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ABSTRACT

An energy harvesting system requires an energy storing device to store the energy
retrieved from the surrounding environment. This can either be a rechargeable battery
or a supercapcitor. Due to the limited lifetime of rechargeable batteries, they need to be
periodically replaced. Therefore, a supercapacitor, which has ideally a limitless number
of charge/discharge cycles can be used to store the energy; however, a voltage regulator
is required to obtain a constant output voltage as the supercapacitor discharges. This
can be implemented by a Switched-Capacitor DC-DC converter which allows a complete
integration in CMOS technology, although it requires several topologies in order to obtain
a high efficiency. This thesis presents the complete analysis of four different topologies
in order to determine expressions that allow to design and determine the optimum
input voltage ranges for each topology. To better understand the parasitic effects, the
implementation of the capacitors and the non-ideal effect of the switches, in 130 nm
technology, were carefully studied. With these two analysis a multi-ratio SC DC-DC
converter was designed with an output power of 2 mW, maximum efficiency of 77%,
and a maximum output ripple, in the steady state, of 23 mV; for an input voltage swing
of 2.3 V to 0.85 V. This proposed converter has four operation states that perform the
conversion ratios of 1/2,2/3,1/1 and 3/2 and its clock frequency is automatically adjusted
to produce a stable output voltage of 1 V. These features are implemented through two
distinct controller circuits that use asynchronous time machines (ASM) to dynamically
adjust the clock frequency and to select the active state of the converter. All the theoretical
expressions as well as the behaviour of the whole system was verified using electrical
simulations.

Keywords: DC-DC power converters, Switched capacitor circuits, Supercapacitor, Perfor-

mance analyses, Design optimization, Efficiency, CMOS, Fully integrated converter.
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RESUMO

Um sistema de recolha de energia necessita de um dispositivo de armazenamento
de energia, para armazenar a energia recolhida do ambiente, em que este esta inserido.
Esta energia pode ser armazenada quer numa bateria recarregdvel, quer num supercon-
densador. Devido ao tempo de vida limitado das baterias recarregaveis, estas tém de
ser substituidas periodicamente. Um supercondensador é caracterizado por ter numero
quase ilimitado de cargas e descargas, permitindo assim, um tempo de vida tatil muito
superior ao das baterias. Contudo, é necessério a utilizacdo de um regulador de tensao de
modo a obter-se uma tensdo de saida constante a medida que a tensdo no condensador
vai decrescendo. Para este fim, pode ser utilizado um conversor DC-DC baseado em
condensadores comutados (SC), que permite uma total integragdo em circuitos integrados.
No entanto, este precisa de multiplas topologias de modo a obter eficiéncias altas. Esta
tese apresenta uma analise completa de quatro diferentes topologias de circuitos DC-DC
SC, de modo a obter equagdes matemadticas que permitem descrever o seu funcionamento,
e determinar a gama 6tima de tensdo entrada para cada topologia. Para uma melhor
compreensdo dos efeitos devido as capacidades parasitas e efeitos nado lineares prove-
nientes dos condensadores flutuantes e dos interruptores, estes,foram cuidadosamente
estudados na tecnologia CMOS de 130 nm. Estas duas andlises, em conjunto, permitiram
a implementac¢do de um conversor multi-rdcio SC DC-DC com uma poténcia de saida de 2
mW, eficiéncia médxima de 76% e um ripple maximo (em regime permanente) na tensdo de
saida de 23 mV. Este conversor proposto tem quatro estados que produzem idealmente os
récios de conversao de 1/2,2/3,1/1 e 3/2. A sua frequéncia interna é automaticamente
ajustada, de modo a que a tensdo de saida permanega constante em torno de 1 V. Estas
duas funcionalidades sdo implementadas por dois controladores distintos, que fazem uso
de médquinas de estados assincronas (ASM), uma que ajusta dinamicamente a frequéncia
do reldgio, e outra que seleciona o estado atual do conversor. Todas as expressdes tedricas
bem como o comportamento de todo o sistema, foram verificados e validados através de

simulagoes eléctricas.

Palavras-chave: DC-DC conversores de poténcia, Circuitos de condensadores comutados,

Supercondensador, analise de desempenho, modelo de optimizagao, Eficiéncia, CMOS.
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CHAPTER

INTRODUCTION

1.1 Motivation and Background

In order to achieve infinite operation, electronic systems must obtain their energy directly
from the surrounding environment [1]. This kind of procedure is commonly known as
energy harvesting. Depending on the environment where the system is located, there
are different energy sources that can be harvested [2]. In the case of systems with small
size, the available energy is necessarily reduced, typically only providing a fraction of
the necessary power needed for the continuous operation of the system. Therefore, such
a system has to be powered down while it harvests enough energy in order to work
during a short time and then, this cycle is repeated. This type of operation is useful
for wireless sensor nodes, where the node only needs to report data periodically. This
operation requires an energy storing device, which can be either a rechargeable battery
or a supercapacitor. A rechargeable battery has the advantage of having a larger energy
storing capacity, but its lifetime is seriously reduced by the number of charge/discharge
cycles (typically the maximum number is around 1000 cycles). A supercapacitor has the
advantage of having limitless charge/discharge cycles and being less expensive than a
battery, although it stores much less energy for the same volume [3]. Depending on the
mode of operation of the energy harvesting system, a battery, a supercapacitor or both, can
be used as the energy storing device. In the case of a low power remote sensor that uses a
power-down power-up cycle, it makes more sense to use a supercapacitor as the energy
storage, since batteries need to be replaced periodically. If a large number of sensors are
deployed and if they are in places that are difficult to access, this replacement can become
expensive and difficult. Furthermore, the present trends like Internet of Things (IoT) could
benefit from having systems with lower maintenance.

The energy stored in a capacitor is given by E; =1/2-C - VCZ, this means that as the

capacitor supplies energy to the circuit its output voltage drops. As an example a 1 F

1



CHAPTER 1. INTRODUCTION

supercapacitor charged to its maximum voltage (usually 2.3 V) can store 2.645 ], if this
capacitor supplies energy for a circuit with a supply current of 10 mA during 10 s, its
output voltage would drop AV, = (I - At)/C = 100 mV. Since the power supply voltage
of the circuit should be constant, it is necessary to have a voltage regulator between
the supercapacitor and the circuit. A voltage regulator is necessary to be able to both
down-convert and up-convert the input voltage in order to achieve high efficiency that
maximize the supercapacitor energy retrieved. This prevents the use of a linear voltage
converter, because it can only step-down the voltage and its efficiency is reduced when
the input voltage is much larger than the output voltage.

The voltage regulator can be implemented using either an inductor based or a capacitor
based DC-DC converter. The first option requires an inductor which is not feasible to
implement in a CMOS integrated circuit. The second option can be fully integrated
in a CMOS integrated circuit; however, SC based DC-DC converters have maximum
efficiency for a specific input output voltage ratio. This means that in order to maintain a
high efficiency, the SC voltage converter circuit has to change its topology as the input
supercapacitor voltages decreases [4]. Therefore a careful analysis of each converter
topology should be carried out to determine its efficiency as a function of the input
voltage and the different parasitic capacitance of the circuit. This analysis will determine

the voltages values that will result in a change in the voltage conversion factor.

For this multi-ratio SC DC-DC converter to work it needs an adjacent system. This
is depicted in Fig. 1.1. Apart from the converter, the system is composed by four other
circuits: Start up, Drivers, Phase and State controllers. The Start up circuit is responsible
for the power up of the system. Its task is to pull the output node to 1 V through the
input power supply (Supercapacitor) in order to provide a power supply voltage for the
converter to start working. The drivers are used to feed the clock signals to the switches

Reset
» Start Up
. Multi-Ratio
Supercapacitor | Vin _ -
Power Suply I . " SC DC-DC out
> Converter
> Drivers -
R 12 | 7
i State 3/ 2 |_. ! 2
Controller H > Phase
— 3/2 >
b, Controller
1—»

Figure 1.1: Diagram of the proposed system
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of the converter and determine the topology, as well as the charge and discharge of the
flying capacitors in each clock phase. These clock phases are generated through the phase
controller which detects if the output voltage is above/below 1 V and produces two
non-overlapping complementary clock signals which frequency is adjusted to maintain a
stable output voltage of 1 V. The state controller defines whose topology must be activated
for a given voltage level of the supercapacitor and supplies this information to both the
drivers and the phase controller so they can carry out their task.

1.2 Thesis Organization

This thesis is organized in 6 chapters, including this introductory one. In Chapter 2
a theoretical analysis of four SC DC-DC converter topologies: the step-down 1/2 and
2/3; the 1/1 and the step-up 3/2 converters is presented. Two distinct analyses for each
converter: the first shows the effect on the output voltage due to the flying capacitors,
parasitic capacitances, output power and the operation frequency were carried out. The
second, studies the efficiency and the corresponding impact on it due to the parasitic
capacitances of the flying capacitors and of the switches.

In chapter 3 the choice of the technology used to implement the flying capacitors
was studied. The issues of the 130-nm CMOS technology regarding the switches imple-
mentation - resistance, area, parasitic capacitances and power consumption. Lastly, it is
determined a theoretical expression to size each switch for each converter topology and
through that determine the parasitic capacitance and power consumption.

The following chapter, chapter 4, the proposed multi-ratio SC DC-DC converter and
the overall system are shown. The converter and each adjacent circuit of the system is
detailed analysed and explained.

The simulation results of the whole system are depicted and discussed in chapter 5.

Finally, chapter 6 presents the conclusions and the future work of this thesis.

1.3 Contributions

The main contribution of this thesis is the study, design, and validation through electrical
simulation (using spectre) of a Power Management Unit (PMU) composed by a multi-ratio
SC DC-DC, a clock and phase generator and a start-up circuit.

The SC DC-DC converter can be configured into 4 different topologies in order to
maximize the conversion efficiency when the input voltage changes from 2.3 V to 0.85 V
and the output voltage is constant at 1 V. The clock and phase generator automatically
adjusts the clock frequency (using negative feedback) in order to maintain the output
voltage constant. A state machine associated to this circuit selects the topology that
maximizes the efficiency of the DC DC converter using the input voltage value. The
start-up circuit guaranties that when a charged supercapacitor is connected to the input,

the system starts to operate in the correct state.
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The development of this system allowed the author a better understand of the be-
haviour and working principle of SC DC-DC converters, as well as the limitations and
characteristics of the 130-nm CMOS technology. During the development a significant
number of limitations that were not expected at the beginning were encountered. These
were overcome and lead to a better understand of the non-ideal effects presented in this
field of work. Moreover, the design of an entire system showed other arising problems
such as the overlap of the clocks, kickback noise, parasitic capacitances, and feed-forward
problems.

Chapter 2 and the beginning of chapter 3 originated a paper [5] that has been orally
presented in the field of Electronics and Telecommunication, at the 5t Doctoral Conference

on Computing Electrical and Industrial Systems (DoCEIS).



CHAPTER

ANALYSIS OF THE SC DC-DC CONVERTER
TOPOLOGIES

As previously explained in chapter 1, a SC based DC-DC converter achieves maximum
efficiency for a specific input/output voltage ratio. This means that as the supercapacitor
discharges and its input voltage drops while the output voltage remains constant, it is
necessary to use different topologies for the SC converter circuit in order to maintain high
efficiency. There is a compromise between the number of different topologies and the

1/2 P 23
¢1 (bz ) ) Vout
@1 (I:II @1 Vout :L C l
] I Vin _ ! Cout 3 Rout
| ] » T
Vin i¢2 ji Cout 3 Rout = 2\ &1 @1 = =
i i i ) ) ¢ TO
3/2
2 P ) Vout

Vin

I—0—
H

Q
——

%

|||—%~—
|
0
|||—o§~

(3 71

= ¢1 ¢2 ) Vout

o ]
" I c Vin ICI 1 CoutiRuuf

Figure 2.1: Simplified schematic of the selected topologies for the SC DC-DC converters

il



CHAPTER 2. ANALYSIS OF THE SC DC-DC CONVERTER TOPOLOGIES

complexity of the circuit. In this case, the input voltage can vary from 2.3 V to 0 V and
the output voltage should be held constant around 1 V. Assuming that a supercapacitor
with 1 Fis used, the available energy, for the maximum voltage, will be 2.645 J. When the
capacitor voltage is equal to 1 V the energy remaining in the capacitor is still 0.5 ] and when
itis equal to 0.7 V the remaining energy is only 0.245 J. This means that there is a small
pay-off in trying to up-convert input voltages smaller than 0.7 V, which would require
a circuit with a voltage conversion factor larger than 2. After analysing the efficiency of
several voltage conversion circuits for the different input voltages, it was decided to use
only 4 SC DC-DC voltage converter circuits. These are depicted in Fig. 2.1 and correspond
to the voltage conversion factors of 1/2,2/3,1/1 and 3/2 [4]. Each of these converters is
responsible for a given range of the input voltage (where its efficiency is maximized) and
its clock frequency is adjusted in order to obtain an output voltage of 1 V, independently of
the input voltage and of the load. These 4 topologies can be combined into a single circuit
with 3 capacitors that can be configured to any of the 4 topology using switches [4]. In
order to determine what are the input voltage ranges that maximize the efficiency for the
different topologies it is necessary to analyse the behaviour of each converter to determine
its operating parameters (efficiency and output voltage) as function of the different design
parameters (capacitance values, clock frequency, etc.) and the different non-ideal effects

(e.g. parasitic capacitance, switch ON resistance).

2.1 Analysis of the SC DC-DC 1/2 Step Down Converter

2.1.1 Analyses of the Output Voltage

2
& 4! Vo,
o/c H * * /0—1 '
e ]
VinC_) CTl:J]:: CBl:J]:: d’i Coit—— Ruu
I I
B N A 1

Figure 2.2: Simplified schematic of the 1/2 converter

Figure 2.2 shows the topology chosen to down-convert the input voltage (V;,) into two
times smaller, Vs = Vj;,/2 [4]. The operation of this circuit is divided in two different

phases: phase one (¢1) in which the capacitors C; and C,, are connected in series with the
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2.1. ANALYSIS OF THE SC DC-DC 1/2 STEP DOWN CONVERTER

input voltage V;,; and phase two (¢2) where the capacitors C; and C,,; are now connected
in parallel resulting in, ideally, an output voltage (V,,:) of half the input voltage.

F

+
O——
|

1

Cpi=p:

<
o
T

Vour

I

== —

re-r-—
@)

(a) Phase 1: ¢

Figure 2.3: Simplified schematic of the 1/2 SC converter in the two phases

Figures 2.3(a) and 2.3(b) show the schematics of the resulting circuit in each clock
phase (¢1 and ¢,). The two capacitors Cr and Cp; represent the top and the bottom plate
parasitic capacitances of the flying capacitor C;, respectively. At the beginning of phase ¢
there is charge conservation between C; and C,,;. Notice that there is also a load resistor
(Rout) in parallel with C,,;. Therefore, some of the charge is going to flow through Ry;.
During the phase ¢, the voltage on the node V,,; decreases exponentially between V,;
and V,
the amount of charge flowing through R,,: can be easily determined by (2.1) [6]. Notice

min

utyar- Assuming that Coyr X Rou>> Tk allow considering that Viut, . =Vout,,., and so

that phase ¢; last only Tcpx /2. The same procedure can be applied to phase ¢».
Terk — Yout - Terk

AQRW' - m . 2 - 2. Rout

The conventional switched-capacitor circuit analysis techniques [7](Chapter 5) determines

2.1)

the charge in each capacitor at the end of each clock phase: (n — 1) xTcrk (phase ¢1),
(n —1/2)xTcrk (phase ¢,) and nx Tcrk (phase ¢1). When the circuit changes from ¢ to
¢2, there is charge conservation in the node that connects the top plate of C;, Cr1 and Coy;.
Therefore, in phase ¢, at (n — 1/2) x Tk the charge from the top plates of C;, C1 and
Cout is equal to the charge from the top plate of C1, Cr1 and Coyt at ¢ at (n — 1) X Tepx plus
the charge lost from R, during ¢, AQg,,,. In the transition from phase ¢, to ¢ the node
that connects the bottom plate of C; the top plate of Cp; and C,,+ has charge conservation.
Thus, the sum of the charges of Cq, Cg1, Cour at ¢1 at nx Tk is equal to the sum of C;
and C,y¢ from ¢, at (n — 1/2) x Tcpx and the charge lost in Ry, during ¢». The resulting
system of the equations described can be seen in (2.2) and (2.3).

QG +QG, +QC, =QE+QE, +QC, +8Q., 1 =¢ (22

—Q +Q8, = —96 + QT + QL +5Qk,, ;oo @Y
Replacing Q = V - Cin (2.2) and (2.3) results in the set of equations shown below.

1 T
(Vin - Vout[” - 1}) C+ Vout[” - 1] Cout + Vi, C1r1 = Vour [” - §:| (Cl +Cr1 + Cour + Wt)
ou

1 T
Vout |:7’l - *:| (_Cl + Cout) = (Vout[n] - Vzn) Ci+ Vout[”] (CBl + Cout + 7)
2 2 Rout
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Solving in order to Vo, [n] results in

o 2Rout (Vm (2 Cout Rout (2 Cl + CTl) + Cl T) + 2Roul‘ (Cl - Cout)z Vout[” - 1])

Vout|n| = 2.5

Out[ } (2 Rout (Cl + CBl + Cout) + T) (2 Rout(cl + Cout + CTl) + T) ( )
Considering only the steady state condition (V,u[n] = Voue[n — 1] = Vour)

Vout _ 2Raur Vin (2 Caut Raut (2 Cl + CTl) + Cl T) (2.6)

4 R2

out

(Cl (CBl +4Cout + CTI) + CBl (Cuut + CTl) + Cout CT]) +2Rout T (2 C] + CBl +2Cout + CTl) + 712

Since Coyt > Cj, the approximation C,,; — o0 can be applied in (2.6). In this case C,yt
only affects the ripple of V;,;. The resulting equation is

Rout Vin (2C1 4+ Cr1)

Vout = 2.7

" = Ryut (4Cy + Cp1 + Crr) + T 27)
or as a function of the clock frequency (F = 1/T)
FRout Vi, (2

Vour = out Vin < Ci+ CTl) (28)

F Ryt (4C1 +Cp1 + CT1) +1

Finally, for simplicity it is possible to look at the equation considering an ideal capacitor

(Cr1 = Cgp = 0) in order of T¢k or Fepk.

2 Cl Rout Vin

Vour = ———— 2.9
out 4 Cl Rout +T ( )
2 Cl F Rout Vin
Vour = —————— 2.1
out 1 + 4 Cl F Rout ( O)

1t 1
0.8} 0.8
= 06} = 0.6
=~ 0.4} - 0.4
L :',:_ClzloopF; 0.2 Y AR _Rv’ld:“r)OQ 4
02 [1—Ci=10F | ’ /o —— R, =100 Q
C;=10nF 0 R, =200 Q2
O i v I
100 10*  10° 105 107 108 10° 10% 104 10° 108 107 108 10°
Frequency (Hz) Frequency (Hz)
(a) Cy effect with Ry, = 100 Q) (b) Royt effect with C; = 1 nF

Figure 2.4: V,,;; as function of the clock frequency for V;,, =2V

Figure 2.4(a) shows the plot of (2.10) where it can be seen the impact that C; has on
Vour for a given value of frequency. It is possible to see that C; restricts the minimum value
of the working frequency in order to have V;,; equal to 1 V. Figure 2.4(b) shows V,,; for
three different values of R,,:. These values represent three different power output values
(Rout = 50 QO — Py = 20 mW, Ry = 100 QO — P,y = 10 mW, and R, = 200 Q) —
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1.1 1.1
1 1
—~ 0. —~ 0.
=" ="
SR =508

0.7 é | =—Cn=1% || 0.7 o » H—C;=1%

B T : : ::::::é _CT1:5% :'::::é B B ::::::é _031:5%

: : CT1:10% : : 031:10%)
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(a) Crp effect with Cgy =0 (b) Cp effect with Cp1 =0

Figure 2.5: V,,;; as function of the clock frequency for V;,, =2V, C; = InFand R,,; = 100 2

Pyt = 5 mW). Once again, an increase in R, results in an increase of the minimum
working frequency in order to maintain the output voltage constant.

Figures 2.5(a) and 2.5(b) show the plot of (2.8) as function of the clock frequency for
different values of Cr; and Cgy. As Cr increases V,,; increases its value. This effect is
easily explain because Cr; charges to V;, in ¢; and in ¢, discharges this extra voltage to
Vout. The effect of Cpy is the opposite. Cp; charges to V;,; in ¢, and in ¢; discharge to zero.
If both parasitic capacitances were equal, V,,; would remain unchanged. Nevertheless,
this extra charge and discharge will increase the current drain from V;, and V,,:. Even
though that V;,; remains the same, these capacitance will lead do lower efficiencies.

By solving (2.8) in order to the frequency (2.11) it is possible to determine the required
frequency for the converter to produce an output voltage of 1 V (for example) for a given
Vin, C1 and Ryys.

Vout
F = 2.11
CLK]/Z Rout (2 Cl (Vzn -2 Vout) + CTl (Vm - Vout) - CBl Vout) ( )
considering an ideal capacitor (2.11) results in
Vout
F = 2.12
LK 2 Rout Cl (Vm -2 Vout) ( )

Figure 2.6 shows the plot of (2.12) for different values of the output resistance with
C; = 1nFand V, = 1 V. For V,;; = 1V the optimum point of conversion would be at
Vin = 2 V. However, since R,;,; determines the current drain from the output node, in the
optimum point of conversion, the frequency would have to be infinite in order for the
current to be larger than zero. This is why the asymptote at V;,, = 2V appears in the graph.
As V;, increases, the converter produces an output voltage higher than 1 V. Therefore,
in order to adjust the value of V,,; to 1V, the amount of charge transferred to R,,; must
decrease, thus the clock frequency must decrease. With V,,;; fixed at 1 V, an increase in
Rout reduces the drained current - Ohms Law. Hence the amount of charge lost per time

period is lower and so the frequency can be decreased.
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109
Rout = 100
Rout = 200
Rout = 500
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Figure 2.6: Fcrk as function of Vj, for Vs =1V and C; = 1 nF

2.1.2 Analysis of the Efficiency

Assuming that the clock frequency is adjusted to have the desired output voltage (e.g.
Vour=1 V) and that output decoupling capacitor C,,; is large enough, it is reasonable to
assume that the output voltage value is constant. In this case, the schematics of the 1/2
converter circuit with an ideal output voltage supply connected to V,,; during phase ¢,
and ¢» are shown in figure 2.7(a) and 2.7(b) respectively. In these, C; represents the gate
capacitance of all the CMOS switches in the circuit. In each clock cycle, the switches drain a
charge (AQjyp) from Vj, through the clock buffers. Using conventional switched-capacitor
circuit analysis techniques [5](Chapter 5) it is possible to determine the charge in each
capacitor at the end of each clock phase. The resulting equations are shown in (2.13) and

Ve

AQiu AQ;
>tz >

T | | T

| o]
Ce= :: 2 Vi Cri= l]: Cpi= I|: Vour

L L

(a) Phase 1: ¢ (b) Phase 2: ¢

Figure 2.7: Simplified schematic of the 1/2 SC DC-DC converter in each phase, with an
ideal output voltage source
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2.1. ANALYSIS OF THE SC DC-DC 1/2 STEP DOWN CONVERTER

these allow to determine AQ;;1, AQin2, AQ1, and AQ».

p

(Vl - Vout) Cl + Vin CTl = Vout (Cl + CTl) + AQZ

0= Vin CG + AQinZ
(2.13)
- Vout Cl - (Vout - Vm) Cl + Vout C'Bl + AQl

Vout (C1+Cr1) = (Vi — Vour) C1 + Vi, C11 + AQim

where AQ) » is the charge absorbed by the output power supply in each phase. Solving
the previous equations in order to AQ;,1, AQin2, AQ1, and AQ»; results in

AQim = —C1 Vi — Cr1 Vg +2C1 Vour + Cr1 Vour
AQinZ = _CG Vin

(2.14)
AQl = Cl Vin -2 Cl Vout - CBl Vout

AQZ = Cl Vin + CTl Vin -2 Cl Vout — CTl Vout

The input (P;,) and output (P,,¢) power are calculated using AQj,1, AQin2, AQ1, AQ2 and
the values of V;, and V,,;. These are given by

Py = Iin Vin = Vip (AQim1 + AQin2) Ferk
(2.15)

Pout — lout Vout — Vout (AQl + AQZ) PCLK

{ Py = Viy (Vour (2C1 +Cr1) — Vi (C1 + Cs + C11)) Ferk 216
2.16

Pout = _Vout (_2 Cl Vin +4 Cl Vout + CBl Vout - CTl Vin + CTl Vout) PCLK
The efficiency (1) is defined as the ratio between P, and Py, it is given by

s = [Pout| _ Vour (2C1 + Cr1) Vi — (4C1 + C1 + Cr1) Vour)
27 1Pl Vin ((C1 + C + Cr1) Vin — (2C1 + Cr1) Vour)

(2.17)

this equation can be solved for V,,; = 1V resulting in

—Vin (2C1+Cr1) +4C1 4+ Cp1 +Cn1

— 2.18
Tr2 Vin (=Vi (C1+Cc+Cr1) +2C1 +Cr1) (2.18)

Notice that 771/, does not depend on the clock frequency, but only on the ratio between C;
and the parasitic capacitances Crq, Cp; and Cg; for a given value of Vj,,. The 1/2 converter
circuit was simulated in Spectre with ideal switches and capacitors for different input
voltages between 2 to 2.5 V and with V;,; fixed at 1 V. From these transient simulations
its efficiency was calculated and compared to the efficiency calculated using (2.18) for
different parasitic capacitance values.

First, the effect of both top and bottom plate parasitic capacitances (Ctq1 = Cp1) of C;
was analysed assuming that the switch parasitic capacitances C; = 0. Therefore, (2.18)
was plotted for different values of Cr; and Cg; (0%, 1 %, 5 % and 10% of C;) Fig. 2.8(a). For
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CHAPTER 2. ANALYSIS OF THE SC DC-DC CONVERTER TOPOLOGIES

Cp1 = Cr1 = 0 the efficiency decreases almost in a straight line as the value of V;, increases.
However, as Crq and Cp; increases the efficiency decreases and the maximum achievable
efficiency shifts to higher values of V. Figure 2.8(b) shows the plot of the efficiency with
the effect of C; (Cr1 = Cp1 = 0). This effect is similar to the top and bottom parasitic
capacitance, even though the relation between the increase of C¢ and the corresponding
decrease in 7 is more considerable. Lastly, Fig. 2.8(c) shows the plot for Cpr; = Cp; = Cg.
The behaviour is similar to the previous plots, although the decrease in 7 is more marked.
The simulation results (markers) prove that (2.18) accurately describes the behaviour of

the converter efficiency and validates the theoretical analysis.

g Z
o o
E &
€] =
— Crp=5% |
Crp=10%
0 ‘ ‘ ‘ : & ‘ ‘ ‘
2 2.1 2.2 2.3 24 2.5 2 2.1 2.2 2.3 24 2.5
Vin (V) Vin (V)
(a) Cr1 = Cpq effect with Cg =0 (b) Cg effect with Cp; = Cpy =0
“M
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z
=
3 04) o ]
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02l e CT.B‘Gzlf/c |
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0 i i :
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‘/;n (V>
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Figure 2.8: Efficiency of the 1/2 converter circuit as function of V;,, with C; = 1nF, Vs = 1
V for different values of Cr1, Cpy and Cg
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2.2. ANALYSIS OF THE SC DC-DC 2/3 STEP DOWN CONVERTER

2.2 Analysis of the SC DC-DC 2/3 Step Down Converter
2.2.1 Analyses of the Output Voltage

451 ¢ 2 Vout

¢2 \' Cout:: Rout

Vin C_) l—:

— )}

p— (bl\’

Figure 2.9: Simplified schematic of the 2/3 SC converter

Figure 2.9 shows the topology chosen to down-convert the input voltage (V;,) into two
thirds smaller, Vot = 2/3 Vjy, [4]. The operation of this circuit is divided in two different
phases: phase one (¢;) in which the capacitor C; charges to the input voltage V;, in series
with the parallel of C; and Cs; and phase two (¢2) where the capacitor C; and the series of
C; and Cj are discharge.

i + - D J_ +
Vin B f[ - CTI o Cl) V1 Cuu.‘ R(mt Vm,g - -J| = CT] Cl V1 Couf Rvuf Vgut
A e i AL s 1 e i e
— =L — _—i_-' — — —
————
______ +
r T | |
| + I + I -4
2=Cp =—=C
2=cp —LC2)V2 :3=Cp ::(:3)V3 e T Z)Vz
I I I I Vin | —
| - | - | -L-
=L — —L- e =L [ S
- - - - - i + i
— -J|:CT3 ::Cs)v 3=Ch
| |
| — |
=L — =L
(a) Phase 1: ¢ (b) Phase 2: ¢

Figure 2.10: Simplified schematic of the 2/3 SC DC-DC converter in the two phases

Figures 2.10(a) and 2.10(b) shows the schematics of the resulting circuit in each clock
phase (¢1 and ¢,). There are a total of five parasitic capacitances (Cr1, Cp1, Cr2, Cpz, and
Cr3) associated to the three flying capacitors (C;, C; and Cz). From ¢4 to ¢, there is charge
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CHAPTER 2. ANALYSIS OF THE SC DC-DC CONVERTER TOPOLOGIES

conservation in two nodes: the one that connects the top plate of C;, Cr1, C;, Crp, and
Cout; and again the load resistor (R,;¢) in parallel with C,,; the second node connects the
bottom plate of C; and the top plate of C3, Cp; and Crz. From ¢, to ¢y there is again charge
conservation in two nodes: the one that connects the bottom plate of C; and the top plates
of Cy, C3, C12, Cr3 and Cpy; the other connects the top plate of Cy,s with Ryt The same
conditions in order to maintain valid (2.1) are kept in this converter.

Applying the same analyses as in the previous section, the equations that describe the
conservation of charge can be seen in (2.19).

Q QCTI Q chz QCuur Q QCT] Q QCn Qcout + AQR
Q + Q + QCT3 = _Q QCBZ Q + QCT3

2.19
—Ql rQlrQl ol v+l =-Ql i+l +Ql QR +Ql i+l Y
QZ, =Ql , +4Qk,,
Replacing Q = V - C in (2.19) results in the set of equations shown below.
(Vin = V2) C1 + V2 (C2 + Cr2) + Vin Cr1 + Vour[n — 1] Cour =
= (Vgut {n - 1} - V3) Co + Vour {n — 1] (Cl + Cout +Cr1 +Cr2 + T )
2 2 2 Rout
V2(C3+Cr3) = V2o =
= (V3 — Vout {ﬂ - %D Co+V3(C3+Cpa +Crs) (2.20)

1 1 1
— Vout [n - E} Ci+ (Vout [n - E} - Vs) Co + V3 (C3 4 Cr3) + Vour {n - E} (Cr1+Cr) =

=V = Vi) C1 + V2 (Co +C3+Cp1 + Cr2 +Cr3)

Vout {” - %} Cout = Vout[n] (Cout + ZRT()ut)
As in the preview section, (2.20) is solved in order to V,, then considering only the
steady state (Voue[n] = Vouwr[n — 1] = Vi) and, finally, considering the approximation
Cout — 00. Due to the large size of the resulting equation, only the equations without the
effect of parasitics capacitances (Cr; = Cp; = Cr2 = Cpp = Cr3 = 0) and considering
Cy = Cp = Gz in order of Ty g or Fepk are showed (2.21) and (2.22).

2 Cl Rout Vin
Vit = ——iout 7in_ 2.21
Ul 3C Royt +2T (2.21)
2C FRyy Vi
Vo = 2L E Rout Vi (2.22)

3C1FRyut +2

Figure 2.11(a) shows the plot of (2.22) where it can be seen the impact that C; has on
Vout for a given value of frequency. As in the previous converter, the value of C; restricts the
minimum value of the working frequency in order to have V,,; equal to 1 V. Figure 2.11(b)
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2.2. ANALYSIS OF THE SC DC-DC 2/3 STEP DOWN CONVERTER

shows V,,; for three different values of R,,;. These values represent three different power
output values (Ryyt = 50 Q — Ppyy = 20 mW, Ry = 100 Q — P,y = 10 mW, and
Rout = 200 Q2 — P, = 5 mW). Once again, an increase in R, results in a increase of the

minimum working frequency in order to maintain the output voltage constant.

1l 1l = Rou = 50 Q
— Ry =100Q |: ¢
Ry =200 Q| ¢
0.8} 0.8 f———rr—rrmi
= 06} > 0.6
=~ 0.4f =~ 0.4
L o] _Cl =100 pF i
02 S —G=1aF | 02
0 C, =10 nF 0
0% 10 105 10° 107 10*°  10°  10% 10° 10° 107 108 10° 1010
Frequency (Hz) Frequency (Hz)
(a) Cq effect with Ry, = 100 Q) (b) Ryt effect with C; = 0.33 nF

Figure 2.11: V,;; as function of the clock frequency for V;, = 1.5V

Figures 2.12 show the plot of V;,; as function of the clock frequency for V;, = 2V,
C1 = C, = C3 = 0.33nF and R,,;; = 100 Q) for different values of Cr1, Cg1, C12, Cpr and
Crs. Figures 2.12(c) and 2.12(d) show that Cr3 and Cp; have no effect in V;,. The first,
Cr3, charges in parallel with C3 and so does not affect V,,;; the second, Cpy, charges to
V2 in ¢ and in ¢, discharges to ground. Figure 2.12(a) shows that as Crj increases Vot
increases its value. This is because Cr; charges to V;, in ¢; which is at a higher potential
than V,,; in ¢y. Figures 2.12(b) and 2.12(e) show that as Cr; or Cpp increase V,,; decreases.
The first, Crp, charges to V; in ¢; which is at a lower potential than V,,; in ¢, and so drain
charge from V,,;; the second, Cp; drains charge from V3 in ¢» and discharges to ground in
¢ and thefores affects the V,,; value. Finally, Fig. 2.12(f), shows the effect if all parasitic
capacitances were equal. This results in a decrease in V,,;, although the decrease is very
small, almost negligible.

From (2.22) it is possible to calculate the value of Fcrk as a function of Vi, Vout, C1, and
Rout- This results in expression (2.23).

2 Vout

2.23
2 Cl Rout Vin -3 Cl Rout Vout ( )

Ferk, ), =

Figure 2.13 shows the plot of (2.23) for different values of the output resistance with
C1 = G = C3 = 0.33 nF and an output voltage of 1 V. With V,,; = 1V this plot shows that
the optimum point of conversion would be at V;,, = 1.5 V. The plot shows the asymptote in
Vin = 1.5V and as V},, increases, the clock frequency decreases in order to produce V,,; = 1
V. Lastly, increasing the value of R, results in a decrease in the range of frequency values.
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2.2. ANALYSIS OF THE SC DC-DC 2/3 STEP DOWN CONVERTER
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Figure 2.13: Fcpk, ,, as function of V};, for V,,; =1 Vand C; = C; = C3 = 0.33 nF

2.2.2 Analysis of the Efficiency

The efficiency analyses, performed on the 1/2 converter, can be replicated for this converter
as well. The schematics of the 2/3 converter circuit during phase ¢; and ¢, are shown
in figure 2.14(a) and 2.14(b) respectively. Using conventional switched-capacitor circuit
analysis techniques [7](Chapter 5) it is possible to determine the charge in each capacitor
at the end of each clock phase. The resulting equations are shown in (2.24) and these allow
to determine AQj,1, AQjn2, and AQ,y:. Where AQ,, is the charge absorbed by the output

power supply in ¢».

T
fl =Cny C Vi Vour
|
C L
=L —
o 1T
A,(\L f, =Cn =/ C |y,
|
I -_—
CG Vin __—L_-
1" e
— — -f,:CTs _—G; v —,:CBZ
l _ l
S L
(a) Phase 1: ¢ (b) Phase 2: ¢

Figure 2.14: Simplified schematic of the 2/3 SC DC-DC converter in each phase, with an
ideal output voltage source
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(Vin =V2) C1 + V2 (G2 + Cr2) + Vi Cr1 =
= Vout (C1 + Cr1 + Cr2) + (Vour — V3) Ca + AQout
0= Vi Cc + AQinz
Vo (C3+Crs3) — VaCo = (V3 — Vour)Co + V3 (C3 + Cpa + Cr3) (2.24)
— Vout C1 + (Vour — V3) Co 4+ V3 (C3 + Cr3) + Vour Cr2 =

= (V2 — Vm) C1+V2(Co+C3+Cpp + Cra+ Cr3)

Vout (C1 +Cr1) = (Viy — V2) C1 + Vi Cr1 + AQim

Solving the previous equations in order to AQ;,1, AQiy2, and AQyy¢; then Py, and Pyt can
be determined by replacing the resulting equations in 2.25.

Py = Iin Vin = Vip (AQin1 + AQin2) Ferk

(2.25)
Pout = lout Vout = Vout AQouif FCLK
The efficiency (1) with V,,;=1 can be determined by
|Pout|
= 2.26
N2/3 ’Pin ’ ( )

Due to the size of the resulting equation, only its plot is shown. Notice that 7,,3 does
not depend on the clock frequency, but only on the ratio between C;, C; and C3 and
the corresponding parasitic capacitances Cri, Cpi, Cr2, Cp2, Cr3 and Cg; for a given
value of Vj,,. The 2/3 converter circuit was simulated in Spectre with ideal switches and
capacitors for different input voltages between 1.5 to 2.1 V and with V,;; fixed at 1 V. From
these transient simulations its efficiency was calculated and compared to the efficiency
calculated using (2.26) for different parasitic capacitance values.

The previous analyses showed that the parasitic capacitances have small influence
in the output voltage. However, in terms of efficiency figures 2.15 show that these have
a strong impact in the efficiency. Figures 2.15(a), 2.15(b), 2.15(c) and 2.15(d) affect the
efficiency almost in the same way - an increase in the capacitances result in a decrease in
the efficiency. Figure 2.15(e) shows that Cr3 has no impact. This is because this parasitic
capacitance charge and discharge in parallel with C3 and so no charge is lost. Figure 2.15(f)
shows the effect of Cc where the decrease in the efficiency is more pronounced than one
caused if all parasitic capacitances of the flying capacitors were equal (Fig. 2.15(g)). Lastly,
figure 2.15(h) shows the plot for Crp = Cg. The behaviour is the same as in the previous
plots, although the decrease in 77 is more noticeable. The simulation results (markers) prove
that (2.26) accurately describes the behaviour of the converter efficiency and validates the
theoretical analysis.
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Figure 2.15: 7 as function of the clock frequency for V;;, = 1.5Vand C; = G, = G =

0.33 nF
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2.3 Analysis of the SC DC-DC 1/1 Converter

2.3.1 Analyses of the Output Voltage

¢1 ¢ 2 Vout
o—?—o—o/c )
|
|
Vin <-_> CTI = J]: : Cl Cout Rouf§
|
|
1 L.

Figure 2.16: Simplified schematic of the 1/1 SC DC-DC converter

Unlike the two previous converters, this converter, show in figure 2.16, does not step-
down or step-up the input voltage. Its function is simpler - transfer the input voltage (V;,)
into to the output voltage, Vot = Vi, [4]. In phase one (¢1) the capacitor C; charges to the
input voltage (V;,) and in phase two (¢») the capacitor C; discharge to Vy;.

.+ . .+

]
|
|
Vi Cout Rout Vout Vin C’m:l]:: Ci Vi Cout Rouf Vout
1 1- L1 1
— — — L. = — —
(a) Phase 1: ¢; (b) Phase 2: ¢

Figure 2.17: Simplified schematic of the 1/1 SC DC-DC converter in the two phases

Figures 2.17(a) and 2.17(b) shows the schematics of the resulting circuit in each clock
phase (¢1 and ¢»). There is only one parasitic capacitance to have into account - Cr;. From
¢1 to ¢y there is charge conservation in the node that connects Cy, Cr1, and Coy top plates
and the load resistor (R,yt). From ¢» to ¢ there is charge conservation in the node that
connects C,yt top plate and R,y:. As in the previous converters, the assumptions that
validate the use of (2.1) are kept. Applying the same analyse as in the previous sections,
the resulting system of charge equations can be seen in (2.27).

QL+l +Qf =QF+QE +QF, + 50k,
(2.27)
QF =QF +AQg,,

out
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2.3. ANALYSIS OF THE SC DC-DC 1/1 CONVERTER

Replacing Q = V - C in (2.27) results in the set of equations shown below.

1 T
Vin (Cl + CTl) + Vout [n - 1] Cout = Vout n—z Cl + CTl + Cout + —
2 2 Rout

(2.28)

1 T
Vout |:1/l - 2:| Cout - Vout[n] (Cout + 2Rout>

As in the previous sections, solving (2.28) in order to V,,, then considering only the steady
state (Vout[n] = Vour[n — 1] = V,ut) and, finally, considering the approximation Coyr — 00;
results in Roue Vi (C1 + Cr1)
v _ out Vin 1 T1 2.29
" C1 Rout + Cr1 Rout + T @)

or as a function of the clock frequency (F = 1/T)

F Rout Vin (C1 + Cp1)
FRoyut(C1+Cr1) +1

Vout = (2~3O)

For simplicity it is possible to calculate V,,; considering the ideal capacitor (Ct; = 0) in
order of T or F.

Cl Rout Vin

Vout = =————+ (2.31)
Cl Rout +T
Cl F Rout Vin
Vit = L out Vin (2.32)
Cl F Rout +1
=G =100pF] R N— B =500
—Cy=10F | Ry =100Q |
Cy=10nF Ry =200 Q| -
= 0.6} > 0.6
=~ 0.4+ =~ 0.4
0.2} == 0.2
0 - = L . oL : . . .
ot 100 106 107 108 10° 10 10° 10° 107 108 107 101
Frequency (Hz) Frequency (Hz)
(a) Cq effect with Ry, = 100 Q) (b) Ryt effect with C; = 1 nF

Figure 2.18: V;,;; as function of the clock frequency for V;, =1V

Figure 2.18(a) shows the plot of (2.32) where it can be seen the impact that C; has on
Vout for a given value of frequency. As in the previous converter, the value of C; restricts the
minimum value of the working frequency in order to have V,,; equal to 1 V. Figure 2.18(b)
shows V,,; for three different values of R,,:. These values represent three different power
output values (Ryut = 50 Q — Ppyy = 20 mW, Ry = 100 Q — P,y = 10 mW, and
Rout = 200 QQ — P, = 5 mW). Once again, an increase in R, results in an increase on

the minimum working frequency in order to maintain the output voltage constant..
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Figure 2.19: V,,; as function of the clock frequency for V;, =1V, C; = 1 nF and Ry, =
100 OO

Figures 2.19 shows the plot of V;,; as function of the clock frequency for V;, =1V,
C1 = 1 nF and R,y = 100 Q) for different values of Cr;. The plot shows that Cr; has no
effect in V;,,¢, because this capacitance is parallel with C;.

Solving (2.30) in order to the frequency results in

Vout
E = 2.33
CLKin Rout (Cl + CTl) (Vm - Vout) ( )
and considering an ideal capacitor results in
V.
Ferk,,, = out (2.34)

Cl Rout <Vm - Vout)

Figure 2.20 shows the plot of (2.34) for different values of the output resistance with
C1 = 1 nFand Vor = 1 V. As expected, the asymptote is located in V;, = 1V and
decreases rapidly from this value. Again, increasing R, results in a decrease in the range

of frequency values.

2.3.2 Analysis of the Efficiency

The schematics of the 1/1 converter circuit during phase ¢; and ¢, are shown in figure
2.21(a) and 2.21(b) respectively. Using conventional switched-capacitor circuit analysis
techniques [7](Chapter 5) it is possible to determine the charge in each capacitor at the
end of each clock phase. The resulting equations are shown in (2.35) and these allow to
determine AQ;y1, AQin2, and AQ,y:. Where AQ, is the charge absorbed by the output

power supply in ¢».
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Figure 2.20: Fcyk, , as function of Vj, for Voy =1V and C; = 1 nF
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Figure 2.21: Simplified schematic of the 1/1 SC DC-DC converter in each phase, with an
ideal output voltage source

Vin (C1 + Cr1) = Vour (C1 + Cr1) + AQout
0 =C¢ Vin + AQinz (2.35)
Vout (C1 + Cr1) = Vi (C1 + Cr1) + AQim
Solving the previous equations in order to AQ;,1, AQjn2 and AQ,y; results in
AQim = —(C1+ Cr1) (Vin — Vour)
AQima = —Cg Viy (2.36)
AQout = (C1 + Cr1) (Vin — Vour)

The input (P;,,) and output (Pp,;) power are calculated using AQ;n1, AQin2, AQout, Vin and

Vout- These are given by
Pin = Iin Vin = Vin (AQinl + AQinZ) FCLK
(2.37)
Pout = Iout Vout = Vout AQout PCLK
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Vin Vout (C1 +Cr1) — Vin (C1 +C6 +Cr1))

Pin:

Pout =

T
Vout (Cl + CTl) (Vm - Vout)

T

The efficiency (17) defined by the ratio between P,,; and P;, is given by

- |Paut‘ o

Vout (Cl + CTl) (VZn —

Vout)

A= 1P ™ Vig (Vi (C1+ Co + Cr1) — Vout (C1 + Cr1))

solving for Vs = 1 V results in

(Vin -

1) (C1+Cn)

hin= V2 (Ci+Cg+Cr1) — Vi (C1 +Cr1)

(2.38)

(2.39)

(2.40)

Again 771,17 does not depend on the clock frequency, but only on the ratio between Cj,

Cr1, and Cg for a given value of Vj,. The 1/1 converter circuit was simulated in Spectre

with ideal switches and capacitors for different input voltages between 1.1 to 1.8 V and

with V,,; fixed at 1 V. From these transient simulations its efficiency was calculated and

compared to the efficiency calculated using (2.40) for different parasitic capacitance values.
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Figure 2.22: 7 as function of the clock frequency for V,;; =1V and C; = 1 nF

Figures 2.22 show the plots of (2.40) with V,,; = 1 and C; = 1 nF for different values
of Cr1 and Cg. Figure 2.22(a) shows the effect of Cr; with Cc = 0 where it can be seen

that this does not effect the efficiency. Again, this is due to the charge and discharge of the

capacitance in parallel with C, resulting in a increase of the C; value. Figure 2.22(b) shows

the effect of Cg. Increasing its value results in a strong decrease of the maximum achievable

efficiency. The simulation results (markers) prove that (2.40) accurately describes the

behaviour of the converter efficiency and validates the theoretical analysis.
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2.4 Analysis of the SC DC-DC 3/2 Step up Converter

2.4.1 Analyses of the Output Voltage

Figure 2.23 shows the topology of the circuit chosen to up convert the input voltage (V;,,),
ideally, into three and half times greater, V,,; = 3/2V;, [4]. Notice that this topology is
almost equal to the 2/3 converter shown in Fig. 2.9. The difference being that the input
and output voltage are exchanged. The operation of the circuit is divided in two different
phases: phase one (¢;), where the capacitors C; and the parallel of C; and Cz are now
connected in series with C,,; and R,,t; and phase two (¢), in which the capacitors C; and

the series of C; and C3 are connected in parallel with the input voltage V.

2. 2 Vo
s — ]
Vi) ¢z\ ]  Cw R
= &1 ¢1\» % = =
o o— 4
— ) =
2,
\o & —

Figure 2.23: Simplified schematic of the 3/2 SC DC-DC converter

Figures 2.24(a) and 2.24(b) shows the schematics of the resulting circuit in each clock
phase (¢ and ¢,). There are five parasitic capacitances (Cr1, Cg1, Cr2, Cp2 and Cr3) from
the three flying capacitors (Cy, C; and C3). At the beginning of phase ¢y, figure 2.3(a), there
is charge conservation in two nodes - the one that connects the bottom plate of C, with

(b) Phase 2: ¢

Figure 2.24: Simplified schematic of the 1/2 SC converter in the two phases
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the top plates of C3, Cpy and Cr3; and the one that connects C,; top plate with Ry In ¢,
there is also charge conservation in two nodes - the node that connects the top plates of Cy,
Cr1 and G,y with R,yt; and the one that connects C; bottom plate with the top plates of
C2, C3, Cg1, Cr2 and Cr3. As in the previous converters, the assumptions that validate the
use of (2.1) are kept. Using the conventional switched-capacitor circuit analysis techniques
[7] (Chapter 5) the resulting system of charge equations can be seen in (2.41).

—QE +Q +Q% =-Q2 +Q% +Ql+QP,

Q¥ =QF +AQg,,

QP +Q +QCT2+Q +QCT3— (2.41)
= QM+l +Qh+0Q2 +Q%+0f,

QN + Q% +Qf +AQg,,

uut

Q QCTI Q(pfmt

Replacing Q = V - Cin (2.41) results in the set of equations shown below.

— Vo 4+ Vo (C3+Cr3) = (V3 = Vi) Co + V3 (C3 + Cpo 4 Cr3)

1 T
Vout[n = 1] Cout = Vour [n B §:| (Cout - 2Rout)

(=Vin) C1 + (Viy = V3) Co + V3 (C3 4+ Cr3) + Vi Co = (242)

= (Vo = Vout[n]) C1 + V2 (Co 4+ C3 + Cp1 + C12 + C13)

1 T
Vin (C1 + Cr1) + Vour {n - E} Cout = (Vout[n] = V2) Cp + Vour [n] (Cout +Cr + 7R t)
ou

As in the previous sections, (2.42) are solved in order to V,,:, then considering only
the steady state (Vou[1n] = Voue[n — 1] = Vour) and, finally, considering the approximation
Cout — 0. Due to the large size of the resulting equation, only the equations without the
effect of parasitics capacitances (Cr; = Cp; = Cr2 = Cpx = Cr3 = 0) and considering
C1 = C, = Cz in order of Tk or Fopx are showed.

3 Cl Rout T Vin

Vi = ——Lout ~ Tin 2.43

M 2 C  Roy T+ 3 (2:43)
3 Cl Rout Vin

Vit = —tout Tin_ 2.44

T 2Cy Rous + 3F (244)

Figure 2.25(a) shows the plot of (2.44) where it can be seen the impact that C; has on
Vout for a given value of frequency. As in the previous converter, the value of C; restricts the
minimum value of the working frequency in order to have V,,; equal to 1 V. Figure 2.25(b)
shows V,,; for three different values of R,,:. These values represent three different power
output values (Ryyt = 50 Q — Ppyr = 20 mW, Ry = 100 Q — P,y = 10 mW, and
Rout = 200 Q2 — P, = 5 mW). Once again, an increase in R, results in a increase of the

minimum working frequency in order to maintain the output voltage constant..

26



2.4. ANALYSIS OF THE SC DC-DC 3/2 STEP UP CONVERTER

1 — TR =500
Rout = 100 ©
Rout = 200 Q s
0.8} 0.8 it
= 06 = 06
0.4 0.4
0.2 — (1 =100 pF % 0.2
— (1 =1nF g
Cp =10 nF
0 - ' - 0 _ - " "
104 10° 10 107 108 107 1010 10° 106 107 108 109 1010
Frequency (Hz) Frequency (Hz)
(a) Cq effect with Ry, = 100 Q) (b) Royt effect with C; = 0.33 nF

Figure 2.25: V,,;; as function of the clock frequency for V;,, = 0.67 V

Figures 2.26 show the plot of V,,; as function of the clock frequency for V;, = 0.67
V,C; = C, = C3 = 0.33 nF and R, = 100 O for different values of Cr1, Cg1, C12, Cpo
and Cr3. Figures 2.26(c) and 2.26(e) show that Cr3 and Cp; have no effect in V,;;. The
first capacitor charges to V, in ¢; and discharges to V3 in ¢, and therefore, it has the
same behaviour of Cs; the second, Cpgy, charges to V3 in ¢, and discharges to ground
in ¢ without affecting V,,;. Figure 2.26(b) shows that as Cr; increases V,,; increases its
value. This is because Cr, charges to Vj, in ¢, and add this charge to V; in phase ¢.
Figures 2.26(a) and 2.12(d) show that as Cr; or Cp; increase V,,; decreases. The first is
because the V;, node is at a lower potential than the V;,; node and therefore, Cr; drain
charge from V,,; in ¢; the second capacitor is due to this capacitance charge to V; in
¢1 and in ¢, discharge do ground. Finally, Figure 2.26(f) shows the effect if all parasitic
capacitances were equal. This results in a decrease in V.

By solving (2.44) in order to the frequency, it is possible to calculate the required value
of the frequency for the converter to produce an output voltage of 1 V for a given V;,,, C;
and R, The resulting equation can be seen in (2.45).

3 Vout

r _ 2.45
CLK3/2 3 C1 Rout Vin — 2 C1 Rout Vour ( )

Figure 2.27 shows the plot of (2.45) for different values of the output resistance with
C1 = G = C3 = 0.33 nF and an output voltage of 1 V. For V;,;; = 1V the optimum input
voltage would be at V;,, = 0.67 V. The plot shows the asymptote in V;, = 0.67 V and as V},,
increases, the clock frequency decreases in order to produce the same V,,; of 1 V. Lastly,

increasing the value of R, results in a decrease in the range of frequency values.
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Figure 2.27: Fcyk;,, as function of V;, for Vo =1V and C; = C; = C3 = 0.33 nF

2.4.2 Analysis of the Efficiency

As in the previous efficiency analysis, it is assumed that the clock frequency is adjusted
in order to have the desired output voltage (e.g. V,u:=1 V) and that output decoupling
capacitor Coy is large enough so that the output voltage value is constant. In this case,
figures 2.28(a) and 2.28(b) show the schematics of the 3/2 converter circuit during phase
¢1 and ¢», respectively. In each clock cycle, the switches drain a charge (AQ;,1) from
Vin through the clock buffers. Using conventional switched-capacitor circuit analysis
techniques [7](Chapter 5) it is possible to determine the charge in each capacitor at the
end of each clock phase. The resulting equations are shown in (2.46) and these allow to
determine AQ;y1, AQinp and AQout. Where AQ,y; is the charge absorbed by the output
power supply.

—=y ? t
BRSNS
Vi 3=Cn=—=C|y,;3=Cn ==C|y,
l — -
— L = —L-
. R
v, Ce f,: :#:CB——CS v, “7=Ce2
l l _ l
p— __L_ __L_- jp— __L_
(a) Phase 1: ¢ (b) Phase 2: ¢

Figure 2.28: Simplified schematic of the 3/2 SC DC-DC converter in each phase, with an
ideal output voltage source
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[ (Vour — V2) C1 4+ V2 (C2 + Cr2) + Vour Cr1 =
= Vin (C1 4+ Cr1 + Cr2) + (Vin — V3) C2 + AQim
Vo (=Ca+Cs+Cr3) = (V3 — Vi) C2 + V3 (Cs + Cpz + Cr3)
Vin (C1 + Cr1) = C1 (Vour — V2) + Cr1 Vour + AQout (2.46)
Vin (=C1+Cr2) + (Viy = V3) C2 + V3 (C3 + Cr13) =

= (Vo — Vour) C1 + Vo (Co + C3+ Cp1 + Cr2 + Cr13)

L 0= CG Vin +AQin2

Solving the previous equations in order to AQj,1, AQiy2, and AQyys; then Py, and Py can
be determined by replacing the resulting equations in 2.47.

Py = Iin Vin = Vip (AQin1 + AQin2) Ferk

(2.47)
Pout = Iout Vout = Vout (AQout) FCLK
The efficiency (1) with V,,;=1 can be determined by
’Pout‘
= 2.48
13/2 By (2.48)

Again, due to the large size of the resulting equation only its plot is shown.

Figures 2.29 show the parasitic capacitances effect on the efficiency for a given value
of Vj,,. Figures 2.29(a), 2.29(b), 2.29(c) and 2.29(d) show the effect of Cr1, Cg1, Cr2, and
Cpy, respectively. These affect the efficiency almost in the same way - an increase in the
capacitances result in a decrease on the efficiency and also limit the maximum working
input voltage. This shift of the maximum efficiency peak is more noticeable in Cry effect.
Similar to the 2/3 converter figure 2.29(e) show that Cr3 has no impact. The reason is the
same - Cr3 charge and discharge in parallel with Cs. Figure 2.29(f) shows the effect of Cg
where the decrease in the efficiency is almost equal to the decrease caused if all parasitic
capacitances of the flying capacitors were equal (Fig. 2.29(g)). Lastly, figure 2.29(h) shows
the plot for Cr g = Cg. The behaviour is the same as in the previous plots, although, as
would be expected, the decrease in 77 is more noticeable. The simulation results (markers)
prove that (2.48) accurately describes the behaviour of the efficiency of the converter and

validates the theoretical analysis.
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CHAPTER

IMPLEMENTATION IN CMOS

3.1 Capacitor

In the previous chapter the impact of the parasitic capacitances of the flying capacitors
in the converters circuits has been studied. The results showed that these have a strong
impact in the output voltage as well as in the efficiency of the converters. Therefore, the
structure chosen to implement the flying capacitors must be carefully understood. In this
section the operation and vantages/disadvantages of two structures used to implement a
capacitor in integrated circuits, MOS capacitors and MIM capacitors, are analysed .

3.1.1 MOS Capacitor Overview

A possible structure to build a capacitor in CMOS integrated circuit is to use a MOS
transistor. This section will focus in the PMOS transistor, figure 3.1. In this configuration
the transistor has two terminals - one terminal is the gate and the other is the source,
drain and bulk all shorted together. In this configuration, Vps = 0 and Vsg = — V(s is the
voltage on the capacitor [8](Chapter 1).

The PMOS device has three operating regions - accumulation, depletion (weak inver-
sion) and strong inversion. The accumulation region occurs when Vs; < 0 where n-type
carriers from the n-well substrate are attracted (or accumulated) under the gate oxide.
This results in a capacitor given by the sum of C;p, Cgs, and Cgp. There is a significant
resistance in series with Cgp. The resistance comes from the physical distance between
the substrate connection and the area under the gate oxide. The resistivity of the source
and drain regions in series with Cgs and Cgp tends to be small enough to be neglected in
most circuit designs [9](Chapter 5).

When 0 < Vs < |Vl the transistor enters in the depletion region. In this, the transistor

is OFF and the small-signal capacitance is mainly provided by the overlap capacitances
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{
Exdic i

= -1 0 1 2
Vs (V)

Figure 3.1: Simplified schematic of a Figure 3.2: Simulation results derived
NMOS and PMOS capacitor by Spectre PMOS transistor with —2 <
Vsg <2

Ccs and Cgp. As Vs increases a capacitance between the gate and the induced channel
under the oxide appears.

If Vs is sufficiently large (> |Vthp\), the device enters the strong inversion region and
the small-signal capacitance is given by the sum of Cgs, Cop and Cgp (which is usually
neglected for being much smaller).

Figure 3.2 shows the three operating regions for a —2 < Vsg < 2. Due to the large
parasitic resistance of the substrate connections around the gate oxide in the accumulation
region it is preferable to operate in strong inversion. The PMOS body terminal is typically a
n-type well in the p-type substrate, isolated from ground by a reversed biased pn-junction.
Therefore, there is a junction capacitance between the body and ground, Cgg, which can be
quite large and its value varies with changes in the body voltage. Simulation results from
Spectre for a 130-nm CMOS technology using BSIM3v3.4 models showed Cpp = 179.35 pF,
Cjs = 1.95 pF and Cjs = 2.05 pF for a PMOS capacitor with 1 nF of nominal capacitance
value for Vsc = 1 V. This means a total parasitic capacitance (Cp) of 183.35 pF which

represents 18.35% of the nominal value.

3.1.2 Maetal-Insulator-Metal Capacitor

The MIM capacitor are formed by a thin insulator film between two plane metals (Fig. 3.3).
The value of the simplified capacitance, neglecting fringe fields around the edges of the
capacitor 1, is given by (3.1).

c = fud 3.1)

tOX

Where t,, is the spacing between plates, ¢, is the permittivity of the insulator between
the plates and A is the area of the plates. These metal planes are asymmetric - the bottom

plate is larger than the top plate. Thus, this results in a bottom parasitic capacitance larger

IThese are relatively small if the capacitor area is large

34



3.1. CAPACITOR

Top 1
and bottom connector
Top P/\ i
plate | I = 06}
£
RERRERENN © .
041
0.2}
.. / ¥~ Bottom 0 ‘ ‘ ‘
Thin insulator late ) —1 0 1 2
film P Ve (V)

Figure 3.3: Simplified cross-section of a Figure 3.4: Simulation results for a 1 nF
planner MIM capacitor MIM capacitor with =2 < V- < 2

than the top parasitic capacitance (Cg > Cr). In order to minimize the parasitic influence
of the capacitances, the bottom plate of the capacitor can be connected to the node with
constant potential with respect to ground [8](Chapter 1).

Simulation results obtained from spectre in a 130-nm technology, for a 1 nF MIM
capacitor with a voltage across the terminals of 1 V, showed a bottom a top parasitic
capacitances of 5.85 pF and 1.54 pF, respectively. This means a Ct = 0.15% and Cp = 0.59%
of the nominal value of the capacitor. Figure 3.4 shows that the nominal value of the
capacitance remains constant as the voltage across its terminals (V) varies.

3.1.3 Conclusions

The MOS capacitor is a relatively well-modelled by the standard circuits simulator, which
makes it easy to analyse. It has a high capacitance-per-unit-area due to the very thin
oxide layer. And lastly, it requires no special modification to CMOS integrated-circuit
fabrication processes [8](Chapter 1). Nevertheless, its capacitance is highly non-linear and
sensitive to voltage variations across the terminals. They also have a large bottom parasitic
capacitances (18.34%), which may cause efficiency problems.

The MIM capacitor presents a high linear capacitance, reduced bottom/top plate
parasitic capacitances and higher breakdown voltages. Although it has a lower capacitive
density when compare with the MOS capacitor and requires extra masks in fabrication
phase, which increases the cost? [10].

With this in mind, the chosen structure to implement the flying capacitors of the con-
verters was the MIM capacitors. The main reasons relies on the low parasitic bottom/top
capacitances and on the constant value of the nominal capacitance independently on the

voltage across the terminals.

2Nowadays the cost of fabrication is less expensive
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3.2 Switches

Apart from the flying capacitors, the other main issue affecting the efficiency of the
converters is the influence of the parasitic capacitance due to the switches. In the previous
chapter, it was showed that these could drastically decrease the converters efficiency.
These parasitic capacitances are highly non linear which makes it difficult to modulate
their effect. Through the next sections an analysis based on the work in [6] is presented,
in order to have a reasonable approach of the value of these parasitic capacitances for a
given W/ L of the transistors in 130-nm technology.

3.2.1 Basic NMOS and PMOS Switch

An analog switch, in its most basic form, can be implemented by a single NMOS or PMOS
transistor. These should have a low and linear ON resistance (Rpn) even for a large signal
swing. Roy refers to the resistance of the channel between the drain and source of the

transistor, which, in the linear region, is given by [11]

1 L
gps 1 Cox W (vgs — Vr — vps)

Ron = (3.2)
where gpg refers to the drain-to-source conductance, p the mobility in the channel, C,, the
oxide capacitance per unit are, W and L the width and length of the transistor, respectively,
vcs the gate-to-source voltage, Vr the threshold voltage and vpg the drain-to-source
voltage. Assuming that Vr is constant, vpg is small and can be ignored (which is reasonable
for small values of Rpy) and that the mobility is constant along the channel, then, Roy
depends on the geometry, W/L and on the effective gate-to-source voltage, v.rr = vgs —
Vr [11].

Keeping L to its minimum, and applying a constant voltage of 1 V to the gate it is
possible to calculate Rpy as a coefficient (kg) divided by W [6]

Ron = ’x (3.3)
This coefficient, using the same procedure as in [6], was derived by simulation, using
Spectre and standard 1.2 V and 3.3 V 130-nm CMOS technology and BSIM3v3.4 models.
In these simulations, the W of the transistors was swept from 1 ym to 100 ym and a
linear regression was performed over the obtained values of Rpy. Figures 3.5(a) and 3.5(b)
show the values and the linear regression obtained for the NMOS and PMOS transistors,
respectively. Table 3.1 show the values of kg from the simulation.

For example, an 1.2 V transistor with an area of 12 um? have a Roy of 5.13 and 24.0 Q)
for a NMOS and PMOS transistors (L, = 0.12 ym), respectively. For the same area, using
3.3 V transistors, results in Rpy values of 124.7 and 397.5 () for NMOS (L,,;, = 0.34 ym)
and PMOS (L, = 0.3 ym) , respectively. This clearly shows the difficulty to attain low
values of Roy using 3.3 V transistors. If area was not a problem, it would be possible to

increase W in order to obtain de desire Rpy. Although, as it is shown next, higher W will
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Figure 3.5: Roy as function of W~! for standard 1.2 V and 3.3 V 130-nm CMOS technology
and BSIM3v3.4 models

Table 3.1: kg values derived by electrical simulation using spectre

Device kr (1 Qm)

1.2 VNMOS 512.48
1.2 V PMOS 2400.0

3.3 VNMOS 4400.0
3.3 VPMOS 15900.0

lead to higher gate capacitances, which in turn, leads to an increase in the required power

by the clock circuit.

The second main issue with the MOS switch is the parasitic capacitance seen from the
gate. It is mainly composed by the existing capacitance between the gate and the channel
region (Cgc), the capacitance between the bulk and the channel (Cpc), the capacitances
gate-to-source (Cgs) and the capacitance gate-to-drain (Ggp). For a simpler approach, the
capacitance studied is the total gate capacitance (C;g) which is defined by the sum off all
the capacitances mention above. The value off Cg¢ is also proportional to the size of the

transistor, this relation can be seen in the following equation [6]
Cec =kcW (3.4)

where k¢ relates Cgi to W. Combining (3.3) and (3.4) results in

krkc

e (3.5)

Ron =

This shows that Cg; and Roy are inversely proportional, as one increase the other decrease.
Thus, there is a trade-off point where lowering Rpoy brings no advantages, as Cg¢ increases

the power required by the clock circuit.
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Figure 3.6: Cg¢ as function of W for standard 1.2 V and 3.3 V 130 nm CMOS technology
and BSIM3v3.4 models

The same analysis made to determine kg was carried out to determine kc. Figures
3.6 show that the value of C;g changes from the ON state to the OFF state, where
is approximately half of the ON value. This relation is verified in all the devices, fig-
ures 3.6(a), 3.6(b), 3.6(c) and 3.6(d), in the 3.3 V devices the relation is slightly greater,
~55% for NMOS and ~60% for PMOS. This is due to the increase of the gate-to-source
and gate-to-drain capacitances caused by the increase of the gate-to-channel capacitance
(ON state). On the OFF state these are reduced to the overlapped values [11]. Table 3.2
summarize the resulting values of kc determined by performing a linear regression over

the values obtained from simulation.

For example, for Roy of 5 (), an 1.2 V transistor has a Cg¢ of 138 fF (NMOS) and
682 fF (PMOS), when ON with L,,;;, = 0.12 um, respectively. For the same Rpy, using
3.3 V transistors, results in Cg¢ values of 1.6 pF and 6.3 pF for NMOS (L,,;;, = 0.34 ym)
and PMOS (L,;;, = 0.3 um), respectively. Although the k¢ values are not so different
between the 1.2 V and 3.3 V transistors, the increase in W for the same Rpxn makes the 3.3

V transistors achieve much higher values of C than the 1.2 V transistors.
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Table 3.2: k¢ values derived by electrical simulation using spectre

Device kc (fF/pm)
1.2 VNMOS ON 1.35
OFF 0.70
1.2 V PMOS ON 1.42
OFF 0.77
3.3 VNMOS ON 1.78
OFF 0.98
3.3 VPMOS ON 1.98
OFF 1.2

3.2.2 Switch Sizing

The switches of the converter are implemented using NMOS and PMOS transistors, as

shown in figure 3.7.

¥ooof
OJ_Ll OJ_LL N
L

Figure 3.7: RC circuit using an NMOS and PMOS transistor and a capacitor

The ON resistance will determine the settling behaviour of the circuit, thus determining
the voltage at the end of the clock phase. By using the capacitor charging equation, the
settling error is given by [6]

Tcrk

error = e 2Ron G (3.6)

solving the previous equation in order to Ron and replacing Tcrx = 1/ Fcrk results in

1

: (3.7)
ZFCLK C1 In |: :|

Ron =

error

by fixing the variables error, C; and Fcpx the value of Rpy can be calculated. Combin-
ing (3.3) and (3.7) results in

W = 2kR FCLK Cl In [ (38)

error ]
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this way, the size, W, of the transistors can be determined (L is kept to its minimum L,y,;,).
Finally, using (3.4) the value of C;¢ can also be determined.

1
CGG = 2kC kR FCLK C1 In |::| (39)
error

the three previous equation can be adapted to other technologies by simply adjusting the
coefficients kg and kc.

3.2.3 Conclusions

The study presented in Sec. 3.2.1 showed that it is necessary to have large transistors in
order to obtain small values of Rpy. These large transistors, apart from area problems,
have high values of parasitic gate capacitance which leads to an increase in the power
dissipated by the clock. Moreover, using 3.3 V transistors for such low values of Roy

results in abnormal values of W and Cgc which are impractical.

The last sub-section presented a way to sizing the transistors for a desire value of Roy;,
Fcrx and determine the corresponding Cg¢ value.

3.3 Gate Oxide Breakdown

The supercapacitor can storage voltages up to 2.3 V. This means that the switches, in this
case the 130-nm CMOS transistors, must be able to handle voltages of this magnitude
because depending on the voltage across its terminals, a destructive breakdown of the
transistor can occur. In this work there is no problem regarding Junction Breakdown -
breakdown of the junction p-n that leads to a large reversed current flowing through
this; as for the 130-nm technology the value of voltage breakdown is around 110! V or
higher (chapter 4)[12]. The main problem is the Gate Oxide Breakdown which occurs when
the voltage across the oxide is above the limits causing a catastrophic failure (chapter
4)[12]. It is important to emphasize that oxide breakdown refers to the voltage between
the gate-to-channel when the transistor is ON, and between the gate-substrate when the
transistor is OFFE. In 130-nm technologies, for gate oxides below the 3 nm (Ultrathin) the
breakdown is different - soft breakdown. In this, the voltage of the gate does not collapse
abruptly after the breakdown, the most significantly effect is an increase in the noise of
the gate (Chapter 6)[13].

The models of the 130-nm 1.2 V transistors used (BSIM3v3.4) have a oxide thickness
(tox) of 2.7 nm. According to [14, 15] these transistors, with this t,,, can handled voltages

until 2 V without compromising their lifetime.
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3.4 Analysis of the Switches Impact on the SC DC-DC

Converters

The size of the MOS switch will affect and determine the overall performance of the SC
DC-DC converters. Therefore, a study on how the clock frequency, input/output voltage
and output power affects the ON-resistance, gate capacitance and the size of the switches
was carried out. This study aims to understand the limits of the output power due to the

limitation of the technology used, i.e. understand the impacts of using large switches.

3.4.1 1/2 Converter

As mention in Sec. 3.2.1 the two main variables of a CMOS switch are its ON resistance
(Ron) and the parasitic gate capacitance (Cgg). Combining (3.7) and (2.11), which are
repeated where for convenience, a relation between the input voltage and the value of
Ron can be obtained.

1

1
2FCLK C1 In |::|
error

Ron = (3.7 revisited)

Vout

2.11 revisited
Rout (2 Cl (Vzn -2 Vout) + CTl (Vm - Vout) - CBl Vout) ( )

Ferk, ), =

The new Rpy can be seen in (3.10).

_ (2 Cl + CTl) Rout Vm - (4 Cl + CBl + CTl) Rout Vout (3 10)

1
2Cy Vour In [ }

Ron,

error

Considering the ideal capacitor (Cr; = Cp; = 0), Ron;,,, does not depend on the value of
the flying capacitance, as the follow equation shows

Rout (Vig — 2V,
Ron,,, = out (Vin —2 Vour) (3.11)

Vout In [1]
error

Since V,; is fixed at 1V, V}, is fixed according to the maximum frequency/efficiency

and the error is fixed at 1%, Roy, ,, only depends on R,,;. Considering that the output
powert, Py is given by Ppyy = VOZW / Rout, then Roy;, , can be written as function of Pyy;.

The resulting equation is given by

)
Ron,,, = Vout (Vi — 2 Vout) (3.12)

1
Pout In |::|
error

the equation shows that Roy, , is inversely proportional to Pyy. The width, W of the

switches can also be determined using (3.3).

kR Pgut In |:1:|
error

Vout (Vm -2 Vout)

Wiz = (3.13)
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Finally, Cg¢ can be determined using (3.4)

1

kr kC Pout In |::|
error

Vout (Vm -2 Vout)

Cee,) = (3.14)

The clock power can be analysed in terms of the power required by an inverter to
charge and discharge the gate capacitance of the switch (3.15).

Perk = Coc Forx Verk (3.15)

where V(1 is the voltage swing of the inverter. Considering only one switch, (3.15) can
be written using (2.11) in place of Fcrx and (3.14) in place of C;g. The new equation,

considering an ideal capacitor (Ct; = Cp; = 0), is given by

1
kR kC V(%LK Pozut ln [W:|

(3.16)
(Vin - 2Vout) (4- Cl Vout - 2C1 Vzn)

Pcrk,,, = — 72

out

note that Pcrk,, & P?

.t~ The influence of V- x on the power dissipation needs to be

carefully analysed. Increasing it will increase the V,¢; of the transistors, thus the value
of Ron will decrease for the same area. Therefore, W can be reduced leading to smaller
values of Cg. Since kg ¢ where determined for a Vs of 1 V (-1 V for PMOS), this value
will be used for both NMOS and PMOS switches (|Verx| = 1V).

3.4.2 2/3 Converter

The same analysis carried in the previous section is repeated here with the equations of
the 2/3 converter. In this, it is assumed that the flying capacitors have all the same value
C1 = G = C3. Combining (3.7) and (2.23), which is repeated here for convenience and
considering an ideal capacitor for simplicity, the relation between the input voltage and
the value of Roy is given by (3.17).

2 Vout ..
F = 2.23 ted
CLKas 2 Cl Rout Vin -3 Cl Rout Vout ( revistie )
Rout 2V, — 3V,
RONz/s = Out( = 1 Ouf) (317)
4V In []
error
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The relationship between P,,; and Ron, W and Cgg are given by

_ Vout (2 Vin -3 Vout)

Ron,), = - (3.18)

4P0ut In |::|

error
1

W5 /a3 = 3.19
2 Vour (2 Vi — 3 Vour) (319

1

4kR kC Pout In |:gr1"01/‘:|

CoGy)s = (3.20)

Vout (2 Vin -3 Vout)
Replacing (2.23) and (3.20) in (3.15), gives the power required by the clock per switch (3.21)

1
8kR kc V(%LK P()zut 11’1 [W]

(2 Vin -3 Vout)2

Perk,,, = (3.21)

C1 Vo2ut
3.4.3 1/1 Converter

The 1/1 converters is the simplest converter with only two switches. Combining (3.7)
and (2.34), which is repeated here for convenience, the relation between the input voltage
and the value of Rpy is shown in (3.22).

Vout

r _ 2.34 revisited
Ctan (Cl + CTl) Rout (Vm - Vout) ( )
R V., —V,
RONUI _ (C1+Cr1) Rout ( ml out) (3.22)
2C1 Vour In []
error

As before, considering an ideal capacitor (Cr; = 0) Roy;, ,, does not depend on the value

of the flying capacitance (3.23).

_ Rout (Vzn - Vout)

RON1/1 - 1
2 Vot In []
error

(3.23)
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The relationship between P,,; and Ron, W and Cgg are given by

_ Vout (Vm - Vout)

Ron,,, = : (3.24)

2P0ut In |::|

error

1
ZkR Pgut ln |:e}’r0r:|
Wi /1 = 3.25
1 Vout (Vm - Vout) ( )
1
ZkR kC Pout In |:grr0;/':|

CoG,), = (3.26)

Vout (Vm - Vout)

Replacing (2.34) and (3.26) in (3.15), the power required by the clock per switch is

given by
1
ZkR kC V(szK Pozut ln |:er1/'0}’:|
Pcrk,, = Ve VeV (3.27)
out in out

3.4.4 3/2 Converter

Finally, the analysis is repeated for the last converter - 3/2 converter. Where again the
flying capacitors have equal values, C; = C; = C3. Combining (3.7) and (2.45), which
is repeated here for convenience and considering the ideal capacitor for simplicity, the

relation between the input voltage and the value of Rpy is given by (3.28)

3 Vout .
F = 2.45 ted
CLKs /2 Cl Rout (3 Vin -2 Vout) ( revisite )
Rout BV, — 27V,
RON3/2 _ out ( in . out) (3.28)
6 Vour In |::|
error
The relationship between P,,; and Ron, W and Cg is given by
V. V., —2V,
Ron,, =~ (8 Vi . out) (3.29)
6 Pout ln [}
error
1
6kR Pout In |:err0}":|
Ws/p = (3.30)
32 3 Vm Vout -2 Vozut
1
Coc,,, = (3.31)

3Vin Vout _2V2

out
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Replacing (2.45) and (3.31) in (3.15), the power required by the clock per switch is

given by
1
Perk,,, = 5 5 (3.32)
Cl V (3 Vin -2 Vout)

out

3.4.5 Conclusions

To help understand the impact of the power dissipation due to the the charge and discharge
of the gate parasitic capacitances from the switches, the 1/2 converter was analysed in
detail. Notice that the same analysis can be replicated for the other three converters.

The equations of the switch Roy, ,, (3.12) showed an inversely proportional relation to
the output power. Moreover, there is also a linear relation with the input voltage. These
are the two main variables that will define the value of the switch ON resistance.

Figure 3.8 shows the plot (3.12) for a P,,;; sweep between 1 mW to 20 mW, four different
values of Vi, Vour = 1V and a error of 1%. As expected the plot shows that Roy decreases
as P,,; increases, and vice-versa. Moreover, as V;,, decreases the value of Rpy decreases
as well. This means that the minimum value of V;, determines the minimum required
value for Ron. This minimum value of V;, is the voltage limit until which the converter
operates. In order to guarantee that the switches work on the voltage limit means they
will be oversized when V}, is above the limit.

Figure 3.9 shows the plots of (3.13) for an 1.2 V NMOS and PMOS transistors®, a Pyt
sweep between 1 mW to 20 mW, four different values of Vj,,, Vo,y = 1, and a error of 1%.
As seen in Sec. 3.2.1 W is inversely proportional to Ron. Therefore, the plots shows that
Pyt < W; as P,y increases so does W increases. The plots show that using PMOS switches
results in a substantial larger W comparing with NMOS switches for the same values of
P,,+. Thus, in order to reduced the area it is preferable to use NMOS rather PMOS switches.

—A— Vin =24V

45+ ——V,, =23V [
——V, =22V
40 BV, =21V ||

Rox ()

)
i i d
10 15 20
Prut (mW)

o
ot

Figure 3.8: Roy, , as function of Pyt for Vour =1V and error = 1%

3The values of kg and k¢ are the ones derived by simulation in Sec. 3.2.1

45



CHAPTER 3. IMPLEMENTATION IN CMOS

450 H —A—V;, =24V

——V, =23V
400 + _e_ Vip =22V
—_a—V, =21V

350 1

300 -

Wy (pum)
Do
g

Pour (mW)
(a) W NMOS
2200 ¢ : |
—A—V, =24V
2000 H —o—V;, =23V
|| —0— Vi, =22V
1800 Vo1
1600 -
1400 -
g 1200}
& 1000 F
800 |- ]
D
600 - A
400 |
200 |
5 10 15 20
Pyt (mW)
(b) W PMOS

Figure 3.9: W of a 1.2 V NMOS and PMOS switch as function of Py for Vo, = 1V and
error = 1%

Figure 3.10 shows the plot of (3.14) for an 1.2 V NMOS and PMOS transistors®, a
P, sweep between 1 mW to 20 mW, four different values of V;,,, Vour = 1, and a error
of 1%. Since C;¢ changes its value between the ON and OFF states there are two plots
for each switch state. As seen in the equations Cgg « Py, therefore the plots show that
increasing P,,; leads to an increase in C;g, and vice-versa. There is an increase in the W
of PMOS switches when comparing with NMOS switches for the same P,,;. These plots
shows the consequences of this difference - the values of C¢¢ are higher on the PMOS,
approximately 5 times, than the NMOS switches. The difference between the switch ON
and OFF state is almost to two times of the ON value in the OFF state. It is important to
notice the magnitude of the values of Cs¢ for powers above the 5 mW, especially on the
PMOS transistors which reach 3 pF at 20 mW. These values are abnormally high and will
require high power to charge and discharge - transition between ON and OFF state.

The previous plots refer only to one switch. In the 1/2 converter, there are two active
switches in ¢ and other two in ¢,. This means that the values presented in the plot of
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Figure 3.10: Cg¢ of a 1.2 V NMOS and PMOS switch as function of Py for V,,: =1V and
error = 1%.

Ron, ,, must be divided by two. Moreover, this means that there will be four Cgg, , to
charge and discharge by the clock. Since the range of operation of this converter is 2.3 V to
2V, this means that the switches must be implemented by PMOS transistors as there is no
available clock source higher than V,.

With this in mind, it is possible to determine (approximately) the power dissipated
by the clock, Pcik, for the 1/2 converter with four PMOS switches assuming that these
are feed through CMOS inverters with a voltage swing of V;,, to (V;,,-1 V)4, Equation (3.33)
shows the total power delivered by the clock as the sum of each power from each switch.

PCLKl/Z =4 PCLKl/Z,PMOS (3.33)

Figure 3.11 shows the plot of (3.33) for an 1.2 V NMOS and PMOS transistors, a P,,; sweep
between 1 mW to 20 mW, three different values of V};,,, V,,; = 1 and a error of 1%. As
P,,+ increases the Pcpk of all the switches increase quadratically. Moreover, has the limit
voltage of operation decreases Pcyx increases as expected.

To better understand the impact of the power delivered by the clock to the switches,
figure 3.12 shows the plot of (2.18) with C¢ replaced by the four parasitic gate capacitances

4In order to maintain valid the coefficients kg and k¢ derived for a Vgs of 1V
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Figure 3.11: Pcr, ,, as function of Pyt for Vour = 1V and error = 1%
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Figure 3.12: n as function of V;, for Vo,; = 1V and error = 1 % with the parasitic
capacitance effect from the switches

of the PMOS switches and Cr; and Cp; replaced by the parasitic capacitances of the MIM
capacitor, 0.15% and 0.59% of C; value, respectively. The plot shows that for a C¢ of zero,
the efficiency has a maximum value of around 90%. When accounting the value of P
in function of P, the plots shows, as expected, a decrease in the efficiency. Moreover,
for Py, = 20 mW the maximum efficiency is reduced, approximately, by 10%. For lower
values of P,,; this effect is reduced.

The aim of this study was to better understand how the switches affects the operation
of the SC DC-DC converters. The output power and the limit voltage of operation must be
carefully chosen, due to these have a high impact on the overall efficiency of the converters.
Remembering, that this results are approximations to have an overall idea and starting

point when sizing the switches. Simulations are needed to have more accurate results.
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CHAPTER

PROPOSED CIRCUIT AND SYSTEM

As previously discussed in chapter 1 the main goal of this work is to have a SC DC-
DC converter that achieves maximum efficiency throughout the input voltage range by
configuring its topology to match one of the the four SC DC-DC converter topologies
presented in chapter 2. This approach uses the same capacitor for all the circuits thus
saving area. For this one converter to work, it needs two main controllers to select the
state (1/2,2/3,1/1 or 3/2) and to generate the clock signals to each switch accordingly to
the active state. This section presents the design of the converter and its implementation.
Discusses the issues that must be solved in order to achieve a correct operation. The overall

system description and operation principle of each block are also presented.

4.1 Proposed Circuit

Figure 4.1 shows the simplified schematic of the proposed SC DC-DC converter. There
are a total of 15 switches (A1, A», etc.) which simultaneous control the state (1/2,2/3,1/1
and 3/2) and the phase (¢; and ¢») of the active converter. The capacitors C; 3 represent
the flying capacitors. Table 4.1 shows the active switches per state and phase.

In each state the active switches (Table 4.1) define a path for each phase that performs
the same operation of the converters described and studied in section 2. The main dif-
ference is that there are three flying capacitors (C;, C; and C3). Because states 2/3 and
3/2 need this numbers of capacitors to perform the voltage conversion. In states 1/2
and 1/1, where only one capacitor is needed, the capacitors are connected in parallel
(Csiy = C1 4+ C1 + G3) and the switches are divided into three (e.g. A = A1 + Az + A3) in

both phases to perform the conversion.

49



CHAPTER 4. PROPOSED CIRCUIT AND SYSTEM

Aq
A
/I I ZU—
G L Gz\ C = o= Dﬁ Bs\ D3
D,
l

R

Figure 4.1: Simplified schematic of the proposed SC DC-DC converter

Table 4.1: Active switches on each state

Phase 1/2 2/3 1/1 3/2

A1 Ay Az Aq A1 Ay Az A1 Ay
1 Di1DyD3  ExEs E\EyE3 Ey E3

hB G2

B1 B, B; B1 By B1 B, B; By
$2 Ei1Ex E5 E1 E3 Ey Ex E3 Ey E3
Gy K F

4.1.1 Design Constraints

The proposed converter is designed using a 130-nm CMOS technology and MIM capacitors,
including parasitics (Ct = 0.15% and Cg = 0.59%, see section 3.1.3), are used to implement

2 results in a

the flying capacitors. Limiting the total area for the capacitors to 1 mm
maximum capacitance value of 1 nF. Therefore, the 1/2 and 1/1 converters will have a
capacitor of 1 nF composed by three 0.33 nF capacitors in parallel, and the 2/3 and 3/2

converters will have three 0.33 nF capacitors.

As mention in section 3.3 the 1.2 V transistors only support voltages until 2 V before
they suffer from gate oxide breakdown. When the super-capacitor is fully charged (2.3
V), the switches A will have to withstand 2.3 V which is out of the safe operation region.
The 3.3 V transistors have large parasitic gate capacitances and it is difficult to attain low
values of Rpy. Therefore, to overcome this problem without recurring to 3.3 V transistors
the choice of transistors (NMOS or PMOS) and ways to avoid voltage breakdown were
carefully analysed.

The A switches must be PMOS transistors since there is no available voltage above V,.

Moreover, to work in the safe operation region, the switch voltages (V), were controlled
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to always be below 2 V. For example, when ON, the V; of the A switch have 1V instead
of 0V (Vsg = Vpg = 23 -1 = 1.3 V); when OFF, V; has the same voltage as Vj,
(Vs¢ = Vpg = Vpg = 2.3 —-23 = 0 V)L This way the voltage gate-to-channel and
gate-to-substrate is always smaller than the maximum allowable voltage.

The B switches also deal with the maximum voltage of V;,,. And, when ON, they handle
voltages of around 1 V. Therefore, they are implemented again by PMOS transistors with a
clock swing from V;,, to 0 V. The problems regarding the gate oxide breakdown only arise
in the 1/2 and 2/3 states. However, as the clock signal decreases from V;, to zero the node
voltage (the one with V},,) decreases, with the same pace, from V;,, to around 1 V and so
neither Vs or Vpg have a voltage above 1.3 V.

The D switches are only used in the 1/2 state. These connect the flying capacitor in
parallel with the output capacitor. Therefore, they always handled voltages of half the
input voltage. In the worst case, they will have Vp and Vs of around 1.15 V and so they
work within the safe operation region. They are implemented trough PMOS transistors
since their drain voltage is always around 1 V.

The E switches are responsible for connecting the flying capacitors to ground. Thus,
they can easily be implemented by NMOS transistors. The maximum voltage occurs in
the 1/2 converter and in the worst case is 1.15 V. Therefore, they are always in the safe
operation region.

The F; and G, switches are used in the 2/3 and 3/2 converters. They are implemented
by NMOS switches since their drain voltages are below 1 V. However, they are connected
to voltages close to 1 V, which means that these switches must either be implemented
using a transmission gate or use a up-converted clock signal. In the 1/2, these switches are
OFF (Vg = 0) and Vs = Vj, which is, in the worst case, outside the safe operation region.
To overcome this problem, a technique using stacking of transistors was used [16] in order
to reduced the voltage across them. This technique can be applied because Vp = 0 when
Vs = Vj, and so using two transistors, with equal sizes, performs a resistive ladder to
ground. The transistor connecting to V;, has a gate voltageof 1V (Vgs =1 -V}, = —=1.3V)
which remains OFF and has a maximum voltage across the gate within the safe operating
region. The second transistor has a Vg5 = 1.15 V that is also within the safe operation
region. With this protection the switches were implemented by NMOS transistors with
complementary circuits to up-convert the clock signal, which be explain later in this
section.

Lastly, the F, switch is implemented by an NMOS transistor with a up-convert clock
signal for the same reasons of the F; and G, switches. This switch is activated in 2/3
and 3/2 states, and in the 1/2 state is connect to V;,, in both terminals (Vg = V5 = V};,).
Again, when V;,, = 2.3 V to avoid the gate destruction, V; is set at 1 V. This results in a
Vies = Vgp = 1.15 V and so the switch remains OFF and within the safe operating region.

n the OFF state, Vpg may not have the same value has Vs since the voltage of the node can vary.
Therefore, it is necessary to have into account what is the voltage of Vg when the switch is OFF and if it is
under the limits of breakdown.
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Switches A, B and D where implemented by 1.2 V PMOS transistors and E, F and G
by 1.2 V NMOS transistors.

4.1.2 Efficiency Analysis and Operation Limits

The proposed circuit performs the operation of four different converters. As shown in
chapter 2 the impact of the parasitic capacitance of the flying capacitors and switches is
different from one converter to another. Moreover, the efficiency, frequency and output
voltage is also distinct and depends strongly in the design of the switches. In the proposed
circuit, the number of active switches in each state is not the same as in the studied
converters in chapter 2. To understand how this will impact the efficiency, in each state,

the analysis made in chapter 2 and section 3.4 is now repeated for the proposed converter.

4.1.2.1 1/2 State

Table 4.2 shows the ON switches in each phase for the 1/2 state. In ¢; the A and D
switches are ON. This means that there are two Roy in series with the flying capacitor.
The Ron;, ,, (3.12) from the 1/2 converter (section 3.4.2), only considers one Ron, therefore
it must be divided by two. Furthermore, since A is divided into three switches with one
third of the size and the flying capacitor is also one third of its nominal value, the Ron; ,
equation remains valid. Although, since W is three times smaller (L = L,,;,) the Ron of
each individual switch (A, A, and Ajz) is three times higher. The same conclusions are
valid to ¢, with B and E switches. The resulting Ron for each switch is given by

Ron
RONA1,2,3 = RONBl,2,3 = RONDMB = RONEI,Z,S =3 Tl/z (41)

Table 4.2: Active switches on the 1/2 state in each phase

o) )
A1 Ay A3 By By B3
Dy Dy D3 Eq Ex Ej3

4.1.2.2 2/3 State

In the 2/3 state the three capacitors are not all in parallel and so the Rpn analysis is not
as simple as the 1/2 state. To calculate each Ron of the switches would imply a third
order differential equation which solution is quite complex. Therefore, to make it easier, a
method using the time constants of each branch to determine the Roy value was used.
When a switch share two different time constant the slowest one is chosen. This way, even
though some switches may be oversized, the design will be according to the specifications.
Table 4.3 shows the ON switches in each phase.

Figure 4.2 shows the 2/3 state with the Roy from the active switches. There are two

time constants in each phase, performing a total of four time constants. These are given by
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Table 4.3: Active switches on the 2/3 state

1 ¢2
A, BB,
E; E3 EiEs
FE G
| AW e _____ :
| A | | MWA— |
[ Vin C_) - —| ::IC1 l B, L —
| | | ' | L, —W————v,
— Fi< | | —
— | 1 - = = __|C1
| —f—w\f : : 26 I
I F
L 2__| HE E, |
| T C ——|C3 | =/ Cs 1 ¥y
| ' | -
<N
TZ*Ez Es \ . - * E;3
(a) Phase 1 (b) Phase 2

Figure 4.2: Simplified schematic of the 2/3 SC converter in the two phases

71 =4Ron (C1//C3) =2Ron G4

T =3Ron (C1//C) =

3 =3Ron (C1//C3) =
T4 =2Ron

2 Ron Gy

2 Ron C1

In ¢; the slowest time constant is 7; and in ¢, the slowest is 74. Thus, relating each switch

with its time constant and (3.18) from section 3.4.2; the Rpy of each switch is

RON2/3 RONZ/S

Ron,, =— Rong, = — Rony,
Ron.

Rony, = Tm Rong, = 3 Ron,,;;  Rong,
2 Ron

Rong, = 3 Ron,;; Rong, = Tm Rong,

Ron, 5
4
Ronys
2

2
¢ Ron, 5

Notice that the switches F; and G, have two transistors for voltage protection reasons.

And so, their Rony must be divided by two.

4.1.2.3 1/1 State

Table 4.4 shows the active switches on the 1/1 state in each phase. In ¢; both A and E are
ON. Therefore, their Ron has to be Roy;, ,, (section 3.4.3 Eq. (3.24)) divided by two. In ¢ B
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and E are ON, thus Rpy,,, must also be divided by two. Lastly, the switches are divided
into three individual switches as well as the flying capacitor, thus the value of their Rpoy
must be multiplied by three. The Roy of each individual switch is given by

Ron
RONA1,2,3 - RONBL2,3 - RONE1,2,3 =3 2 = (4.4)

Table 4.4: Active switches on the 1/1 state

o) )
A1 Ay A3 By By B
Ei1E>Es EjE;Es

4.1.2.4 3/2 State

Lastly, on the 3/2 state, the active switches in each phase are shown in table 4.5. As in
the 2/3 state, this analyses refers to a single switch in series with a capacitor of 333.33 pF.
Thus, the total Ron;,,, (section 3.4.4 Eq. (3.29)) must be divided by the number of switches.
The method using the slowest time constant of the circuit in each phase is applied again in
this state.

Table 4.5: Active switches on the 3/2 state

1 ¢2
A1 Ay By
E1Es EjEj
G FFK
I — W v, fm——————————
I PB_ | VWA I
Cl—— | - Az |
| M———w—y =
| | 1 2 ——
I | I b |
.___I F1| |<>Vm C]l__ G% l
| AAA f - — —1 I | 2 |
: F | | E |
_1 1 — 1 1
Czl—— C—— : TIV C—— |
| I I
T3+ %Ez EE3*T4 Es E * 12
(a) Phase 1 (b) Phase 2

Figure 4.3: Simplified schematic of the converter in the 3/2 state for the two phases
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Figure 4.3 shows the 3/2 state with the Rpy from the active switches. The time con-
stants of each phase are given by

73 =4Ron (C1//C2) =2Ron Cy
74 =3Ron (C1//C3) = 3 Ron Gy
71 =2Ron Cq

T =3Ron (C2//C3) = 3 Ron Ci

The slowest time constants are 73 (¢1) and 71 (¢2). Therefore, the Roy of each switch
are given by

Ron Ron Ron

Rony =—5~  Romg =—5=  Rowy ===
2 Ron Ron

RONA2 = 3 RON3/2 RON52 — Tw RONFZ — Tm (4.6)
Ron 2 2

Rony, = % Rong, = 3 Ron,,, Rong, = G Ron,,,

Again, notice that the switches F; and G, have two transistors for voltage protection
reasons. And so their Rpy must be divided by two.

4.1.2.5 Overall Efficiency

In the previous sub-sections the choice of the transistors which implement the switches
and the required Roy value for a given frequency, flying capacitor, and technology (kr, kc)
was carried out. In section 3.4 the relation between Roy, W, and Cg for each separated
converter was analysed and showed that Rpy is inversely proportional to Cg times a co-
efficient (3.5). Thus, each switch Cg; can be determined replacing (3.5) in (4.1), (4.3), (4.4),
and (4.6). The effect of all parasitic gate capacitances is the sum of each individual Cgg
which depends on Vj,,, Vout, Fcrkx, Pour and error. Replacing the new equation in all the
efficiency equations of the converters (2.18), (2.26) , (2.40), and (2.48) results 77 as function
of Viy, Vout, error, P,y and Fcpx. This now takes into account the effect of the frequency
in the parasitic capacitances of the switches. Replacing 2.11, 2.23?,2.33, and 2.45? in this
new expression results in 7 in function of Vj,,, V,., the parasitic capacitances of the flying
capacitors, error, and P,,;. This final equation describes the efficiency with the frequency
adjusting to the value necessary to maintain a certain V;, (in this case of 1 V) and the extra
power dissipated by the switches clock drivers due to this adjustment. Due to the large
size of this equations they will not be shown and only relevant plots will be depicted.
Figure 4.4(a) shows the plot of # as function of V}, for the four converters (1/2,2/3,
1/1 and 3/2), with three different values of P, (10, 5, and 2 mW), V,,; = 1V, settling error
of 1%, C; = 1 nF (forthe 1/1and 1/2), C; = C; = C3 = 0.33 nF (for the 2/3 and 3/2 ), and
all the parasitic capacitances of the flying capacitors (Cp = 0.59% C; and Cr = 0.15% Cy),

2Considering parasitics capacitances from the flying capacitors.
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accordingly to the nominal value of the flying capacitor. The plot shows the maximum
achievable efficiency and the corresponding value of V;,. As Py, increases 1 decreases.
This is consistent with the conclusions made until now - an increase in P,,; results in
an increase of Pcrk resulting in a decrease of 77 (section 3.4). Through this it is possible
to determine the range of operation for each converter. Figure 4.4(b) shows the plot of
the frequency 2.11, 2.233,2.33, and 2.45° as function of Vj, in the same conditions as the
plot of the efficiency above. It is important to analyse simultaneously both of the plots to

— P, =10 MW e P, =5 mW P,,;=2 mW

0.9F

0.8+

0.7+

0.6 +

0.5+

Efficiency

0.4 f

0.3

0.2

0.1

Voo (V)

(a) Efficiency as a function of V;,

Frequency (Hz)

— P =10 mW Pyy=5 MW e P ;=2 mW

108

08 1 12 14 16 18 2 22
Vin (V)

(b) Frequency as a function of Vj,
Figure 4.4: Plot of the proposed circuit efficiency and frequency regions as function of V;,
with Vs = 1V, settling error of 1%, C; = 1 nF (forthe1/1and 1/2),C; = C; = C3 =

0.33 nF (for the 2/3 and 3/2), and Cg = 0.59% C; and Cr = 0.15% C;, accordingly to the
nominal value of the flying capacitor

3Considering parasitics capacitances from the flying capacitors.
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understand the frequencies regions of the converters.

Initially, the converter was to be design with a output power of 10 mW. However, this
showed to be impractical. Establishing the limits of operation (V},) of the four states is
the first step towards the design of the proposed converter. By Analysing figure 4.4(a) the
chosen limits were 2.08, 1.7, 1.05, and 0.75 V which correspond to the transition points
where the 77 of the next state is higher than the previous state (except for the 3/2 state).
These values result in maximum frequency values of 65, 150, 200, and 370 MHz. These
frequency values are too high for the overall system because they result in a very large
power dissipation for the clock drivers. Thus, new limits were chosen by limiting also
the maximum frequency to 150 MHz. The new limits were 2.08, 1.7, 1.066, and 0.87 V
which correspond to 65, 150, 150, and 150 MHz. Table 4.6 shows the values of Ron, W, and
Ccc,0n using the equations described in section 4.1.2 and 3.2, for Py, = 10 mW, the chosen
transition limits, and error = 1%. The Rpn values are around 2 to 1 (), resulting in large
transistors area (> W) and thus large gate parasitic capacitances (> Cgg). The switches
with the smallest Roy must be chosen to size the switches since they are shared by all the
states - these are depicted in bold. There are C;¢ values up to 3.2 pF. These, in simulations
results, showed power consumptions of the clock drivers up to 5-6 mW. Remembering,
that the output power is 10 mW and it must provide power for some of these clock circuits,
along with the power drained from V}, to the rest of the clock circuits. P, also has to
provide power for the rest of the system, this will lead to values of efficiency under 50%.

Moreover, notice that the power values do not take into account the shoot-through current

Table 4.6: Proposed converter Ron, W, and Cgg on of the switches in each state for Py, =
10 mW), transition limits of 2.08, 1.7, 1.066, and 0.87 V (V};,), and error = 1%

Ron (©Y) W (pm) Ccc ON (pF)
1/2 2/3 1/1 3/2 1/2 2/3 1/1 3/2 1/2 2/3 1/1 3/2
A 26 11 11 11 921.0 22105 22328 21742 13 31 32 31
A, 2.6 0 11 15 921.0 0 2232.8 1630.7 1.3 0 3.2 23
A 2.6 1.1 0 921.0 0 2232.8 0 1.3 3.2 0

By 26 11 11 11 921.0 22105 22328 21742 13 31 32 31

S

(ew)
(e»)

B, 26 14 11 0 921.0 16579 2232.8 0 13 24 32 0
Bs 26 0 1.1 0 9210 0 2232.8 0 13 0 32 0
D; 26 0 0 0 921.0 0 0 0 1.3 O 0 0
D, 26 0 0 0 921.0 0 0 0 1.3 0 0 0
Dy 26 0 0 0 921.0 0 0 0 1.3 0 0 0

Ey 26 11 11 11 1967 4720 4768 4643 03 06 0.6 06
E, 26 14 11 11 1967 3540 4768 4643 03 05 0.6 06
Es 26 11 11 15 1967 4720 4768 3482 03 06 0.6 05

F 0 05 0 06 0 944.0 0 928.6 0 1.3 0 1.3
) 0 1.1 0 1.1 0 472.0 0 464.3 0 06 0 06

Gy O 07 0 07 0 708.0 0 696.4 0 1.0 0 09
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of the inverters, as well as the power for the remaining system, which at frequencies of
100/150 MHz has a considerable value.

With this in mind and remembering that the power driven by the clock drivers decrease
quadratically with P, (section 3.4.5), a 2 mW output power was chosen and the choice of
the limits was again carried out. There are some restraints that were not explained until
now. Due to the clock swing voltage (V;, — 1 V) of the A switches in the 2/3 state, for
safety reasons (section 4.1.1), the V, ¢ of the switches drops bellow 1 V. Meaning that the
projected Ron will be in fact higher, thus leading to lower efficiencies. The same problem
is presented in the 3/2 state when V;,, < 1V and affects both A and B switches. This
could easy be solved placing a NMOS transistor in parallel, although it would bring
problems of gate oxide breakdown when operating in the 1/2 and 2/3 sate. This mean
that the theoretical curves of 1 (Fig. 4.4(a)) start to fail. Therefore, the transition limits
between states were chose from figure 4.4(a) as a starting point and then adjusted through
simulation derived by spectre. The chosen values were 2.05, 1.7, 1.05 4 and 0.85 V. This
corresponds to maximum frequency values of 20, 33, 45, and 50 MHz. Table 4.7 shows
the values of Ron, W, and Cg,on using the equations described in section 4.1.2 and 3.2,
for for P,,; = 2 mW, the chosen transition limits, and error = 1%. The Roy values are
now around 3 to 8 (), resulting in transistors almost ten time smaller than the previous

case (Pt = 10 mW). The average value of the parasitic capacitances is approximately

Table 4.7: Proposed converter Royn, W, and Cg on of the switches in each state for Py, = 2
mW, transition limits of 2.05, 1.7, 1.05%, and 0.85 V (V},,), and error = 1%

Ron (©2) W (pm) Csc ON (pF)
1/2 2/3 1/1 3/2 1/2 2/3 1/1 3/2 1/2 2/3 1/1 3/2
Ay 81 54 81 5.0 294.7 4421 294.7 4823 04 0.6 04 0.7

Ay 81 0 81 6.6 2947 0 2947 3617 04 0 04 05
Az 8.1 0 8.1 0 2947 0 294.7 0 0.4 0 04 O
By 81 54 81 50 2947 4421 2947 4823 04 06 04 0.7
B, 81 72 81 0 2947 331.6 2947 0 04 05 04 O
B; 8.1 0 8.1 0 2947 0 294.7 0 0.4 0 04 O
D, 8.1 0 0 0 2947 0 0 0 0.4 0 0 0
D, 81 0 0 0 2947 0 0 0 0.4 0 0 0
D; 8.1 0 0 0 2947 0 0 0 0.4 0 0 0

Eq 81 54 81 50 629 944 629 1030 01 01 01 0.1
E, 81 72 81 50 629 708 629 103.0 008 01 01 0.1
Es 81 54 81 66 629 944 629 772 008 01 01 01

F 0 27 0 25 0 188.8 0 2060 O 0.3 0 0.3
k 0 54 O 5.0 0 94.4 0 103.0 O 0.1 0 0.1

G 0 36 0 33 0 141.6 0 1545 O 0.1 0 0.2

4Gimulation results showed that it is preferable to size the transistors as if the limit were 1.1 V and increase
frequency to 45 MHz in order to work at 1.05 V than increase the size of the switches
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500 fF. The switch with the smallest Roy determine the sizing of the transistors (W, with
L = L,y = 120 nm), which are depicted in bold.

Figure 4.5 shows the plot of the theoretical efficiency (solid lines) and the simulation re-
sults derived from spectre (markers) for for Py,; = 2 mW, V,ur = 1V, error = 1%, and with
the sizing of the transistors (W) done through the bold numbers in table 4.7. As expected
the simulation results show efficiencies bellow the theoretical plot. Moreover, in states
2/3 and 3/2 it is clear the effect of Vs < 1. Table 4.8 summarizes the transition voltages
and the corresponding frequency and efficiency for the simulation results. Remembering,
that these results only count with the proposed circuit and the drivers of the switches
(which will be explain later in section 4.2.3). The final results with the overall system will

be shown in the next chapter.

Efficiency

0.5 1 L5 2 2.5
Vin (V)

Figure 4.5: 1 in function of V}, for P,;; = 2 mW, V,,;; = 1V and error = 1%. Simulation
results derived by spectre are displayed in markers

Table 4.8: Operation region and the corresponding efficiency and frequency of the proposed
converter for Py, = 2 mW, this results were taken by simulation derived by spectre

1/2 2/3 1/1 3/2
Begin 23 205 17 1.05

Vin (V) Opt. 215 18 11 087
End 205 17 105 085

Begin 4 11 3 16
Freq. (MHz) Opt. 7 21 20 35
End 20 33 45 50

Begin 81.8 664 564 55.1
7 (%) Opt. 820 709 800 60.9
End 690 69.1 719 59.4
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4.2 The Overall System

4.2.1 Clock and Phase Generator

The generation of the two clock signals which define the phases ¢; and ¢» needed for
the proposed converter is carried out by the clock and phase generator circuit. This
is composed by an Asynchronous state machine (ASM) based on the phase controller
implemented in [6] and a comparator that provides a control signal (V) which produces a
logic 1 if V,,; decreases below 1V or logic 0 if V;,; > 1 V. This way, the frequency at which
phases ¢; and ¢, occur depends on the value of the output voltage - Voltage-controlled
oscillator (VCO). Figure 4.6(a) shows the circuit that performs this comparison where Vrgr
is a voltage signal of 500 mV produced by a Bandgap circuit that will be later explained. A
resistive ladder R; = R, = 1 M) is used to down converter V,,; from 1 V to 500 mV.
The ASM operation mode can be seen in figure 4.6(b) in form of a state diagram. It
initiates in state 1 - holding state. As the name imply, this state does not do anything until
the output voltage becomes smaller than 1 V. At that time, the ASM changes to state 2

Vdd l State 2
[ 1 J [}
Vout Vrepo—+

Ri Ve l State 3 State 5

R Non—OverlapJ { Non-Overlap
. U

(a) Schematic of the circuit responsible for the (b) State diagram of the clock generator
comparison
{>o—i>o—> b
4‘>o_l>.,_> ®;
Reset
< ?0 Reset
Reset
State 2 1 State 3 — 1 State 4 i State 5 1
5 Q =TS Q — 5 Q =S Q —
_ _ Non-Overlap _ _ Non-Overlap
R QO —HR_OF —R O R OF
Resetv—z>_,r
o F
S
Ve State 1 g \i_o Reset
Reset
Reset °—‘>°—° Reset

(c) Simplified schematics

Figure 4.6: Clock phase (¢ 2) generator
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through the AND gate. This state produces a 1 V pulse (¢1) whose width depends on the
following delay circuit. At the rising edge of the delayed ¢;, the ASM shifts to state 3. In
this state there is a 1 ns delay to avoid overlap between the clock phases. In the rising edge
of this 1 ns delayed signal, the ASM shifts to state 4 where it produces ¢, and performs
the same operation as in state 2. State 5 is equal to state 3 and with the same objective.
This will produce one period of two square waves in phase opposition, ¢; and ¢, where
their duration can be controlled according to the delay of each pulse. Moreover, this delay
will define the maximum frequency that the phase clock signals can achieve in a given
state of the converter operation. The schematics of the circuit that implements this state
diagram is depicted in 4.6(c).

The states are implemented by S-R latches. These are activated by the Set signal which
changes the output Q from 0 to 1. This in turn, activates the Reset signal of the previous
latch, causing its output to change from 1 to zero thus completing the state. V. is the output
of a comparator that indicates if V,,; is above/below of 1 V.

Figure 4.7 shows the two clock signals generated by the generator. It is possible to see
the time space between the falling edge of ¢, and the rising edge of the ¢; where both are
at 0 V - non-overlap. This plot was taken from the system simulation at the 1/2 state in
which the frequency of both is approximately at 23 MHz.

P b2
— 1
E/
)
g
= 05} s
2
0 1 1 1 1 1 1 1
20,42 20,43 20,44 20,45 20,46 20,47 20,48 20,49 20,5
Time (us)

Figure 4.7: Simulation results of the clock generator circuit (Fig. 4.6(c)) at the 1/2 state

4211 Logic Gates

Logic operations are used in the clock generator to perform its task and change from one
state to another. As shown in 4.6(c) S-R latches, AND, OR and NOT gates are used. These
are implemented by using combinations of NOR, NAND and NOT gates. Figures 4.8 show
the simplified schematic of these gates. All the logic gates are sized with the minimum
length (L) and W (for the NMOS) allowed by the technology, in order to reduced the area
and power dissipation. Thus, all the NOR (Fig. 4.8(a)), NAND (Fig. 4.8(b)) and NOT gates
(Fig. 4.8(c)) are sized with (W/L)\pos of 0.16/0.12 ym and (W/ L) pyog of 0.75/0.12 ym
unless otherwise stated. Only the last output inverter of ¢; and ¢, are sized with 2 times

de minimum size.
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Vdd Vdd
A
Out Vdd

B _|

A L—|

Out
A Out
B
(a) NOR gate (b) NAND gate (c) NOT gate

Figure 4.8: Simplified schematic of the logic gates used in the generator circuit. The
PMOS and NMOS with undefined bulk have their bulk connected do Vpp and ground,
respectively

Figures 4.9(a) and 4.9(b) show the logic gates implemented by means of NOR, NAND
and NOT gates, described in the previous paragraph with the corresponding sizing.

Qe

R @ g P
(a) Schematic of the S-R (b) Top: OR gate, Bottom:
latch AND gate

Figure 4.9: Logic gates used in the generator circuit

4.2.1.2 Delay Circuit

The maximum frequency of operation depends on the active converter state (1/2,2/3,
1/1, and 3/2). This is controlled by the delay circuit used in states 2 an 4. There are be
four different times delays which are implemented by the circuit depicted in figure 4.10
[6]. Where the delay time is basically defined by an RC constant between M, (act as a
resistor) and the MOS capacitor Mg, My1, M4 and Mj7. According to the actual state,
the transmission gates controls which capacitor is connected to node. These capacitors
have different values for each state, thus defines distinct delay values. Table 4.9 shows the
transistor size.

Figure 4.11 shows a simulation result of the time delay for the 1/2 state. The delay is
approximately 22 ns, notice that the delay provided by this circuit is only applied to the
rising edge of its input signal.
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1

|I‘JM3
"

A
M 3/20

2/3¢ 1/1°

Vm°__|I: Ms Mu M14 M1 1 [ 7

_|E 1/10_[>O_OE
spo—>>—73p

Figure 4.10: Schematic of the 1 ns delay circuit, PMOS and NMOS with undefined bulk
have their bulk connected do Vpp and ground, respectively

Table 4.9: Transistor sizes in the delay circuits

Transistor Size (pm)
M, Mz, Ms, Mg, M1, Mi5, Mg, My, My  0.75/0.12

My, Ms, M7, My, Mi3, Mis, Mig, Mp1, M3 0.16/0.12

My 0.16/50
Mg 10.9/10.9
My 4/4
My 2/2
M7 0.7/0.7
o1 Delayed ¢
—~ 1t -
Z
&
£ 05f _— - 1
2
0 1 1 1 1 1 1 1 1
150 160 170 180 190 200 210 220 230 240

Time (ns)

Figure 4.11: Simulation results of the delay circuit for the 1/2 state with a time delay of,

approximately, 22 ns
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The delay circuit used to avoid the overlap between the clock signals is shown in
Fig. 4.12. A safety margin of 1 ns between the two clock signals was chosen. Its operation
is equal to the previous delay circuit, but with only one MOS capacitor since it has always
the same delay independently of the converter state. The transistors My and Mg are sized
with (W/L) of 8/0.12 and with 0.75/0.12 ym. All the others transistor sizes are equal to

the ones in the previous delay circuit.

Vdd
T
I Ms J
‘—l * I M7 My M1
an°_"_| M; —| My I__}_FI_' Vout
MéI Mg Mg Mi
_| M, _| M:s F T

Figure 4.12: Schematic of the delay circuit. PMOS and NMOS with undefined bulk have
their bulk connected do Vpp and ground, respectively

4.2.1.3 Comparator

The comparator used to generate the control signal V, (Fig. 4.6(a)) is depicted in figure 4.13.
It is equal to the one described in [6]. This has enable (en) feature that is not used in this

work once there is no extra clock signal. Thus en is always connected to Vpp.

M
en°—| 1 Pd°—|I:M15

My M;s jl_l I[ My My :"__“: M o
1 Ml I m B
en o My 6 ﬂ LMz ‘
P! Udiff 2 Vdiff 1
Uin™ Oin” °_|R Mo M24j
M °—| M;  Ms
J Vdiff 1 Vdiff 2
w3
Mis Muy Mis Mag _| Mos
;°—“:M10 M2
;°_| M;is en °_| Mo
T .

Figure 4.13: Schematic of the comparator circuit. PMOS and NMOS with undefined bulk
have their bulk connected tdo Vpp and ground, respectively
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4.2.2 Converter State Controller

The active converter state (1/2,2/3,1/1, or 3/2) is defined by the state controller converter.
The state is determined by the voltage of the supercapacitor and by the operation voltage
limits of each state converter, which were previously defined in section 4.1.2.5. Figure 4.14
shows a simplified block diagram of the controller. Resistive ladders are used to scale-
down V;,;, and Vggr (which is generated by a Bandgap circuit) to perform the comparison
between V;, and the transition voltage limits of the proposed circuit. A voltage level
selector, which is basically a set of transmission gates controlled by an logic circuit,
controls the voltage limit which is at the input of the comparator, according with the
current state. The comparator compares the two voltages from both resistive ladders, and
acts on the state machine to change state or remain in the current state.

v Resistive S
in o> Ladder "| Dynamic State
Comparator Machine State
Resistive
.| Ladder and ‘
Bandgap v - Level
REF
Selector

Figure 4.14: State diagram of the converter state controller

4.2.2.1 Resistive Ladder and Voltage Level Selector

Figure 4.15(d) shows the resistive ladder used to produce the different voltage levels
that determine the transitions between the different converters. There are three transition
voltages between the four states of the converter. These transition voltage levels are
defined using a resistive ladder (Ry, R> ..., R¢). To avoid problems of multiple transitions
around the voltage limits, extra voltages transitions are added to create hysteresis. In the
1/2 state, there is only one limit since there is no upper state. This limit is represented by
V12 (where "B" means bottom) in the resistive ladder. The 2/3 and the 1/1 states have a
top (Vasr and Vi11) and a bottom limit (Va3 and Vi1p), since these can change to an upper
or inferior state. Lastly, the 3/2 state only has a top limit (Va,71) as there is no state after.
The difference between the voltages V;,,5 and V; /37, and so on, establish the hysteresis
voltage.

The output voltage of the Bandgap circuit is 500 mV (Vrgr). Thus, the voltage limits
(2.05, 1.7, and 1.05) where divide by 4.5 to be within the 500 mV range. The hysteresis
factor chosen was 10 mV, since higher values, when multiplied with 4.5, would increase
too much the upper voltage transitions. Table 4.10 present all the voltage transitions values
divided by the 4.5 factor.

Transmission gates 4.15(c) are used to perform the selection of the voltages in the

resistive ladder to the input of the comparator, Viy. The ones without hysteresis, with
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Table 4.10: Voltage levels of the restive ladder divided by a factor of 4.5

Viy (mV)
m Top Bot.

1/2 - 456
2/3 466 378
1/1 388 233
3/2 243 -

only one limit (1/2 and 3/2), are controlled by the output voltage of the state machine.
The other two states (2/3 and 1/1) have a small logic circuit 4.15(a) that controls which
transmission gate is activated depending on the active state and the value of the clock
signal CLK}, which will be later explained. The size of all the transmission gates is, in ym,
NMOS 0.16/0.12 and PMOS 0.75/0.12.

Lastly, the input voltage must also be divided by the 4.5 factor for the comparison to
work. This is done through another restive ladder 4.15(b) with two resistors R4 and Rp.
The two resistive ladders most have an impedance seen from the input of the comparator

S I: ) >o—o0 ST
) ) VRer
Sn °_|>= ‘D—o Sur VLV

R, S12
CLK: >—_I>°_° S Vias %

R3 % 12
(a) Logic selector Var % —
y R 4% Sir 20 23B
" Vid V3B I>l<l —
Ru Rs% S23B ‘%32
Vin Vior S
4.5 R6% Sz 118
RB V] 1B I%

Re S118 !
(b) Vi, resistive ladder

Vp Sssro— > Su1  Syro— > Sur
S12 °_{>°_°S_12 5233°_{>°_°%

1
In D-%Tb"’ Out 5o o_{>o_° o
Va S11B °_{>°_° Si

(c) CMOS transmission gate (d) Resistive ladder of the limits selector

Figure 4.15: Simplified schematics of the V;, and Vy resistive ladders. PMOS and NMOS
with undefined bulk have their bulk connected do Vpp and ground, respectively
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as close as possible. This helps to mitigate the errors on the comparison due to the kickback
noise. Moreover, as the total value of the resistors decreases the effect of the kickback noise
is again reduced. However, this brings problems of static power consumption. With this
trade-off into account, the total budget chosen for the Vrgr resistive ladder was of 500 KQ).
The impedance seen from the comparator changes accordingly to the voltage limit. To
match as close as possible the resistive ladder impedance of V;, the budget was defined
by the mean square of the impedance seen from each voltage limits of the Vzgr ladder
(Vast, Viz,-..,V11B). Also, a dummy transmission gate was added with the same size as the
ones of the Vier ladder. The resistors values for both resistive ladders are
R; =34KQ R,=10KQ R3=68K(O Ry4=10KQ Rs5=135K0O

(4.7)
Rg=10KQ Ry =233KQ R, =375KQ Ry = 107 KQ

4.2.2.2 Conventional Dynamic Comparator

Vdd

CLK

Figure 4.16: Simplified schematic of the conventional dynamic comparator. PMOS and
NMOS with undefined bulk have their bulk connected do Vpp and ground, respectively

The simplified schematics of the Conventional Dynamic Comparator [17, 18, 19] is shown
in figure 4.16. It is known by its high input impedance, rail-to-rail output swing and no
static power consumption [17]. The comparison is divided in two phases: Reset phase and
Comparison phase. In the Reset phase, CLK = 0 and so My is OFF and My g are ON, thus the
output nodes V* and V'~ are charged to Vpp. This provides the start condition for the next
phase of the comparison. Note that in this configuration M5 are OFF and M3 4 are ON;;
In the Comparison phase CLK = Vpp which turns OFF My g and turns ON M. With this,
V* and V"~ start to discharge (from its previous value of Vpp) due to the current flowing
through the transistors M3 4 and M ». Both discharges at different rates depending on the
voltage of inputs in the differential pair (IN* and IN ). Assuming that V- < Viy+, VT

discharges faster than V'~ because the current flowing through the transistor M; is larger
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than the one flowing through M. When the vt discharges to Vpp — ]Vthp\ before V—, the
corresponding PMOS transistor Mg will turn ON initiating the latch regeneration caused
by the back-to-back inverters (M35 and Myg). By that, V™~ pulls to Vpp and V™ discharges
to ground. If V- > Vn+, the circuit works vice versa.

Transistors Mg 11 are used to reduced the kickback noise. This kickback noise comes
from the leaking current caused by the parasitic capacitance between the drain and gate
(Cpg) due to the large current flowing through M; , when CLK = 1 V. Thus, Mjg,11, which
are sized with half the size of M », act like a capacitor that injects a current that helps
to cancel this leaking current. Simulation results showed a significantly reduction of the
kickback noise by implying this technique. Table 4.11 shows the transistor sizes.

Table 4.11: Transistor dimensions used in the implemented conventional dynamic com-
parator

Transistor Size (um)

My, My, M3, My, Mo 1/0.12

Ms, Mg, M7, Mg 4.7/0.12

M, M1y 0.5/0.12

When CLK = 0 the comparator outputs VT and V™ are charged to Vpp and does not
depend either if V— > V7 or counter wise. This could cause errors of comparison to the
state machine that receives a logic 1 that is not a result of a comparison. Therefore a S-R
latch (Fig. 4.9(a)) is connected at the outputs of the comparator to prevent these errors
(Fig. 4.17). The V;,, /4.5 is connected to the IN™ and the Vyy| to the IN™ of the comparator.
This way, the final output of the comparator (V(), only is logic 1 when the divided V;,
voltage is below the Vryr.

Vi, | IR
4.5 Dynarmc v 8 C
vy o— Comparator R OF

Figure 4.17: Comparator followed by a S-R latch

4.2.2.3 Bandgap

Both the comparator seen in section 4.2.1.3 and the dynamic comparator (seen in sec-
tion 4.2.2.2) need a stable reference voltage to perform a comparison. This is done through
the implementation of a Bandgap circuit. Figure 4.18 show the schematics of a Bandgap
circuit which was developed in [20]. The working principle of this circuit is beyond the

aim of this work and a detail analysis can be seen in [20]. The resistance R;,44., refers to
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the resistive ladder that sets the voltage transitions (Fig. 4.15(d)). A MOS capacitor (M)
of 500 fF is used to decrease the ripple of Vrgr.

My L_']}—l MgT_JI {I"_JMé ’—{[:J My
1 Viee
| o
Mio

Rlud der

LI

R>

M; :]}—‘ Ms

Figure 4.18: Schematic of the Bandgap circuit. PMOS and NMOS with undefined bulk
have their bulk connected tdo Vpp and ground, respectively

Figure 4.19 shows the schematics of the Operational Transconductance Amplifier used in
the Bandgap circuit.

Vadd

Vi

M ’Il_:"_vgﬁ& 1 o

| kg

MZFITJMS ] _”:1?\_{ M
- he

Figure 4.19: Schematic of the OPAMP circuit. PMOS and NMOS with undefined bulk have
their bulk connected tdo Vpp and ground, respectively

4.2.2.4 State Machine

Before entering in the details of the state machine, it is important to explain why there are
three different clock signals (CLKy, CLK¢, and CLKj). The controller needs to periodically
check if it is time to change or not from the current state. This is triggered through the
rising edge of ¢; from the clock generator (section 4.2.1). It is not necessary to check in
every rising edge of ¢, if it is necessary to change state since the input voltage of the

supercapacitor changes slowly. With this in mind, a new clock signal (CLKs) was created,
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which corresponds to ¢; divided by 8 (dividing it further would not result in a significant
power reduction). This way, the state controller will initiate its operation after 8 rising
edges of ¢1. Moreover, notice that when the converter gets closer to the transition voltages,
the rising edge of ¢; will occur more often and so the state controller will also check more
often if it is time to change than when V}, is far from the voltage transitions. This greatly
reduces the power consumption of the controller and the associated circuits such as the

comparator.

In order to allow the voltage in the resistive divider enough time to settle (V.y) as
well as for have enough time for the response from the comparator (V), two extra clocks
were created - CLK¢ and CLK]. The first, CLK, is CLKs divided by two and is used as
the clock signal of the comparator. The second, CLK}, is CLK¢ divided by two, and it is
used to control Vyy of the resistive ladder. Figure 4.20 shows simulation results derived
by spectre of the three clock signals (the circuits used for generate these signals will be
explained later). When CLK} is at logic 1, Viy is, according to the current state, at the
down voltage level. When CLK( rises to logic 1 the comparator is activated and performs
the comparison. Finally, only when the CLKj is at logic 1 at the same time as the previous
signals, the state machine "sees" if it must hold on the current state or rather change to the

down state. The same procedure is repeated for the upper limits when CLK], is at logic 0.

1 Down? 1Up?
1 — T T T 1 T - T T T - T T ]
i 05 S EEEETEI SUNS
~
Q
0 1 1 1 I 1 1 1 1 1 1
0.7 0.8 0.9 1 1n 1.2 1.3 1.4 1.5 .61 1.7
1 1
1 T T T |! T T 1 T Ty T ]
> 1 : [
: : : 1 : 1
O
. 0.5 ff - : . -
Q 1 ‘ 1
0 1 1 1 i 1 1 1 1 i | |
0.7 0.8 0.9 1 1 1.2 1.3 1.4 1.5 161 1.7
1 1
1 T T T |= T T T T T I T ]
> 1 : [
= 1 : 1
E 0.5 ‘I' . | i .
Q 1 1
0 1 1 1 | 1 1 1 1 L1 1
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Time (us)

Figure 4.20: Simulation results derived by spectre of the three clock signals CLKs c 1,
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Figure 4.21: Simplified schematics the divider by two circuit and the generation of the
three clock signals CLKg 1

Figure 4.21(a) shows how the three clock signals are generated through ¢;. The fre-
quency dividers by two are implemented through the circuit depicted in figure 4.21(b).
Their operation is quite simple: assuming that CLKp starts at a logic 1 and CLK =0V
then, when CLK changes to logic 1 CLKp is forced to logic 0 by the signal drained between
the two inverters from the second block. When CLK returns to zero CLKp holds the logic
0. Finally, CLKp is forced to 1 when CLK goes back to 1. This way CLKp is a logic 1 for
two pulses of CLK and a logic 0 for other two pulses of CLK - the frequency is divided
by two. The transmission gates (Fig. 4.15(c)) are implemented with NMOS 0.16/0.12 and
PMOS 0.75/0.12, in pm.

The state machine is the core of the state controller. It is responsible for defining the
current state as well as decide if it has to change based on the receiving information of
the circuits above described. Figure 4.22 shows a simplified state diagram of the state
machine. It initiates in state 1/1 to perform the start-up of the circuit. Assuming a start
position from state 1/2, it holds in this until V},, < Viy, which in this state is 456 mV (2.05
V). When V;,, is below this bottom limit, the state machine changes to the 2/3 state where
the top and bottom limit changes to 466 mV (hysteresis) and 378 mV (1.7 V), respectively.
From this point the machine can return to the 1/2 state (Up) or change to the next state
(Down), 1/1 state, when V;, is above the top limit or below the bottom limit. The same
procedure is repeated for the 1/1 state with the corresponding top and bottom limits of
388 mV (Hysteresis) and 233 mV (1.05 V), respectively. Lastly, in the 3/2 state there is no

further state, thus it can only return to the previous state when V;, increases above the
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State 1 State 3

State 4

State 2

Figure 4.22: State diagram of the state machine from the state controller

243 mV (1.05 plus hysteresis). This way, the converter will change states when either the
supercacitor discharges or charges.

Figure 4.23 shows the simplified schematics that implements the previous state dia-
gram. The states are implemented by S-R latches such as the states of clock generator. The
logic circuits Down, Down/UP, and UP are responsible for the decision of the transition
of state. Table 4.12 shows the truth table of their logic operation. These receive four input
signals - CLK}, CLK¢, CLKg, and V. When all clock signals are at the logic 1, means the
state machine will analyse if it must go down or hold according with the value of V. If it
is 0, then V;,, > Viy and the state machine hold until the next verification. If it is 1, then
the logic output down is activated which enable the set of the next S-R latch from the next
state. When comparing the top limit (CKL;, = 0 and CKL¢s = 1) and V( is 0 means that
Vin > Viv. Thus, the up output of the logic circuit is activated which enable the set of S-R
latch of the previous state and the reset of the current S-R latch. The output of all other
possible input combinations produce a logic 0. The circuits that implement these logic

circuits are depicted in figures 4.24.

Table 4.12: Truth table of the up/down logic

CLK, CLKc CLKs Vc|Up Down
1 1 1 10 1
0 1 1 0|1 o0
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Figure 4.23: Simplified schematics of the state controller

When there is a transition and a new state is activated it is necessary to ensure that the

comparison used to activate this transition is not used again in the new state, thus avoiding

it to automatically skip the new state. To this end, an AND gate is used to compare the new

state with CLK¢ - is activated when CLK¢ = 0. By that time, it means that the comparison

is finished and a new one can take place. An extra state is then required to provide a
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Figure 4.24: state controller Up and Down circuits implemented by logic gates

constant logic 1 to the logic circuits Down/Up since with the AND gate the signal will
change with CLKc. This is employed in all states except for the 1/2 were there is no
comparison done after °

The Reset of the machine must be performed at the start of the controller circuit. This
will put a logic 0 in all states except in the 1/2 state which is the starting state. When a
Down transition occurs the reset signal of the current state is turned OFF by the transition
logic circuit down output and the extra-state, if exists, is turned OFF by the next state. This
guarantees that the new state is set to the logic 1 before the transition logic circuit output

becomes zero. The same operation method is repeated for the Up case.

4.2.2.5 Simulation Results

Figure 4.25 shows a simulation result of the whole system with an ideal voltage source
that varies from 2.3 to 800 mV and then returns back to 2.3 V. It is possible to see Viy
changing the limits as it changes from one state to another. The comparison error is, in the
worst case, approx. 3 mV which corresponds to a 13.5 mV (3 x 4.5) when looking at Vj,,.
Figure 4.26 shows a close up from the transition between the 2/3 and the 1/1 state. The
decision making only occurs when the clock signals and the ouptut of the comparator (V)
have the logic values presented in table 4.12. The Bandgap output (Vrgr) is also showed in

this plot and it yields constant at approx. 500 mV during the whole controller operation.

5There is in fact an Up comparison before the 1/2 state, however since the transition logic circuit only
uses the Down condition there is no problem in skipping the state.
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Figure 4.26: Close up of the converter state controller simulation results derived by spectre
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4.2.3 Switch Drivers

This section presents the different clock buffers used to drive all the proposed converter
switches. As V;, varies the drivers must adapt to the current state in order to work in
safe operation mode - avoid voltage breakdown in the switches. To solve this problem,
different driver circuits were used, especially in the A, B, F, and G switches.

4.2.3.1 A Driver

Table 4.13 shows the required output voltage swing on each state for the A;, A>, and A3
switches. The clock signal in states 1/2 and 2/3 cannot go bellow 1 V in order to work in
the safe operating region. States 1/1 and 3/2 have maximum voltage swings under 1.7 V.
Thereby, the clock voltage can go from V;, to zero.

Table 4.13: A driver output swing voltage on each state

State
m /2 2/3  1/1 3/2

Aq Vii—>1 Vy,y—>1 Vyy =0 Vyr—0
As Vip.— 1 OFF Viie—=>0 Vo —0
Asz Vi > 1 OFF Vi, — 0 OFF

A CMOS level shifter is commonly used to generate a voltage swing from high Vpp.
In its conventional form, it produces a clock signal of Vy;ey, to 0 through a cross-coupled
PMOS transistors and two NMOS transistors driven by complementary input signals
[21]. When working with voltages higher than 2 Vpp the output node have difficulty
to discharge and the LS cannot correctly operate [21]. Moreover, for voltages over 2 V
the problem of gate oxide breakdown arises. To overcome this 3.3 V transistors can be
used. However, simulation results showed this would lead to large power consumptions.
Another solution using the stacking of MOS transistors in order to work in the safe
operation region is proposed in [16]. Notwithstanding, in this case, the output voltage
swing is limited between V¢, and approximately Vpp, which is not suitable for the
propose of this work as it would not work for the 1/1 and 3/2 states.

With this in mind, clock-bootstrapping circuits were used to boost the clock signal and
then used to control an inverter that produces the output swing of the driver (Fig. 4.28).

Figure 4.27 shows the clock boosting circuit used to double the voltage of the clock
signal [22]. The output capacitance, Cy, refers to the parasitic gate capacitance, Cgg of
the MOS transistor. The circuit operates in two distinct phases. When CLK = 0V, the
MOS capacitor My is charged to Vpp by transistors M; and Mg. While the output node is
discharged to zero by the transistors M3 and My. When CLK = 1V, the capacitor (M) is
connected in series with Cr and V(p. This way;, if Vcp = Vpp then Vg plus Vpp, from the
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capacitor, gives the 2 Vpp output voltage.

(Vbp + Ves) Cyuy

4.8
Cﬂy-l—CL (48)

VBoost =

Equation (4.8) describes the explained behaviour, where Cy,, is the MOS capacitor M.
This shows that it is impossible to achieve 2 Vpp due to the C, capacitor. However, for
larger values o C fly OF low values of Cy, the voltage becomes closer to the 2 Vpp. All the
transistors, except Mo, were sized with the same sizes has the ones on [22].

Figure 4.28 shows the overall driver circuit that produces the clock signal for switches
A1, Ay and Aj. This is composed by an inverter with two NMOS paths: M, to produce the

Vdd
—E“ M vdd  CLK
m| 1 1
Ji ¥l
*—4 M; My
M
VBoost

Ms M; l—L

y Lo v
Ms CB

CLK o> CLK

Figure 4.27: Simplified schematic of the clock boosting circuit. PMOS and NMOS with
undefined bulk have their bulk connected do Vpp and ground, respectively
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Figure 4.28: Simplified schematic of the A driver. Transistor M, (in bold line) are 3.3 V
and all the remaining transistors (normal line) are 1.2 V transistors. PMOS and NMOS
with undefined bulk have their bulk connected do V;,, and ground, respectively

bnsl el e

78



4.2. THE OVERALL SYSTEM

Vin = 1 (Vour = 1 V) and the M3 4 to produce V;,, — 0. Using 3.3 V transistor in M » brings
two advantages: there is no problems regarding gate oxide breakdown and, since these
have higher V, (= 500mV), M is turned OFF with the 2 V from the CBT (in the worst case
Vin = 2.3 V). Moreover, the shoot-through current of the inverter is reduced. With the same
purpose, M3 4 are implemented by 1.2 V and controlled with a clock signal of 1 V. Where
transistor M3 is used guarantee that My does not suffer oxide breakdown when Vp4 > 2.3.
All the A drivers (A1, A; and A3) work with ¢ (see Table 4.1). Transmission gates and
NMOS transistors (Ms ¢ 7) are used to control the main inverter (M; / My). Moreover, this
also allow the drivers to turn OFF or apply ¢; to each individual switch. This is controlled
by logic gates that differ from a switch to another. To ensure that ¢ is capable of handling
the total input capacitance of the driver two inverters with 3 and 6 times the minimum size
are used, (W/L)pos of 0.48/0.12 and (W /L) pyog 0f 2.3/0.12 in pm and (W /L) \pog Of
0.96/0.12 and (W /L)py 0 0f 4.5/0.12 in pum, respectively. The transmission gates are sized
with 4 times the minimum size, (W /L)xog of 0.64/0.12 and (W /L) pyog of 3/0.12 in pum.
Figures 4.29 show the simplified schematics of the logic circuits that control the driver
(Fig. 4.28) for each switch. Lastly, Table 4.14 shows the transistors size of each driver.

Sn

S T N> T, N>
N1 512 Nl
S
5;21 Ts N I g; T3 N3 T
(a) Aj driver logic (b) A driver logic
512 o—4¢ ]\]2
N1
S |
T3 N3

(c) Az driver logic

Figure 4.29: Simplified schematic of the logic circuits used to control the A;, Ay, and A3
drivers
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Table 4.14: Transistor sizes used in the implemented drivers of Aj, Ay, and A3

Driver  Transistor  Size (um)
M, 200/0.3
M, 110/0.34
Aq M3, My 26/0.12
Ms, Mg, M7 0.16/0.12
CBT My 60/60
M, 146/0.3
M, 77/0.34
Ap M3, My 20/0.12
Ms, Mg, M7 0.16/0.12
CBT Mo 60/60
M, 140/0.3
M; 62/0.34
As M3, My 16/0.12
Ms, Mg, M7 0.16/0.12
CBT Mg 60/60

4.2.3.2 B Driver

Table 4.15 shows the required output swing voltage on each state for the switches By,
B; and Bs. All the B switches are implemented by a PMOS switch that connects the V,,;
node to the flying capacitors. This means that the voltage through the drain and source is
always 1 V. Thereby, a voltage swing V;,, — 0 stays in the safe operation region for any

value of Vj,,.

Table 4.15: B driver output swing voltage on each state

N 1/2 2/3 1/1 3/2
By Vie—>0 Vi, —0 V;, =50 Vo —0
B, Vip >0 Vip—0 Vi, —0  OFF
Bs Vip—0 OFF Vj,—0  OFF

The circuit used to implement the drivers By, By, and Bz is depicted in figure 4.30. The
same operation method used on the A drivers is replicated here. The CBT circuit (Fig. 4.27)
is used to turn OFF the PMOS transistor M; and 3.3 V transistors are used to prevent
gate oxide breakdown and to increase Vy, in order to reduced the shoot-through current.

The switches By, By, and B3 only work with ¢». Therefore, one transmission gate and one
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NMOS (M3) transistor is used to control the driver. When the transmission gate is ON,
the driver produces a complementary clock signal of ¢, from V, to zero (Note that the B
switches are PMOS transistors, thereby to be activated with ¢, they need a complementary
clock signal). When the transmission gate is OFF and M3 is ON, the inverter produces
Vin that turns of the switch. Figure 4.30 shows the three different logic circuits for each B
switch. Table 4.16 shows the sizes used for the inverter transistors. Again, Two inverters
are used to drive ¢, with 3 and 6 times the minimum size. The transmission gates are
sized with 4 times de minimum size.

Vi;“t Vin
3 Vouro—ve 12
by M ~ S CBT Vs M;
7, N °—|ET7M3 Vos
Ty i

Figure 4.30: Simplified schematic of the B driver where transistors M, (in bold line) are
3.3 V transistors. PMOS and NMOS with undefined bulk have their bulk connected do V},
and ground, respectively

S1 S12
S23 Sa3
N; N
S11 !
Sx» Tz S T;
(a) By driver logic (b) B, driver logic

S
Sty W T,
N

1

(c) B3 driver logic

Figure 4.31: Simplified schematic of the logic circuits used to control the By, B;, and Bs
drivers

In the 3/2 state V}, is going to be under 1 V. This means that the A;, A>, and B; drivers
will have a voltage swing under 1 V. Therefore, Roy will increase due to the decrease in
the V,¢. To avoid this, a voltage power supply selector circuit, Fig. 4.32, is used to change
the supply of this drivers from V;, to V;,; in this state.

The M;, My, M3, and My transistors implement a level shifter. When Sz, = 0V, M
turns ON and pull its node to ground which turns OFF Mg with Vj,. M5 is turned ON
and so Vi3> = Vj,. When S3; = 1V, Ms turns OFF (V;,, = 1 V) and M, turns on, which
pull its node to ground and turns ON Mg - V32 = Vit Table 4.17 shows the transistors
dimensions used to implement this circuit.
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Table 4.16: Transistor dimensions used in the implemented drivers of By, By, and B3

Driver Transistor Size (ym)

My 200/0.3
B M, 56/0.34
! Ms  0.16/0.34
CBT Mg 30/30
M, 144/0.3
M 40/0.34
B,
M; 0.16/0.34
CBT Mg 30/30
My 116/0.3
M, 32/0.34
Bs
M;3 0.16/0.34
CBT Mg 30/30
Vs
Vin 9
T
M; M; Ms M
S3 M My

Figure 4.32: Simplified schematic of the voltage power supply selector circuit with 3.3
V transistors (in bold lines). PMOS and NMOS with undefined bulk have their bulk
connected do V;,, and ground, respectively

Table 4.17: Transistor dimensions used in the implemented the power voltage supply
selector

Transistor Size (um)

M;, M3 0.73/0.34
My, My 0.6/0.3
Ms, Mg 300/0.3

4.2.3.3 D Drivers

The D switches are only activated in the 1/2 state. They handle voltages of V;, /2 when
ON and 1 V when OFF. Being implemented by a PMOS switch means they only need a
clock signal with 1 V of peak-to-peak voltage to turn OFF. Table 4.18 shows the required
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Table 4.18: D drivers output voltage swings on each state

State
m /2 2/3 1/1 3/2

Dy Vour =0 OFF OFF OFF
D, Vour =0 OFF OFF OFF
D3 Vour =0 OFF OFF OFF

output swing voltage on each state for the switches D; 3.

Figure 4.33 shows the circuit that implements the D drivers. The two input inverters
are sized with 2 and 3 times the minimum size, respectively; and the transmission gate is
sized with 3 times the minimum size. The D switches are only activated in the 1/2 state
and so all the three drivers are equal. Moreover, their logic circuit is composed by a single
inverter which is more simpler than the previous drivers. The sizing of the transistors is

presented in Table 4.19.

Vout
Sn "_T
= [
N, N °_|ETLM3
1

512°—l>°—° N —| M;

Figure 4.33: Simplified schematic of the D driver. PMOS and NMOS with undefined bulk
have their bulk connected do V;, and ground, respectively

Vb

Table 4.19: Transistor dimensions used in the implemented drivers of Dy, D, and D3

Driver Transistor Size (um)
M; 9/0.12
Dis3 Mo 2/0.12
M; 0.16/0.12

4.2.3.4 E Drivers

The E switches are responsible for connecting the flying capacitors to ground. Therefore,
they are implemented using NMOS switches and need at least a 1 V to turn on. Table 4.20
shows the needed output swing voltage on each state for the switches E;, E; and Es.

The E; and E; drivers have to produce clock signals in phase with ¢ or ¢, depending
on the current state. Figure 4.34(a) shows the simplified schematic of these two drivers

and figures 4.34 shows the logic gates to produce the clock signal according with the active
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Table 4.20: E drivers output voltage swings on each state

State
m 1/2 2/3  1/1  3/2

Eq Vour =0 Voup —0 ON Vo — 0
EZ ‘/out — 0 Vout — 0 ON Vgut — 0

state (see Table 4.1). The input inverters and transmission gates are sized with 3 times the

minimum size.

Vout
Vout
T P; °_|[1‘M3 "_T
P [
T, Ni °_|EILM4 VDE
T, —, M
-
T,
(a) E7 and E; driver circuit
S1 Sn
Sn T S3 i
N; N1
S Py Su Py
Sz S23
Tz TZ
(b) E; driver logic (c) Ej driver logic

Figure 4.34: Simplified schematics of the E; and E; drivers and logic circuits. PMOS and
NMOS with undefined bulk have their bulk connected do V;, and ground, respectively

The Ej3 driver, is always ON, except for the 1/2 state. Its circuit is presented in Fig. 4.35
with the associated logic circuit.

Since the gate capacitance of these switches is, approximately, the same the inverters
were equaly sized for all the drivers. Table 4.21 shows the size of transistors of all the three

drivers.
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Figure 4.35: Simplified schematic of the E3 driver. PMOS and NMOS with undefined bulk
have their bulk connected do V;, and ground, respectively

Table 4.21: Transistor dimensions used in the implemented drivers of Eq, E;, and E3

Driver Transistor Size (ym)

M; 47/0.12
M, 1/0.12

M;3 0.75/0.12
My 0.16/0.12

Eip3

4.2.3.5 F and G Drivers

The drivers of switch F;, F, and G; only operate in the 2/3 and 3/2 states. However, some
concerns regarding the gate oxide voltage breakdown during the 1/2 state must be taken
into consideration. These were explained in section 4.1.1 and Table 4.22 summarizes the
required voltages on each state.

Figures 4.36 shows the circuits used to implement the F1 and G, drivers. A Clock
boosting circuit is used to increase V in order to reduce Rpy of the transistors and enable

the use of only a NMOS switch (without recurring to transmission gate). Moreover, the

Table 4.22: F and G drivers output voltage swings on each state

State
2/3 1/1 3/2

F OFF 2V —=0 OFF 2V =0

Switch

Fl,Prot Vout 2V =1 Vout 2V =1

F Voww 2V —=0 OFF 2V =0

G OFF 2V —=0 OFF 2V =0

GZ,prot Vour 2V —=1 Vo 2V =1
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drivers F; and G, feed two extra switches that make use of the stacking MOS technique [16]
to protect the transistors. This is performed by the V), signal that has an output of 1 V
(Vout) when Vprp = 0 V by turning ON M, and turning OFF M;; and when Vpr; =2V
has an output of 2 V by turning ON M; and turning OFF M. In sum, Vpr; will have a
2 — 0V swing and V) a swing of 2 — 1 V. The same operation is presented in the G,

driver.
Vout Vbr Vprot
523 T o o
Vouto_ Ve CngT v N
¢1 _ > Boos _=ro__|=_£ Vout
i M1 M
S?S N 1 H%]\/h
S3 5 =
23 23
i = >
. 532 532°—l>°—° S3
Sz
(a) Fy driver
Vout VDGZ Vprat
823 T [o] [e]
Voo ] i -
¢2 M o > Boos _=r<b—_|==r< Vout
M M>
55 N1 °_|E<TLM3
S3 s =
23 23
nAD—BF T, -
. 53 532°—l>°—° S3
S3

(b) G, driver

Figure 4.36: Simplified schematic of F; and G; drivers. PMOS and NMOS with undefined
bulk have their bulk connected do V;, and ground, respectively

To work in the safe operation region, the F, driver needs an output voltage of 1 V in
the 1/2 state. This is implemented by the circuit depicted in figure 4.37. In the 1/2 state
the CBT circuit is set to produce an output of 1 V through the M; transistor. In the the
states 2/3 and 3/2 it works normally with a voltage swing between 2 and 0 V. The 1/2 to
2/3 transition showed in simulation a peak voltage of 2 V. Therefore, two delay circuits
(section 4.2.1.2) of 10 ns are used to delay the change from 1 V to the clock signal 2-0 V.

The two input inverters of all the three drivers are sized with 3 and 6 times the
minimum size, respectively; and the transmission gate sized with 3 times the minimum
size. Table 4.23 shows the size of the transistors in all three drivers.
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Figure 4.37: Simplified schematic of the F, driver. PMOS and NMOS with undefined bulk
have their bulk connected do V;,, and ground, respectively

Table 4.23: Transistor dimensions used in the implemented drivers of F;, F,, and G3

Driver Transistor Size (ym)

M, M, 16/0.12

F
M, 0.16/0.12
CBT My,  30/30
. M, 0.75/0.12
? M, 0.16/0.12
CBT My,  30/30
My, M,  16/0.12
Gy

M;3 0.16/0.12
CBT Mo 30/30

4.2.3.6 Start-Up Circuit

Figure 4.38 shows the schematic of the start-up circuit, responsible for the power-up of
the system, based on [6]. The supercapacitor is charged by a external source, therefore,
at the beginning, V;, will start to rise from 0 V. This will create a Reset signal through the
level shifter implemented by M;, M, M3 and My. Ry and R; guarantees that the transistor
My is turned ON so that M5 will also be turned ON. This will directly connect the V,,;
node to V;, starting the charging process. They will be connected until v3 reaches the M»
threshold voltage. v3 is generated by a resistive voltage divider (R3 and Ry4) that is feed
by a delayed version of V;,; performed by the chain of inverters (Mo-M;g and M7-Ms),
R, and C;. This means that R3 and R4 define the start-up voltage in which M5 is turned
OFF and Reset = 0 V. An extra level shift implemented by M3, M4, Mi5, and Mg is used
to ensure that M, is turned off for high values of V;,. Table 4.24 shows the transistors,
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resistors and capacitors sizes of the start-up circuit in order start working when V;,, = 1.2
V. At that time, M5 is turned OFF and V,,;, which is also 1.2V, starts to decay to 1 V.

Vin sz t

o ° °

Figure 4.38: Simplified schematic of the start-up circuit. Transistors in bold lines are 3.3 V
and normal lines refer to 1.2 V transistors. Also PMOS and NMOS with undefined bulk
have their bulk connected do V;,, and ground, respectively

Table 4.24: Transistor, resistors and capacitors in the start-up circuit

Transistor Size (um)
My, M3 9.2/0.3
My, My 39/0.34

Ms 100/0.3

Mg, Mg, My, M11, M1y, Mg  0.16/0.12

M7, Mg, Mz, My3, Mi5 0.75/0.12

Resistors Size (KQO))
Ri, Ry, Ry 500
R3 530
Ry 470
Capacitors Size (pF)
Cy 1
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ELECTRICAL SIMULATIONS

In this section electrical simulation results of the whole system are presented and discussed.
It shows four simulations of distinct behaviours of the circuit.

e The first simulation shows the behaviour of the system as the input capacitor dis-
charges from 2.3 V to 0.85 V and then the charging back to 2.3 V. This was carried
out with C;;, = 100 nF;

e The second simulation shows the discharge of the input capacitor from the 2.3 V
to 0.69 V and then charged back to 2.3 V. In this case the V,,; decreases below 1 V
showing the ability of the system to recover to 1 V once the input voltage is high

enough. This was again carried out with C;, = 100 nF;

e In this simulation C;, is increased to 400 nF and simulated for an input voltage swing
from 2.3t00.85V;

e Finally, the last simulation shows the start up of the system with C;, = 1 F and
Pyut = 2 yW from a 0 V voltage value for both input and output.

All these simulation were carried out with C,,; = 100 nF and, with the exception of the

last simulation, P,,;; = 2 mW.

5.1 Simulation Results and Conclusions

Figure 5.2 shows the simulation results of the system with Pp,; =2 mW and C;;, = Cout =
100 nF. The system starts with the input capacitor charged with 2.3 V which corresponds
to the 1/2 state. V;,; remains approximately constant through the charge/discharge of
the flying capacitors as V;, decreases. When V;,, reaches the transition voltages - 2.05, 1.69,

and 1.04 V; the system changes to the next state. The error between the measure transition
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voltage is, in the worst case, ~ 10 mV. At t = 76 us, C;, is charged by an external current
supply in order to see the system going backwards. The upper transition voltage levels
were 1.1, 1.87 and 2.17. These values are higher than the ideal values due to the hysteresis
in the resistive ladder of the state controller (section 4.2.2.1).

To observe the ability of the system to recover when the output voltage decreases
below 1V, the previous simulation was repeated with a longer delay before the charge
of C;, through the external current supply. This way, as the plot shows, when V;,, < 0.85
V the system is unable to maintain V;,; = 1 V and this voltage begins to drop. When V,
starts to increases, the output voltage start increasing to 1 V and, as the plot shows, the
system managed to successfully return to V;,,; = 1 V as well as returning to its normal
behaviour.

Figure 5.4 shows the discharge of the supercapacitor from 2.3 V to 0.77 V with Py, = 2
mW, C;;, = 400 nF and C,,; = 100 nF. There is an increase in the working time of the
converter as it would be expected. Moreover, this time approximately four times longer
than the previous simulation with a C;, = 100 nF. This shows an approximately linear
relation between the system working time and the value of the input capacitor

In all plots, the slope of V;, changes from state to state. Whereas, the smallest slope is
in the 1/2 state and the largest in the 3/2 state. This is an indication of which which states
drain more current from C;,,.

In section 4.1.2.5 the efficiency was calculated considering the steady state of the
converter. The efficiency can also be determined by the ratio between the energy drained

Table 5.1: Simulation results summary and efficiency for the discharge of C;, with 100 nF
and 400 nF, C,,; = 100 nF, and P,,; = 2 mW

Work Time (us) Voltage range (V)
State # ge rang Ec, 0)) Er,, ) 7 (%)
t ta At Vign Vin,i2
Ci, = 100n E
1/2 0 21.71 21.71 2.3 2.05 54.375 40.49 74.46
2/3 21.71 4334 2217 2.05 1.69 67.32 43.28 65.95

1/1 4334 7185 2851 1.69 1.04 88.725 57.21 64.01

3/2 718 7672 487 104 0.85 17955 974 5425
Cin = 400 nF

1/2 0 7822 7822 23 2.07 201.02 15370  76.46

2/3 7822 16513 8691 2.07 1.7 27898 1739 6233

1/1 16513 2812 11607 1.7 1.05 3575 2329  65.14

3/2 2812 3013 201 1.05 0.85 76.9 4002  52.92
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by Rout with the one supplied by C;;, (5.1). Table 5.1 shows the new values of efficiency
calculated using (5.1) for the first and third simulation during the discharge of C;,. As
expected, the 1/2 is the state with higher 77 and the 3/2 the one with the lowest.

/t2 <Vout) dt
AERDM o t1 Rout

Henergy = =
AEc, 05V, Ci,—05VZ,

(5.1)
Cin

Figure 5.1 and table 5.2 show the simulation results of the efficiency for P,;; = 2 mW
and Vs = 1 V; with V}, connected to an ideal voltage supply. This enables to determine
the efficiency in the steady state condition for a specific input voltage. The plot shows
that 77 decreased approximately 3-5% when compared with the plot in figure 4.5 that only

09+t

0.8+

0.7}

0.6 -

Efficiency

0.4}

0.3}

0.2}

0.1}

o

o
—

15 2 2.5
‘/i?l V)

Figure 5.1: n7 of the whole system as a function of V;, for P,;; = 2 mW and V,,y = 1 V.
Simulation results derived by spectre are displayed in markers

Table 5.2: Simulation results of the efficiency (1) in the steady state condition for the four
stateswith P,y =2mWand V,;; =1V

State Vi, (V) Py, mW) 7 (%)

2.3 2.68 74.6
1/2

2.1 2.66 75.1

2.05 3.24 61.8
2/3

1.75 3.20 62.5

1.7 3.62 55.2
1/1

1.1 2.68 74.5

1.05 3.89 51.4
3/2

0.85 3.45 57.9
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accounts with the drivers effect. Notice that the values from Henergy are close to the average
values, in each state, of # measured for the steady state.

Table 5.3 shows the maximum values of AV,,; measured considering only the steady
state. In these simulations the value of V;,, was swept from 2.3 to 0.85 V using an ideal
voltage power supply. The results show that the ripple is different from one state to
another and, in the worst case, AV;,; as a maximum ripple of approx. 23.4 mV on the 1/1

state.

Table 5.3: Maximum AV,,; values for each state of the converter with a V;,, sweep from 2.3
to 0.85 V with C,,; = 100 nF

State  max{AV,y:} (mV)

1/2 11.19
2/3 10.07
1/1 23.42
3/2 13.44

Figure 5.5 shows the starting-up of the system. The system starts the operation when
Vin = Vour = 1.2 V and so the Reset signal is pulled to 0 V and the vorr signal turns off
the connection between the input and output node. In this simulation the external current
supply keeps charging the supercapacitor and the converter performs its task to produce
a stable V;,,;; = 1 V. Notice that in the start of the circuit the output load must be turned off
(Rout = 500 KQ2).

92



5.1. SIMULATION RESULTS AND CONCLUSIONS

A€TO}
Jyoeq pue A 68°0 PUE £'7 Usamiaq SUIms #A e 10§ JU 00T = 710D = ¥ pue pW 7 = 97 YIIM UIISAS 9[0UM S} JO S}NSDI UOR[NWIG 7'G dINSL]
(s11) ouurg,
0cT 00T 08 09 0¥
| I I L 1
, , e/ 1/1 £/z e/1 s
B =
09
¢}
=
_ | | | | [ I
_ | _ | | |
I 0cl | 00T _ 08 _ 09
(T T 1 T _ ! I ! 660
_ _ _ %
%,}});7 | | 1=
&
AR ! I 10°T 3
Rl | | =
o o | LT B : 0T —
_ I
0cT 00T _ 08 _ 09 0¥ 0¢ 0
1 L.

(A) 98ey0A

93



CHAPTER 5. ELECTRICAL SIMULATIONS
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Figure 5.3: Close up on the simulation of the whole system with P,,; = 2 mW and C;;, = C,yt = 100 nF for a V},, swing between 2.3 and 0.69 V

and back to 2.3V
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Figure 5.5: Simulation results of starting-up of the system through an external current supply with Py, = 2 uW, C;, = 1 F and C,yy = 100 nF
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6.1 Conclusions

The objective of the work presented in this thesis was to develop a multi-ratio SC DC-DC
converter, in 130-nm technology, that is able to convert a variable input voltage provided
by a supercapacitor, into a stable 1 V output voltage. To perform its task the converter
needs auxiliary circuits, such as a phase and state generator, switch drivers and a start-up
circuit. These form a system that is able to produce a stable 1 V output voltage within a
input voltage swing of 2.3 V to 0.85 V with an output power of 2 mW and a maximum
output ripple of 23 mV.

In chapter 2 four different topologies of SC DC-DC converters were analysed. In these
it was seen that the parasitic capacitances from the flying capacitors and from the switches
have a strong impact in the efficiency and output voltage. With the resulting equations of
the efficiency regarding the parasitic effects, it is possible to choose in which regions of the
input voltage the converter can or must work to achieve the best performance. Another
important equation studied in this chapter is the frequency as function of the output
voltage, flying capacitors and parasitics, output power, and input voltage. By setting the
value of the flying capacitors and the output power (setting R,,;) it is possible to calculate
at which frequency the converter must work to produce a desire output voltage.

The capacitors and switches implemented in 130-nm technology were studied in
chapter 3. Two structures to implement a capacitor in IC were presented. It was shown
that the use of a MOS device as a capacitor has a large bottom plate parasitic capacitance.
Thereby, due to their lower parasitic capacitances and higher breakdown voltages the

MIM capacitors were chosen.

The study of a switch implemented through a MOS device was also carried out in
this chapter. To better understand the switching parameters, Ron, Cgg, and W/ L of the
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transistors, equations that relate these parameters with the 130-nm technology (kg and
kc) were determined. This showed that 3.3 V transistors need a much larger area, when
compared with 1.2 V transistors, to implement the same Rpyn, which brings problems
regarding the power consumption of these switches. However, 1.2 V transistor can not
support voltages above 2 V without suffering from gate oxide breakdown. With this trade-
off between the 3.3 and 1.2 V transistors in mind and the resulting switch parameters,
the choice of the switches was carefully studied in chapter 4. Lastly, a case study for the
1/2 state was presented in which the impact that the output power has in the switch
parameters and in their power consumption is shown. A quadratically relation between
the power drained by the switches and the output power was observed. Moreover, the
input voltage until which the converter works also affects this relation. With this, the
efficiency equation determined in section 2.1.2 was recalculated to account the power

drained by the switches. As expected, the efficiency values were decreased.

The proposed multi-ratio SC DC-DC converter and the overall system are shown and
studied in chapter 4. This converter is composed by three flying capacitors (C;, C; and C3),
tifteen MOS switches (A1,A»,..., K, and Gy), and an output capacitor C,,:. The goal was to
perform the tasks of the four converters presented in chapter 2, in one single converter.
This was achieved through a different combination of active switches that performs the
same operation as the separate converters. Therefore, the converter is divided into four
states (1/2,1/1,2/3 and 3/2) with two phase clocks ¢; and ¢,. The input swing voltage
can go to 2.3 V which is out of the 1.2 V transistors safe operation region. To this end the
stacking of transistors and a controlled Vs in some switches were employed. This was
carefully studied and tested through simulation to ensure that there was no gate oxide
breakdown in all the switches.

The efficiency equation was adapted to the new number of switches as well as the
new power drained by the clock circuits. Through this and the frequency equations, it
was possible to decide the regions of Vj,, that each state operates and the corresponding
efficiency as well as the operation frequency regions. This allowed to size the converter
and calculate the switch parameters that were later used to size the drivers and the overall
system. The converter was to be designed with a 10 mW output power. However, it was
not possible to achieve such power values and so the specification was changed to 2 mW.
In sum, the proposed converter has an output power of 2 mW, with C; = C; = C3 = 333
pF (which was set by an area specification), C,y,+ = 100 nF (set to be 10 times higher
than the total of the flying capacitors). Simulation results, considering the overall system,
showed efficiency values below the theoretical ones, specially in the 2/3 and 3/2. In this
last case, its mainly due to V,rs < 1V of the switches that arouse from the safe operation
restrictions as well as the integration of the four converters in one single converter. Other
effects such as the shoot-through current and overlap of the inverter drivers, the power
consumption of the remaining system, which is presented in all states, contribute to this
reduction.

98



6.1. CONCLUSIONS

Also in this fourth chapter, the overall system is presented. Starting with the gener-
ation of the two phase clocks ¢; and ¢, through an ASM with a non-overlap technique
and a power down feature. These clock signals change their frequency automatically,
through controlled delay circuits, according to the active state of the converter. The ASM
is controlled by a comparator that indicates if the output voltage is below the reference
voltage and, if it is, starts the generation of the clocks and when above returns to the
power down mode. Simulation results showed that the overlap between the clock signals
is a key aspect in the converter efficiency. Thus it was added a time delay (1 ns) between
the two phases to ensure that there are no active switches from different phases activated

in the clock transitions.

The four states of the system was also implemented through an ASM controller. In
this a Bandgap circuit was used to produce a reference voltage of 500 mV to enable the
generation of the voltage transistors through a resistive ladder. Hysteresis was added to the
upper voltage transitions (when the converter is changing backwards) to avoid multiple
transition errors. A dynamic comparator with a kick-back noise reduction technique was
used to compare the voltage levels with the input voltage from the supercapacitor. Finally,
the ASM receives the information from the comparator and decides which state must be
activated. To decrease the power consumption and avoid errors in the decision making
three extra clocks were generated through frequency divider circuits. This slows down
the frequency in which these circuits work and avoid problems regarding settling error.
Simulation results derived by spectre showed an overall good performance of this state
controller with an offset error inferior to 3 mV.

The final part of chapter 4 showed the implementation of the drivers that feed the
converter switches. These were design to achieve the lowest possible power dissipation
and at the same time set the needed voltage values for the switches to work in the safe
operation region. The use of MOS level shifters was analysed and shown to be unable to
deal with the output voltage specifications as well as high power consumption values.
Thereby, the implementation relied on clock-bootstrapping circuits followed by an inverter.
Transmission gates were used to decide either or not to pass the phase signals to each
driver. They are controlled by logic gates according to the active state. This way, feed-
forward techniques using the two phase clock signals to generate the new clock signals
for each driver were avoided.

The fifth chapter, chapter 5, electrical simulations of the whole system are presented.
These showed a stable output voltage of 1 V for a input voltage swing between 2.3 V to
0.85 V. where the efficiency were calculated from the supplied/drained energy during
time. The maximum achievable efficiency was 76% in the 1/2 state and the remaining
states reached 66%, 65% and 53% in the 2/3,1/1 and 3/2 sates, respectively. The maximum
output ripple, (AV,,¢), was approximately 23 mV.
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6.2 Future Work

The start-up circuit needs to be further investigated and optimized so that it can achieve
a better efficiency in the starting up of the system. Charge reusing techniques to reduce
the power losses from the flying capacitors [6] could be used to achieve better efficiencies.
Also, there are other techniques that were not tested in this work and could result in
an improvement on the overall performance of the proposed converter. For example,
reducing the output ripple as well as the C,,; value by splitting the proposed converter
in smaller modules connected in parallel [23]. Other techniques using the inactive flying
capacitors to act as an output capacitor [24] can also be used for this aim.

It is also possible to eliminate the output ripple by using a Low-dropout (LDO) reg-
ulator which provides a regulated voltage source for noise-sensitive blocks [25, 26, 27].
Hence, the output voltage, for example, could be decreased to 950 mV by meanings of a
LDO and thus eliminate the output ripple.
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