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1.1 Literature Survey

The development of the monolithic regulators started inléite nineteen sixtyd]. There
after a considerable effort has been made for the improveaié¢heir performance metrics
viz., power efficiency, output voltage ripple, supply anddoregulations etc. There are
three major categories of step-down DC-DC converters, Wimuctor based, switched
capacitor based and linear regulator are available. A saefey on the research work in
each filed are depicted in the next few sections.

1.1.1 Inductor Based DC-DC Converter

Inductor based converter is the first choice to make a higtiilgient buck converter. The
basic schematic of inductor based buck conver#r [5] is shown in Fig.1.1 There are

two complimentary switches, S1 and S2 which are turn on ahdegfending on the input
pulse given to the switches. The inductbrand capacito’;, basically form a low pass
filter. The input supply voltagéy;,, is chopped by S1 and S2 and produces a rectangular
voltage having average level of the defined output voltadge. [dw pass filter passes the d.c.
voltage to the load. The duty cycle of the rectangular inpu$@ to the switches actually
determines the average output level. There may be sevesalgaments of switches and
filter components to produce different output voltages Whitay be lower or higher and
same or opposite in polarity with respect to the input supplyage.
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Figure 1.1: Basic Schematic of Inductor Based Buck Converte

For achieving more than 956 of power efficiency at heavy load (i.e., maximum load
current) and light load (i.e., minimum load current) coiatit different control schemes
viz., Pulse width modulation/1V M) and Pulse Frequency modulatiaRX M) are used,
respectively. It is observed th&tlV M is usually advantageous in terms of good regula-
tion and power efficiency when the converter is in heavy loadperation. On the other
hand, using? F' M technique is beneficial in light load of operatiof].[In this context, a
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point to be added that the different parameter sensing tggbs in the different mode of
control are evolved. Hassan Pooya et al. had reviewed silabl@current sensing tech-
niques. They also introduced a new scheme to measure thentunore accurately 7].
Cheung Fai Lee and Phili Mok had introduced a monolithicentmode CMOS DC-DC
Converter with integrated power switches and a new on-chipeat sensing technique for
feedback control. The sensed inductor current which is eénetbwith the internal ramp
signal can be used for current-mode DC-DC converter feddbantrol with the help of
proposed scheme. In addition, the authors had implemehésicheme without any extra
Input / Output (1/0O) pin for current mode controlleB]] Cheng- Hui Chang et al. had
achieved 98.2 accuracy of current-sensing is while the core circuit poless is within
90 mW [9].

The research in multiphase voltage regulator modul& {/) to provide load current with
higher rating is also progressing. Abram P. Dancy et al. hegigihed a high efficiency
multiple output DC-DC converter where the key features at thesign are its low-power
dissipation, reconfigurabilityl[0]. Angel V. Peterchev et al. had developBdl’ M archi-
tecture in multi phase voltage regulation modifeg{)M) [11]. The power losses which are
incurred by the different ways at the time of operation oftibek Converter are modeled by
different research groupsl?]. Different techniques have been mathematically formadat
and implemented to minimize those losses. Volkan Kursur.ep@posed low voltage
swing MOSFET technique to enhance the power efficiency df figquency switching
DC-DC converter 13].

However, the main disadvantage of the buck Converter is thegmce of their off-chip
inductors. It makes the converter bulky and noisy. An efftegiven to bring the inductor
within the chip [L4] but low Quality factor () value of the inductor limits it on-chip imple-
mentation. There are some techniques to reduce the eleagrwgtic interference (EMI) of
the inductor 5].Eduard Alarcon et al. had designed a three level buck QuevE 6. It
offers reduced size of magnetic components, fewer amodistgitching ripple and switch-
ing losses in comparison to any standard or two levels buskvéter but still the size of
the inductor is high which restricts to embed the entire ni@dithin the chip.

On the other hand, on-chip, inductor-less, power-effic2@tDC converter with low out-
put voltage ripple applicable for the analog-embeddediegipbns are in high demand
particularly in battery operated compact system. Furthieraturization of the converter is
a challenging research topic to embed the converter withiagplication chip. The obvious
advantages of such embedded converters are size, weigkiNdhd
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1.1.2 Linear Regulator

Another option of on-chip voltage conversion is througlean regulator with zero output
voltage ripple and capability of on chip implementationeTasic schematic of linear reg-
ulator is depicted in Figl.2. It is made of an error amplifier followed by a pass transistor
A fast dynamic response is also be provided by this regul@tadt. These features make
linear regulator suitable for analog and embedded appicatGerrit W. den Besten and
Bram Nauta developed a6 to 3.3V linear regulator which can supply more than 200
mA of current while the output within a margin of %0of its nominal value 18].There
was an attempt by Mohammad Mahdi Ahmadi et al. to developeatinegulator in 0.18
uwm CMOS process 19].

Figure 1.2: Basic Schematic of Linear Regulator

The power efficiency is high for a low dropout (LDO) regulatenere the difference
between an input and the corresponding output voltage yslgss. Tetsuo Endoh et al. had
used a flexible control technique to improve the current iefficy of the linear regulator
and there by improving power efficiency at light load corutiti[20].

Frequency compensation strategy for an error amplifier ofiqdar type of linear regu-
lator is also a challenging task. Ka Nang Leung et al. hadldped a capacitor free
CMOS LDO for system on chip application to reduce the boaatsmnd number of pin
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counts PR1]. A robust frequency compensation strategy is demonstiayeChaitanya K.
Chava et al. where the authors generated a zero interntiigrrinan depending on the zero
developed by the load capacito?2?]. Xiaohua Fan et al. had also contributed in the com-
pensation of LDO with a motivation for research on high-gaide-bandwidth amplifiers
driving large capacitive loads2§].

However, its power efficiency reduces linearly with the gese of input and output volt-
age difference. This becomes a major concern for batteryatge system, where, battery
voltage remains same while the required internal voltageces with progress afC' fab-

rication technology.

1.1.3 Switched Capacitor Based DC-DC Converter

Looking into the need of embedded power management unityarea of switch capacitor
based converters is emerged for overcoming the drawbackslattor based converters
[24], [25]. These type of converter topologies are meaningful to owprthe efficiency.
Here, the basic idea is to use switches and capacitors faratlomg the energy transfer.
Monolithic integration is also possible through it. The ioaschematic of the switched
capacitor based buck converter and the corresponding pladsite control signals are
shown in Fig.1.3and Fig.1.4. It posses the advantage of reduced size and weight.
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Figure 1.3: Basic Schematic of Switched Capacitor Basedk Bumverter P§|

However, small size of capacitors may leads to a consideraivlount of switching
noise which restricts its analog application. The switghimise can be reduced by using
large capacitor(s) (may be of the ordendf’) [26] but it may not be possible to implement
these within a chip. Moreover, embedded switched capab@sed converters have low
current driving capability. Although the approach propbey Jifeng Han et al. has not
been implemented for embedded DC-DC converter, but it wasaatachnique to reduce
the output ripple in switch capacitor based DC-DC convert7]. It uses a new method
called as Interleaved Discharging (ID) to reduce ripple mmgrove power efficiency.
There is a recent trend of combining a switching regulatodctor based or capacitor
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Figure 1.4: Phases of the Control Signals of the above Sada&uapacitor Converter2]

based) with a linear regulator to achieve good power effayienith low output ripple.
For instance, combining a switched capacitor converteraalntear regulator gives a high
dropout converter with good power efficiency. In these hyloonverters the output ripple
is kept low by using external capacitor. The linear regulaiathe hybrid converter also
helps to achieve better load and line regulation. A pre4§ipecregulated output voltage
level may be achieved by it. There is a steady developmerti®neisearch of embedded
hybrid DC-DC converters. A brief overview of this developmés given below:

George Patounakis et al. had designed and implemented & y6rDC converter
which is a combination of switch-capacitor converter anthadr regulator 30], suitable
for high dropout converter with good power efficiency. Insthiybrid converter the output
ripple is high as the flying and load capacitors are on-chipl@mentable range but the
authors did not concentrate on the ripple reduction issue.


./Chapters/Chapter1/Control_Signals.eps

1.1. Literature Survey 7

There is a hybrid converter topology which can be implemewote-chip without any exter-
nal capacitor and its output ripple is maintained withinegable level 33].

In case of embedded switched capacitor based DC-DC corveltieing switching tran-
sition a short circuit path from output to ground avdd to ground is created due to the
use of overlapping clocks. This eventually degrades thegp@ifficiency of the converter
in the form of shoot-through current. This shoot-throughrent can be reduced by using
non-overlapped clocks such as break before make mechadiin[B4]. However, in em-
bedded applications where the load capacitor is very smaii;overlapped clocks results
in dip in the output voltage due to temporary shortage of ghait the output. The dip can
be reduced by using an extra transistor to compensate thisamiary deficiency of charge
at the cost of reduction in power efficiencg4].

In addition to shoot-through current the short circuit gadiso creates ‘dip’ at output volt-
age. This is more prominent in case of on-chip DC-DC convefter embedded applica-
tions, where the load capacitance is very smadll (ange). It may be shown that for a given
capacitance the ripple voltage increases with the increbsetput current. This ripple can
be reduced by increasing the clock frequency of the convétii@vever, this increases the
switching loss and shoot-through currents and degradgsativer efficiency.
Time-interleaving switching scheme for switching coneest 47] was proposed to reduce
output voltage ripple. The same scheme is utilized in thé slusiched capacitor converter
to achieve smaller output voltage ripple.

In case of time interleaving converter witi\2number of elements, th& elements are
in charging phase and remaining are in charge-recycling@had each element is driven
by one of the 2V clock-phases. At each switching transition one pair of fiyoapacitors
change their phases while all the other remain in their retspephases.

For the same output current the dual switched capacitorextens output voltage ripple is
reduced byN times. In addition, as the size of each switching transistalecreased by
N times, the shoot-through current at each transition deeehy/N times. This reduction
in shoot-through current reduces the dip at the output, timiker reduction in ripple. In
time-interleaving converter, though the switching andatkitbrough current losses at each
transition are scaled down hy, the total loss per clock period remains same dueNo 2
transitions per clock. Though the time interleaving scheeakices the output voltage rip-
ple, it suffers from shoot-through current loss during shihg transitions.

To solve the shoot-through current problem mentioned ab@ven-overlapped rotational
time interleaving (NRTI) scheme is evolvedd. In this the shoot-through current is elim-
inated by avoiding direct transition of flying capacitorrfitacharging phase to charge recy-
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cling phase and vice verse. As shoot-through current isieéitad in the NRTI converter,
supply current variation is also negligible. This uniquattee of the converter eliminates
possible ground bounce effect of the converter. NRTI scheamealso be applied to the
step down converters where the output is fractiod &<, 1/37 and1/2 of supply voltage
[58].

It is to be noted that the output voltage of a switched capaogtwork is a fraction of its
input voltage and the fraction is a function of load curramd awitching frequency. Thus, a
closed loop control is essential for regulation. So, curesrd voltage regulation are used.
NRTI switched capacitor DC-DC converter is cascaded witimealr regulator to get the
output voltage at a pre-specified level with a wide dynamngeaof load current and sup-
ply voltage. In other words, hybridization with linear régtor provides a better line and
load regulation $2].

However, the Switched capacitor architecture #48|[has onlyV dd/2 option. Therefore, it
suffers from power efficiency degradation particularly &éovery low dropout application.
On the other hand in 5B, [54] same flying capacitors are used to provide three differ-
ent step down fractions of its input supply {d) to meet the different technology nodes.
This re-utilization property of the same capacitor helpsrprove the area overhead of the
converter.

1.2 Motivation and Obijective

From the above discussion the motivation of this dissemas to develop building blocks
of the power management module. So, the objective of thikwsto design and im-
plementation of a switched capacitor based DC-DC convertech is the heart of any
power management module with better performance like rediutput voltage ripple,
improved power efficiency and increased area efficiencys kniown that the output volt-
age ripple is alarmingly high in an embedded converter aflyitsg and load capacitors
are within on-chip implantable range (within/dF'). Although the ripple can be reduced
with the increase of switching frequency but the switchiagsl increases and hence, the
power efficiency reduces. So, evolution of technique fouridn of output voltage ripple
of switched capacitor based converter particularly for edded application is needed.

As mentioned before in existing switched capacitor comrertluring switching transition
a short circuit path from output to ground and suppll() to ground is created due to
the use of overlapping clock signals. This degrades the peffieiency of the converter
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in the form of shoot-through current. This shoot-throughrent can be reduced by using
non-overlapped switching phases of the capacitors. Howievembedded applications the
use of non-overlapped control phases results in outpuageltip at every phase transition
due to temporary shortage of charge at the output.

Recently, work on reconfigurable architecture is gettirigpgduced where the same switched
capacitor module is reconfigured to generate different-dt@pn voltage and hence, the
area efficiency of the converter increases. However, eanfigtoation has limited load
driving capability. It is observed that the driving limitrcdve increased by using a regula-
tion loop and dynamically reconfiguring the architectureotMated by the shortcomings
of the existing embedded DC-DC converters the present rthdse aims at proposing
research topologies starting from ripple reduction tegbas of a dual switched capaci-
tor based converter and finally advancement towards the@awent of a reconfigurable
embedded DC-DC converter with high current driving capghilow output ripple and im-
proved power efficiency. The work done of the dissertatisuimmarized by the following
points:

e Study the available literature on DC-DC converters mostlychip and embedded
implementation and figure out the shortcomings of the exgsttbpology.

e Propose techniques to reduce the output voltage ripple efrdsedded dual switched
capacitor based DC-DC converter. Analysis and simulatibthe proposed tech-
niques to validate the research idea.

e Design and layout of the dual switched capacitor based dyd@-DC converter by
incorporating the above mentioned ripple reduction teghes.

e Testing and measurement of the fabricated test chip.

¢ Introduce a switching scheme, called NRTI to reduce theleipythin acceptance
level and elimination of the shoot through current loss Whinprove the power ef-
ficiency. Design of generation different step-down fracti@f input supply voltage
using NRTI scheme.

e Design and Simulation of the dynamically reconfigurable NBWitched capacitor
converter to demonstrate the improvement of its perforraanc

The contributions and organization of the Dissertationgawen in the next section.
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1.3 Contributions and Organization of the Dissertation

There is an attempt taken in this dissertation to design aveldp an embedded DC-DC
converter suitable for high drop-out and embedded apjbicat However, the author tar-
gets for embedded applications (without external capgaitad hence, one of the key ob-
jectives is to minimize the capacitors. In a conventionatdwecapacitor based converter,
the output ripple decreases with the capacitor (flying capaand/or load capacitor) and
increases with the load current. So the main constraint®Wwroltage low ripple on-chip
DC-DC converters are high output ripple and low power efficiedue to the reduced value
of on-chip implementable capacitance.

In the first proposed approach, along with a linear regulatswitched capacitor circuit is
used to recycle charge for improving power efficiency. Ondltieer hand the linear reg-
ulator helps to reduce the output ripple that is introducgdhe switching circuit. Ripple
reduction which is provided by the linear regulator is azaly and optimized. The calcula-
tion of the power efficiency is done by the author. Here, thb@uproposes dual-switched
capacitor circuits instead of using the fixed charge stodagacitor B0l. The second
equal size flying capacitor is switching in opposite phasthaf of the first one. This type
of switched-capacitor configuration helps to reduce pesdkpipple at the output of the
switched capacitor circuit module. It also helps to maimiaput supply current constant
in contrast to rectangular profile with a single flying capaci

The output ripple is further reduced by introducing a sysitbed ripple through the linear
regulator. A detailed analysis and the necessary condiiomnimize the output ripple are
provided. Two switched capacitor circuits with appropgighase difference are combined
and fed to the linear regulator to provide a steady supplyetiirto the linear regulator.
Implementation of the proposed topology in the circuit lefalesign is described in detail
in the dissertation. The performance of the dual switchgcior based hybrid DC-DC
converter is characterized in silicon by the author to pritneeefficacy and limitation of the
proposed topology.

It is observed by silicon characterization that the outpoitage ripple of the dual
switched capacitor based hybrid converter is still alagtyrhigh and power efficiency
may be improved by using a new switching scheme. The outdtdag®ripple of on-chip
dual switch-capacitor converter is improved by time-itgaving switching mechanism.
Further improvement in output ripple and power efficiencgehieved by including a new
switching scheme called Non-Overlapped Rotational Tinterleaving switching scheme
(NRTI). This improvement is achieved by eliminating shtfmisugh current during switch-
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ing transitions. As the stand alone switch-capacitor cdrvdias poor line and load reg-
ulation, the NRTI switch-capacitor converter is integcateith a linear regulator through
current regulation or voltage regulation control to impgats line and load regulations.
The linear regulator actually helps to achieve the regdlatgput voltage at a pre-specified
level. Moreover, the frequency and hybrid regulation aredufor the improvement of
power efficiency. The physical design of the NRTI DC-DC catereis also carried out.
The NRTI switching scheme is also applied to gener&td#3 andV dd/3 output voltage
level independently.

The last but not the least contribution in this dissertat®to develop a topology on dy-
namically reconfigurable step-down DC-DC converter. Héne, same flying capacitors
are used to provide three different step-down fractiongofriput supply and hence the
power density of the converter is increased. In combinatth a current control loop
its output voltage can be adjusted dynamically over a widgea It has also load sensing
circuit which helps to dynamically reconfigure the switclpaeitor module based on the
instantaneous load requirement. This feature enablestém@xhe load current range to a
higher limit and at the same time improves power efficiencipwn load current regime.

So, in short, the author in this dissertation contributedeiine a suitable topology of an em-
bedded DC-DC converter (where load and flying capacitorsraom-chip implementable
range) with improved power efficiency and very low outputtagk ripple, suitable for low
voltage applications.

The golden nuggets of the dissertation are as follows:

e Active ripple compensation of an embedded dual switcheda#g based hybrid
DC-DC Converter and implementation on silicon to prove tifieacy of the proposed
concept.

e To propose and implement a new switching mechanism, cabbedowerlapped rota-
tional time interleaving scheme to eliminate the shootulgrocurrent loss and further
reduction of the output voltage ripple.

e To propose and Design of a dynamically reconfigurable emégd¢RTI Switched
Capacitor based DC-DC Converter depending on the instaatemoad requirement.

Organization of the remaining part of the dissertation ifolews:
In chapter2, the working principle and output ripple of a dual switchexpacitor based
hybrid voltage converter is described. The converter aiasif a switching circuit module
cascaded with a linear regulator. The switched capacitouitimodule is responsible for
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stepping down the input supply voltage to half of its valudwhigh power efficiency. How-
ever, this introduces a significant amount of output voltagple. This ripple is reduced
by the linear regulator based on its power supply rejectaio (PSRR). Apart from ripple
reduction, the linear regulator is necessary to get linelaad regulation of the converter.
In addition, the dual switched capacitor based regulatan&yzed to predict two important
performance metrics namely ‘power efficiency’ and ‘outpoit&ge ripple’. The expression
for power efficiency of the converter is derived. Next, theaimignal analysis and reduc-
tion of the ripple originated at the switched capacitor oty the linear regulator are
presented. From the derived expression of supply-to-duipple rejection, it is transpar-
ent that the attenuation offered by the linear regulatoigs tfior the low frequency ripple.
However, the amount of ripple at the output of the regulasastill alarmingly high for a
high frequency ripple (say, beyond 304 z). This is because of the bandwidth limitation
of the regulation loop in the linear regulator. Motivatedthys urgency, a new technique
for further reduction of high frequency ripple is introduaceA signal, synchronous to the
original ripple (which comes from the switched capacitorduie) is synthesized and it is
fed into the linear regulator in such a way so that its effédha output node counters
the original ripple and hence, reduces the neat outputeipphe small signal analysis of
the ripple synthesizer is carried out to formulate exp@ssif the synthesized ripple cur-
rent needed to cancel out the ripple originated from thechweid capacitor converter. The
improvement of ripple reduction has been substantiatedrulating the corresponding
macro-model.

Chapter3 is dedicated to the transistor level circuit design detathe proposed dual
switched capacitor based hybrid converter is describecteSpmulated results of the im-
portant circuit blocks are also provided. The two flying czifms with each of 219 F and
the load capacitor is of 100F" which can be implemented within the chip are used in the
converter. Available 3.3 thick gate oxide PMOS transistors with maximally permissib
channel length is used to implement the flying and load cépaci The maximum clock
frequency of the internal clock generator employed is 33.4 z. and the converter can of-
fer a regulated output voltage range of 11260 1.36V for aload current range of 1.56 A
to 13.5mA. Subsequent to the transistor level design, the physicadjdef the proposed
dual switched capacitor based hybrid DC-DC converter is ptesented. Description and
importance of the placement of its different blocks is giveme. Various notable issues
and solutions related to the layout design of the test clembso discussed.
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Chapter4 deals with the design of test board and brief description ifferédnt mea-
surement setups. Different technical issues which aret deaing the design of the test
board are elaborated here. It is also dedicated to the géiscriof the measurement results
and the corresponding analysis. Subsequently, simuladdrmance of the proposed con-
verter system with different test options is compared wishnneasured performance. As
expected,the simulated performance is the better one éute¢hds of measured results are
matching with those of simulation results.

The measured power efficiency of the converter at 8.8 > of switching frequency and
12.7mA of load current is 64.9%. However, the corresponding peak-peak output ripple as
high as 604nV . The ripple reduces to 1461 at 35.6M H =z of switching frequency and
the corresponding power efficiency degrades to 43.99aximum power density 0.11267
Watt/mm? for total capacitor area of 0.1&m?. An extensive performance comparison
is done with respect to the existing literature. From the parative study it is seen that
the measured power efficiency of the proposed converteesyit 5.55¢ higher than the
existing literature.

Chapters discusses about a new switching scheme called Non-OvexdaRptational
Time-interleaving (NRTI) switching by which the output tede ripple of a switched ca-
pacitor based converter is reduced. In addition to the eijppdluction, the proposed switch-
ing scheme also improves power efficiency. This improvemergower efficiency is
achieved by eliminating shoot-through current duringestednsitions.

As the stand alone switched capacitor converter has pamalal load regulation, the NRTI
switched capacitor converter is integrated with a regarkelibop to improve its line and load
regulation. Different type of regulation (such as, curremttrol, frequency control, hybrid
control and voltage control) schemes are discussed anegémgrited. The NRTI scheme
is also applied to generate three different fractions oinipgit supply voltage viz.V dd/2,
2V ddlI3 andV dd/3.

In chapter6 the NRTI switching based dynamically reconfigurable swetticapacitor
topology is proposed. In combination with the current cohlivop its output voltage can
be adjusted dynamically over a wide range. It has a load sgresicuit which helps to
dynamically reconfigure the switched capacitor module tamsethe instantaneous load
requirement. This feature enables to extend the load duraage to a higher limit and at
the same time improves power efficiency in low load curregime. The hybrid control
regulation scheme which is discussed in chapteralso used here to improve the power



14 Chapter 1. Introduction

efficiency of the converter. This system is designed in a @zLBCMOS technology for
the conversion of 3.3 (nominal) input voltage to a target output voltage rangmogrf 0.8
V-t0-1.85V.

Simulation results show that the peak power efficiency, maxn power density and the
worst peak-to-peak ripple of the converter are 8% &ind more than 0.8/ att/mm? and
20mV respectively.

Finally the chaptei7 describes the insights and conclusions that are drawn fham t
dissertation. Also, the scopes for future work are presente



