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Abstract

In today’s highly information-based society, portable smart devices are helping everyone all the
time. At the same time, a majority of them need corresponding power management modules to
provide them with stable power from the Li-ion battery. Since different functional modules re-
quire different voltage levels, a special DC-DC converter or driver must be designed to meet the
requirements. In this thesis, one design is proposed to fulfill the requirement of high efficiency,
and another one achieves fully integrated.

This thesis proposes a hybrid DC-DC step-up converter with a new architecture by merging
a traditional inductor-based (IB) boost converter with a switched-capacitor (SC) converter to
boost 3�4.2-V input to 20�30-V output. By serially connecting an IB boost converter and a
1:6 Dickson SC converter, the capacitors take over most of the output voltage stress. As a result,
the voltage stress over each switch is limited to 5 V, which makes it possible to implement all
the power switches with only on-chip 5-V devices. Thanks to the 5-V devices, the overall power
conversion efficiency is improved in various aspects. The switching frequency of the SC stage
is decreased by the soft charging technique, which helps further improve the efficiency. The
proposed converter is designed and simulated in TSMC 0.18 mm BCD process. An efficiency
of 93.08 % is achieved under 3.7-V input and 29-V output voltage with a 25-mA current load.

A fully integrated VCSEL driver with adjustable pulse width is also proposed in this thesis. By
combining two separate control signals, the VCSEL driver is able to overcome challenges posed
by PVT and technology process limitations to achieve the narrowest pulse width of around 300-
ps. The proposed converter is designed and simulated in SMIC 55 BCD process.
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1 Introduction

1.1 Background

In today's highly information-based society, smart devices are helping everyone all the time.
At the same time, all related devices need corresponding power management modules to pro-
vide them the stable energy. Figure 1.1 shows the trends of Internet of Things(IoT) devices,
which re�ects the power modules of consumer electronics need to ful�ll the new requirements
with the development. In order to implement more and more functions in the tiny devices,
all the modules within the device are preferred to be fully integrated. Meanwhile, the climate
change problem asks power modules to be more ef�cient to save energy and protect the fragile
climate[12]. Based on huge market holdings, a small improvement in ef�ciency helps to save
total power consumption and reduces carbon emissions.

Figure 1.1: IoT device development will continue to follow the below trends, witnessing a con-
tinuous reduction in device size, reduction in power consumption, and expansion in market
volume [1].

Since the majority part of IoT devices is powered by batteries, which only supply one voltage
level within a certain range, the DC-DC converters are widely used in this scenario to ful�ll the
different voltage level requirements. The basic categorization of DC-DC converters is shown
in Figure 1.2. Firstly, DC-DC converters are separated by switching. The linear regulator,
represented by the low-dropout regulator (LDO), adjusts inner resistance with the changing
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1 Introduction

of input voltage and output resistance to maintain a stable output voltage. With the help of
switching capability, another part of DC-DC converters storage or release electrical energy in
capacitance or inductance in different time slots within the switching period to maintain a stable
output voltage.

Figure 1.2: The basic categorization of DC-DC converters.

Figure 1.3: Schematic of a basic linear voltage converter[2].

The basic working principle of LDO is as shown in Figure 1.3. The stable output voltage level
is achieved by an active resistive divider including a variable resistance (Rseries) and the load
resistance (Rload). Variable resistance is adjusted by the active control loop continually. The
relationship between input and output voltage is as equation below.

Vout

Vin
=

Rload

Rload + Rseries
(1.1)

The �rst drawback of LDO is re�ected in Equation 1.1, in which only lower output voltage can
be achieved. Therefore, the application scenario of this technique is limited by the principle and
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1 Introduction

only for step-down situations. Another drawback of this technique is the ef�ciency problem.
The conversion ef�ciency of LDO in Figure 1.3 is calculated based on Equation 1.2.

h =
Vout � Io

Vin � (Ic + Io)
= VCR�

Io
Io + Ic

(1.2)

According to Equation 1.2, the voltage conversion ratio (VCR) is directly related to the ef�-
ciency of LDO. In order to keep converter ef�ciency within an acceptable range, the output
voltage must be close to the input voltage. As a result, LDO is not only performing as a step-
down converter but also hard to achieve high ef�ciency within a wide step-down VCR range.

Figure 1.4: Schematic of an inductor-based step up DC-DC converter[2].

Figure 1.4 shows the basic structure of an inductor-cased step-up DC-DC converter. The �rst
working phase shown in Figure 1.4 (b), in which the inductorL is been charged by the input
voltage source when the low side switchS1 is on andS2 is off. In the second working stage, the
energy stored in the inductor builds a forward voltage between the two sides of it and the output
voltage is the sum result of input voltage and voltage built by the inductor. In the general step-up
application scenarios, an inductor-based converter has a high conversion ef�ciency advantage,
which will be discussed in the next chapter. However, the problem is the inductor is hard to
integrate within chips, because of its large volume compared to integrated circuits. As a result,
a tremendous amount of IoT decides to select the third way, the switched-capacitance technique,
as their DC-DC converters.
Figure 1.5 shows the basic structure of a switched-capacitance step-up DC-DC converter. Rather
than store energy in an inductor, the switched-capacitance technique stores energy in capaci-
tance as shown in Figure 1.5 (b). After this charging phase, the switches control the capacitance
in the right direction and build the output voltage. Compared to the inductor, capacitance is eas-
ier to integrate between the different layers of the chips. Especially for IoT devices, the power
consumption is really low, which only requires relatively small capacitance. Even though the
area of capacitance is also increasing the cost, no extra off-chip components like inductors
achieve better volume and lower system cost. However, based on the design principle which
will be discussed later, the converter is designed towards a certain VCR and achieve high ef�-
ciency at that working point. Therefore, the drawback of this kind of method is hard to maintain
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1 Introduction

Figure 1.5: Schematic of a switched-capacitance DC-DC converter[2].

high ef�ciency in the wide VCR range. Input voltage level change leads to poor ef�ciency of
the converter.

1.2 Motivation

Based on the above simple analyses of three main kinds of the DC-DC converter, it can be
seen that each one has its own advantages and also some drawbacks. In order to achieve better
performance, people are trying to combine them to overcome their own drawbacks and gain a
better performance as a whole system. As a result, the hybrid structure of DC-DC converters is
more popular and gained lots of attention in recent years. Meanwhile, there are some modules
in the IoT devices that need voltage levels different from the input voltage level during part
of their working period. In other words, that kind of module needs converters to generate a
new voltage level but does not require converters to maintain it all the time. For this kind of
need, DC-DC converters are wasted to implement to generate a new voltage level, since typical
DC-DC converters have a large output capacitor to keep a stable output voltage all the time. A
special driver with voltage conversion ability is more suitable. In this thesis, two suitable power
module designs are proposed to meet the needs of two application scenarios.

1.2.1 High Voltage Conversion Ratio DC-DC Step-Up Converter

Display modules are widely used in different electric devices to provide information exchange-
ability. Take mobile phones as an example, which need LED panels to display information
and support entertainment functions like video games. In a general application situation, only
the Li-ion battery can be the power supply. Compared with the 3.7-V standard output voltage
level of the Li-ion battery, the LED panel needs a much higher voltage to forward bias the LED
panels[13]. As shown in Figure 1.6, a high voltage conversion ratio(VCR) DC-DC converter
must be used to drive the LED panel. At the same time, compared to other parts of a smart-
phone, the LED panel consumes a large part of the total power. As a result, this scenario asks
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1 Introduction

Figure 1.6: The importance of DC-DC converter in IoT device with LED panel.

for the high-ef�ciency step-up converter to save power as much as possible and improve the
usage quality since nobody wants to charge the device very frequently. Meanwhile, the output
voltage of the Li-ion battery is �uctuating during charging or discharging. The unstable input
voltage problem and high-ef�ciency requirement ask for to design of a more suitable high VCR
step-up DC-DC converter.

1.2.2 Fully Integrated VCSEL Diode Driver

Besides the traditional functions, IoT devices also begin to support more functions with the help
of new modules to meet the requirements of augmented reality (AR), virtual reality (VR), and
other application scenarios. Apple has implemented the light detection and ranging (LiDAR)
technique in the IPad and IPhone products. With the help of the LiDAR, people can place
furniture virtually with IPad in their room and check whether it is suitable and grateful. In order
to realize this function, the IoT devices must have the ability to perceive distance in reality. Even
though it can be calculated with a powerful algorithm based on the �at photo, the precision is
not good enough for AR applications. Nowadays, additional function modules are used for this
special application, and the direct time of �ight system (DTOF) is one of the representatives.
The basic idea of the DTOF system is to send a pulse towards a target, receive the re�ection of
the pulse from the target, and then calculate the time difference between them to get the distance
between the module and the target. As shown in Figure 1.7, there are two main functional parts,
the transmission module and receiving module. In the apple LiDAR system, a vertical-cavity
surface-emitting laser (VCSEL) diode is used as the laser generator. The VCSEL diode has
several advantages as the pulse generator here, low cost, wavelength stability, manufacturability,
and scalability [14]. However, as a current depended component, the VCSEL diode needs a
driver to provide enough current to turn on it within the desired pulse width, which can also
be found in the Figure 1.7. As for the receiver part, there is a light sensor with enough area to
capture the re�ection.
Since the DTOF module is integrated as small as possible to save space within the IoT devices,
all parts of this module should be as small as possible and integrated components like on-chip
capacitance are preferred. Meanwhile, the shorter width of the laser pulse is preferred. Since
this module sends not only several but numerous pulses during one measure, the short width
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Figure 1.7: Apple's promotion of DTOF[3].

of the laser pulse saves total working time to get the average result based on the same number
of pulses. In other words, a short-width laser pulse saves the working time of the system and
saves power at the same time. However, owing to the parasite of the VCSEL, the VCSEL diode
driver should be designed carefully to turn on or turn off the diode precisely. Meanwhile, the
VCSEL diode needs a high voltage to turn on it, which means the VCSEL driver should have
the ability of a voltage level converter. In summary, the VCSEL driver support pulse width as
short as possible and is able to converter voltage level needed in this module.

1.3 Thesis Outline

In this thesis, the content is organized as follows. Two designs are proposed to ful�ll the re-
quirements mentioned in the motivation. The �rst one is a high VCR hybrid step-up DC-DC
converter with high inef�ciency. The second one is a fully integrated VCSEL diode driver with
voltage level changeability and adjustable pulse width ability. The basic principle analyses and
preliminary design are discussed in Chapter 2. It contains a basic analysis of the step-up DC-DC
converter and the advantages of the proposed structure. The basic idea of the proposed VCSEL
diode driver is also mentioned in Chapter 2. Since the proposed structure is especially for the
VCSEL diode, the design choices are also discussed based on the VCSEL diode. Chapter 3
illustrates the basic control theory of the step-up converter and the control way for the hybrid
structure. The adjustable high-speed pulse width module is the control part of the VCSEL diode
driver, which is analyzed in the same Chapter. The transistor-level implementations of the two
proposed designs are discussed in Chapter 4. Chapter 5 shows the layout arrangement and the
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1 Introduction

post-simulation results. The advantage of proposed designs is veri�ed within the chapter. In the
last Chapter 6, the summary of the two designs is given. The conclusions and possible future
works are also mentioned.
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2 Basic Principle Analyses and
Preliminary Design

2.1 High-E�ciency Hybrid Step-Up DC-DC converter

2.1.1 Basic Working Principle of the Step-Up DC-DC Converter

Inductor Based Boost Converter

Figure 2.1: Inductor-based boost converter.

The basic structure of an inductor-based boost DC-DC converter is shown in Figure 2.1, which
consists of two switches to control the inductor charging and releasing, and one inductor for
energy storage. In order to analyze the principle, the small-ripple approximation method is
used, which has been discussed in Erickson's book[11]. There are four assumptions:
(1) The converter already operates in the steady state. This assumption supposes the start-up
stage has passed and the DC-DC converter works in the steady stage. As a result, the load
current, input voltage, and output voltage can be recognized as constant values.
(2) The ripple voltage at the output point is very small compared to the steady output voltage
value, which is calculated by averaging and becomes a DC value. The output voltage can be
recognized as DC voltage to analyze the steady working principle of the DC-DC converter. The
assumption can be written as:

�
�uripple

�
�
MAX � Uo (2.1)

8



2 Basic Principle Analyses and Preliminary Design

(3) All the components of the converter obey ideal electrical characteristics and are lossless.
It means all the components in the converter are modeled as ideal electrical models. All the
parasitic capacitance and resistance within the power switches and inductors are ignored.
(4) The voltage and the current between the two terminals of the inductor and the capacitor
follow the ideal �rst-order relationship. In other words, the current �owing out of the capacitor
and the voltage across the inductor always obey the ideal basic equations:

VL = L �
diL
dt

(2.2)

IC = C�
dvC

dt
(2.3)

Figure 2.2: Two working phases of inductor-based boost converter.

As shown in Figure 2.2, there are two working phases. During phase one, the lower side power
switch is on and another one is off. At this moment, the inductor is been charging with the input
voltageUd. the relationship between the voltage and the current can be written as:

uL = Ud (2.4)

iC = �
uo

R
(2.5)

According to the assumption(2),uo � Uo, the equation 2.5 can be written as:

iC = �
Uo

R
(2.6)

In the next working phase, the lower switch is off and the right terminal of the inductor is
connected with the output voltage point. During this working phase, the relationship between
voltage and current of the inductor can be written as:

9



2 Basic Principle Analyses and Preliminary Design

uL = Ud � uo (2.7)

iC = I �
Uo

R
(2.8)

According to the assumption(2),uo � Uo andiL � I , the equation 2.5 can be written as:

uL = Ud � Uo (2.9)

iC = I �
Uo

R
(2.10)

Figure 2.3: Timing diagram of main signals in the whole period.

In a complete two-phase period,TS, the �rst charging phase occupiesD � TS. The inductor
releasing phase takesD0� TS. Since in the charging phase, the voltage across the inductor is
positive and the current within the inductor is linear rising as shown in Equation 2.2. In order to
maintain the balance of the energy stored in the inductor, the voltage across the inductor must
be opposite to the charging phase, which means theUd � Uo is a minus value. The change of
iL is shown in the Figure 2.3 Based on the above analyses, the total voltage changing across the
inductor can be written as:

Z TS

0
uL (t) dt = ( Ud) DTs+ ( Ud � Uo) D0Ts (2.11)

According to the steady assumption, the left side of the Equation 2.11 should be 0, and becomes
as:

Ud �
�
D+ D0� � UoD0= 0 (2.12)
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2 Basic Principle Analyses and Preliminary Design

And with relationship between two phases,D+ D0= 1, the equation becomes:

Uo =
Ud

D0 (2.13)

The voltage conversion ratio of inductor-based boost converter can be written as:

M (D) =
Uo

Ud
=

1
D0 =

1
1� D

(2.14)

According to Equation 2.14, the output voltage of the boost converter becomes input voltage
whenD equals to 0. The reason for this is obvious whenD equals to 0, the lower switchS1 is
always off and the two terminals of the inductor are connecting to the input and output points.
Meanwhile, whenD closes to 1, the voltage conversion ratio will become in�nitely large from
the equation view. However, this is only possible if all the assumptions are achieved. In the real
design, the losses will be the majority part of total input energy whenD closes to 1. In other
words, the in�nite large output voltage can't be achieved in the real design.
After the discussion of DC voltage within the inductor, the DC current part will be illustrated.
In the �rst charging phase, the output current will be provided by the output capacitorCLOAD.
In the inductor releasing phase, the current �ows from the inductor providing the output current
and charging the output capacitor at the same time. Therefore, the overall charge change within
the whole switching period can be written as:

Z TS

0
iC (t) dt =

�
�

Uo

R

�
DTS+

�
I �

Uo

R

�
D0TS (2.15)

Use the steady assumption again, the right side of the Equation 2.15 equals 0 and can be sim-
pli�ed as:

�
Uo

R
�
�
D+ D0� + ID0= 0 (2.16)

And useD+ D0= 1 again, the DC current of the inductor can be calculated as:

I =
Uo

D0R
(2.17)

Using Equation 2.13, theUo can be replaced withUd:

I =
Ud

D02R
(2.18)

WhenD0 goes to 0, not only the output voltage increases dramatically, but also the current.
Besides the two important DC values, the ripple current of the inductor is also worth illustrating.
Based on the Equation 2.2, the slope of the inductor current in the charging phase is:

diL (t)
dt

=
uL (t)

L
=

Ud

L
(2.19)

In the releasing phase, the slope is:

diL (t)
dt

=
uL (t)

L
=

Ud � Uo

L
(2.20)

11



2 Basic Principle Analyses and Preliminary Design

Figure 2.4: Current ripple within the inductor.

At the beginning of the charging phase, the current is the minimum value during the whole
period. The total variance of the ripple current is 2DiL as shown in the Figure 2.4. Its speci�c
value of it can be calculated as:

2DiL =
Ud

L
DTS (2.21)

DiL =
Ud

2L
DTS (2.22)

In the same way, the output voltage ripple can be calculated. the voltage slope of the capacitor
in the �rst phase:

duC (t)
dt

=
iC (t)

C
=

� Uo

RC
(2.23)

In the second phase, the voltage slope is:

duC (t)
dt

=
iC (t)

C
=

I
C

�
� Uo

RC
(2.24)

In the �rst switching phase, the total voltage change across the capacitor� 2Duo can be written
as:

� 2Duo = �
Uo

RC
DTS (2.25)

Duo =
Uo

2RC
DTS (2.26)

The ripple current of the inductor helps to choose the value of the inductor and the ripple voltage
of the capacitor helps to select the right value of the capacitor.
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2 Basic Principle Analyses and Preliminary Design

Switched-Capacitor Step-Up Converter

Unlike the inductor-based boost converter, the switched-capacitor step-up converter stores the
charge in the capacitor and builds the voltage across the capacitor. With the help of switching,
the voltage across the capacitor can be added between the input voltage and the output volt-
age, which results in the step-up behavior. The basic schematic of a series-parallel switched-
capacitor DC-DC converter is as shown in Figure 2.5.

Figure 2.5: Basic step-up switched-capacitor DC-DC converter.

The two working phases are shown in Figure 2.6. In phase 1, theCf ly is directly connecting with
the input voltage and the ground. In the ideal situation, when the converter works in the steady
state, the voltage across theCf ly will be the input voltageVIN , which shows in Equation 2.27.
At this moment, the output current is provided with the output capacitorCOUT. The current
�ows are marked in Figure 2.6.

UCf ly = UIN (2.27)

In the second phase, theCf ly is connecting between the input voltage and the output voltage. In
other words, theCf ly is series with the input voltage now. Using the steady assumption again,
the output voltage can be written as:

Uo = UIN + UCf ly = 2UIN (2.28)

Therefore, the ideal voltage conversion ratio will be 2. Meanwhile, unlike the inductor-based
boost converter, the topology of the switched-capacitor DC-DC converter not only has a single
kind. Moreover, as shown in the above analyses, the ideal VCR of the converter fully depends
on the topology. The analyses must be based on the speci�c topology and get the correspond-
ing results. In the development history of the switched-capacitor converter, there are several
outstanding and representative structures, series-parallel [15], the Dickson[7],the Fibonacci[16]
and the successive approximation register (SAR) converter [17]. Different topology has their
own advantages and some drawbacks. Since the characteristics brought by topology are mainly
related to losses mechanism, it will be analyzed in the next section.
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2 Basic Principle Analyses and Preliminary Design

Figure 2.6: Two working phases of the series-parallel switched-capacitor DC-DC converter.

2.1.2 Power Loss Mechanism and E�ciency

Firstly, the losses mechanism of the inductor-based boost converter is been analyzed. The power
losses in an inductor-based boost converter mainly consist of two parts, conduction lossesPcond
and switching lossesPswitching. Both of them are closely related to the sizes of switch devices.
ThePcond is determined by the following equation [11]:

Pcond = i2IND;RMS� (RIND + D � RLS+ ( 1� D) � RHS) (2.29)

whereiIND;RMS is the RMS current value of the inductor,RIND is the DC resistance of the
inductor,RLS andRHS are the conducting resistances of two switches, andD is the duty of the
low side switch.
ThePswitchingmainly consists of three parts, transition lossesPtrans, gate lossesPgate and induc-
tor's magnetic lossesPcore [18]. Ptrans is the power losses during the stage change between on
and off. The losses can be modeled as the following equation:

Ptrans = 0:5� FSW�VOUT � IL(t1 + t2) (2.30)
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Figure 2.7: Transition loss modeling for turn-on event of low-side switch[4].

whereFSW is the switching frequency andVOUT is the output voltage of the converter.t1 andt2
are determined by the gate charging currentIDR, CGS andCGD mentioned in [19].
ThePgate is the power loss when charging or releasing the gate capacitor of the power switches,
which is mainly related to the size of the power switches. Therefore, it can be modeled as the
following equation:

Pgate= Cgate�V2
IN � FSW (2.31)

The last part of the switching power losses is coming from the magnetic losses of the inductor,
Pcore. The core losses relate to the structure of the inductor and usually increase with the lower
height of the inductor. According to the Steinmetz expression [20], thePcore can be modeled as:

Pgate= KFIT � Fa
SW� (DIIND)b (2.32)

In the equation,KFIT , a , andb are �tting parameters, which are in�uenced by the structure
of the inductor and the values provided by the manufacturers. Therefore, only two parts of the
boost converter will in�uence thePcore, switching frequencyFSW and the ripple current within
the inductorDIIND. Interestingly, with other design parameters �xed, in order to decrease the
DIIND, largerFSW must be used, which will counter the improvement of thePcore. The balance
between them must be taken into consideration.
Even though there are also other losses such as the losses during the dead time, the dominating
power losses are all mentioned above. From the basic analysis, some intuitions can be gotten in
the design �ow. In order to improve the ef�ciency of a DC-DC converter, the sum of thePcond
andPswitchingmust be decreased. However, for the power devices with the same voltage stress
tolerance, the sum of thePcond andPswitching can not be reduced further, because thePcond is
always increasing while reducing thePswitching, since smaller width of power devices results in
larger conducting resistance. Therefore, power switches with lower voltage-stress tolerance are
preferred in high-ef�ciency designs to reduce the sum of thePcond andPswitching. However, if
the design is made toward a high VCR requirement, only large voltage-stress tolerance power
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switches could be used, which will reduce the ef�ciency performance of the boost converter.
The conclusion can also be shown in Figure 2.8.

Figure 2.8: LED-driver ef�ciency versus load current for different VCR and �xedVIN = 3.7
V.[4].

The switched-capacitor DC-DC converter also faces switching losses which have the same
losses mechanism mentioned above. However, unlike the losses in the inductor can be ana-
lyzed as the conduction losses, the losses within the switched-capacitor DC-DC converter are
called charge-sharing Losses. Its basic idea of it can be analyzed from the energy view. Sup-
pose there is a capacitorC that has the voltageVC across it as the initial condition just as shown
in Figure 2.9. When the ideal switch is turned on, the voltage across the capacitorC becomes
VC + DV. Therefore, the energy change of the capacitorDE is:

DE = C
(VC + DV)2 � V2

C

2
(2.33)

Meanwhile, the energy provided from the supplyEsupply is:

Esupply= CDV (VC + DV) (2.34)

Now compare theEsupply with theDE, it can be found there is power losses, and the speci�c
value of it is:

ECS= C
DV2

2
(2.35)

Since the lossECS appears during the capacitor charging, it is typically referred to as a charge-
sharing loss. Therefore, in order to achieve high ef�ciency, the ripple voltage across the capac-
itor must be as small as possible.
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Figure 2.9: Charge-sharing losses example.

As mentioned in the last subsection, the topology of the switched-capacitor DC-DC converter
varies and has some outstanding representative kinds. Unlike the �exible VCR range of the
inductor-based boost converter, for a �xed topology switched-capacitor, the ideal VCR is also
�xed. The ideal VCR is determined by the number of capacitors and phases in a topology.
Under the general two-phase controlled switched-capacitor converters, the ideal VCR can be
marked as:

idealVCR=
P
Q

(2.36)

Both theP andQ are strictly positive integers. Moreover, they are coprime. TheQ andP obey
the following equation:

P;Q � Fk+ 2 (2.37)

where theFi is theith Fibonacci number andk is the number of capacitors[21]. If more working
phases are involved, the possible values ofP andQ are:

P;Q � F (p)
k+ 2 (2.38)

The basic relationship between the components of the converter and the topology has been
illustrated above. There is a gap between the ideal VCR and the true VCR. Therefore, there is
an output impedance is used as modeling[21].
As shown in Figure 2.10, the Switched-capacitor converter consists of two parts. The �rst
part is an ideal transformer, which converts theVIN to theVIN � idealVCR. Meanwhile output
impedanceROUT is connecting the output terminal of the converter and the ideal transformer.
There will be a voltage drop whenIOUT �ows through theROUT. After including theROUT, the
VOUT can be written as:

VOUT = idealVCR�VIN � IOUTROUT (2.39)
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Figure 2.10: Switched-capacitor converter output impedance model.

The model ofROUT is necessary to complete the analyses of the VCR including the output
impedance. Since the impedance of the capacitor is related to the frequency, which is the
switching frequency in the converter scenario, they are two �xed boundaries are de�ned, slow-
switching limit (SSL) and fast-switching limit (FSL)[22]. TheROUT can be modeled with the
help of SSL and FSL as shown in Figure 2.11.

Figure 2.11: Output impedance versus switching frequency.

In the SSL situation, all the capacitors within the converter are charged or released fully. The
time constant of each capacitor charging or releasing phase are ignorable compared to the phase
duration time.
To quantitatively analyze the output impedance under SSLROUT;SSL, the charge-share losses of
all the capacitors should be determined �rstly[22].

PSSL=
FSWq2

out

2 å
caps;i

å
phases; j

a2
c;i j

Ci
(2.40)
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WhereCi is the ith capacitor andqout is the total charge transferred to the output in a whole
switching period. Meanwhile, since the charge �ows in the different topologies are different,
ac;i j are used to include the topology information and it is:

ac;i j =
qc;i j

qout
(2.41)

Whereqc;i j represents the charge change of theith capacitor in the phasej. Meanwhile, the
PSSLcan be written as:

PSSL= ROUTSSLI
2
OUT (2.42)

WhereIOUT is:
IOUT = FSW� qout (2.43)

Therefore, the Equation 2.40 becomes:

ROUTSSL = å
caps;i

å
phases; j

a2
c;i j

2FSWCi
(2.44)

In a general two-phase converter, since the charge change of the capacitor during the whole
period should be zero, theROUTSSL is:

ROUTSSL = å
caps;i

a2
c;i

FSWCi
(2.45)

In the Equation 2.45 topology information in both parts ofac;i andCi . In order to directly re�ect
the topology in�uence, the topological factorKC is used.

KC = å
caps;i

å
phases; j

a2
c;i jCtot

2Ci
(2.46)

Now the Equation 2.45 becomes:

ROUTSSL =
KC

FSWCtot
(2.47)

When the switching frequency is high enough, the current �ows can be regarded as constant.
As a result, the main power loss is determined by the conductance of the power switches.

PFSL = D j I2
R;i j Ri (2.48)

WhereD j is the duty cycle of the phasej. In the common two-phase converter, theD j equals
to 0:5. Ri is the resistance of theith power switch. The current �ow across theith switch during
the jth phase is represented byIR;i j . Just as theac;i j mentioned in the Equation 2.40, theaR;i j
can also be used here and get:

aR;i j =
qR;i j

qout
(2.49)
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Where,qR;i j is the charge �ows across theith switch during thejth phase. Then we have the
relationship between the charge and current:

FSWqR;i j = D j IR;i j (2.50)

Therefore, the output impedance of the converter under FSL limit is[22]:

RFSL = å
switches;i

å
phases; j

a2
R;i j Ri

D j
(2.51)

The simpli�ed result when two-phase is used is:

RFSL = å
switches;i

2a2
R;i j Ri (2.52)

With the same idea to use one parameter to re�ect the topology information, parameterKS is
used:

KS = å
switches;i

å
phases; j

a2
R;i j Ri

D jRtot
(2.53)

And the simpli�ed result is:

RFSL = KSRtot (2.54)

The most common method to model the output impedance of the switched-capacitor converter
is the Euclidean norm.

ROUT �
q

R2
SSL+ R2

FSL (2.55)

The result of the output impedance versus the switching frequency is shown in Figure 2.11.

2.1.3 Hybrid DC-DC Converter

After illustrating the basic ideas of the inductor-based converter and the switched-capacitor
converter we can �nd some intuitions about them. The four important characteristics have been
listed in Table 2.1.
In order to drive the LCD panel, the current �ows from the battery is around hundreds ofmA.
Therefore, the value of the inductor must large enough to control the ripple current within
it, which is aroundmH. The inductor of this size level is impossible to fully integrate on-chip
With normally integrated circuit technology. As a result, it becomes a drawback of the inductor-
based converter. On the contrary, it's easy to integrate capacitors on the chip, which becomes
the advantage of the switched-capacitor converter.
In terms of ef�ciency under high VCR, the inductor-based boost converter also has problems.
Just like what has been mentioned in Figure 2.8, in order to realize high VCR, the power
switches must have the ability to face high voltage stress around output voltage. As a result
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Table 2.1: Inductor-based converter versus switched-capacitor converter.
Inductor based

DC-DC converter
Switched-capacitor
DC-DC converter

Fully integrated
on chip

�
p

High ef�ciency with
�xed large VCR

�
p

No charge sharing
loss

p
�

High ef�ciency with
different input voltage

p
�

the Pswitching gradually becomes the dominating loss and reduces the total ef�ciency. Owning
to the �exible topology strategy, the switched-capacitor can arrange the whole voltage gap be-
tween the input and output to different parts of the converter. Therefore, high ef�ciency is also
possible to be achieved under high VCR.
In the principle analyses, it can be found that power-sharing loss plays an important part in the
switched-capacitor ef�ciency, especially under SSL. Even though there are also losses generated
from other parts of the inductor-based converter besides the power switches, they are not the
dominating part. In order to minimize the charge sharing loss, people have done a lot of work
and used many methods. However, owing to the working principle, it can only be reduced
rather than eliminated. In this aspect, the inductor-based converter has its own advantage with
the intrinsic working principle.
Since the working principle of the inductor-based converter hasD in its VCR, It has the ability
to adjust VCR by modifyingD without changing the topology and the components. In other
words, within the suitable VCR range, the inductor-based converter keeps relatively stable high
ef�ciency. This characteristic is hard to achieve with a switched-capacitor converter. As men-
tioned above, one topology determines one ideal VCR, which is also the best working point.
Then, the pulse width modulation is not possible to help the switched-capacitor converter to
change VCR. There are generally several ways to control the switched-capacitor converter to
realize different VCR, which will be discussed later. However, whatever the methods are used
to change the VCR, the converter will work away from the best ef�ciency point. In other words,
the cost is the power. Therefore, the switched-capacitor converter has bad performance when
the VCR is changing during the working.
It is quite reasonable that people want to combine them to have more advantages and fewer
drawbacks. People have already done a lot of work based on using them together. The basic
idea is to use a switched-capacitor converter facing a large but �xed VCR and use an inductor-
based converter facing a small but changing VCR. Based on this simple idea, both the step-up
and step-down can be designed in the hybrid mode.
For the step-down scenarios, the switched-capacitor converter parts are usually the �rst stage,
and the inductor-based stage is the second stage. As shown in Figure 2.12, the author proposes a
hybrid structure to achieve a step-down converter with high VCR and high ef�ciency of around
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Figure 2.12: A 12-level series-capacitor 48-1 V DC-DC converter with on-chip switch and GaN
hybrid power conversion[5].

90%. It is worth noting that the 12-level series-capacitor part converts input voltage from 48V to
4V, which means the majority of VCR has been achieved in this stage. And then two inductors
convert the 4V voltage to the target 1V under complex phase control.
Since the �rst series-capacitor stage is always facing a stable input voltage, it is easy to keep
the switched-capacitor stage working on the best performance point. Meanwhile, when the load
current is changing, the current �ows out from the switched-capacitor stage is also changing.
As a result, the output voltage of that stage will decrease with increasing load current. The
advantage of the second inductor-based stage perfectly works there. Only pulse width modu-
lation needs to be used in the second stage and get a stable 1V output voltage. Since the VCR
change in the second stage will not in�uence its ef�ciency dramatically, this hybrid structure
successfully separates the high VCR part and adjustable VCR part and achieves high-ef�ciency
performance.
In terms of the step-up scenarios, the two stages are often placed in the opposite direction as
the step-down structure. Huang proposes a Hybrid converter with cross-connectedCF [6] as
shown in the �gure 2.13. Even though the connection between the inductor-based stage and the
switched-capacitor stage is unusual in the cross-connected method, the basic idea is the same.
The input voltage is boosted with two inductors working in different phases, which will help
to limit the ripple with only one inductor and increase the ef�ciency performance. Then the
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voltage after boosting will be stored in the �ying capacitors and added to the middle voltage
at output phases to get the �nal output voltage. Since the middle voltage is generated by the
inductor-based stage, the input voltage of the switched-capacitor stage is relatively stable, which
helps to keep it at the best performance point. With the help of the �ying capacitors, the stress
voltage faced by the power switching in the �rst stage is decreased, which helps to improve the
performance of the �rst stage with low-stress-voltage power switches.

Figure 2.13: Hybrid converter with cross-connectedCF [6].

Besides macro principle perspective analysis, there is one key advantage within the hybrid struc-
ture, soft-charging. In order to illustrate it more intuitively, two ideal capacitors and one ideal
inductor are used as shown in Figure 2.14. Suppose both of the capacitors have the initial volt-
age across them and the left one is larger. When the ideal switch is closed, the loop is closed
and there is current �ow since the potential difference. Based on the ideal relationship between
the voltage and current of inductor and capacitor:

Figure 2.14: Soft charging illustration.
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VL (t) = L
diL (t)

dt
(2.56)

WhereiL is the current that �ows from the left capacitor to the right capacitor.

C
dv1 (t)

dt
= � iL (t) (2.57)

C
dv2 (t)

dt
= iL (t) (2.58)

And using the KVL law, the equation can be get from the closed loop:

VL = v1 (t) � v2 (t) (2.59)

In order to get the equation to describe the voltage and current, the Laplace transform is used
here.

C[sV1 (s) � V1] � C[sV2 (s) � V2] = � 2IL (s) (2.60)

V1 (s) � V2 (s) = sL� IL (s) (2.61)

In order to use a simple calculation to show the basic principle, the initial value ofV1 is 1, and
V2 is 0. Then we can get:

IL (s) =
1

s2LC+ 2
(2.62)

After using the inverse Laplace transform:

iL (t) =
1

wL
sinwt (2.63)

Wherew is the resonant frequency, the value is:

w =

r
2

LC
(2.64)

The voltage across the capacitors is:

V1 (t) =
1
2

(1+ coswt) (2.65)

V2 (t) =
1
2

(1� coswt) (2.66)

SupposeC to be 1F andL to be 1H, the voltage within the capacitors and the current within the
inductor are as shown in Figure 2.15.
The total energy at all the moments within the loop is:

Etot =
1
2
C(V1 (t))2 +

1
2
C(V2 (t))2 +

1
2

L(IL (t))2 (2.67)

24



2 Basic Principle Analyses and Preliminary Design

Figure 2.15: Relationship between the voltage and current within the resonant loop.

The above equation shows, that under an ideal situation, the charge share between capacitors
is lossless. Since the inductor prevents the instance charge change within the loop, the charge
is stored in the inductor �rstly and then �ows to the low potential point. Usually, this kind of
charge re-balance is referred to as soft charging, which compares with hard-charging without
the inductor in the loop.
Therefore, in the hybrid structure, the appearance of the inductor is helping to reduce the charge
share loss. Since the charge share loss dominates the SSL range, it can also be regarded as re-
ducing theRSSL. Usually, the switching frequencyFSW of the switched-capacitor converter is
designed to be near the balance point whereRSSLequalsRFSL. There is already a detailed anal-
ysis done in the publications on the output impedance change of the switch-capacitor converter
with an inductor in the loop.
In Pal's paper[4], the total output impedance is calculated with the average output power and
the average load current. As shown in Figure 2.16, after including an inductor within the loop,
the output impedance shows a much more fast decrease with the increase of the switching
frequency. As a result, a lower switching frequency can be used to put the switched-capacitor
converter at the balance point. The calculated result is also matching the principle mentioned in
soft charging which the inductor reduces the charge share loss and reduces theRSSLat the same
switching frequency.
Meanwhile, there are lots of peaks shown in Figure 2.16. From the intuitive perspective, it is
also caused by the resonant loop. As shown in Figure 2.15, unlike the two capacitors achieving
stable balance after the charge sharing, the charge sharing within the resonant loop will keep
going in the ideal situation. If the switching frequency is chosen unwisely, the charge will go
back to the initial capacitor and there is no charge �owing into the next stage. Under this kind
of bad switching frequencies, theRSSL will be larger rather than lower. Therefore, it is very
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Figure 2.16: Comparison of output impedance of basic hybrid converter with that of the tradi-
tional SC converter[4].

important to choose the right switching frequency in the hybrid DC-DC converter.
In summary, the hybrid DC-DC converter is able to overcome drawbacks within the traditional
inductor-based converter and the switched-capacitor converter. Meanwhile, with the resonant
loop in the charging of realizing phases, the charge share loss will be reduced with the phe-
nomenon often referred to as soft charging. However, compared with the traditional DC-DC
converter, there is no complete and uni�ed mathematical model to model all the parameters
within the different hybrid structures. Therefore, the analyses must be based on each different
hybrid structure, which brings dif�culties to the designers. At the same time, small functional
modules assist the converter and also play an important role in ef�ciency improving. A cre-
ative functional module designed toward a kind of hybrid converter is popular in recent years'
publications.

2.1.4 Preliminary Design of the Hybrid Step-Up DC-DC Converter

As mentioned in the introduction, a high VCR DC-DC converter is needed to convert the voltage
of the Li-ion battery to around 30V to forward bias all the diodes in the LED panel. Meanwhile,
the ef�ciency of the converter is as high as possible to enlarge the endurance of the devices. A
hybrid step-up DC-DC converter with all 5-V switches is proposed in this thesis.
The speci�cations of the proposed hybrid step-up DC-DC converter are shown in Table 2.2.
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Table 2.2: The speci�cations of the hybrid DC-DC converter.
Typical value Range

Input voltage 3.7V 3-4.2V
Output voltage 29V 18-30V
Load current 25mA 0-100mA

VCR 7.8 6-10
Area As small as possible

Ef�ciency As high as possible

Since the design is for portable devices, the input voltage will be the working voltage of a
lithium-ion battery. Therefore, the speci�cation of the input voltage is based on the lithium-
ion battery. Portable devices like smartphones operate between 3:0V and 4:2V. When the
operating voltage is lower than 2:4V, the metal plates of the battery will be eroded, which may
cause higher impedance blocking the charge �ows and lower capacity. Meanwhile, when the
operating voltage is larger than 4:3V, the cycle life and capacity of the battery will be hurt. The
higher voltage also causes lithium crystal growth, which may eventually result in an internal
short circuit and even an explosion[23]. As mentioned in the introduction, in order to drive
the LED panel, a high voltage of around 27V is needed. Such a high voltage generated in the
portable devices can also be used to bias the Single-photon avalanche diode (SPAD), which
usually appears in the receiver of the DTOF system. Based on the typical current operating
range of LED panel, the typical load current is 25mA and support up to 100mA. The typical
VCR is 7:8 when the input voltage and the output voltage are both the typical values. The
maxim VCR is gotten with the lowest input voltage 3V and the highest output voltage 30V. As
for the area and ef�ciency, the converter is designed to be as good as possible.

Figure 2.17: Proposed hybrid step-up DC-DC converter.

The proposed hybrid step-up DC-DC converter is as shown in Figure 2.17, which consists of
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two parts. The �rst part is the inductor based and the second part is the switched-capacitor
based on Dickson topology. Under the typical working condition, the �rst stage will converter
input voltage from 3:7V to the 5V at theVMID. Then the 5V voltage will be converted with 6x
to near 30V by the second stage.
In order to achieve high ef�ciency as high as possible, two main methods are used in this design.
The �rst one is the soft charging technique and the second one is full with 5-V switches. The
soft charging is realized with suitable phase control. As shown in Figure 2.18, the switching
frequency of the switched-capacitor part is designed to be half of the switching frequency of
the inductor-based boost stage. The key idea here is to put switching moments of the switched-
capacitor stage during the inductor realizing phases, which are theF 2 andF 3 shown in Fig-
ure 2.18. As mentioned in the soft charging principle, the inductor can have energy during the
sudden charge balance process. Making sure the inductor is in the charging loop during the
switching moments of the switched-capacitor stage will reduce the charge charging loss and
reduce theRSSLin the second stage. As a result, a lower switching frequency can be used in the
second stage to achieve the same output impedance.
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Figure 2.18: Operation principle of the proposed hybrid converter.
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Another ef�ciency improvement came from the small power switches. Take the example under
TSMC 180BCD technology. In order to achieve the same on resistanceRon, the relationship
between gate capacitorCgg of n-channel power devices with 36� V voltage stress and 5� V
stress voltage is:

Cgg36V = 5:3�Cgg5V (2.68)

According to the Equation 2.31, with other parameters in the same condition, thePgate:

Pgate36V = 5:3� Pgate5V (2.69)

At the same time, not only the gate capacitorCgg is dramatically increasing with the stress
ability, but theCGS andCGD will also increase. The larger parasitic capacitors leadt1 andt2
increasing in the Equation 2.30 and results a larger transition losses. Therefore, in this design,
only 5� V devices are used to achieve such a high VCR can lead to better ef�cient performance.
In order to separate the whole output voltage into 5V pieces which can be handled by 5� V
devices, the Dickson topology is implemented as the second stage.
As shown in Figure 2.19, the original Dickson topology only consists of a diode and capacitor
within the core part[7]. Under an ideal working process, the bottom plates of the capacitors
are controlled to have the same high or low voltage withF 1 or F 2. WhenF 1 goes low, the
capacitors withF 1 as their bottom voltage will be charged. The �rst capacitor from left to right
is charged by the input voltage but the later capacitors withF 1 as their bottom voltage will be
charged by their front capacitor withF 2 as their bottom voltage. During the next phases, the
charging and releasing logic is reversed. As a result, the capacitors will be charged to 1xVIN , 2x
VIN , 3x VIN and 4xVIN . The �nal output voltage will be 5xVIN . Meanwhile, the stress voltage
faced by all the diodes is equal to 2xVIN , even though connecting more stages to get a higher
output voltage.

Figure 2.19: Original structure of Dickson topology[7].

In the original design, the drawback is also apparent. There is no diode that can be found in
reality to have a 0 forward bias voltage drop. As a result, the voltage stored in the capacitor is
less than the ideal analysis. In order to solve this problem, the MOSFET with a driving circuit
is implemented to turn on the switches on the right phase with adjustable resistance and reduce
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the voltage drop. In the proposed design the NMOS switches are used as power switches to
replacing the diodes in the Dickson topology.
Focus on the switched-capacitor part, the two working phases are as shown in Figure 2.20.
Based on the same working principle, the stress voltages faced by each switch are listed in
Table 2.2. As shown in the table, with the help of the Dickson topology, the whole voltage
conversion range is averaged to each switch equally. There are only four switches facing stress
voltage large than 5V. The power switch stacking technique is used in this design to use two
5� V devices in series to endure 10V stress voltage, which will be discussed in the transistor-
level implementations chapter. With the stacking technique, all the power switches are facing
5V stress voltage, which leads to only 5V power switches being used in the proposed hybrid
structure.

Table 2.3: Stress voltage across the switches in the Switched-capacitor stage.
Under ideal scenario Phase 1 Phase 2 Stress voltage

SC1H SC3H SC5H
Top or right terminal 5V 0V

5V
Bottom or left terminal 5V 5V

SC1G SC3G SC5G
Top or right terminal 5V 0V

5V
Bottom or left terminal 0V 0V

SC2H SC4H SMID
Top or right terminal 5V 5V

5V
Bottom or left terminal 10V 5V

SC2G SC4G
Top or right terminal 0V 5V

5V
Bottom or left terminal 0V 0V

SC12
Top or right terminal 10V 10V

10V
Bottom or left terminal 5V 15V

SC23
Top or right terminal 10V 20V

10V
Bottom or left terminal 15V 15V

SC34
Top or right terminal 20V 20V

10V
Bottom or left terminal 15V 25V

SC45
Top or right terminal 20V 30V

10V
Bottom or left terminal 25V 25V

SOUT
Top or right terminal 30V 30V

5V
Bottom or left terminal 25V 30V

Since the second stage is designed to work the fast switching limit range, the output impedance
RFSL is the key part of the design parameter. Based on the charge �ows analyses on the working
principle shown in the Figure 2.20, during the �rst phase:

qC1H = qC12 = qC2G = qC3H = qC34 = qC4G = qC5H = qOUT =
1
2

qOUT + qCOUT (2.70)

WhereqC1H is the charge �ows throughSC1H during this phase. Theqout is the charge �ows
out andqout is the charge stored in theCOUT. With the same method:

qMID = qC1G = qC2H = qC23 = qC3G = qC4H = qC45 = qC5G (2.71)
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Figure 2.20: Working phases of the second stage of proposed hybrid converter.

1
2

qOUT = qCOUT (2.72)

Therefore, we can �nd the same number of charges through all the power switches in the
Dickson topology. And the relationship between charge through all the switchesqSwitch;SC the
switches and the output chargeqOUT is:

qSwitch;SC= 2� qCOUT (2.73)

Therefore, theaR mentioned in Equation 2.49, will be 2 for all the second-stage switches.
According to the Equation 2.52,RFSL is:

RFSL = 8� å
switches;i

Rswitches;i (2.74)

In order to balance all the resistances equally, all the switch-on resistances in the second stage
are designed to be the same value,RSC. And theRFSL is:
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RFSL = 80� RSC (2.75)

Take the design speci�cations into concerned:

VOUT = VOUTf irststage� idealVCRsecondstage� ILOAD � RFSL (2.76)

Under typical condition,RFSL is around 40W. Therefore, the on-resistance of each power switch
in the second stage is designed to be 0:5Wto ful�ll the design speci�cations.
The generalRSSL is determined by the charge share loss as mentioned above. TheRSSLof the
second stage of the proposed hybrid converter must consider the soft charge implemented by
the inductor. As shown in Figure 2.18, there are four working stages. During the �rst stage,
the inductor is charged with the input voltage and the second stage is been charged at the last
stage. The output charges come from the output capacitor in this stage so this is no charge share
within this phase and charge share loss doesn't exist. In the nextF 2 stage, capacitorC1, C3, C5
andCMID is been charged with the current �ows out from the inductor. As a result, there is no
charge share loss. TheCMID is a protect buffer at the output of the inductor stage to keep the
voltage under 5:5V, which is the safe maxim stress voltage for the 5� V devices in the TSMC
180BCD technology. On theF 3 stage, the capacitorC2, C4, COUT, andCMID are been charged
with the inductor in the loop. Therefore, the charge share loss doesn't exist. Due to the protect
capacitorCMID, the charge shares without an inductor in the loop, which leads to charge share
loss. Therefore, theRSSLis determined by the charge share loss in theF 4.
The lasting time ofF 4 stageTF 4is:

TF 4 =
�

1�
VIN

VOUT; f irststage

�
Tf irststage (2.77)

WhereTf irststageis the switching period of the inductor-based stage. Under typical scenario,TF 4
is around 0:25Tf irststage. Since the switching frequency of the inductor-based stage is designed
to be 2x of the switched capacitor stage, the charge change withinF 4 is:

qF 4 =
TF 4

2� T f irststage
qSwitch;SC (2.78)

qF 4 =
1
4

qOUT (2.79)

Therefore, parametera mentioned in the equation 2.41 is 0:25. Based on the Equation 2.44, the
second stageROUTSSL of the proposed converter is:

ROUTSSL = å
i;capacitor

a2

2FSW;SCCi
(2.80)

Within the Dickson topology, the charge changes of all the capacitors are equal, theC1 to C5
should have the same valueCSW to get the lowestRSSLwith the same total value of capacitors.
Meanwhile, in order to design the parameters theCMID is marked as:
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CMID = aCSW (2.81)

Now, the Equation 2.80 becomes:

ROUTSSL =
(5+ a ) a2

2FSW;SCCSW
(2.82)

According to Equation 2.26, the parametersFSW;IB, IL, andCi are related to the ripple voltage
at the output point of the �rst stage. Based on the design speci�cations, the rough design
parameters can be chosen according to the working principle. The average current �ows through
the inductor is:

IL = ILOAD � idealVCR (2.83)

Where ideal VCR is 8:1 in the proposed design. If the typical value of load current is used,
the current within the inductor is around 200mA. Under the �xed duty cycle of the switching,
both the value of the inductor and the switching frequency of the boost stage will in�uence the
ripple voltage at the output of the �rst stage as mentioned in the analyses part. Based on the
Equation 2.26,Dv is:

Dv =
IL

2Ctot
DTSW;IB (2.84)

WhereCtot is the equivalent capacitance at the output of the �rst stage. As shown in Figure 2.18,
the equivalent capacitance has a little bit difference betweenF 2 andF 3.

CtotF 2 = CMID + C1 + C2nnC3 + C4nnC5 = ( 2+ a )CSW (2.85)

CtotF 3 = CMID + C1nnC2 + C3nnC4 + C5nnCOUT (2.86)

CtotF 3 =
�

1:5+ a +
COUTC5

COUT + C5

�
CSW (2.87)

Since theCOUT is usually much greater thanCSW, theCtot can be regards as(2+ a )CSW. With
D = 0:25, IL = 0:2A andTSW;IB = 0:5TSW;SC, the Equation 2.84 becomes:

Dv =
1

80(2+ a )CSW
DTSW;SC (2.88)

Based on the Equation 2.82 and Equation 2.88, theTSW;SC is designed to be 20msandCSW to be
4mF to realizeRSSL� RFSL andDv within safe range for 5� V devices. Meanwhile,TSW;IB is
also determined to be 10ms with topology requirement.
Towards this current level, an inductor aroundmH is a reasonable choice. In order to get better
performance with lower DCR of the inductor and lower switching frequency, a 504015 casing
(5:0mm� 4:0mm� 1:5mm) 10mH inductor with DCR equals to 140mWis used in the �rst stage.
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The power switches in the �rst stage are designed to be 70mW, which is the optimal value when
conduction losses are equal to switching losses.
Meanwhile, the resonant frequency of the RC loop within the charging phase should be checked
with the converter switching frequency. The resonant period is:

TLC = 2p
p

LC � 55ms (2.89)

Since half ofTLC is much larger than the charging period, which means the initial lower potential
capacitors are only been charging. The designed switching frequency of the hybrid converter
could work with a soft charge.

2.2 VCSEL Diode Driver with Adjustable Pulse Width

2.2.1 VCSEL Diode Basic Analysis

As mentioned in the introduction, more and more IoT devices become to support Spatial dis-
tance sensing functions. With the advantage of small area and cheap cost, the DTOF system
with VCSEL diodes is popular in the last ten years. The basic structure of the VCSEL diode is
shown in Figure 2.21.

Figure 2.21: The basic structure of VCSEL [8].

VCSEL is directed perpendicular to the semiconductor surface. Two distributed Bragg mirrors
make up the vertical cavity. The thicknesses of the Bragg mirrors are approximately equal
to a quarter of the laser wavelength, which is built with alternating layers of high- and low-
refractive-index material. Electrically pumped quantum wells or quantum dots provide gain,
which is located in the active region between the monolithically grown semiconductor mirror,
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resulting in a single-longitudinal mode operation. Oxide apertures in�uence both current and
optical �eld, which enables operation in single-transverse mode, and �nally makes the VCSEL
become a compact and ef�cient source of laser emission[8].
In order to drive the VCSEL diode to generate the desired pulse for the measure, the electrical
model of the VCSEL diode must be obtained. Since the pulse of the laser is as short as pos-
sible to obtain a better system performance, all the parasitic components should be taken into
consideration. Meanwhile, the relationship between the electrical model and physical model is
also important to estimate the width of the real laser pulse.
Usually, the electrical model is divided into two parts, the VCSEL diode part and the intercon-
nect part[10; 24]. The VCSEL diode part consists main diode and all the modeled parasitic
components within the VCSEL diode. The key point is to describe the relationship between the
current and voltage of the diode. As shown in the Figure 2.22. With the in�uence of the over-
all package structure of the VCSEL diode, the parasitic inductorLD, parasitic resistorRD and
parasitic capacitorCD are connecting with VCSEL diodeD between the anode and cathode of
the packaged VCSEL diode. The parasitic information will be provided by the manufacturers.
The static parameters of the VCSEL diode are modeled by theI � V curve �tting in forwarding
bias, which is the well-known Shockley equation as shown in Equation 2.90.

Figure 2.22: The basic parasitic structure of VCSEL.

V = RDI + nVT ln
�

I
IS

+ 1
�

(2.90)

WhereV andI are the diodeD voltage and current.
The relationship between the current �owing through and the rate of the VCSEL diode is de-
scribed as[25]:

dS
dt

= Gg0
N(t) � N0

1+ eS(t)
�

S(t)
t p

+ Gb
N(t)
t n

(2.91)

dN
dt

=
I (t)
eVa

� g0
N(t) � N0

1+ eS(t)
S(t) �

N(t)
t n

(2.92)

WhereS(t) is the photon density andN(t) is the carrier density.N0 represents the carrier
density at transparency. The optical con�nement factor is marked asG. g0 is the gain slope.e is
the gain saturation parameter.t p andt n are the lifetimes of photon and carrier.e is the electron
charge andva is the volume of the active region.
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Figure 2.23: ElectricalP model for the interconnect equivalent circuit.

The model of interconnecting equivalent circuit is:
Since the bonding wires have parasitic parameters that in�uence the transient response of the
VCSEL diode, the bonding wire must be considered during the driver design. The ElectricalP
model is easy to measure and simulate, which makes it a good choice here.

2.2.2 Basic Working Principle of the VCSEL Diode Driver

In order to drive the VCSEL diode to generate a short-width pulse, the high voltage across
the VCSEL diode must be on or off quickly. As mentioned in the above subsection, there are
parasitic components within the bonding wires and packaged VCSEL diode. All of them will
bring dif�cult to turn on or turn off the VCSEL diode quickly. The rising speed of the current
in the loop is determined by the value of across voltage and the inductor within the loop as:

dIL
dt

=
VL

LS
(2.93)

WhereIL is the current �ow through total series inductorLS andVL is the cross voltage. Even
though the VCSEL diode is able to work under low voltage conditions, in which the voltage
level can come from the outside power supply directly, the rising speed of the pulse is slow
which limits the pulse width of the laser. According to Equation 2.93, there are two possible
solutions to improve the current rising speed, reducing the series inductorLS or increasing the
across voltageVL. However, the parasitic inductor is hard to eliminate within the circuit design,
the more suitable method is to increase the across voltageVL.
In order to power the VCSEL diode with a high voltage level, the �rst step is to have the high
voltage level. In terms of IoT devices, the output voltage of the Li-ion battery is not enough and
a voltage step-up must be implemented. Generally, a DC-DC converter will be implemented to
provide a voltage large enough to turn on the VCSEL diode quickly.
As shown in the Figure 2.24, Laszlo proposed a VCSEL driver with bothVDDH andVDD[10].
Meanwhile, the �oating isolated well and level shifter are used to convert signals between two
different voltage levels. Since the whole DTOF system should be as tiny as possible to meet
the compact volume requirement, such a design with an extra DC-DC converter to provide
VDDH is not suitable for compact IoT devices. There is another kind of design idea as shown
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Figure 2.24: System diagram and waveforms of the �oating-well VCSEL driver[9].

in Figure 2.25. Compared with the design mentioned in Figure 2.24, Samuel's design is able
to drive the VCSEL diode with 2� VDD with only VDD as the input voltage level. The basic
working principle is charging the �ying capacitor duringF 1 and stacking the capacitor on the
VDD during theF 2. The rising time of the pulse becomes:

trise �
LSID

2VDD � VD
(2.94)

WhereID andVD are the current and voltage of the VCSEL diode. Therefore, the main advan-
tage of this topology is obvious, thetrise is reduced with only one low voltage level which leads
to shorter pulse ability.
Since the on-resistance of the power switches causes voltage drops when the current �ows
through, the voltage across the VCSEL diode during the on phase will be lower than ideal2VDD.
TheVac is:

Vac = 2VDD � ID (RM0 + RM4) (2.95)

And the value of the �ying capacitorCf ly should be large enough to supply enough charge
during the whole on phase. The rough voltage dropVdropis:

Vdrop =
WpulseID

Cf ly
(2.96)

Meanwhile, charge re-balance betweenCf ly andCD occurs on the turn-on moment which leads
to the voltage drop ofCf ly. The small drop voltageVdrop;re� balanceis:

Vdrop;re� balance= VDD

�
1�

Cf ly

Cf ly + CD

�
(2.97)

Based on the above two equations, theCf ly could be sized according to design speci�cations.
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Figure 2.25: Block diagram of the laser driver circuit[10].

2.2.3 Preliminary Design of the VCSEL Diode Driver with
Adjustable Pulse Width

The design speci�cations of the proposed VCSEL driver are shown in Table 2.4, and the design
is based on the SMIC 55BCD process.

Table 2.4: The speci�cations of the VCSEL driver.

Input voltage
Logic part: 1:2V
Power part 3:0V

Load current 250mA
Output voltage � 6V

Pulse width 300ps� 1600ps
Pulse frequency 16MHz

Area < 0:33mm2 and as small as possible

Based on the similar idea shown in the [24], the proposed VCSEL driver shown in Figure 2.26
has two working phases. The whole system consists of a control part and a driver part. The
control part will be discussed in the next chapter. The core part of the driver only consists of
5 power switches. The proposed VCSEL driver needs two separate control signalsSWf ixed and
SWad justablewith colored lines shown in the diagram. This design is to achieve pulse width as
shorter as possible. Owning to the large size of theMp1 and PVT in�uence, pulse width shorter
than 600ps is hard to pass thebu f f er1 and appear at the gate ofMp1. Therefore,SWf ixed are
implemented for theMp1 Mn2. Mn3 is driven bybu f f er2, which supportsSWad justablewith pulse
width of 200ps in majority PVT situations. Therefore, the lower pulse width is supported in
this design. However, different buffer sizes result in different delays in the two control signal
paths. The control part also takes this into account.
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Figure 2.26: Proposed VCSEL diode driver.

During theF 1, theMn1 andMn2 are turned on to charge theCf ly to the input voltage of power
part 3V and the anode of the VCSEL diode is connected to 3V. Meanwhile, theMp2 is also
turned on to connect the cathode of the VCSEL diode to 3V. Therefore, the voltage across the
VCSEL diode will be 0 inF 1.
During theF 2, theMp1 is turned on to charge the bottom plate ofCf ly to 3V. Therefore, the
voltage on the top plate ofCf ly is around 2� 3V, which is also the voltage of the anode of the
VCSEL diode. At the same time. theMn3 is on to drop the cathode voltage of VCSEL to the
ground. Therefore, the voltage across the VCSEL diode will be 2� 3V in theF 2.
All the analyses above are towards the working principle of the core part of the VCSEL driver
marked by the green dash line in Figure 2.26. Based on the Equation 2.95 and the VCSEL
diode model, the on resistances ofMp1 andMn3 are sized to be around 4W. Based on RC loop
charging as shown in the Equation 2.98, theCf ly and on resistances ofMn2 andMn1 can be
designed to charge theCf ly to 3V during theF 2 which lasting more than 14:4ns. Therefore, the
Cf ly is designed to be 220pF and values ofMn2 andMn1 on resistances are around 41W.

V (t) = Vdischarged+
�
VVDD � Vdischarged

� �
1� e� t

t

�
(2.98)

The on-resistance ofMp2 in�uences the off transient behavior of the VCSEL diode, which is
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larger on resistance increasing the settling time. The damping factorx during the off process is:

x �
Ron;Mp2

2

r
Ctot

Ltot
(2.99)

WhereCtot is the total parasitic capacitor at the cathode of the VCSEL diode andLtot is the total
inductor in the loop, which mainly comes from the interconnect part shown in the Figure 2.23.
TheRon;Mp2 is designed to be 8Wfor a faster off process.
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3.1 Hybrid Converter Control System

3.1.1 General Control System for Boost Converter

In order to control the inductor-based boost converter, the control loop must be implemented to
achieve a closed loop system.

Figure 3.1: A simple DC-DC boost converter regulator system.

A simple closed loop system for boost converter is as shown in the Figure 3.1, output voltage
v will be operated with reference voltagevre f to get the error message. Then the compensator
is implemented to make sure the stability of the closed loop system. The following PWM
modulator generates a switching pulse according to the error information. Finally, the changed
switching signal controls the power switches by the gate driver and gradually close to the target
output voltage.
The AC model of the boost converter is necessary to analyze the stability of the control loop.
Since there are a large number of analyses have been done, the results are referred to here. Since
the boost converter changes the electric components within the loop in two different phases, the
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boost converter is not a linear circuit. The averaged small-signal AC model of boost converter
as shown in the Figure 3.2 is discussed in the [11].

Figure 3.2: Averaged small-signal AC model for boost converter[11].

Whered̂(t) is the small AC variations of Duty cycleD and ˆvg (t) is the small ac variations
of input voltageV. And based on the averaged small-signal ac model, the small signal model
towards the relationship between the small AC variations of output voltage ˆv(t) andd̂(t) can
be written as[11]:

Gvd(s) jvg(s)= 0=
v̂(t)

d̂ (t)
=

D0V
�

1� sL
D02R

�

LCs2 + sL
R + D02

(3.1)

Meanwhile, the PWM modulator in the closed loop also needs the small signal model for loop
analyses. The output waveformd (t) is generated by comparing control voltagevc (t) and saw-
tooth wavevsaw(t) with VM as peak voltage. The basic structure and the waveform are shown
in Figure 3.3.

Figure 3.3: PWM modulator and waveform.

With the help of average model analyses, the AC small signal model of the PWM modulator is:
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Gm(t) =
d̂ (s)
v̂c (s)

=
1

VM
(3.2)

With all the small models within the loop, the stability of the system can be analyzed and design
suitable compensator.

3.1.2 General Control System for Switched-Capacitor Converter

Since the duty cycleD of the switched-capacitor converter is �xed during the design �ow, the
general way to control the converter is pulse frequency modulation (PFM). The �rst method is
continuous frequency modulation as shown in Figure 3.4.

Figure 3.4: Continuous frequency modulation.

The basic idea of continuous frequency modulation is to modulate the switching frequencyfs
and change the output impedance. As shown in Figure2.11, the lower switching frequency
changes the converter from theFSLrange to theSSLrange. Therefore, this control way makes
the switched-capacitor converter work just like an LDO circuit. Compared with the two other
methods mentioned later, this control method is power consuming and complex owning to the
stability problem.
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Figure 3.5: Hysteretic control offs.

Hysteretic control offs is also able to control the converter as shown in the Figure 3.5. The
compactor with hysteresis will limit the output voltage ripple within the threshold valueH by
generating enable signal for the OSC. The advantage of this method is unconditionally stable
and saves power during the disabled period. However, since the ripple voltage at the output is
now proportionate with theH, the ef�ciency is reduced. Meanwhile, the delay in the control
loop will result in more output ripple voltage, which should be limited in the design.
Pulse-skipping control as shown in Figure 3.6 is another common control method. As shown in
the Figure, the clock signal pulses will be neglected when the output voltage is higher than the
reference voltage. As a result, this working principle is changing the effective frequency of the
switching signal. Compared with the �rst method using VCO, this method is able to simplify
the control loop design and avoid stability problems.
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Figure 3.6: Pulse-skipping control.

3.1.3 Control System for Proposed Hybrid Converter

The whole system diagram of the proposed hybrid DC-DC converter is shown in Figure 3.7.
With the help of the inductor-based stage, the proposed converter can be controlled with a simple
voltage-based PWM control method. As shown in the diagram, the output voltageVOUT will be
divided by theRFB1 andRFB2 to make sure the amplitude ofVc is small enough processed by
the control module. Agm � C is used in the control module to integrate the difference between
the converter output voltage and the reference voltage and generates a control voltage. The
loop bandwidth is designed around 1KHz Then the control voltage will be compared with the
off-chip signal 100KHzsaw-tooth waveVsaw to generate a 100KHzPWM signal. The 100KHz
PWM signal will directly operate by the non-overlapping circuit and generate control signals
for two power switches in the inductor-based stage. The 100KHzPWM signal will also be used
to generate a 50KHz signal with a 50% duty cycle. The 50KHz signal is also operated by the
non-overlapping circuit and generates two phase signals for controlling the switched capacitor
converter.
The AC small-signal model for the proposed hybrid structure has been derived based on the
methods mentioned in [11] and is shown in Figure 3.8. Based on the model, the duty cycle to
output voltage transfer function is given by the Equation 3.3:

Gvd =
VOUT

6D0

1� s 36L
D02RL

1+ s
�

36L
D02RL

+ 36COUTReq

D02

�
+ s236LCOUT

D02

(3.3)
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Figure 3.7: System architecture of the proposed converter.

Figure 3.8: AC small-signal model for the proposed hybrid structure.

3.2 VCSEL Driver Control System

As mentioned in the preliminary design of the VCSEL driver, there are two signal pulses needed
to control the driver with different pulse widths.
As shown in Figure 3.9, there are 8 phases of 1:25GHz clock signals to generate adjustable
width signal and one 62:5MHz signal to determine the period of the short width pulse. Mean-
while, The two target pulses are shown below the diagram. In order to generate those two
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Figure 3.9: Control block diagram of the VCSEL driver.

pulses, there are several steps including synchronization, pulse selection, level shift, and signal
operation.
Using the different phase 1:25GHzsignals, the different pulses could be generated with a simple
operation like AND logic. However, the output signal after the simple operation is still with
1:25GHzas its clock. In order to get an adjustable short pulse with 62:5MHz as its clock, the
synchronization logic must be implemented at the beginning.
The signal synchronization block is as shown in Figure 3.10. The main function of this logic
block is to get the select window signal with 62:5MHz. The main function is achieved by the
D �ip-�op with a 62 :5MHz signal on the DATA terminal and a high-speed signal on the clock
terminal. In order to limit the risk of metastability during the synchronization, there are a series
of delay �ip-�ops used to delay the data stream long enough for metastability failures to occur
at a negligible rate. Therefore, there are four D �ip-�ops used in the core part and the outputs
of the third and the fourth �ip-�ops are used to operate and get the select window signal. The
MUX block at the beginning of the synchronization block is to select the 1:25GHzwith the right
phase by the programmable bits. Meanwhile, in order to reduce the leakage at off mode, the
enable signalen withsynprovides the block function within theMUX to prohibit the high-speed
signals from �owing into the logic part.
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