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Abstract

This thesis proposed an antiphase-synchronized dual ring oscillator based voltage dou-

bler with power optimizable feedback loop. This voltage doubler is suitable for wearable

IoT devices that use battery power in terms of power efficiency and area. The antiphase-

synchronization with two ring oscillator makes the output voltage ripple smaller which is in-

evitable in ring oscillator based voltage doubler due to its phase mismatch. Minimizing such

ripple can reduce energy and area consumption by eliminating the need for an additional rip-

ple reduction circuit. Besides, the power efficiency will be optimized by the digital feedback

loop. It detects the output voltage and tunes the frequency according to the equation about the

relationship between the output voltage and power efficiency. This chip is fabricated in the

180nm CMOS process and occupies 0.086mm2. It achieves 79% power efficiency within the

load current 35 - 90 µA. It is not the best power efficiency compared to other state-of-the-art

circuits. However, it is not suitable for a one-to-one comparison with other circuits that needs

external blocks such as LDO for ripple reduction, clock, and supply voltage for the feedback

loop.

Keywords: Low-ripple, Charge pump, Capacitive voltage doubler, clockless, power optimiza-

tion
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I. Introduction

1.1 Background

Neural stimulation is immersed as a new technology to alleviate the symptoms of nerve

disorder, such as Parkinson’s disease, epilepsy and depression. However, some research use im-

movable animal for their test because of th practical issues, such as large recording-stimulating

equipment and its power or control lines []. But, it is not desirable because when we think

about its final goal, it has to be either implantable or wearable for daily usage. As the scaling

of VLSI technology becomes smaller, many recording-stimulation systems are made with fully

integrated system so that animal can move freely with system on it. However, make the system

small without performance degrading is not that easy.

P

M

I

C

Block

Block

Block

IC

Figure I.1: The system on chip supplied by a battery source with power management block
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Power management integrated circuits (PMICs) help to achieve this by adjusting the power

delivered to each blocks in System on Chips (SoCs). PMICs can adjust the power by controlling

the voltage and current. By using PMICs in SoCs, we can reduce the number of power sources

and make various voltage level with one power source. Furthermore, if the power source is

battery, PMIC use is desirable for increasing life expectancy of the system caused by the battery

discharge [3].

1.1.1 Types of PMIC

Linear

Switching

Capacitive

Inductive

P

M

I

C

Figure I.2: The diagram about the types of PMIC

On a basic level, the PMICs can be classified as linear type or switching type. The rep-

resentative linear type of PMICs is a low-dropout regulator (LDO). Linear regulators linearly

modulate the conductance of a series pass switch connected between an input dc supply and the

regulated output to ensure that the output voltage is a predetermined ratio of its bias reference

voltage [4]. However, such a linear regulator in nature, it cannot exceed the existing voltage
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because it does not have any energy storage and it is also supplied by existing voltage.

On the other hand, switching types of PMICs can be either up-converting and down-

converting the voltage by storing the energy in an inductor or a capacitor. Besides, in the

power aspect, linear types of voltage regulators have low power efficiency than switching one

because of inevitable static current flows. Switching regulators can be either be inductive or

capacitive depending upon what energy storage is used.

Inductive voltage converters usually provide high performance in terms of the output volt-

age stability because the inductor filters high-frequency noises which are critical to the other

blocks. The discussion of the output voltage ripple will be detailed in Section. 1.2. However,

the inductor makes an undesirable electromagnetic field that might causes side effects on the

circuits nearby and too large to implement on-chip system. Unlikely, capacitive voltage con-

verters neither make the electromagnetic field nor expensive to be on a chip.

Capacitive voltage converter, which is also called switched-capacitor voltage doubler, is

simply consists with a capacitor and clock signal so that it pumps the voltage and control the

switches. Unfortunately, this simple structure occurs output voltage ripple because clock fre-

quency is directly appeared to the output voltage through the capacitor between them. The

easiest way to reduce it is taking large load capacitance that comsumes area and slow satura-

tion. To compare these trade-offs, there are some aspects that have to be considered in voltage

converters.
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1.2 Key Specifications of DC-DC Converters

High-performance PMICs make stable designed voltage level [5]. However it cannot be

happen in reality because there is no ideal voltage source. Not only the ability to make closer

to the designed voltage level, there are some specifications to be considered. In this section, I

will discuss the key specifications and their trade-offs of the DC-DC converters.

1.2.1 Voltage Conversion Efficiency

V CE =
Vout

CR× Vs
× 100% (I.1)

Ideally, voltage conversion efficiency(VCE) should be 100 %. However, the non-zero

output impedance of the circuit makes output voltage lower than it is designed. Bad VCE is not

good for the output power aspect also. The power aspects will be discussed in Section. 1.2.2.

VCE is directly related to the load changes. When VCE getting too lower than it is designed,

we cannot say that it is operating. The load current, which is one of the reasons of making

low VCE limits the circuit’s operating region. There is no circuit that V CE = 100% because

practically there is no circuit that output impedance is equal to 0. Due to voltage division

between the impedance of output and load. To make VCE better, the easiest way is make the

clock frequency faster so that the output impedance is close to idea zero-impedance. However,

this scheme has very obvious trade offs that it makes the system has large power overhead.

To ensure the VCE among the various load conditions, many researches take the advantage

of feedback loop [1], [6]. However, feedback loop need many other componant to operate such

as not only the feedback blocks itself, but also supply voltage to operate the blocks.

– 4 –
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Cout

nout

nin Power Stage

Figure I.3: Full schematic of the capacitive voltage doubler with feedback loop[1]

1.2.2 Power Efficiency

Power efficiency is an important factor in PMIC as well as VCE. Before I go further to

the efficiency, I’ll introduce the term power conversion efficiency (PCE) and the difference

between them.

Power conversion efficeincy(PCE) is used to indicate the the conversion efficiency when

the formation of the output power is different from input, for example, solar power and thermal

power. Most of the PCE conservation is following the Maximum Power Point Tracking(MPPT)

mechanism [7] [8]. However, MPPT can be used when there is given Pin which came from an

energy source such as photovoltaic(PV) cells or thermoelectric generator(TEG), for the indica-

tor of transferring energy from the source to electricity with minimized power losses.
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For the converters which get energy from the voltage source, the MPPT mechanism cannot

be used because the key idea of the MPPT mechanism is by adjusting the input current and

voltage within a given power level, maximize the power transferring from the energy source

to circuits. So, for voltage source connected converters, uses another mechanism which makes

Pout over Pin large by adjusting input current withing given voltage level.

There is no power comparable blocks to find maximum value in the analog domain. Com-

paring the digital domain with ADC could be one solution, but many researchers trying to figure

out the relationship between power and voltage level instead of enduring ADC burdens. One

of the power - voltage relevant derivations starts with minimizing the major losses; conduction

loss, switching loss.

Figure I.4: Power distribution of capacitor based voltage doubler

LC = RoutI
2
out =

I2out
Cflyf

LS = CPfV
2
in (I.2)

Conduction loss occurs because of low VCE. Switching loss is non-ideal parasitic effects

because of the switching progress. The major switching loss is the charge loss which stuck in

parasitic capacitance so cannot be pumped. By adjusting the frequency, not only do we adjust

VCE, but also manipulate the power loss of the chip.
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1.2.3 Output Voltage Ripple

Output Voltage Ripple(OVR) is the inevitable disadvantage to deal with. OVR is directly

related to storage capacitance, flying capacitance, and VCE. The simplest topology is using a

large storage capacitor at the output node. Large storage capacitance makes the output voltage

less sensitive to the load current consumption by the equation Q = C∆V . Another method

is using LDO after the charge pump which makes low power efficiency. The other method is

cascading the unit pumping cells which can makes the ripple smaller [9][10].

SC
L

D

O

SC

S

C

(a) Using additional low voltage drop circuit

S

C
S

C

(b) Using phase interleaving method

Figure I.5: Output voltage ripple reduction methods

By doing this, simply it makes pseudo-frequency which is N times faster than its frequency

when N is the number of cascading cells so that it can achieve high VCE without generating

high frequency which makes switching losses and redundant power consumption. Within the

same flying capacitance, multi-phase topology has a better voltage condition than a single one

[11].
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1.2.4 Start-up time

Although the system itself is power efficient, the simplest topology to make the system

power efficient is just turn it off when it is not needed. However, this only make sense when; 1.

the system doesn’t need specific start-up conditions 2. the start-up power overhead is not large

3. the start-up time is fast enough so that it can be operate exact time or within the users needs.

In Chapter. II, I will introduce the history of the PMICs especially focused on the capaci-

tive voltage regulator. Among them, this thesis is based on [6] and [12] in terms of the ideas and

topologies. The proposed system will be in Chapter. III with the key ideas and circuit designs.

The results of the proposed system are in Chapter. IV and I conclude the thesis in this chapter.
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II. Literature Review

2.1 Dickson Voltage Multiplier

Charge in

Charge out

Charge from CLK

𝐶 𝑅

① ②

① ②

Figure II.1: The Dickson-type capacitive voltage doubler [2].

The most basic on-chip capacitive voltage multiplier was proposed in 1976 by J. F. Dick-

son [2]. The unit cell of the Dickson charge pump consists of one switch implemented by

diode-connected transistors in the CMOS process and flying capacitor. The clock signal di-

rectly goes into the bottom plate of the capacitor to pumps up the voltage. This direct voltage

pumping makes bottom plate parasitic capacitance zero. The gain of the charge pump is ideally

N + 1 when the high voltage of the clock is the same as the input voltage and N is the number

of the unit cell.

VN+1 = VN + VCLK (II.1)

This first came out voltage multiplier has few limitations. MOSFETs are 4 port devices.

The port we usually ignore is called body which has to be shared in case of the NMOS in the
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Vin Vout

VCLK

N N+1

Figure II.2: N+1 stage Dickson voltage multiplier

CMOS process. When we ignore the body, we regard that it has the same voltage as the source.

But in the case of the Dickson Charge Pump, the body is connected with ground voltage while

the source is n + 1 voltage which is the condition we cannot ignore the body effect. Body

effect makes the threshold voltage higher so that the turn-on voltage is getting higher as the

more the unit cell exists. The voltage drop due to body effect and the forward bias voltage of

the diode makes voltage conversion efficiency(VCE) worse. Not only the voltage drop, but a

high difference between the ports can also affect on Durability. Researchers find the solutions

that use other transistors for adjusting body voltages [13] or boost the gate voltages by utilizing

charge transfer switches [14]. These problems can easily solve these days thanks to the deep

n-well process in the CMOS process which can divide the body port of the n-well.
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2.2 Cross-coupled Voltage doubler

In 1998, P. Fvrat claimed a cross-coupled voltage doubler which is also called Fvrat cell

[15].

VCLK

Vin

Vout

Figure II.3: Cross-coupled voltage doubler; Fvrat cell

NMOS switch is triggered by the pumping signal of the opposite side. This cross-coupled

structure makes an automatic dual-phase system. Unlikely the variation of the Dickson voltage

multiplier, the importance of having a non-overlapping clocks are smaller because of its cross-

coupled structure. The unit cell of the voltage doubler consists of two capacitors and clock

voltage on the bottom plate that have 180 ◦ phase differences from each other. PMOS switch

is selecting the higher voltage among two capacitor’s top plate nodes which will be pumped.

According to the name voltage doubler, VOUT will be 2 VIN when VCLK has same amplitude

as VIN .

– 11 –



One of the weak points of the switched-capacitor based charge pump is that it needs clock

signals. The clock signal is used to make the switch works in proper timing and pump the

charge from the capacitors. Every switched capacitor DC-DC converters need clock signal to

switching the path and pumping the voltages which means they need external clock signals or

additional clock generation blocks. W.Jang claim this aspect as introducing redundant area and

power consumption with proposing self-osillating voltage doubler [6].

2.3 Self-oscillating voltage doubler

Figure II.4: Self-oscillating standalone voltage doubler

What they suggested was the fully integrated energy harvester based on a self-oscillating

voltage doubler. The system consists of the self-oscillating doubler with delay blocks for the

frequency control and the feedback blocks to meet the certain power efficiency by making the

certain level of output voltage level reasoning with mathematical derivations.

2.3.1 Self-oscillating

The basic structure of capacitive voltage doubler can be regarded as NMOS and PMOS

sharing one capacitor and controlled by the same signal which is an inverter. Within this Idea,

a ring oscillator which is nothing but the odd number of inverters can act like a multi-phase

voltage doubler, so that use pumping voltage for the signal recursively.

– 12 –
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Figure II.5: The concept of charge reuse in multiphase charge pump

The stacked ring oscillator act as a self-clock generated voltage doubler which has huge

advantages in reducing the extra power and area. the lower ring acts as a clock signal for

boosting the charges, and the upper ring act as a voltage doubler which controls signal is coming

from the previous phase.

The major advantage of this voltage doubler is that it does not consume the power and area

caused by external components. Note that when other DC-DC converters calculate their power

efficiency, they hardly concern about the power consumption from supply or clock voltages

even they need and have.
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Figure II.6: the Decomposition of Self-oscillating charge pump

2.3.2 Feedback topology

Not only the structure, but they also suggest the feedback loop to lock high power efficient

point with various load current consumption by Eq. II.8. Therefore, if we know the ratio of

total parasitic capacitances to the total flying capacitances, we can reach the constant maximum

power efficiency by tracking the ratio of the output voltage to the input.

Let us says ∆ is a voltage drop due to conduction loss which can express ∆ = 2Vin−Vout.

Then, we can rewrite Eq. I.2 as below.

LC = Iout∆ = Cflyf∆2 LS = CPfV
2
in (II.2)
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Because the ∆ is strongly related to the frequency, we can assume that there will be an

optimum point where sum of two losses are minimized. By minimize the losses, we can achieve

Pin = VinIin ≈ VinIout = 2VinCflyf∆ (II.3)

Power efficiency; η can be expressed by the ratio of losses and input power.

1 − η =
LC + LS

Pin

=
Cflyf∆2 + V 2

inCPf

2VinCflyf∆
=

∆

2Vin
+

CPVin
2Cfly∆

(II.4)

According to arithmetic and geometric means, we can rewrite Eq. II.4 to Eq. II.5 and the

both sides are equal when the given condition is satisfied. In other words, the maximum power

efficiency can be reached on the condition.

∆

2Vin
+

CPVin
2Cfly∆

≥ 2

√
∆

2Vin

CPVin
2Cfly∆

(II.5)

ηmax = 1 −

√
CP

Cfly

(
when

∆

2Vin
=

CPVin
2Cfly∆

)
(II.6)

(
∆

Vin

)2

=
CP

Cfly

(II.7)

With rewrite the condition, we can derive that ηMAX also can be expressed with the rela-

tionship of the voltage drop of output voltage and if we make the output voltage constant, we

can reach the driven maximum power efficiency.

ηmax = 1 − ∆

Vin
= −1 +

Vout
Vin

(II.8)

One of the good point of these power efficiency locking topology is it not only lock the

power efficiency but also VCE. The output voltage level is easily tunable by controlling the
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clock frequency of the voltage doubler; the ring oscillator. By doing this, they can achieve high

power efficiency within various load range, in a small area.

However, the performance of output voltage ripple and start up time are undesirable. So,

I propose an Antiphase-synchronized dual ring based capacitive voltage doubler with power

optimizable feedback loop. In next chapter, I’ll introduce how the antiphase-synchronized dual

ring oscillator based capacitive voltage doubler makes better performance with respect to the

previous one.
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III. Proposed System

3.1 System Design

DUAL_VDBLR

Charge

Pump

Charge

Pump

Charge

Pump

D

I

V

D

I

VVin

Vss

VHIGH

VCTR

Pull-up

Pull-down

VDIV

DD DD DD /N/N

DD DD DD

Figure III.1: Conceptual architecture of the full system

The system is divided into two parts. Dual self-oscillating voltage doubler consists of two

stacked ring oscillators. This scheme reduce the output voltage ripple by minimizing the disad-

vantages that previous work has. The feedback blocks is taken an advantage of the conventional

work. The feedback loop will work by using given VHIGH as supply voltage, not any additional

sources when the voltage doubler makes VHIGH stable. This scheme has large advantages in

reducing the voltage source. Although it seems to make efficiency low, one of the reasons be-

hind it is because the other topology did not consider the power consumption from an external

source.
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3.1.1 Antiphase-synchronized two single-ended stacked ring structure

Vin

Vout

Vin

Vout

• Phase1

• Phase2

Figure III.2

Self-oscillating structure has inevitable problem. Stacked ring oscillator structure, odd

number of inverters make the output voltage ripple large. The operation of the self-oscillating

voltage doubler can be divided into two phases. At the phase1, if the ring oscillator consists

with 3 inverters, two capacitors are pumping the charge and one is storing simultaneously.

While, at the Phase2, one capacitor is pumping and two are storing. This asymmetric charge

pumping against phase occurs voltage ripple on the output node.
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The first possible solution to solve the ripple is make the oscillator differential so that the

number of inverters can be even. However, the differential structure is complicated and not

accurate compare to a single-ended one. Besides, the differential structure has many switches

which lead to making undesirable parasitic effects and makes maximum power efficiency worse

according to Eq. II.8. The other possibility is makes two ring oscillators in a antiphase. As you

can see in figure. III.2, the amount of the charge is equal against time. The substantial advantage

of this scheme is that it increases stage numbers while reducing the number of switches which

causes switching losses. Therefore, we suggest dual single-ended stacked ring oscillators which

are synchronized in antiphase.

3.1.2 Feedback blocks

For the feedback loop, I take the ideas of the conventional method that by making textVHIGH

in a certain level to meet maximum power efficiency. Ladder-type voltage divider makes VDIV

to indirectly detect VHIGH so that we can compare it with the input voltage. RDIV refers to

the ideal value of Vout over Vin. Instead of comparing VHIGH with ideal voltage, we can com-

pare the VDIV with Vin because VDV I changes as VHIGH changes. This feedback method is

highly similar to the PLL to control the frequency itself. Both comparator and charge pump are

supplied by VHIGH , the whole system can be operated with any other external supplies.

VDIV = VHIGH × R1

R1 +R2

(
R1 +R2

R1

= RDIV

)
(III.1)

However, these digital-based feedback blocks also caused inevitable dynamic losses. There-

fore, it is important to find the optimal point by dividing N. You may think that these losses

should affect the locking point but the Eq. II.8, we derived, is only considered the losses in

self-oscillating voltage doubler. These unexpected losses make a different optimal point.

– 19 –



3.2 Circuit design

3.2.1 Delay cell

LO
LOD

VCTR

(a) Transistor level delay cell schematic

tdelay Time

Volatge

Volatge

(b) Timing diagram

Figure III.3: Latched delay cell

We can manage the efficiency of power by adjusting the output voltage level from the

Eq. II.8. There are two methods to adjust voltage level; conversion ratio and switching fre-

quency. Changing the conversion ratio is not desirable to control the output voltage level. The

major reason behind that is because it is hard to adjust the conversion ratio after the circuits

are implemented on a silicon wafer. The other reason is that it is hard to ensure that it has the

same optimum point which means it is almost impossible to lock at one point because the point

will keep changing with changing variables. Besides, in therms of VCE conversion ratio(CR),

what we want is minimizing the sum of voltage drop losses and switching losses. The meaning

of voltage drop is not the absolute value, but the difference between ideal output voltage value

which is the conversion ratio multiplied by input voltage and real output voltage vaule.
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Therefore, we use a latched delay cell in the ring oscillator to control its frequency. Not

only adjusting the frequency, we expect the edge sharpening which reduce the short-circuit

current leakage. VCTR controls the current flow in PMOS to make makes latch moment as we

want so that the frequency of the oscillator is changeable.

In the previous work, the leakage path was NMOS. The disadvantage to do this is the

starting point frequency is lowest. The comparing frequency is highly depend on the ring

oscillation frequency. Therefore, the initial frequency makes the time different to saturation.

By using PMOS, we expect that the initial frequency is relatively higher than using NMOS

which makes locking faster.

3.2.2 Phase synchronizing block

Antiphase Sync

Lower Ring

 Upper Ring

Upper Ring

Lower Ring

Figure III.4: The conceptual method for reducing ripples

Consider the self-oscillating structure as stacked ring oscillator instead of the charge pump

[16], the driving power of the lower ring is bigger than upper ring. So, connect the phase in-

verter to make lower ring will drive the opposite upper ring in antiphase. The phase inverter act
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within the Vin and it works with Vin supply. Because upper ring works between Vin and Vout

(2 Vin), add DC-block capacitor after the phase inverter. For operating inverters, the current

flows from Vin which makes power efficiency low. However, We expect that this MIM DC-

block capacitor also act as effective flying capacitor so that this power consumption in phase

inverter is not the power leakage but power usage for pumping the charge to Vout.

The phase-locking block consists of the DC blocking inverters. In terms of the stacked-

ring structure, the upper ring oscillates when the output voltage is stable enough. Lower ring in

the stacked structure encourages the upper ring to oscillate because the upper ring needs certain

Vout voltage to oscillates which acts like VDD when we assume it is a ring oscillator. The only

way for upper ring oscillate was the driving power of lower ring with capacitive coupling. The

phase synchronizing block makes another path to induce the oscillation so that make start-up

time faster.

3.2.3 Latched comparator

The feedback loop consists with the digital blocks. The latched comparator compare VDIV

with Vin so that the feedback loop works as the VDIV get close to the Vin. The clock signal

which is the timing of comparison is directly related to the frequency of the voltage doubler

with dividing factor N. The latched comparator which detects a level of VHIGH is operating

with the clock frequency divided by N.

By dividing the frequency, the power consumption is saved. When N is smaller than the

stage of the ring oscillator, we cannot expect the right sensing for feedback. The reason for that

is because there will be N number of the phase in a full scale.
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3.2.4 Charge pump

The pull-up or pull-down signal comes from the previous block, which is the clocked

comparator. Small capacitors after the inverter determine how much charge will transfer per

cycle with mirrored current flows. The identical capacitor after the charge transfer managing

capacitor makes delay for transfer the charge only when the signal triggers. The isolation

transistor which is located after the current mirroring transistor help sustain the VCTR more

than 1000 times longer [6]. The supply voltage of this circuit is the same as the output voltage

of the whole system. Therefore, current flows from supply; pull-up, and ground; pull-down

is considered as dynamic load consumption. This is one of the reasons that it is important to

divide by how many as we discussed in Section.3.1.2.

VCTR

Out1

Out2

Figure III.5: The circuit design of the charge pump in feedback loop
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IV. Measurement Results and Conclusions

4.1 Measurement Results

The chips are implemented with a 0.18µm CMOS process. As I mentioned in Sec-

tion. 3.1.2, the digital blocks not only consume the power but also distract the feedback loop

locked in the point that we expected. For these reasons, two kinds of chips are implemented.

STO
R

A
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E C
A

P
FLYING CAP

FLYING CAP
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STACKED-

RING

(a) Manual frequency tuning

PARALLELIZED
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RING

FLYING CAP

FLYING CAP

STO
R

A
G

E C
A

P
D

IG
ITA

L
FEED

B
A

KC

(b) Frequency tuning with power optimizable feedback

loop

Figure IV.1: Chip layout with TSMC 0.18µm CMOS process
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The area consumption of each chip is 0.073 mm2 and 0.086 mm2 with storage capacitors.

The equivalent total flying capacitance and the storage capacitance is 109 pF and 97 pF each.

They have different load capacitance because of the area consumption of the digital blocks.

Capacitor for both flying and storage is made of MOS capacitors to save the area while the

antiphasing block is made of MIM capacitors because there is an issue in the MOS capacitor

that the capacitance of it varies with the voltage changes.
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Figure IV.2: Measurement setup of the antiphase-synchronized dual ring oscillator based

capacitive voltage doubler
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To verify the ripple reduction and the power consumption of the antiphase-syncronized

dual ring structure, the chip without the feedback loop is implemented. Although we can-

not find the optimal point automatically, the external driven VCTR will change the frequency

manually. The other reason for implement a manual-tuning chip is because the feedback topol-

ogy which W.Jang recommended has a logical leap between the equations which means in

my opinion, it shows the tendency but not the exact point. The other kind of chip is the

antiphase-synchronized dual ring oscillator based capacitive voltage doubler with power op-

timizable feedback loop to verify the feedback topology and take the advantage of standalone.

Figure IV.3: The comparison of efficiency between feedback existence and core only in post-

layout simulations and measurements

The maximum power efficiency is 84 % without any feedback losses 79 % with a feedback

loop. The chip with the feedback loop has slightly lower efficiency in measurement results

because of undetectable parasitics. In the case of a manual tuning chip, the measurement result

has better efficiency than the simulation result. That is because the frequency of the core chip

is not close enough to the optimal point in the simulation.
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Figure IV.4: The measured efficiency with various load conditions
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Figure IV.5: The start-up transient analysis

The Figure. IV.4 shows constant power efficiency and output voltage level with various

load conditions. The load range that makes power efficiency over 70 % is from 35 µA to 110 µA

and the output voltage level constancy makes the load range smaller to 95 µA. The maximum

efficiency is shown 79 % at the load condition of 70 µA. The measurement result appeared

as Figure. IV.5 can easily start the operation without any start-up circuits or conditions. The

start-up time of the closed loop circuit appears as 6.2 ms at the load condition of 51 µA.
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Figure IV.6: The comparison of output voltage ripple between open and closed circuit

Undesirable ripples occur for several reasons. The most critical reason is ironical, due to

the feedback loop. The feedback loop is designed to not be locked. The largest ripple on the

output voltage at Figure. IV.6 is 54 mV and 68 mV in open and closed circuit which is 2.9 %

and 3.7 % ripple compared to the average voltage level.

The dynamic latched comparator keeps comparing the voltage level after the locking point

occurs. However, we cannot say that it is a better choice because the load can be changed after

the locking point, and also the voltage level itself can be lower with various non-ideal effects.

So, it is obvious to manage the trigger and locking point is very important; in this case, the

comparing frequency which is the ring frequency divided by predetermined value N.
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Figure IV.7: The measured output voltage ripple and up-down signal waveform with load

current 90µA

Another major reason for ripple is the coupling effects and load changes. Different from

any other voltage doublers, the feedback loop can be regarded as one of the load conditions.

Because the digital comparator current consumption differs from the clock phase, it brings

ripples. The other effect is the inevitable ripples due to switching capacitor type inheritance. It

can be proven by the manual tuned chip also has this ripple which is around 18 mV. This ripple

is changeable with the VCE changes. Bigger VCE makes smaller ripples.
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table IV.1: Performance Comparison Table

[6]JSSC’14 [17]JSSC’17 [18]JSSC’19 [10]P Elec’19 This Work

Node(nm) 180 65 65 250 180

Topology
Self-osc Sw.cap Sw.cap Asym’ Shunt Self-osc

(5phase) (123phase) (15phase) (2phase) (10phase)

Vin (V) 1.2 1.6 - 2.2 2.4 3.3 1

Vout (V) 2.4 0.6 – 1.2 1 0.4 - 2.8 2

ηMAX 0.75 0.8 0.828
0.94 (open) 0.84 (open)

0.87 (closed) 0.79 (closed)

Cfly (pF) 54 39 2,560 10,000 109

Extra supplys No VDD VDD, VCLK VDD, VCLK No

OVR (mV) **124 2.2 - 30 *60 - 120 *50
32 - 64 (open)

54-110 (closed)

Cload (pF) N.A. 2,000 0 N.A. 97

Area(mm2) 0.069 0.84 0.61 7.14
0.073(open)

0.086(closed)

Start-up (ms) **20 N.A N.A N.A. 6.4

Frequency (Hz) 250k - 33M 70 - 19M 1 - 250M N.A. 750k - 5M

Load range (A) 1n - 0.35m *10m - 125m *11m - 138m 3m - 9.5m 35µ – 90µ

*: Estimated by presented measurement results

**: Simulated

The table. IV.1 is the performance comparison table to the other capacitive DC-DC con-

verters. In the table, the unit of the load range is not matched between the compared archi-

tecture. The reason for that is because the DC-DC converter which is used for stable output

voltage on energy harvester, the output power is what their consideration in terms of power

efficiency. On the other hand, in the DC-DC converter for the voltage source, the load is the

current domain. The load range domain cannot simply converge because we cannot sure that

the current range has a 1:1 matching relationship with the given voltage because we cannot sure

that VCE is equal to 1.
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The proposed design has the smallest capacitance among the table. IV.1. Although [6]

is the system which has 5 voltage doublers with reconfigurability, comparing with the single

voltage doubler is more suitable in terms of comparing it within similar topology and input

level. The proposed design has better maximum power efficiency than [6]. Although there

are no direct comments about the OVR, we can assume that it has high OVR because it has a

phase mismatch that we discussed in Section. 1.2.3, and the ripple caused by the same digital

feedback with what we used.

[10], [17] has higher efficiency than the proposed one, but this is a down-converter in

which efficiency is relatively higher than up-converters. Besides, in terms of the ripple, con-

sidering the more than 10 times higher capacitance, the ripple reduction is not such high. Not

only the fact that they consume more area, but they also need another voltage source except

the input voltage and their power efficiency is not considered the current consumption of the

external source.

– 31 –



4.2 Conclusions

This thesis suggests an antiphase-synchronized dual ring oscillator based voltage doubler

with power optimizable feedback loop. The antiphase-synchronization with two ring oscillator

makes the output voltage ripple smaller which is inevitable in ring oscillator based voltage

doubler due to its phase mismatch. Besides, the frequency of the oscillator will be power-

loss optimized by the digital feedback loop within the output voltage and maximum power

efficiency point equation. High power efficiency makes better performance when the voltage

doubler is cascaded to make higher voltage.

This chip is fabricated in the 180 nm CMOS process with a 0.086 mm2 consuming area.

It achieves 79 % power efficiency within the load current 35 - 90 µA. Because it doesn’t

need any external blocks like LDO, clock, and supply voltage, it is more effective than the 1:1

comparison to other chips that need it and not mentioned its demands. The division number

N is implemented as 5 which is a minimal number for comparing properly. It will have better

performance when N is optimized.

For future work, I will derive a more reasonable power voltage relationship and opti-

mal number for the frequency division number N to make better maximum power efficiency

point. Conventional power voltage relationship has some approximation to derive the conclu-

sion. Besides, the mathematical derivation does not include the efficiency of the whole system.

Although the power consumption of the digital blocks is small, it is highly dependent on the

frequency. Therefore, the system needs more reasonable feedback method or direct power

comparable method.
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요약문

전력최적화가가능한되먹임폐회로가있는역위상동기화듀얼링발진기

기반축전기방식승압회로

이 논문은 전력 최적화가 가능한 되먹임 폐회로가 있는 역 위상 동기화 듀얼 링 발진기 기반 축전기

방식 승압 회로를 제안한다. 이 승압회로는 전력효율과 면적측면에서 배터리 전원을 사용하는 웨어러블

IoT 장치에 적합하다. 링 발진기 기반 승압회로는 위상차이로 인해 리플을 작게 만드는 것이 불가능하지만

두 링 발진기를 역 위상 동기화시킴으로서 출력 전압 리플을 작게 만들 수 있다. 이러한 리플의 최소화는

뒷단에 추가적인 리플 절감 회로의 필요를 없애 에너지와 면적 소모를 줄일 수 있다. 또한, 출력전압과 최대

전력 효율의 상관관계를 수식적으로 풀어내어 출력전압을 확인함으로서 디지털 되먹임 폐회로가 발진기의

주파수를 조정하여 승압회로가 최대 전력 효율 점에서 동작할 수 있도록 했다. 이 회로는 0.18 µm CMOS

공정으로제작되었으며 0.086 mm2의소비면적을차지한다. 부하전류 35 - 90 µA내에서 79 %의전력효

율을 달성했다. 다른 최첨단 회로들에 비해 최고의 전력효율은 아니지만 LDO, 클럭 혹은 공급 전압과 같은

외부 블록이 필요하지 않기 때문에 이러한 요소의 전력 손실등과 같은 단점들을 포함하지 않은 다른 회로들

과의 일대일 비교하기에는 적합하지 않다. 향후 이 회로에 현재 적용되어있는 되먹임 방법을 더 직관적인

방법으로 바꾸고자 한다.

핵심어: 낮은리플,자가발진,되먹임,전력효율,역위상동기화
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