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Abstract i

Abstract

DC-DC converters are critical building blocks in energy harvesting systems which are
applied to provide the energy for the implantable biomedical devices. They are required
to meet very strict specifications and consume as less power as possible. Therefore, their
power conversion efficiency and stability of the functionality in the varying environment
become the major considerations in this thesis project, the target of which is to design a
DC-DC converter for energy harvesting applications.

The conventional PWM control is not usually suitable for the DC-DC converters
applied in energy harvesting applications because of its bad stability and low power
conversion efficiency over wide input voltage and load current ranges. It is demonstrated
that the adaptive on-time/off-time (AOOT) control proposed in this thesis is an excellent
alternative to deal with the issue and the zero current switching (ZCS) adjustment
technique can be applied to improve further the performance of the DC-DC converter by
the fine tuning of the off-time.

In this thesis, a systematic design flow of a boost DC-DC converter has been
presented from the design of the power plant, to the selection of the most suitable control
technique, then to the transistor-level implementation and finally to the layout design.
Moreover, the circuitry of a boost DC-DC converter and the layout of its most parts have
been implemented in TSMC 40nm CMOS process. The post-layout simulation results
prove that the proposed boost DC-DC converter can generate a stable 1V output voltage
with very small ripples (< ~10mV) and achieve more than 90% (maximum about 95%)
power conversion efficiency over a wide input voltage range (0.35V~0.65V) and a wide
load current range (1mA~10mA).

Keywords: Boost DC-DC converter, Energy harvesting, Power conversion efficiency,
Adaptive on-time/off-time control, Zero current switching adjustment.
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Chapter 1

Introduction

1.1 Background

In the past few decades, due to the explosive growth of the microelectronics industry and
semiconductor technology, the electronic products, which are becoming not only smaller
and smaller but also more and more complex, have played a very important role in
shaping human society. The emergence of many electronic products has changed the
lifestyle of the human beings, such as the laptop or the mobile phone. The booming
development of electronic devices has promoted a lot to the advance of the biomedical
technology, which causes the situation that various kinds of implantable electronic
devices are currently being used to monitor, diagnose and treat the diseases for personal
healthcare, such as the neurostimulator (Figure 1-1.a) [1], the pacemakers (Figure 1-1.b)
[2] and the cochlear implant (Figure 1-1.c) [3].

(b)

Figure 1-1: Implantable electronic devices in the biomedical application [1] [2] [3].

It is common sense that any electronic device cannot operate without power. Hence,
the implantable biomedical devices need to be powered by some power supplies. In the
consideration of the volume and convenience, these devices generally use tiny batteries
assembled on the devices as the power source. But accordingly, a great challenge occurs,
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that is how the batteries can be replaced or recharged when the energy is depleted.
Obviously, it is quite difficult or even infeasible to replace the batteries of the biomedical
devices which have been implanted into the human body. Therefore, many efforts have
been made on exploring an efficient method to realize self-powered or self-rechargeable
power supplies for the implantable devices.

Energy harvesting technology provides a suitable solution to the issues mentioned
above. Although the earliest use of energy harvesting dates back to the windmill and the
waterwheel, the energy harvesting discussed afterwards refers to techniques which are
based on semiconductor technology and used for low-energy electronics. Energy
harvesting systems can capture ambient energy such as solar, thermal, kinetic or radio-
frequency (RF) energy and transform the captured energy into the electrical domain so as
to charge the battery or directly power the implantable device. A brief introduction to four
most common existing harvesting techniques has been proposed in [4]. The four
harvesting techniques are solar energy harvesting, thermoelectric energy harvesting,
kinetic energy harvesting and RF energy harvesting.

All the energy harvesting techniques can be applied to supply power to implantable
biomedical devices. But the specific application will be restricted by some practical
limitations. For example, for solar energy harvesting (Figure 1-2.a) [5], the limited area of
the solar receiver and the low intensity of the light which can be received by the harvester
will make this technique not available for devices deeply implanted into the body or
under the skin. For kinetic energy harvesting (Figure 1-2.b) [5], since the motion or
activity made by some parts of the human body is weak, this technique is unsuitable for
devices which are implanted in a part of the human body without much motion. Moreover,
for thermoelectric energy harvesting (Figure 1-2.c) [5], to ensure a sufficient temperature
difference between two sides of the harvest, this technique is suitable for devices inlaid
on the skin, because one side of which can sense the temperature of human body and the
other side of which can sense the temperature of ambient air. Finally, for RF energy
harvesting (Figure 1-2.d) [6], since the power density of the RF signal that can be
received from a nearby base station is quite low (—12dBm/m?) [7], the feasible solution
is to use a dedicated RF source to supply enough power for the RF energy harvesting
system in the implantable devices [8]. The principle of this method is similar to that of
radio-frequency identification technology (RFID).

Photon

Piezoelectric
Cantilever

A

[ ] shim
B Piezoelectric Material

(a) (b)
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Figure 1-2: Energy harvesting techniques: (a) solar energy [5];
(b) kinetic energy [5]; (c) thermoelectric energy [5]; (d) RF energy [6].

No matter of which kind of energy harvesting system, there is a common
phenomenon, that is, the output voltage of the energy harvester is generally too low to
provide the supply voltage for the battery. For current battery technology, it requires a
supply voltage at least around 1V to charge the battery. But as mentioned in [9] [10], for
body-wearable applications, the output voltage can only achieve about 100mV for the
thermoelectric generators (TEG) and the output voltage of a single solar cell is just about
500mV outdoors but becomes lower than 200mV in dark office environment. For the
RF energy harvesting system with a single stage rectifier (voltage doubler), the results of
[11] show that, if the input power is about 0dBm, the output voltage of the RF energy
harvester is just over 100mV. Although the output voltage of the RF energy harvester can
be raised by increasing the number of stages of the rectifier (voltage doubling circuit),
according to the conclusion made in [12], the RF-to-DC power conversion efficiency of a
multistage configuration will be worse than that of a single stage configuration. Therefore,
because of the bad power conversion efficiency, the number of stages of AC-DC
converters should be limited. Instead, a DC-DC converter whose efficiency can ideally
achieve 100% is applied to boost the small output voltage of the energy harvester to the
required level for charging the battery. Figure 1-3 shows a RF energy harvesting system
which can be used to charge the battery of implantable devices.

RF signal Small Small Target

y ACiignaI DCsignaI DCiignaI
Y —""“I—_'T“T— — T 1
L T TH_ YT T

RF Matching Rectifier Boost DC-DC Batter
Receiver Network Converter y

Figure 1-3: RF energy harvesting system used to charge the battery.
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1.2 DC-DC Converter

The Direct-Current to Direct-Current (DC-DC) converter is an electronic circuit which
can convert a DC voltage into another DC voltage. It has been widely used in current
portable electronic devices for regulation of supply voltages. Since the current electronic
devices are generally constituted by several sub-circuits, each of which requires its own
supply voltage perhaps different from the voltage supplied by the battery or the external
supplier, a DC-DC converter can be used to realize the step-up or step-down conversion
of the supply voltage. Figure 1-4 shows the function of a DC-DC converter in a battery-
operated portable device, in which the battery voltage is converted into different voltages
for supplying different blocks in the device.

5V
Audio Amplifier
p—
o]
£
5 1.8V
> ADC
— 36V 5
O v
8 Digital Circut
(@)
D [ ] [ ]
[ ] [ ]
[ ] [ ]

Figure 1-4: General application of a DC-DC converter in portable devices.

In recent years, due to its characteristics, the DC-DC converter has also been widely
used in energy harvesting system to convert the voltage generated by the harvester to the
stable voltage required by the back-end circuit or battery. For the DC-DC converter in an
energy harvesting application, the power conversion efficiency which is equal to the
output power over the input power, is generally the most important consideration.

There are three fundamental methods that can be applied to achieve the DC-DC
voltage conversion. The first one is using linear voltage conversion on resistive dividers.
This kind of DC-DC converter is also named low-dropout regulator (LDO). The basic
operating principle of the linear voltage converter can be explained with the aid of an
example shown in Figure 1-5. The target voltage is obtained from the resistive divider
composed of a variable resistor (Rgeries) @nd a constant resistor (Rjy,54)- The control
circuit adjusts the value of the variable resistor so as to regulate the output voltage to the
desired value. For this kind of DC-DC converter, as the output voltage is generated by a
division of the input voltage, it can only achieve step-down voltage conversion. Another
drawback of this method is the poor power conversion efficiency. Since the excess power
is dissipated on the resistor (Rseries), this method is inefficient compared to the other two
ones which will be introduced afterwards. Moreover, according to Equation 1.1 which is
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used to calculate the power conversion efficiency of the linear voltage converter shown in
Figure 1-5 [13], the efficiency will get even worse in the condition where the voltage
conversion ratio (V,,/Vin) is small and the control current (I..) is high. However, because
the control circuit is relatively simple and neither any large inductors nor capacitors are
required, the implementation of this kind of DC-DC converter is comparatively simple
and area-saving. Therefore, the linear voltage convertor is well suitable for applications
with low requirements on the power conversion efficiency but high demand on design
simplification and area limitation.

— Pout — Voutlo (1 1)
Pin Vin'(Io+1c)

Rseries lJL;
XK Vou

le
v

[ Control | Ve
V'”Q Loop |

\4

<
RIoad

=
Figure 1-5: Schematic of a linear voltage converter [13].

The second approach to implement a DC-DC converter is using a switch-mode
charge-pump circuit to realize the step-up or step-down voltage conversion. In this kind
of DC-DC converter, there are some energy-storing capacitors and power switches. By
periodically turning on and off the power switches, the topology of the circuit is changed,
thus achieving the voltage conversion. Figure 1-6 shows the circuit and the operating
principle of a step-up charge-pump DC-DC converter. In the first phase (@), since the
flying capacitor C; is connected to the input voltage source, the energy coming from the
input is stored in C;. In the second phase (®,), since the flying capacitor C; is connected
to the load capacitor C,, the energy stored in the flying capacitor C; is delivered to the
load capacitor C,. The output voltage of this DC-DC converter can be expressed by
Equation 1.2 [13].

_ 2RLfswcl g
Ot = TRy fyey 1 (1.2)

From the expression, it can be concluded that, if the item (2Ry f5,,C) is larger than 1, this
circuit can achieve a step-up voltage conversion. In the ideal case, as no quiescent power
dissipation exists in this kind of DC-DC converter (ignore the power consumption of the
control circuit), the power conversion efficiency of this converter can achieve
approximately 100% in the special case (the output voltage is double of the input voltage).
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But in reality, since the static and dynamic power losses of the power switches are in a
non-negligible level, and the complex control circuit which is required to control many
power switches will consume much power, the efficiency of this kind of converter cannot
be as perfect as expected. Although the power conversion efficiency of this kind of
DC-DC converter is generally better than that of the first method, in most case, it is worse
than that of the third method which will be discussed in the following.

VOUt

pEX

"Vin Cl CIoad > RIoad

@) ®, T 3
Y

<

= (@

L,

C— Vin i.::Cl ::.:Cload §Rload <_> Vm +
== Coad Rioad
o 3

= (b) = ©

Figure 1-6: Schematic of a charge-pump DC-DC converter [13].

The third method to achieve the DC-DC voltage conversion is by means of a
combination of an inductor and a capacitor. This kind of DC-DC converter also belongs
to switch-mode DC-DC converters (inductor-based) whose operating principle is similar
to the charge-pump DC-DC converter. Through turning on and off the power switches in
the converter, the energy coming from the input voltage source is periodically stored in
the inductor and delivered to the load capacitor, thus achieving step-up or step-down
voltage conversion. Figure 1-7 shows the circuit and working principle of an inductor-
based step-up (boost) DC-DC converter. In the first phase, when the power switch S; is
closed and the power switch S, is open, the current is charged in the inductor. In the next
phase, the power switch S; is open and the power switch S, is closed and the energy
stored in the inductor is delivered to the load capacitor. A detailed explanation of its
operating principle will be given in Section 2.1. As the inductor is a reactive component
as the capacitor, the charging and discharging of an ideal inductor also involves no energy
loss. Therefore, in the ideal case, the power conversion efficiency of the inductor-based
DC-DC converter can achieve 100% as well. However, since the number of the power
switches in an inductor-based DC-DC converter is generally half of that in a charge-pump
DC-DC converter, the power losses of the third method, which are mainly caused by the
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power switches and the control circuit, are less than those of the second method. Hence,
the power conversion efficiency of the inductor-based DC-DC converter is normally the
best among all the implementation methods. But as a trade-off, due to the use of a large
inductor which in most cases cannot be integrated on an IC, this method is more area
consuming than the other ones.
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Figure 1-7: Schematic of an inductor-based boost DC-DC converter [13].

After the above brief introduction of the properties of three fundamental methods to
implement the DC-DC converter, it can be seen that each method has its own advantages
and disadvantages. In order to choose the best one for a specific design of a DC-DC
converter, the designer should be well aware of which specification (power conversion
efficiency, area consumption, design simplification, etc.) is most important for the target
application and make the decision based on this. In this thesis, as the power conversion
efficiency is the primary specification, the inductor-based method is chosen for the boost
DC-DC converter designed in this work. If without specific notification, all the DC-DC
converters mentioned afterwards refer to the inductor-based DC-DC converter.

1.3 Research Objectives

This research was carried out in the Analog IC Design team of the Ultra-Low Power
Wireless System group at the Holst Centre/ imec in the Netherlands. The final target of
this work is to design a high power conversion efficient boost DC-DC converter which
can be used to convert the low voltage generated by the front-end energy harvester to a
high voltage for charging the back-end battery. Since the input voltage of the boost
DC-DC converter is derived from an energy harvesting system, it will vary in a range
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along with the variation of the input power received by the energy harvester. In addition,
the load battery requires a 1V supply voltage for charging and it can be charged in two
modes (fast/slow). In the fast charging mode, the battery can be considered equivalent to
a constant 10mA load current source. In the slow charging mode, the battery can be
equivalent to a constant 1mA load current source. According to the requirements
provided by our company, the design specifications can be listed in Table 1-1:

Table 1-1: Specifications of this research

Value
Input voltage (Vi) 0.4V +10%
Output voltage (V) 1V
Output voltage ripple (Vyippie) < 10mV

10mA (fast charging mode
Load current ([;paq) mA ( ging )

1mA (slow charging mode)

Power conversion efficiency (n) As high as possible

Chip area (A) As small as possible

Since this is the first time to design a boost DC-DC converter for energy harvesting
application in our team, besides to design a specific circuit which can meet the
specifications, another important task of this research was to build up a systematic design
flow and analysis method of a DC-DC converter design, the aim of which is to provide a
guideline to our team for further design of any other types of DC-DC converters in other
applications. Therefore, in the following chapters, there will be a lot of discussion on how
to choose the best solution to a specific problem occurring in the entire design process

Although the target application of this boost DC-DC converter is RF energy
harvesting, after some slight adjustments of the parameters of the circuit system, this
boost DC-DC converter can actually be used for a wide application range.

1.4 Thesis Outline

This thesis is organized as follows. The basic operating principle and the main power loss
mechanisms of the boost DC-DC converter are introduced in Chapter 2. The preliminary
design of the power plant of the boost DC-DC converter including ways to determine the
values of the inductor and load capacitor as well as the sizes of the power switches is also
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discussed in Chapter 2. In Chapter 3, general control techniques of the boost DC-DC
converter are discussed and the adaptive on-time/off-time (AOOT) control method with
zero current switching (ZCS) adjustment which is applied in this design is explained. The
detailed transistor-level implementation of the schematic of the boost DC-DC converter is
presented in Chapter 4 together with some important design considerations. The layout
design of the boost converter is described in Chapter 5, which mainly focuses on two
main parts of the circuitry, the MOS transistors used for power switches and the current
mirror array applied in the DAC for ZCS adjustment. The post-layout simulation results
of the boost DC-DC converter designed in this work are presented and discussed in
Chapter 6. Finally, a summary of this thesis project including the contributions,
conclusions and recommendations for future works is made in Chapter 7.
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Chapter 2

Basic Principle Analyses and

Preliminary Design

2.1 Basic Working Principle of the Boost DC-DC Converter

The boost DC-DC converter is applied to convert a low-level DC voltage into a high-
level quasi DC voltage. Quasi DC voltage means that the actual output of the boost
converter is a DC voltage along with a small AC voltage ripple. As the AC voltage ripple
is quite small compared to the DC voltage, the output of the boost converter is generally
considered to be a DC voltage. This is also the reason why it is named a DC to DC
converter. Figure 2-1 shows the basic circuit diagram of an inductor-based boost DC-DC
converter. In the boost converter, two power switches are alternatively opened and closed,
which periodically switches of the inductor between the input terminal and output
terminal, thus, achieving the function of boosting the voltage.

L Vmid Swy Vout

Y'Y O\C
C) Vin Swp \ I Cioad el lioad
o

=

Figure 2-1: Basic Inductor-based boost DC-DC converter.

Based on different waveforms of the inductor current, there are two conduction
modes for the boost converter, which are the continuous conduction mode (CCM) and the
discontinuous conduction mode (DCM), respectively. In CCM, there is always a positive
current existing in the inductor (The positive direction is defined as flowing from the
input terminal to the output terminal). In the ideal case of CCM, one of the power
switches is immediately turned open when the other one is turned closed, which means



14 Basic Principle Analyses and Preliminary Design

there is not a moment (dead time) when two power switches are simultaneously open. In
DCM, the current flowing through the inductor will go down to zero and stay in zero for
some while, which means there is a period of time (dead time) when the two power
switches will be both open.

Before analyzing the basic working principle of the boost DC-DC converter working
in CCM or DCM, some general assumptions should be made first. Based on these
assumptions, it will be easy to describe the waveforms of the boost converter. A detailed
theoretical analysis of this method has been provided in Erickson’s book [1], in which it
is named the small-ripple approximation method. The assumptions include:

(1) The converter operates in the steady state. This means that the system parameters
including the input voltage, output voltage and the load current are all constant. For the
boost converter, it also means that the start-up phase has been passed.

(2) The ripple of the output voltage is very small with respect to the average (DC)
value of the output voltage. It means that the output voltage is regarded as a DC voltage.

(3) All the components of the converter are ideal and lossless. It means that the
parasitic effects of the inductor, the capacitor and the MOS transistors are all ignored.

(4) The relationship between the voltage and the current for the inductor and the
capacitor are all linear. It means that the voltage across the inductor and the current
flowing out of the capacitor should always satisfy the basic equations:

V=Lt (2.1)
Io=C-2¢ (2.2)

Based on these assumptions, the working principle of the boost converter will be
explained as follows. When the low-side power switch (Swy) is closed and the high-side
power switch (Swy) is open, the converter works in the on-time phase. In this phase, the
structure and the waveforms of the converter are shown in Figure 2-2. As the middle
point of the converter is connected to ground, the voltage at this point (Vi,;q) iS zero.
According to Equation 2.1, the current flowing through the inductor (i;) increases by a
constant ratio, which is:

4 _ Vin (2.3)

dar L

As for the output voltage of the converter (V,,+), since the load capacitor is loaded with
a constant current source, the output voltage decreases by a constant ratio, which is:

AVout _ load (2 4)
dt Cload

After the on-time phase, the boost converter enters into the off-time phase, in which, the
low-side power switch (Swy,) is open and the high-side power switch (Swy) is closed. The
structure and the waveforms of the converter in this phase are shown in Figure 2-3. Since
the middle point of the converter is connected to the output, the voltage of this point
(Viniq) is approximately equal to the DC value of the output voltage (Vout gc)- Therefore,
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the current flowing through the inductor (i;,) can be regarded as decreasing by a constant
ratio, which is

d_i]_. _ Vout,dc_Vin (2 5)

dt L
In this phase, the load capacitor is not only discharged by the constant load current but

also charged by the inductor releasing current which is expressed by Equation 2.5. Hence,
in the off-time phase, the output voltage satisfies that:

dVout — iL—l10ad (2 6)
dt Cload '
L Vmid Vout ton tOff

= CY (b)
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Figure 2-3: Boost DC-DC converter in the off-time phase.
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Figure 2-4: Timing diagram of main signals in a CCM boost converter.



16 Basic Principle Analyses and Preliminary Design

For the boost converter working in CCM, there are only two phases, one of which is
the on-time phase and the other is the off-time phase. The working principle of a CCM
boost DC-DC converter can be illustrated by the timing diagram of the main signals in
the converter, which is shown in Figure 2-4. However, for the boost converter working in
DCM, since there is a period of time when two power switches are both open, an
additional phase which is named the dead-time phase exists in the switching period of the
DC-DC converter. In the dead-time phase, the structure and the waveforms of the boost
converter are shown in Figure 2-5. Since both switches are open, the voltage of the
middle point (V,,;4) is equal to the input voltage, which means the voltage across the
inductor and the current through the inductor are both zero. The output of the converter is
in the same condition as during in the on-time phase. Therefore, the output voltage
decreases by the ratio which has been expressed in Equation 2.4. The timing diagram of
the main signals in the DCM boost DC-DC converter is shown in Figure 2-6.
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Figure 2-6: Timing diagram of the main signals in a DCM boost converter.

From the discussion above, we can see that the working condition of a DC-DC
converter is determined by the power switches. Therefore, in the entire system of a
DC-DC converter, apart from the circuit shown in Figure 2-1 (normally named as the
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power plant of a DC-DC converter), there should be a control system that is used to
automatically control the opening and closing of the power switches alternatively. The
detailed discussion on the control system will be given in the next chapter.

The voltage conversion ratio (k) which is the ratio of the output voltage over the
input voltage is an important parameter for a DC-DC converter. In a specific application,
this value is usually required to be fixed. Therefore, knowing its relationship with other
parameters will be very helpful for the design of a DC-DC converter. However, for the
converters working in different conduction modes (CCM or DCM), the expressions of
this value are quite different. For the converters working in CCM, this value is only
related to the duty cycle (D). But for the converters working in DCM, this value depends
not only on the duty cycle (D) but also on the inductor value (L) and the load resistor (R;).
The derivation of the expressions is normally based on the volt-second balance of the
inductor. Since in steady state and regardless of the losses the net energy change in the
inductor over a switching period is zero, the volt-second balance of the inductor is also
zero [2], which can be expressed:

T
fo VL(@®)dt = Vinton + (Vin — Vour) ton = 0 (2.7)
Therefore, for the converters working in CCM, it holds
k= Yout _ tontlort _ T _ 1 (2.8)
Vin toff totf 1-D ' '

for the converters working in DCM, it holds

2Ry, 2 \[ 2R TD2
1+ [1+—7——t SNLTY
k = Vout — \[ L(ton+toff+tdead) " — T+ 1+

Vin 2 2 !

(2.9)

in which tg,, tofr and tqeaq represent the durations of the on-time, the off-time and the
dead-time, respectively. T is the total switching period. The detailed mathematic
derivation of these equations is introduced in [2]. In this thesis, no more discussions about
the mathematic derivation will be given. We just want to mention that, according to
Equations 2.8 and 2.9, how the parameter variations affect the DC-DC converter can be
clearly observed. Therefore, these two expressions are quite useful for the design of a
DC-DC converter.

The circuit shown in Figure 2-1 is normally named a synchronous boost DC-DC
converter, in which two power switches are applied to control the converter. In some
applications, since a diode can implement the same function as the power switch does, the
high-side power switch can be replaced by a diode, as shown in Figure 2-7. The DC- DC
converter in this structure is also named an asynchronous DC-DC converter. However,
due to the high forward voltage drop, it would be inefficient to use a diode for the
high-side switch [3], especially in low-voltage electronic circuit design such as this work
(the maximum voltage is about 1V). In a DC-DC converter, the voltage drop across the
power switch or the diode is expected to be as small as possible, since a high voltage drop
will cause a large power loss. For Schottky diodes, the typical forward drop voltage drop
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is about 200-300mV [4], which is too high to use in this work. Although there are some
techniques which can be used to implement a diode with a low forward voltage drop [4]
[5], the circuit implementations are all quite complex and will consumes much extra
power. In this work, the synchronous structure is finally used for the DC-DC converter
design, which can not only simplify the design work but also achieve a relatively low
voltage drop across the high-side switch. The final simulation results (in Chapter 6) show
that the maximum value of this voltage is less than 50mV.

N#Y\ Vmid ’I Vout
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Figure 2-7: Asynchronous boost DC-DC converter.

In the previous discussion about the working principle of the boost DC-DC converter,
we have assumed that the boost converter works in the steady state. But before reaching
the steady state, the boost converter has to undergo a startup phase. During the startup
phase, the output voltage of the converter rises from zero to the steady value.

Since the circuit blocks of the control system require a sufficient supply voltage to
work, there should be a high enough voltage that can be used to power the control system.
In the buck DC-DC converter, the input voltage is usually high enough to provide the
supply voltage for the control system, so the supply voltage can be obtained directly from
the input voltage or through a voltage divider. But in the boost DC-DC converter, in some
cases, the input voltage is too low to provide the supply voltage for the control system, so
the output voltage is used to power the control system when the boost converter works in
the steady state. But during the startup phase, as the output voltage starts from zero, there
will is some time when the output voltage is not high enough. Therefore, an external
circuit is usually required to generate the supply voltage for a while until the output
voltage arises to a sufficient value. Then the output voltage is used for the supply voltage,
and the external circuit is switched off.

Many startup mechanisms have been proposed in previous studies. For instance, an
extra auxiliary voltage [2] or battery [6] is used to charge the output of the converter to
the minimum supply voltage during the startup phase; and in [7], a mechanical switch is
applied to transform vibration mechanical energy into electrical energy to provide the
startup voltage for the converter; in [8], an inductor-based transformer is used to form a
positive feedback loop which can amplify the thermal noise to generate the startup
voltage; in [9], an RF energy harvester is used with a multi-stage voltage doubler to
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generate the startup voltage. Among these methods, the last one which is reported in [9]
seems to be a suitable candidate for this work. As mentioned in Section 1.1, since the RF
energy harvester with a several-stage voltage doubler rectifier has been utilized to
generate the 0.4V input voltage for the boost DC-DC converter in this work, we can add
some additional stages to create a voltage doubler rectifier. These additional stages of the
voltage doubler rectifier are only used for the startup mechanism. After the startup phase,
these stages will be switched off.

The specific design of the startup mechanism is not included in this work. From the
simulation results shown in Chapter 6, it can be observed that the minimum supply
voltage for the control system of the boost DC-DC converter designed in this work is
about 0.7V. Therefore, the whole design of this thesis project is based on the assumption
that the load capacitor has had an initial voltage of 0.7V. The startup mechanism can be
studied in future work.

2.2 Power Loss Mechanism

The power conversion efficiency is normally the major consideration for DC-DC
converters, especially for those found in portable devices where prolonging the battery
life is a key goal [10]. In this design, since the target application of the boost DC-DC
converter is in an RF energy harvesting system, the power conversion efficiency is
definitely the principal specification. To achieve maximum power conversion efficiency
in a DC-DC converter, it is very helpful to understand the power loss mechanisms. If all
the main sources of power losses in a DC-DC converter are clearly known, the proper
efforts can be made on optimization of the power conversion efficiency.

The power losses of a DC-DC converter system can generally be divided into two
categories, which are the conduction losses and the switching losses. The conduction
losses are induced by the mean DC current flowing through the parasitic or equivalent
resistances. The switching losses are induced by the periodical variations of the current
through or the voltage across the components such as the inductor or the power switches
of the converter. As mentioned in [11], it is usually easy to calculate the conduction losses,
since only the average current and the resistances are required to know. But for the
switching losses, because they depend on many variables, any calculations are only a
rough approximation and can be far away from the real value found in the actual design,
particularly at high switching frequencies [11]. Therefore, only five fundamental power
losses are normally considered during the practical analysis of the power loss mechanism
of a DC-DC converter. The five power losses are: (1) the conduction loss of the power
switches; (2) the switching loss of the power switches; (3) the conduction loss of the
inductor DCR (DC resistance); (4) the loss of the load capacitor ESR (equivalent series
resistance); (5) the power consumption of the control circuit.

For a synchronous DC-DC converter in CMOS technology, the conduction losses of
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the power switches are caused by the turn-on resistances of the MOSFET transistors.
When there are currents flowing through the closed power switches, energy will be
consumed by the MOSFET turn-on resistances. The conduction losses of the low-side and
the high-side MOSFET power switches can be expressed as:

Ron SW t sSw -
Peisw = =5 [V iE(6) dt (2.10)

ROI] SW t SW -
Pe nsw = =0 [V iR () dt (2.11)

in which Ry, jsw and Rgp hsw are the MOSFET turn-on resistances; tis, and tpgy,
represent the durations of the time when the low-side switch and high-side switch are
closed, respectively; i, is the inductor current; T is the switching period of the DC-DC
converter. According to Equation 2.10 and 2.11, it can be seen that the conduction losses
of the power switches are only determined by the inductor current and the MOSFET
turn-on resistance. Since the inductor current is related to many other variables such as
the switching frequency or input/output voltage, the available method to reduce this loss
is to reduce the turn-on resistance of the MOS power switch. The general equation of the

MOSFET turn-on resistance (R,,) can be expressed as [12]:
1

Ron = UCoxp (Vgs—Vien) (212
Assuming the gate driving voltage (V) is limited by supply, which means no voltage
boosting technique is used, the only variation that can be used to adjust the turn-on
resistance is the aspect ratio (W /L). Therefore, using transistors with large aspect ratios is
the only way to reduce the turn-on resistances thus reducing the conduction losses of the
MOSFET power switches.

Comepared to the conduction losses, the switching losses of the power switches are
less intuitive. Since the MOSFET power switches require some time to change their
on/off states, some energy will be consumed during the transition time. This loss
mechanism can be explained with the aid of Figure 2-8. As shown in Figure 2-8, due to
the overlap of the non-zero current and the non-zero voltage during the transition time,
energy will be lost on the transistor. Figure 2-8a shows the best-case scenario, in which,
the voltage across the transistor and the current through the transistor start changing
simultaneously and also reach their final values simultaneously. Figure 2-8b shows the
worst-case scenario (which is closer to reality) [11], in which, the voltage or the current
starts changing until the other one reaches its final value. The switching loss of the power
switch in the best case or the worst case can be expressed by Equations 2.13 and 2.14.

1 rto te
Ps swp = T (fo Vaslgsdt + fo Vdsldsdt) (2.13)

[y Vaglgsdt + J, M Vyslasdt) (2.14)

1
Ps sww = ;( 0

in which T is the switching period of the DC-DC converter. In Equations 2.13 and 2.14,
since only the transition times (¢, tc, ter, Ly, tyr tef) CaN be independently adjusted, the
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available way to reduce the switching losses of the power switches is to reduce these
transition times. However, in order to further reduce the transition times, larger buffers
are required to drive the power switches. The larger buffer with stronger driving ability
will also consume more energy, which perhaps leads to a result opposite to what is
designed. Therefore, the trade-off between the transition time of the power switch and the
driving ability of the buffer should be considered when the switching losses of the power
switches are improved.
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Figure 2-8: Switching waveforms of the transistor
(a) in the best-case scenario; (b) in the worst-case scenario.

The conduction loss of the inductor is caused by the DC resistance (DCR) of the
inductor. The inductor DCR is actually the winding resistance which is determined by the
size and structure of the inductor. When there is current flowing through the inductor,
energy will be consumed on the inductor due to the DCR. This loss can be expressed as:

et (T
Py, pre = %fo HOL (2.15)

in which Ry, is the inductor DCR; i, is the inductor current and T is the switching
period of the DC-DC converter. It is obvious that the available way to reduce the
conduction loss of the inductor is using an inductor with a low DCR.

The loss mechanisms generated by the load capacitor are complex. As mentioned in
[10], for simplifying the loss model, the actual losses including the contact resistance,
leakage and dielectric losses are lumped together into an individual power-loss element
named “equivalent series resistance” (ESR). The loss of the ESR can represent the overall
power losses of the load capacitor, which can be expressed as:

Pe sk = =% [T 2 (D)t (2.16)

in which R¢ gsg is the ESR of the load capacitor , T is the switching period of the
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DC-DC converter and i¢ is the current flowing through the load capacitor ESR. ic can
be expressed as:

ic(t) = fjoaa () —ir(2) , (2.17)

in which iy,4 IS the load current and i;, is the inductor current. Since manufactures
usually offer data about ESR values of their capacitors, a capacitor with a low ESR can be
used in a DC-DC converter in order to reduce the loss of the load capacitor.

The loss mechanisms mentioned above are all caused by the components (inductor,
power switches and load capacitor) in the power plant of the DC-DC converter. Besides,
the circuit blocks in the control system such as the comparator, amplifier or digital circuit,
will also consume some power to maintain the operation of the DC-DC converter.
Normally, the DC-DC converter works in the high load current condition, which means
that the load current is much higher than the driving current of the control system. In this
case, the power consumption of the control system is generally neglected. But when the
load current of the DC-DC converter becomes very low, the power consumption of the
control system will take a great part of the total loss. In this case, ultra-low power
technology should be used for the circuit design of the control system.

After the analyses of the five fundamental loss mechanisms of the DC-DC converter,
the total power loss of the converter can be approximated by the sum of these losses:

Ploss = PC?hsw + PCJSW + PS?hsw + PSJSW + PDCR?L + PESR?C + Pcontrol (218)

Moreover, the output power (P,,:) is usually easy to obtain by the product of the output
voltage and the load current. Therefore, the power conversion efficiency (n) of the
DC-DC converter can be expressed as:

n = fout — _ Pout (2.19)

Pin PouttPloss

2.3 Preliminary Design of the Power Plant

For the design of a DC-DC converter, the first step is normally to determine the
parameters of the components in the power plant, which include the sizes of the power
switches, the inductance of the inductor and the capacitance of the load capacitor.
Compared to the design of the control system, the importance of this step seems to be
often neglected by designers, as few discussions about this step have been reported [13]
[14]. In fact, since the majority of the power loss of a DC-DC converter stems from the
components in the power plant rather than the circuit of the control system, an elaborate
design of the power plant will make much contribution to achieving a high efficient
DC-DC converter design. In this section, the preliminary design of the power plant of the
boost DC-DC converter for this project will be described.

The design specifications of this work have been listed in Table 1.1 in Section 1.3.
The design of the power plant should be based on these system parameters including the
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input voltage (Viy), the output voltage (V,y), the output voltage ripple (V;, rippie) and the
load current (I,.q4). At first, let us analyze and roughly calculate the waveform of the
inductor current. Since the pulse frequency modulation (PFM) adaptive on-time/off-time
(AOOT) control technique is applied in this work, the boost converter will work in DCM
and the switching period of the boost converter will be changed with the variation of the
load current. If the input voltage and the output voltage are fixed, the on-time and the
off-time will be constant. When the boost converter works in the maximum load current,
the switching period will be shortest due to the minimum dead time. When the boost
converter works in the light load current, then the switching period will be increased by
increasing the dead time. The detailed working principle of the control technique will be
explained in Section 3.4.

For high power efficiency, the duration of the dead-time is expected to be as short as
possible when the boost converter works with the maximum load current. In this work,
the maximum load current is 10mA. Therefore, when the boost converter works with a
10mA load current, in the ideal case, the dead-time should be zero. At this moment, the
boost converter works at the boundary of DCM and CCM. The waveform of the inductor
current is shown in Figure 2-9. Then the average value and the peak value of the inductor
current can be calculated as follows.

| A | ton | toff | ton | toff |
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Figure 2-9: Waveform of the inductor current for the boost converter working in the
boundary of CCM and DCM.

The output power of the boost converter can be derived from Equation 2.20.
Pout = Vout * Toada = 1V - 10mA = 10mW (2.20)
If we assume the power conversion efficiency () is 95%, then the input power of the
boost converter is:

Poyt __ 10mwW

p.. =
1 n 0.95

~ 10.53mW (2.21)

Meanwhile, the input power is also equal to the product of the input voltage and the
average input current. For a boost DC-DC converter, since the inductor is always
connected to the input terminal, the average inductor current is equal to the average input
current. Hence, the average value of the inductor current (iy, ave) is:
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, . Pin _ 10.53mw

lL_ave = lin_ave = V_m = W = 26.325mA (222)
If the waveform of the inductor current is triangular, as shown in Figure 2-9, the
relationship between the average value of the inductor current (i, ,ve) and the peak value
of the inductor current (I, peak) can be expressed by Equation 2.23.

. T. 1

l, ave = fo i,(t)-dt = EIL_peak (2-23)
So, the peak value of the inductor current is:

IL_peak =2 iL_ave = 52.65mA (224)

This result is obtained by the mathematical calculation based on many ideal assumptions.
In reality, due to the un-ideal factors such as the voltage drops over the inductor and the
power switches, the peak value of the inductor current should be a little higher than the
calculation result.

The sizes of the MOSFET power switches can be determined from the peak value of
the inductor current and the acceptable voltage drops across over the power switches.
Apart from Equation 2.12, the turn-on resistance of the MOSFET power switches can
also be expressed by:

Ry = 2as (2.25)

Igs

Therefore, if we know the maximum current flowing through the switch transistor and its
acceptable maximum crossover voltage drop, the aspect ratio (W /L) of the transistor can
be obtained. For the power switches of the DC-DC converter, the maximum current is
equal to the peak value of the inductor current. In this work, the calculation result of the
peak value of the inductor current is 52.65mA. But in consideration of the un-ideal
factors, this value can be roughly approximated as 60mA. The acceptable maximum
voltage drop across over the power switch (Vs max) IS €xpected to be 20mV in this work.
Then, the aspect ratios of the NMOS and the PMOS power switch transistors can be
obtained by Equations 2.26 and 2.27.

(Dn “Lpesk (2.26)

UnCox(Vgsn—Vthn)Vds_max

w I1, peak
Yy = , 2.27

(L )p ﬂpcox(Vgsp_Vthp)Vds_max ( )
in which Vg, and Vg, are the gate voltages of the power switches, which are both equal
to 1V in this design; py,, up, Cox, Vinn and Vi, are the technological parameters,
which can be found in the technical files. After a rough calculation, the aspect ratios of
the power switches are:

w. 60mA

Wy~ ~ 4
(L)" = 200u4/VZ-(1V-0.55V)20mv 3.3 x10 (2.28)
wy o 60mA _ 4

(L)p ~ 70p4/V2-(1V-0.55V)-20mV 11x10 (2.29)
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The mathematic derivation only provides an elementary estimation in order to
simplify the design work. The final decision of the aspect ratios of the power switches
should be made on the base of the simulation results and some other considerations. In
this work, based on the simulation results of a parameter sweep and under the
consideration of layout simplification, the sizes of the low-side NMOS power switch and
the high-side PMOS power switch are determined. The parameters of the power switches
are listed in Table 2-1.

Table 2-1: Parameters of the MOSFET power switches

Width (W) Length (L) | Aspect ratio (W/L)

Low-side NMOS power switch 3.584mm 100nm 3.584 x 10*

High-side PMOS power switch 7.168mm 100nm 7.168 x 10*

The inductance of the inductor in the power plant is generally related to the
switching frequency of the DC-DC converter. In general, increasing the inductance of the
inductor can reduce the switching frequency of the DC-DC converter. Therefore, during
the selection of an inductor for the DC-DC converter, the issue of the switching frequency
should be taken into consideration. The relationship between the inductance of the
inductor (L) and the switching frequency (f.,) of the boost DC-DC converter designed in
this work can be obtained from the following derivation.

According to Equation 2.1, we can get Equation 2.30 and 2.31 which express the
voltage and current conditions of the inductor during the on-time phase (2.30) and
off-time phase (2.31).

V=L ’Ltp—k (2.30)
Vout = Vin = L - 222 (2.31)

toff

Since the input and output voltage of the boost converter are known, the ratio of the
on-time (t,y,) and the off- time (t,¢) can be determined.
1V-04V _ 3

ton _ Vour—Vin _ 3 (2.32)

toff Vin 0.4V 2

When the boost converter works at the boundary of DCM and CCM, the switching period
(T) of the boost converter is equal to the sum of the on-time and the off-time (T = t,, +
tofr)- SO We can get:

ton =2T (2.33)

2
toff = ET (234)
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According to Equations 2.30 and 2.33, we can obtain:

3-0.4V

L+ fsw =g = 4ut/MHz (2.35)

in which f;,, is the switching frequency, which is equal to the reciprocal of the switching
period (fsw = 1/T). Hence, Equation 2.35 shows the relationship between the inductor
inductance (L) and the switching frequency (fsy) in this work. It means if a 1uH
inductor is used in the boost DC-DC converter, the maximum switching frequency of the
boost converter will be about 4MHz; if a 10uH inductor is used, the maximum
switching frequency will be about 400kHz.

In this work, since there is not any specific requirement or limitation on the
switching frequency, the determination of the inductor inductance and the switching
frequency will be made in consideration of the power conversion efficiency. As discussed
in Section 2.2, the inductor inductance and the switching frequency will affect the power
conversion efficiency mainly through changing the conduction loss of the inductor DCR
and the switching losses of the power switches. Therefore, the inductor inductance will be
determined in order to achieve the minimum power losses mentioned above.
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Figure 2-10: Switching waveforms of the transistor
(a) in the best-case scenario; (b) in the worst-case scenario.

The conduction loss of the inductor DCR and the switching loss of the power switch
are expressed by Equations 2.15 and 2.14 (assuming the worst-case scenario). But for the
boost DC-DC converter designed in this work, the voltage and current waveforms of the
two power switches are not similar to what was shown in Figure 2-8b. For the low-side
NMOS power switch, the initial current through the switch is close to zero at the moment
when it is turned on. At the moment when the switch is turned off, the initial current
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through the switch is equal to the peak current of the inductor which is about 60mA
given by a previous calculation. For the high-side PMOS power switch, the initial current
through the switch is equal to the peak current of the inductor (60mA) when it is turned
on. And the initial current through the switch is about zero when it is turned off.
Therefore, the waveforms of the two power switches are shown in Figure 2-10.
According to Equation 2.16, the switching losses of the low-side NMOS power switch
and the high-side PMOS power switch can be expressed as:

1 ( rtertty tyrtic
PS_nsw =7 (f ¥ fVdsIdsdt + fo ¥ desIdsdt)

0

1
= EVdsIds (tyr +tep) * fow (2.36)

terttyr

1 tyrtt
Ps psw = T (fo Vaslasdt + fO et Vdsldsdt)

1
= EVdsIds (ter + tup) * fow (2-37)

Table 2-2: Candidates of the inductors for the comparison

Production No. L Rgc (Max.)
CLF6045T-100M 10uH 45.6mf
CLF7045T-1RON 1uH 12.48m1)

VLB7050HT-R11M 110nH 0.286m(2

Table 2-3: Calculation results of the power losses with different inductors

Production No. Ppcr L Ps nsw Ps psw Fsum
CLF6045T-100M 30.83ulW 0.48uWw 0.72ulWw 32.03ulV
CLF7045T-1RON 8.4ulW 4.8ulW 7.2ulW 20.4uW

VLB7050HT-R11M 0.19uW 43.2ulW 64.8ulW 108.19uW

Based on Equation 2.15, 2.36 and 2.37, a comparison can be made to determine
which value is the best choice for the inductance of the inductor. The candidates of the
comparison are three inductors of TDK Company [15]. The production number and their
parameters are shown in Table 2-2. After substituting these parameters into Equations
2.15, 2.36 and 2.47, we can get the calculation results that are shown in Table 2-3. In this
design, Vys of the low-side NMQOS transistor is about 0.4Vand V4 of the high-side
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PMOS transistor is about 0.6V. I45 of these two transistors are both equal to 60mA.
The sum of t,. and t. for the low-side NMOS transistor and the sum of t.. and
t,r Of the high-side NMOS transistor are both set to be about 100ps.

From the calculation results, it can be concluded that the inductor with a 1uH
inductance is relatively the best choice in this design. Although a larger inductor will
effectively reduce the switching losses of the power switches, the conduction loss of the
inductor will be seriously increased. A smaller inductor can dramatically decrease the
conduction loss of the inductor, but the switching losses of the power switches will badly
arise as well. Therefore, in this work, we finally choose “CLF7045T-1RON ” [16] as the
inductor in the boost DC-DC converter. According to the SPICE netlist provided from the
TDK website, the equivalent schematic model of the inductor is shown in Figure 2-11.

C=106.2fF

L=1u R,=9.6mQ

——Y Y Y AAN—
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R;=33.5KQ

Figure 2-11: Equivalent schematic model of the inductor “CLF7045T-1RON .

When the inductance of the inductor is decided to be 1uH, according to Equation
2.33, 2.34 and 2.35, we can obtain that the ideal values of the switching period, the
on-time and the off-time of the boost converter should be:

1 L

T = fs_w = W = 250ns (238)
ton = =T = 150ns (2.39)
togr = =T = 100ns (2.40)

For the boost DC-DC converter designed in this work, the selection of the load
capacitor is only determined by the limitation on the output voltage ripple. When the
boost DC-DC converter works in DCM or at the boundary of DCM and CCM, the output
voltage ripple (V, _rippie) Can be written as:

iload"(fon+ttdead)
Vo_ripple = 1ead Cload dead (2.41)
In this work, when the load current of the boost converter is 10mA, the maximum output

voltage ripple is expected to be lower than 10mV, (Vo rippie < 10mV). Moreover, in the
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ideal case, the converter works at the boundary of DCM and CCM, which means the dead
time (tqeaq) is zero. Therefore, we can derive:

Cloaq > onllead 5 150 F (2.42)

t

Vo_ripple
But in the real implementation of the control technique of the boost converter, the
dead-time is larger than zero when the load current is 10mA. (The detailed explanation of
the control technique applied in this design will be given in the next chapter.) As a result,
to guarantee the requested output voltage ripple, a little larger capacitor should be
selected for the load capacitor. Finally, the capacitance of the load capacitor is determined
to be 220nF. Since the equivalent schematic model of a capacitor is like what will be
shown in Figure 2-12, the parasitic inductance of the load capacitor will introduce some
spikes to the output of the DC-DC converter. Therefore, to reduce this effect, some small
capacitors in parallel can be used to implement the load capacitor. In this work, ten
22nF capacitors are used to achieve the total capacitance of the load capacitor(s)
is 220nF. To reduce the power loss of the load capacitor ESR, a capacitor with a low
ESR should be chosen. Finally, the capacitor “C0603JB0J223K030BC” [17] with a
22nF capacitance is applied in this work. Based on the SPICE netlist provided by TDK,
the equivalent schematic model of the capacitor is shown in Figure 2-12.

_l I_ L=300p
— /\M Y'Y Y\
AAA | R1=53.3mQ

R,=110GQ

Figure 2-12: Equivalent schematic model of the capacitor “C0603JB0J223K030BC .

So far, the preliminary design of the power plant of the boost DC-DC converter has
been finished. Based on the conclusions made above, the control system of the boost
DC-DC converter can be designed in the next step. The discussion on the design of the
control system will be given in following chapters.
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Chapter 3
Control System

3.1 Introduction to This Chapter

In a DC-DC converter system, the power switches in the power plant play very important
roles. Due to their dynamic switching (alternatively open and close), the topology of the
components (inductors or capacitors) in the power plant is periodically changed thus
making the DC-DC converter realize its functionality (step-up or step-down voltage
conversion). The working principle of an inductive DC-DC converter has been described
in Section 2.1. As mentioned before, an inductor is controlled by two power switches to
be connected to the input and output terminal. Hence the energy coming from the input
source is periodically stored in the inductor and then released to the load. In the ideal case
when all system parameters including the input voltage, the output voltage and the load
current are fixed, two pulse signals with a constant frequency and a fixed duty cycle can
be used to drive the power switches. But in reality, since the system parameters are
always be changed by some effects, a control system is required to automatically adjust
the duty cycles or the frequencies of the drive signals.

How to design a robust control system with lower power consumption has always
been the crucial issue for the research in this field. Until now, many kinds of control
methodologies have been proposed, each of which focus on solving different problems in
different applications and have corresponding advantages and disadvantages. If we make
a general classification of these methods, they can be sorted into two categories. One is
the conventional pulse width modulation (PWM) control which includes the voltage-
mode control (VMC) and the current-mode control (CMC). The other one is the pulse
frequency modulation (PFM) control in which the frequencies of the drive signals are
dependent on the system parameters and the propagation delays [1]. Since most PFM
control methods utilize the output ripple voltage of the converter for pulse modulation,
the PFM control is also named ripple-based control.

Later in Section 3.2, a short introduction to VMC and CMC as well as their
characteristics and limitations will be given. The PFM control technique and some
general implementation methods will be described in Section 3.3. The specific control
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technique applied in this work will be presented in Section 3.4 along with the explanation
about some improvement techniques. The approaches which can be used to generate and
control the on-time and the off-time signals will be introduced in Section 3.5. Finally, an
advanced technique which is applied to achieve the zero-current switching (ZCS) for
improving the efficiency of the DC-DC converter will be discussed in Section 3.6. If
there is not any specific notification, all the control methods will be discussed for the
boost DC-DC converter.

3.2 PWM Control

\Voltage-mode control (VMC) and current-mode control (CMC) are two kinds of
conventional PWM control methods which have been widely used for controlling DC-DC
converters. VMC was first proposed and was applied on the first IC switching controller
by Silicon General (later LinFinity, then Microsemi) in 1976 [2]. The basic operating
principle of the VMC is that the duty cycles of the drive signals to control the power
switches are proportional to the “control voltage” which is actually the difference
between the output voltage of the converter and the regulated (reference) voltage. Figure
3-1 shows a typical implementation of a VMC boost DC-DC converter. Therein, the error
amplifier (EA) is used to provide a control voltage V. to the PWM comparator (Comp).
The PWM comparator generates the drive signals to the power switches (Sw; and Swy)
via the gate drive logic circuit by comparing the control voltage (V) with a fixed voltage
ramp (Viamp) generated from an extra clock. The part in the dashed box is a Type 3 (PID)
compensation circuit for the frequency compensation. The resistor Ry, works together
with Rg; for biasing the input of the error amplifier.
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Figure 3-1: Boost DC-DC converter with a typical CCM VMC control.

The generation and control of the PWM signal can be illustrated by the waveforms
shown in Figure 3-2. If the output voltage (V,,:) drops for some reason, the control
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voltage (V) generated by the error amplifier will be increased due to the larger difference
between the feedback voltage (Vg,) and the reference voltage (Vo). The increment
of . will lead to a larger duty cycle. Due to Equation 2.8, the ratio of the input voltage
over the output voltage is equal to (1 — D) for a boost converter working in the
continuous- conduction mode (CCM). Hence, when the input voltage is fixed, the output
voltage of the boost converter will be pulled up by the increment of the duty cycle. If the
output voltage rises, the opposite operation will occur. This mechanism ensures the output
voltage is always close to the reference voltage thus achieving a good output voltage
regulation for the boost DC-DC converter.

Vramp

Sl D1 Dz Ds

»

Figure 3-2: PWM signal generation by the PWM comparator.

The small-signal transfer function, which is typically defined by the state-space
averaging method, is widely used to analyze the dynamic behavior, frequency response
and loop stability of a DC-DC converter [3]. A lot of studies have been done on the
mathematical analysis [4] [5] [6] [7]. In this work, the complex formula derivations and
mathematical analyses will not be studied. We just cite some conclusions from previous
studies and use them to discuss the characters of different control methods.

When doing small-signal analysis on a DC-DC converter, the entire converter
system is usually divided into some parts and the total transfer function of the entire
system is equal to the product of all the transfer functions of each part. For the CCM
VMC boost converter shown in Figure 3-1, the entire converter system can be divided
into three parts, which are consecutively the PWM signal generator, the power plant and
the compensation block. According to the waveforms shown in Figure 3-2, the transfer
function of the PWM signal generator becomes:

d 1

%= (3.2)
It means the small-signal transfer function of this part is independent of the frequency. So
it can be ignored during the dynamic analysis of the frequency response.

The transfer function of the power plant which is also named as duty-cycle-to-output
transfer function can be expressed as:

s s
o 1+ )+(1-
Vout — Vozut( “’Zl) ( “’RHP,Z)

(3.2)

d Vin 1+——+5
woQ wcz)
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in which,
Wz = C-Resr c (3.3
Rioa Vin
WRHP z = lL ¢ Vour 2 (3.4)
1 Vin
(l)() - \/L'Cload . Vout (35)
Q = wo " Cioqa " Resr ¢ (3.6)

The detailed mathematical derivation of these equations can be found in other
literatures such as [6] [7]. Here, we just choose the most classical expressions in which
some parasitic resistances and capacitances, such as the inductor parasitic resistance, the
inductor parasitic capacitance, power switch MOS transistor parasitic resistance, etc.,
have been ignored due to their relatively small value compared to the dominant
resistances (load resistor ) and capacitances (load capacitor) in the entire system. From
the small-signal transfer function of the power plant (Equation 3.2), we can see a
double-pole w, (Equation 3.5), a zero w,; caused by the ESR of the load capacitor
(Equation 3.3) and a Right-Half Plane (RHP) zero wgyp , (Equation 3.4).

The RHP zero exists in any kinds of fixed frequency CCM boost DC-DC converter.
It is an unexpected zero, because in a mathematical explanation, the phase decreases with
increasing gain at this point, which makes it is very difficult to compensate the entire
control loop with adequate phase margin [8]. The effect of the RHP zero can also be
intuitively explained as below. If the output of the converter suddenly drops down which
means more energy is required to charge the load, the duty cycle will be increased thus
providing a longer on-time for the inductor to store more energy. But for a boost
converter, the energy is delivered to the load during the off-time. Although more energy
has been stored in the inductor during the on-time, there is now a smaller off-time
available for the inductor to deliver stored energy to the output. Therefore, the output of
the converter may even drop further. It is difficult to cancel the RHP zero in a boost
converter system. The only way to eliminate its effect is to move the RHP zero far away
from the switching frequency [2]. According to Equation 3.4, in a specific application, in
which Vi, Voue @nd Rjyaq are fixed, the only way to increase the value of the RHP zero
is to reduce the inductor. But in most cases, a smaller inductor means higher switching
frequency. So the effect of the RHP zero gives much trouble to a design of a fixed
frequency boost converter.

The last part of the entire converter system is the compensation block. This part is
used to compensate the entire control loop for loop stability. The general criterion for
stabilizing the loop of any DC-DC converter is to set the crossover frequency (Gain = 0)
at about 1/10to 1/5 of the switching frequency and to ensure a straight line (on a “log
Gain” versus “log Frequency” plot) in “-20db” slope at the crossover frequency with
enough phase margin. For this purpose, a Type 3 (PID) compensation circuit is applied
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and its Bode diagram (magnitude only) is shown in Figure 3-3. This compensation circuit
can provide a low frequency zero to compensate the double-pole existing in the power
plant. Figure 3-3 also exhibits the bode-diagram of the entire converter system. It can be
seen that, the loop stability of this kind of DC-DC converter can be guaranteed by a
correct setting of the parameters of the power plant and the compensation block.
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Figure 3-3: Compensation for the loop stability of a VMC boost DC-DC converter.

In a VMC DC-DC converter system, the ramp signal used for the PWM comparator
is generated by an extra block which will consumes additional energy. Then, an idea came,
that is, whether an intrinsic signal in the DC-DC converter could be used to replace the
ramp signal. Accordingly, CMC technique was proposed around 1980 and subsequently
widely used [2]. A typical implementation of a CMC boost DC-DC converter is shown in
Figure 3-4. The basic working principle of CMC is quite similar to VMC except that the
ramp signal used for the PWM comparator is generated by a current sensor which senses
the current of the inductor or the power switches. It is just because of this inner current
loop that the transfer function of the PWM generation part is dependent on frequency and,
as a result, the transfer function of the power plant together with the PWM generation has
only a single-pole at the resonant frequency of the load resister and the load capacitor. A
detailed expression for the duty-cycle-to-output transfer function is:

vout R10ad(1-D) (1+wil)+(1_wR:IP z)
- = 5 = y (37)
Ve 2XR ramp 1+w_0
in which,
1
W, = (3.8)

C'RESR_C
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Rioa Vin
WRHP z = lL ¢ (_Vout)z (3.9)
=2 (3.10)
@o = Rioad Cload '

From the equations, we can see the RHP zero also exits in this kind of boost
converter. So CMC technigue does not give any contribution to eliminate the effect of the
RHP zero. But because the double-pole in VMC has been replaced by a single-pole in
CMC, the compensation block will become simpler. The Type 2 compensation is enough
for a CMC DC-DC converter. The Bode diagram (magnitude only) of the entire converter
system is shown in Figure 3-5.
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Figure 3-4: Boost DC-DC converter with a typical CCM CMC control.
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Figure 3-5: Compensation for the loop stability of a CMC boost DC-DC converter.
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Besides the RHP zero effect, the CCM CMC DC-DC converter also suffers from
Subharmonic Oscillation when the duty cycle exceeds 50%. As shown in Figure 3-6,
when the duty cycle is greater than 50% (D > 50%), if the inductor current is suddenly
increased by Ai;, due to an unexpected disturbance, this current increment will be
magnified after a cycle (grows to Ai;; and Ai;,) thus causing large variation of the duty
cycle. In Figure 3-6, D, is the duty cycle of a stable DC-DC converter and D, is the
duty cycle of a DC-DC converter in Subharmonic Oscillation. A traditional method to
solve this problem is named “slope compensation”, that is adding a fixed slope current
onto the sensed ramp current. The circuit implementation of this method has been shown
in Figure 3-4 and its theory can be illustrated by Figure 3-7. It should be noted that, the
theory illustrated in Figure 3-7 is in current domain but in the implementation circuit
shown in Figure 3-4, all current signals are transformed to voltage signals by resistors and
then used for the comparison. As shown in Figure 3-7, it can be seen that, any disturbance
of the inductor current (Aiy,o) will be damped (drops to Ai;; and Ai;,) and the inductor
current will finally return to the steady-state condition after several cycles.
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Figure 3-7: Slope compensation to eliminate the subharmonic oscillation.



40 Control System

Although the current-mode control technique can simplify the compensation and
make it easier to stabilize the DC-DC converter, there are still some drawbacks of this
method. For example, the power consumption cannot be effectively reduced due to the
slope compensation current generation block. Moreover, the RHP zero problem also exits
in this control technique the same as in the VMC control technique. An effective method
to eliminate the RHP zero effect is making the fixed frequency PWM DC-DC converter
work in the discontinuous-conduction mode (DCM) (for both VMC and CMC). This
conclusion has been demonstrated by many other studies such as [5] [8]. As mentioned in
[8], when a DC-DC converter works in DCM, due to a relatively smaller inductor, the
RHP zero will be extended to a high frequency which is beyond the switching frequency.
Therefore, the RHP zero effect can be neglected in a DCM boost DC-DC converter.

In a DCM DC-DC converter system, the main difference from a CCM DC-DC
converter is that one more signal is required to terminate the off-time and start the
dead-time. In a CCM converter, the external clock signal is used to synchronously
terminate the off-time in the last cycle and start the on-time in the next cycle. The
termination of the on-time will be determined by the PWM comparator and meanwhile
the off-time will be started. Hence, a CCM converter only needs two signals (the clock
signal and the output signal of the PWM comparator) to control the two power switches.
But in a DCM converter, the termination of the off-time is no longer determined by the
external clock signal. The high-side power switch should be turned off when the inductor
current falls down to zero. Therefore, the DCM DC-DC converter needs three signals, in
addition to the clock signal and the output signal of the PWM comparator, an extra block
is required to sense the inductor current and generate a control signal to terminate the
off-time when the sensed inductor current reaches zero. An implementation of the DCM
VMC boost DC-DC converter with zero inductor current sensing is proposed in [9]. The
schematic of the circuit system is exhibited in Figure 3-8. We can see that except an
additional current sensor for the off-time control, all the other blocks are the same as the
CCM VMC boost converter system.
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Figure 3-8: DCM VMC boost DC-DC converter system [9].
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Comparing Figure 3-8 with Figure 3-1, we can find another difference between a
DCM VCM boost converter and a CCM VCM boost converter that is the compensation
circuit. Since the transfer function of a boost converter working in DCM (no matter in
VMC or CMC) has only a single-pole [10], Type 1 or Type 2 compensation is enough for
the loop stability. As shown in Figure 3-8, Type 1 compensation is applied in the control
loop.

Making the fixed frequency PWM boost DC-DC converter working in DCM can
effectively cancel the effects of the RHP zero and the double-pole thus enhancing the
loop stability. But this method also has its weakness. If the load current varies over a
large range, the power conversion efficiency of the DC-DC converter will change a lot.
The efficiency of the converter working in a light load condition can be much worse than
that in a high load condition. This can be qualitatively explained as follows. Since the
working frequency of the DC-DC converter is always the same, the switching losses are
almost in the same value for both high and light load conditions. But in the light load
condition, because the power delivered to the load in each cycle is smaller, the switching
losses will take a larger proportion of the total power thus reducing the total power
conversion efficiency. In order to optimize the power conversion efficiency of the DC-DC
converter in both high and light load condition, another kind of control method has been
widely used for the low-power and high-efficiency applications. Because the working
frequency is changed according to different load currents, this method is named pulse
frequency modulation (PFM) control. Detailed discussion on this control method will be
given in the next Section.

3.3 PFM Control

As mentioned in the last Section, for the PWM control method, the regulation of the
output voltage of the converter under different load current conditions is achieved by
adjusting the duty cycle or the on-time of the drive signal with a fixed frequency.
However, in terms of the PFM control method, the regulation of the output under
different load current conditions is achieved by changing the frequency. In the light load
condition, since the frequency of the PFM control is much lower than that in the high
load condition, the switching losses will be reduced thus significantly improving the
power conversion efficiency. Because the output ripple voltage of a DC-DC converter is
dependent on the load current, the PFM control generally utilizes this voltage for pulse
modulation. As a result, the PFM control method is also named the ripple-based control
[1]. There are two basic PFM ripple-based control techniques which have widely been
used in recent years. One of them is the hysteretic control and the other is the constant
on-time/off-time (COQOT) control. Although [1] mentioned these methods are more
suitable for the buck converter, after some modification, they can actually be used for the
boost converter as well.
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Figure 3-9: Buck DC-DC converter with hysteretic control [1].

Figure 3-9 shows a buck converter with hysteretic control [1]. In here, the hysteretic
comparator is the core of the entire control system. This comparator is used to not only
regulate the output voltage but also generate the pulse signal. The asynchronous structure
is used for design simplification which means only one drive signal is required for the
main power switch. The basic operation of the buck converter is illustrated in Figure 3-10.
When the switch Sw is on, the buck converter works in the on-time phase. The energy
coming from the input terminal is being stored in the inductor and used to charge the load.
Both the inductor current and the output voltage increase. When the output voltage rises
up to the upper boundary of the hysteretic band (V,..¢ + 0.5Vy), the hysteretic comparator
will send a signal to open Switch Sw. Then, the buck converter works in the off-time
phase and the dead time phase. The inductor current will fall down to zero (in the off-time)
and stay zero (in the dead-time). The output voltage will continuously fall down to the
lower boundary of the hysteretic band (V.. — 0.5V}), at this moment, the switch Sw will
be turned on and a new cycle will start again.

<

————- Vref' 0-5VH

Figure 3-10: Timing diagram of the buck converter with hysteretic control.

Figure 3-11 exhibits a buck converter with constant-on-time/off-time control [1]. In
here, the general comparator is used to monitor the output voltage and send the timer an
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active signal to start the on-time (constant on-time) or the off-time (constant off-time).
The duration of the on-time (constant on-time) or the off-time (constant off-time) is set as
a constant value by the timer. The detailed operation can be understood by the aid of the
timing diagram which is shown in Figure 3-12. In terms of the constant on-time control,
the comparator sends an active signal to start the on-time when the output voltage falls
down to the reference voltage (Figure 3-12 (a)). In terms of the constant off-time control,
the comparator sends an active signal to start the off-time when the output voltage rises
up to the reference voltage (Figure 3-12 (b)).

SW I— Vout
o Y Y-\
A
Rf1
Cioad lioad
() Vin x — v
Rf2
= I~ S_l """"""""" [
: Vfb |
— - T
| — On-timer Comp |
| +_Vref| Constant
| i On-time
. il
[ Bl il P )
! Vip I
| Q . + 1 Constant
— Off-timer Comp I Off-time
: Q - —Vref|
) |

1
Constant !

1
Constant !

Figure 3-12: Timing diagram of the buck converter with
(a) constant on-time (b) constant off-time control.

For the buck converter, the output voltage rises up during the on-time and falls down
during the off-time and the dead-time. But for the boost converter, the output voltage rises
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up during the off-time and falls down during the on-time and the dead-time. Because of a
similar behavior of the output voltage during the on-time and the dead-time, the general
PFM control methods such as those mentioned before cannot be applied for the boost
converter. That is the reason why [1] mentioned ripple-based control is more suitable for
buck converters. However, after making some improvement, the hysteretic control and
the COOT control can also be used for the design of a boost DC-DC converter. For
example, [11] provided an implementation method of the boost DC-DC converter with
hysteretic control, and [12] designed a boost DC-DC converter with constant on-time
control. In this thesis, the detailed explanation of these methods will not be given. The
control method finally applied in this work belongs to an enhanced method of the COOT
control. Its operating principle will be discussed in detail in the next section.

Because the PFM control system does neither require an error amplifier nor a clock
signal generation, it can further improve the power conversion efficiency of the DC-DC
converter, besides reducing the switching losses in the light load current condition. Due to
its good performance in terms of power conversion efficiency and loop stability, the PFM
(ripple-based) control technique is extremely attractive for low-power high-efficiency
required applications such as portable or energy harvesting electronic devices. However,
this method also suffers from some practical limitations or problems. Detailed discussions
about these issues have been given in [1]. In summary, there are three dominant
drawbacks of the ripple-based PFM technique, which are respectively (1) poorly defined
switching frequency, (2) sensitivity to external noises, (3) inadequate DC regulation. The
poorly defined switching frequency means the working frequency has a strong
dependency on the system parameters (input and output voltage, load current) and some
other non-ideal effects (parasitic effects and propagation delays). The sensitivity to
external disturbances means that if there is some noise at the feedback node (Vg,), the
noise may be sensed by the comparator and injected into the control loop thus interfering
with the functionality. The inadequate DC regulation means the output voltage cannot be
too close to the reference voltage due to some propagation delays or parasitic effects.
Relevant improvement methods which can be used to eliminate the problem have also
been proposed in [1]. In this thesis, we will not describe all of them in detail. We will just
introduce the methods which have been applied in this work in the next section.

3.4 Control Technique Applied in This Work

Almost all kinds of general methods which can be used to control the DC-DC converter
have been discussed in the previous sections. As mentioned before, each method has its
own merits and limitations. Consequently, it has widely been acknowledged that no one
method is optimal for all applications. It should be determined by the design requirements
or specifications which control method is the best choice for controlling the DC-DC
converter. In this design, because the boost DC-DC converter is used to transfer the
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energy coming from the energy harvesting front-end to charge the load battery, the power
conversion efficiency is the most important specification. Besides, since the input DC
voltage of the boost DC-DC converter comes from a rectifier which rectifies an AC signal
into a DC signal, the value of the rectified DC voltage is not stable. Hence, the loop
stability is also a very important specification for this design. As for the frequency
variation and the inadequate output DC regulation, there are not any specific requirements
on them in this work.

Based on the analysis of the design specifications and the characteristics of different
control techniques, the COOT control is finally applied in this work. As a kind of PFM
ripple-based control technique, COOT control can provide not only perfect power
conversion efficiency but also sufficient loop stability, which is undoubtedly the most
suitable choice for this design. But as mentioned before, the basic COOT control circuit
shown in Figure 3-12 cannot be directly used for a boost converter. Some improvements
and adjustments should be made in order to achieve a boost DC-DC converter with
COOT control. Figure 3-13 shows a simplified circuit model of the boost DC-DC
converter with an enhanced COOT control technique which is used in this design. Its
operation will be explained later by the aim of the timing diagram shown in Figure 3-14.
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Figure 3-13: Boost DC-DC converter with an enhanced COOT control.

From Figure 3-14, we can see that the rising edge of the comparator output signal
(Veomp) 1s Used to activate a new cycle. During the dead-time in last cycle, since both the
NMOS power switch (Ng,,) and the PMOS power switch (P,,,) are open, the output
voltage of the boost converter (V,,;) falls down due to the load current. When the
feedback voltage Vg, drops down to the reference voltage (V.r), the rising of Vomp Will
start a new cycle. In a cycle, the on-time and the off-time is set to be constant values by
two time generators. These two time generators utilize a specific mechanism to generate
the proper on-time and off-time. (The proper on-time and off-time means the energy
charged in the inductor during the on-time is equal to the energy discharged from the
inductor to the load capacitor during the off-time.) After the on-time and off-time, the
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boost converter works in the dead-time. The duration of the dead-time will be determined
by when the feedback voltage falls down to the reference voltage.

Figure 3-14: Timing diagram of the boost converter with an enhanced COOT control.

By using this enhanced method, COOT control has been achieved on a boost
DC-DC converter design. But the general limitations of the PFM ripple-based control
techniques which have been mentioned in previous section ((1) poorly defined switching
frequency, (2) sensitivity to external noise, (3) inadequate DC regulation) also occur in
this control system. Some improvements should be made to eliminate their effects. At
first, since it is exactly our target to change the switching frequency under different load
current conditions for high power conversion efficiency, there is no specific requirement
on a fixed switching frequency. Hence, the first limitation will not be considered in this
design. Moreover, as it is not necessary to charge the load battery with an accurate
1V voltage in this work, a little deviation (tens mV’) between the output voltage and the
reference voltage will not affect the charging action. Therefore, the third problem will
also be ignored in this design. The only problem required to be considered in this work is
the second one which is that the control system is sensitive to external noise.
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Figure 3-15: Control system is sensitivity to the noise at the node Vy, .
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This problem is illustrated in Figure 3-15. We can see, if there is a spike (red curve)
occurring at the feedback node Vg, this spike will be sensed by the comparator and
imported into the control system thus breaking the right functionality. Some effective
solutions to eliminate this problem have been discussed in [1]. In this work, we choose a
simple method proposed in [1] which is to add a small capacitor (C;) across the upper
resistor (R¢;) of the feedback divider. The small parallel capacitor works as a high-pass to
improve noise immunity by increasing the PWM ramp. If the capacitor is chosen to
satisfy the inequality

CpRuRe o1 (3.11)

Rf1+Rep

in which T is the switching period, then the ripple of the output voltage will reach the
input of the comparator without further attenuation. But we should also pay attention to
another issue which is the value of this high-pass filter capacitor should not be too much,
because the step response of the boost converter with a large C; will be very slow. Based
on the simulation results, the value of this filter capacitor is finally set to be 200fC.
Figure 3-16 shows the boost DC-DC converter system with this improvement. However,
during the research, we found that the performance of this improvement method is not
very good. In future works, more effective methods should be studied and proposed.
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Figure 3-16: Boost DC-DC converter system with the filter cap

Until now, COOT control with relevant improvement techniques to eliminate its
limitations has been described. But in order to achieve the proper setting of the on-time
and off-time as mentioned before, an adaptive on-time/off-time (AOOT) control is
applied to replace the general COOT control in this work. AOOT control is almost the
same as the COOT except that the on-time and off-time are no more a constant value. In
AOOT control, the values of the on-time and the off-time will be dependent on one or
more system parameters (input voltage, output voltage, load current, etc.). In this work,
we set the on-time and the off-time related to the input voltage and the output voltage. Let
us review the equations in Section 2.1. Equations 2.3 and 2.5 express the charging and
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discharging of the inductor current. According to these two equations, we can obtain that:

: Vin'ton
lrise = 7 (3.12)
ifall — (Vout_‘:in)'toff (313)

For high efficiency, we expect that i;s. is equal to i¢,;;, which means the current charged
in the inductor is fully delivered to the load battery without any waste. But in COOT
control, if there is a variation on the input voltage, because the output voltage is always
fixed close to the reference voltage, the current balance will be broken. In AOOT control,
if we set the on-time proportional to (V,,: — Vin) and the off-time proportional to V;;,, no
matter what value the input voltage or output voltage is, the current balance will always
be satisfied. The conclusion can be demonstrated by following equations. If we set:

ton = Ky - (Vout - Vln) (3-14)
toff = K2 * Vin (3-15)

And we make k; = k,, there will always be:

frice = Vinl;fon = iy = (Vout_‘Zin)'toff (3.16)
Hence, by using AOOT control, the on-time and the off-time can be automatically
adjusted according to different values of the input voltage and the output voltage thus
always guaranteeing that the charging current of the inductor during the on-time is equal
to the discharging current of the inductor during the off-time. Now the only problem is
how to generate the on-time and the off-time which satisfy Equations 3.14 and 3.15. The
mechanism of the time signal generation will be introduced in the next section.

3.5 Time Signal Generation

In a boost DC-DC converter with AOOT control, the generation and control of the
on-time and the off-time is a crucial task. Actually, the on-time is the high-level pulse
width of the drive signal }, to the NMOS power switch, and the off-time is the low- level
pulse width of the drive signal V,to the PMOS power switch. Usually, these two time
signals are generated and controlled by time generators.

There have been many implementation methods for time generators which have been
proposed in previous works. Recently, two kinds of approaches have been widely applied
in other studies. The first one is using an oscillator to generate a square-wave pulse signal
for one power switch, and using a controlled delay line with a simple digital circuit to
generate the signal for the other power switch [13], [14], [15], [16], [17]. One instance of
the first approach is shown in Figure 3-17 [14]. A tunable ring oscillator with some
frequency dividers can generate a pulse signal V; with 50% duty cycle for the on-time, of
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which the pulse width (t,,) can be controlled by the bias current. A digital controlled
delay line and an AND gate are used for the off-time generation. According to the timing
diagram of the main signals shown in Figure 3-18, the off-time (t.¢) is equal to the delay
time (tge1ay) Which can be tuned by a digital control code.
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Figure 3-17: One approach to implement the time generators. [14]
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Figure 3-18: Timing diagram of main signals in the time generator. [14]

The other approach which has been widely employed to generate pulse signals in a
DC-DC converter is charging a capacitor by a current source and comparing the voltage
with a reference [18], [19], [20], [21], [22], [23]. Based on the charging and discharging
equation of a capacitor (Equations 3.17 and 3.18) any desired time can be obtained by a

proper setting of the values of C, V and I.

(3.17)

(3.18)

The working principle can be viewed clearly through an example [21], in which, a
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pulse generator with a DAC pulse width modulator and a sleep mode control was
proposed. Its schematic is shown in Figure 3-19. The MOSFET P, works as a current
mirror to generate a reference current for charging the capacitor array. The capacitance of
the capacitor array in shunt structure is digitally controlled by the switch D4-Dy and their
compliments. An analog comparator compares the voltage of the node Viparge With the
reference voltage V,..¢, and then outputs a pulse signal with the desired pulse width. The
timing diagram of the main signals is shown in Figure 3-20.
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Figure 3-19: I-C time generator with DAC and sleep mode control [21].
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Figure 3-20: Timing diagram of main signals in the time generator [21].

Comparing these two methods, the second one is less power-efficient due to the
constant DC current in the comparator, but it is more area-efficient and easy implemented
as the circuits only include a ramp generator and an analog comparator [21]. In addition,
in order to achieve AOOT control, the time signals should satisfy Equation 3.14 and 3.15.
The second method can easily achieve this function by setting the charging current or the
comparison voltage related to the input voltage and output voltage. Based on these
benefits, the second method is used for the design of the time generators in this work.
Figure 3-21 shows the on-time generator and its working principle. A constant
current I, is used to discharge the capacitor C,, from the initial voltage V,, to the
reference voltage V;,, the generation time t,, satisfies the equation:
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COn
ton = E' (Vout - Vm) (3-19)

Figure 3-22 shows the off-time generator and its working principle. A constant
current I is used to charge the capacitor C,¢ from the initial zero to the reference
voltage Vi, the generation time t ¢ satisfies the equation:

Co
Loff = Ioffff' Vin (3-20)

If we make k, in Equation 3.14 is equal to (C,,/I,n), and k, in Equation 3.15 equal to
(Cose/ Logr), Equations 3.19 and 3.20 are exactly the same as Equation 3.14 and 3.15. Then,
the timing balance of the on-time and the off-time mentioned in Section 3.4 can be
achieved by just making Con/Ion= Cott/ Loft-
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Figure 3-21: On-time generator and its working principle.
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Figure 3-22: Off-time generator and its working principle.

3.6 Zero Current Switching Adjustment

According to the analysis in Section 3.4, the adaptive on-time control can theoretically
ensure the current stored in the inductor during the on-time equals the current released
from the inductor during the off-time. However, many non-ideal effects are not taken into
account during the formula derivation. For example, the voltage across the inductor
during the on-time should actually be (Vi, — Vgs nsw) rather than Vi, (Vgs nsw IS the
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drain-source voltage of the NMOS power switch transistor), hence a precise expression of
the inductor charging equation should be:

. ton
lrise = (Vm - Vds_nsw) L (3-15)

The same non-ideal effect also occurs during the off-time, a more precise expression
of the inductor discharging equation would be:

. to
lfanl = (Vm — Vout — Vds_psw) ' Tff (3-16)

The non-ideal effects in the time generator will also break the timing balance
between the on-time and the off-time. In terms of the time generators applied in this work,
non-ideal effects include capacitor mismatch (ACyy;s), current mismatch (Aip,;s) and the
inaccuracy of the comparator (V...). A more precise expression of the time generating
equation would be:

t = (C+ ACpss) - % (3.17)

Due to these non-ideal effects, an extra block is required to slightly adjust the
off-time thus guaranteeing the timing balance. As mentioned in Section 2.1, the boost
converter operates in DCM, which means the DC current flowing through the inductor is
zero. Hence, the inductor current should rise from zero at the beginning of the on-time
and fall down to zero at the end of the off-time. This mechanism is named zero current
switching (ZCS).

To achieve ZCS adjustment, an energy efficient method which is nearly free of static
current dissipation has been proposed and widely used in recent studies [13] [16] [20]
[24]. According to the condition of the drain voltage (V,;iq) Of the high-side power switch
(PMOS) at the end of the off-time phase, whether the off-time is overly short or overly
long can be judged.

n—ton—m—toff—n-tdead_.

(a) (b)
Figure 3-23: Boost converter with overly short off-time (a) and overly long off-time (b)
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The operating principle can be explained by means of Figure 3-23. In the off-time
period, because the high-side power switch is closed, its drain voltage (Vi,iq) is nearly
equal to its source voltage which is exactly the output voltage (V,,.) of the boost
converter. At the end of the off-time period, if the off-time is overly short which means
the inductor current has not fallen down to zero (Figure 3-23 (), Viuiq Will have a
positive voltage jump. The reason for the positive jump is the remaining positive inductor
current will continue flowing through the high-side PMOS power switch which has a
large crossover resistance when it is switched off. The positive direction of the current is
defined as flowing from the input to the output of the boost converter. On the other hand,
at the end of the off-time period, if the off-time is overly long which means the inductor
current has fallen to a negative value (Figure 3-23 (b)), Vniq Will have a negative voltage
jump. The reason for the negative jump is that, at this moment, there is a negative current
flowing through the high-side PMOS power switch which has a large crossover resistance.
Therefore, by detecting the high or low state of V,,;4 at the end of the off-time, we can
obtain whether the off-time should be increased or decreased for ZCS.

l Clock l

Vinia 1-bit UP’DOW”; Up/Down |Pigital Code [ | tad
ADC Counter

Figure 3-24: Mechanism of the ZCS adjustment.

The ZCS adjustment can be achieved by the control system shown in Figure 3-24. A
1-bit analog-to-digital converter (ADC) is used to detect the high/low state of the node
Vmiqa and provide the information to the control system about whether the off-time
should be increased or decreased in next cycle. According to the ADC’s information, an
up/down counter adjusts the digital code which carries the information about how much
the off-time should be corrected for ZCS. A digital-to-time converter (DTC) is applied to
receive the digital code, and based on the digital code, to generate an additional time to
correct the off-time for ZCS. This ZCS adjustment system detects the off-time condition
(overly short or long) in a period, and makes correction on the off-time in the next period.
In steady state, the digital code should be 1-bit up and down around a definite value.

In this work, regardless of the effects of the non-ideal factors, the off-time should be
100ns if the on-time is 150ns. Since the non-ideal effects do not change the timing
balance drastically, a #15% adjustment of the off-time is sufficient to overcome these
non-ideal effects, which means the off-time is tuned in a range of 85ns~115ns. Under the
consideration of the design simplification and allowable tuning accuracy, the resolution of
the ZCS adjustment in time is determined as 1ns per bit. According to the inductor
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discharging equation, we can obtain that 1ns off-time variation can cause the inductor
current to change a value of:

iy =06V = = 600ud (3.18)

1uH

It means the resolution of the ZCS adjustment in current is about 600pA, which is
accurate enough for this work. Therefore, a 5-bit binary code is applied in the ZCS
adjustment system.

Finally, Figure 3-25 shows the model of the entire boost DC-DC converter system
with AOOT control and ZCS adjustment that has been designed in this work.
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Figure 3-25: Entire boost DC-DC converter with AOOT control and ZCS adjustment.
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Chapter 4

Circuit Implementation

4.1 Overview of This Chapter

The basic functionality of the boost DC-DC converter system designed in this work has
been introduced in previous chapters. In Chapter 2, the power plant of the boost converter
has been designed based on the target specifications. In Chapter 3, the most suitable
control technique has been selected after detailed analyses of all candidates. Figure 4-1
shows the system-level schematic of the entire boost DC-DC converter system designed
in this research. In this chapter, the circuit implementation of each block in transistor
level will be introduced. The Digital Logic block used to control the sequence of all
signals in the control loop is introduced in Section 4.2. The time generators applied to
control the durations of the on-time and off-time are described in Section 4.3. The circuit
implementation of the ZCS adjustment is presented in Section 4.4. In Sections 4.5 and 4.6,
the circuit design of the comparator and the reference current generator are discussed.
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Figure 4-1: Entire boost DC-DC converter system designed in this work.
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4.2 Digital Logic Block

The Digital Logic block is the only digital circuit in the entire system of the boost DC-DC
converter. It plays a crucial role, namely to control the sequence of all signals in the
control system thus making the converter operate in the right functionality. Its specific
working principle in steady state will be explained by means of Figure 4-1 and the
following flow chart (Figure 4-2).

Reset,],
5170 v,=1
> 52:0 Vmﬁzo <
Vcomp:O
\""CII‘\:1

If Veon>Vin
Yes, Vy=1

5,=0
571 thf‘F,I\ €
Sy=0 -

1
off 5& V=1

If Veor<Vin
Yes, V=1
No, V=0

Vaf‘f: 1

Figure 4-2: Operation flow chart of the boost DC-DC converter.

At first, a “Reset” signal (Re = 0) comes and resets the Digital Logic block to the
initial phase. In this phase, there areS; =0, S, = 0and S; = 1. S; is the signal that
carries the on-time information. As shown in Figure 4-1, after a gate buffer, S, is turned
to V. S, is the signal that carries the off-time information. As shown in Figure 4-1, after
an inverter and a gate buffer, S, is turned to V,. S; is the signal that carries the dead-time
information. The reset signal also resets the T,, Generator and T, Generator to the initial
phase where there are V., = 1and V.o = 0. Then the “Reset” signal is turned off
(Re = 1) and the boost converter starts working in the dead-time phase. The dead-time
phase will be maintained until the output voltage of the boost converter drops below the
reference voltage (Vyutr < Vier)- When Vo < Vier, Sp IS activated to 1 and the boost
converter steps into the on-time phase. The duration of the on-time phase is controlled by
the T,, Generator. After a specific time, the T,, Generator will send a signal to switch S;
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from 1 to 0 and S, from 0 to 1 which means to terminate the on-time phase and start the
off-time phase. The duration of the off-time phase is determined by the T, Generator
which will send a signal to shift the boost converter from the off-time phase into the
dead-time phase. When the boost converter enters the dead-time phase, it will face an
operating model selection which will be further explained later in this section. If the
output voltage is still lower than the reference voltage (V,u: < Veer) after a cycle, S; will
be immediately turned to 1, which means a new on-time phase starts. In this case, the
boost converter works in quasi-CCM. If the output voltage is higher than the reference
voltage after a cycle, the dead-time will be maintained until the voltage output drops
below the reference voltage. In this case, the boost converter works in DCM. The timing
diagram of main signals in the control system is shown in Figure 4-3 where Re = —Re.
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Figure 4-3: Timing diagram of all signals.

In order to achieve the logic function mentioned above, the Digital Logic block is
built by some digital cells such as D flip-flops and logic gates. Its detailed schematic is
shown in Figure 4-4. During the design of this block, some issues should be considered,
otherwise the performance or even the functionality of the converter will be destroyed.
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Figure 4-4: Schematic of the Digital Logic block.

The first issue also the most important one is which signal should be used to trigger
Ss. S is the control signal for the dead-time. According to the working principle of the
control method discussed in Section 3.4, the dead-time will be maintained until the output
voltage of the boost converter drops below the reference voltage (Vyur < Vyef). But if Sz is
directly triggered by the output signal of the comparator (Vzomp), there will be a mistake
if the output voltage of the boost converter is still lower than the reference voltage
(Vout < Vyer) after the off-time. The failure mechanism is shown in Figure 4-5.
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Figure 4-5: First failure mechanism of the control system.
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Figure 4-6: Operating model selection circuit.

To avoid this failure, an operating model selection circuit shown in Figure 4-6 can be
used to solve this problem. The signal V., is used to control the dead-time instead of the
signal Veomp- Via is controlled by Veomp, Vorr S;, S, and Re. When the boost converter
steps from the off-time phase into the dead-time phase, two models will be selected:

(1) Veomp =1 which means Vi is still lower than Vier (Voue < Vier) after an
off-time. At this moment, Veomp, Vorr S1, Sz and Re are all equal to 1 and ¥, will be
only controlled by V. In Figure 4-7, we can see V.og Will quickly fall below V;, in the
dead-time phase thus causing Vg rising to 1. Accordingly, V., will be turned to 0 and
then Sz will be turned to 0 by the falling edge of 1;,. S; will be turned to 1 by the falling
edge of S3 which means a new cycle starts. In this case, because the dead-time is very
short, the boost converter works in the quasi-CCM mode.

(2) Veomp = 0 which means V. is higher than Vier (Vour > Vier) after an off-time.
At this moment, V;, is controlled by Viomp, . From Figure 4-7, we can see that, after some
time, Veomp Will rise to 1 because the output voltage falls below the reference voltage.
Then V., will become 0 due to the falling edge of V., and a new cycle begins. In this
case, due to a relatively long dead-time, the boost converter works in the DCM mode.

Vot | |_!
Via | |_| U J
] i

Figure 4-7: Timing diagram of quasi-CCM and DCM.
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From the above analyses, it becomes clear that, by using the operation model
selection circuit, automatic model selection can be really achieved thus ensuring the
converter to work properly. Moreover, the model selection circuit can also ensure a new
cycle starting after the previous cycle ending. The reason is that 17, can only be turned to
0 when both S; and S, are 1, which means the boost converter is not working in the
on-time or the off-time phase.

The second issue which should be considered occurs in the S; and S; generation. The
signal S; should be reset to 1 by the falling edge of V¢ rather than the low level of V.
According to the working principle, Signal S; is switched from 1 to O to terminate the
dead-time and start the on-time by the falling edge of Signal V,,. But at the falling edge of
Via, Vo may be low due to system delay. If S; is reset by the low level of Vg, it may
miss the activated signal (the falling edge of 1}.,). If this happens, the boost converter will
not work correctly. The timing diagram of this problem is shown in Figure 4-8.

s ]
Voff i i
Via ¥ _J I_I

Figure 4-8: Timing diagram of S triggering and resetting.

An extra D flip-flop can be used to reset Sz on the falling edge of V¢ The detailed
circuit implementation is shown in Figure 4-9. The same problem also occurs in the
generation of S;. So the same circuit is applied for S; generation as well.

VDD

Figure 4-9: S; and S; generating circuits.
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The third issue which should be paid attention to is the overlap of Signals S; and S..
From Figure 4-10, we can see that if the two power switches are closed simultaneously,
the output of the DC-DC convertor will be shorted to ground. Not only the energy stored
in the load capacitor will be lost, but also the output voltage ripple will be affected by the
short. Therefore, the overlap of S; and S, should be avoided at all times. As shown in
Figure 4-4, the S; is triggered by the falling edge of S; in this design. Hence, this problem
does not occur any more.

Vmid Psw Vout

N0 vow | c == &}..
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Figure 4-10: Output of the boost converter short to the ground.

4.3 On-Time and Off-Time Generators

In Section 3.5, we have discussed the selection of the implementation method for the time
generators in this work, and their basic schematics have been shown in Figure 3-21 and
Figure 3-22. In this section, the transistor-level circuit implementation will be described.
Figure 4-11 shows the transistor-level circuit of the on-time and off-time generators. The
parameters of all transistors are shown in Table 4-1. Figure 4-11 (a) is the circuitry of the
on-time generator, and Figure 4-11 (b) is the circuitry of the off-time generator. In the
circuits, the transistors M1, M2, M5, M6, M8 and M9 work as current mirrors which
provide charging and discharging currents, Transistors M3, M4, M7, M10 and M11 are
applied as switches which are controlled by Sy, S, and S;.
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Figure 4-11: Circuit implementation of the on-time and off-time generators.
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Table 4-1: Parameters of the transistors in the on-time and off-time generators

ML | M2 |M3| M4 | M5 | M6 | M7 | M8 | M9 | M10 | M11
L (um) 2 2 101004 2 2 |01 2 2 0.1 | 0.04
W(um) | 02|08 |06]|24|02]|02]06 5 5 09 | 1.2
F (um) 1 1 2 7 1 1 2 2 2 2 7
M (um) 10 | 100 | 1 2 10 | 80 1 2 2 1 1
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Figure 4-12: Different working phases of the on-time generator.

Figure 4-12 shows the working conditions of the on-time generator in different
phases. In the on-time phase, switch M3 is close and switch M4 is open. The capacitor
Con With an initial voltage Vpp is discharged by a constant current I,,. The voltage of
node V.., drops down on a rate of,

AVeon _ lon
@ o (4.3)

When V., drops to the value V;,, i.e., the same voltage as appeared at the other input of
the comparator, the comparator will output an active signal (falling edge) to the Digital
Logic block. This signal will shift the boost converter from the on-time phase to the
off-time phase. In the off-time phase, switch M3 and M4 are both open. The voltage of
node V.., Will remain at a value which is slightly lower than V;, and the output of the
comparator will stay low. In the dead-time phase, the switch M3 is open and the switch
M4 is closed. The capacitor is quickly charged to V4q4. In this phase, the output of the
comparator will return to the high level.
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From the analysis in Chapter 2, we know V;,, Vqq and t,, is 0.4V, 1V and 150ns,
respectively. According to Equation 4.3, we can get:

Con __ ton __ 150ns
Ion  Vout—Vin  1V—0.4V

= 250nF/A (4.4)

Under the consideration of acceptable power consumption, the discharging current (lo,) is
set to be /0uA in this work. Hence the capacitor C,, becomes

Con = 250nF /A X I, = 2.5pF (4.5)

For lower power consumption, the discharging current can be further reduced. As a result,
capacitor C,, should be decreased as well. Table 4-2 shows the simulation results of the
power consumption of the on-time generator with different discharging currents.

In Table 4-2, we can see that the decrement of the discharging current makes little
contribution to reducing the power consumption. This demonstrates that it is a reasonable
decision to set the discharging current and the capacitor as 10uA and 2.5pF in this work.

Table 4-2: Power consumption of the on-time generator for different discharging currents

Discharging current I, 10pA 1pA
Pton_generator at high load condition (10mA) 9.6pW 4.3uW
Pton_generator / Pin at high load condition (10mA) 0.093% 0.091%
Pton_generator at low load condition (0.1mA) 3uWwW 2.9uW
Pton_generator / Pin at low load condition (0.1mA) 2.471% 2.45%
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Figure 4-13: Different working phases of the off-time generator.
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Figure 4-13 exhibits the working conditions of the off-time generator working in
different phases. In the on-time phase, switches M7, M10 and M11 are all open. The
voltage of node V¢ will remain the same value as it is in the dead-time phase, and the
output of the comparator will stay high. In the off-time phase, switch M11 is open and
switches M7 and M10 are closed. The capacitor is charged by a constant current I,¢. The
voltage of node V.. rises at a rate of,

aVeoff — Loff (4 6)
dt Coff ’

When V¢ rises to the same value (V;,) as present at the other input of the comparator,
the comparator will output an active signal (falling edge) to the Digital Logic blocks
which will terminate the off-time phase and turn the boost convertor to the dead-time
phase. In the dead-time phase, switches M7 and M10 are both open and the switch M11 is
closed. The capacitor is fast discharged to 0V. The output of the comparator will return to
the high level during this phase.

According to Equation 2.32, if the on-time is 150ns, the off-time is required to be
100ns for the timing balance. In order to generate a 100ns off-time, based on Equation
4.3, it follows:

Coit — Lot _ 1008 _ H50nF/4 4.7)
Ioff  Ccoff 0.4V

Since the charging current I,¢ in the off-time generator should be tuned in a range so as

to adjust the off-time for achieving the ZCS adjustment (the detailed operating principle

will be presented in the next section). Under the consideration of the ZCS adjustment
resolution, this current cannot be too small. Therefore, the value of the charging current
Ioge 1 finally set to be 10uA, and C,¢ becomes

Cofs = 250nF /A X I = 2.5pF (48)

As mentioned above, transistors M1, M2, M5, M6, M8 and M9 work as current
mirrors in the time generators. In general, it is better to use a transistor with larger size for
the current mirror application due to the better performance on mismatch and noise. But
since the charging and the discharging currents in the time generators are relatively small
(in microampere level), the transistors with too large size will lead to a longer setting time
which will reduce the accuracy of the time generators or even break down the
functionality of the boost converter. From the simulation results shown in Figure 4-14,
this issue can be seen clearly.

Figure 4-14 (a) is the simulation results of the time generators in which the channel
lengths (L) of the transistor M1, M2, M5, M6, M8 and M9 are 2um. Figure 4-14 (b) is the
simulation results of the time generators in which the channel lengths (L) of the transistor
M1, M2, M5, M6, M8 and M9 are 3um. The W/L ratios of the transistors are the same on
these two conditions. But in Figure 4-14 (b), the larger L leads to a bigger parasitic
capacitor, thus causing a longer settling time. If in this case, the average currents during
the on-time and the off-time will be far away from the desired value. As a result, the
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generated time based on Equations 4.2 and 4.3 will not be accurate. In this work, the
channel lengths of the transistors M1, M2, M5, M6, M8 and M9 are determined as 2um.

e 7
> 58 \Y) e
s con > 58 VCOD
a
E)
iz 3
" iz
10
75
s o7
> Ton s Ton
00 > > 2% < -
.25 = i 1 00
5198 5195 5199 519.95 5200 52008 -
time (us) 519.8 519.85 5199 519.95 5200 520.05
T Ty O
- 120 S }
92 | | 925
F I g I
<38 off <37 off
s 101
20 473
4200 4200
3340 3340
S 2480 S 248
3 3 2400 v
S 620 Vv S0 coff
760 coff 760
100 100
125 125
10 19
75 s
s T s T,
>n off > off
00 00
25 25 H
519975 5200 520025 52005 520075 5201 520125 520. 5200 520025 52005 520075 5201 520125 52015 520475
time (us) time (us)
(a) (b)

Figure 4-14: Simulation results of the time generators with different channel length.

In the circuitry of the time generators (Figure 4-11), transistors M3, M4, M7, M10
and M11 are applied as switches. Among these transistor-based switches, M4 and M11
should have a very large W/L, because the voltage of node V., need be immediately
charged to V44 and the voltage of node V.. need to be immediately discharged
to Vi in the dead-time phase, especially when the boost converter works in the
quasi-CCM mode (the dead-time is very short). In this work, the W/L of M4 is chosen to
be 840 and the W/L of M11 is chosen to be 200. The simulation results are shown in
Figure 4-15. The reset time of nodes V.., and V.. are approximately 600ps. The
maximum current passing through the transistors during the reset process is about 5mA.
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Figure 4-15: Reset of nodes Vo, and Vo in the dead-time phase.
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4.4 Zero Current Switching Adjustment Blocks

The operating principle of the zero current switching (ZCS) adjustment has been
described in Section 3.6. The transistor-level circuit implementation will be introduced in
this section. Figure 3-24 showed the system-level diagram of the ZCS adjustment block.
In this block, a 1-bit ADC is applied to detect the high/low state of node V,,;q at the end
of the off-time phase. A simple digital block (up/down counter) receives the ADC’s
information and adjusts the digital code which carries the information about how much
the off-time should be corrected. A DTC is controlled by the digital code and generates
additional time to correct the off-time. The tuning range of this block is —15ns~ + 15ns.
The minimum tuning step is 1ns.

Since only the high/low state of V,,;4 need to be detected, the 1-bit ADC can be
implemented by a CMOS D flip-flop. Compared with an analog ADC, this method is
more power efficient. The circuit of the 1-bit ADC is illustrated in Figure 4-16. }, is the
drive signal of the PMOS power switch transistor. When V;, turns from low to high, the
high-side power switch is turned open which means the off-time ends and the dead-time
starts. At this moment, the drain voltage of the PMOS power switch transistor V,,;q will
have a positive voltage jump or a negative voltage jump according to the state
(positive/negative) of the inductor current. The working principle has been explained in
Section 3.6 by Figure 3-23. Hence, Vy,q is connected to the D terminal and V, is used as
the clocking signal for the D flip-flop. In addition, the D flip-flop will be reset by 1}, in the
on-time phase. 1, is the drive signal of the low-side NMOS power switch transistor.

Vmid Up/down
D Q
Delay
Vp |> Vdet
>CLK
Re

Vn |

Figure 4-16: A D flip-flop 1-bit ADC.

However from the simulation result, an unexpected ringing is seen at node
Vimia When the boost converter is switched from the off-time phase to the dead-time phase
(as shown in Figure 4-17). Because node V,,;4 is also connected to the large inductor, the
ringing is perhaps caused by the effect of the inductor and some other parasitic capacitors.
The specific reason of this ringing will be studied further in future works. The ringing
will perhaps cause a false reading of the inductor current at the end of the off-time and
result in an opposite ZCS adjustment. Comparing Figures 4-17 and 3-23, we can find the
reason of the false reading. For instance, to compare Figure 4-17a with 3-23a, if the
voltage detection happens on the top half-wave position, the off-time will be further
increased thus making an opposite adjustment.

In this work, the problem is solved by adding a short delay between the clocking
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terminal of the D flip-flop and the signal V;,. Figure 4-17 shows this solution. The state
(positive/negative) of the inductor current at the beginning of the dead-time can be
illustrated by the original direction of the ringing waveform. If the inductor current has
dropped below zero at the end of the off-time, the starting direction of the ringing
waveform will be negative (Figure 4-17a). On the contrary, if the inductor current is still
higher than zero when the off-time ends, the starting direction of the ringing will be
positive (Figure 4-17b). Therefore a careful setting of the delay time can guarantee the
correct reading of the inductor current state (positive/negative) at the end of the off-time
thus guaranteeing the function of the ZCS adjustment block.
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Figure 4-17: Voltage detection for an overlong or insufficient off-time.

The output signal of the 1-bit ADC presents the state of the inductor current at the
end of the off-time. If the output is high, it means the inductor current at the end of the
off-time is positive, thus the duration of the off-time should be increased in the next cycle.
If the output is low, it means the inductor current at the end of the off-time is negative and
the off-time should be decreased in the next cycle. An up/down counter can be applied to
read the output signal of the 1-bit ADC and to adjust the off-time. According to the
analysis in Section 3.6, the up/down counter will output a 5-bit binary code to control the
DTC. A general up/down counter is applied in this work. When it is reset, the initial state
of the output signal is 10000. If the output signal of the counter exceeds the range (11111),
the counter will be automatically reset to the initial state.

The digital code output from the up/down counter is applied to control a DTC to
calibrate the off-time for ZCS adjustment. From the discussion in last section, we know
the off-time is generated by applying a current (i) to charge a capacitor (Cog) (Figure
3-al). Hence, the ZCS adjustment block can adjust either the charging current iy
(current mode) or the charged capacitor C,g (capacitor mode) to achieve the off-time
calibration. Then the off-time generating equation will be changed to:

Current mode: toff T+ taq = lc%flf X Vin (4.9)
off Tlad
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Capacitor mode: toff T taq = C“‘flf—ﬂad x Vi (4.10)
off

To achieve 1ns minimum tuning step for the ZCS adjustment (t,4 ;s = 1ns), 1 LSB
of the DTC should be 100nA (igq ;55 = 100n4) in current-mode or 25fF (Coq 1sp =
25fF) in capacitor mode. A comparison of these two methods on accuracy can be made
dependent on the matching formulas in TSMC-40nm technology files. By hand
calculation, the accuracies of 1 LSB adjustment for the current mode (9(Alogfsp)/
0(Iofr1sp)) and for the capacitor mode (9(ACy¢1sb)/9(Cofr1sb)) are both about 1%.
Although the results show the capacitor mode is a little better (about 0.2%) than the
current mode, the difference is rather small. In terms of area, a 1 LSB tuning capacitor
(25fF) occupies about 20um? area, but a 1 LSB tuning current source (100nA) just needs
less than 0.5um? area. So the current-mode DTC is much better than the capacitor-mode
DTC with respect to area. The power consumption of the capacitor-mode DTC should be
undoubtedly less than the current-mode DTC because it is theoretically free of static
current. But the power consumption of the current-mode DTC is also relatively small
compared with the total power loss of the whole converter system (its maximum static
current is just 1.5u4). A comparison chart of these two methods is listed in Table 4.3.
Under the consideration of accuracy, area and power consumption, the current-mode DTC
is finally employed in this work. Figure 4-18 illustrates the schematic of a current-mode
DTC which is implemented by adding a current-steering DAC in the off-time generator.
The current-steering DAC is applied to generate the additional time for the off-time
calibration. The current-steering DAC is based on an array of matched current sources
which are unity code or binary weighted.

Table 4.3: Comparison between the current-mode DTC and the capacitor-mode DTC

Accuracy Area Power consumption

Current mode A little worse Much smaller Larger but acceptable

Capacitor mode A little better Much larger Smaller
Current-steering DAC Off-time Generator
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Figure 4-18: Current-mode DTC for the off-time calibration.
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As discussed before, the up/down counter outputs a 5-bit binary code to control the
DAC. However, there will be some problems existing in a fully binary-controlled DAC.
As mentioned in [1], the monotonicity cannot be guaranteed, the DNL errors and the
glitch energy are both large. By contract, a thermometer-controlled DAC with only unit
elements can have better performance at a time. Since the thermometer-controlled DAC
only changes one bit in each reaction, the monotonicity can be guaranteed. Moreover, for
a binary-controlled DAC, the current branch controlled by high-order digital codes
requires to generate large current which will cause large glitch energy and DNL error. But
for a thermometer-controlled DAC, because each current branch produces an equal
amount of current, which is not large, the glitch energy and DNL error will be smaller
than for a binary-controlled DAC. However, this implementation also has its drawbacks
such as the requirements on more control signals and more area. Hence, in order to take
the advantages of two structures, a segmented structure is applied to implement the
current-steering DAC.

The n-bit input digital code is segmented into m less significant bits (LSBs) and (n-m)
most significant bits (MSBs). The m-bit LSBs are used to control the binary weighted
current branches and the (n-m)-bit MSBs are decoded from binary to thermometer to
control the unary current branches. By applying this structure, not only the problem of
non-monotonicity, large glitch energy and large DNL error can be solved by the
high-order code thermometer control, but also the number of control signals and area can
be effectively reduced by low-order code binary control. The ratio of the number of
MSBs (n-m) over the number of LSBs (m) is named segmentation. For conventional
designs, optimum segmentation is 75% [2]. In [1], a segmentation of 90% is used for
good performance in high-speed design. In this work, the 5-bit binary output of the
up/down counter can be segmented to 3/2 (60%) or 4/1 (80%) to control the DAC. Under
consideration of simple implementation and acceptable performance, the segmentation is
finally determined as 60%, which means the high-order 3 bits is decoded to thermometer
and the low-order 2 bits are remained in binary. Figure 4-19 illustrates the final
implementation of the ZCS adjustment block in system level.

l Clock l Low-order 2-bit binary
Up/Down |De_my| > T
Vi -bi 5-bit binar off_ad
o 1-bit > Up/Down 4 DTC ——
ADC Counter R BT R
High-order 7-bit "
3-bit binary Decoder Thermometer

Figure 4-19: System-level diagram of the ZCS adjustment block

Due to the segmentation mechanism, the input signal of the DAC is 2-bit binary
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weighed and 7-bit unary weighed. The schematic of the two current branches controlled
by the 2-bit binary is shown in Figure 4-20. In here, two NMOS transistors My, and My,
are used as current mirrors to generate 100nA (1 LSB) and 200nA (2 LSBs) current in
each branch. Since these two branches generate the two minimum current signals in the
DAC, the accuracy of these two current mirrors is the most important specification. The
accuracy of a MOS transistor-based current mirror is mainly determined by three
parameters of the copying transistor: generated current, overdrive voltage and area. There
have been a lot of studies on their relationship. The detailed equations are not described
here. In general, the larger these three parameters are, the better the current mirror’s
accuracy is. In this work, since the target currents have been determined, the controllable
parameters are only the overdrive voltage and the area. But due to the quite small
generated currents (hundreds of nAs), a large overdrive voltage means a small width to
length ratio (W/L), and the parasitic capacitors caused by large area will affect the
performance of the current mirror in high-speed operating condition (several MHz).
Therefore, in the trade-off, the overdrive voltage is set to about 80mV and transistors with
relatively small size are used for My, and My, in the end. The detailed parameters are
listed in Table 4.3.

As shown in Figure 4-20, differential pairs of NMOS transistors are used as the
switches to control each current branch connected to the output of the DAC (Vo) OF not.
By applying this method, a constant current occurs in every current branch, but the
current flows to different places under the control of two complementary switches. The
drain voltage of each current mirror transistor (I, ) is fixed, thus cancelling the effect of
V4s Variation on the generated current. Because these two current branches generate the
minimum current signals, the additional power consumption due to the constant current
can be ignored. The accuracy is more important than the power consumption for these
two current branches. The size of these switch transistors should be small so as to reduce
the parasitic capacitors for high-speed application. The detailed parameters of these
transistors are listed in Table 4-5.
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Figure 4-20: Two current branches controlled by 2-bit binary digital code in the DAC.
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The schematic of the other seven unary current branches is shown in Figure 4-21.
Each branch generates the same current (400nA) which represents 1 MSB in the DAC.
All branches use the same structure and transistors. Because the currents in these
branches are relatively large, for a high efficient, a single transistor is used as the switch
in each branch rather than the complementary structure applied in the binary-controlled
branches. The detailed parameters of the transistors are listed in Table 4-4.
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Figure 4-21: Seven current branches controlled by 7-bit unary digital code in the DAC.

Table 4-4: Parameters of the transistors in the DAC

MO M b1 Msl I\/Isln M b2 Msz MsZn IVlul'"' M u? M53~ Mle

L 2u 2u 0.1u 0.1u 2u 0.1u 0.1u 2u 0.1u
W | 0.2u | 0.2 | 0.6p | 0.6u | 0.2u | 0.6u | 0.6u 0.2u 0.6u
M | 100 1 1 1 2 1 1 4 1

4.5 Comparator

No matter which kind of control technique, there will necessarily be a comparator in the
control system of a DC-DC converter. For instance, as mentioned in Section 3.2, in the
voltage-mode control or the current-mode control system, a comparator is used to
compare the output of the error amplifier with a ramp signal, and then outputs a signal to
adjust the duty cycle of the PWM signals which control the power switches. In a PFM
ripple-based control system, the comparator plays a more important role since it replaces
the function of the error amplifier to regulate the output voltage of the DC-DC converter.
A comparator continuously monitors the output of the DC-DC converter. If the output
voltage of the converter drops or rises across the reference voltage, the comparator will
send an active signal to the Digital Logic blocks and then shift the operating phase
(on-time, off-time or dead-time) of the DC-DC converter. The specific working principle
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has been described in Section 3.4 and Section 4.1.

In this work, since the PFM ripple-based control technique is applied, no error
amplifier exits in the control system. The output voltage of the boost converter is
regulated by a comparator. For the comparator in this application, some characteristics
should be considered during the design. The most important one is the propagation delay.
Figure 4-22 illustrates the effect of the comparator delay on the performance of the boost
converter. A large comparator delay will make the triggering point far away from the
comparison point thus increasing the dead-time. When the boost converter works at a
light load condition, a large comparator delay will not give much trouble to the boost
converter, since the additional dead-time caused by comparator delay is a small portion of
the whole dead-time. In this case, only the DC (average) value of the output voltage of
the boost converter will be slightly decreased as shown in Figure 4-22 (a). So it means
that just the output regulating accuracy of the boost converter is impaired by the large
comparator delay at light load condition. However, when the boost converter works with
a high load, if the comparator delay is too large, besides the regulating accuracy, even the
functionality of the boost converter will be destroyed. As shown in Figure 4-22 (b), if the
dead-time is too long such that the energy discharging in the dead-time and the on-time
has been larger than the energy charging in the off-time, the output of the boost converter
cannot stay in a steady state, which means the stability of the converter has been
interfered by the large comparator delay. Therefore, the propagation delay of the
comparator should be designed to be a small value.
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Figure 4-22: Comparator delay effect under (a) low load and (b) low load.

Apart from the propagation delay, the uncertain transition region of the comparator
which is determined by the noise level should be controlled in a safe range. In this design,
the comparator is applied to compare the small output ripple of the boost converter with a
reference DC voltage, and the minimum output ripple is only about 10mV. Therefore, the
detection range of the comparator should be much smaller than 10mV. In addition, since
in this design, the comparator is the only block which needs to constantly operate in the
whole control system besides the biasing block, its power consumption takes up a large
portion of the total power consumption. In order to design a boost converter with very
high power conversion efficiency, after ensuring the functionality of the comparator, its
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power consumption should be optimized as much as possible.

In this work, besides the comparator used for the output regulation, there are still
two comparators existing in the time generators to control the duration of the on-time and
the off-time. Their working principle has been described in Section 4.3. For these two
comparators, due to their different application, the functionality and the performance are
less sensitive to the propagation delay and the noise compared to the other comparator.
Hence, the static current in these two comparators could be set at a smaller value to
reduce the power consumption. As a consequence, the propagation delays will be larger.

In this work, a two-stage, open loop comparator is applied in the control system of
the boost converter. The schematic of the comparator is shown in Figure 4-23. For the
comparators applied in the time generators, since the comparison point is about 0.4V, a
differential pair of PMOS transistors can be used as the input stage. For the comparator
applied for the output voltage regulating, as the output voltage of the boost converter can
be dropped down by a voltage divider, the comparison point can also be set at about 0.4V
For simplification, the comparator in the two applications can use the same structure
(shown in Figure 4-23) but with different bias currents for different propagation delays.
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Figure 4-23: Schematic of the comparator.

In the schematic of the comparator, transistors M1 and M2 are the differential input
pairs of the first stage. Due to a low bias current, these two transistors work in the
subthreshold region. Transistor M5 is the input of the second stage. It works in the
saturation region. The poles of the comparator caused by two stages can be expressed as:

Py = gds,MZC“"gds,le (411)
1
py = %ﬁdm (4.12)

In which Cj is the sum of the capacitors connected to the output of the first stage and
C, is the sum of the capacitors connected to the output of the second stage. As a general
knowledge, the open loop amplifier which works as a comparator should have a large



78 Circuit Implementation

bandwidth. Hence, poles p; and p, should be at high frequency.

As mentioned above, for different applications, due to the different limitation for the
propagation delay, the bias currents are set at a different value. For a short propagation
delay, the bias currents (Ip.q,Ipc;) Of the comparator which is used for the output
regulation are set at 2uA. As a result, the effect of the comparator delay to the accuracy of
the output voltage regulation is very weak. After a trade-off between the acceptable
propagation delay and power consumption, the bias current (I,,.4, I,,.») Of the comparators
which are used in the time generators are set at 0.2uA.

4.6 Reference Current Generator

In the control system of the boost DC-DC converter designed in this work, a precise and
stable current reference is indispensable, not only for the time generators to generate
pulse signals with desired duty cycles to drive the power switches (Section 4.2), but also
for the current-mode DAC in the ZCS adjustment block to slightly calibrate the off-time
(Section 4.4). As we know, many external factors can affect the accuracy of the
generating current, of which temperature and the supply voltage (V;4) variation are two
dominant ones. Hence, to design a low power reference current generator which is in
sensitive to temperature and supply voltage (V) variations becomes a crucial task.

In order to suppress the temperature effect on the generating current, the general idea
which has been widely applied is adding a positively scaled (PTAT) current to a
negatively scaled (CTAT) current [3]. By setting these two temperature compensating
currents in a proper ratio, the temperature effect can be canceled and the total current will
be, to a first order, independent of temperature.

M3 :"_—'I: M4

| |
M1 I IE M2

Figure 4-24: PTAT current source.

The PTAT current can be generated by the circuit shown in Figure 4-24. The
transistors M1 and M2 work in the subthreshold saturation region, and the transistors M3
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and M4 work in strong inversion saturation region as current mirrors. For a subthreshold
MOQOS transistor, there is:

v
Ip = Ioexpﬁ (4.13)

Accordingly, for M1 and M2, there are:

I

Ves1 = fVTln(IOD;l) (4.14a)
1

VGSZ = (VTln(I(]D)\jz) (414b)

Since M1 and M2 compose a current mirror, their source currents are in a ratio of:

Ipz _ Iss _ S (4.15)
Ip1 Is3 S3 '

in which, S3 and S4 are the aspect ratios of the transistor M3 and M4. Then, the current
flowing through the resistor R1 can be expressed as:

Vgs2—V KT S1 S4
Ipto = 7826 = Flin - ) (4.16)

Therefore, the current I,., generated in this part is a PTAT current.

The CTAT current can be generated based on the conclusion proposed in [3]. It says
that, after biasing a constant drain current, the gate-source voltage of a MOSFET which
works in subthreshold region, decreases linearly with temperature. An approximation
equation between the gate-source voltage (V) and temperature (T') is obtained in [3]:

Ves(T) = Vos(To) + Koo = 1) (4.17)

where

K¢ = Kr + Vis(To) — Ve (To) — Vorr (4.18)
For typical values of Ky and Vg Which are BSIM3v3 model parameters, K is a
negative quantity [3] thus causing the voltage V;s to decrease with temperature.
Therefore, a CTAT current I, can be obtained by applying the CTAT voltage Vs on a
resistor, which can be expressed as:

Ves(T)  Vgs(To)  Kg ,T
Lo = G; _=%+?G(T_O_1) (4.19)

A simple circuit to combine the PTAT current and the CTAT current for getting a
temperature independent current is shown in Figure 4-25, which was proposed in [4].
This implementation method is much simpler than the circuit proposed in [3]. In this
circuitry, M1, M2, M3 and M4 compose the PTAT current generator, and the generating
PTAT current I, is copied to the output by the current mirror composed of M3 and M9.
In addition, M5, M6, M7 and M8 compose the CTAT current generator and the generating
CTAT current I,,; is copied to the output by the current mirror composed of M8 and M9.
Then, the output current I, can be expressed as:

S9 510

= glpto + —Ineo = K1 (T) + K»(T) (4.20)

I
b s8
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If the derivative of the output current I, with respect to temperature T is zero (91, /0T =
0), the output current I, is independent of temperature. This can be done by a proper
setting of the ratio of the PTAT current I, and the CTAT current I, .
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Figure 4-25: Combination of a PTAT current source and a CTAT current source [4].

Another factor that can affect the accuracy of the generating current is the supply
voltage (V;4) variation. Due to the channel-length modulation effect, if the source-drain
voltage on a transistor is changed, the drain current of this transistor will also be different.
The supply voltage (V;4) variation can lead the PTAT current generator and CTAT current
generator to make a positive response, which means, if there is an increment on the
supply voltage (V,4), both the PTAT and CTAT currents will be increased, and vice versa.

The supply voltage (V;4) variation effect can be suppressed by just adding an N-time
of the PTAT current to the CTAT current generator [4]. The detailed implementation is
shown in Figure 4-26. The transistor M11 composes a current mirror with the transistor
M3, which adds an N-time of the PTAT current L,;q (Iper = N - Ipz) to the CTAT
current generator. After adding this block, the current flowing through the transistor M8 is
the sum of the CTAT current I, and the N-time of the PTAT current I, . The
expression of the final output current I, (equation 4.20) will be modified to:

Iy = 2 Iyeo + =5 (F555 — Nlyio) (4.21)

By taking the derivative of equation (4.21) with respect to V4, there is:

al, $9 _ 510 d(Vgse/R2)

Olpto
6Vdd_(§ s VY " vaa )X6Vdd (4.22)

Due to equation 4.14, the derivation of (Vg5 /R2) with respect to Vdd is:

d(Vgse/R2) _ SVr dlps _ SVr S50Ipto (4.23)
ovdd IpgR20vVdd  IpgR2 S3 dvdd '
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Finally, we can obtain that:

aly

_ (59 $10 51085 {Vp
avdd ~ \S3

——N+
S8 S8 S3IpgR2

61pt0
) X Svad (4.24)

The negative item in Equation 4.24 can make that the expression in the bracket becomes
equal to zero, thus causing the derivative of the output current with respect to the supply
voltage variation to zero (a1, /0Vdd = 0). Therefore, the supply voltage variation effect
on the output current I, can be suppressed by this method.
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Figure 4-26: Final schematic of the reference current generator.

Based on Equations 4.20 and 4.21, the output current I, can theoretically be
independent of temperature and supply voltage variation. But in real work, since many
parameters in the circuit are correlative to each other, it is different to find out the balance.
For example, a larger N for the additional current I.,;; is good to suppress the supply
voltage variation effect, but as a result, it will lead to a bad temperature compensation
behavior.

According to the result given in [4], if the target reference current is 1uA, the effect
of the supply voltage variation on the reference current should be about 0.009pA/V and
the temperature effect on the reference current should be 0.027uA peak-to-peak for
temperature variation from -20°to 120< But in this research, due to time limitation, the
circuit was not set in an optimal condition. The simulation results show that the supply
voltage variation on the reference current is about 0.07pA/V, and the temperature effect
on the reference current is about 0.29uA peak-to-peak for temperature variation from -20<
to 120< An easy method to properly set the parameters in the circuit should be studied in
future work. The parameters of the transistors used in the work are shown in Table 4.5.
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Table 4-5: Parameters of the transistors in this block.

ML | M2 | M3 | M4 | M5 | M6 | M7 | M8| MO | M10 | MLl
Lum) | 4 | 4 | 4 | 4 | 4 | 4 | 4| 4] 4| 4|2
Wm) [160 | 4 | 4 | 4 | 3 |[125[125| 2 | 32 | 23 | 1
R1 = 160k R2 = 300k
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Chapter 5
Layout Design

5.1 Overview of the Layout Design

Due to the technology limitation and design consideration, not all components of the
boost DC-DC converter are integrated on-chip in this work. At first, the 1uH inductor and
the 220nF load capacitor are applied off-chip. The reason is that on-chip inductors or
capacitors with such a large inductances or capacitances have large area and poor series
resistance which will seriously reduce the efficiency of the boost converter. Secondly, for
easy output voltage control, the voltage reference and the output voltage divider of the
boost converter are implemented outside the chip as well, which means any required
output voltage can be obtained by just changing the off-chip parameters. Moreover, the
capacitor C¢ applied to improve the noise immunity of the boost converter (discussed in
Section 3.4) is also placed outside of the chip. As shown in Figure 5-1, the layout design
just involves the circuits in the red square.
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Figure 5-1: On-chip and off-chip parts of the boost DC-DC converter.



86 Layout Design

The final layout of the entire on-chip system of the boost DC-DC converter is shown
in Figure 5-2. It includes two large power switch MOS transistors with buffers, three
comparators, two time generators, a current mirror array, a reference and bias current
generator, a ZCS adjustment block, a digital logic control block and some decoupling
capacitors. During the whole layout work, only two parts of the boost converter require
elaborate design because the functionality and the performance of the converter are very
sensitive to their effects. One of them are the MOS transistors used as the power switches,
and the other one is the current mirror array which includes the current-steering DAC
applied in the current-mode DTC for the ZCS adjustment. Later in this chapter, detailed
discussions will be given on the layout design of these two parts. As for the layout design
of the other blocks, because no special skills are applied, no detailed description will be
mentioned in the thesis.
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Figure 5-2: Layout of the entire on-chip part of the boost DC-DC converter.
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5.2 Layout Design of the Power Switches

In Chapter 2, we have discussed the size of the MOS transistors used for the power
switches in the boost converter. To achieve a very low turn-on resistance, the aspect ratios
(WI/L) of these MOS transistors should be very large. In this work, the final aspect ratios
of the two MOS transistors used as power switches in the boost DC-DC converter have
been shown in Table 2-1. So there are:

(n = 35840 (5.1)
(D)p = 71680 (5.2)

From the equations, we can find that the aspect ratios of the power switch transistors
are extremely large. A problem consequently appears, that is, how to reasonably design
the layout of the transistors with such high aspect ratios. Obviously, it is impossible to
make it in the simplest structure as shown in Figure 5.3. Then, the finger structure can be
applied to reduce the aspect ratio of each transistor unit. In the finger structure, a single
transistor with an extremely high aspect ratio can be divided into many unit cells which
connect with each other. But as shown in Figure 5.4, we can find that, if the aspect ratio
of each unit cell is in a reasonable value, the number of the fingers will be very large. It
means this structure is still unreasonable in terms of the space. Therefore, more advanced
methods should be used to design the layout of the power switch transistors.
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Figure 5-3: Transistor with a large W/L in the simplest structure.

S D S e & o o o D S D

W=~3um

F=~1000

Figure 5-4: Transistor with a smaller W/L in the finger structure.
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In this work, we segment the large power switch transistors into several independent
small cells and place them in parallel (as shown in Figure 5.5). By using this approach,
the layout design for the power switch transistors will be easily implemented. The reason
is the transistor with a high aspect ratio has been segmented to N independent cells and
the aspect ratio of each unit cell will be 1/N smaller. For example, N is setto be 32 in
this work. For a unit cell of the NMOS power switch transistor, we only need to draw the
layout of a transistor with an aspect ratio of 112um/0.1um. By applying the finger
structure, it is easy to design the layout of such a unit cell. The layout implementation of a
unit cell is exhibited in Figure 5.6. In addition, an extra benefit can be obtained by using
this structure, that is, the turn-on resistance of the power switch transistor will be reduced
by the parallel structure. As mentioned in Section 2.2, since the static loss caused by the
power switch transistor’s turn-on resistance is a dominant factor in the loss mechanism,
this approach can effectively improve the efficiency of the boost converter.

~r ~Y |
A A A A A
(o] (o] (o] o (o]
() Vin / 4 ()Vin / / /o oo 00 /
SwW SW_1 SW_2 SW_3 SW_n
B B B B B
|

3.5um

Figure 5-6: Unit cell of the power switch transistor.

After determining the size of each unit cell, the next step is to join the 32 unit cells
together and connect them to the two terminals of the power switch. Since, in this design,
the current flowing through the power switches is relatively large (about 60mA), the
relationship between the maximum tolerable current and the width of the Copper metal
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wire is required to be considered in order to prevent the failure in terms of reliability. The
equations of this relationship can be derived from the technical documents of TSMC
40nm technology [1]. For metal x (x = 1~6), there is:

Imax mx = 1.329 X (W x 0.9 — 0.008) (5.3)
For metal y (y = 7~8), there is:
Imax_my = 3.04 X (W X 0.9 — 0.2) (5.4)

The maximum current (I,.5) is defined as the maximum DC current allowed for metal
lines, vias, or contacts. It is based on 0.1% point of measurement data at a 10% resistance
increase after 100K hours of continuous operation at 110°C [1]. As the currents flowing
through the power switch transistors are in pulse wave, the effective DC current is equal
to the average current which can be calculated as:

lang = % x [TI(t)dt (5.5)

For a current in a pulsed wave, the rules of the effective DC current (/,,,4) are identical
to the rules of the maximum current (I,,.«) [1], Which means the item I, in Equations
5.3 and 5.4 can be replaced by /4.

According to the rules mentioned above, the widths of the wires used to connect the
power switch transistor can be determined. In this work, for simplification, apply the
same structure to implement the layout of the PMOS and NMOS power switch transistors.
Since its size of the PMOS power switch transistor is two times of the NMOS power
switch transistor, two identical cells in parallel are applied to implement its layout design.
Therefore, we will just discuss the layout design for the NMOS power switch transistor.
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Figure 5-7: Currents flowing through the inductor and power switch transistors.

As we know, the current flowing through the NMOS power switch transistor is equal
to the current flowing through the inductor during the on-time and the maximum duty
cycle of the current pulse exits when the boost converter works in the boundary of CCM
and DCM. As shown in Figure 5.7, the effective DC current flowing through the NMOS
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power switch can be roughly calculated as:
1 T
lavg nsw = z x fo Lysw (t)dt = 40mA (5.6)

As discussion before, the NMOS power switch transistor with a high aspect ratio has
been segmented into 32 unit cells. For each cell shown in Figure 5-6, the effective DC
current should be:

IaV nsw
Iovg unsw = “;—‘2 ~ 1.25mA (5.7)

According to Equation 5.3, to tolerate a 1.25mA current, the width of the wire (metal x)
should be more than 1.1um. In this work, two metal wires with a width of 1.4um are
used to connect the source and drain area of the transistor to the two terminals (A and B
in Figure 5-5) of the power switch. In order to save area and increase the contact area,
these two metal wires can be placed above the transistor as shown in Figure 5-8. By using
this method, not only the area but also the resistance caused by the metal contacts can be
effectively reduced.
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Figure 5-8: Source and drain connection of a unit transistor.

Two main power lines are required to connect the 32 unit cells together, one of
which is used to connect all the drain terminals of the unit transistors with the inductor,
and the other one is used to connect all the source terminals of the unit transistors to
ground. The current tolerance of these two power lines have been calculated by using
Equation 5.6, which should be more than 40mA. But as the maximum width of the metal
X wire is 4.95um and the maximum width of the metal y wire is 13.2um in this
technology, according to Equations 5.3 and 5.4, we can obtain that the maximum
tolerable current though a single-layer metal wire is:

Imax mx = 1.329 X (4.95 x 0.9 — 0.008) ~ 5.9mA (5.8)

Imax_my = 3.04 X (13.2 X 0.9 — 0.2) ~ 35mA (5.9)

It is obvious that only a single-layer metal wire cannot tolerate the current flowing
through the power switches. Therefore, multiple-layer metal wires in parallel can be used
to solve the problem. In this work, not only to increase the maximum tolerable current,
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but also to reduce the resistance caused by the wide metal wires, five-layer metal wires
are used for the power switch transistor. The structure of the five-layer metal wires is
shown in Figure 5-9. Since the metal contact areas are very large, the resistances of the
vias can be ignored. As shown in Figure 5-9 (a), a Metal 7 wire and a Metal 8 wire both
having a width of 13um are placed on two vertically parallel layers. Below these two
metal wires, metal 4, 5 and 6 wires are separately placed on three vertically parallel layers.
On each layer, three wires in the same metal and in the same width of 4um are placed in
horizontally parallel as shown in Figure 5-9 (b) (the area with dashed line). In this
structure, the maximum tolerable current of the total wires is:

Imax_totar = 3 X (Imax_M4- (4pm) + Ipax ms(4pm) + Inax me (4#771))
Fmae s (134m) + Imax w7 (13um) ~ 110mA (5.10)

It is much larger than the maximum effective current flowing through the power switch
transistor. Hence, the reliability of the metal wires can be guaranteed even the flowing
current becomes larger.

13
A B e
N ot = 110mA

A
‘ > M8 35mA o 4um 4pm 4um
BN
M <
I o [d Ted D
T B
P T Moty g
.. : (IS I
| > M6 4.7’mA><3> l L._‘\ | My :.\ -: My :.\
A 1 L 1
i [~ T 1
4. 7TmAX3 1 ! 1T
’ - M5 SRR ‘ Mx Mx‘\: | T L Mx
Sal 1>~ 1 1 "~o
‘ I o N o
X
‘ v > M4 4. 7TmA 3> ‘ B
(@) (b)

Figure 5-9: 5-layer metal wire, (a) cross-section view, (a) top view.

Figure 5-10 shows two topologies of the final layout implementation of the NMQOS
power switch transistor composed by 32 unit cells. Figure 5-10 (a) shows a general
structure, in which, two power lines V,,,;; and V, are placed on two sides of the unit
transistors. Figure 5-10 (b) shows an advanced structure which is similar with the finger
structure. In the second structure, the two power lines V,,;; and V, are closer to each
other compared with the first one, which means the parasitic resistance will be lower and
the area will be smaller. A comparison experiment between these two structures has been
done. The simulation results show that the parasitic resistance caused by the metal
connection wires for the first structure is about 70mJ2; and the parasitic resistance
caused by the metal connection wires for the second structure is about 60mJf. Since the
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lower parasitic resistance can reduce the static power consumption thus improving the
power efficiency for the boost converter, the final layout implementation of the power
switch transistor in this work uses the structure shown in Figure 5-10 (b).
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Figure 5-10: Two topologies of the NMOS power switch transistors layout.

For the transistor with a very high aspect ratio, the parasitic capacitance on the gate
is also very large. From the simulation results, we can obtain that, in this design, the gate
parasitic capacitance of the NMOS power switch transistor (3584um/0.1um) is about
1pF, and the parasitic capacitance induced by the metal wires (shown in Figure 5-10 (b))
is about 1.5pF. Thus, it means the signal used to turn the power switch on and off need to
drive a 2.5pF load capacitor. In addition, the transition time of the power switch should
be short, as much energy will be lost on the switch during the transition time. Therefore, a
large buffer is required to drive the power switch. In this work, the transition time of the
NMOS power switch (shown in Figure 2-10) is controlled within 100ps, so according to
the charging/dis-charging equation of a capacitor, the average driving current of the
buffer should be about 25mA. Although the driving current is quite large, since the buffer
works in the high current condition only for a short while, the effective DC current of the
buffer calculated by Equation 5.6 is quite small. Based on Equations 5.1 and 5.2, in which
the item I, is replaced by I,4, the width (W) of the metal wire connecting the buffer
and the gate of the power switch need not to be very large.

In this work, for design simplification, the size of the PMOS power switch transistor
is determined as two times of the size of the NMOS power switch transistor. The layout
implementation of the PMOS power switch transistor is to connect two identical unit cells
in parallel, each of which is in the same structure as the NMOS power switch transistor.
The final layouts of the NMOS and PMOS power switch transistors with buffers are
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exhibited in Figure 5-11.
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Figure 5-11: Final layout of the NMQOS (a) and PMOS (b) power switches with buffers.

5.3 Layout Design of the Current Mirror Array

As discussed in Section 4.2, aluA current is required for the on-time generator to
discharge the capacitor at a specific rate, and for the same purpose, a 10uA current is
required for the off-time generator. As discussed in Section 4.3, since a current-mode
DAC is used to calibrate the off-time, an accurate 0.1uA current is required for 1 LSB
adjustment and an accurate 0.4uA current is required for 1 MSB adjustment. All these
accurate currents required in the boost converter are generated by the current mirrors
which scale up/down the 1uA reference current generated by the reference current
generator. Therefore, to design current mirrors with high accuracy is a crucial mission for
this work.

The accuracy of a transistor-based current mirror can be improved by using large
transistors or increasing the overdrive voltage (Vs — V). Besides, a good layout can
guarantee the matching characteristic of a current mirror thus improving the accuracy as
well. A general layout technique for current mirrors is shown in Figure 5-12. Based on
this technique, the layout topology for the current mirrors in this work is shown in Figure
5-13. The reference branch of the current mirror which has 1A current is segmented to
ten unit cells. These unit cells are placed in the middle of the structure. The minimum
mirroring currents which are 0.1uA for 1 LSB of the DAC and 0.2uA for 2 LSB of the
DAC (shown in Figure 4-20) are placed close to the center at the yellow squares in Figure
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5-13. The mirroring currents which are 0.4uA for 1 MSB of the DAC (shown in Figure
4-21) are placed at the red squares in Figure 5-13. Because the accuracy level of the
currents used for the DAC is superior, the current mirrors to generate these currents are
placed in the center. For the currents used for the on-time generator (at the blue squares in
Figure 5-13) and the off-time generator (at the purple squares in Figure 5-13), the
accuracy is less important. The current mirrors to generate these currents can be placed
farther away from the center.
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Figure 5-12: General layout techniques for current mirrors.
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Figure 5-13: Layout topology for the current mirrors in this work.
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The final layout of the current mirror array is shown in Figure 5-14. Besides the
current mirrors mentioned before, there are still some other additional current mirrors to
generate the bias current for the comparators in the boost converter circuit system.
Because the accuracy of the bias current is not important, these current mirrors can be
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placed at anywhere.
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Figure 5-14: General layout techniques for current mirrors.

5.4 Conclusions of the Layout Design

Since the power switch transistors play a very crucial role in a DC-DC converter circuit
system, usually transistors with very large aspect ratios and extremely wide connection
metal wires are employed in the circuit in order to not only reduce the parasitic resistance
for high efficiency but also increase the maximum current tolerance. As a consequence,
much area is consumed by these parts (power switch, connection wires and driving
buffers). The highlight of this layout design compared to other studies is that by using the
method mentioned in Section 5.2, less area is used to implement power switches but also
making the DC-DC converter with good performance.

A comparison of this design with some other outstanding low-power DC-DC
converters published during recent years is shown in Table 5-1. For the boost DC-DC
converter designed in this work, although the required maximum load current is 10mA
(to charge the load battery), the simulation results demonstrate that this boost converter
can also achieve an approximate 95% power conversion efficiency when it is loaded
with a 12mA current. In order to evaluate these designs, we can use a figure of merit
(FOM) which is expressed by Equation 5.11.

FOM = nmaxXI;oad_max (511)

Although the FOM of “Saurav [3]” is close to this design, its power conversion efficiency
which is generally the most importance consideration for a DC-DC converter is relatively
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low. Therefore, it can be concluded that this design is the best one.
Table 5-1: Comparison table of several low-power boost DC-DC converters

Thiswork | Tzu-Chi [2] Saurav [3] Po-Hsiang [4]

Technology 40nm 0.25pum 45nm 0.35um
Consuming area
(4) ~100x 150 | ~450 x 550 | ~200x 600 | ~800x 1000
(Power switches, metal pum? pum? pum? um?

wires and buffers)

Max. load current

(Ioad max) 12mA 50mA 100mA 450mA
Max. power 95% 95% 87% 95%
conversion efficiency | (Post-layout)
(nmax)
Figure of merit
9 0.76 0.2 0.73 0.53

(FOM)




Bibliography 97

Bibliography

[1]

[2]

[3]

[4]

TSMC 45/40 NM CMOS LOGIC AND MS_RF DESIGN RULE (Confidential).

Tzu-Chi Huang; Chun-Yu Hsieh; Yao-Yi Yang; Yu-Huei Lee; Yu-Chai Kang; Ke-Horng
Chen; Chen-Chih Huang; Ying-Hsi Lin; Ming-Wei Lee, "A Battery-Free 217 nW Static
Control Power Buck Converter for Wireless RF Energy Harvesting With «a -Calibrated
Dynamic On/Off Time and Adaptive Phase Lead Control," Solid-State Circuits, IEEE
Journal of, vol.47, no.4, pp.852,862, April 2012.

Bandyopadhyay, S.; Ramadass, Y.K.; Chandrakasan, A.P., "20 /£ A to 100 mA DC—-
DC Converter With 2.8-4.2 V Battery Supply for Portable Applications in 45 nm
CMOS," Solid-State Circuits, IEEE Journal of, vol.46, no.12, pp.2807,2820, Dec.
2011.

Po-Hsiang Lan; Po-Chiun Huang, "A High Efficiency FLL-Assisted Current-Controlled
DC-DC Converter Over Light-Loaded Range,” Circuits and Systems |. Regular
Papers, IEEE Transactions on, vol.59, no.10, pp.2468,2476, Oct. 2012.



98

Layout Design




Chapter 6

Simulation Results

6.1 Simulation Environment

The post-layout simulation results of the boost DC-DC converter designed in this project
are presented in this chapter. Because this project missed the tape-out of our company, the
designed boost DC-DC converter was not turned into a real production although the
layout of the circuit had been implemented in TSMC 40nm CMOS process as shown in
Figure 5.2. The functionalities and performances of this boost DC-DC converter are
verified through the post-layout simulations which are made in Cadence Virtuoso.

The schematic of the test bench is shown in Figure 6-1. In here, an ideal voltage
source is used to provide the input voltage for the boost DC-DC converter. Besides, as
discussed in Section 3.5, the input voltage source is also connected to the time generators
to determine the on-time and off-time for achieving the AOOT control. The load battery
which is charged by the boost converter is modeled as a constant current source. When
the battery is charged in the fast charging mode, the current of the equivalent constant
current source is 10mA. When the battery is charged in the slow charging mode, the
current of the constant current source is 1mA. The boost DC-DC converter is composed
of an on-chip part and some off-chip parts. The on-chip part uses the extraction of the
circuit layout shown in Figure 5.2. The off-chip parts include the voltage divider, the
inductor and the load capacitor. According to the discussion in Section 3.4, the voltage
divider consists of a 200fF capacitor (C¢), a 600k resistor (Rf;) and a 400k
resistor (R¢,). Based on the selections of the inductor and the load capacitor explained in
Section 2.3, the Spice models of the inductor “CLF7045T-1RON” and the capacitor
“C0603JB0J223K030BC” provided by TDK Company are used in the test bench. The
values of the parameters of the inductor are shown in Figure 2-11. The values of the
parameters of the capacitor are shown in Figure 2-12. Hereby, it should be emphasized
that, as mentioned in Section 2.3, the load capacitor consists of ten separate capacitors
connected in parallel. Finally, except for the input voltage source, another two voltage
sources are used for the test. One of them is used to provide the reference voltage (Vyer)
for the output voltage regulation and the other one is used for the initial reset of the
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digital circuit. In order to make the simulation results closer to the real measurement
results, the connection such as bond wires or bond pads can be added to the test bench. In
this work, these parts are not taken into account. In future work, an improvement of the
test bench can be made in this respect.
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Figure 6-1: The schematic of the test bench.

The post-layout simulations of the boost DC-DC converter are carried out using the
test bench introduced above. The functionalities and performances of the boost DC- DC
converter will be presented in the following sections. The minimum supply voltage for
the control system and the operation of the boost converter in the startup phase will be
shown in Section 6.2. Section 6.3 will discuss the waveforms and the performance of the
boost converter which is operating in the steady state under two different load current
conditions (ljpaq = 10mA or 1mA). The responses of the boost converter to the input
voltage or load current variations will be presented in Section 6.4.

6.2 Operation of the Converter in the Startup Phase

The startup phase mentioned here is different from what has been introduced in Section
2.1. The startup phase discussed in Section 2.1 means the phase during which the output
voltage of the boost DC-DC converter rises from zero to the steady state value. In fact,
the startup phase can be divided into two sub-phases for the boost DC-DC converter
designed in this project. In the first sub-phase, since the output voltage of the boost
converter is not high enough to provide the supply voltage for the control system, an
external mechanism is required to generate a supply voltage to power the control system
or pre-charge the load capacitor at the output of the boost converter. After the voltage of
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the load capacitor (the output voltage of the boost converter) reaches a sufficient value,
the boost converter enters the second startup sub-phase. In this phase, the output voltage
is used to provide the supply voltage for the control system and the output voltage will
finally rise to the steady state value. The study of the first startup sub-phase is not
included in this research. The startup phase discussed in this section just refers to the
second startup sub-phase. Therefore, in the test bench shown in Figure 6-1, the load
capacitor (Cj,a4q) iS given an initial voltage which is equal to the minimum voltage that
can ensure the control system operating correctly.

In most cases, the boost DC-DC converter is only applied in the steady state. Hence,
in the startup phase, the boost converter can be without any load, which means the load
current is equal to zero. In addition, the power conversion efficiency is no longer an
important consideration for the boost converter working in the startup phase. In contrast,
the minimum supply voltage for the control system is the most significant, because the
lower this value is, the easier it will be for the external startup voltage generation
mechanism such as the thermoelectric or RF energy harvesting.

In this design, the minimum voltage for the control system is about 0.7V. If the load
capacitor has an initial voltage of 0.7V, the boost DC-DC converter can automatically
raise its output voltage to the steady state value (1V). The startup behavior of the boost
DC-DC converter designed in this research is shown in Figure 6-2. It can be seen that,
before the boost converter reaches the steady state, it operates in CCM (to be more
precise, quasi-CCM as mentioned in Section 4.2). When the boost converter reaches the
steady state, it starts to operate in DCM. The lowest value of the initial voltage is mainly
determined by the analog circuits in the control system. For example, in this design, if the
initial voltage is lower than 0.7V, the overly long propagation delays of the comparators
(Section 4.5) and the unsufficient biasing current generated by the reference current
generator (Section 4.6) will cause the boost DC-DC converter to break down.
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Figure 6-2: Startup phase of the boost DC-DC converter.
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6.3 Operation of the Converter in the Steady State

When the boost DC-DC converter is used to charge the load battery, it should operate in
the steady state. For the boost DC-DC converter designed in this work, it should achieve
the specifications listed in Table 1-1 (Section 1.3) when it operates in the steady state.
The post-layout simulations are carried out to verify its functionality and performance
under two load conditions (I;,,q = 10mA or 1mA). Firstly, the post-layout simulation
results of the boost converter loaded with a 10mA constant current source (ljgaq =
10mA) are shown.

Figure 6-3 shows the waveforms of the boost converter working in the steady state.
In here, UD is the “up/ down” signal in the Zero Current Switching (ZCS) adjustment
blocks (Figure 4-19). UD is a binary signal. When UD is low, the off-time will be
decreased in the next cycle. When UD is high, the off-time will be increased in the next
cycle. The detailed control principle has been introduced in Sections 3.6 and 4.4.
Moreover, V, and V, are the signals used to control the MOSFET power switches
(Figure 4-1). Furthermore, I;, represents the inductor current and V,,. is the output
voltage of the boost converter. From Figure 6-3, it can be seen that, the boost converter
works without any load (I;,.q = 0) at the beginning time (< 50us). When the load
current is changed to 10mA, the boost converter starts working in the high load condition.
After a short response time, its output voltage will be stable close to 1V(988~996mV).
The peak value of the inductor current (I;) is about 57mA.
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Figure 6-3: Waveforms of the boost DC-DC converter (l;5,q = 10mA).

Zooming in on Figure 6-3, Figure 6-4 is obtained. In here, we can see that, the
on-time is a constant value of 151.1ns in each cycle and the off-time is alternatively
changed from 92.7ns to 93.9ns and vice versa because of the ZCS adjustment. The
ripple of the output voltage is 8mV (996mV — 988mV = 8mV).
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Figure 6-4: Zoom-in waveforms of the boost DC-DC converter ([;o.q = 10mA).

The ZCS adjustment technique is applied in this boost converter system in order to
achieve the accurate time balance between the on-time and the off-time (see Section 3.6).
Its functionality and performance are verified by the simulation results shown in Figure
6-5. Figure 6-5 displays the waveforms of the boost converter in two adjacent cycles.
From Figure 6-5a, we can see that, by detecting the voltage V,,;q at the end of the
off-time, whether the off-time is overly long or overly short can be determined by the
ZCS adjustment blocks. The residual current (519uA) in the inductor at the end of the
off-time leads the “up/down” signal UD to the high level, which will increase the off-time
by one LSB in the next cycle. In Figure 6-5b, the off-time in the next cycle is increased
from 92.7ns1093.9ns (one LSB is about 1.2ns) and as a result the residual current in
the inductor at the end of the next off-time is changed to -180uA. This leads the signal
UD staying in the low level, which will accordingly decrease the off-time by one LSB in
the following cycle. Therefore, the off-time will be toggled between these two values and
the residual current in the inductor at the end of each off-time will be controlled in the
range of -180uA~ 519uA. The ringing problem mentioned in Section 4.4 can be clearly
seen in the post-layout simulation results. This issue will reduce the accuracy of the ZCS
adjustment by one LSB. An improvement will be made in future work.
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Figure 6-5: Verification of the ZCS adjustment technique (l;,qg = 10mA).

Finally, the power conversion efficiency of the boost converter can be obtained from
the post-layout simulation results by using Calculator in Cadence Virtuoso. Because the
power consumptions of the reference voltage source (V..f) and the reset voltage source
(Re) is extremely small compared with that of the input voltage source (Vj,), the
calculation formula can be approximately written as:

VoutTload)dt
- f Evin'tl (i/in(;;dt (6.1)
in which I1(V;,) is the current flowing through the input voltage source (Vi,). The
calculation result shows that the power conversion efficiency can achieve 94.8% for the
boost DC-DC converter working with a 10mA load current.

The same post-layout simulations are made for the boost DC-DC converter loaded
with a1mA constant current source (I;,.q = 1mA) as well. The simulation results are
displayed in the following:
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Figure 6-6: Waveforms of the boost DC-DC converter (ljpaq = 1mA).
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Figure 6-7: Zoom-in waveforms of the boost DC-DC converter (I}5.q = 1mA).
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Figure 6-8: Verification of the ZCS adjustment technique (I15aqg = 1mA).

By using Calculator in Cadence Virtuoso, we obtain that the power conversion efficiency
of the boost DC-DC working with a 1mA load current can achieve 93.3%.
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6.4 Responses of the Converter to Input Voltage and Load Current Variations

For the boost DC-DC converter applied in an energy harvesting system, the input voltage
will be affected by the front-end circuit. For instance, in an RF energy harvesting system,
the variation of the input power received by the RF energy harvester (antenna and
rectifier) will change the input voltage of the boot converter. Besides, the load current of
the boost converter will often be changed according to different load conditions. As a
consequence, a well-designed boost DC-DC converter should always generate a stable
output voltage no matter what variations are encountered. In this design, the AOOT
control technique is applied to control the boost converter in order to achieve the target.
According to the explanation about AOOT control given in Section 3.4, we know that: (1)
the boost converter will adjust the on-time and the off-time based on Equation 3.13 and
3.14 in response to the input voltage variation; (2) the boost converter will change the
switching frequency by increasing or decreasing the dead-time in response to the load
current variation.

The post-layout simulation results of the responses of the boost DC-DC converter to
an input voltage variation is shown in Figure 6-9. We can see that, in this extreme
condition, when the input voltage rises from 350mV to 650mV, the on-time is adjusted
from 163.5ns to 90.1ns. Accordingly, the off-time is also changed. As shown in the
black ellipses in Figure 6-9, in order to achieve Zero Current Switching, the ZCS
adjustment block is fine tuning the off-time after a changing of the on-time and the
off-time. Based on the simulation results, it can be concluded that the boost DC-DC
converter designed in this research can quickly respond to an input voltage variation and
generate a very stable output voltage despite any variation of the input voltage.
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Figure 6-9: Responses of the boost converter to an input voltage variation.
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The responses of the boost DC-DC converter to a load current variation can be seen
in Figures 6-3 and 6-6. For instance, Figure 6-6 shows the responses of the boost
converter on a load current variation from 0 to 1mA. The on-time and the off-time are
almost maintained at the same values. Only the dead-time is decreased as the load current
is increaed. Figure 6-10 presents the responses of the boost converter when the load
current is changed from 10mA to 1mA. According to the simulation results, a similar
conclusion can be made, that is, the boost DC-DC converter designed in this work can
quickly respond to a load current variation and generate a very stable output voltage.
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Figure 6-10: Responses of the boost converter to a load current variation.



108 Simulation Results




Chapter /

Conclusions

7.1 Summary

This thesis presents the design of a switch-mode inductor-based boost DC-DC converter
which can be applied for power management in energy harvesting systems. By using the
adaptive on-time/off-time (AOOT) control and zero current switching (ZCS) adjustment,
the proposed boost converter can generate a stable 1V output voltage and achieve very
high power conversion efficiency over wide input voltage and load current ranges. The
circuit implementation and the layout design of the on-chip part have been done in TSMC
40nm CMOS technology. With the post-layout simulation results, the functionality and
performance of the circuit system have been demonstrated to achieve the design targets.

7.2 Contributions
The main contributions of this work include:

e A systematic design flow of a boost DC-DC converter has been proposed from the
initial system-level design to the final layout implementation.

Since this is the first time to design a boost DC-DC converter for energy harvesting
applications in our team at Holst Centre/imec, this work is not only to design a
circuit that can meet the specifications but also to provide a guideline for further
design of any other types of DC-DC converters in other applications. In this thesis, a
detailed design flow has been presented from (1) the design of the power plant, to (2)
the selection of the most suitable control technique, then to (3) the transistor-level
implementation and finally to (4) the layout design. Based on this flow, if the
application or requirement is changed, it will be easy to make a modification of this
boost DC-DC converter or to design a new DC-DC converter.
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Conclusions

An advanced control method with the combination of AOOT control and ZCS
adjustment has been applied in the boost DC-DC converter to achieve high power
conversion efficiency and a stable output voltage over wide input voltage and load
current ranges.

Due to large variations of the input voltage and load current, the general PWM
control techniques are usually not suitable for the boost DC-DC converter used for
energy harvesting. A boost DC-DC converter in AOOT control can quickly respond
to an input voltage variation and achieve high power conversion efficiency over a
wide load current range. Moreover, by using the ZCS adjustment technique, the
performance of the boost DC- DC converter will be improved because of the fine
tuning of the off-time. Therefore, AOOT control with ZCS adjustment has been
demonstrated to be very appropriate for a boost DC-DC converter in energy
harvesting applications.

A novel method to implement the layout of the MOSFET power switches has been
presented which can not only save area but also reduce the parasitic resistance thus
improving the performance of the boost DC-DC converter.

In general, the power switches are the most area-consuming components in a DC-
DC converter except the inductor and the capacitor. As a result, the large parasitic
resistances caused by the big transistors will reduce the power conversion efficiency.
By using the structure proposed in this thesis to implement the layout of the
MOSFET power switches, much area can be saved and the power conversion
efficiency can be improved due to the reduction of the parasitic resistance.

A boost DC-DC converter with very high power conversion efficiency targeted for
energy harvesting has been designed.

The simulation results have demonstrated that the proposed boost DC-DC converter
can achieve more than 90% (maximum about 95%) power conversion efficiency
over a wide input voltage range (0.35V~0.65V) and a wide load current range
(ImA~10mA). In fact, according to the application requirements, after a little
modification of the circuit, this boost DC-DC converter can also fulfil the same
performance under other working conditions such as loaded with a much higher or
lower current.
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7.3 Future Works

Due to the time constraint, this project missed the tape-out of our company. As a result,
the designed boost DC-DC converter cannot be tested by real measurements. As a next
step, this circuit should be manufactured and assembled in a printed circuit board (PCB).
The effects of the pond wires, pond pads and some other practical factors on the
functionality and performance of the boost DC-DC converter will be tested and analyzed.

Moreover, some improvements should be made for solving the problems mentioned
in this thesis. For example, as mentioned in Section 4.4, because of the ringing occurring
on the drain of the PMOS power switch at the end of each off-time, the accuracy of the
ZCS adjustment may be degraded by one-LSB. In future, a good solution should be
worked out after doing a further analysis on the causes of this ringing. In addition, the
temperature behavior of the reference current generator should be improved in order to
generate a more stable reference current over a wider temperature range.
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