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English resumé

Micro Electromechanical Systems (MEMS) microphones are a type of microphone that
is widely used in smart-phones, smart-watches, laptops, tablets, and smart assistants.
The popularity of MEMS microphones can in part be attributed to their small size
and low power consumption, which makes them ideal for mobile devices. However,
MEMS microphones do leave something to be desired in terms of the ratio between
the acoustic sensitivity and the background noise of the microphone, also known as
the Signal-to-Noise Ratio (SNR). Features like smart assistants, e.g. Amazons Alexa
and Apples Siri, both in dedicated smart assistant devices and in smart-phones, have
created a push from the smart-device industry for MEMS microphone manufacturers
to increase the SNR of MEMS microphones, as a higher SNR makes it easier for smart
assistants to distinguish voice commands. One of the major limitations to increasing
the SNR in MEMS microphones right now is a physical phenomenon called the squeeze
film damping effect, which behaves as a thermal noise source and thereby limits the
achievable SNR.

A next generation MEMS microphone seeks to reduce the noise from squeeze film
damping by encapsulating certain components of the MEMS microphone in a vacuum,
however, this approach creates a new challenge. If the backchamber of a MEMS micro-
phone is kept at a vacuum pressure the noise from squeeze film damping is reduced, but
the ambient pressure will create a pressure difference across the microphone diaphragm,
which will exert a force on the diaphragm that can reduce the acoustic sensitivity and
thereby result in a reduced the SNR. To achieve a high SNR the new microphone seeks
to maintain a high sensitivity by using an actively generated electrostatic force to com-
pensate the pressure induced force. An additional challenge to this approach is that the
ambient pressure is not static and the electrostatic force must be adjusted continuously
to accommodate for changes in ambient pressure. Furthermore, to generate the neces-
sary electrostatic force the MEMS microphone requires an adjustable bias voltage of
80.0 to 200.0 V, which is far beyond the bias voltages observed in MEMS microphones
today.

This work presents a servo-loop configuration which can continuously adjust the
generated electrostatic force in the next generation MEMS microphone based on a feed-
back signal of the microphone diaphragm displacement. The servo-loop configuration
makes it possible to compensate the force exerted by a non-static ambient pressure
and thereby makes it possible to achieve a high SNR. To realise the servo-loop two
fully integrated circuits are proposed, namely a High-Voltage (HV) bias generator and
a Capacitance-to-Digital Converter (CDC).

To implement the HV bias voltage generator circuit an analysis of Charge Pumps
(CPs) is carried out in two parts, where the first part focuses on the challenge of
boosting a low supply voltage to 200.0 V and the second part focuses on the challenges of
regulating the output voltage of a capacitively loaded CP. Based on the analysis of CPs
a cascaded CP implementation is proposed to implement a HV bias voltage generator
capable of boosting 1.4 V to the voltage range 80.0 V to 200.0 V. Design of a CDC for
the servo-loop is based on a review of capacitance sensing implementations found in
the literature, where a Capacitance-to-Digital Conversion approach appear favourable
given the area restrictions found in MEMS microphones. A CDC implementation based
on an Incremental ADC (IADC) is proposed, but because no physical version of the
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MEMS module is available, only the IADC component of the CDC is implemented.
Two physical ICs have been designed and fabricated during the project, using a 180
nm Silicon-On-Insulator (SOI) process, for evaluation of the proposed circuits and a
Hardware-In-Loop platform has been implemented to emulate the MEMS and evaluate
the servo-loop performance.

The fabricated circuits have been measured by themselves to evaluate their individ-
ual performance and have also been measured in a servo-loop configuration with the
HIL platform to evaluate the servo-loop performance. The HV bias generator proto-
type is capable of boosting 1.4 V to the voltage range 41.0 V to 188.8 V at a power
consumption of 554.1 µW and to the voltage range 41.0 V to 161.2 V at a power con-
sumption of 53.1 µW. The measured voltage-step resolution of the HV bias generator
is 20 mV. The IADC prototype has a 10-bit resolution and a sample-rate of 971 sam-
ples/second, with a differential non-linearity and integral non-linearity of less than 0.5
least significant bits. The prototype circuits for the servo-loop occupy an area of 0.710
mm2 and consumes as little as 53.1 µW when the servo-loop is configured to operate
in a low-power mode. In the low-power mode the servo-loop has a bandwidth of <
1.0 Hz and when configured to operate in a high-performance mode the large-signal
bandwidth of the servo-loop is 25.1 Hz. The implemented circuits are not able to meet
the targeted specifications of the servo-loop, but future work is suggested on how to
improve the performance of the implemented circuits.



Danish resumé

Mikro Elektromekaniske Systemer (MEMS) mikrofoner er en type mikrofon der bliver
anvendt meget i smart-phones, smart-watches, bærbare computere, samt i smart assis-
stants. Populariteten af MEMS mikrofoner kan til dels tilkendes den lille størrelse og det
lille strømforbrug de har, hvilket gør dem ideelle til mobile applikationer. Men, MEMS
mikrofoner efterlader dog noget at ønske i form af forholdet mellem den akustiske føl-
somhed og baggrundsstøjen i mikrofonerne. Dette forhold er også kendt som signal-støj-
forholdet. Funktioner som smart assistants, for eksempel Amazons Alexa og Apples
Siri, har, fra industrien der producerer smart-phones og smart-watches, skabt en efter-
spørgsel efter mikrofoner med et højere signal-støj-forhold. Dette er ønsket da et højere
signal-støj-forhold gør det nemmere for smart assistants at genkende tale-kommandoer.
En af nudagens største begrænsninger, for at opnå et højere signal-støj-forhold, er en
effekt kaldet squeeze film damping, direkte oversat klemt film dæmpning. Denne squeeze
film damping er en støjkilde i den mekaniske konstruktion af MEMS mikrofoner, hvilket
begrænser det opnåelige signal-støj-forhold.

En næste-generation MEMS mikrofon vil forsøge, at reducere støjen fra squeeze
film damping, ved at anvende et vakuum i mikrofonen. Denne tilgang vil dog skabe
nye udfordringer. Hvis bagkammeret i en MEMS mikrofon er et vakuum, så vil støjen
fra squeeze film damping blive reduceret, men det omgivende tryk uden for mikrofonen
vil skabe en trykforskel hen over mikrofonmembranen. Denne trykforskel vil skabe en
kraft der trykker på membranen, hvilket kan reducere følsomheden af mikrofonen, og
derved reducere signal-støj-forholdet. For at opnå et højt signal-støj-forhold, vil den nye
mikrofon anvende en aktivt genereret elektrostatisk kraft, til at kompensere den kraft
der er skabt af trykforskellen hen over mikrofonmembranen. En ufordring ved dette, er
at trykket uden for mikrofonen ikke er statisk, og den genererede elektrostatiske kraft
må derfor kontinuerligt justeres. Yderemere, for at skabe den nødvendige elektrostatiske
kraft, er det nødvendigt at anvende elektriske spændninger på 80 til 200 V, hvilket er
meget højere end de spændinger der bliver anvendt i MEMS mikrofoner i dag.

Denne PhD afhandling præsenterer en kontrolsløjfe konfiguration, som kan kontin-
uerligt justere den genererede elektrostatiske kraft i næste-generation MEMS mikro-
fonen. Den elektrostatiske kraft vil blive justeret baseret på tilbagekobling af mikro-
fonmembran placeringen, altså baseret på hvor meget eller hvor lidt membranen er
skubbet ind. Kontrolsløjfen gør det muligt at kompensere for ændringer i det mikro-
fonomgivende tryk, og derved gøre det muligt at opnå et højt signal-støj-forhold med
mikrofonen. I afhandlingen bliver to integrerede kredsløb foreslået til at realisere kon-
trolsløjfen. De to kredsløb er henholdsvis en højspændingsforspændingsgenerator (på
engelsk: high-voltage bias generator) og en kapacitans til digital signal konverter (på
engelsk: capacitance to digital converter).

Som baggrund for implementeringen af højspændingsforspændingsgeneratoren, er
en analyse af ladningspumpekredsløb (på engelsk: charge pump) udført i to dele. Den
første del af analysen, fokuserer på udfordingerne i at generere en spænding på 200 V
fra en lav forsyningsspænding. Den anden del af analysen fokuserer på udfordringerne
i at regulere spændingen af en kapacitivt lastet ladningspumpe. Baseret på analysen,
bliver der givet et forslag til implementering af en højspændingsforspændingsgenerator,
der fra en forsyningspænding på 1.4 V kan levere en forspændingsspænding på 80 til
200 V.

Et foreslået design til en kapacitans til digital konverter, bliver udledt baseret på
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en analyse af kapacitansudlæsningskredsløb (på engelsk: capacitive readout circuits)
i literaturen. Literaturanalysen antyder at en fordelagtigt metode, til at aflæse plac-
eringen af mikrofonmembranen, i næste-generations MEMS mikrofonen, er at anvende
et kapacitans-til-digital konverteringskredsløb, hvor kapacitansen bliver konverteret di-
rekte til et digitalt signal. Det foreslåede design til en kapacitans-til-digital konverteren,
er en kapacitans-til-digital konverter bygget på en inkrementerende analog til digital
konverter (på engelsk: incremental analog-to-digital converter). Fordi MEMS kompo-
nentet af næste-generations mikrofonen ikke er tilgængelig, er kun den inkrementerende
analog til digital konverter implementeret i projektet.

I projektet er to fysiske integrerede kredsløb blevet fremstillet i en 180 nm silicium-
på-isolator process (på engelsk: silicon-on-insulator process), for at muliggøre måling
og evaluering af de foreslåede kredsløb. For at evaluere den foreslåede kontrolsløjfe
konfiguration, er en platform der emulerer næste-generations MEMSen også blevet
implementeret.

De fremstillede kredsløb er blevet målt individuelt, men er også blev brugt i kon-
trolsløjfe konfigurationen, for at måle ydeevnen af kontrolsløjfen. Den fremstillede
højspændingsforspændingsgenerator er blevet målt til at kunne levere en forspænd-
ingsspænding på 41.0 til 188.8 V, fra en forsyningsspænding på 1.4 V. De 188.8 V kan
leveres ved et effektforbrug på 554.1 µW, og en forspændingsspænding på 161.2 V kan
leveres ved et effektforbrug på 53.1 µW. Forspændingsspændingen er blevet målt til
at kunne justeres i trin af 20 mV. Den inkrementerende analog til digital konverter er
målt, til at kunne måle 971 gange i sekundet med en opløsning på 10 bit (på engelsk:
a sample-rate of 971 samples/second at a 10-bit resolution). Den differentielle og inte-
grerede linearitet, af analog til digital konverteren, er målt til at være mindre end 0.5
af det mindst betydningsfulde bit i det digitale output.

Kredsløbene til kontrolsløjfen fylder på det integrerede kredsløb 0.710 mm2 og
bruger 53.1 µW i strømbesparende tilstand. I strømbesparende tilstand har kontrol-
sløjfen en båndbredde på < 1 Hz, og hvis kontrolsløjfen kører med høj ydeevne er
stor-signal båndbredden 25.1 Hz. De implementerede kredsløb møder ikke de ønskede
specifikationer for kontrolsløjfen, men fremtidigt arbejde er foreslået til hvordan ydeev-
nen af kredsløbene muligvis kan øges.
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1
Introduction

This chapter provides a short introduction to the construction and applications of
Micro Electro-Mechanical Systems (MEMS) microphones, and what challenges MEMS
microphone designers face. Followed by an overview of the structure in this PhD project,
and how the publications of this PhD project is related to the chapters of this thesis.

1.1 Present MEMS microphones
MEMS microphones, such as the one depicted in Fig. 1.1, are widely used in elec-
tronic consumer devices such as smart-phones, tablets, laptops, and smart-assistants
[1]. Many devices even contain multiple MEMS microphones [2–4]. The first commer-
cial MEMS microphone was released in 2002 by the company Knowles Electronics [5],
and the technology quickly gained popularity due to the small size of the microphones
and the ability to mount the microphones using reflow soldering [4, 6].

Figure 1.1: A MEMS microphone as seen from the bottom and the top (The size of
this microphone is 2.75 mm by 1.85 mm by 0.90 mm)(Source: [7])

Acoustic sensing of most MEMS microphones are based on capacitive sensing [1]
where a diaphragm and a backplate form a capacitance, and a displacement in the
diaphragm results in a change in capacitance, which can be converted to an electrical
signal. A typical structure of a capacitive sensing based microphone is shown in Fig.
1.2, where the microphone consist of 4 major elements, a Printed Circuit Board (PCB),
a MEMS structure, an Application Specific Integrated Circuit (ASIC), and a lid.

The MEMS structure is the acoustic sensor which converts acoustic waves to an
electrical signal, and the ASIC provides an electrical interface to the MEMS and am-
plifies the electrical signal from the MEMS. The PCB and lid serves multiple purposes,
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Figure 1.2: Breakdown of MEMS microphone components (Source: [8])

as they both make handling of the microphone easier and create a back-volume which
is important for the performance of the microphone.

The back-plate and diaphragm in Fig. 1.2 creates a parallel plate capacitor, which is
the capacitance used for acoustic sensing. The capacitance of a parallel plate capacitor
can be described by:

C =
kϵ0A

d
(1.1)

Where A is the area of the back-plate and the diaphragm, d is the distance between
the two plates, k is the relative permittivity, and ϵ0 is the permittivity of free space.
When an acoustic wave hits the diaphragm, the diaphragm is displaced and the distance
d changes, which changes the capacitance inversely proportional to the displacement.

In MEMS microphones, converting the change in capacitance to an electrical signal
is often done using a constant-charge approach [9, 10], where the capacitance of the
microphone is charged by a charge pump, which is a circuit that boost the microphone
supply voltage to higher voltages. The charge pump commonly has a very high output
impedance, which results in a near-constant charge Q on the capacitor given by:

Q = CV (1.2)

Where V is the output voltage of the charge pump. If Q is constant, then a change
in C, due to displacement, result in a change of V, which can then be amplified by an
electronic circuit. A simplified setup of this is shown in Fig. 1.3, where a charge pump
charges the microphone capacitance Cacoustic to a voltage Vbias. Because the charge
pump output is very high impedance, a change in capacitance will result in a change
of Vin, which is amplified to Vout by the amplifier. The cross-coupled diodes serve to
set a very high impedance Direct Current (DC) bias on the input of the amplifier.

The MEMS microphone market had a value of 1.1 billion United States Dollar
(USD) in 2019 and the value is forecasted to grow to 1.5 billion USD in 2024 [11],
and it is estimated that 8 billion microphones will be sold in the year 2022 [12]. The
growing market value and volume of MEMS microphones has led to fierce competition
between manufacturers and a low price on MEMS microphones. From a retailer, MEMS
microphones can be bought for less than 0.30 USD per unit, and in direct wholesale the
price is even lower. In addition to price, MEMS manufacturers also compete on a range
of specifications such as microphone size, Signal-to-Noise Ratio (SNR) performance,
and power consumption. The competition on SNR performance is driven by a desire
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Figure 1.3: A MEMS module and read-out circuit for acoustic sensing

for higher SNR from manufacturers of mobile devices and smart assistants [1], where
the higher SNR performance is usually desired at no extra cost in terms of power
consumption, microphone size, and price. For designers seeking to increase the SNR,
the restrictions on power, size, and price, impose a set of challenges. In the following
section the challenges are described in further detail.

1.2 Challenges in MEMS microphones
The SNR performance of a MEMS microphone depends on the sensitivity of the MEMS
structure and the noise of both the MEMS structure and the ASIC, as follows:

SNRmicrophone =
sMEMS√

N2
MEMS +N2

ASIC

(1.3)

Where sMEMS is the sensitivity of the MEMS structure, NMEMS is the noise of
the MEMS structure, and NASIC is the noise of the ASIC. Hence, the SNR can be
improved by increasing the sensitivity of the MEMS and decreasing the noise of both
the MEMS and the ASIC.

MEMS designers have used multiple approaches to increase the sensitivity of MEMS
structures, such as increasing the bias voltage and decreasing the air-gap between the
diaphragm and back-plate [4]. Maximising the bias voltage maximises the voltage
change per capacitance change, and decreasing the air-gap increases the relative change
in capacitance with regard to the displacement. As a result a lot of MEMS microphones
in the literature have an air-gap of less than 4.0 µm and in some cases an air-gap of
less than 1.0 µm [4].

Another way to improve the sensitivity of a MEMS microphone is to increase the
area of the diaphragm and back-plate [4], but due to the limited size of MEMS micro-
phones, which can be as small as 2.50 mm x 1.60 mm x 0.98 mm [13], it is restricted
how much the MEMS structure can be increased in size.
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Using a tiny air-gap between the back-plate and diaphragm can lead to something
called the squeeze film damping effect [14], which is a major noise source in present
day MEMS microphones and thereby a major limitation to a higher SNR performance
[4, 15]. The squeeze film damping can be reduced by increasing the air-gap, which comes
at the cost of a decreased sensitivity. The decrease in sensitivity can be compensated
by increasing the bias voltage, but this has a limitation due to the electrostatic force
generated between the diaphragm and the back-plate. The electrostatic force between
two plates is given by:

Felectrostatic =
kϵ0AV

2

2d2
(1.4)

Where the force is proportional to the squared bias voltage. At a certain voltage
point, dependent on the compliance of the microphone diaphragm, the electrostatic
force becomes so large that the diaphragm can collapse unto the back-plate, at which
point the diaphragm cannot move and hence is incapable of sensing.

The squeeze film damping effect can be avoided by keeping the volume between
the diaphragm and back-plate at a high pressure, or the impact of the squeeze film
damping can be reduced by keeping the volume between the diaphragm and back-plate
at a low pressure [14]. A lot of MEMS structures utilise a ventilation hole to keep the
back-volume at ambient pressure, as the difference in back-volume pressure and the
ambient pressure would otherwise displace the diaphragm and possibly break it.

Decreasing the noise in the ASIC is restricted by power consumption, area, and
price, as improving the performance of integrated circuits is often achieved using a
larger area and more power. In some instances, a better performance can be achieved
by using better designs and more advanced technology processes, but there is a limit to
how much designs can improve performance, and more advanced technology processes
usually costs more in manufacturing.

In summary, reaching a higher SNR in MEMS microphones is challenging, as both
the performance of a MEMS structure and an ASIC must be improved, and using more
area for the implementation of these is not possible due to the small size of MEMS
microphones. Furthermore, increasing the performance of a MEMS microphone is
also limited by power consumption and price, which must be kept minimal to stay
competitive in the market.

In the next chapter a novel MEMS microphone structure invented by a MEMS
manufacturer will be presented. The novel MEMS structure reduces the impact of
squeeze film damping, but creates a new set of challenges to the ASIC that interface with
the MEMS. The objective of this PhD project has been to investigate the possibility of
developing and implementing circuits on an ASIC that can overcome the new challenges
and thereby allow the MEMS manufacturer to evaluate the feasibility of the novel
MEMS structure from an ASIC perspective. The following sections in this chapter
elaborate on the thesis structure and content of each chapter, and on the publications
related to this PhD project.

1.3 Dissertation structure
This thesis is organized as follows:

Chapter 2 presents the novel MEMS structure invented by the MEMS microphone
manufacturer along with the challenges in the new MEMS. It is presented how the
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challenges of the new MEMS can be mitigated with a force-feedback servo-loop, how
force-feedback servo-loops are implemented in the literature, and how a force-feedback
servo-loop will be implemented for the new MEMS. Finally, a set of servo-loop specifi-
cations for the new microphone is presented, which is the specifications that this project
seeks to implement circuits for.
Chapter 3 provides an introduction to miniature High-Voltage (HV) generators for the
application of MEMS actuation. The chapter begins with an overview of state-of-the-art
miniature voltage converters where some implementations utilise discrete components,
followed by an introduction to fully-integrated Charge Pumps (CPs) and a review of
state-of-the-art CPs. Finally the chapter presents the challenges of regulating the out-
put voltage of capacitively loaded CPs.

Chapter 4 gives an introduction to readout schemes used for capacitive sensing MEMS
structures, followed by a review of state-of-the-art Capacitance-to-Digital Converters
(CDCs) relevant for providing digital feedback to the servo-loop for the novel MEMS
structure.

Chapter 5 presents the design of a fully-integrated digitally controllable HV bias volt-
age generator for the novel MEMS structure. The chapter is organized as follows, the
system-level design is presented first, then the designs of multiple 5 V to 200 V charge
pumps are presented, followed by the design of a charge pump that boosts 1.4 V to
an adjustable supply voltage of 2-5 V for the 5 V to 200 V charge pump. The two
charge pump design sections are followed by measurements of two Integrated Circuit
(IC) prototypes fabricated in this PhD project.

Chapter 6 presents the design of an Analogue-to-Digital Converter (ADC) for digital
feedback in the MEMS servo-loop. The ADC is designed to measure voltage as the
novel MEMS structure is not yet available, but a section in the chapter describes how
the input stage of the ADC can be redesigned to measure capacitance instead of voltage.

Chapter 7 presents the design of a Hardware-In-Loop (HIL) MEMS emulation platform
for system verification measurements of the servo-loop, and explains how a model of the
MEMS microphone has been implemented in a Microcontroller Unit (MCU) to emulate
the MEMS real-time.

Chapter 8 presents measurements of the servo-loop system based on a measurement
setup where the HIL platform is used for emulating the novel MEMS structure, and
summarises the performance of the implemented circuits and servo-loop.

Chapter 9 provides a discussion on the circuits designed and implemented in this work
based on the measured performance of the circuits. Furthermore, the chapter presents
multiple points of future work to improve the designed circuits and the servo-loop.

Chapter 10 concludes this PhD project with conclusions on the servo-loop and the in-
dividual circuits, high-lighting both successful parts and areas that could benefit from
improvement.
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1.4 Related publications
During this PhD project 4 papers and 1 patent has been published, the papers and
the patent are listed in Table 1.1 along with the sections of this thesis that they are
relevant to and in which appendix of this thesis the publication can be found in. All of
the publications are related to Chapter 5, which covers the design and implementation
of a HV bias generator circuit with an adjustable output voltage.

In addition to the listed publications, a product of this PhD project is three recently
drafted patent applications, which are not yet public and therefore not included in this
thesis.

Table 1.1: Publications of this project and their related thesis sections

Publication Related
Publication title type Ref. sections Appendix
Analysis of Charge Pump Journal [16] 5.2.3 A
Topologies for High Voltage Mobile
Microphone Applications

Novel Clocking Scheme with Conference [17] 5.2.3 B
Improved Voltage Gain for a 5.4
Two-Phase Charge Pump Topology

A 5 V to 180 V Charge Pump for Journal [18] 5.2.5 C
Capacitive Loads in a 180 nm 5.4
SOI process

Novel Analysis of Inherent Power Conference [19] 5.5.3 D
Supply Rejection in Switched
Capacitor Converters

Microphone Assembly Having a Patent [20] 5.2.6 E
Direct Current Bias Circuit
with Deep Trench Isolation



2
Next generation MEMS acoustic

sensor with servo-loop

This chapter introduces the next generation MEMS microphone, which is the target
application of the ASIC developed in this PhD project, and establishes the target
specifications for the ASIC.

2.1 Microphone structure
If the backchamber of a MEMS microphone is enclosed with no ventilation hole as
depicted in Fig. 2.1, where the capacitors Cacoustic denote the capacitance used for
acoustic sensing in the MEMS, it is possible to have a pressure in the backchamber
which is different from the ambient pressure.

Figure 2.1: High-level structure of a MEMS microphone with no ventilation hole

It is usually not desirable to have no ventilation port, as the backchamber then can
act as a damper and attenuate the microphone sensitivity, but if the backchamber is
manufactured to have a vacuum the noise from squeeze film damping will be drastically
reduced. However, with the backchamber at a vacuum an ambient pressure of 1 atm,
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or 101.33 kPa, will result in a pressure difference across the diaphragm and structure
of the MEMS, which will exert a force on the diaphragm.

The structure of the MEMS can be constructed to be very rigid, as it should not
be affected by pressure, but the diaphragm must be able to move to sense changes in
pressure due to acoustic waves. If the diaphragm is designed to have a high compliance,
to be sensitive to acoustic waves, then the pressure difference due to the vacuum in the
backchamber Pbackchamber and the ambient pressure Pambient will exert a force Fpressure

and cause the diaphragm to collapse unto the conductive plates as depicted in Fig. 2.2.

Figure 2.2: High-level structure of a collapsed MEMS microphone

A collapsed diaphragm cannot be displaced by acoustic waves and can therefore not
be used for sensing. If the diaphragm is designed to have a low compliance the ambient
pressure will not make the diaphragm collapse, but acoustic pressure will not be able
to displace the diaphragm by much, which will result in a low sensitivity and thereby
a low SNR.

To achieve a high sensitivity, the next generation MEMS has been designed with a
new structure, a vacuum backchamber, and a compliant diaphragm, the new structure
is shown in Fig. 2.3. In the new MEMS structure the electrostatic force between
the Plus and Minus conductors affect the diaphragm in the opposite direction of the
pressure induced force, hence by using a high enough bias voltage the electrostatic
force Felectrostatic can cancel out the Fpressure and keep the diaphragm from collapsing.
The capacitance Cacoustic is designed as a MEMS comb-drive which maximises the
capacitance per area and thereby also increases the electrostatic force that can be
generated.

By balancing the pressure induced force and the generated electrostatic force it
will be possible to have a compliant diaphragm with a high acoustic sensitivity and a
vacuum backchamber which significantly reduces the noise from squeeze film damping.
The ambient pressure is not necessarily static and may vary from 70 kPa to 120 kPa
dependent on where the microphone is being used, and the generated electrostatic
force must be adjustable to accommodate the different ambient pressures. To achieve
a displacement of 0 µm across the pressure range of 70 kPa to 120 kPa, the circuit
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Figure 2.3: High-level structure of the next generation MEMS microphone structure

providing the bias voltage to the MEMS must be capable of providing 80 V to 200 V,
where a high bias voltage is required when the ambient pressure is high.

The optimal placement of the MEMS diaphragm is 0 µW, which is the diaphragm
placement illustrated by Fig. in Fig. 2.3. When the MEMS is not biased the diaphragm
can collapse down to a displacement of -2.5 µm, and if the bias voltage is too high the
diaphragm can be pushed upwards to a displacement of 2.5 µm. Hence, if the displace-
ment can be measured, it is possible to determine whether the bias voltage must be
lowered or increased to achieve a displacement of 0 µm. To measure the displacement of
the diaphragm a displacement sensing capacitance Csense has been implemented in the
MEMS, also seen in Fig. 2.3, which allows an electronic circuit to read the displacement
and provide correction if the displacement deviates significantly from 0 µm. The sens-
ing capacitance has a static component of 1.19 pF and a variable component of ±0.24
pF which is 0 pF at 0 µm displacement, -0.24 pF when the diaphragm is displaced by
-2.5 µm, and 0.24 pF when the diaphragm is displaced by 2.5 µm. The capacitances
are relatively linear with the displacement of the diaphragm, but the displacement of
the diaphragm is non-linear relative to the bias voltage.

With the capacitive measurement of displacement it is possible to implement feed-
back to achieve a correct displacement for operation of the microphone. A system-level
block diagram of this setup is depicted in Fig. 2.4, where the capacitor Cacoustic is used
to generate the pressure compensating electrostatic force and used for acoustic sensing,
and the capacitor Csense is used for displacement sensing. The capacitor Cacoustic is
approximately 10 pF.

With feedback it is possible to implement closed-loop control, which can be used to
adjust the generated electrostatic force and thereby place the microphone diaphragm
optimally for acoustic sensing. It is not sufficient to use the closed-loop control for
only the initial placement of the diaphragm, as the ambient pressure can be non-static,
therefore the closed-loop control must be active during the entire duration of acoustic
sensing with the microphone, to continuously compensate for any changes in ambient
pressure.
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Figure 2.4: Interconnection between the next generation MEMS and an accompanying
IC

The following sections will elaborate on how MEMS servo-loops are implemented in
the literature and present a proposed servo-loop configuration for control of diaphragm
displacement in the new MEMS microphone.

2.2 State-of-the-art MEMS servo-loops

Force-feedback servo-loops in the literature are utilised in various MEMS sensors to
minimise the displacement of mechanical masses and improve sensor performance by
making the sensor less sensitive to manufacturing and temperature variations [21–24].
Force-feedback is widely utilised in accelerometers and gyroscopes [25–34], but there
are only a few examples of force-feedback being applied to the design of acoustic sensors
[23, 24, 35, 36].

The servo-loop in Fig. 2.5 is configured as force-feedback servo-loops often are
represented in the literature [25–34], where a displacement measurement is used to
generate a force-feedback that counteract a sensed force. In the shown force-feedback
servo-loop the input force to be counteracted by the servo-loop is Fpressure as it would be
for the next generation MEMS microphone. Whereas, the servo-loops in gyroscopes [25–
30] and accelerometers [31–34] seeks to counteract forces from acceleration or rotation.

For the accelerometers and gyroscopes observed in the literature, the signal used to
control the force-feedback is of the same type as the output of the sensor, for example, if
the gyroscope has an analogue signal as the output, then the force-feedback is controlled
by an analogue signal [30, 33, 34], and if the output of the sensor is digital the force-
feedback is controlled by a digital signal [25–29, 31, 32]. Generalised, a digital signal is
used to control the force-feedback if it is available, and in some of the literature this is
attributed to the flexibility of digital signal processing [21–23].

The review of MEMS servo-loops in the literature shows that servo-loops are widely
applied in MEMS accelerometers and gyroscopes, that the servo-loops in the literature
have a bandwidth that is equal to or higher than the bandwidth of the sensor, and
that digital control of force-feedback is utilised if a digital representation of the MEMS
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Figure 2.5: Block diagram of the MEMS servo-loop as a force-feedback servo-loop

displacement is available.
In the following section a servo-loop configuration and the servo-loop specifications

for the next generation MEMS microphone is presented, which defines the goals for the
work carried out in this project.

2.3 Servo-loop placement of microphone diaphragm
The first sub-section of this section presents the proposed servo-loop configuration for
the next generation MEMS microphone and defines specifications for the blocks of the
servo-loop, and the second sub-section summarises the specifications for the servo-loop
and blocks.

2.3.1 Servo-loop configuration

For the novel MEMS structure, closed-loop control of the diaphragm displacement can
be implemented as the servo-loop depicted in Fig. 2.6, which is a re-structured version
of the servo-loop in Fig. 2.5. In the servo-loop in Fig. 2.6 the feedback consist of the
displacement sensing capacitance of the MEMS structure and a block that converts
the capacitance Csense to a signal that can be subtracted from the servo-loop reference.
The resulting displacement error is fed to a controller that controls the reference for
a bias voltage generator that drives the MEMS comb-drive. The force created by the
MEMS comb-drive Felectrostatic due to the bias voltage Vbias is subtracted from the
ambient pressure disturbance Fpressure, and the net force of Fpressure −Felectrostatic act
on the MEMS diaphragm to yield a diaphragm displacement.

The application of force-feedback in accelerometers and gyroscopes is to some ex-
tent similar to the target application of force-feedback in the next generation MEMS
microphone, where the displacement due to ambient pressure is sought minimised. One
significant difference between the force-feedback servo-loops in accelerometers and gy-
roscopes and in the next generation MEMS microphone, is that the force-feedback loop
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Figure 2.6: Block diagram of a MEMS servo-loop for the next generation MEMS mi-
crophone

bandwidth in accelerometers and gyroscopes is often equal to or higher than the mea-
suring bandwidth of the sensor due to the role of force-feedback in the measurements,
whereas, in the next generation MEMS microphone the force-feedback loop must only
compensate slow changes in ambient pressure and not acoustic signals. Hence, the force-
feedback loop bandwidth must in the next generation MEMS microphone be below the
frequency range of acoustic sensing in the microphone to avoid that the servo-loop in-
terferes with acoustic measurements, which means that there is an upper limit to the
bandwidth specification of the servo-loop when the microphone has to sense audio.

A servo-loop for a MEMS sensor having a bandwidth that is lower than the sensing
bandwidth of the sensor is a use-case of force-feedback servo-loop which is not addressed
in the found state-of-the-art, which makes the state-of-the-art less relevant for the ap-
plication of force-feedback in this work. An additional limitation to the relevance of the
state-of-the-art force-feedback servo-loops is that the lowest reported sampling band-
width was 50 Hz [25] and the highest reported actuation voltage was 3.3 V [33], which is
a bandwidth significantly above the lower frequency of audio and an actuation voltage
well below the 80.0 to 200.0 V required for the next generation MEMS microphone.
However, an interesting trend was observed in state-of-the-art MEMS force-feedback
servo-loops, namely that the force-feedback was controlled by a digital signal if a digital
reading of the MEMS displacement was available.

From the company behind the next generation MEMS microphone it has been
decided that a digital readout of the MEMS displacement should be available to other
circuits on the MEMS interfacing IC. Given the trend in the state-of-the-art MEMS
servo-loops and that a digital conversion circuit must be implemented either way, it has
been decided to utilise the digital representation of displacement to implement feedback
in the servo-loop. With the digital feedback it has also been decided to make both the
servo-loop reference signal and the controller digital.

The servo-loop is intended to operate in two modes, a High-Performance (HP) mode
where the goal is to achieve a fast settling time, and a Low-Power (LP) mode where
the goal is a low power consumption. Upon power-on of the MEMS microphone the
servo-loop will operate in the HP mode to quickly place the diaphragm correctly, and
then enter the LP mode to save power. In the HP mode the goal is that the servo-loop
can place the diaphragm near the optimal placement within 20 ms and at the optimal
placement within 50 ms, and in the LP mode the goal is that the power consumption
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is below 20 µW. While operating in the LP mode the servo-loop must still be capable
of continuously compensating for changes in the ambient pressure, but at a bandwidth
of less than 1 Hz.

To satisfy optimal placement of the diaphragm, the capacitance to signal converter
in Fig. 2.6 must be implemented as a capacitance to digital converter with a resolution
of at least 10 bits. Because the controller in the loop is digital the bias voltage generator
must be digitally controlled, and system simulations of the MEMS structure has showed
that across a 0 V to 200 V bias voltage range the bias voltage must have a resolution of
18 bits or 0.763 mV to enable optimal placement of the diaphragm. Simulations of the
MEMS have shown that a capacitance to digital converter with a sample rate of 1 kS/s
and a bias voltage generator with a rise time of 10 ms is sufficient to reach the optimal
displacement within 50 ms. System simulations of the servo-loop with a modelled bias
voltage generator and capacitance to digital converter has exhibited a system behaviour
that is dominated by a second-order system. Treating the servo-loop as a second-order
system where the controller has been designed to provide a damping ratio of 1, the
servo-loop bandwidth required to achieve a 50 ms settling time is approximately 52
Hz. In the LP mode, the loop bandwidth must be decreased to 1 Hz or less to avoid
interference with acoustic measurements and the bias voltage generator rise time does
in this case not need to be less than 500 ms.

Due to the small size of MEMS microphones the servo-loop implementation should
be minimised in terms of area while respecting a low power consumption and satisfac-
tory performance. It is preferable if the servo-loop implementation uses no more area
than 0.5 mm2 and is no taller than 0.5 mm. Furthermore, in the platform for the next
generation MEMS microphone the available supply voltage is 1.4 V, which means that
to reach 200 V the bias voltage generator must have a voltage gain of at least 143 V/V.

2.3.2 Servo-loop specifications
The specifications for the servo-loop system and the independent blocks are summarized
in Table 2.1, and a block diagram of the servo-loop with bit-width of digital signals is
depicted in Fig. 2.7.

Figure 2.7: Block diagram of digital servo-loop

The next two chapters presents theory and background on the topics of high volt-
age actuation of MEMS (Chapter 3) and MEMS readout schemes (Chapter 4), which
corresponds to the bias voltage generator and capacitance to digital converter blocks
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Table 2.1: Servo-loop and block specifications for next generation MEMS microphone
High-performance (HP) Low-power (LP)
mode mode

Servo-loop:
Bandwidth > 52 Hz < 1 Hz
Power consumption N/A 20 µW
Implementation area 0.5 mm2 0.5 mm2

Supply voltage 1.4 V 1.4 V

Capacitance to digital
converter:
Sample-rate 1000 samples/s 1 sample/s
Resolution 10 bit 10 bit

Bias voltage generator:
Output voltage 80 V to 200 V 80 V to 200 V
Rise time 0 to 200 V 10 ms 500 ms
Resolution 0.763 mV 0.763 mV
Voltage gain 143 V/V 143 V/V

in Fig. 2.7.
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High-voltage actuation of MEMS

The next generation MEMS microphone, presented in the previous chapter, is actuated
by utilising the electrostatic force generated in a MEMS comb-drive, which is common
in MEMS applications [37–43]. MEMS comb-drives are essentially capacitors where the
surface area between two electrical nodes are maximised to maximise the achievable
electrostatic force. As comb-drives are capacitive the only static power consumption is
due to leakage currents and as such the static power consumption can be low. In [44]
the leakage current in a capacitive sensing MEMS microphone was estimated to be 1
pA at a bias voltage of 5 V, and in [45] a leakage current of less than 1 nA was measured
in a 0.25 mm2 MEMS capacitor with an electric field of 2 MV/cm applied. For the
next generation MEMS microphone the leakage has been conservatively estimated to
be 2 nA at a comb-drive voltage of 200 V.

In summary, MEMS comb-drives are capacitive loads which can feature low leakage
currents and therefore the circuits that bias the MEMS do not need to deliver a lot of
static current. However, if the capacitance of a comb-drive is to be both charged and
discharged, the bias generating circuit must be capable of both adding and removing
charge at an adequate rate.

In the following section, different state-of-the-art miniature high-voltage generation
implementations will be presented and their suitability for the next generation MEMS
microphone discussed. In later sections Switched Capacitor (SC) DC-DC converter
topologies for fully-integrated HV generation will be presented along with the impact
of technological limitations and the current state-of-the-art within fully-integrated HV
generation, followed by a section on the challenges in adjusting the output voltage of
SC converters and the state-of-the-art within this topic.

3.1 Miniature high-voltage generation
To generate a 200 V bias voltage, for the next generation MEMS microphone, from a
1.4 V supply requires a step-up DC-DC power converter with a voltage gain of 143 V/V.
Additionally, due to the targeted small size of the next generation MEMS microphone,
the converter must be able to fit on an area of 0.005 cm2 or less.

Three different categories of step-up DC-DC power converters have been identified
in the literature, namely inductor based boost converters, SC converters, and convert-
ers based on Piezoelectric Transformers (PT). The state-of-the-art miniature step-up
DC-DC converters of each of the three types have been found in the literature and
selected based on a focus on high voltage gain and small implementation size. The
specifications of the selected state-of-the-art are listed in Table 3.1, with implemen-
tation area footprint instead of volume, as height information is not available for a
significant amount of the implementations. Furthermore, it is indicated in the table
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whether an implementation utilise discrete components or if it is fully integrated in an
IC.

Table 3.1: state-of-the-art miniature HV step-up DC-DC converters
Con- IC or Input Output Voltage Voltage gain
verter discrete Area voltage voltage gain per area

Ref. type components [cm2] [V] [V] [V/V] [V/V/cm2]
[46] PT Discrete > 2.800 3.7 1,000 270 97
[47] PT Discrete N/A 2.7 500 185 66
[48] PT Discrete > 3.000 24.0 1,700 71 24
[49] PT Discrete > 3.500 80.0 15,100 189 54
[50] Boost Discrete 0.200 1.0 200 200 1,000
[51] Boost Discrete 0.250 1.8 20 11 44
[52] Boost Discrete 0.350 2.0 100 50 143
[53] Boost Discrete 0.160 3.6 100 28 174
[54] Boost Discrete > 4.620 4.2 77 18 4
[55] Boost IC 0.003 1.8 6 3 1,111
[56] SC Discrete 1.000 7.4 117 16 16
[57] SC IC 0.030 5.0 300 60 2,000
[58] SC IC 0.220 3.7 120 32 145

From Table 3.1 it can be observed that most of the PT implementations achieve a
sufficient voltage gain, but all of the implementations are based on discrete components
and have area footprints in excess of 2.8 cm2, which is far too large for a small MEMS
microphone. It was not possible to find any data on the footprint of the implementation
in [47], but based on pictures the implementation appear to be of similar size to the
other PT implementations. Tiny PTs with a footprint of less than 0.06 mm2 can be
found in the literature [59], but no implementations with adequate voltage gain were
found.

Most of the boost converters in Table 3.1 achieve a high voltage gain, but only one
implementation achieves a sufficient voltage gain [50]. The boost converter in [50] is
manufactured using custom made inductors for the small footprint of the implemen-
tation, but yet the implementation has a footprint of 0.2 cm2, 40 times larger than
the target footprint of the application in this work. The smallest boost converter [55]
utilise a fully integrated inductor and only achieve a voltage gain of 3 V/V. Fully inte-
grated inductors are rarely used due to the challenges of integrating magnetic material
with an integrated circuit process [60], therefore, boost converters often utilise off-chip
inductors.

Of the SC based converters, most of the implementations are fully integrated on
ICs, but still feature significant area footprints. The implementation in [57] achieves an
output voltage in excess of the 200 V target of this work at a smaller area footprint than
most of the other implementations in Table 3.1, but on an area that is six times larger
than targeted implementation area of this work and with insufficient voltage gain.

In addition to the volume constraint of a MEMS microphone there is also the
constraint of manufacturing costs. Due to the low sales price of MEMS microphones,
the manufacturing costs must be kept minimal to achieve a product that is competitive
on the market. Adding a component to a MEMS microphone increases the cost in two
ways, the cost of the added component, and the cost of including the extra component in
the assembly of the microphone. As explained in chapter 1, current MEMS microphones
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consist of a MEMS structure, an IC, a PCB, and a lid. Adding components that are
external to the IC, significantly complicates the assembly process and increases costs.
To avoid extra components, a servo-loop solution that can be fully integrated on an IC
is preferable.

All three step-up converter types in Table 3.1 exhibit great potential for boosting
1.4 V to 200 V, and all of the converters can deliver more power than required by the
next generation MEMS. Given the static power requirement to the HV bias generation
circuit for the next generation MEMS of 400 nW and a maximum area of 0.005 cm2, the
power per area requirement to the step-up converter is ≥ 80 µW/cm2. The converters
in [46, 49, 52, 55] all have a power per area of more than 1 W/cm2, and the converters
in [57, 58] a power per area of 0.01-0.12 W/cm2, which is more than sufficient.

Looking at the voltage gain per area performance of the different implementations, it
can be observed that the highest performance is achieved by fully integrated converters,
followed by the converter in [50] where custom manufactured magnetics have been
utilised.

In summary, based on state-of-the-art miniature HV generation circuits, a fully
integrated step-up DC-DC converter appears to be the optimal approach for generating
a HV bias voltage for the next generation MEMS microphone, due to the high voltage
gain per area observed in the fully integrated miniature step-up DC-DC converters and
due to the mass production benefit of having no discrete devices.

In the following section fully integrated HV generation will be discussed in greater
detail, with a focus on SC converter topologies and technological limitations to gener-
ating high voltages with fully integrated circuits.

3.2 Fully integrated high-voltage generation
A fully integrated HV generator is, in the context of this work, as the name implies
fully integrated on a single chip and does not use any external components. Hence,
only devices that can be realised on the chip with the used process technology can
be used to implement the HV generator. This imposes some limitations to the usable
approaches to generate high voltages. For example, fully integrated inductors rarely
features a good performance in terms of quality factor, as a result only few inductor
based power converters can be found in the literature [55, 61] and the general approach
to power conversion in ICs is to only use SC converters, where only semi-conductors
and capacitors are required. SC converters are in voltage boosting applications often
referred to as Charge Pumps (CPs). In short, the poor performance of IC inductors
limits the viable approaches to implement a fully-integrated HV bias generator to be a
CP.

The following sub-sections will present the most common CP topologies used for
voltage boosting, the voltage gain of these topologies, process technology limitations to
HV CPs, and a review of state-of-the-art CPs.

3.2.1 Charge pump topologies

As mentioned, CPs are in the context of voltage conversion the same as SC converters,
and as the SC definition implies CPs are based on switching of one or more capacitors.
A generic representation of a single switched capacitor is shown in Fig. 3.1a, which can
be configured to operate as a voltage doubler CP if the nodes V1 − V4 are connected as
shown in Fig. 3.1b.
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Vsupply Vout

Cfly

S1 S2

S3 S4

(a) Generic CP structure.

Vsupply Vout

Cfly

S1 S2

S3 S4

(b) Generic CP structure with V1 = V3 = Vsupply.

Figure 3.1: Generic CP structure and the structure configured to operate as a voltage
doubler

By operating the CP circuit in Fig. 3.1b with two phases, where the switches S1

and S4 are closed in one phase, and S2 and S3 are closed in the other phase, the circuit
functions as a voltage doubler. The equivalent circuit for each phase is shown in Fig.
3.2a and 3.2b. In phase 1 the switched capacitor Cfly is charged to Vsupply and in
phase 2 the switched capacitor is lifted by Vsupply resulting in an output voltage Vout

of 2 · Vsupply.
Using multiple capacitors enables implementation of more complex CP topologies

with one or more stages. For example, with two switched capacitors the two-stage
topology depicted in Fig. 3.3a can be constructed. In phase 1, the switches denoted φ1

are closed, resulting in the equivalent circuit depicted in Fig. 3.3b, where C1 is charged
to Vsupply and C2 is lifted by Vsupply. In phase 2 the switches denoted φ2 are closed and
the equivalent circuit is as depicted in Fig. 3.3c, where C1 is lifted by Vsupply charging
C2 with an initial voltage of 2 · Vsupply. After a period of cycles the voltage on C2 will
be 2 · Vsupply and in phase 1 the capacitor C2 will be lifted by Vsupply and result in an
output voltage of 3 · Vsupply.

With two capacitors and two clock phases it is also possible to use the configuration
depicted in Fig. 3.4a, where the equivalent circuits for clock phase 1 and 2 are depicted
in Fig. 3.4b and 3.4c. In phase 1 the capacitors C3 and C4 are charged in parallel to
Vsupply and in phase 2 the capacitors are connected in series on top of Vsupply for an
output voltage of 3 · Vsupply.

It is possible to create 542 different CP configurations when using two capacitors
and only two clock phases [62], but for maximum voltage gain, the number of feasible
topologies is lower. For example, the topology in Fig. 3.5 does not boost the supply
voltage, but lowers it. In phase 1 the capacitors are connected in series and each charged
to 0.5 · Vsupply, and in phase 2 the capacitors are connected in parallel to the output,
resulting in an output voltage of 0.5 · Vsupply. This topology can be useful for some
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Vsupply Vout

Cfly

(a) Phase 1 - S1 and S4 closed

Vsupply Vout

Cfly

(b) Phase 2 - S2 and S3 closed

Figure 3.2: Equivalent circuits of the CP in Fig. 3.1b operated in two phases
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(a) Two-stage CP

VoutVsupply

Vsupply

C1 C2

(b) Phase 1 - Equivalent circuit

VoutVsupply

Vsupply

C1 C2

(c) Phase 2 - Equivalent circuit

Figure 3.3: Two-stage CP topology
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(a) Two-stage CP

VoutVsupply Vsupply

C1 C2

(b) Phase 1 - Equivalent circuit

Vout

Vsupply

C1 C2

(c) Phase 2 - Equivalent circuit

Figure 3.4: Two-stage CP topology

applications, but it cannot be used to create high output voltages from low supply
voltages.

Vout

Vsupply

C1

C2

ϕ1 ϕ2

ϕ2 ϕ1

ϕ2

Figure 3.5: Voltage halving CP topology

In the literature five different CP topologies are usually discussed as the general
topologies of CPs [63–72], namely the Cockcroft-Walton/Ladder topology [73], the
Dickson topology [74], the Series-Parallel/Heap topology [75], the Fibonacci/Makowski
topology [76], and the Exponential/2N/Doubler topology [70, 77, 78]. The Cockcroft-
Walton topology is depicted in Fig. 3.6, the Dickson in Fig. 3.7, the Heap in Fig. 3.8,
the Fibonacci in Fig. 3.9, and the Doubler in Fig. 3.10. In the depicted CP topologies
a wire connected to a phase represent that node being lifted to the supply voltage in
the respective phase.

In addition to the five listed topologies, the Pelliconi topology [79] depicted in Fig.
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Figure 3.6: 4-stage Cockcroft-Walton CP topology
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Figure 3.7: 4-stage Dickson CP topology
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Figure 3.8: 3-stage Heap CP topology
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Figure 3.9: 2-stage Fibonacci CP topology
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Figure 3.10: 2-stage Doubler CP topology
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3.11 is often referenced as well. It can be argued that the Pelliconi topology is an
extension of the Dickson topology, but it is treated as an independent topology in this
thesis due to it often being used or referenced in the literature.

Vsupply Vout

Cout

ϕ1 ϕ2

ϕ2 ϕ1

ϕ1 ϕ2

ϕ2 ϕ1

ϕ2

ϕ1

ϕ2

ϕ1

Figure 3.11: 2-stage Pelliconi CP topology

In the following subsection the ideal voltage gain and effects that affect the voltage
gain will be presented.

3.2.2 Voltage gain of charge pumps
The ideal voltage gain of the six topologies can be expressed in terms of the number
of cascaded stages N as in in Table 3.2, where it can be observed that the Dickson,
Pellconi, Heap, and Cockcroft-Walton topologies, all feature the same ideal voltage
gain of N + 1. A voltage gain of N + 1 is also referred to as a linear voltage gain,
as each additional stage increases the voltage gain by 1 V/V. The expression for the
Fibonacci CP is simply a function that realises the Fibonacci number series, hence the
name of the topology. Both the Fibonacci and Doubler topologies have an exponential
voltage gain.

Table 3.2: Ideal voltage gain for a N stage charge pump of the different topologies.
φ = 1.618 [80].

Topology Voltage gain [V/V]
Dickson N + 1
Pelliconi N + 1
Heap N + 1
Cockcroft-Walton N + 1

Fibonacci φN+2−(1−φ)N+2
√
5

Doubler 2N

The ideal voltage gain of a topology can also be re-written to the output voltage
of stage k in a N stage CP, as shown in Table 3.3, where all expressions of output
voltage depend on the voltage of one or more of the previous stages. The expressions
for the Fibonacci and Doubler topologies illustrate the origin of their name, where the
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Fibonacci number series is realised as the addition of the two previous output voltages,
and the output voltage in the Doubler topology is twice the voltage of the previous
stage. For the Cockcroft-Walton, the output voltage is equal to the output voltage of
the previous stage plus the difference between the two stages before that.

Table 3.3: Ideal output voltage of stage k in a N stage charge pump.
Topology Output voltage [V]
Dickson Vk−1 + Vsupply

Pelliconi Vk−1 + Vsupply

Heap Vk−1 + Vsupply

Cockcroft-Walton Vk−1 + (Vk−2 − Vk−3)
Fibonacci Vk−1 + Vk−2

Doubler Vk−1 + Vk−1

Calculating the output voltage of a stage k requires the output voltage of every
previous stage to be calculated as well. For example, if the output voltage of stage two
is to be calculated, then the output voltage of stage one must first be calculated. If the
subscript is zero or less, e.g. Vk−2 = V−1, the voltage should be replaced with Vsupply.
Based on the equations from Table 3.3 the voltage gain as a function of number of
stages has been plotted for the 6 CP topologies in Fig. 3.12 to illustrate the voltage
scaling.
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Figure 3.12: Ideal voltage gain of the 6 CP topologies as a function of number of CP
stages.

When parasitic capacitances are introduced in the CP topologies the voltage gain
of the topologies decrease. For example, introducing a parasitic capacitance Cpar to the
top-plate capacitor of the voltage doubler in Fig. 3.1b, as shown in Fig. 3.13, changes
the voltage gain of the CP to:

Vout = Vsupply + Vsupply
Cfly

Cfly + Cpar
(3.1)

Where charge sharing between Cfly and Cpar reduces the voltage gain when Cfly is
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Vsupply Vout

Cfly Cpar

S1 S2

S3 S4

Figure 3.13: Voltage doubler with a parasitic capacitance on the top-plate of the flying
capacitor

lifted by Vsupply and Cpar is not. To maximise the voltage gain of a CP the capacitance
Cfly must be maximised and the capacitance Cpar be minimised. With parasitic capaci-
tances present the expression for the output voltage of stage k of the various topologies
changes to the expressions shown in Table 3.4, where αk represent the reduction in
voltage gain in stage k.

Table 3.4: Non-ideal output voltage of stage k in a N stage charge pump.
Topology Output voltage [V]
Dickson Vk−1 + Vsupply · αk

Pelliconi Vk−1 + Vsupply · αk

Heap Vsupply + Vk−1 · αk

Cockcroft-Walton Vk−1 + (Vk−2 − Vk−3) · αk

Fibonacci Vk−1 + Vk−2 · αk

Doubler Vk−1 + Vk−1 · αk

The variable αk is given by:

αk =
Ceff,k

Ceff,k + Cpar,k
(3.2)

Where Ceff,k is the effective capacitance of the flying capacitor Cfly,k in stage k,
and Cpar,k is the parasitic capacitance on the top-plate node of the flying capacitor.
The effective capacitance of the flying capacitor is for the Heap, Cockcroft-Walton,
Fibonacci, and Doubler topologies, not always equal to the capacitance of the flying
capacitor, as, dependent on the stage number, the flying capacitor may be stacked on
top of other capacitors. Only in the Dickson and Pelliconi topologies is Ceff,k equal
to the flying capacitor in any stage k, as the capacitors in those two topologies are all
connected in parallel. The effective capacitance is for all the topologies listed in table
3.5.

The voltage gain of the different topologies where all αk = 0.99 is shown in Fig.
3.14 to illustrate the impact of parasitic capacitance in the different topologies. From
the figure it can be observed that the Fibonacci and Doubler topologies still exhibit an
exponential voltage gain, the Dickson and Fibonacci still exhibit a linear voltage gain,
and that the Heap and Cockcroft-Walton topologies now exhibit a diminishing voltage
gain per additional stage. The diminishing voltage gain of the Heap and Cockcroft-
Walton topologies originate from the expressions in Table 3.4, where the voltage from
the previous stages is multiplied by the αk factor, whereas, for the Dickson and Pelliconi
topologies it is always the supply voltage which is multiplied by the αk factor. For
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Table 3.5: Effective pumping capacitance Ceff,k of stage k of the six CP topologies.
Topology Ceff,k

Dickson Cfly,k

Pelliconi Cfly,k

Heap 1
C−1

fly,k+C−1
eff,k−1

Cockcroft-Walton 1
C−1

fly,k+C−1
eff,k

Fibonacci 1
C−1

fly,k+C−1
fly,k−1

Doubler 1
C−1

fly,k+C−1
fly,k−1

the Fibonacci and Doubler topologies the voltage gain is so large that the impact of
parasitics is difficult to observe.
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Figure 3.14: Voltage gain of the 6 CP topologies when α = 0.99.

In addition to parasitic capacitances, loading a CP also contributes to a reduced
voltage gain as the switches must be implemented as physical devices with a non-zero
on-resistance and the capacitors must be implemented on a limited area which limits
their charge transfer capability. The on-resistance of transistors and diodes as well as
the equivalent resistance of the switched capacitors, contribute to an equivalent output
resistance of a CP. In [81] a method for estimating the output resistance of a SC DC-DC
converter was introduced for use with the SC converter model depicted in Fig. 3.15, to
estimate the output voltage of a SC converter.

In Fig. 3.15 the voltage source Vin represents the power supply to the SC converter,
the transformer and transformer ratio m/n represents the ideal voltage gain of the
converter, the resistance Rout represents the equivalent output voltage of the converter,
and Rload represents the converter load. The output voltage Vout of the model is given
by:

Vout = Vin
m

n

Rload

Rload +Rout
(3.3)

And the equivalent output resistance Rout is in [82] estimated to:
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SC converter model

Figure 3.15: SC DC-DC power converter model as presented in [81]

Rout =
√
RSSL +RFSL (3.4)

Where RSSL and RFSL are resistive components that represent the Slow Switching
Limit (SSL) and Fast Switching Limit (FSL) of the SC converter. The SSL resistance
represent the equivalent resistance of charge transfer by capacitors in the SC converter
and the FSL resistance represent the equivalent resistance of the devices used to realise
switches. RSSL is in [81] expressed as:

RSSL =

phases∑
j=1

capacitors∑
i=1

(ajc,i)
2 1

2Cifsw
(3.5)

Where ajc,i describe charge transfer to and from capacitors in the converter in each
clock phase of the converter, Ci is the capacitance of each of the i capacitors in the
converter, and fsw is the switching frequency of the converter. RFSL is given by:

RFSL = 2

phases∑
j=1

switches∑
i=1

Ri
1

Dj
(ajr,i)

2 (3.6)

Where ajr,i represent the charge transfer through each switch in each phase, Ri is
the on-resistance of the transistor or diode used to realise each switch, and Dj is the
duty-cycle of each of the clock-phases of the converter.

Given a fixed ideal voltage gain of a CP, then to maximise the voltage gain from
Vin to Vout the output resistance Rout should be minimised. Minimising the RSSL com-
ponent of (3.4) can be achieved by increasing the capacitance of flying capacitors and
increasing the switching frequency, and minimising RFSL can be achieved by minimis-
ing the on-resistance of switch devices and maximising the duty-cycle.

If diodes or diode-coupled transistors are used to transfer charge between two ca-
pacitors in a CP, then as charge is shared the voltage across the diode will decrease and
the on-resistance increase, which will contribute to an increased RFSL. To minimise
the impact of on-resistance wider diodes and transistors can be used, but at the cost of
increased parasitic capacitances and area consumption. To avoid the cost of a large on-
resistance or a wide device, some CP topologies are implemented with boot-strapping
circuits or level-shifters to ensure high gate-source voltages.

In [83] a boot-strapping circuit is proposed to improve the conductivity of the charge
transfer transistors in a CP implementation using the Dickson topology. The proposed
implementation is shown in Fig. 3.16a, and in Fig. 3.16b the devices used for charge
transfer from Vin to Vout is highlighted to illustrate the use of the Dickson topology for
charge transfer.
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(a) 4-phase Dickson CP from [83]
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(b) 4-phase Dickson CP from [83] with Dickson structure highlighted

Figure 3.16: A 4-phase CP topology based on the Dickson topology [83]
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In addition to parasitic capacitances and equivalent on-resistance, the voltage gain
of CPs is also negatively affected by reverse current flows. In the ideal version of the
six topologies, the switches are ideal and change from open to closed instantaneously.
In reality the CPs implemented using physical devices has a non-instantaneous turn-off
time which in some instances allow current to flow backwards in a topology, effectively
decreasing the amount of pumped charge. A topology where reverse currents is often
discussed is the Pelliconi topology, which is implemented using transistors as depicted
in Fig. 3.17.

C1

C2

ϕ1

ϕ2

Vin Vout

Figure 3.17: Pelliconi topology realized using transistors

The implementation in 3.17 is operated by two non-overlapping clock signals φ1 and
φ2 [79], which have a non-zero transition time. If two stages are cascaded, as shown
in Fig. 3.18, and φ1 is high, then charge has been transferred from C1 to C4 through
M3 and M6. At the high to low transition of φ1, the bottom-plate potential of C1 is
lowered and charge will flow from C4 to C1, until φ1 reaches 0, because the low voltage
potential on node B keeps M3 conducting and the potential on node C keeps M6 open
until φ1 reaches 0. The result is that there is a reverse charge transfer which lowers
the voltage on C4 and thereby lowers the voltage gain.
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ϕ1

ϕ2
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M1 M3
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M5 M7
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Figure 3.18: Pelliconi topology CP with two cascaded stages
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Reverse current flows can be mitigated by implementation of better control of tran-
sistors [84, 85]. One example of a Pelliconi based topology with improved control of
charge transfer transistors is depicted in Fig. 3.19a, where 4 clock signals of different
duty-cycle and phase are used to minimise reverse currents. When the devices used
for transferring charge from Vin to Vout is highlighted as in Fig. 3.19b, it is observable
that the CP is using the Pelliconi topology for charge transfer. The better control of
gate-signals do come at the cost of increased complexity and number of devices, which
adds implementation area and parasitic capacitances to the CP.

A secondary point to the implementations shown in Fig. 3.16 and 3.19, is that
many boosting CP implementations in the literature may not appear to use any of the
6 topologies shown in Fig. 3.6-3.11, but when the devices used to transfer charge from
Vin to Vout is highlighted, the implementations generally utilise one of the 6 topologies.
There are examples of hybrid CPs that utilise a combination of multiple of the six
general CP topologies, for example, the CP implemented in [72] utilise a combination
of the Cockcroft-Walton and the Dickson topologies. In addition to hybrid topologies,
there are also examples of cascaded charge pumps, where CPs of the same or different
topologies are cascaded to achieve a high voltage gain. Cascaded topologies found in
the literature are found in multiple variations, in some implementations a first CPs
boost the supply voltage for a second CP, and in other variations the output voltage
of the first CP is boosted by the second CP, but from the same supply. In [86] three
CPs are cascaded, as depicted in Fig. 3.20, where the output voltage of the first CP is
boosted by the second CP, and the output voltage of the second CP is boosted by the
third CP. All the clock signals driving the CPs in [86] are generated using the same
voltage supply.

Summarised, there are 6 general high voltage gain CP topologies that feature dif-
ferent voltage gains and are affected differently by parasitic capacitances. In addition
to the impact of parasitic capacitances on voltage gain, the voltage gain of CPs is also
affected by the equivalent output resistance of a CP and the CP load, as well as reverse
currents in a CP.

In the next sub-section the IC process technology limitations to HV CPs are pre-
sented.

3.2.3 Process technology limitations

One limitation of IC process technologies was the poor performance of inductors, which
limits the feasible type of bias voltage generator to be a SC converter. Another lim-
itation imposed by IC process technologies is the voltage rating of devices, such as
the gate-to-source and terminal-to-substrate voltage ratings of transistors. Both the
breakdown voltage across a device and from the device to the silicon die substrate
is important in the context of generating high bias voltages. Large voltage stresses
across a device can be reduced by cascading devices [87], whereas the voltage stress
from a device to substrate cannot. For implementation of CPs the devices used to
realise switches are generally limited to transistors and diodes, and the capacitors can
be realised as any type of capacitance.

The following sub-sub-sections will present breakdown voltage limitations of Com-
plementary Metal-Oxide-Semiconductor (CMOS) processes and the voltage stress on
switches and capacitors in the 6 CP topologies from the previous sub-sections.
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(a) 4-phase CP from [84]
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(b) 4-phase CP from [84] with charge transfer switches and capacitors
highlighted

Figure 3.19: A 4-phase CP topology based on the Pelliconi topology.[84]
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Figure 3.20: Three cascaded CPs as in [86]. (Source [86] Fig. 23.8.2)

Breakdown voltages in CMOS process devices

Considering the NMOS and PMOS transistors implemented in the N-WELL process
in Fig. 3.21, the voltage that can be applied to each device is limited by the voltage
potential of the substrate Vsubstrate and the reverse breakdown voltage of PN-junction
diodes.

Figure 3.21: A PMOS and NMOS transistor in a N-WELL process with PN-junction
diodes drawn.

It is common that the substrate is kept at a potential of 0 V, which limits the
voltage on VN,source and VN,drain to be below the reverse breakdown voltage of D1 and
D2, and the voltage on VP,source and VP,drain to be less than the sum of the reverse
voltage of D3 and the forward voltage of D4 and D5.

There are multiple approaches that can be used to reach CP output voltages beyond
the reverse breakdown voltage of PN-junction diodes, such as stacking silicon dies
and implementing devices in the polysilicon on top of the Field Oxide (FOX)/Shallow
Trench Isolation (STI). By using multiple electrically isolated dies, as shown in Fig.
3.22, the substrate of each succeeding die can be biased at a higher voltage than the
previous one, allowing higher voltages to be applied to devices without exceeding the
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reverse breakdown voltage. In the shown example the source voltage of the PMOS
transistor to the right is 10 V, but the source to substrate voltage is only 5 V, as the
substrate of die 2 is biased at 5 V.

Figure 3.22: Two isolated IC dies enabling a higher source voltage without exceeding
the breakdown voltage of PN-junctions.

Using multiple dies is a viable approach to reach high voltages, but the assembly
cost of a MEMS microphone will increase significantly if multiple dies are used, as more
wire-bonding work is required. An alternative to using multiple dies is to create devices
on top of the STI, as the STI has very good electrical insulation properties and provides
a high breakdown voltage for devices on top of the STI down to the substrate. In [86, 88]
poly-silicon placed on top of STI is doped to create PIN diodes as shown in Fig. 3.23,
where PIN refer to the doping of the poly-silicon; the PIN comes from the first segment
being P+ doped, the second segment being intrinsic doping, and the last segment being
N+ doped. The benefit of PIN diodes is that they can be implemented in an ordinary
CMOS process without requiring extra photolithography masks for manufacturing.

Figure 3.23: Polysilicon diode in a CMOS process.

Using the PIN diode approach has the shortcoming that it limits a charge pump to
be implemented using only diodes and capacitors. There are also examples of transistors
being constructed in the poly-silicon layer on top of the STI, but this usually requires
extra masks for the fabrication of the ICs, as an additional poly-silicon layer is required
to build the gate of the transistor [89].

Up until this point, approaches to achieve higher voltages without exceeding break-
down voltages in a N-WELL CMOS process has been presented, but there are also
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process technologies which offers additional process layers to increase the well to sub-
strate breakdown voltages. For example, in Fig. 3.24 a cross-section of a CMOS process
with a deep N-WELL layer is shown. When a deep N-WELL is implemented under a
P-WELL as shown, the drain and source terminals of the transistor can be biased sig-
nificantly higher than the substrate of the process, as there now are two reverse diodes
from transistor terminal to substrate.

Figure 3.24: CMOS process with deep N-WELL process layer.

In the deep N-WELL process, the doping of the N-WELL has to accommodate the
desired transistor characteristics, but the deep N-WELL can be doped such that the
reverse breakdown of D4 is significantly larger [90] than the reverse breakdown of D1

and D2. There are also process technologies which utilise a wafer with a silicon oxide
layer, often referred so as Silicon-On-Insulator (SOI) processes, where a layer of Buried
silicon Oxide (BOX) provides electric insulation between wells and the substrate. In
SOI processes Deep Trench Isolation (DTI) can be used to provide lateral insulation,
which can effectively isolate wells from each other and the substrate. A cross-section
of a SOI process with DTI is shown in Fig. 3.25, where the substrate is referred to as
the Handle Wafer (HW). SOI processes with DTI can feature breakdown voltages from
well to well and from well to HW of 200 V and more [91, 92].

Figure 3.25: Bulk-like SOI CMOS process with DTI.

Even though some process technologies can feature electrical insulation of 200 V
or more, the devices in the process may have lower voltage ratings. For example the
XT018 process from XFAB [92] features SOI and DTI which can provide electrical



34 High-voltage actuation of MEMS

insulation up to 200 V, but the process also features 5 V transistors, which cannot
tolerate more than 5 V for both gate-to-source and source-to-drain voltages.

In addition to transistors and diodes, capacitors are required for the implementation
of SC converters and the capacitors must feature adequate voltage ratings as well. There
are multiple types of capacitors in CMOS processes, but the most common are Metal-
Oxide-Semiconductor (MOS), Metal-Insulator-Metal (MIM), and Metal-Oxide-Metal
(MOM) capacitors. MOS capacitors utilise the thin oxide between the gate and the
semiconductor in transistors to achieve a high capacitance density [93], but this also
limits the voltage stress across the capacitor to the gate-to-source voltage rating of
transistors. MIM- and MOM-capacitors are typically constructed in the metal layers
of a process, as shown in Fig. 3.26.

Figure 3.26: MIM- and MOM-capacitors in a CMOS process.

MOS- and MOM-capacitors can be created using the metal layers used for rout-
ing and the available transistors in a process, and does as such not require additional
masks, whereas, MIM-capacitors require additional process layers to be created as the
insulation and metal on top of the insulation must be placed between metal layers. The
MOM-capacitor in Fig. 3.26 is constructed as a plate-capacitor, but MOM-capacitors
can also be constructed as finger-capacitors to reduce the distance between the metals,
which increases capacitance density (Farad/area) but lowers breakdown voltage across
the capacitor terminals. Because both MIM- and MOM-capacitors are placed in the
metal layers there can be multiple layers of insulating material between the top- and
bottom-plate of the capacitors down to the substrate, which provides a high breakdown
voltage from capacitor to substrate. Because the plates in a MIM-capacitor is placed
fairly close to each other the breakdown voltage is lower than that of MOM-capacitors,
but the capacitance density of MIM-capacitors is typically higher. The characteristics
of the different types of capacitors are summarised in Table 3.6, where Vbreakdown,sub

denote the breakdown voltage from capacitor to substrate and Vbreakdown,cap denote the
breakdown voltage from top to bottom plate of the capacitor. In Table 3.6 the char-
acteristics are based on common characteristics of the capacitor types, but dependent
on process technology they can change, for example, if a MOS capacitor is placed in a
DTI surrounded well in a SOI process the breakdown voltage to substrate can be high.

Summarised, voltage ratings in CMOS processes can limit the achievable voltage
with a SC converter, but there are techniques and HV processes which can enable high
voltages, both across devices and from devices to the substrate.
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Table 3.6: Characteristics of capacitors in CMOS processes based on capacitor type
Type Density Vbreakdown,sub Vbreakdown,cap

MOS High Low Low
MIM Medium High Medium
MOM Low High High

In the following sub-sub-section voltage stresses in the 6 CP topologies will be
presented along with the implications of these voltage stresses.

Voltage stresses in CPs

Maximum voltage stress on switches and capacitors in stage k of the six CP topologies
is listed in Table 3.7, which is based on the ideal voltage gain from Table 3.2. In Table
3.7 the voltage stress across switches is denoted Vstress,sw and the voltage stress across
capacitors is denoted Vstress,cap. The voltage stress from device to substrate is equal to
the voltage difference between the output voltage of stage k and the substrate voltage.

Table 3.7: Maximum voltage stress on switch devices and capacitors in stage k of the
different CP topologies. φ = 1.618.

Topology Vstress,sw Vstress,cap

Dickson 2 · Vsupply k · Vsupply

Pelliconi Vsupply k · Vsupply

Heap k · Vsupply Vsupply

Cockcroft-Walton 2 · Vsupply 2 · Vsupply

Fibonacci φk+1−(1−φ)k+1

√
5

· Vsupply
φk+1−(1−φ)k+1

√
5

· Vsupply

Doubler 2k−1 · Vsupply 2k−1 · Vsupply

Based on the expressions for voltage gain in Table 3.2 and the expressions for
voltage stress in Table 3.7, the maximum voltage stress of capacitors and switches in
each topology can be calculated. The voltage stress on capacitors and switches as a
function of supply voltage and stage number is shown in Fig. 3.27 and 3.28, where the
capacitor stress is the same for the Dickson and Pelliconi topologies, and the voltage
stress on switches is the same for the Dickson and Cockcroft-Walton topologies.

The plots in Fig. 3.27 and 3.28 illustrate how the voltage stress is high on both
capacitors and switches in the Fibonacci and Doubler topologies, whereas the volt-
age stress in the Cockcroft-Walton topology is relatively low on both capacitors and
switches. Voltage stress on switches is lowest in the Pelliconi topology, but at the cost
of a high voltage stress on capacitors. The Heap topology is opposite to the Pelliconi
topology, as the voltages stress on switches is high in the Heap topology, but the volt-
age stress on capacitors is low. The Dickson topology has the same voltage stress on
capacitors as the Pelliconi topology, but a twice as large voltage stress on switches.

In summary, voltage stresses is something that should be considered when designing
a CP, as HV devices often are larger and have more parasitics, which may affect the
implementation significantly.

In the following subsection a literature review of state-of-the-art CPs is presented,
with a focus on the achieved output voltages, the used topologies, and the process
technologies used to reach high voltages.
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Figure 3.27: Voltage stress on capacitors in the different CP topologies as a function
of stage number.
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Figure 3.28: Voltage stress on switches in the different CP topologies as a function of
stage number
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3.2.4 state-of-the-art charge pumps

To create an overview of state-of-the-art CP implementations, the literature has been
reviewed with a focus on CP implementations with a high voltage gain and high output
voltage. Only state-of-the-art CPs where the CPs have been fabricated and measured
are included in the review, as device models not always include the effects of exceeding
breakdown voltages nor model parasitic capacitances perfectly.

The specifications of the most relevant state-of-the-art have been listed in Table 3.8
by descending output voltage. For each reference the input and output voltage for the
CP implementation has been listed along with the voltage gain, area of implementation,
CP topology, and the used process technology node. The area listed for each reference is
not exact, as some references use the full chip size as measurement and other references
only consider the area of the CP implementation, but the area is still indicative of
the relative size of the implementation. The implementations in state-of-the-art have
been categorised according to the 6 topologies named earlier in this chapter and an
additional topology designation named Hybrid, which indicates implementations that
combine multiple topologies of the 6 named CP topologies. The process technology
used for each implementation has been listed as well based on available information,
where HV denotes a high-voltage process technology.

First thing that is worth to note from Table 3.8 is that 13 out of the 14 CPs with the
highest output voltage utilise either a HV process, devices in the polysilicon layer, or
a special post-processing step of the IC die to increase the breakdown voltage between
devices, and the 14th CP implementation offer no information on the used process. The
CPs with the 15th and 17th highest output voltages utilise triple-well CMOS processes
with a deep N-WELL layer, as depicted in Fig. 3.24, and the CP with the 19th highest
output voltage utilise only PMOS devices in a N-WELL CMOS process, as shown in
Fig. 3.21, to achieve an output voltage of 21.8 V. Hence, the approaches that can
be used to increase the breakdown voltage in a normal CMOS process is used in the
literature, but the highest output voltages among state-of-the-art CPs are achieved by
implementations that use HV processes. These factors indicate that the implementation
of HV CPs to a large extent is limited more by breakdown voltages than by the CP
topology design.

CPs in the paradigm of SC power converters are usually rated based on their power
efficiency and power density, but for the application of a MEMS microphone biasing
application these Figure-of-Merits (FoMs) are not appropriate due to the capacitive
nature of the load, the DC-biasing, and the lack of power consumption by the load.
Due to the lack of a standard FoM to evaluate CPs by, the state-of-the-art CPs are in
this work evaluated in terms of their output voltage, voltage gain, and implementation
area. Output voltage, voltage gain, and implementation area, are the most relevant
parameters with regard to the design goals in this PhD project. It could be argued that
power consumption should have been included, but the different loads of the state-of-
the-art CPs skews this metric significantly. The output voltage versus implementation
area of state-of-the-art CPs is plotted on a log-log scale in Fig. 3.29, and the voltage
gain versus implementation area is plotted on a log-log scale in Fig. 3.30. In both plots
the used topology is indicated by the symbol for each point in the plot.

The output voltage versus implementation area plotted in Fig. 3.29 has a moderate
correlation of R2 = 0.58, which is a light indication that achieving high output volt-
ages requires more area for the implementation. From the plot it can also be observed
that the Heap topology is not used for any CPs with an output voltage above 4 V
and that the single CP based on the doubler topology has an output voltage of only
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Table 3.8: state-of-the-art fully integrated HV step-up CPs
Supply Output Voltage
Voltage Voltage Gain Area CP Process

Ref. Year [V] [V] [V/V] [mm2] Topology Technology
[57] 2014 5.0 300.0 60.0 2.71 Dickson 0.8 µm HV
[58] 2012 3.7 120.0 32.4 21.84 Pelliconi 0.35 µm HV
[94] 2018 5.0 95.2 19.0 0.28 Dickson 0.6 µm SOI *
[95] 2020 3.0 72.8 24.3 4.45 Dickson 0.35 µm HV
[96] 2013 6.0 51.0 8.5 2.42 Cockcroft 0.6 µm HV
[97] 2004 5.0 50.0 10.0 0.33 Pelliconi 0.8 µm HV
[98] 2020 5.0 49.8 10.0 0.15 Dickson 0.6 µm SOI *
[74] 1976 14.0 39.1 2.8 N/A Dickson N/A
[99] 2017 2.8 36.0 13.1 0.18 Hybrid 65 nm **
[86] 2014 2.8 34.0 12.4 0.15 Hybrid 65 nm **
[100] 2017 2.4 30.0 12.5 0.50 Fibonacci 0.11 µm HV
[88] 2005 2.5 28.1 11.2 N/A Dickson 0.25 µm **
[101] 2005 3.3 27.0 8.2 1.40 Pelliconi 0.35 µm HV SOI
[102] 2006 5.0 27.0 5.4 1.20 Dickson 0.7 µm HV
[103] 2020 1.8 23.0 12.8 0.55 Pelliconi 0.18 µm
[104] 2019 3.3 22.4 6.8 0.58 Dickson 0.35 µm
[105] 2017 1.8 22.0 12.2 0.15 Dickson 0.13 µm
[106] 2005 2.2 21.8 9.9 N/A Pelliconi 0.18 µm
[107] 2016 4.6 20.0 4.4 3.50 Dickson 0.18 µm
[108] 2002 1.8 20.0 11.1 N/A Dickson 0.4 µm
[109] 2014 3.3 19.6 5.9 7.76 Dickson 0.18 µm
[110] 2019 3.3 19.6 5.9 0.06 Pelliconi 0.18 µm
[111] 2006 3.3 19.4 5.9 0.81 Dickson 0.35 µm SOI
[112] 2015 2.4 18.0 7.5 0.41 Cockcroft 0.13 µm
[113] 2008 2.5 17.3 6.9 0.555 Fibonacci 0.35 µm HV
[114] 2015 3.3 17.0 5.2 17.7 Dickson 0.35 µm HV
[115] 2019 5.0 17.0 3.4 2.53 Dickson 0.18 µm
[116] 2017 2.5 16.0 6.4 0.07 Pelliconi 0.35 µm
[117] 2020 3.3 15.4 4.7 0.56 Pelliconi 0.18 µm
[118] 2003 1.2 14.8 12.3 0.72 Dickson 0.18 µm
[119] 2003 1.8 14.2 7.9 0.13 Pelliconi 0.18 µm
[120] 2017 2.5 13.8 5.5 N/A Dickson 0.13 µm
[121] 1995 1.0 13.0 13.0 0.14 Dickson 1.20 µm
[122] 2019 2.8 12.8 4.6 0.6 Pelliconi 0.18 µm
[123] 2019 2.8 12.8 4.6 0.8 Pelliconi 0.18 µm
[124] 2019 3.3 12.6 3.8 2.88 Pelliconi 0.18 µm
[125] 2017 1.4 12.5 8.9 0.04 Dickson 0.18 µm
[126] 2019 1.8 12.4 6.9 0.1 N/A 0.18 µm
[127] 2014 2.5 12.0 4.8 0.06 Pelliconi 65 nm
* Utilises MEMS post-processing of the silicon die in manufacturing
** Utilises devices created in the polysilicon layer on top of the field oxide
*** Implementation based on mechanical switches manufactured as a MEMS
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Supply Output Voltage
Voltage Voltage Gain Area CP Process

Ref. Year [V] [V] [V/V] [mm2] Topology Technology
[128] 2005 N/A 11.4 N/A 2.23 Pelliconi Poly-Si TFT
[63] 2020 1.8 10.8 6.0 0.31 Cockcroft 0.18 µm
[129] 2009 3.6 10.4 2.9 0.14 Dickson 0.35 µm HV
[79] 2003 1.8 10.1 5.6 N/A Pelliconi 0.18 µm
[130] 2017 1.2 10.1 8.4 0.06 Pelliconi 0.13 µm
[131] 2010 2.0 9.8 4.9 0.02 Dickson 0.18 µm
[132] 2016 3.3 9.3 2.8 2.19 Cockcroft 0.13 µm
[133] 2003 2.5 9.1 3.6 0.81 Doubler 0.8 µm HV
[134] 2013 3.0 9.0 3.0 N/A Dickson MEMS ***
[135] 2018 3.0 9.0 3.0 4.09 Pelliconi 0.18 µm
[136] 2011 1.8 8.8 4.9 0.17 Pelliconi 65 nm
[137] 2006 3.3 8.8 2.7 N/A Pelliconi 0.35 µm
[138] 2018 1.5 8.5 5.7 0.02 Pelliconi 90 nm
[139] 2007 1.2 8.4 7.0 0.10 Fibonacci 0.35 µm
[140] 2012 1.8 -8.0 -4.4 N/A Dickson 0.6 µm HV
[141] 2007 1.2 7.8 6.5 0.03 Pelliconi 0.13 µm
[142] 2006 2.0 7.5 3.8 N/A Dickson 90 nm
[143] 2012 1.2 7.5 6.3 0.35 Dickson 65 nm
[144] 2019 1.2 7.2 6.0 0.50 Dickson 0.13 µm SiGe
[72] 2012 1.0 6.0 6.0 0.51 Hybrid 0.18 µm
[145] 2012 3.0 6.0 2.0 0.15 Pelliconi 0.70 µm
[146] 2012 1.8 6.0 3.3 4.94 Cockcroft 0.18 µm
[147] 2012 1.8 5.2 2.9 0.17 Dickson 0.18 µm
[148] 2017 1.2 4.8 4.0 1.07 Pelliconi 0.13 µm
[149] 2017 0.7 4.0 6.2 2.72 Heap 0.18 µm
[150] 2010 1.2 3.6 3.0 6.44 Heap 0.35 µm
[151] 2019 0.7 3.4 4.9 0.17 Dickson 65 nm
[152] 2016 0.6 3.3 5.5 4.00 Heap 0.18 µm
[153] 2014 0.4 2.7 6.6 1.38 Pelliconi 0.18 µm
[154] 2015 1.0 2.4 2.4 0.11 Heap 28 nm SOI
[155] 2003 1.2 2.3 1.9 N/A Pelliconi 0.35 µm
[156] 2013 1.0 2.0 2.0 N/A Dickson MEMS ***
[157] 2007 0.4 1.5 3.8 0.01 Heap 0.13 µm
[158] 2019 0.3 1.0 4.0 0.54 Heap 65 nm
[159] 2019 0.2 0.7 4.1 0.30 Pelliconi 65 nm
* Utilises MEMS post-processing of the silicon die in manufacturing
** Utilises devices created in the polysilicon layer on top of the field oxide
*** CP utilizing mechanical switches manufactured as a MEMS
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Figure 3.29: Output voltage versus implementation area of state-of-the-art CPs

9 V. The Fibonacci and Cockcroft-Walton topologies are used in CP implementations
with higher output voltages in the range of 6 V to 50 V, but the CP implementations
with output voltages above 50 V are only based on the Dickson and Pelliconi topolo-
gies. So, even though the Fibonacci and Doubler topologies have a voltage gain per
cascaded stage that is exponential compared to the linear voltage gain of the Pelliconi
and Dickson topologies, the Fibonacci and Doubler topologies have not been used to
reach the highest voltages in state-of-the-art. The Dickson and Pelliconi based CPs are
represented across most of the output voltage range and most of the implementation
area range, indicating that the topologies are versatile and can be applied to a wide
range of applications. In addition to the output voltage and area range coverage by
Dickson and Pelliconi based CPs the majority of the points in the plot represent a
Dickson or Pelliconi based implementation, which illustrates that the Dickson and Pel-
liconi topologies are popular in state-of-the-art. Finally, only one state-of-the-art CP
features an output voltage of more than 200 V and the second highest output voltage
in state-of-the-art is 120 V. The highest output voltage state-of-the-art CP is based on
the Dickson CP topology and has an output voltage of 300 V [57], which proves that
the Dickson topology at least is capable of boosting a low voltage to more than 200 V.

In Fig. 3.30 the voltage gain of state-of-the-art CPs is plotted versus the implemen-
tation area and again there is a moderate correlation, this time of R2 = 0.53, which
lightly indicate that a larger area is required to achieve a higher voltage gain. The
highest voltage gain is achieved by Dickson and Pelliconi based CPs and the highest
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Figure 3.30: Voltage gain versus implementation area of state-of-the-art CPs

reported voltage gain in state-of-the-art is 60 V/V, which is significantly less than the
143 V/V required to boost 1.4 V to 200 V.

Summarised, there is only one example in the state-of-the-art of a fully integrated
CP that achieves an output voltage of 200 V or more, and the CP does not exhibit a
voltage gain that is sufficient to boost 1.4 V to 200 V. Furthermore, the CP uses an
implementation area which exceeds the target implementation area of this work of 0.5
mm2 by a factor of 5.4. In the identified state-of-the-art, the Dickson and Pelliconi CP
topologies are by far the most popular topologies, and are also the topologies that in
the state-of-the-art have reached the highest output voltages and voltage gains. The
voltage boosting CPs in state-of-the-art exhibit a moderate correlation between output
voltage and implementation area and a moderate correlation between voltage gain and
implementation area, which suggests that a high output voltage and high voltage gain
will require a large implementation area, but given that the correlation is only moderate
it is plausible that a CP that can output 200 V can be realized using only a small
area. Furthermore, all state-of-the-art CPs with an output voltage of more than 50 V
utilise a HV process technology or special fabrication steps to increase the breakdown
voltage between devices and substrate, which suggests that standard CMOS processes
are insufficient to implement a CP with an output voltage of 200 V.

In this section multiple topics relevant to fully integrated HV generation have been
presented. First it was established that fully integrated HV generation should be a
SC converter, a CP, as the performance of fully integrated inductors is poor. In the
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first subsection 6 CP topologies used in the literature for high voltage gain CPs were
presented, followed by a subsection that presented the ideal and non-ideal voltage gain
of the 6 topologies when multiple stages are cascaded and parasitic capacitances are
introduced. This was followed by a subsection on the limitations of process technologies
and the voltage stresses on devices in the 6 CP topologies. Finally, the specifications
of over 70 state-of-the-art CPs with high output voltages were presented, from where
it was observed that no state-of-the-art CP features a voltage gain that is sufficient to
boost 1.4 V to 200 V, and that implementations with output voltages over 50 V use HV
CMOS processes. In the following section the topic of regulating the output voltage of
CPs is presented.

3.3 Adjusting High Voltages for MEMS Actuation
In this section the SC DC-DC converter model in Fig. 3.15 is used to explain how
voltage regulation of CPs can be realised, followed by a presentation of the challenges
of implementing voltage regulation with a capacitively loaded CP.

3.3.1 Voltage Regulation of CPs

Regulation of the output voltage of resistively loaded CPs can be implemented using a
variety of methods. Given (3.3), then the output voltage can be regulated by adjusting
the CP supply voltage Vin, or by designing the CP such that one or more of the
parameters m, n, and Rout, becomes a variable that can be adjusted to regulate the
output voltage. If it is possible to adjust Rload then this parameter/variable can be
used to adjust the output voltage as well.

In [115, 119, 125, 132, 152, 160–162] the output voltage of a CP is controlled by
adjusting the supply voltage to the CP, corresponding to regulating the output voltage
by adjusting Vin in (3.3).

Adjusting the transformer ratio m/n is widely utilised in SC converters to improve
efficiency [81, 163–166], but is used less in voltage-boosting CPs to regulate the output
voltage. In [117, 143, 152, 167] the output voltage of voltage-boosting CPs is regulated
by dynamic control of the m/n ratio, but the control of the m/n ratio is implemented as
control of the number of active CP stages, which limits the voltage regulation resolution
to the number of stages and limits the m/n ratio to be only natural numbers.

Regulating the output voltage by adjusting the equivalent output resistance Rout

is widely used in the literature [95, 103, 104, 116, 129, 147, 160, 168] where the most
common approach is to adjust the duty cycle or clock frequency of the clock driving the
CP. Adjusting the duty-cycle affects the RFSL component of (3.4) and adjusting the
clock-frequency or skipping clock cycles affects the RSSL component of (3.4). It is also
possible to affect RFSL by adjusting the on-resistance of switches and affect RSSL by
adjusting capacitor sizes, but it is often more simple to adjust the duty cycle or clock
frequency.

In addition to adjusting elements included in the model in Fig. 3.15, there are
examples of using a linear regulator to regulate the CP output voltage [147, 169, 170]
as depicted in Fig. 3.31a, or to use the CP to create a HV supply for an amplifier
[85, 102, 171] as depicted in Fig. 3.31b. In Fig. 3.31a and 3.31b, the voltage Vctrl is
the reference voltage that sets the output voltage.

Using a linear regulator to adjust the CP output voltage corresponds to inserting a
variable resistance Rvar between Rout and Rload in the model in Fig. 3.15, as depicted
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(a) Regulating CP output voltage using a linear regulator
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(b) Regulating CP output voltage using an amplifier

Figure 3.31: Voltage regulation of CP output voltage using additional circuitry

in Fig. 3.32. which makes the use of a linear regulator similar to adjusting Rout in
(3.3).
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Figure 3.32: SC converter model with a linear regulator represented by a variable
resistance Rvar.

If the output voltage of a CP is regulated by an amplifier as in Fig. 3.31b, then,
assuming a two-transistor output stage, the circuit can be simplified to the schematic
in Fig. 3.33a, where M1 and M2 represents the amplifier output stage and V1 and V2

are the gate-voltages necessary to achieve the target output voltage. Modelling the
transistors M1 and M2 as variable resistances R1 and R2 as in Fig. 3.33b illustrates
how the use of an amplifier corresponds to adjusting the series output resistance of the
CP and the parallel load resistance.

In addition to using a linear regulator or an amplifier, it is also possible to add
a transistor in parallel with the load resistance Rload and use the added transistor to
adjust the effective load resistance, as illustrated by Fig. 3.34, where the voltage V1 is
used to control the effective load resistance that the CP sees. Using this approach would
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(a) The circuit in Fig. 3.31b with the amplifier replaced by a two-transistor
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(b) Amplifier output stage modelled as variable resistances

Figure 3.33: Voltage regulation of CP output voltage by a amplifier output stage.

result in a larger voltage ripple on the CP output and increase the power consumption
of the CP.

The presented examples of voltage regulation of CPs have been presented in the
context of the model in Fig. 3.15 where the load is resistive, however, when the load is
capacitive the application of some voltage regulation approaches becomes less efficient.
In the following subsection the challenges of voltage regulation of capacitively loaded
CPs will be presented.

3.3.2 Voltage Regulation of Capacitively Loaded CPs
For the application of the next generation MEMS microphone it is essential that the
bias voltage for the MEMS can be both increased and decreased, to ensure optimal
placement of the microphone diaphragm under non-static ambient pressure conditions.
In the previous subsection multiple approaches to output voltage regulation of CPs
were presented, where the resistive load can be utilised to decrease the output voltage.
However, if a CP load is purely capacitive it will correspond to the resistance Rload in
Fig. 3.15 being replaced by a capacitance Cload as in Fig. 3.35.

Because a purely capacitive load corresponds to an infinite DC resistance, the load
resistance in (3.3) should be replaced by infinite when a CP is capacitively loaded,
which changes (3.3) to (3.7).

Vout = Vin
m

n

∞
∞+Rout

→ Vout = Vin
m

n
(3.7)
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(a) The circuit in Fig. 3.31b with a load regulation scheme
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(b) The equivalent circuit of the load regulation scheme in Fig. 3.34a

Figure 3.34: Voltage regulation of CP output voltage by load regulation.
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Figure 3.35: SC converter model with capacitive load

The lack of Rout on the right-hand side in (3.7) illustrates how the output voltage
of capacitively loaded CPs cannot be regulated by adjusting Rout.

Realistically there is a leakage current in capacitive loads, which can be modelled as
a large resistance in parallel with the capacitive load, and dependent on the application
the leakage may be large enough to be utilised for voltage regulation. However, in the
case of the next generation MEMS microphone the leakage current is conservatively
modelled as a 100 GΩ resistance in parallel with the capacitance of the microphone.
Given the expected microphone capacitance of 10 pF and the 100 GΩ leakage resistance,
the self-discharge time constant becomes 1 second, which for the start-up requirements
for the servo-loop is far too slow.

As a result, for capacitive loads, and the next generation MEMS microphone, im-
plementing output voltage regulation by adjusting the output resistance Rout or adding
a linear regulator on the CP output is not a viable approach. Given (3.7) it should be
possible to regulate the output voltage by adjusting Vin or m/n, which based on the
SC converter model is true, but in practice depends on the specific CP implementa-
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tion. For example, the Dickson CP in Fig. 3.7 is often implemented using diodes or
diode-coupled transistors for switches, as depicted in Fig. 3.36.

VoutVin

ϕ1 ϕ2 ϕ1 ϕ2

D1 D2 D3 D4 D5

C1 C2 C3 C4 C5

Figure 3.36: Dickson CP using diodes to realise switches.

When diodes or diode-coupled devices are used to implement switches, the current
can effectively only flow in one direction and the CP can be said to have uni-directional
charge transfer. Uni-directional charge transfer can be represented in the model from
Fig. 3.35 as an ideal diode between the transformer and the output resistance, as shown
in Fig. 3.37.
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Cload

Vout

Figure 3.37: Model of capacitively loaded uni-directional SC converter.

With the uni-directional charge transfer the output voltage cannot be decreased by
adjusting the supply voltage Vin or the voltage gain m/n, as charge cannot flow away
from the capacitive load. Uni-directional charge flow can be mitigated by implementing
a discharge transistor or another discharge path in parallel with the capacitive load
[109, 117, 130, 143, 168] as shown in Fig. 3.38, where Vctrl is used to control the
discharge rate of a discharge transistor.
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Rout

Cload
Vctrl

Vout

Figure 3.38: SC converter model with a discharge transistor.

In [143] a discharge path is implemented as a series of cascaded transistors along with
level-shifting circuitry for the gate signals, also depicted in Fig. 3.39. This discharging
circuit is capable of discharging the load to 9 different voltage levels dependent on the
control signals, whereas, the circuit in Fig. 3.38 would require feedback to accurately
discharge the output to a target voltage.

If a CP implementation supports bi-directional charge transfer the model in Fig.
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Figure 3.39: Circuit diagram of discharging circuit used in [143] (Source [143]).

3.35 is valid and it is possible to regulate the output voltage by adjusting Vin and
m/n. To implement a CP that supports bi-directional charge transfer in an integrated
circuit it is necessary to use transistors to implement the switches of the topology, as
diodes only support uni-directional charge flow. In addition to using transistors, the
gate-signals for the transistors must be well controlled to ensure that the transistors are
turned on and off properly. In [132] an extensive bootstrapping scheme is implemented
to enable bi-directional charge transfer in a Cockcroft-Walton topology based CP, such
that output voltage regulation of a capacitive load can be achieved by adjusting the
supply voltage Vin. A diagram of the blocks used to implement the bootstrapping for
the 3.3 V to 10.0 V CP in [132] is shown in Fig. 3.40.

Something similar to a bi-directional CP can be achieved by implementing two
uni-directional CPs in parallel with their charge transfer direction opposite of each
other [119]. The equivalent circuit of this is also depicted in Fig. 3.41, where control is
achieved by operating only one of the two CPs at a time. By not clocking one of the CPs
the output resistance of the non-clocked becomes infinite and no charge is transferred
by that CP. To increase the voltage on the load the resistance Rout,1 should be lowered
by clocking the forward pumping CP, and the resistance Rout,2 should be brought to
infinite by not clocking the reverse pumping CP, and vice versa for decreasing the
output voltage.

In addition to using a bi-directional CP or implementing a discharge circuit, it is
also possible to use the amplifier based output voltage regulation approach depicted
in Fig. 3.31b, as the amplifier output stage provides a discharge path for a capacitive
load, which can also be observed as the variable resistance in parallel with the load
resistance in Fig. 3.33b.

In summary, to regulate the output voltage of a capacitively loaded CP requires
that either the CP is capable of bi-directional charge transfer or that a uni-directional
CP is implemented together with a circuit that can discharge the load, as charge must
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Figure 3.40: System block diagram of CP implementation in [132] (Source [132]).
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Figure 3.41: Uni-directional CPs connected in parallel with opposite direction.
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be removed from the load to decrease the output voltage.
The next sub-section presents a short review on how adjustable output voltage CPs

are implemented in the literature.

3.3.3 State-of-the-art implementations with high adjustable voltages
State-of-the-art implementations of CPs with a high adjustable output voltage is listed
in Table 3.9 where they have been categorised based on the load of the regulated
voltage and the voltage regulation approach utilised by the CPs. The included state-
of-the-art is all of fully integrated implementations based on voltage-boosting CPs and
was chosen to represent different voltage regulation approaches for both capacitive and
resistive loads, where the selection of literature was based on a preference for physical
implementations and as high output voltages as available.

Table 3.9: Voltage regulation in state-of-the-art CPs
Max

Output Voltage Load Output
Voltage Regulation Load Discharge Voltage

Ref. [V] Approach Type Method Resolution
[132] 10.0 Vin Capacitive Bi-directional CP N/A
[119] 14.8 Vin Capacitive Bi-directional CP* N/A
[167] 11.4 m/n Capacitive Bi-directional CP 8 levels
[117] 15.4 m/n Capacitive Bi-directional CP 5 levels
[143] 7.5 m/n Capacitive Discharge circuit 10 levels
[168] 10.6 m/n Capacitive Discharge circuit 6 levels
[104] N/A Amplifier Capacitive Amplifier N/A
[102] 27.0 Amplifier** Capacitive Amplifier 7 bit
[129] 10.0 Amplifier** Capacitive Amplifier N/A
[172] 120.0 Amplifier Capacitive Amplifier 8 bits
[115] 17.0 Vin Resistive N/A N/A
[103] 23.0 Vin Resistive N/A N/A
[160] 15.0 Rout + Vin Resistive N/A N/A
[162] 5.0 Rout Resistive N/A N/A
[160] 15.0 Rout Resistive N/A N/A
[95] 72.8 Rout Resistive N/A 191 levels
[116] 16.0 Rout Resistive N/A N/A
[152] 3.3 Rout + m/n Resistive N/A N/A
[147] 5.0 Rout + Resistive*** N/A N/A

linear regulator
* Bi-directional CP implemented as two uni-directional CPs with charge transfer in opposite
directions as illustrated in Fig. 3.41
** Also utilises regulation of Rload to limit the voltage supply for the amplifier
*** The load is in the paper described as a capacitive load with a high leakage current

From Table 3.9 it can be observed that regulating the output voltage by adjusting
Rout is widely used in resistively loaded CPs, whereas none of the capacitively loaded
CPs use this approach, which is expected based on (3.7) from the previous sub-section.
The output voltage of capacitively loaded CPs are instead regulated by adjusting Vin

or m/n, or by using a CP to create a HV supply for an amplifier. The capacitively
loaded implementations that regulate the output voltage by adjusting m/n features a
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low output voltage resolution compared to the amplifier based implementations. The
output voltage resolution of the m/n based implementations is limited by the number
of stages used in each implementation, as the m/n ratio in the listed state-of-the-
art is adjusted by enabling/disabling CP stages. The output voltage resolution of
the amplifier and Vin based voltage regulation approaches are ideally limited to the
resolution of the available reference voltages.

For the listed resistively loaded CPs no state-of-the-art implements a discharge
path as the load itself is capable of discharging sufficiently, but for the the state-of-the-
art capacitively loaded CPs discharge paths are implemented. The most widely used
approaches is to use a bi-directional CP implementation or an amplifier, but there are
examples of discharge circuits being used as well.

In summary, state-of-the-art regulated output voltage CPs illustrate that the volt-
age regulation schemes presented in the previous sub-sections are utilised in practice,
but they also illustrate that when a CP is capacitively loaded, the viable voltage regu-
lation approaches to select from becomes more restricted, as the popular approach of
adjusting Rout cannot be utilised for a capacitive load. Furthermore, the capacitively
loaded CPs with the highest output voltage utilise HV amplifiers to regulate the output
voltage, which is an approach that is likely to be power consuming due to the quiescent
current in the amplifiers.



4
MEMS readout schemes

This chapter provides a short introduction to MEMS readout schemes and an overview
of ADCs used for MEMS readout in the literature. Because the targeted MEMS of this
work is based on capacitive sensing the focus of this chapter is on readout of capacitive
MEMS modules. The first section of this chapter presents different approaches to
capacitive sensing and the second section contains a short review on state-of-the-art
ADC based MEMS readout circuits for capacitive MEMS.

4.1 Capacitive sensing of MEMS
Two approaches to capacitive sensing that are commonly used with MEMS are constant-
voltage and constant-charge sensing. In the constant-voltage approach the voltage
across the sensing capacitance is maintained constant for measurements, which accord-
ing to the capacitor charge equation Q = CV results in that a change in capacitance
causes a change in charge on the capacitor, which leads to a charge flow that can
be sensed. In the constant-charge approach a capacitance change results in a voltage
change which can be sensed.

These two approaches can be implemented using DC or Alternate Current (AC)
biasing on the capacitance to be sensed. With a DC bias the change in capacitance can
be measured, but the exact capacitance cannot. In acoustic sensing the constant-charge
approach is often used together with a DC bias and a circuit structure similar to the
one depicted in Fig. 1.3 [44, 173–176].

However, to accurately measure the displacement of the diaphragm it is necessary
to measure the capacitance and not the change in capacitance, which implies that the
displacement sensing capacitance must have an AC bias. The most simple configura-
tion of AC sensing is to configure a capacitive voltage divider as shown in Fig. 4.1,
where the attenuation of the capacitive voltage divider depends on the capacitance of
CMEMS . Whether a constant-voltage or constant-charge approach is used depends on
the circuitry connected to Vout.

Capacitances in MEMS sensors typically have a limited capacitance range due to
MEMS limitations, for example, the displacement sensing capacitance in the next gen-
eration MEMS microphone Csense has a range of 0.95 pF to 1.43 pF. The limited range
can also be written as:

Csense = Cstatic + Cvariable (4.1)

Where Cstatic is the static component of Csense, which represents the minimum
capacitance of Csense and Cvariable represents the variable component of Csense and has
a range of 0.0 to 0.48 pF. The limited range of the capacitor also limits the voltage
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CMEMS

C1

Vsin Vout

Figure 4.1: Capacitive voltage division for capacitance sensing

division that can be achieved. To reduce the impact of Cstatic a pulsed constant-voltage
approach is often used in the literature [177–182] where the static capacitance of the
sensing capacitance is cancelled out by another capacitor. An example of this is depicted
in Fig. 4.2, where the capacitor Ccomp is designed to be equal to Cstatic of CMEMS ,
and CMEMS and Ccomp are driven by opposite voltages. With the depicted approach
the charge from Ccomp cancels out the charge from Cstatic in CMEMS , with the result
that Qout only depends on Cvariable of CMEMS .

Qout

+

-

+

-

CMEMS

CcompVsquare

Vsquare

Figure 4.2: Constant-voltage excitation circuit for capacitance sensing with Cstatic

compensating capacitor

The output charge Qout is often converted into a different quantity for further signal
processing, such as a voltage or current, which may then be sent to an ADC to convert
the sensed capacitance into a digital signal [177–182]. An example of a Capacitance-to-
Voltage Converter (CVC) circuit is shown in Fig. 4.3, which may be connected to an
ADC as shown in Fig. 4.4.

There are also examples of other approaches to capacitive sensing where the vari-
able capacitance is utilised in an oscillator to make a capacitance dependent clock signal
[184–186], utilised in a circuit to make a capacitance-to-time conversion [184, 187, 188],
or utilised in the input stage of an ADC [184, 189–191]. When the sensing capacitance
is used in the input stage of an ADC the capacitance is converted directly to a digi-
tal signal. A benefit of utilizing a direct Capacitance-to-Digital Converter (CDC) is a
reduced system complexity as illustrated by Fig. 4.5, where the need for an interme-
diate converter is removed. A downside to CDCs is that dependent on the CDC the
sense capacitance may have to be charged and discharged at a high frequency which
can increase power consumption, compared to if a CVC was used together with an
ADC. The reduced system complexity of CDCs can be beneficial towards the goal of
minimising implementation area, as a CVC may occupy a decent amount of area, for
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Figure 4.3: Example of a CVC circuit from literature (Source [183])
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Figure 4.4: Digital readout of sensing capacitance realised using a CVC circuit and an
ADC
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example in [179] the area of a CVC is 0.56 mm2, although, they can be smaller such as
in [177] where the CVC is only 0.02 mm2. In the following sub-section a short review
of state-of-the-art CDCs is presented.

A
D

Qout

CMEMS

CcompVsquare

Vsquare

ADC

Digital out

Figure 4.5: Digital readout of sensing capacitance using a single charge input ADC

4.2 state-of-the-art capacitance to digital converters
CDC converters can be implemented using various ADC topologies such as Sigma-Delta
(SD) [191–195], incremental sigma-delta [195], Dual-Slope (DS) [190, 196], Successive
Approximation Register (SAR) [176, 197–199], and oscillator-based ADCs [184, 200].
An overview of state-of-the-art CDCs is shown in Table 4.1, where the CDCs are cat-
egorised based on the type of ADC used to implement the CDC, and the resolution
of the digital output is written in Equivalent Number of Bits (ENOB). The state-of-
the-art has been picked from the literature with the goal of presenting CDCs based on
different ADC types.

Table 4.1: state-of-the-art CDCs

Input ENOB Sample Power Area
Ref. Type range [pF] [bits] rate [kS/s] [µW] [mm2]
[201] DS 4.68 to 6.74 13 0.31 52.80 0.148
[196] DS 5.30 to 30.70 8 0.16 0.11 0.105
[197] SAR 0.00 to 12.66 11.6 62.50 6.44 0.200
[198] SAR 1.23 to 24.59 7.8 50.00 1.00 0.079
[199] SAR 2.50 to 75.30 13.3 0.25 0.16 0.123
[184] Oscillator 0.27 to 0.30 6.7 125.00 49.86 0.035
[200] Oscillator 5.70 to 6.00 6.1 1.00 0.27 0.073
[192] SD -0.50 to 0.50 10 7.81 1,444.00 0.048
[193] SD 0.80 to 0.90 13 0.10 10.53 0.250
[202] SD 0.80 to 1.06 12.5 1.25 10.32 0.280
[194] SD 10.00 17.2 50.00 15,000.00 5.586
[195] Incremental 0.00 to 24.00 16 43.48 33.70 1.040

Among the state-of-the-art CDCs, the oscillator type CDCs appear to feature high
sample rates and smaller implementation area, but does not provide sufficient resolution.
The DS type CDCs have reasonable resolution, but features sample-rates that are less
than a third of the targeted sample-rate of the servo-loop. Whereas, some of the
the SAR, SD, and Incremental ADC (IADC), type CDCs feature sufficient resolution,
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sufficient sample rates, and a wide range of sensing capacitance from 0.00 to 12.66 pF
to 2.50 to 75.00 pF.

In summary, using a direct CDC to implement digital MEMS readout can reduce
implementation complexity and might aid in reducing implementation area, and based
on state-of-the-art CDCs in the literature a SAR, SD, or IADC, type CDC seems
favourable to implement a CDC that can meet the requirements for the servo-loop.
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5
Adjustable high-voltage bias

generator for MEMS actuation

This chapter presents the design, implementation, and measurements, of the different
circuits developed to implement a HV bias generator with an adjustable output voltage
for the next generation MEMS microphone. First the top-level design of the HV bias
generator is presented, followed by the design and measurements of multiple HV CPs,
which is followed by the design and measurements of an adjustable supply for the HV
CP, finally the developed system is compared with state-of-the-art.

5.1 Top-level design
The design goals for the HV bias generator were discussed in detail in Chapter 2, but
summarised the goal is to boost 1.4 V to an adjustable output voltage range of 80 V
to 200 V with a 0.763 mV resolution (corresponding to an 18-bit resolution for a 0 to
200 V voltage range), and a 0 V to 200 V rise time of 10 ms.

To implement a fully integrated HV bias generator that can reach an output voltage
of 200 V a HV IC process is required. It is possible to achieve 200 V by using multiple
isolated dies of lower voltage process technologies and biasing their bulk correctly, but
in a MEMS microphone application it is desired that the assembly of a microphone
is as simple as possible to reduce assembly costs, hence a 180 nm SOI CMOS process
with a breakdown voltage of > 200 V was chosen to be used in this PhD project. The
chosen SOI process features a wide range of devices, for example, the process features
CMOS transistors rated for a maximum source-to-drain voltage of down to 1.8 V all
the way up to CMOS transistors rated for a maximum source-to-drain voltage of 200
V, however, independent of the source-to-drain rating no transistor supports a gate-to-
source voltage of more than 5 V.

To lower the required voltage gain for a single block from 143 V/V a cascaded
design approach was chosen for the HV bias generator. In the chosen approach one
CP provides a higher supply voltage for a HV CP, which then boosts the higher supply
voltage to the targeted voltage range of 80 V to 200 V. Given the 5 V gate-to-source
voltage rating of transistors the initial configuration was a block that boosts 1.4 V to
5 V and a block that boosts 5 V to 200 V, as shown in Fig. 5.1.

The effective voltage gain of the cascaded system is the voltage gain of the LV
charge pump (LV CP) multiplied with the voltage gain of the HV charge pump (HV
CP), which is the targeted 143 V/V, but the highest voltage gain one block has to
provide is 40 V/V.

To implement an adjustable output voltage it was decided to use a voltage regulation
approach that adjusts Vin in (3.7), also shown as (5.1) below, as achieving a high
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HV charge pump

5.0 V to 200.0 V

40.0 V/V

LV charge pump

1.4 V to 5.0 V

3.57 V/V

VBias
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Vmid

5.0 V
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1.4 V

Figure 5.1: HV bias generator implemented as two cascaded CPs that have a collective
voltage gain of 143 V/V

granularity with the m/n adjustment requires a complex CP implementation, which
requires a large area to implement. Furthermore, from the state-of-the-art CPs with
high adjustable output voltages it was observed that the implementations with Vin

adjustment had the resolution of the supply voltage, and the m/n adjustment based
CPs had less than 3 bits of resolution, which is far away from the target of an 18 bit
resolution.

Vout = Vin
m

n
(5.1)

Using an amplifier based approach where the cascaded CPs would provide a HV
supply to a HV amplifier, as in Fig. 3.31b, was considered, but it was decided to not
pursue this approach as supplying the necessary quiescent current to the amplifier itself
would increase the output power requirements to the CPs significantly compared to if
the HV CP was only loaded by the MEMS. For the CPs to provide more power at 200 V
they would have to be clocked at higher frequencies and/or use larger capacitors, which
would increase the switching losses and increase the implementation size. Additionally,
the quiescent current for the amplifier at high voltages would also increase the power
consumption of the entire bias voltage generator.

In Fig. 3.31b the amplifier supplied by a CP is configured as a buffer with the result
that the reference voltage needs to have the same voltage range as the desired output
voltage range, which in the case for the servo-loop application in this work would result
in that the reference voltage to the amplifier should have a voltage range of 80 V to 200
V. By implementing a feedback circuit, as shown in Fig. 5.2, it is possible to use a lower
reference voltage [172], but if a resistive feedback is used the resistors have to be very
large to not consume a significant amount of power. The entire power budget to the
servo-loop in LP mode is 20 µW and for the feedback circuit to only consume 10 µW
the combined resistance of R1 and R2 must be 4 MΩ or more, which can be a rather
large resistance in an integrated circuit. Hence, in the context of the next generation
microphone servo-loop, the cost of an amplifier based approach is likely expensive in
terms of area and power.

To regulate the output voltage by adjusting Vin in (5.1) an adjustable supply voltage
is required, with regard to the system in Fig. 5.1 the adjustable supply could be either
Vdd and/or Vmid. From a system-level perspective it was decided to make the voltage
Vmid the adjustable supply, as this leaves more headroom for gate-to-source voltages in
the LV CP. Given the voltage gain of the LV CP and the HV CP, the supply voltage
Vdd would have to be lowered to 0.56 V to result in an output bias voltage Vbias of 80.0
V, whereas Vmid would only have to be lowered to 2.0 V. In the chosen process the
transistors have threshold voltages in excess of 0.54 V (native doping transistors not
included), which for the 0.56 V supply at best leaves very little headroom to achieve
good conductivity in transistors used to implement switches of the CPs.

As discussed in Chapter 3, to regulate the output voltage of capacitively loaded
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Figure 5.2: Resistive feedback amplifier with a HV supply provided by a CP

CPs a discharge path is required, the discharge path can either be implemented as
a bi-directional CP or as a dedicated discharge circuit, this is addressed in the next
section.

In the following two sections the design, implementation, and measurements, of the
HV CP and a discharge path is presented, followed by two sections that present the
development, design, and measurements of the LV CP and the adjustable supply Vmid.

5.2 Design of high-voltage charge pumps
The design goals for the HV CP are summarised in Table 5.1 for the HP and LP modes
discussed in Chapter 2, but in short the goal is that the CP features a voltage gain
of 40 V/V and that it can both increase and decrease the voltage of a capacitive load
at an adequate rate in terms of rise time. In addition to the specifications listed in
Table 5.1 the HV CP should not exceed the total servo-loop power budget of 20 µW
in the low-power mode and the area should be minimised. Only 0.25 mm2 has been
allocated for the HV CP design, as area is required for the remaining components of
the servo-loop as well.

Table 5.1: Design specifications for the HV CP
Specification HP target LP target
Voltage gain 40 V/V 40 V/V
Input voltage range 2.0 to 5.0 V 2.0 to 5.0 V
Output voltage range 80.0 to 200.0 V 80.0 to 200.0 V
Area < 0.25 mm2 < 0.25 mm2

Power consumption - < 20 µW
Rise time 0 to 200 V 10 ms < 1,000 ms

Design of a HV CP that can meet the specifications in Table 5.1 was carried out in
multiple steps. The first step consisted of choosing a CP topology to use based on the
available devices in the chosen 180 nm SOI process, the second and third step was to
determine how to optimally operate the CP and if bi-directional charge transfer could
be achieved, and finally the last step was to implement the topology in a physical IC
without exceeding any device voltage ratings.

In the following sub-sections, in order, a CP topology is chosen based on an anal-
ysis of CP topologies, a risk in the chosen CP topology is mitigated by an extension
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of the topology, a high performance clocking scheme is determined, operation of the
CP topology that enables bi-directional charge transfer is explained, schematics for
implementation of the CP are presented, and layout considerations for the CP in the
180 nm SOI process are explained. Finally, in addition to the chosen topology, an
implementation of the second-best performing topology from the CP topology analysis
is presented in the last sub-section.

5.2.1 Choice of CP topology
In this section a CP topology to use for boosting 5.0 V to 200.0 V is identified based
on the non-ideal voltage gain of CPs and dynamic power loss estimates based on the
devices available in the 180 nm SOI process. A related publication from this PhD
project is [16] (Appendix A).

In Chapter 3 six different high voltage gain CP topologies were presented along
with their ideal and non-ideal voltage gains. Based solely on the voltage gain of the
six topologies, the Doubler topology appear like the best topology to use to achieve
a high voltage gain while minimising the area, as the Doubler topology features the
highest voltage gain per stage and fewer CP stages would be required to reach a 40
V/V voltage gain. However, in the list of state-of-the-art HV CPs in Table 3.8, the
Doubler topology only appear once out of the more than 70 CPs and the Doubler based
implementation has a voltage gain of only 3.6 V/V. Furthermore, the only state-of-the-
art HV CP implementation that has a voltage gain of more than 40 V/V is based on
the Dickson topology, and the second highest state-of-the-art voltage gain of 32.4 V/V
is achieved by a Pelliconi based CP implementation.

At first sight the high voltage gain per stage of the Doubler and Fibonacci topologies
makes these topologies desirable to implement a HV CP with a voltage gain of 40 V/V,
as only few cascaded stages are required, but the popularity of the Pelliconi and Dickson
topologies among the highest output voltage CPs in state-of-the-art CPs indicate that
the Pelliconi and Dickson topologies are favourable in physical implementations of HV
CPs.

To estimate the performance of the six topologies in terms of voltage gain and
dynamic power losses, theoretical implementations were made based on the devices
available in the chosen 180 nm SOI process. The theoretical implementations of the six
CP topologies were initially limited to an implementation area of 0.25 mm2 and later
to an implementation area of 0.04 mm2.

The theoretical implementations were based on a supply voltage of 5 V and using
devices of sufficient voltage rating according to Table 3.7. First the devices required to
implement switches were implemented as minimum size devices and then the remaining
area was allocated to capacitors. The area for each stage in the CPs was allocated evenly,
independent of the device voltage rating in any particular stage. Based on the used
devices and the area to implement capacitors in each CP, the pumping capacitances
and parasitic capacitances were calculated for each stage to determine the voltage gain
in each stage in each CP. In every topology capable of reaching a voltage gain of 40
V/V or more, the number of stages required to achieve 40 V/V was minimised and for
the topologies not capable of achieving a voltage gain of 40 V/V or more, the number
of stages was optimised to achieve the highest voltage gain possible. The calculated
voltage gain scaling is illustrated in Fig. 5.3 and the area allocated to devices in
each topology is listed in Table 5.2 where the column Switch area represents the area
allocated to transistors and diodes.

Comparing the voltage gain curves from Fig. 5.3 with those from Fig. 3.14 it can be
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Figure 5.3: Voltage gain of the six topologies based on devices available in the 180 nm
SOI process and a 0.25 mm2 area.

Table 5.2: Voltage gain an area allocation for the voltage gain calculations of the six
CP topologies

Voltage gain Switch area Capacitor area
Topology No. of stages [V/V] [mm2] [mm2]
Dickson 41 40.9 0.005 0.245
Pelliconi 40 40.8 0.001 0.249
Cockcroft-Walton 34 13.3 0.004 0.247
Heap 24 15.7 0.023 0.227
Fibonacci 8 46.9 0.007 0.243
Doubler 6 60.8 0.012 0.238
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observed that the Doubler and Fibonacci topologies maintain their exponential voltage
gain, that the Dickson and Pelliconi topologies maintain their linear voltage gain, and
that the Heap and Cockcroft-Walton maintain a diminishing voltage gain per stage.
The diminishing voltage gain per stage of the Heap and Cockcroft-Walton topologies
is more visible in Fig. 5.3 due to a larger amount of parasitics. Furthermore, when
the voltage gain is calculated based on the devices and parasitics of the SOI process
the Heap topology performs better than the Cockcroft-Walton topology contrary to the
trend in Fig. 3.14. The Heap topology performs better with the process devices than the
Cockcroft-Walton, because the Cockcroft-Walton topology has a higher voltage stress
on capacitors, which requires that capacitors of higher voltage rating must be used and
those capacitors have a lower capacitance density and larger parasitic capacitances.

Based on the calculated voltage gains for an implementation area of 0.25 mm2 it
is clear that the Cockcroft-Walton and Heap topologies cannot be used to boost 5 V
to 200 V with the restricted area of 0.25 mm2 and are thus infeasible to use. The
topologies may be capable of boosting 1.4 V to 200 V by cascading multiple charge
pumps, e.g. one CP boosting 1.4 V to 10 V, another CP boosting 10 V to 40 V, and a
third CP boosting 40 V to 200 V, but switching losses at high voltages are increased,
so this is not further investigated.

To find the best performing topology among the remaining four topologies (Dickson,
Pelliconi, Doubler, and Fibonacci) the dynamic power losses were estimated based on
0.04 mm2 implementations rather than the 0.25 mm2 implementations that were used
to calculate the voltage gain. The reduced area is used for two reasons, to see whether
the topologies can maintain a 40 V/V voltage gain with less area for devices, and to
reduce the amount of parasitics and thereby reduce the dynamic power losses in each
implementation. All four topologies could maintain a voltage gain of at least 40 V/V
with the 0.04 mm2 implementation area. The dynamic power losses are calculated
according to:

Ploss,dyn = CparfclkV
2
swing (5.2)

Where Ploss,dyn is the dynamic power loss, Cpar is the parasitic capacitance that
is charged and discharged, fclk is the switching frequency of the converter, and Vswing

is the voltage swing in the node with the parasitic capacitance. Often a 0.5 term
is included in the equation, but including 0.5 either assumes that the charge on the
parasitic capacitance is recycled or that the switching in digital logic context only occur
at every other clock cycle at most. In the following calculations it is assumed that all
the charge on the parasitic capacitances is lost.

The calculated dynamic power losses of the four CP topologies for a 100 kHz switch-
ing frequency are listed in Table 5.3 along with the parasitic capacitances and voltage
swings used for the calculations. The parasitic capacitance and power loss of the Dick-
son and Pelliconi topologies are based on the parasitic capacitances and dynamic losses
in the entire CP, whereas for the Doubler and Fibonacci topologies the parasitic capac-
itance and power loss is only calculated for two of the nodes in those topologies. The
nodes used for estimating power loss in the Doubler and Fibonacci topologies are nodes
A and B in Fig. 5.4a and 5.4b, which are the nodes with the highest voltage swing in
those topologies. only two nodes were used for the estimations, as these nodes alone
exhibit higher power losses than the entire Dickson and Pelliconi CPs.

From Table 5.2 it can be observed that the dynamic power losses of the Doubler
and Fibonacci topologies are exceeding the power consumption goal of the entire servo-
loop by a factor of 10 or more. The dynamic power loss in the Doubler and Fibonacci
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Table 5.3: Dynamic power loss estimates of the Dickson, Pelliconi, Doubler, and Fi-
bonacci topologies, at a clock frequency of 100 kHz for a 0.04 mm2 implementation

Pumping capacitance Parasitic Voltage Dynamic power
Topology per stage [fF] capacitance [fF] swing [V] loss [µW]
Dickson 158 4272.4 5.0 10.7
Pelliconi 198 4024.5 5.0 10.1
Doubler 267 200.5 100.0 200.5
Fibonacci 775 456.5 76.4 266.5
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(a) Voltage swings in the Doubler topology
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(b) Voltage swings in the Fibonacci topology

Figure 5.4: Voltage swings in the last two stages of the Doubler and Fibonacci topologies
with an output voltage of 200 V
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topologies cannot be lowered by lowering the voltage swing due to voltage scaling in the
topologies, and lowering the clock frequency to reduce the power losses increases the
risk of interference with the audio-band. However, decreasing the size of the pumping
capacitor C2 lowers the parasitic capacitance associated with the capacitor, and thereby
lowers the power losses. By lowering the pumping capacitance in the last stage of both
the Doubler and Fibonacci CP to 50 fF, a voltage gain of more than 40 V/V can be
maintained and the dynamic power losses are reduced to respectively 91.1 and 53.2 µW,
which, alas, is still more than twice the power budget. Hence, based on the estimated
dynamic power losses it is infeasible to pursue the Doubler and Fibonacci topologies to
generate the high bias voltages for the servo-loop, especially as level-shifters would be
required to drive gate-signals in these topologies and the power consumption of these
have not been considered in the calculations.

Based on device parameters from the 180 nm SOI process and calculations of the
area constrained voltage gain and power loss, only two of the six CP topologies are
feasible for HV bias generation in the servo-loop, namely the Dickson and Pelliconi
topologies. To determine which of the two topologies that has the better performance
they should be evaluated with regard to the target specifications in Table 5.1, where the
topologies have already been evaluated in terms of voltage gain and power consumption
with respect to the input voltage and area consumption, which leaves rise time as the
remaining specification in the table to evaluate the topologies by.

Rise time of the CPs is directly related to the equivalent output resistance of the CP.
In the context of the capacitively loaded SC converter model, as depicted in Fig. 3.35,
the output resistance Rout and the load capacitance Cload create a Resistor Capacitor
(RC) circuit with a time constant τ = RoutCload and a rise time of ∼ 5τ . To determine
the rise time the output resistance Rout has been calculated for both CP topologies
based on RFSL and RSSL, which have been calculated based on a clock frequency of
100 kHz, an area of 0.04 mm2, and an assumed on-resistance of 10 kΩ of all active
devices (NMOS/PMOS/diodes), and τ has been calculated based on a 10 pF load
capacitance. The calculated τ of the CP topologies is listed in Table 5.4 along with
the rise time, from where it can be observed that the rise time of the Dickson topology
is 38 % larger than the rise time of the Pelliconi topology. Although none of the CP
implementations meet the required rise time for the servo-loop, the clock frequency can
be increased to lower the output resistance by lowering RSSL and thereby decrease τ as
RSSL >> RFSL. This will increase the dynamic power losses, but the increased power
consumption is acceptable for the HP mode of the servo-loop.

Table 5.4: Equivalent output resistance and rise time of the Dickson and Pelliconi based
CPs for a 0.04 mm2 implementation @ 100 kHz

Topology Stages RFSL [MΩ] RSSL [MΩ] Rout [MΩ] τ [ms] Rise time [ms]
Dickson 44 0.44 2784.8 2785.2 27.85 139.26
Pelliconi 40 0.80 2020.2 2021.0 20.21 101.05

In summary, based on the chosen 180 nm SOI process, the Pelliconi topology is
the best performing topology among the six discussed topologies when considering
the over-all performance, in terms of voltage gain, power consumption, and rise time,
given a restricted implementation area. The Dickson topology is more simple than the
Pelliconi topology and is less sensitive to timing of the clock signals, but the higher
voltage stresses across switches and higher Rout in the Dickson topology favours the
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Pelliconi topology. In the following sub-sections the implementation of the Pelliconi
topology will be presented and bi-directional charge transfer be addressed, followed by
a sub-section on the implementation of a HV Dickson CP.

5.2.2 Implementation considerations for the Pelliconi topology
Based on the analysis in the previous sub-section the Pelliconi topology was found to be
the most promising topology for implementing the HV CP, but the Pelliconi topology is
in the literature often modified to improve bulk biasing and to reduce reverse currents
that occur at clock transitions, and is less often used in its original configuration. In
[145] a topology similar to the Pelliconi topology is proposed, but two transistors and
a capacitor is added to improve the bulk biasing of the PMOS transistors to reduce
the risk of latch-up when multiple CP stages are cascaded, and in [58, 106, 110, 116]
additional transistors and capacitors are used to obtain better bulk biasing and better
control of gate-signals to minimise reverse currents.

Something not directly addressed but likely mitigated by some implementations
in the literature is a risk of the Pelliconi topology entering a non-optimal state of
operation where only one of the two capacitors in each stage pumps charge efficiently,
which increases the output resistance and decreases the voltage gain of the CP. In the
optimal state of operation of the Pelliconi CP the capacitors C1 and C2 in Fig. 5.5a
transfers charge to respectively C4 and C3 as shown in Fig. 5.5b and 5.5c dependent on
which clock is high. If the Pelliconi topology is operating as intended the waveforms of
the clocks and nodes will ideally look as those shown in Fig. 5.6, where the waveforms
correspond to the voltages of the nodes in Fig. 5.5a.

However, in the Pelliconi topology there is a risk that the reverse currents does not
divide evenly between the capacitors in each stage, which can lead to one capacitor in
a stage containing significantly more charge than the other capacitor in the same stage,
e.g. C2 holding more charge than C1. If the capacitors are of equal capacitance, then
the charge difference will amount to a voltage difference across the two capacitors in the
same stage, which will, if large enough, affect operation of the topology. For example,
if the voltage across C2 in Fig. 5.5a is higher than the voltage across C1, then the
gate-source voltage on M3 when φ2 is low will be lower than the gate-source voltage on
M4 when φ1 is low, and the gate-source voltage of M1 when φ2 is high will be higher
than the gate-source voltage on M2 when φ1 is high. This difference in gate-source
voltage will affect the conductivity of the transistors and the charge transfer to and
from each capacitor, which will result in that the more charged capacitor will maintain
a higher charge, and the less charged capacitor will remain less charged. In terms of
CP charge transfer the current flows will be affected as depicted in Fig. 5.7a and 5.7b,
where the narrow arrows indicate a small current flow and the thick arrows indicate a
current flow similar to the currents in Fig. 5.5. In Fig. 5.7 the capacitors C2 and C3

are the capacitors with a higher voltage, and the resulting voltage waveforms of nodes
A-D is shown in Fig. 5.8 for a 5 V supply voltage.

As it can be observed in Fig. 5.8 there is only one node which now has a voltage
of 15 V and only for half a clock cycle, while in Fig. 5.6 there are two nodes with a
voltage of 15 V. This roughly corresponds to that at an output voltage of 15 V, the
CP with non-optimal operation has an equivalent output resistance twice that of the
topology with optimal operation.

The operation of the Pelliconi CP can also be compared to the operation of a digital
latch circuit where the inputs are connected via a capacitor, as shown in Fig. 5.9. Where
the non-optimal operation corresponds to that one capacitor ends up having too low a
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Figure 5.5: Current flows in optimal operation of the Pelliconi CP
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Figure 5.6: Waveforms of node voltages when the Pelliconi topology operate as in-
tended.

voltage to fully change the state of the latch.
The risk of entering a state of non-optimal operation can be achieved by modifying

the implementation of the Pelliconi CP. In [58, 84, 106, 110, 116] additional transistors,
capacitors, and clock signals, are added to obtain better control of gate signals, which
mitigates the risk of the latch not changing state. The CP implementation from [84]
depicted in Fig. 3.19a, adds 6 transistors and 2 capacitors to the Pelliconi topology,
which results in a significant increase of parasitic capacitance. However, in [145] a
Pelliconi based CP topology with only two additional transistors and one additional
capacitor is proposed. The topology proposed in [145] is often referred to as the Favrat
topology and the motivation for the additional transistors and capacitor is a reduced
risk of latch-up (latch-up between transistors, not related to Fig. 5.9), but the topology
is also able to reduce the risk of non-optimal operation of a Pelliconi based CP. The
Favrat topology is depicted in Fig. 5.10, where the additional transistors and capacitor
is M5, M6, and Cbulk.

The latch-up mitigating properties of the Favrat CP is less important in a SOI pro-
cess with DTI and BOX, as the transistors in each CP stage can be placed individually
in wells isolated by DTI and BOX, which eliminates the risk of latch-up between the
NMOS and PMOS transistors. By appropriately sizing Cbulk in the Favrat topology,
reverse currents through M5 and M6 will maintain an equal voltage across capacitors in
each stage. Compared to other approaches to reduce the risk of non-optimal operation,
the Favrat topology is likely the simplest topology and the topology which introduces
the least amount of parasitic capacitance to avoid non-optimal operation. The addi-
tional parasitic capacitance added by a few transistors may initially appear negligible,
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Figure 5.7: Current flows in non-optimal operation of the Pelliconi CP

but given the goal of minimising the size of the CP for the servo-loop the pumping
capacitance must be minimised, so to maintain a high voltage gain the parasitic capac-
itance must be minimised as well (3.1).

Implementing a Favrat based CP instead of a Pelliconi based CP will require that
area is allocated for the additional transistors and capacitor, which for a fixed imple-
mentation area will require that other devices are reduced in size. The calculations in
the previous sub-section are based on minimum size transistors, which means that the
pumping capacitors would have to be reduced to make room for the additional devices.
Reducing the size of the pumping capacitors increases RSSL and thereby Rout, which
in return increases the rise time. Making room for the additional devices in the 0.04
mm2 implementation would increase the rise time of the Pelliconi CP to more than
the rise time of the Dickson CP. However, using smaller pumping capacitors result in a
lower dynamic power loss, as the bottom plate of the pumping capacitors is the primary
contributor to switched parasitic capacitances. With the smaller amount of switched
parasitic capacitance the switching frequency in the Favrat CP can be increased to
compensate for the reduced pumping capacitance, while staying below a 20 µW power
consumption. Based on calculations of the Favrat topology where 0.02 mm2 of the
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Figure 5.8: Waveforms of node voltages when the Pelliconi topology does not operate
as intended.
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Figure 5.9: The Pelliconi topology drawn as a latch
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Figure 5.10: The Favrat CP topology

0.04 mm2 area has been allocated to M5, M6, and Cbulk, the pumping capacitors are
approximately half the size of the pumping capacitors in the Pelliconi CP, and the
clock frequency can almost be doubled without exceeding the power budget of 20 µW.
Hence, as the Favrat topology avoids non-optimal operation and can provide an equiv-
alent output resistance similar to that of a Pelliconi topology, a decision of using the
Favrat topology to implement the HV CP for the servo-loop was made.

In summary, based on the analysis of the six CP topologies the Pelliconi performs
better than the other five CP topologies presented in Chapter 3, but the topology
has a risk of entering a non-optimal state where the equivalent output resistance is
increased. To mitigate the risk of entering a non-optimal state an extension to the
Pelliconi topology named the Favrat topology has been chosen as the CP topology to
use for the HV CP, as the Favrat topology only adds few additional devices, which
keeps parasitic capacitances at a minimum.

5.2.3 High-performance clocking

In the literature both the Favrat and the Pelliconi topology is often driven by a two-
phase clock scheme with two non-overlapping clock signals [58, 79, 97, 101, 145], where
the non-zero transition time of the clock signals causes reverse current flows during
transitions, which effectively lowers the voltage gain of the CP topologies. In some
of the literature the reverse currents are avoided or heavily reduced by introducing



5.2 Design of high-voltage charge pumps 71

additional clock signals and clock phases and additional circuitry for level-shifting of
clock signals [58, 106, 110, 116]. However, using a lot of additional transistors lowers
the voltage gain due to parasitic capacitances if the pumping capacitors are small.

In this subsection a crossing clock scheme for the Favrat topology is presented.
The crossing clock scheme increases the amplitude of the reverse current, but reduces
the reverse current conduction time to effectively reduce the amount of charge that is
transferred by the reverse currents. A related publication from this PhD project is [17]
(Appendix B).

To illustrate the benefits of using crossing clocks an example of reverse currents
when using non-overlapping clocks is provided first. In Fig. 5.11 the reverse currents
in the Favrat CP are indicated for the high to low transition of φ2 and low to high
transition of φ1, where the coloured arrows indicate the currents. The conceptual
magnitude of the currents during the clock transition is shown in Fig. 5.12a along with
the 5 primary phases of the clock transisitons. The positive currents in Fig. 5.12 are
in the direction of the arrows in Fig. 5.11, which corresponds to reverse currents or
reverse charge transfer, as the currents flow from the output (right side) of the CP
towards the input (left side).
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Figure 5.11: Reverse currents in the Favrat topology on the high to low transition of
φ2, where the current I1 (orange), I2 (red), I3 (blue), I4 (green), corresponds to the
conceptual currents drawn in Fig. 5.12 (Source [17])

With reference to Fig. 5.11 and 5.12a, before a clock transition it is assumed that
everything has settled and thus V2 = V3 = Vbulk,1, which means no current is flowing.
In phase B as the clock φ2 begins to transition from high to low the voltage on V2 drops,
and currents I2 and I3 starts to flow from Cbulk,1 and C3 to C2. As φ2 reaches phase C
the reverse currents I2 and I3 peaks because the voltage difference from V2 to V3 and
Vbulk,1 is highest. In phase D the signal φ1 begins to transition from low to high, which
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(a) Reverse currents with non-overlapping clocks

(b) Reverse currents with crossing clocks

Figure 5.12: Concept drawings of reverse currents in the Favrat topology for respec-
tively a non-overlapping clock and crossing clock scheme (Source [17])
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first introduces some reverse currents I1 and I4 as the rising voltage on node V1 and V3

creates gate-source voltages on M3, M5, and M8, that enables reverse currents as V1 is
still lower than Vbulk,1 and V4. As φ1 rises in voltage in phase D, the voltage of V1 rises
to a point where the currents change direction and current flows from C1 to Cbulk,1 and
C4. Finally in phase E there is only forward current flow in the CP, where forward refer
to current flow from left to right. As it can be observed, the current I2 from Cbulk,1 to
C2 is quite large, which will increase the voltage on C2 and thus boost the voltage on
V2, but as the CP begins to transfer charge forward the capacitor Cbulk,1 will have to
be charged again, and that forward and backward transfer of charge is extra work that
lowers the voltage gain of the CP. Any current that flow from C3 to C2 will lower the
voltage on C3 and directly affect the voltage gain of the next stage, as the voltage on
C3 is lowered by the reverse current.

When crossing clocks are used there are still the same reverse currents as depicted
in Fig. 5.11, but the waveforms change to those in Fig. 5.12b. The use of crossing
clocks drastically decrease the amount of charge transferred by the currents I1 and I2,
and the charge transferred by I3 is more or less the same even though the amplitude is
higher with crossing clocks, due to the short duration of the current flow. The charge
transferred by I4 is increased, but compared to the reduced charge transfer of I1 and I2,
the net reverse current flow is reduced. The currents I1 and I2 are reduced by the use of
crossing clocks because the voltage of V1 is increased at the same time that the voltage
of V2 is decreased, which turns off M6 before any large amount of charge can flow from
Cbulk,1 to C2, and M5 is first turned on when the voltage of V1 has increased, which
reduces the current flow I1 due to a lower voltage difference between Vbulk,1 and V1.
The amplitude of the current I3 is increased because the voltage of node V3 is increased
while the voltage of node V2 is decreased, which leads to a higher voltage difference
and thereby a higher current through the on-resistance of the transistors M4 and M7.
Finally the reverse current of I4 is increased because the increasing voltage on V3 turns
on M8 and the decreasing voltage of V2 turns on M3 more than when non-overlapping
clocks are used.

In short, crossing clocks reduces the amount of charge that is transferred backwards
at clock transitions, which decreases the amount of charge that is lost at clock transi-
tions. The lower loss of charge equals a higher charge on the capacitors, a higher charge
on the capacitor equals a higher voltage, and higher voltages result in a higher voltage
gain. This claim is also supported by measurements in a later sub-section of this section
and by simulations and measurements in the related publication [17] (Appendix B).

5.2.4 Bi-directional voltage control
In this sub-section it is explained how the Favrat and Pelliconi topologies can inher-
ently support bi-directional charge transfer if operated correctly. Increasing the output
voltage by increasing the supply voltage can be achieved with either topology without
any significant consideration, but lowering the output voltage by reducing the supply
voltage requires that the supply voltage is adjusted at a limited rate.

Forward charge transfer in the Favrat CP is illustrated in Fig. 5.13, where the CP
in Fig. 5.13a is in a settled state where all voltages have stabilised and no current is
flowing, in Fig. 5.13b the clocks of the CP have just transitioned, and in both figures
the grey transistors indicate that the transistors are turned off.

In Fig. 5.13a, disregarding currents to and from Cbulk, φ1 is high and φ2 is low, and
the high voltage in node A is keeping M2 open so C2 has been charged by the input
Vin, and the low voltage in node B is keeping M3 open so C1 has been discharged by
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the output Vout. Immediately after a clock transition the CP enters the state in Fig.
5.13b, where the 5 V on C2 is lifted by 5 V and node B is now 10 V, and the 4 V on
C1 is no longer lifted resulting in node A being 4 V. The low voltage on node A turns
off M2 and turns on M4 and M6, whereas the high voltage on node B turns off M3 and
M5, but turns on M1. With M1 and M4 turned on C1 can be charged by the input and
C2 can deliver charge to the output.

Cbulk

M3

M5

C1

C2

A = 9V

ClkA = 5V

B = 5V

ClkB = 0V

9V

Vin Vout

5V 9V

M2

M1

M4

M6

(a) Steady state before a clock transition

Cbulk

C1

C2

9V

5V 9V

A = 4V

ClkA = 0V

B = 10V

ClkB = 5V

9V

Vin Vout

M1

M4

M6

M2

M3

M5

(b) Current flow after a clock transition

Figure 5.13: Forward charge transfer with the Favrat CP

Assuming that the load has been charged to 10 V and the supply voltage is now
lowered to 4.8 V, then the ideal output voltage of the CP becomes 9.6 V, which is
less than the output voltage. The small change in supply voltage maintains normal
operation of the CP, but with the result that charge is transferred from the output to
the input as the output voltage is higher than the ideal output voltage. This is also
illustrated in Fig. 5.14. In Fig. 5.14a the voltages in the CP have settled, the capacitor
C1 is charged to 5.2 V by the output and C2 to 4.8 V by the input. As the clock
transitions the CP enters the state in Fig. 5.14b where the voltage on C1 is higher than
the input voltage and C1 is therefore discharged by Vin, and Vout has a higher voltage
than the voltage of the lifted capacitor C2, which results in a current flow from Vout

to C2 until the voltage of node B is equal to Vout. Normal operation of the CP in this
scenario is possible because the voltage in node B is higher than the voltage in node A
after the clock transition, so the transistors M1, M4, and M6 are turned on, and M2,
M3, and M5 are turned off. Hence, with an output voltage higher than what the CP
can provide, the CP actually discharges the load with every clock cycle.

The CP supply voltage may be increased from 2 V to 5 V without any problems,
but decreasing the supply voltage from 5 V to 2 V will make the CP enter a non-
optimal state as a clock transition will not change the voltages of the nodes A and B
enough to change the state of any of the transistors. This is also illustrated by Fig.
5.15. In Fig. 5.15a the supply voltage is 5 V, the output has been charged to 9 V,
and the CP voltages have settled, as the supply voltage is lowered from 5 V to 2 V the
currents shown in Fig. 5.15b occur, where the thick arrows (red and blue) indicate a
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Figure 5.14: Reverse charge transfer with the Favrat CP

larger current. Because of the drastic drop in supply voltage both node A and B has
a voltage lower than the output voltage, which turns both M3 and M4 on, but A and
B is now also higher than Vin which turns both M1 and M2 on, which simultaneously
discharges C1 and C2 into Vin. Because the voltage potential of node A is lower than
the voltage of node B, the current through M4 is larger than the current through M3,
and because B has a higher voltage than A, a larger current run through M1 than
through M2. Hence, after a short while, C1 has been discharged enough to turn off M2

and C2 has been charged enough to turn off M3 and M5, and the CP settles to the
state in Fig. 5.15c. In Fig. 5.15c the voltage on C1 is now 2 V, and the voltage on
C2 is 7 V, as a result when the clocks transition again the CP enters the state in Fig.
5.15d, where the voltage on node B is still higher than the voltage on node A, with the
result that currents flow in the transistors as depicted and the CP ends up in the state
in Fig. 5.15e. The transistors in Fig. 5.15e are in the same state as in Fig. 5.15c even
though the clocks have changed, at this point the CP has locked up and cannot change
the state because the clock amplitude is not large enough to bring the voltage of node
A above the voltage of node B. Finally, in Fig. 5.15d the capacitor C1 was discharged
to 0 V and C2 was charged to 9 V, so as the clock transitions again and C2 is lifted by
the supply the CP enters the state in Fig. 5.15f, where C1 is charged by the input and
C2 is discharged by the output, which is a forward charge transfer counter-productive
to the goal of reverse charge transfer.

In Fig. 5.13 to 5.15 the output voltage is static, but in a real scenario with a
capacitive load the voltage would increase with forward charge transfer and decrease
with reverse charge transfer. As the output voltage decreases with reverse charge
transfer the supply voltage can be lowered further to bring the output voltage even
further down. The output voltage can, however, not be lowered to 0 V, as the threshold
voltage of the transistors requires that the supply voltage is higher than 0 V for the
transistors to be conductive.

Summarised, the Favrat CP can be used to transfer charge from the output to the
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Figure 5.15: Charge transfer with the Favrat CP when the supply voltage is changed
too fast
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input by lowering the supply voltage at an adequately slow rate, if the supply voltage
is lowered too fast the CP can end up in a state where the CP does not operate as
intended.

5.2.5 Implementation of HV CP

In this sub-section the implementation of the HV CP is described. Because the Favrat
CP topology features bi-directional charge transfer the implementation of the HV CP
based on the Favrat topology does not require the implementation of a discharge path.
The top-level implementation of the Favrat-based HV CP is depicted in Fig. 5.16,
where the output voltage from the CP Vpump,out is connected to a HV Electrostatic
Discharge (ESD) protection circuit and a low-pass output filter. A related publication
to the implementation of the HV CP is [18] (Appendix C).

Clock generator

Charge pump Output filter

HV ESD

ClkA ClkB

Vbias

Clkin

Vpump,out

Vdd

Figure 5.16: System-level implementation of HV CP with auxiliary circuits.

In the following sub-sub-sections the schematics of the individual blocks are pre-
sented along with design considerations, followed by a sub-sub-section that lists the
different variants of HV CPs that were implemented. Different variants of HV CPs
were implemented to have more than one reference point for measurements in terms of
the voltage rating of the HV ESD and the size of pumping capacitors.

Clock generator

To implement a clock generator that can provide the crossing clocks that were deter-
mined to achieve the highest voltage gain, the topology in Fig. 5.17 was used. The
topology is also known from non-overlapping clock generators, but by correctly sizing
the inverters in each delay chain a crossing clock signal is achieved on the output.

A clock generator was sized for each CP variant due to a difference in load the
generator had to drive, and the clock generator gates were sized based on process
corner simulations of the different variants.
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Clkin

ClkA

ClkB

Figure 5.17: Topology of crossing clock generator.

HV ESD protection

The HV ESD protection was implemented using ESD blocks provided by the silicon
foundry of the used 180 nm SOI process. The ESD protection is based on stacked
PMOS transistors as shown in Fig. 5.18, where each additional transistor increases the
breakdown voltage of the ESD structure.

GND

HV node

...

Figure 5.18: Stacked PMOS ESD structure.

The ESD structure for the CP was sized for two different voltages, 210 V and 285
V, where the voltage represents the highest voltage that can be applied to the ESD
structure while the leakage current is less than 1 µA. The ESD structures are sized for
a 2 kV Human-Body Model (HBM) event.

Output filter

Any noise on Vbias in Fig. 5.16 will be passed through the MEMS capacitance to the
MEMS readout circuit and be a noise source in audio measurements, therefore, the CP
output Vpump,out is filtered. The filter consists of two cascaded first-order RC-filters as
shown in Fig. 5.19, where the resistors is realised by a diode-coupled transistor. This
type of filter is commonly used on CP outputs for MEMS microphone applications
[126]. The diode-coupled transistor is used as a resistance as it realises a low filter time-
constant when the voltages across the transistor are large, but as the output voltage
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settles the voltage drop decreases and the filter time-constant increases [126]. The
cross-coupled diodes are there to allow bi-directional charge transfer and to provide a
path for ESD events from the output to the ESD structure.

D1

D2

D3

D4

Vpump,out Vbias

C1 C2 C3

M1 M2

Figure 5.19: HV CP output filter.

The capacitances used for C1, C2, and C3, for all HV CP variants, are respectively
1.7 pF, 6.9 pF, and 14.8 pF. The sum of these capacitances amount to 23.4 pF.

Charge pump

The HV charge pump was implemented in two variants, both variants are based on
cascaded stages of the Favrat topology, as in Fig. 5.10, but they are implemented using
different sizes of capacitors for C1, C2, and Cbulk. One variant is implemented with 75
fF capacitors for C1 and C2 and a 117 fF capacitor for Cbulk, and the other variant use
300 fF capacitors for C1, C2, and Cbulk. The pumping capacitances, C1 and C2, were
for the variant with small capacitances sized to minimise the implementation area, and
for the variant with large capacitors C1 and C2 were chosen to be four times larger to
illustrate the impact of parasitic capacitances in CPs with small pumping capacitors.
Cbulk were for both variants determined iteratively through simulations to ensure that
the CP operates optimally across process corners. The variant with small capacitors
will hereafter be referred to as the 75 fF variant and the variant with large capacitors
as the 300 fF variant of the HV CP.

Two ICs were fabricated in this project, hereafter referred to as IC 1 and IC 2. A
75 fF variant and 300 fF variant was implemented on the first IC IC 1 and an updated
75 fF variant was implemented on the second IC IC 2. On IC 1 the 75 fF variant was
implemented as 57 cascaded CP stages and the 300 fF variant was implemented as 46
cascaded CP stages. To reach a voltage gain of 40 V/V in transistor-level simulations,
both the 75 fF and 300 fF variant required more stages than estimated by the analysis
in sub-section 5.2.1, as layout introduced additional parasitic capacitances. On IC 2
the number of cascaded stages for the 75 fF variant was increased to 65, based on the
measured voltage gain per stage of the 75 fF variant on IC 1, as simulations were not
accurate.

The transistors in the CP variants are all 5 V PMOS and NMOS transistors of
minimum size. The size of transistors were minimised to minimise parasitic capacitances
and thereby maximise the voltage gain. Wider transistors could have reduced the RFSL
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component of the output impedance, but as observed in Table 5.4, the output resistance
is dominated by RSSL by a factor of more than 2,000 when an on-resistance of 10 kΩ
is assumed. The actual on-resistance of minimum size PMOS and NMOS transistors
in the triode-region were extracted to be respectively 8 kΩ and 37 kΩ, which results
in a 2.25 times larger RFSL, but RSSL is still more than a 1,000 times larger than
RFSL at a clock frequency of 100 kHz. With RSSL that much larger than RFSL, no
significant voltage gain would be achieved by a lower RFSL, especially with a load that
is 100 GΩ. Making the transistors longer can increase the on-resistance and reduce the
reverse currents, but the reduction in reverse currents were outweighed by the increased
parasitic capacitances.

Variants

An overview of the HV CP variants across ICs are shown in Table 5.5 in terms of
number of cascaded CP stages and by the voltage rating of the ESD structure.

Table 5.5: HV CP variants on IC 1 and IC 2

CP variant No. of stages ESD rating [V]
IC 1:
75 fF 56 No ESD
75 fF 56 210 V
75 fF 56 285 V
300 fF 46 210 V
300 fF 46 285 V

IC 2:
75 fF 65 285 V

5.2.6 Layout considerations

As described in Chapter 3, the voltage stresses in CP topologies and the voltage ratings
of the used SOI process imposes limitations on CP implementations. Given the 5 V
rating of drain-to-source and gate-to-source of NMOS and PMOS transistors in the
used SOI process, the voltage stresses in the Pelliconi/Favrat topology, and the 5 V
supply voltage, then the voltage stress across active devices respects voltage ratings of
the SOI process. The biggest concern with the used CP topology and used SOI process
is the voltage stress on capacitors and the voltage stress from active devices to the HW
and adjacent devices, which will be addressed in this sub-section. A related publication
of this work is [20] (Appendix E).

In the used SOI process, DTI provides up to more than 200 V of lateral electrical
insulation where the leakage current is less than 1 pA for a DTI trench of 20 µm length
at a voltage of 200 V, and the leakage current through BOX is less than 1 pA for an
area of 2,500 µm2. Hence, wells can be electrically insulated very well. With proper
placement of devices and DTI the 5 V transistors can have a 200 V potential on drain,
source, and bulk, relative to ground with no risk of electrical breakdown to other wells.
The layout of the Favrat CP using DTI is depicted in Fig. 5.20, where the wells of the
NMOS and PMOS transistors are separated to avoid latch-up. In the drawing in Fig.
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5.20 the dimensions of the wells are not representative of their size in the actual layout,
as the capacitors require much more area than the transistors to be implemented.

P-WELL N-WELL
DTI

P-WELL P-WELL

P-WELL

P-WELL
ϕ1

ϕ2

Vin Vout

Figure 5.20: Layout of Favrat CP with wells insulated from each other by DTI

For the Pelliconi/Favrat topology the voltage stress on capacitors in a CP stage is
as high as the output voltage of that stage. So for a 5 V to 200 V CP, the first stage
can be implemented using 10 V capacitors, but the last stage must use capacitors rated
for 200 V, or stack multiple capacitors of lower voltage rating to distribute the voltage
stress. In the used SOI process there are multiple capacitors of different voltage rating
to choose from, but for the layout of the HV CP only MOM-capacitors have been used
due to their higher voltage rating. Specifically, two types of MOM-capacitors with
respectively a 60 V and 200 V voltage rating were used. The 60 V MOM-capacitor is
based on a finger-structure where the fringe-capacitance between metal-fingers is used
to achieve a high capacitance density, and the 200 V MOM-capacitor is based on the
plate capacitance between metal layers to achieve a high voltage rating at the cost of
a lower capacitance density. In the used process the 200 V MOM-capacitors utilise the
polysilicon layer to increase the capacitance density of the capacitor, as shown in Fig.
5.21, and are therefore placed in isolated wells as shown in Fig. 5.20. Furthermore, the
bulk biasing capacitor has been split into two capacitors to enable a symmetric layout.

The use of polysilicon in the 200 V capacitors increases the capacitance density, but
because the STI is thinner than the distance between polysilicon and metal layers, the
bottom plate of the 200 V capacitor has a breakdown voltage of only 100 V down to
the P-WELL below the polysilicon. Furthermore, the polysilicon, P-WELL, and STI,
creates a capacitance between the bottom-plate and well, which is a large parasitic
capacitance of 0.5 times the capacitor capacitance. The lower breakdown voltage is
not a problem in the Pelliconi/Favrat topologies because the bottom plate can be
connected to the LV clock signals or ground. In the implementation of the HV CP the
bulk beneath the polysilicon has been connected to the bottom plate of the capacitor, as
shown in Fig. 5.22. The P-WELL was connected to the bottom-plate of the capacitor,
as parasitic extraction showed that this would result in less total parasitic capacitance
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Figure 5.21: Plate type MOM-capacitor as in the 180 nm SOI process

on the bottom-plate of the 200 V capacitors. Driving the P-WELL with a clock signal
will capacitively couple to adjoining wells, but adjoining wells were seperated by two
DTI trenches and had their bulk connected to ground to mitigate interference.

5.2.7 Implementation of additional HV CP

In addition to the Pelliconi based Favrat HV CP, a Dickson based HV CP was imple-
mented to illustrate the increased challenge of achieving good output voltage control
with a uni-directional CP and a dedicated discharge circuit. The system-level imple-
mentation of the Dickson based HV CP is shown in Fig. 5.23, where the CP consists
of 100 cascaded stages and discharging of the load is implemented as a 200 V NMOS
transistor controlled by Vcontrol. The clock generator consists of inverters which gener-
ate the clock signals ClkA and ClkB as complementary clock signals, and the output
filter is the same as the filter used for the Favrat based implementations.

The Dickson based HV CP was implemented using 5 V diode-coupled transistors
instead of 10 V diodes, as the 10 V diodes has a higher parasitic capacitance, larger
area consumption, and larger forward voltage. The voltage stress on switches in the
Dickson CP is 2 · Vsupply so the supply voltage was lowered to 2.5 V to respect the
voltage rating of the transistors. The lower supply voltage increases the voltage gain
requirement from 40 V/V to 80 V/V. The CP was implemented as shown in Fig. 5.24,
where the transistors are minimum size to minimise parasitics and the capacitors are
87 fF each to minimise the implementation area.

5.3 Layout

The layout of IC 1 and IC 2 are shown in respectively Fig. 5.25a and 5.25b, where
the different HV CP variants have been highlighted. A breakdown of the layout area
of each HV CP variant, without LV ESD pads, is given in Table 5.6, where the clock
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Figure 5.22: Implementation of 200 V capacitors in the implementation of the 200 V
CP.

Clock Generator

100-stage Dickson

Charge Pump
Output Filter

HV ESD

ClkA ClkB

Vbias

Clkin

Vpump,out

Vcontrol

Vin

Figure 5.23: System-level implementation of the Dickson based CP with a load dis-
charge transistor.
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Vin Vout

87 fF 87 fF 87 fF 87 fF

ClkA ClkB ClkA ClkB

Figure 5.24: 4 stages of the Dickson CP for the Dickson based HV CP.

generator is counted as part of the CP area. Photos of the chips are shown in Fig.
5.26a and 5.26b.

Table 5.6: Implementation area of HV CPs

Variant CP core HV ESD Filter Total
CP ESD [mm2] [mm2] [mm2] [mm2]
IC 1
75 fF N/A 0.125 N/A 0.145 0.270
75 fF 210 V 0.125 0.093 0.145 0.363
75 fF 285 V 0.125 0.119 0.145 0.389
300 fF 210 V 0.260 0.093 0.145 0.498
300 fF 285 V 0.260 0.119 0.145 0.524

IC 2
75 fF 285 V 0.153 0.119 0.145 0.417
Dickson 285 V 0.062 0.119 0.145 0.326

From Table 5.6 it can be observed that the 75 fF variants with ESD protection
exceeds the 0.25 mm2 target and only leave 0.137 mm2 of area to implement the rest of
the servo-loop, including the 1.4 V to 5 V CP and voltage regulation, if the servo-loop
were to fit on 0.5 mm2. With the 0.5 mm2 target, the 300 fF variants leaves no area
or exceed the area themselves. However, it is also seen that the ESD protection and
output filter contribute significantly to the total area and that the size of the CPs alone
is no larger than 0.287 mm2. The Dickson CP is the smallest of any of the implemented
CPs, even though it has the highest number of cascaded stages and the highest voltage
gain. The small area of the Dickson CP can be attributed to the small amount of
pumping capacitance in each stage of the CP.

5.4 Measurements

This section presents the setup used to measure the high-impedance output of the
HV CPs and the measurements of the HV CPs on both IC 1 and IC 2. Extensive
measurements of the HV CPs on IC 1 are available in two related publications [17, 18]
(Appendix B and C) and only the most relevant measurements of IC 1 are included in
this section.
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(a) Top-level layout of IC 1

(b) Top-level layout of IC 2

Figure 5.25: Top-level layout of IC 1 and IC 2 fabricated in this PhD project.
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(a) Chip photo of IC 1 (size is 3.09 mm by 3.05 mm)

(b) Chip photo of IC 2 (size is 3.05 mm by 3.05 mm)

Figure 5.26: Chip photos of IC 1 and IC 2 fabricated in this PhD project.
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5.4.1 Measurement setup
Because the HV CPs are designed for a load of 100 GΩ and have an output resistance
of around 0.2-4.0 GΩ their output has to be measured by a very high-impedance in-
strument. The 10 MΩ input impedance on many instruments will be a way to small an
impedance to properly measure the CPs. Hence, a measurement setup using a source-
meter and a very low input bias current buffer was used to measure the CPs. The
used source-meter is a Keithley 2450, which can measure in the voltage range 0-210 V
and can sink or source currents at a resolution of 500 fA. By sinking 2 nA the input
impedance of the source-meter corresponds to 100 GΩ at 200 V. The operational ampli-
fier used to buffer the HV CP output is the Texas Instruments OPA-129, which has an
input bias current of 250 fA, which is much less than the 2 nA the CPs were designed
for. The OPA-129 only support +/- 15 V, so a dynamic supply based on the output of
the buffer was used to power the OPA-129. One setup used during the measurements
of IC 1 is shown in Fig. 5.27, where the OPA-129 based buffer and a socket for the ICs
is mounted on the green PCB.

Figure 5.27: Measurement setup used for measurements of HV CPs (Source [18])

5.4.2 Measurements of IC 1
This sub-section presents some of the measurement results of the HV CPs on IC 1, which
shows the impact of using crossing clocks, the output voltage, power consumption, and
rise time, of the CP variants on IC 1.

High-performance clocking

To verify that the crossing clock scheme is optimal for driving the Favrat based HV
CP implementations, one HV CP was driven by an external clock generator. Three
measurements of clock signals for the CP is shown in Fig. 5.28, representing non-
overlapping, crossing, and overlapping clock signals, where toverlap indicate how much
the clocks signals overlap each other. The rise-fall time of the clock signals is 5 ns.
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(a) Non-overlapping clocks, toverlap = 0.0 ns (b) Crossing clocks, toverlap = 2.5 ns

(c) Overlapping clocks, toverlap = 5.0 ns

Figure 5.28: Measured waveforms of clock signals used to test crossing clock scheme

The output voltage of the 300 fF 285 V ESD HV CP, with a supply voltage of 5
V, is plotted versus toverlap in Fig. 5.29 for three clock frequencies from 1 MHz to 4
MHz. In the plot the highest output voltage is observed at toverlap = 2.5 ns, which
corresponds to crossing clocks as in Fig. 5.28b.

Furthermore, the performance of the crossing clocks are not affected by supply
voltage as shown in Fig. 5.30, where the highest output voltage again is achieved at
toverlap = 2.5 ns.

Output voltage and power consumption

Table 5.7 shows the measured output voltages and power consumption of the CP vari-
ants on IC 1 across three samples, when driven by a 2 MHz clock signal and a 5 V
supply. It can be observed from the table that the power consumption is rather high,
300-600 µW, 15-30 times higher than the target of 20 µW, and the output voltage is
only around 182 V, approximately 20 V short of the 200 V target.

Table 5.7: Output voltage and input power of the CP variants on IC 1 @ 5 V and 2
MHz clock frequency.

Variant Output voltage [V] Input power [µW]
CP ESD Die 1 Die 2 Die 3 Die 1 Die 2 Die 3
75 fF N/A 182.6 182.1 181.7 324.5 322.7 324.1
75 fF 210 V 182.4 181.8 181.5 338.2 337.9 334.1
75 fF 285 V 181.6 181.9 181.5 325.3 328.7 323.0
300 fF 210 V 182.5 182.8 182.4 624.9 629.0 628.1
300 fF 285 V 182.4 182.8 182.4 616.1 621.0 618.3
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Figure 5.29: Output voltage versus overlap of clock signals @ 5 V supply
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Figure 5.30: Output voltage versus overlap of clock signals @ 2 MHz clock frequency
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Decreasing the clock frequency lowers the power consumption drastically while only
lowering the output voltage by a small amount. This can be observed in Table 5.8
where the output voltage and power consumption measurements for a 5 V supply and
a 100 kHz clock is shown. The power consumption of the 75 fF variant when clocked
at 100 kHz is relatively close to the 20 µW power consumption goal, but at the cost of
a slightly lower output voltage.

Table 5.8: Output voltage and input power of the HV CP variants on IC 1 @ 5 V and
100 kHz clock frequency.

Variant Output voltage [V] Input power [µW]
CP ESD Die 1 Die 2 Die 3 Die 1 Die 2 Die 3
75 fF 285 V 178.5 178.9 178.4 20.80 22.45 19.55
300 fF 285 V 181.5 181.9 181.5 39.74 40.69 36.41

To determine the settling time of the HV CPs on IC 1 the transient start-up was
measured. One transient waveform of start-up of the 75 fF variant HV CP is shown in
Fig. 5.31 and the rise time of the 75 fF and 300 fF variants at different clock frequencies
are listed in Fig. 5.9.

Figure 5.31: Measured rise time of the 75 fF HV CP variant with a 5 V supply and 2
MHz clock. (Source [18])

Table 5.9: Rise time of the 75 fF and 300 fF HV CP variants @ 5 V supply.
Clock frequency

Variant 1 MHz 2 MHz 4 MHz
75 fF 15.0 ms 7.44 ms 3.67 ms
300 fF 4.94 ms 2.47 ms 1.29 ms

From Table 5.9 it can be observed that the rise time scales almost linearly with the
clock frequency, so reducing the clock frequency from 2 MHz to 100 kHz, results in a 0
% to 99 % output voltage rise time of 150 ms. Hence, to meet the settling time target
of the servo-loop HP mode the HV CP must be clocked at higher frequencies, and to
meet the power target of the servo-loop LP mode the HV CP must be clocked at 100
kHz.

Both the measured output voltage and measured power consumption of the HV



5.4 Measurements 91

CPs on IC 1 are within 10 % of values from simulations, but the measured output
voltages are in all instances lower than simulated. The lower than expected output
voltage indicates that the Process Design Kit (PDK) and design tools are not accurate
enough to predict the output voltage. Hence, in the design of the HV CPs on IC 2
the measured output voltages of IC 1 were used to calculate the voltage gain per stage,
which was then used to size the HV CP on IC 2.

5.4.3 Measurements of IC 2
In this sub-section measurements of the HV CP on IC 2 are presented in multiple
sub-sub-sections, with a focus on output voltage and power consumption as a function
of the input voltage and clock frequency. An important note about IC 2 is that the
wrong cells from the PDK were used to implement LV ESD pads and as a result there
is a large static leakage current through the ESD structure when the supply voltage
is higher than 3 V. The input current on the supply rail for the HV CP versus the
supply voltage is shown in Fig. 5.32 for three samples, where the clock signal is pulled
to ground. Because of the large static input current, dynamic power consumption was
used to evaluate the power consumption of the HV CP. The static current draw of the
HV CP should have been very low and only be due to leakage current between wires
and through transistors that are turned off, but due to the ESD structures rated for 2
V the static current draw increases exponentially at supply voltages above 3 V.
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Figure 5.32: Static input current on voltage supply for the HV CP on IC2.

Favrat CP - Output voltage and power consumption

The dynamic power consumption of the 75 fF Favrat HV CP was determined by sub-
tracting the static input current Istatic from the input current when the CP was clocked
Iclocked to determine the dynamic current Idynamic, and the dynamic current was then
multiplied with the supply voltage Vinput. In Table 5.10 the static input current is listed
for different supply voltages along with the clocked input current, the dynamic input
current, and the output voltage Vout of the CP, when the CP is clocked at 2 MHz.

From Table 5.10 it can be observed that the static current of the CP does not
increase significantly up to a supply voltage of 3.0 V, after which it increases exponen-
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Table 5.10: Output voltage and input currents of the HV CP on IC 2 @ 2 MHz clock
frequency

Vinput [V] Vout [V] Istatic [µA] Iclocked [µA] Idynamic [µA]
0.5 0.0 0.66 0.66 0.00
1.0 46.9 0.66 12.89 12.23
1.5 69.0 0.66 19.91 19.25
2.0 91.1 0.67 26.69 26.03
2.5 113.2 0.68 33.91 33.23
3.0 134.2 0.69 40.88 40.19
3.5 154.2 0.89 48.25 47.36
4.0 173.5 2.75 57.37 54.63
4.5 192.5 14.38 76.28 61.90
5.0 211.0 70.62 140.20 69.58

tially due to the ESD circuit, whereas the dynamic current scales almost linearly with
the supply voltage at supply voltages above 1.0 V, which corresponds to the simulated
currents. The dynamic current is also plotted versus the input voltage in Fig. 5.33,
along with the simulated input current and the current that would run in a 73 kΩ
resistor at those voltages. The current in the resistor is included because during the
design of the LV CP later in this chapter, the HV CP in HP mode is modelled as a 73
kΩ resistance. The dynamic input current is also plotted versus supply voltage for a
100 kHz clock frequency in Fig. 5.34, along with the current in a 1242 kΩ resistor used
for modelling of the HV CP in LP mode later in this chapter.

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Input voltage [V]

0

1

2

3

4

5

6

7

8

In
pu

t c
ur

re
nt

 [A
]

10-5

IC 2 - sample 1
IC 2 - sample 2
IC 2 - sample 3
Simulation
73 kOhm resistor

Figure 5.33: Dynamic input power vs. input voltage at a clock frequency of 2 MHz.

The output voltage as a function of input voltage is shown in Fig. 5.35 and 5.36 for
clock frequencies of respectively 2 MHz and 100 kHz. As it can be observed the output
voltage scales approximately linearly with the input voltage, and the output voltage at
a 100 kHz clock is slightly lower.

The output voltage versus frequency at a supply voltage of 4.85 V is shown in Fig.
5.37, from where it can be observed that a lower frequency results in a slightly lower
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Figure 5.34: Dynamic input power vs. input voltage at a clock frequency of 100 kHz.
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Figure 5.35: Output voltage as a function of input voltage at a clock frequency of 2
MHz.



94 Adjustable high-voltage bias generator for MEMS actuation

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Input voltage [V]

0

50

100

150

200

250

O
ut

pu
t v

ol
ta

ge
 [V

]

IC 2 - sample 1
IC 2 - sample 2
IC 2 - sample 3
Simulation

Figure 5.36: Output voltage as a function of input voltage at a clock frequency of 100
kHz.

output voltage. At 100 kHz the output voltage is approximately 198 V and at 2 MHz
the output voltage is approximately 203 V.
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Figure 5.37: Output voltage vs. clock frequency at an input voltage of 4.85 V.

Based on the plots in Fig. 5.33 - 5.36 the output voltage can also be plotted as a
function of power consumption of the HV CP as in Fig. 5.38 and 5.39 for respectively
a 2 MHz and 100 kHz clock frequency. From the output voltage versus power plots it
can be observed that the 75 fF HV CP on IC 2, when clocked at 100 kHz can deliver
200 V at a power consumption of 15-20 µW and 180 V at a power consumption of only
13 µW.
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Figure 5.38: Output voltage vs. power consumption at a clock frequency of 2 MHz.
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Figure 5.39: Output voltage vs. power consumption at a clock frequency of 100 kHz.
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Favrat CP - Voltage regulation and rise time

To illustrate the limitations to bi-directional charge transfer with the Favrat CP two
different down-steps in supply voltage were made. In Fig. 5.40a the transient output
voltage following a supply voltage step from 4.85 V to 4.0 V is shown, and in Fig.
5.40b the transient output voltage from a step from 4.85 V to 3.0 V is shown. When
the voltage step is only 0.85 V the CP actively removes charge and the voltage is lowered
in just 15 ms, but when the voltage step is 1.85 V the discharge rate is much longer as
the CP is no longer able to remove charge efficiently.

(a) Step-down in output voltage following a step-
down in supply voltage of 0.85 V

(b) Step-down in output voltage following a step-
down in supply voltage of 1.85 V

Figure 5.40: Scope measurement of HV CP output voltage after a step-down in supply
voltage.

However, if the input voltage is changed at a rate instead of a step, the range where
the CP can remove charge from the load is extended. An oscilloscope measurement of
the Favrat HV CP output voltage when the CP is supplied by a triangle wave voltage
is shown in Fig. 5.41, where the top waveform is the supply voltage and the bottom is
the CP output voltage.

Figure 5.41: Output voltage of the HV CP when the supply is a triangle wave @ 2 MHz
clock frequency.
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The start-up transient of the HV CP on IC 2 when supplied at 4.85 V and clocked
at 2 MHz is shown in Fig. 5.42, where the 0 V to 200 V rise time is approximately 10
ms.

Figure 5.42: Start-up transient of the HV CP @ 2 MHz clock frequency and 4.85 V
supply.

Measurements of the HV CP on IC 2 show that to meet the servo-loop HP spec-
ifications the HV CP must be clocked at 2 MHz, and to meet the LP specifications
the CP must be clocked at 100 kHz. Because the output voltage depends on the clock
frequency the supply voltage must be adjusted when changing from a 2 MHz clock
frequency to 100 kHz to maintain the output voltage.

Dickson CP - Output voltage and power consumption

The measured output voltage of the Dickson HV CP at different clock frequencies is
shown in Fig. 5.43, for a supply voltage of 2.6 V and a load current of 2 nA. The
Output voltage at 2 MHz and the supply voltage of 2.6 V is a few volts above the 200
V target, however, if the supply voltage is reduced to 2.5 V the Dickson CP cannot
reach an output voltage of 200 V.

The Dickson CP is also more sensitive to clock frequency than the Favrat CP, as a
reduction in clock frequency from 2 MHz to 100 kHz results in a drop from 203.8 V to
185.7 V for the Dickson CP, whereas the voltage drop for the Favrat CP is from 203.2 to
198.1 V. The larger voltage drop of the Dickson CP can be explained by the equivalent
output resistance Rout, which for both CPs is dominated by the RSSL component. At a
clock frequency of 2 MHz RSSL is respectively 561.8 MΩ and 216.6 MΩ for the Dickson
and Favrat CP. With the voltage division between Rout and the load resistance of ∼100
GΩ, the gain of the voltage division is respectively 0.994 and 0.998 for the Dickson and
Favrat. With the decrease in clock frequency of a factor of 20, the gain of the voltage
division becomes respectively 0.899 and 0.958, which is approximately a 10 % drop in
output voltage for the Dickson topology and only a 4 % drop for the Favrat topology.
Hence, the higher RSSL of the Dickson topology makes it more sensitive to changes in
clock frequency than the Favrat topology.

When clocked at 2 MHz the Dickson HV CP has a power consumption of only 90
µW versus the 300 µW power consumption of the Favrat CP. However, the lowest clock
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Figure 5.43: Output voltage versus clock frequency of the Dickson HV CP @ 2.6 V.

frequency where the Dickson CP can sustain a 200 V output voltage is 400 kHz where
the power consumption is 18.4 µW, which is similar to the lowest power required by
the Favrat CP to provide an output voltage of 200 V.

Dickson CP - Rise time and voltage regulation

In addition to the large RSSL of the Dickson CP the CP is also implemented with
diode-coupled devices, which increases the RFSL component of Rout as the voltages
stabilise in the Dickson topology. This can also be observed in the long settling time of
the topology as shown by Fig. 5.44, where the settling time is approximately 150 ms.

Figure 5.44: Start-up transient of the Dickson CP output voltage @ 2.6 V supply and
2 MHz clock.

In addition to the longer start-up transient, regulating the output voltage of the
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Dickson CP is also more complicated, as both the supply voltage and the discharge
transistor must be controlled precisely for fast settling. If the output voltage is to be
decreased and not enough charge is removed by the discharge transistor the discharge
transient can look as shown in Fig. 5.45a, where the settling time depends on the
self-discharging of the MEMS. If too much charge is drained a negative overshoot will
occur as shown in Fig. 5.45b, where the settling depends on the rise time of the CP.

(a) Too little charge removed from the load (b) Too much charge removed from the load

Figure 5.45: Negative under- and over-shoot when decreasing the output voltage of the
Dickson CP.

With the long settling time of the Dickson CP and the risk of discharging too
much or too little charge from the load, precise control of supply voltage and discharge
transistor must be implemented to achieve a short settling time when decreasing the
output voltage. This could be mitigated by using a feedback loop around the Dickson
CP, but implementing the feedback with resistors would require very large resistances
or consume a significant amount of power relative to the 20 µW power budget.

Short summary of measurements

When clocking the Dickson and Favrat CPs at the same clock frequency the Dickson
based CP has a lower power consumption, but to provide a 200 V output voltage the
Dickson CP must be clocked at 400 kHz versus the 100 kHz for the Favrat CP. When
the Dickson is clocked at 400 kHz the power consumption is approximately the same
as the power consumption of the Favrat CP clocked at 100 kHz. So in terms of LP
performance the two CPs perform similarly. In terms of rise time and voltage regulation
the Favrat CP exhibit a better performance than the Dickson CP, as the Favrat CP
has a shorter rise time and easier control of output voltage.

In short, the LP mode power consumption performance of the two CPs is too similar
to pick one over the other based on that parameter. Although the Dickson CP has a
smaller implementation area than the Favrat CP, the rise time and voltage regulation
performance of the Dickson CP is too slow for the servo-loop, and the Favrat CP is a
favourable choice for the servo-loop.

The following sections present the design and measurements of the LV CP that
boosts 1.4 V to 5.0 V and adjusts the supply voltage to the HV CP.



100 Adjustable high-voltage bias generator for MEMS actuation

5.5 Design of adjustable supply for high voltage charge
pump

As it was observed in the previous section, to adjust the output voltage of the Favrat
based HV CP it was sufficient to regulate the supply voltage, although at a limited
rate when decreasing the output voltage. The output voltage of the HV CP could not
be regulated by using a linear regulator or by adjusting Rout of the HV CP, as the
load was capacitive. However, the output voltage of the LV CP can be adjusted by
using a linear regulator or by adjusting Rout of the LV CP, because the HV CP can be
modelled as a resistive load when it is clocked at a fixed frequency, due to power losses
to parasitic capacitances. This was also observed in Fig. 5.33 and 5.34 where the input
current to the HV CP is very similar to that of a 73 kΩ and 1242 kΩ resistor, when
the HV CP is clocked at respectively 2 MHZ and 100 kHz. The resistances modelling
the load that the HV CP is to the LV CP will hereafter in the context of the LV CP
be referred to as Rload,LV .

The obvious approach to digitally adjust the supply voltage for the HV CP would
be to insert a linear regulator between the LV CP and HV CP along with a digitally
controlled reference voltage. This approach would require both a LV CP, a linear
regulator, and a digital reference, where the digital reference due to the low servo-
loop bandwidth would likely be implemented as an oversampled Digital-to-Analogue
Converter (DAC).

When considering the circuit in Fig. 3.31a where a SC converter with a linear
regulator on the output is used to regulate the output voltage, there is practically no
difference in whether the SC converter output resistance or the pass-transistors on-
resistance is adjusted. In the case where the LV CP output voltage Vmid is regulated
by a linear regulator, with the pass-transistors on-resistance denoted as Rvar and the
LV CP output resistance denoted as Rout,LV , the LV CP output voltage is given by:

Vmid = Vdd
m

n

Rload,LV

Rload,LV +Rout,LV +Rvar
(5.3)

And if Vmid is regulated by the output resistance the LV CP output voltage is given
by:

Vmid = Vdd
m

n

Rload,LV

Rload,LV +Rout,LV
(5.4)

The two approaches are basically identical and the expression for Rout,LV based
voltage regulation (5.4) is in fact simpler. Hence saving the additional circuitry required
to implement a linear regulator appear to come at no cost in terms of voltage regulation,
making Rout,LV based voltage regulation appear as a favourable choice. So to reduce the
implementation complexity of the adjustable supply for the HV CP and save the area
of a linear regulator and a DAC, it was decided to design the LV CP implementation
based on voltage regulation by adjustment of Rout,LV .

The top-level implementation of this approach is also shown in Fig. 5.46 and a SC
converter model depiction of the approach is shown in Fig. 5.47, where the voltage
Vmid across the resistor Rload,LV sets the supply voltage for the HV CP. The resistor
Rout,HV is the output resistance of the HV CP, CMEMS is the capacitive load on the
HV CP, and Vdd is the system supply voltage. The ratio n1 and m1 is the ideal voltage
gain of the LV CP, and n2 and m2 the ideal voltage gain of the HV CP. In Fig. 5.47
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the output resistance of the LV CP is drawn as a variable resistance, as it is adjusted
to regulate the voltage Vmid.

HV charge pump

40.0 V/V

LV charge pump

1.43 - 3.57 V/V

Vbias

80 - 200 V

Vmid

2.0 - 5.0 V

Vdd

1.4 V

Figure 5.46: Top-level overview of the cascaded LV CP and HV CP.
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Figure 5.47: Top-level model of the cascaded LV CP and HV CP.

The output voltage of the LV CP could also be regulated by adjusting the m1/n1

ratio, but as it was discussed in Chapter 3 adjusting m/n in (3.3) has a low resolution
in state-of-the-art and would require a complex and large CP to implement a high
resolution.

There are several approaches that can be used to adjust Rout of a CP, also discussed
in Chapter 3, as Rout depends on the root-sum-square of RFSL and RSSL. Where RFSL

can be adjusted by adjusting the duty-cycle and the on-resistance of switches, whereas
RSSL can be adjusted by adjusting the pumping capacitance and clock frequency of
the LV CP. Adjusting the on-resistance of the switches and the capacitance of pumping
capacitors increases the required complexity of the LV CP, whereas the duty-cycle and
clock frequency are variables that can be controlled without the need for increasing the
complexity of the LV CP. An adjustable on-resistance of switches and adjustable size of
pumping capacitors could be achieved by implementing an array of either transistors or
capacitors, where disabling or enabling one or more devices in the array would adjust
the on-resistance or pumping capacitance. However, to achieve a resolution of 18 bits
would require the largest device in an array to be 131,072 times larger than the smallest
device in the array. A minimum size transistor in the used process is 220 nm wide and
180 nm long, so to achieve a transistor with an 131,072 times larger on-resistance
requires the channel to be 23.6 mm long and occupy an area of 0.0052 mm2, which also
introduces a large parasitic capacitance. Assuming a minimum capacitor size of 1 fF
would result in the large capacitor having to be 131.07 pF, which with the capacitance
densities available with the used process options would occupy an area of 0.0655 mm2.
Through design the LV CP could be designed to require either of these arrays in only
one of multiple stages, but mitigating the parasitic capacitance introduced by these
arrays is an additional challenge. An alternative to an array of transistors is to control
the gate-source voltage of a transistor to control the on-resistance, however, this would
require circuitry equal to that of a linear regulator with the exception of a dedicated
pass-transistor.

Adjusting Rout by adjusting the duty-cycle of the LV CP clock signal requires high
control over the timing of the clock signal. For example, if Rout is dominated by RFSL,
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the LV CP is clocked by a 2 MHz clock signal, and the duty-cycle is adjusted in the range
0.0 to 0.5, then the timing of clock transitions must be controlled in steps of picoseconds
to achieve an 18-bit resolution of Rout. With the pulse width being controlled so finely
the clock signal must have a very high quality as even a little jitter on the clock signal
can impact Rout significantly. Adjusting Rout by adjusting the switching frequency of
the clock, to adjust RSSL, is insensitive to clock jitter given that there is enough time
for complete charge transfer in each phase of the CP.

To avoid sensitivity to clock jitter and the requirement to adjust the pulse width
with picosecond precision, the switching frequency based voltage regulation approach
for the LV CP was pursued. The approach of adjusting the switching frequency is
sensitive to uncontrolled variations in clock frequency, for example, if a clock divider is
used to adjust the switching frequency, then variations in the clock source for the clock
divider will have an impact on the switching frequency and thereby an impact on Rout.
If Rload,LV is fixed, then any variation in Rout,LV due to frequency variations in the
clock signal for the clock divider will result in a change in the output voltage. However,
if the clock signals for the LV CP and HV CP are generated from the same clock source,
then given that RSSL ≫ RFSL in the LV CP and that the power consumption of the HV
CP is only due to switching of parasitic capacitances, then the ratio of Rload,LV /Rout,LV

will not change with clock frequency. Because RSSL is inversely proportional with the
switching frequency and Rload,LV is derived from the dynamic power loss equation (5.2)
and is also inversely proportional to the switching frequency. In reality RFSL of the LV
CP will contribute to Rout,LV and there will be other losses in the HV CP other than
switching losses, such as the power that the HV CP delivers due to leakage in CMEMS .

To implement the adjustable switching frequency for the LV CP it was decided to
pursue a Pulse Density Modulation (PDM) approach, as clock dividers often have a
resolution of 1/N or M/N where both N and M are natural numbers. Where M is
achieved by a clock multiplier and N by a clock divider. To achieve a high resolution
the clock multiplier would have to feature a significant range, which would result in
significant switching losses and high implementation complexity.

The following sub-sections will present the top-level architecture of the LV CP,
the implementation of PDM, inherent Power Supply Rejection (PSR) of CPs, and
schematics and capacitor sizes used to implement the LV CP.

5.5.1 Top-level implementation of LV CP
The LV CP was designed for a maximum switching frequency of 2 MHz, a supply
voltage of 1.4 V, and based on the devices available in the 180 nm SOI process. The
design goal for the LV CP is to have an adjustable output voltage of 2.0 to 5.0 V with
a resolution of 19.1 µV, corresponding to a 17.3-bit resolution. In the HP mode of the
servo-loop the LV CP load is modelled as a 73 kΩ resistor and in the LP mode the load
is modelled as 1242 kΩ.

To implement the LV CP it was decided to use the Favrat topology again, as it is a
topology which pumps on both edges of the driving clock signal, which reduces ripple
on the output. Additionally, the topology has inherent level-shifting capability, which
avoids the need for dedicated level-shifters to drive gate-voltages of the transistors.
To size the LV CP, equations (3.3), (3.4), (3.5), and (3.6), were used. The highest
power efficiency is achieved by CPs with a low Rout, but the lowest area is achieved by
CPs where Rout = Rload. For Favrat CPs of 3-8 stages the ideal voltage gain, required
pumping capacitance, required area for capacitors, and power efficiency, was calculated,
and the resulting numbers are shown in Table 5.11.
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Table 5.11: Estimation of area and efficiency of a 1.4 V to 5.0 V CP based on the
Favrat topology for a load of 73 kOhm

Number of Ideal voltage Total Capacitor Max power
Favrat stages gain [V/V] capacitance [pF] area [mm2] efficiency [%]

3 4 600 0.255 89.29
4 5 280 0.119 71.43
5 6 258 0.110 59.52
6 7 258 0.110 51.02
7 8 273 0.116 44.64
8 9 292 0.124 39.68

From Table 5.11 it can be observed that the highest power efficiency can be achieved
by a 3-stage implementation, but at the same time the required capacitor area is the
highest. The area required for capacitors is reduced by more than a factor of 2 by using 4
cascaded CP stages, while the efficiency is only reduced by 20 %. Using 5 stages instead
of 4 stages decreases the area by less than 10 % and decreases efficiency by 17 %, and
using more stages only decreases power efficiency. Hence, because power consumption
is less of a concern for the HP mode of the servo-loop the 4- and 5-stage CP were most
promising to achieve a small implementation area and were thus investigated further.

When circuit simulations were carried out with optimally sized transistors the 4-
stage CP required 320 pF of pumping capacitance to achieve an output voltage of 5 V
and the 5-stage CP required 300 pF. Furthermore, across process corners they could
both deliver 5.0 V into the 73 kΩ load, but the 4-stage CP did in some corners deliver
up to 5.4 V and the 5-stage CP up to 5.6 V. Due to the small difference in required
capacitance and the smaller variation in output voltage it was decided to implement the
LV CP for the 73 kΩ load as a 4-stage Favrat CP with 320 pF of pumping capacitance.

Because PDM is used to adjust output voltage of the LV CP, the LV CP designed
to drive the 73 kΩ load cannot be used to drive the 1242 kΩ load, if sufficient resolution
in the output voltage is to be achieved with the PDM approach. When the 4-stage CP
is driven at 2 MHz the output resistance is 29 kΩ, which results in an output voltage
of 5.0 V for the 73 kΩ load. To achieve an output voltage of 5.0 V for the 1242 kΩ load
with the 4-stage CP, the output resistance must be increased to 497 kΩ, which requires
that the switching frequency is decreased to 117 kHz.

A switching frequency of 117 kHz is already relatively close to the audio band
before PDM is introduced. If PDM is introduced to a 117 kHz clock to double the
output resistance the effective switching frequency becomes 58.5 kHz, which is even
closer to the audio band, increasing the risk of interference with audio measurements.
Therefore, it was decided to implement a smaller CP in parallel with the 4-stage CP,
as this gives some frequency headroom to utilise PDM for voltage regulation with the
1242 kΩ load. The smaller CP has a smaller pumping capacitance and requires a higher
switching frequency to achieve an output resistance of 497 kΩ. The smaller LV CP was
implemented as a 3-stage Favrat CP to achieve a higher efficiency, as the cost of the
increased size versus a 4-stage CP was small for the smaller LV CP compared to the
large LV CP. The pumping capacitance required by the small LV CP to provide 5 V
to the 1242 kΩ load with a 2 MHz clock frequency was calculated to 33 pF, but in the
actual implementation more was required due to parasitics and reverse currents.

To further increase the achievable resolution, the small LV CP was split into three
3-stage CPs connected in parallel, with different amounts of pumping capacitance and
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with enable/disable signals. The three parallel CPs allow the combined output resis-
tance to be adjusted by enabling one or more of the CPs, where enabling multiple
decreases the equivalent output resistance. The size of the smallest of the three CPs
was designed to avoid parasitic capacitances having a significant impact on the volt-
age gain, and the number of CPs was chosen based on achieving a < 497 kΩ output
resistance with all small CPs active and a LV CP clock frequency of 2 MHz. From the
smallest CP each additional CP was designed to have half the output resistance of the
previous and the number of CPs required to achieve the < 497 kΩ output resistance
was three. The resulting top-level implementation of the LV CP with the large 4-stage
CP and the three smaller 3-stage CPs is depicted in Fig. 5.48, where Ctot in each CP is
the total pumping capacitance in that CP, the capacitor Cdecoup is an output smoothing
capacitor, and Vctrl,1-Vctrl,4 are signals for disabling/enabling the independent CPs.

3-stage

CP 4

Ctot = 6.84 pF

3-stage

CP 3

Ctot = 13.68 pF

3-stage

CP 2

Ctot = 27.36 pF

4-stage

CP 1

Ctot = 317.36 pF

Vdd=1.4 V

Clkin

Vctrl,4

Vctrl,3

Vctrl,2

Vctrl,1

Vmid

2.0 - 5.0 V

Cdecoup

Figure 5.48: System-level overview of the LV CP implementation.

In the following sub-section the implementation of PDM is presented.

5.5.2 Pulse density modulation

Output voltage of the LV CP is regulated by adjustment of the equivalent output
resistance Rout of the CPs in Fig. 5.48, which in part is adjusted by disabling/enabling
the four parallel-connected CPs, but primarily adjusted by adjusting the switching
frequency fsw in (3.5) and thereby adjusting the RSSL component of Rout. The fsw
component in the equation for RSSL can be considered as the number of clock pulses
per second instead of the actual frequency of the clock, as charge is transferred every
time the CP changes phase. CPs enters a charge transfer phase on every edge of the
clock and by changing the number of edges per second, or clock pulses per second, the
fsw component is changed. Hence, instead of using a voltage controlled oscillator, clock
divider, or something similar, it is possible to change the fsw component by using pulse
skipping. For example, skipping every other pulse of a 2 MHz clock signal corresponds
to that fsw is equal to 1 MHz, and skipping every 10th pulse corresponds to a fsw of
1.8 MHz.

Using pulse skipping to control the output voltage of a SC converter can increase
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the voltage ripple on the output of the converter [160] and to minimise the ripple
the skipped pulses should be distributed as evenly as possible. For example, a SC
converter where every other clock pulse is skipped will have a lower ripple than a
SC converter that is pulsed twice and then has two clock pulses skipped. To evenly
distribute skipped clock cycles it was utilised that pulse skipping is a form of PDM,
and that a SD modulator generates a PDM output where pulses are evenly distributed.
The bandwidth requirements of the servo-loop allow a large Oversampling Ratio (OSR)
to be obtained by clock frequencies of a few MHz, and with a large OSR a large Signal-
to-Quantization Noise Ratio (SQNR) can be obtained by lower order SD modulators.

With a 4 MHz system clock frequency and the servo-loop bandwidth requirements
of 52 Hz and 1 Hz, the OSR of a SD modulator is respectively 38,000 and 2,000,000. In a
digital first-order 1-bit SD modulator these OSRs corresponds to SQNRs of respectively
22.5 and 31.5 bits, which is well above the ∼17.3 bit voltage resolution required for the
LV CP output. Therefore, it was decided to implement PDM of the clock signal for the
LV CP with a digital first-order 1-bit SD modulator with a return-to-zero output and
an 18-bit input reference. The SD modulator is implemented on a Field-Programmable
Gate-Array (FPGA) external to the IC, as the modulator is purely digital and a FPGA
allows reconfiguration of the modulator. A system-level overview of the LV CP, HV
CP, the SD modulator, and the clock generator is shown in Fig. 5.49.
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LV charge pump
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IC 2

Figure 5.49: System-level overview of clocking of the LV CP and HV CP.
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In Fig. 5.49 the system clock Clksystem has a frequency of 4 MHz. The clock divider
creates a 2 MHz or 100 kHz clock signal ClkHV for the HV CP from the 4 MHz clock
dependent on the Divsel signal. The SD modulator is driven by the 4 MHz clock and
generates a return-to-zero output MODout based on the 18-bit reference RefMOD. The
return-to-zero modulator output is fed to a flip-flop to generate the clock signal ClkLV
for the LV CP. The flip-flop is used to space out clock edges for the LV CP, as the CP
transfers charge on each clock edge. Without the flip-flop the SD modulator could be
driven with a 2 MHz signal and generate a 2 MHz output for the LV CP. With the flip-
flop the SD modulator must be run from a 4 MHz clock signal to achieve a maximum
ClkLV frequency of 2 MHz. An example of signals used to generate the ClkLV signal
is shown in Fig. 5.50, where the modulator output MODout is generated based on the
system clock Clksystem, and the clock signal ClkLV transitions on every rising edge
of MODout. How the flip-flop distributes the transitions of ClkLV is also observable
from Fig. 5.50, as the up- and down-transitions of MODout are closer grouped than the
transitions of ClkLV .

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

10 -6

0

1

C
lk

sy
st

em

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

10 -6

0

1

M
O

D
ou

t

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time [s] 10 -6

0

1

C
lk

LV

Figure 5.50: Example of waveforms for the sigma-delta generated clock signal for the
LV CP.

When the HV CP is clocked at a fixed rate and the SD modulator is skipping cycles
the output voltage from the LV CP will vary over time, this is illustrated in Fig. 5.51a
and 5.51b for a ClkHV of respectively 2 MHz and 100 kHz.

For the case where ClkHV is 2 MHz it can be observed at the time 1 µs when the
HV CP is clocked that the Vmid voltage is approximately 5.08 V, and at the time 1.25
µs when the HV CP is clocked by the falling edge of ClkHV the voltage of Vmid is only
5.00 V. As a result the supply voltage for the HV CP varies when the HV CP is clocked
due to cycle skipping. In the case where ClkHV is 100 kHz the voltage swing on Vmid

is lower and at the points where the HV CP is clocked (at 0, 5, 10, and 15 µs) the
voltage difference is even less. The voltage swing on Vmid is lower when the HV CP is
clocked at 100 kHz as there are 20 clock edges on the LV CP that can be skipped per
clock edge of the HV CP, with the result that there is time to regenerate the voltage
of Vmid.
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(a) HV CP clocked at 2 MHz
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(b) HV CP clocked at 100 kHz

Figure 5.51: Waveforms of Vmid based on clock-skipping of the LV CP.
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To determine the worst-case peak-to-peak (pk-pk) voltages in the LV CP and HV
CP, a model based on charge sharing between capacitors was made and used to simulate
pk-pk voltages for all values of RefMOD (Matlab code for implementation of the model is
shown in Appendix F and G). The model includes pumping and decoupling capacitors,
but does not include parasitic capacitances and reverse currents, hence the voltage
gain and pk-pk voltages are higher than they will be in a circuit-level simulation or
a physical implementation. The motivation for creating and using the charge-sharing
model is that it for a single value of RefMOD can take several days to simulate tens
of milliseconds of transient behaviour with circuit-level simulations of the HV CP, and
with 262,144 possible values for RefMOD then circuit-level simulations for all RefMOD

values would have taken years to complete with the available simulation resources.
The simulated pk-pk voltage of Vmid is shown in Fig. 5.52a and 5.52b versus RefMOD

for the scenarios where the HV CP is clocked at 2 MHz and 100 kHz.
When the HV CP is clocked at 2 MHz the HV CP samples Vmid at a rate of 4 MHz

and thus the pk-pk voltage of the sampled Vmid is equal to the values in Fig. 5.52a.
When the HV CP is clocked at 100 kHz Vmid is sampled less frequently resulting in
the pk-pk voltages of the sampled Vmid to be less than the pk-pk voltage of Vmid. The
pk-pk voltages of the sampled Vmid when CP 2 is active is shown in Fig. 5.53, and if
it was CP 3 or CP 4 that were active the pk-pk voltages would be lower.

The output voltage Vmid of the LV CP with respectively CP 1 and CP 2 active
and loaded by the HV CP run at 100 kHz is shown in Fig. 5.54b and 5.54a versus the
RefMOD value. As it can be observed from Fig. 5.54 Vmid is not directly proportional
to the value of RefMOD, as it is the output resistance of the LV CP that scales with
RefMOD. The output voltage follows the gain of the voltage division between Rload,LV

and Rout,LV , where Rload,LV is fixed and Rout,LV is almost proportional with RefMOD

given that RSSL ≫ RFSL. The HV CP output was also simulated and a much higher
output voltage is obtained with the charge sharing model than with transient circuit
simulations of the HV CP, as the charge sharing model does not include parasitics and
reverse currents. The output voltages of the HV CP from simulations with the charge
sharing model are shown in Fig. 5.55b and 5.55a.

A 17.3-bit resolution on Vmid in the voltage range 2.0 to 5.0 V corresponds to a linear
voltage resolution of 19.1µV, or a voltage resolution of 0.763 mV on Vbias in the 80.0
to 200.0 V range. The pk-pk voltages of Vmid samples in Fig. 5.52a are high compared
to the targeted resolution of 19.1 µV, but this is filtered by the HV CP output filter,
and in addition to the output filter the HV CP itself has an inherent Power Supply
Rejection (PSR) that attenuate supply ripple. If the pk-pk voltages on Vmid, from Fig.
5.52a and 5.53, were amplified by the ideal voltage gain of the 65-stage Favrat CP of
66 V/V, the pk-pk voltage on Vpump,out would be 0.3 to 21.1 V, but with the inherent
PSR of the HV CP the actual pk-pk voltages are lower. The next sub-section describes
the inherent PSR in further detail and presents plots of the simulated pk-pk voltages
of Vpump,out and Vbias.

5.5.3 PSR of CPs
When a CP is modelled as a SC converter with a capacitive load, as in Fig. 3.35, the
output resistance Rout and the capacitive load Cload creates a RC low-pass filter. This
low-pass filter creates an inherent PSR in the CP which can be utilised to attenuate
the noise on Vmid. A related publication to the inherent PSR in CPs is [19] (Appendix
D).

The low-pass filter behaviour has certain performance limitations, as the CP is a
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(a) Simulated pk-pk voltages of Vmid when the HV CP is clocked at 2 MHz
and CP 1 is active
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(b) Simulated pk-pk voltages of Vmid when the HV CP is clocked at 100
kHz and CP 2 is active

Figure 5.52: Simulated pk-pk voltages of Vmid for values of RefMOD.
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Figure 5.53: Simulated pk-pk voltages of Vmid as sampled by the HV CP

sampled circuit, high-frequency variations in Vmid can alias down into lower frequencies
where the attenuation is less, furthermore, dependent on the used topology there can
be direct AC paths which can limit the achievable attenuation.

The sample rate of a CP is first and foremost dependent on the used switching
frequency, but it is also topology dependent, as the Heap topology samples the voltage
supply once per clock cycle and the Favrat topology samples twice per clock cycle.
Because the Favrat samples the supply twice per clock cycle it has a twice as high
sampling rate and can thus attenuate higher frequency signals than the Heap topology.

When there is a direct AC path in a CP, voltage variations on the supply will cause a
voltage variation on the output and reduce the PSR. An example of a CP topology with
a direct AC path is depicted in Fig 5.56a, where the depicted Heap topology in phase
φ2 will use Vin to lift C1, which lifts C2 that is connected to the output, this creates an
AC path from Vin to Vout. It is possible to avoid direct AC paths by configuring the
topology as in Fig. 5.56b, where no capacitor is lifted by Vin in any phase, with the
result that there is no AC paths from Vin to Vout, but at the cost of a reduced voltage
gain.

Using the equivalent output resistance of the HV CP on IC 2 and the capacitance
on the output, C1 in Fig. 5.19 of 1.74 pF, the low-pass cut-off frequency is respectively
412.8 Hz and 20.6 Hz when the CP is clocked at 2 MHz and 100 kHz. The AC path
through the last stage of the HV CP corresponds to a voltage division between the 75
fF pumping capacitance, the 120 fF bulk biasing capacitance, and the capacitance on
the output, where the resulting gain of the voltage division is 0.038. Relative to the
HV CP low-frequency voltage gain of 40 V/V the direct AC path limits the PSR Ratio
(PSRR) to 60.4 dB. The PSRR is given by:

PSRR[dB] = 10log10
Vin,pk−pkA

2
v

Vout,pk−pk
(5.5)
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(a) Simulated average Vmid with CP 1 active
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(b) Simulated average Vmid with CP 2 active

Figure 5.54: Simulated average Vmid values with CP 1 and CP 2 active.
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(a) Simulated average Vpump,out with CP 1 active
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(b) Simulated average Vpump,out with CP 2 active

Figure 5.55: Simulated average Vpump,out values with CP 1 and CP 2 active.
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Figure 5.56: Two Heap CPs, one with an AC path and one with no AC path

Where Vin,pk−pk is the pk-pk voltage of the CP supply voltage, Av is the low-
frequency voltage gain, and Vout,pk−pk is the pk-pk voltage of the CP output.

In addition to the the inherent PSR due to the equivalent output resistance, there
is also a low-pass filtering effect which is caused by the sampling nature in some CP
topologies, where cascaded stages result in that charge from previous sampled supply
voltages will affect the output voltage.

A sampled version of Vin can be written as Vin(n), where n denote when Vin was
sampled. With a two-stage Dickson topology as depicted in Fig. 5.57, then in phase
φ1 the capacitor C1 is charged to Vin and C2 is lifted by Vin and charge sharing occur
between C2 and Cout, and in phase φ2 capacitor C1 is lifted by Vin and charge sharing
occur between C1 and C2. Every time the CP changes phase the voltages in the CP
are effectively sampled by one or another capacitor, and the voltages in the following
phase will depend on those samples. For example, on the transition from phase φ1 to
φ2 the capacitor C1 samples Vin to Vin(n), and the voltage on Cout will be sampled to
VC,out(n):

VC,out(n) =
(VC,2(n− 1) + Vin(n)) · C2 + VC,out(n− 1) · Cout

C2 + Cout
(5.6)

VoutVin

ϕ2 ϕ1

ϕ1 ϕ2 ϕ1

C1 C2 Cout

Figure 5.57: Two-stage Dickson CP
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Where VC,2(n−1) and VC,out(n−1) are the previous samples of voltages on C2 and
Cout, and Vin(n) is the voltage of Vin at sample n. The voltage on C2 in phase φ1 at
n is given by VC,out(n)− Vin(n). The evolution of the voltage VC,2(n) as a function of
VC,1,VC,2, and VC,out, is written in Table 5.12 for 7 CP transitions, where the expressions
have been simplified by setting C1 = C2 = Cout = 1 and the initial capacitor voltages
to 0 V.

Table 5.12: Voltages on C2 in Fig. 5.57 as a function of sampled voltages
Sample n Phase VC,2(n)

1 φ1 0

2 φ2
VC,1(1)+Vin(2)

2

3 φ1
VC,2(2)+Vin(3)

2 − Vin(3)

4 φ2
VC,1(3)+Vin(4)+VC,2(3)

2

5 φ1
VC,2(4)+Vin(5)+VC,out(4)

2 − Vin(5)

6 φ2
VC,1(5)+Vin(6)+VC,2(5)

2

7 φ1
VC,2(6)+Vin(7)+VC,out(6)

2 − Vin(7)

When inserting VC,1(1), which is Vin(1), into the expression for VC,2(2), VC,2(2) becomes:

VC,2(2) =
Vin(1) + Vin(2)

2
(5.7)

Inserting that into the expression for VC,2(3), VC,2(3) becomes:

VC,2(3) =
Vin(1)+Vin(2)

2 + Vin(3)

2
− Vin(3) (5.8)

Which can be simplified to:

VC,2(3) =
Vin(1)

4
+

Vin(2)

4
− Vin(3)

2
(5.9)

And VC,out(3) is given by:

VC,out(3) =
Vin(1)

4
+

Vin(2)

4
+

Vin(3)

2
(5.10)

As it can be observed VC,out(3) depends not only on the present sample of Vin but
also on the previous samples of Vin. Continuing this for a higher number of samples
expands the topology dependent series, where older samples of Vin has a weight as
well. For a two-stage Pelliconi topology the 10th sample on the output capacitor can
be written as below, where Vin(10) is the most recent sample of Vin. That Vin(10) is
dependent on previous samples of Vin corresponds to a weighted average behaviour,
which corresponds to a filter behaviour that in this case is a low-pass filter.
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VC,out,pelliconi(10) =
Vin(10)

2
+

Vin(9)

2
+

3 · Vin(8)

8
+

5 · Vin(7)

16
+

Vin(6)

4
+

13 · Vin(5)

64

+
21 · Vin(4)

128
+

17 · Vin(3)

128
+

55 · Vin(2)

512
+

89 · Vin(1)

1024
(5.11)

When additional stages are cascaded the low-pass filtering changes as well and with
real capacitor sizes the attenuation from charge sharing affects the impulse response
as well. The impulse response for a 65 stage Favrat CP with capacitor sizes equal to
those from the HV CP on IC 2 is shown in Fig. 5.58 and the 218-point Fast Fourier
Transform (FFT) of the impulse response is shown in Fig. 5.59 for a CP clock frequency
of 100 kHz. The impulse response is based on charge sharing only, where on-resistance
of switches and reverse currents have not been included in the calculations. Including
on-resistance and reverse currents would decrease the gain of the CP and thereby aid
in attenuation.
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Figure 5.58: Impulse response of 65 stage Favrat CP

As it can be observed from the magnitude versus frequency plot in Fig. 5.59 the
impulse response reveal a low-pass behaviour from the sampling in the CP. The low-
pass behaviour does not exhibit a -20 dB/decade curve, but slightly less, due to the
weight of samples. Furthermore, given the CP being a sampling circuit, at frequencies
above half the sampling rate aliasing will occur and the low-pass behaviour diminish.

With the low-pass behaviour from the RC-circuit of a CP with a capacitor on the
output and the low-pass behaviour from the sampling structure of a CP, the variations
in sampled pk-pk values of Vmid is not amplified by the voltage gain of the HV CP, but
attenuated, although aliasing do result in that pk-pk voltages for some RefMOD values
are less attenuated. The simulated values of pk-pk voltages on the HV CP output
Vpump,out is shown in Fig. 5.60a and 5.60b for HV CP clock frequencies of 2 MHz and
100 kHz. The peaks in the plot are caused by aliasing.

From the simulated pk-pk voltage on the HV CP output it can be observed that
the highest pk-pk voltage is 1.9 V and most pk-pk voltages are less than 0.1 V, which is
less than the 0.3 to 21.12 V that would be caused by the ideal gain of the HV CP. The
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Figure 5.59: 262144-point FFT of impulse response of 65 stage Favrat CP

simulated HV CP output pk-pk voltages are higher than acceptable for the servo-loop
application with a goal of a 0.763 mV resolution on the HV CP output, but with the
HV CP output filter the voltage variations is reduced further. In Fig. 5.61a and 5.60b
the filtered HV CP output Vbias for HV CP clock frequencies of 2 MHz and 100 kHz
is shown versus values of RefMOD, where the highest pk-pk voltages are less than 0.2
mV.

With the 4 MHz clock frequency and 18-bit resolution of the sigma-delta modulator
the frequency bins of the modulated clock signal are spaced ∼15.26 Hz apart, which
results in that when the HV CP is run at 100 kHz then for any value of RefMOD

the lowest frequency that Vmid can alias down into is 3.05 Hz. Signals at 3.05 Hz is
attenuated sufficiently by the HV CP and the output filter to bring the pk-pk output
voltage down to acceptable levels. In Table 5.13 the frequencies in the range 0 Hz to
1 MHz that alias into the lowest frequencies are shown, the pattern repeats for the
frequency range 1 MHz to 2 MHz, 2 MHz to 3 MHz, and 3 MHz to 4 MHz. Aliasing of
1 MHz into 0 Hz is possible as the clock signals for the LV CP and HV CP are generated
from the same clock source. When the HV CP is run at 2 MHz it has a sampling rate
of 4 MS/s, which means the lowest frequency anything can alias down into is 15.26 Hz.

Table 5.13: Frequency components of ClkLV that alias into the lowest frequencies
RefMOD Frequency component [Hz] Aliased frequency [Hz]
13,107 199,996.95 3.05
13,108 200,012.21 12.21
26,214 399,993.90 6.10
26,215 400,009.16 9.16
39,321 599,990.84 9.16
39,322 600,006.10 6.10
52,428 799,987.79 12.21
52,429 800,003.05 3.05
65,535 999,984.74 15.26
65,536 1,000,000.00 0.00
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(a) Simulated pk-pk voltage of Vpump,out when CP 1 is active
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(b) Simulated pk-pk voltage of Vpump,out when CP 2 is active

Figure 5.60: Simulated Vpump,out pk-pk voltages for values of RefMOD
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(a) Simulated Vbias pk-pk voltages with CP 1 active
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(b) Simulated Vbias pk-pk voltages with CP 2 active

Figure 5.61: Filtered HV CP output Vbias pk-pk voltages for values of RefMOD
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Summarised, the sigma-delta modulated clock for the LV CP regulates the output
voltage as intended, but does result in aliasing which causes pk-pk voltages on the HV
CP output which is higher than tolerable, however, when the HV CP output is filtered
the pk-pk voltages are sufficiently low to achieve an 18-bit resolution in the servo-loop
low-power mode. Layout of the LV CP is presented in the next sub-section.

5.5.4 Layout
The layout of the LV CP is highlighted in Fig. 5.62, and the area of CPs and the
decoupling capacitor Cdecoup is listed in Table 5.14.

Figure 5.62: Highlighted layout of LV CP on IC 2.

Table 5.14: Area of LV CP blocks

Block Area [mm2]
CP 1 0.169
CP 2 0.016
CP 3 0.009
CP 4 0.005
Cdecoup 0.085
LV CP 0.284

HV CP 0.417
LV CP + HV CP 0.701

The total area for the LV CP and HV CP combination is 40 % larger than the tar-
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geted servo-loop area of 0.500 mm2. However, there are multiple approaches that can
be used to decrease the total implementation area, such as, but not limited to, clock-
ing the LV CP at higher frequencies to reduce the size of capacitors, using additional
stages to trade power efficiency for area, and layering capacitors with MOM-capacitors
in the layers above the used MIM-capacitors and with MOS-capacitors under the MIM-
capacitors, to achieve a higher capacitance density. The size of the HV CP capacitors
cannot be reduced, as the voltage gain decrease leads to diminishing returns in area
decrease, and higher clock frequencies does not result in significantly higher output volt-
age due to the capacitive load. But both the LV and HV CPs can be reduced in size by
paying for additional process layers to implement capacitors with a higher capacitance
density. For example, the LV CP was implemented using single layer MIM-capacitors,
but triple layer MIM-capacitors is a process option, which effectively increases the ca-
pacitance density by a factor of three and thereby can reduce the capacitor area by a
factor of three. If additional metal layers were used as well, MOM-capacitors with a
higher capacitance density could be used to decrease the size of the HV CP as well.
Furthermore, with more metal layers the HV capacitors for the HV CP could be moved
up into higher metal layers to reduce the parasitic capacitance and thereby reduce the
power consumption of the HV CP, which effectively would reduce the required amount
of capacitance for the LV CP.

5.6 Measurements

The following subsections presents measurements of the LV CP on IC 2 and the output
voltage of the HV CP on IC 2 when driven by the LV CP, as well as PSR measurements
of the HV CP on IC 2.

5.6.1 LV CP measurements

In this subsection measurements of the LV CP on IC 2 is presented followed by a
subsection on measurements of the LV CP connected to the 65-stage HV CP. For the
LV CP the used ESD pads for inputs was of sufficient voltage rating, but the ESD on
the output pad was not of the correct voltage rating, hence at output voltages above
3 V there is significant leakage into the ESD structure. The ESD leakage issue will
in a future IC be corrected by implementing ESD circuits with the correct voltage
rating. The impact of the ESD leakage is also illustrated by the LV CP output voltage
measurements plotted in Fig. 5.63 where the LV CP is loaded by nothing but the
ESD structure. Ideally the ESD structure should not load the LV CP enough to affect
the output voltage and the output voltage curves should be flat, but they are not.
The measurements are plotted as a function of the 4 Most Significant Bits (MSBs) in
RefMOD (bits 17:14), meaning that 0000 is equal to 18b000000000000000000 and 1111
is equal to 18b111100000000000000. Setting the 14 Least Significant Bits (LSBs) to 1
would increase the output voltage by a little, but also result in switching activity for
the code 0000.

Instead of measuring the loaded output voltage, which would be affected by the ESD
leakage, the output power was measured by measuring the output voltage followed by
a measurement of the ESD leakage at that voltage, which was used to calculate the
output power at that RefMOD setting. The measured output power for CP 1 in the
LV CP is shown in Fig. 5.64a and the measured output power for CP 2, CP 3, CP 4,
and a combination of CP 2 and CP 3, is shown in Fig. 5.64b. The input power for the
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Figure 5.63: Output voltage of the pre-CPs vs. the 4 MSB modulator reference bits.

different modulator reference codes were measured as well and these measurements are
shown in Fig. 5.65a and 5.65b. From the input and output power the power efficiency
of the different CPs has been calculated and plotted versus REFMOD in Fig. 5.66.
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(a) Output power of CP 1

0000 0101 1010 1111
Bits 17:14 of RefMOD

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

O
ut

pu
t p

ow
er

 [W
]

10-5

CP 2 + CP 3
CP 2
CP 3
CP 4
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Figure 5.64: Output power of the CP 1-4 of the LV CP versus the 4 MSB of RefMOD

To measure the resolution of the LV CP the output current was measured for various
values of the modulator reference, where the output was kept at 2 V by a source meter
to reduce ESD leakage. The measured output current of CP 2 for the 4 MSB is shown
in Fig. 5.67a, and the measured change in output current from changes in the 8 LSB
of RefMOD is shown in Fig. 5.67b. The change in output current was measured around
an output current of 9 µA, as the output current from RefMOD = 1, would most likely
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Figure 5.65: Input power to the CP 1-4 of the LV CP versus the 4 MSB of RefMOD
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Figure 5.66: Power efficiency of various LV CP configurations vs. the 4 MSB modulator
reference bits.
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not be measurable.
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(b) Output current change of CP 2

Figure 5.67: Output current and change in output current of CP 2 vs. RefMOD (Note
the difference in Y-axis exponents).

In the next sub-section the measured input and output power of the LV CP is used
to interpolate measurements of the LV CP and HV CP on IC 2 to predict the expected
performance of the HV bias generator if the ESD cells had been sized correctly. Both
interpolated and measured results of the HV bias generator is presented in the next
sub-section.

5.6.2 LV CP and HV CP measurements

This subsection presents measurements of the LV CP connected to the HV CP, where
measurements illustrate the functionality of the SD modulator based PDM, interpola-
tion between LV CP measurements and HV CP measurements illustrates the output
voltage and system power consumption that should be achievable with the implemented
circuits, and finally measurements of the HV CP driven by the LV CP illustrates the
achieved voltage gain when the ESD leakage is present.

Measurements of Vmid when the LV CP is loaded by the HV CP is shown in Fig.
5.68a-5.68c, where the top waveform in each figure is the HV CP clock, the middle
waveform is the LV CP clock, and the bottom waveform is Vmid. In Fig. 5.68a the HV
CP is run at 100 kHz, and in Fig. 5.68b and 5.68c it is run at 2 MHz. In all three
figures the modulator skipping clock transitions for the LV CP can be seen on the LV
CP clock as wider pulses or a wider distance between pulses and the variation in Vmid

shows that the implementation achieves the intended operation that was shown in Fig.
5.51a and 5.51b.

To estimate the achievable output voltage of the HV CP versus RefMOD the plots
in Fig. 5.38 and 5.39 have been interpolated with the plots from Fig. 5.64a and 5.64b
to create the plots in Fig. 5.69a and 5.69a, which shows the HV CP output voltage as
a function of the 4 MSB of RefMOD. In Fig. 5.69a the output voltage of the HV CP
is based on the HV CP being driven by a 2 MHz clock and CP 1 being active, and in
Fig. 5.69a the output voltage of the HV CP is based on the HV CP being driven by
a 100 kHz clock and CP 2 being active. Furthermore, interpolation has been used to
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(a) Vmid when HV CP is clocked at 100 kHz

(b) Vmid when HV CP is clocked at 2 MHz and few clock cycles are skipped

(c) Vmid when HV CP is clocked at 2 MHz and many clock cycles are
skipped

Figure 5.68: Scope measurements of Vmid when driving the HV CP
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create a plot of the HV CP output voltage versus input power to the LV CP for the
configuration where the HV CP is driven by a 100 kHz clock and CP 2 is active, with
the resulting plot shown in Fig. 5.70.
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Figure 5.69: Interpolated HV CP output voltage vs. the 4 MSB of RefMOD when CP
1 or CP 2 is active.

As it can be observed from Fig. 5.69a and 5.69b, the HV CP output voltage should
be controllable by adjusting RefMOD in the range of at least 80 V to 200 V. From
Fig. 5.70 it can be observed that when the HV bias generator is operated in LP mode,
the power required to supply 200 V is 20.0 to 30.0 µW. This is more than the target
servo-loop power consumption specification of 20 µW and does not include the power
consumption of the SD modulator.

The voltage resolution of the HV bias generator per LSB in RefMOD based on the
interpolated measurements is shown in Fig. 5.71, from where it can be observed that
the CP in both HP and LP mode should be capable of providing sufficiently small
voltage steps of < 0.763 mV in the voltage range 80 V to 200 V.
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Figure 5.70: Interpolated output voltage vs. input power with CP 2 active.

The measured output voltage of the HV CP supplied by the LV CP is shown in Fig.
5.72 for both the HP mode and LP mode of the HV bias generator. The measured
input power to the LV CP loaded by the HV CP is shown in Fig. 5.73, for both the HP
mode and LP mode of the HV bias generator. Because there is an ESD structure on
the output of the LV CP and on the input of the HV CP, there is effectively two ESD
structures in parallel, which increases the ESD leakage for the measurements. For the
HP mode CP 1 of the LV CP is active and the HV CP is clocked at 2 MHz and in the
LP mode CP 2 is active and the HV CP is clocked at 100 kHz. In HP mode the HV
bias generator can output 188.8 V and in LP mode it can output 161.2 V, and the peak
power consumption in the two modes are respectively 554.1 µW and 53.1 µW. The
voltage resolution in the 41.0 V to 200.0 V range could not be measured to less than 20
mV due to noise in the measurement setup, even though the setup used shielded cables
and a metal box for shielding. A picture of the shielded setup is shown in Fig. 5.74.
The noise in the measurement setup was present when the PCB for measurements was
powered on and the HV bias generator supply was turned off.

5.6.3 HV CP PSR measurements
PSR of the HV CP was measured using a sine wave voltage supply for the HV CP and
measuring the pk-pk output voltage using an oscilloscope. The sine wave was varied in
frequency to determine the frequency response of the HV CP, and the minimum and
maximum voltage of the sine wave was 3 V and 5 V. The measured pk-pk voltage on
the output of the HV CP is shown in Fig. 5.75 for HV CP clock frequencies of 100
kHz, 500 kHz, 1 MHz, and 2 MHz. Measurements of low pk-pk voltages on the HV
CP output was limited by the oscilloscope resolution and voltage range. The highest
attenuation measured is approximately 40 dB. With the capacitors used to implement
the HV CP, the AC path from the supply through the pumping capacitors in the last
CP stage should limit the attenuation to 60 dB.

The observed -3 dB frequencies for the measured HV CP frequency response is lower
than both the calculated -3 dB frequency for the RC-filter behaviour of the HV CP and
the -3 dB frequency of the impulse response low-pass behaviour. The reason is that
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(a) HV CP output voltage resolution - CP 1 active - HP mode
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(b) HV CP output voltage resolution - CP 2-4 active - LP mode

Figure 5.71: Interpolated resolution of the HV CP output voltage per LSB step in
RefMOD.
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Figure 5.72: Output voltage of the bias generator in HP and LP mode vs. the 4 MSB
modulator reference bits.
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Figure 5.73: Power consumption of the bias generator in HP and LP mode vs. the 4
MSB modulator reference bits.
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Figure 5.74: Shielded measurement setup used in an attempt to reduce measurement
noise
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Figure 5.75: PSR of HV CP on IC 2 at different HV CP clock frequencies.
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the relatively large voltage swings on the supply results in large voltage swings on the
CP output, which results in large voltage drops across the diodes in the HV CP output
filter. The large voltage drops across the diodes reduces the on-resistance of the diodes,
and the filter capacitances must therefore be included in the calculations for the HV
CP RC-filter behaviour.

The -3 dB frequencies were originally calculated for an output capacitance of 1.74
pF, which for a 100 kHz clock frequency resulted in a -3 dB frequency of 20.6 Hz. With
the total filter capacitance of 23.4 pF in the RC-filter the calculated -3 dB frequency is
1.5 Hz, which matches with the 1.5-1.6 Hz observed in measurements for the 100 kHz
clock frequency.

5.7 Comparison with the state-of-the-art

In this section the measured and interpolated measurements of the HV bias generator
is compared with the state-of-the-art CP implementations presented in Chapter 3. The
HV bias generator can be compared with state-of-the-art CPs, as the HV bias generator
is implemented as the LV CP + HV CP combination, which corresponds to two cascaded
CPs.

Table 5.15 presents a comparison between the CPs implemented in this work and
the three state-of-the-art fully-integrated CPs from Table 3.8 with the highest output
voltage. From Table 5.15 it can be observed that the LV CP + HV CP implementation
of this work achieves higher voltage gain than any CP in the reviewed literature, while
maintaining an implementation area that is small compared to the state-of-the-art.

Table 5.15: Comparison of CPs implemented in this work with state-of-the-art

Input Output Voltage Area
CP voltage [V] voltage [V] gain [V/V] [mm2]
HV CP 4.9 200.0 40.8 0.417
LV CP + HV CP 1.4 188.8 134.9 0.701
LV CP + HV CP* 1.4 200.0 142.9 0.701
[57] 5.0 300.0 60.0 2.710
[58] 3.7 120.0 32.4 21.840
[94] 5.0 95.2 19.0 0.280
* Based on interpolation of measurements

In Table 5.16 the voltage regulation specifications of the CPs implemented in this
work is listed along with the specifications for the three highest output voltage CPs
in state-of-the-art with an adjustable output voltage and capacitive load. Compared
with the state-of-the-art the CPs implemented in this work exhibit a higher output
voltage, higher voltage resolution, and wider output voltage range, although with the
limitation that the lower bound of the voltage range is a non-zero voltage. With regard
to linearity between reference and output voltage, none of the implementations in this
work has a linear voltage regulation, whereas two of the implementations in state-of-
the-art does, however, for the servo-loop application in this work the feedback makes
a lack of linearity acceptable. Finally, voltage regulation in two of the state-of-the-art
implementations is implemented using amplifiers, which means that a higher resolution
reference can likely increase the output voltage resolution of those implementations.
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Table 5.16: Comparison of implementations in this work with state-of-the-art CPs with
an adjustable output voltage

Output Output Voltage Linear
voltage voltage regulation voltage

CP range [V] resolution [mV] approach control
LV CP + HV CP 41.0 - 188.8* 20.000** Vin*** No
LV CP + HV CP**** 70.0 - 200.0 < 0.763 Vin*** No
[172] 0.0 - 120.0 468.750 Amplifier Yes
[102] 0.0 - 27.0 210.938 Amplifier Yes
[117] 0.0 - 15.4 3,080.000 m/n N/A
* When the CP is in HP mode
** Limited by measurement noise to 20 mV
*** Vin is regulated by adjusting Rout of the LV CP
**** Based on interpolation of measurements

The CPs fabricated in this project has also been plotted along with state-of-the-art
CPs in terms of voltage gain versus area in Fig. 5.76a and output voltage versus area
in Fig. 5.76b. The voltage gain versus area plot in Fig. 5.76a illustrates how the
LV CP + HV CP combination achieves a voltage gain that exceed any voltage gain
observed in state-of-the-art CPs, and that the implementation in this work achieves the
voltage gain using less area than the three implementations in state-of-the-art with the
highest voltage gain. In terms of output voltage the CPs implemented in this work are
the smallest CPs that feature an output voltage above 100 V, but they do not achieve
higher output voltages than have been observed in state-of-the-art implementations.

In summary, the HV bias generator implemented in this work exhibits a voltage
gain that exceed the voltage gain of any fully-integrated CP in the literature, while
maintaining a relatively small implementation size. Furthermore, the implemented HV
bias generator has a higher output voltage, wider output voltage range, and a higher
voltage resolution than state-of-the-art CPs with a capacitive load and an adjustable
HV output. Even though the output voltage of the HV bias generator implemented in
this work is not linear, the HV bias generator is still suitable for the servo-loop for the
next-generation MEMS microphone.

In the next chapter the design of an ADC for the servo-loop feedback is presented.
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Figure 5.76: Specifications of CPs fabricated in this project plotted together with state-
of-the-art.



6
ADC for MEMS readout

This chapter presents the design, fabrication and measurement of an ADC for the
servo-loop. In the first section the design and implementation of an ADC for the
MEMS servo-loop is presented, followed by a section presenting measurements of the
implemented ADC, and finally the implemented ADC is compared with similar state-
of-the-art ADCs.

6.1 ADC design
In this section, the design of an ADC-based CDC for the MEMS servo-loop is presented
first, followed by the design and implementation of the ADC component of the CDC.
A CDC was not implemented as the next generation MEMS module would not be
available before the end of the PhD project, and it therefore would not be possible to
interface the CDC with the MEMS.

To keep the MEMS readout simple a direct CDC approach as depicted in Fig. 4.5,
shown again in Fig. 6.1, was chosen to avoid the extra power and area required by
a CVC. Because the HP mode of the servo-loop has higher requirements to the CDC
than the LP mode, the HP mode requirements were used for design of the CDC. The
HP mode requires a sample rate of 1 kS/s and a 10-bit resolution. Given the required
sample-rate and resolution an oversampling ADC approach was pursued for the CDC,
as the relatively low signal bandwidth allows a high OSR. More specifically an IADC
approach was pursued, as IADCs are suitable for duty-cycling and have the benefits of
over-sampling ADCs. With duty-cycling the sample rate of 1 kS/s can be duty-cycled
down to 1 S/s, which can reduce the CDC power consumption significantly for the LP
mode of the servo-loop.

A
D

Qout

CMEMS

CcompVsquare

Vsquare

ADC

Digital out

Figure 6.1: Fig. 4.5 from Chapter 4 of a CDC readout configuration

With a clock of 1 MHz and a target sample rate of 1 kS/s there is an OSR of 500,
which is sufficient for a first-order 1-bit SD modulator to achieve a SQNR equivalent to
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13 bits. Because the CDC does not require more than a 10-bit resolution a single inte-
grator is sufficient for filtering the modulator output, furthermore, with the first-order
1-bit modulator the integrator can be implemented as a simple digital counter, which
is significantly more simple than a decimation filter or a multi-bit counter. However,
with the OSR of 500 there is only 1,000 clock cycles per analogue-to-digital conversion,
whereas the 1-bit counter will require 1,024 clock cycles to be capable of representing
a full 10 bit range. To accommodate this the sample rate is reduced to 975.6 S/s to
increase the OSR to 512 and increase the number of counting cycles for the counter
to 1,024. The sample rate was further reduced to obtain clock cycles for implementing
a reset phase for the modulator, as required by an IADC, which resulted in a sample
rate of 971 S/s.

To implement an IADC based CDC, the SD modulator, which the IADC is based
on, can be implemented with a SC input as depicted in Fig. 6.2, where φ1 and φ1

are non-overlapping clock signals generated from the 1 MHz clock. In Fig. 6.2 the
capacitor CMEMS is the displacement sensing capacitance in the MEMS microphone,
Ccomp is the capacitor used to cancel out charge from the static component of CMEMS ,
and C2 constitutes the feedback DAC.
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Figure 6.2: Capacitance input SD modulator for CDC circuit

In the modulator the comparator is clocked on the falling edge of φ1, and the
modulator output determines whether C2 shall be charged to Vref+ or Vref− according
to the equations in Fig. 6.2. The integrator in the SD modulator is reset on Reset
between each analogue-to-digital conversion to achieve IADC functionality.

The MEMS capacitance can vary from 0.95 pF to 1.43 pF, which corresponds to
1.19 pF ± 0.24 pF, to cancel out charge from the static component of CMEMS the
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capacitor Ccomp should be 1.19 pF, with the assumption that the voltages Vref+ and
Vref− are equally opposite distant from signal ground. With a supply voltage of 1.4 V,
then a mid-rail signal ground is 0.7 V, so if Vref+ is 1.4 V and Vref− is 0.0 V they are
equally opposite distant from signal ground. When CMEMS is charged to 0.7 V the
charge from the static capacitance is 0.83 pC and the charge on Ccomp when charged
to -0.7 V is -0.83 pC, which cancels out when the modulator enters the phase where φ1

is high. The capacitor C2 should be equal to 0.24 pF to cancel out the charge from the
variable component of CMEMS and C3 should be sized so charge from CMEMS , Ccomp,
and C2, does not result in an integrator output voltage that is close to the supply
voltage or ground. If the integrator output voltage is close to either supply rail the
amplifier will likely be pushed into a region with non-linear operation, which can affect
the linearity of the IADC.

It was not possible to obtain a sample of a MEMS module of the next generation
MEMS microphone, so it would not be possible to carry out measurements with the
displacement sensing capacitance of the MEMS, therefore a voltage input IADC based
on the structure in Fig. 6.2 was implemented instead. The implemented IADC struc-
ture is shown in Fig. 6.3, where the capacitor Ccomp from Fig. 6.2 has been removed
and CMEMS from has been replaced by C1, as the voltage input will not have a static
component.
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Figure 6.3: Voltage input SD modulator for IADC

The voltage input ADC was implemented to illustrate the functionality of the servo-
loop with a 10-bit 0.971 kS/s ADC and the implemented HV bias generation circuit. In
the implemented IADC the capacitors C1−3 in Fig. 6.2 are respectively 50 fF, 50 fF, and
150 fF, and the clock signal and the reset signal is provided from an external FPGA.
The internal clock signals for the SD modulator are generated by a non-overlapping
clock generator and logic on the fabricated IC. The counter for the IADC output filter is
implemented on the external FPGA. The amplifier used in the integrator is implemented
as a folded cascode Operational Transconductance Amplifier (OTA) and the schematic
of the OTA is depicted in Fig. 6.4, where the voltages V1−4 indicate where the current
mirrors are connected to the OTA. The comparator for the modulator is implemented
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as a StrongARM latch [203] using the circuit depicted in Fig. 6.5, where the comparator
resets on a low Clk signal. The Vout+ and Vout− outputs of the StrongARM latch are
connected to a set-reset latch to turn the return-to-zero output of the StrongARM latch
into a non-return-to-zero output.

Iin

Vin−Vin+ Vout

V1

V2

V3

V4

V DD

V3 V2

V1V4

V2

V3

V4

Current mirrors Folded cascode OTA

Figure 6.4: Schematic of folded-cascode OTA used to implement the integrator

Clk Clk Clk Clk

Clk

Vin+ Vin−

Vout+Vout−

VDD

Figure 6.5: Schematic of StrongARM latch used to implement the comparator for the
modulator

6.1.1 Layout
The layout of the IADC is shown in Fig. 6.6 and the total area is 0.0069 mm2, where
the OTA takes up 41 % of the area. From the logic implemented on the FPGA and the
available digital cells in the SOI process the area required to implement the external
logic onto the IC has been estimated to 0.0017 mm2, for a total IADC area of 0.0086
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mm2. Compared to the area of the HV bias generator of 0.701 mm2 the IADC occupy
a very small area and efforts to reduce the total area of the servo-loop is most likely
best invested on the HV bias generator circuit.

Figure 6.6: Placement of the IADC on IC 2

The voltage input IADC is implemented using smaller capacitors than required if
the CDC was implemented, the area required to implement the capacitor sizes listed
for Ccomp, C2, and C3 in the CDC is 0.0007 mm2, which increases the area by 8 %.
Additionally, if the reference voltages Vref+ and Vref− of +0.7 V and -0.7 V with
reference to signal ground are maintained, more charge has to be integrated which may
require that the OTA is increased in size, but if the reference voltages are reduced to
+0.14 V and -0.14 V with reference to signal ground the capacitor C3 can be reduced
in size and the implemented OTA is sufficient.

6.2 Measurements
The power consumption of the fabricated IADC was measured to 9.8 µW when run
at a sample-rate of 971 S/s, and when duty-cycled the power consumption decreased
linearly with the duty-cycled amount. So for a 1 S/s sample rate the power consumption
is approximately 0.01 µW. The ADC input voltage range was measured to be 0.0 V to
1.3727 V, a little lower than the targeted 1.4 V.

The Differential Non-Linearity (DNL) of the ADC was determined using the ramp
histogram method [204], where a voltage ramp from 0 V to 1.3727 V in steps of 0.05
mV was used to measure the ADC output. The voltage step size was dictated by the
precision of the Keithley 2450 sourcemeter used to generate the voltage, which ideally
results in that each ADC output code should occur 26.8105 times for the measured
voltage ramp. It is not possible for a code to occur a non-integer number of times,
so the lack of voltage supply accuracy will result in an increased DNL. The measured
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DNL is shown in Fig. 6.7a, and the Integral Non-Linearity (INL) of the ADC has been
calculated as the integrated value of DNL and is shown in Fig. 6.7b. It can be observed
from Fig. 6.7a and 6.7b that the DNL is less than 0.3 LSB and the INL is less than 0.5
LSB, which means that the ADC has no missing codes and monotonicity is guaranteed.

256 512 768 1024
ADC code

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

D
N

L 
[L

S
B

]

(a) Measured DNL of the IADC
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Figure 6.7: Measured DNL and INL of the implemented IADC

6.3 Comparison with the state-of-the-art
Comparing the implemented IADC with state-of-the-art IADCs, selected based on fea-
turing a similar SNDR, the IADC implemented in this work does not outperform state-
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Table 6.1: Comparison of IADC with state-of-the-art
This work [205] [206] [207] [208] [209]

Area [mm2] 0.009 0.200 0.127 0.060 0.640 0.500
Power [µW] 9.8 1.3 1.9 50.9 390.0 480.0
Order 1 2 2 2 1 3
Quantizer bits 1 1 1 1 1 1
Sample rate [kS/s] 1.0 0.2 25.0 4.0 10.0 100.7
SNDR [ENOB] 10 11 8 12 11.5 12
FoMW ** [fJ/step] 4,913 1,580 345 1,553 6,732 1,615
FoMS*** [dB] 142.0 149.9 151.6 152.6 147.4 151.4
* SAR ADC
** Figure-of-Merit Walden
*** Figure-of-Merit Schreier

of-the-art in either Schreiers or Waldens FoM [210, 211], but the implementation area
is significantly smaller, which is desirable in the targeted servo-loop application of this
work. Furthermore, the power consumption of the IADC in this work, when duty-cycled,
is much smaller than the power consumption of the fabricated HV bias generator. Be-
cause the area and power consumption of the IADC is so much smaller than the area
and power consumption of the HV bias generator, it is limited how much the servo-loop
implementation will increase in area and power consumption if the IADC is re-designed
to the CDC circuit in Fig. 6.2, and it is limited how much the servo-loop will benefit
from an improved IADC/CDC implementation.
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7
Hardware-in-loop platform for

MEMS servo-loop testing.

This chapter presents the development of a HIL platform that emulates the next gen-
eration MEMS, which enables physical testing of the developed servo-loop components
in an actual servo-loop configuration. The first section elaborates on the motivation
for developing a HIL platform, followed by a section on the design of the HIL platform
and measurements of the HIL platform refresh rate.

7.1 Motivation
The primary motivation for implementing a HIL platform that emulates the next gen-
eration MEMS is that the MEMS is not yet available. By implementing a HIL platform
it is possible to test the servo-loop physically before the actual MEMS is available, and
thereby mitigate some of the ASIC development dependency on the availability of a
MEMS.

Alternatively, a model of the MEMS could be integrated into the circuit-level sim-
ulation models of the CPs and the ADC, but even the circuit-level simulations of the
CPs are not accurate and takes multiple days to simulate as little as 100 ms of transient
behaviour. With an emulated MEMS model, the performance of the servo-loop can be
measured real-time and enable fast prototyping of servo-loop controller parameters.

The HIL platform is not only beneficial to carrying out measurements of the servo-
loop developed in this project, but may also prove valuable to designers of MEMS-
application ASICs. The research and development process of ASICs and MEMSs are
similar in multiple aspects, where there are multiple iterative steps.

Research and development of both MEMSs and ASICs begin with a conceptual
design which is modelled and simulated to determine whether the design is worth
pursuing. If the conceptual design meets specifications the design is brought to an
implementation level design, where fabrication process parameters are included to give
a higher level of confidence in the output of the models. However, there are uncertainties
in the fabrication processes which cannot always be accounted for and therefore the
actual performance of the design can first be evaluated when a fabricated version of the
design is measured. Often the process variations impact performance negatively and a
revised design is required to meet specifications.

It is not uncommon that several iterations of fabrication, measurements, and design
adjustment, is required to fabricate a prototype MEMS that meets the targeted spec-
ifications [212], on top of that, the prototype may be manufactured in one fabrication
process and the design needs to be translated to a different fabrication process for mass
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manufacturing [213]. An implication of this is that the ability to evaluate the ASIC is
constrained by the lack of availability of a MEMS to connect the ASIC to. It is still
possible to measure the performance of the ASIC, but the performance of the ASIC
connected to the MEMS cannot be measured.

In summary, in this project the implementation of a MEMS emulation HIL platform
has value in terms of enabling system performance measurements of the implemented
servo-loop blocks, but a MEMS emulation HIL platform can also be of value to future
ASIC design processes.

7.2 Design of MEMS emulation HIL platform
This section describes the design and implementation of the MEMS emulation HIL plat-
form. First the system-level design is introduced and then the hardware and software
implementation of the HIL platform is presented.

7.2.1 System-level design
To implement the MEMS emulation a digital approach is preferred as it dependent on
hardware can be easily reconfigured to accommodate changes in the MEMS model or
requirements to the HIL platform. Interfacing with digital emulation of the MEMS
requires that the analogue output from the HV bias generator is converted to a digital
signal and that the output from the MEMS emulation is converted to an analogue
signal.

Ideally the HIL platform would feature a variable capacitance as the output, as this
would correspond to the actual output of the next generation MEMS. However, the
selection of variable capacitors is limited and a voltage based output from the MEMS
emulation was used.

Implementing the HIL platform to have an analogue input and output requires that
an ADC and a DAC is used for analogue-to-digital conversion and digital-to-analogue
conversion. Based on the resolution of the bias voltage generator and the resolution
of the ADC developed in this project, the HIL platform ADC should feature an 18-bit
resolution and the HIL platform DAC a 10-bit resolution. The targeted refresh-rate of
the HIL platform was 200 kHz with fixed time-steps, so inherently the ADC and DAC
should feature sample/update rates of 200 kS/s.

A system-level overview of the HIL platform is shown in Fig. 7.1, and the specific
hardware used to implement the individual blocks is presented in the next sub-section.

7.2.2 Hardware implementation
An essential component of the HIL platform is the MEMS emulation hardware, which
has to be rather powerful in terms of computational power to achieve a 200 kHz refresh
rate. The requirements to the emulation hardware were that the platform should sup-
port implementation of real-time computing, Double-Precision Floating-Point (DPFP)
calculations, relative ease of development, and be reconfigurable. Four general hardware
platforms were considered for the emulation hardware, namely FPGAs, Microcontroller
Units (MCUs), Digital Signal Processors (DSPs), and computers. Graphics processing
units were also considered, but no commercial unit appeared to have hardware support
for DPFP operations.

Each of the four platforms have strengths and weaknesses in terms of computa-
tional power, development time, and real time compatibility [214–216]. In terms of
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Figure 7.1: System-level design of the HIL platform
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computational power with regard to emulation of the MEMS their apparent ranking
from high to low is FPGA, computer, DSP, and MCU. A short development time is
beneficial if alterations has to be made to the MEMS model, and the apparent ranking
of development time from short to long is computer, MCU, DSP, FPGA. Real-time
computing is relatively straightforward to implement in FPGAs, MCUs, and DSPs, as
it is simple to synchronise execution of the calculations with a clock signal and the
hardware-near programming enables great integration with external devices such as
ADCs and DACs. It is possible to implement real-time computing on a computer, but
it is less straightforward than with an FPGA, DSP, or MCU. The strengths and weak-
nesses of the platforms are also summarised in Table 7.1, where + is a strength relative
to the other platforms and - a weakness.

Table 7.1: Strengths and weaknesses of hardware platforms for MEMS emulation
Computer DSP MCU FPGA

Computing performance + + - ++
Development time ++ + + -

Real time integration - + + +

Based on the difficulty of implementing real time computing on a computer and
the long development time for FPGAs, it was chosen not to pursue these platforms,
leaving the choice to be between a DSP and an MCU. Based on availability of evaluation
boards of DSPs and MCUs with native support for DPFP calculations and relatively
high performance, it was decided to use the STMicroelectronics H743ZI2 MCU.

The H743ZI2 MCU has a core frequency of up to 480 MHz and hardware support
for DPFP calculations that should provide enough computational power to achieve a
200 kHz refresh rate, furthermore, the MCU has both an integrated ADC and DAC,
alas, only the DAC has sufficient performance for the HIL platform. The integrated
DAC has a 12-bit resolution and a 1 MHz update rate, which is sufficient to provide a
10-bit resolution in the 0 V to 1.4 V range at a rate of 200 kHz for the IADC on IC 2.

To implement the analogue-to-digital conversion for connecting the high voltage
bias generator to the emulated MEMS it was decided to reduce the resolution from 18
bits to 16 bits based on availability of ADC evaluation boards. To implement the 16
bit analogue-to-digital conversion the Analog Devices Pulsar AD7980 ADC was chosen,
as it features a 16 bit single ended performance and a 1 MS/s sample rate. The output
voltage of the HV bias generator is 80 to 200 V, which is incompatible with the 0 V to
5 V input voltage rating of the chosen ADC. To make the bias voltage readable by the
ADC, the bias voltage is first buffered by an ADA4627 amplifier, then divided by 40
to lower the voltage to 2 to 5 V, and then the divided voltage is buffered by another
ADA4627 amplifier and low-pass filtered before being applied to the ADC input. The
first buffer has a sufficiently low input bias current as to not load the HV bias generator
excessively and a sufficiently high input capacitance to be an approximately 10 pF load
for the bias generator. The second buffer is necessary as the ADC would load the voltage
divider too much and the low-pass filter is inserted according to recommendations from
the ADC datasheet. The hardware-level design of the HIL platform is depicted in Fig.
7.2.

In the following sub-section the software implementation of the MEMS emulation
and the real-time integration is presented.
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Figure 7.2: Hardware-level design of the HIL platform

7.2.3 Software implementation

The H743ZI2 MCU has a 32-bit core that can run at a clock frequency of 480 MHz
and execute most Single-Precision (SP) FP calculations in one clock cycle, but DPFP
calculations requires multiple clock cycles to execute. DPFP addition, subtraction, and
multiplication, each require 3 clock cycles to execute, whereas, those operations with
SPFP only requires 1 clock cycle. There is no data on the number of cycles it takes
to execute a DPFP division operation, but a SPFP division requires 13 clock cycles,
so based on the ratio between the other operations it can be approximated that a
DPFP division requires upwards of 39 clock cycles. Hence, addition, subtraction, and
multiplication operations are relatively cheap to execute and division operations are
expensive.

With a clock frequency of 480 MHz and a target refresh rate of 200 kHz there are
2,400 clock cycles for execution of code for each update of the HIL platform. Reserving
half of the clock cycles for communication with the ADC and DAC leaves 1,200 clock
cycles to update the MEMS model.

The MEMS model has been developed by the company behind the next generation
MEMS and it consists of two blocks. One block models the mechanical behaviour of
the MEMS and translates the pressure induced force and the electrostatic force into
a net pressure on the diaphragm. The other block models the electrical behaviour
and translates the net pressure into the capacitance of Cacoustic and Csense based on a
non-linear relationship between net pressure and displacement of the diaphragm, and
translates the net pressure and bias voltage into an electrostatic force. The two blocks
and the signals between them are depicted in Fig. 7.3.

The models of the mechanical behaviour and electrical behaviour are both lumped-
element representations of the MEMS behaviour, where parameters in the model are
based on finite element method simulations of the next generation MEMS. The mechan-
ical part of the MEMS model is a linear time-invariant lumped-element model, whereas,
the electrical part of the model has multiple non-linear components that are calculated
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Figure 7.3: Input signals and signals between model blocks

using polynomial fitting.
To implement emulation of the MEMS the state of the MEMS model must be up-

dated with each time-step taken by the HIL platform. Updating the model is achieved
by using state-space representation of the lumped-parameter models and using numeri-
cal integration to calculate the next state based on fixed time-steps of 5 µs. The output
of each state-space is used as input to the other state-space in the next time-step, al-
though, ideally the whole MEMS would be modelled as one state-space as to not delay
signals between blocks. The state-spaces are kept separated as different integration
methods are used on each state-space, the mechanical behaviour state-space is updated
using trapezoidal integration and the electrical behaviour state-space is updated using
the forward Euler method. Trapezoidal integration is an implicit integration method
which can obtain higher accuracy than explicit integration methods such as the forward
Euler method, but can be more computationally intensive. Trapezoidal integration is
used for the mechanical part because the mechanical part is linear and time-invariant,
which means that together with the fixed time-steps the state-space representation
can be implemented as a matrix with pre-computed parameters. Hence, in terms of
computational effort the cost of using trapezoidal integration versus forward Euler for
the mechanical part is low. Forward Euler is used for integration of the electrical be-
haviour state-space as the capacitances Cacoustic and Csense depends on the input Pnet

and the state-space parameters must therefore be updated each time-step. When the
state-space parameters therefore must be updated each time-step a significant amount
of computations can be saved by using the forward Euler method instead of trapezoidal
integration. More than 40 division operations are saved each time-step by using forward
Euler for the electric state-space, which corresponds to 1,560 MCU core clock cycles. In
comparison the mechanical state-space requires 67 additions and 82 multiplications for
each time-step, and the electrical state-space requires 34 additions, 21 multiplications,
and 8 divisions. Hence, an increase of division operations to +48 would be a significant
increase, especially given the high cost of division operations.

In Fig. 7.3 the bias voltage input is in volts, but it comes from the ADC output
and is converted from the ADC code and multiplied by the voltage division to make
the number represent the actual HV bias generator output. Furthermore, the sensing
capacitance output in Farad is converted to an appropriate DAC code that results in a
DAC output voltage for the IADC on IC 2, which then result in an IADC output that
would correspond to the sensed sensing capacitance.

Readout of the ADC was implemented using the Serial Peripheral Interface (SPI)
bus and it was planned to be handled by dedicated hardware, but ended up being
handled by the MCU core, which consumes a significant amount of clock cycles each
time-step.
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Real-time updating of the MEMS model was implemented using a hardware timer
on the MCU and a timer issued interrupt, where the main loop of the MCU code polls
the interrupt flag and upon each interrupt performs one time-step on the emulated
MEMS. One time-step consists of reading the most recent ADC value, updating the
MEMS model based on the read ADC value, and updating the DAC value, as shown
by the listing below.

1 timer_setup();
2
3 while(1){
4 if(interrupt_flag == 1){
5 //Reset interrupt flag
6 interrupt_flag = 0;
7
8 //Read ADC value
9 V_bias = read_SPI();

10
11 //Update MEMS model
12 C_sense = step_model(V_bias);
13
14 //Update DAC value
15 write_DAC(C_sense);
16 }
17 }

Listing 7.1: MEMS emulation routine

Measurements of the refresh rate is presented in the following sub-section.

7.2.4 Measurements
To verify that the targeted refresh rate was obtained an output pin on the MCU was
pulled high before the code resets the interrupt flag, and the pin pulled low after the
DAC value had been updated. The execution time of reading the ADC, updating the
MEMS model, and updating the DAC, can be measured by measuring how long the
pin is pulled high. An oscilloscope measurement of the pin voltage is shown in Fig.
7.4, where it can be observed that the pin barely goes low between each time-step of
the emulated MEMS. The MCU spends approximately half of the execution time for
each time-step to read from the ADC and the other half on updating the MEMS model
and the DAC. A measurement of the MCU pin going low is shown in Fig. 7.5, where
the pin goes low for approximately 60 ns. The fact that there is only 60 ns between
updates of the model severely limits the expansion options of the MEMS emulation, as
the amount of unused clock cycles in the MCU core is tiny.

In the next chapter the HIL platform is used to carry out servo-loop measurements,
where the servo-loop is constructed using the implemented HV bias generator and IADC
from previous chapters, and the servo-loop is used to bias the emulated MEMS.
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Figure 7.4: Measurement of refresh rate

Figure 7.5: Zoom-in on dips in refresh rate measurements
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Performance of the designed

servo-loop

In this chapter the implemented IADC and HV bias generator from previous chapters
are combined with a controller to implement a servo-loop for the emulated next gen-
eration MEMS microphone. In the first section the servo-loop setup and controller
implementation is described, and in the second section measurements of transient be-
haviour is presented.

8.1 Evaluation setup with emulated MEMS
The setup used to implement the servo-loop and the emulated MEMS microphone is
shown in Fig. 8.1, where the IADC provides the servo-loop feedback that is fed to
the servo-loop controller, the output from the controller is provided to the HV bias
generator, which provides the bias voltage for the emulated MEMS microphone. The
setup does not have a diaphragm displacement output, instead the output voltage from
the DAC is used to measure the displacement of the diaphragm.

The controller is implemented as a pure integrator where the signal Gain control
in Fig. 8.1 controls the gain of the integrator. The controller is described by the
expression in (8.1), where uk is the controller output, Ki is the integrator gain, and
en is the Digital displacement error from Fig. 8.1. The integrator gain Ki is given by
(8.2), where Gain control is a 4-bit signal with the integer range 0-15.

Attempts with implementing a PI-controller resulted in proportional gain values
that either caused oscillations or were too small to improve the performance of the
servo-loop.

uk = Ki

k∑
n=1

en (8.1)

Ki = 2Gain control (8.2)

8.2 Measurements
Multiple measurements of the servo-loop in the HIL setup were carried out. The mea-
surements were carried out with the servo-loop in HP mode where the HV CP is clocked
at 2 MHz and the system can provide up to 188.8 V on the output. To compensate
for the 11.2 V difference between 188.8 V and 200.0 V, the ADC readings were gain
adjusted in the MCU of the HIL platform.
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Figure 8.1: Servo-loop configuration when using the HIL platform
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The first set of measurements shows the start-up transient of the system, where the
bias generator starts from an output voltage of 0 V and the target displacement is 0 µm.
The target displacement of 0 µm corresponds to a Digital displacement reference of 512.
Start-up transient measurements are shown in Fig. 8.2 for Gain control values of 4 to
9, where the upper curve in blue is the DAC output and the red curve is the measured
bias voltage. Measurements of the servo-loop where a step-down in the displacement
reference is performed is shown in Fig. 8.3, where the 10-bit displacement reference is
lowered from 680 to 450 to illustrate the capability of the servo-loop to decrease the
output voltage.

(a) Ki = 16 (b) Ki = 32

(c) Ki = 64 (d) Ki = 128

(e) Ki = 256 (f) Ki = 512

Figure 8.2: Measured start-up transients of servo-loop connected to the emulated
MEMS microphone

From Fig. 8.2a and 8.2b it can be observed that Ki’s of 16 and 32 is too low a gain
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(a) Ki = 32 (b) Ki = 64

(c) Ki = 256 (d) Ki = 512

Figure 8.3: Measured step-down transients of servo-loop connected to the emulated
MEMS microphone
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to achieve a fast settling as it takes 300 to 700 ms for the servo-loop to settle. For a gain
of 64 the bias voltage increases to 150 V within 50 ms, but a slight overshoot results
in a settling time of approximately 100 ms. Increasing the gain further decreases the
0 V to 150 V rise time, but also increases the overshoot and ringing, and at a gain of
512 the system becomes unstable and begins oscillating.

The same tendencies can be observed for the step-down measurements in Fig. 8.3,
where a gain of 32 has a long settling time, a gain of 64 has a slight negative overshoot,
and at higher gains the negative overshoot increases and eventually becomes unstable.

Both the HV bias generator and the MEMS are non-linear systems of higher order,
but the measured step-responses exhibit 2nd-order system behaviour with the over-
shoot and ringing. From Fig. the 0 % to 100 % rise time tr can be observed to be
approximately 15 ms, and by treating the system as a 2nd-order system the damping
ζ can be estimated from the overshoot to be 0.46 [217]. The natural frequency ωn of
the system can be estimated by:

ωn =
1.8

tr
(8.3)

And the bandwidth ωBW can be estimated from ζ and ωn by [218]:

ωBW = ωn

√
1− 2ω2

n +
√
2− 4ζ2 + 4ζ4 (8.4)

For a resulting estimated bandwidth of 25.1 Hz. This is half the targeted specifica-
tion for the servo-loop HP bandwidth, but the bandwidth may be increased further by
re-designing the controller. The 25.1 Hz servo-loop bandwidth should not be limited by
the HV bias generator nor the IADC, as the HV bias generator has a -3 dB frequency
of ∼100 Hz, as observed in Fig. 5.75, and the IADC has a sampling period of 1.03 ms
which should be enough for a loop bandwidth of 97 Hz according to the equation [219]:

T <
2π

10ωBW
(8.5)

Where T is the sampling period of the IADC. A higher bandwidth would allow the
servo-loop to settle faster, which should enable a faster microphone start-up time, hence
it could be worth investigating the performance that could be achieved by implementing
a better controller.

8.3 Summarised servo-loop specifications
In this section the specifications of the servo-loop are summarised, with the target and
measured specifications for respectively HP and LP mode listed in Table 8.1 and 8.2.
The bandwidth of the servo-loop in HP mode is estimated from the measured transient
servo-loop behaviour is the large-signal bandwidth, where the small-signal bandwidth in
reality is < 1 Hz due to the < 1 Hz cut-off frequency of the HV CP output filter. In LP
mode the HV CP would limit the large-signal open-loop bandwidth to approximately
1.5 Hz and the small-signal bandwidth would again be limited by the HV CP output
filter. The servo-loop HP bandwidth specification used in Table 8.1 is the large-signal
bandwidth, as it represents the measured capability of the implemented IADC and
CPs, and the listed LP bandwidth is < 1 Hz, as the bandwidth can be limited by the
servo-loop controller.

Some measured specifications of the implemented circuits are close to the targeted
specifications for the servo-loop, whereas other measured specifications are not.
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Table 8.1: Servo-loop specifications in high-performance mode
Target Measured Interpolated

Bandwidth [Hz] 52.0 25.1* N/A
Output voltage range [V] 80.0 - 200.0 41.0 - 188.8 70.0 - 200.0
Output voltage resolution [mV] < 0.763 20.0** < 0.763
ADC voltage range*** [V] 0.0 - 1.4 0.0 - 1.373 0.0 - 1.373
ADC resolution [bits] 10 10 10
ADC sample rate [S/s] 1,000 971 971
Power consumption [µW] N/A 554.1 450.8
Implementation area**** [mm2] < 0.500 0.710 0.710
* Large-signal bandwidth of the servo-loop
** Lower could not be measured due to noise in the measurement setup
*** The actual goal was a CDC, but with the lack of a measurable MEMS
an ADC was implemented instead
**** Does not include voltage references for IADC nor logic for the bias generator

Table 8.2: Servo-loop specifications in low-power mode
Target Measured Interpolated

Bandwidth [Hz] < 1 < 1* N/A
Output voltage range [V] 80.0 - 200.0 41.0 - 161.2 70.0 - 200.0
Output voltage resolution [mV] < 0.763 20.0** < 0.763
ADC voltage range*** [V] 0.0 - 1.4 0.0 - 1.373 0.0 - 1.373
ADC resolution [bits] 10 10 10
ADC sample rate [S/s] 1 1 1
Power consumption [µW] < 20.0 53.1 20.0 - 30.0
Implementation area**** [mm2] < 0.5 0.710 0.710
* Based on the large-signal bandwidth being restrictable by
the servo-loop controller
** Lower could not be measured due to noise in the measurement setup
*** The actual goal was a CDC, but with the lack of a measurable MEMS
an ADC was implemented instead
**** Does not include voltage references for IADC nor logic for the bias generator
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The implemented IADC has a sample rate that is 97.1 % of the target, an input
voltage range that is 98.1 % of the target, and good linearity with no missing codes.

For the HV bias generator there is both the measured and interpolated specifications
to consider, where the interpolated specifications of the HV bias generator are closer
to the target. In the measured specifications of the HV bias generator, the HP output
voltage is 5.6 % below the target, the LP output voltage is 19.4 % below the target,
and the voltage resolution is measured to 20 mV, which is 26 times lower resolution
than targeted. In the interpolated measurements the output voltage meets the target
for both HP and LP mode, and the voltage resolution meets the target of 0.763 mV.

The targeted implementation area specification for the servo-loop is exceeded by
42.0 %, and for respectively the measured and interpolated power consumption the
servo-loop LP power consumption is exceeded by 165.5 % and 0.0 to 50.0 %. The
measured large-signal servo-loop HP bandwidth is 52 % below the target, and the
small-signal bandwidth is nowhere near the target due to the used HV CP output filter
design.

The measured specifications are not exactly great with regard to the target, but the
measured HV bias generator performance is limited by flaws in the design that should
be possible to avoid in a future IC, and the servo-loop bandwidth is limited by the used
filter.

In the next chapter the implemented circuits are discussed with regard to the ob-
tained results and future work is proposed.
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9
Discussion and future work

This chapter presents a discussion on the implemented integrated circuits and HIL plat-
form, addressing design aspects that can be improved to improve the performance of the
servo-loop with regard to the targeted specifications, followed by a section that presents
future work topics interesting to the topic of HV servo-loops for MEMS microphones.

9.1 Discussion on servo-loop
The discussion on the servo-loop is broken up into discussions about implementation
area, power consumption, and voltage regulation, which is presented in order in the
following sub-sections.

9.1.1 Implementation area
A detailed breakdown of the implementation area of the servo-loop circuits is shown
in Table 9.1. The IADC implementation area of 0.009 mm2 is negligible compared to
the implementation area of the LV CP and HV CP, which is respectively 0.284 mm2

and 0.417 mm2. The HV CP is by far the largest component of the three implemented
blocks.

In the HV CP the CP core itself occupy less than half the area and the output
filter and ESD occupy most of the area. Because the HV CP output will be connected
to the MEMS module inside a MEMS microphone package the Vbias pad on the IC
does not need to feature ESD protection capable of handling 2 kV HBM events. The
MEMS assembly line can use air ionization and other approaches to reduce the risk and
magnitude of ESD events, which allows the ESD structure to be significantly decreased
in size [220–223]. With proper pre-emptive measures the ESD events in an assembly
line can be reduced to less than 250 V [220, 221], which should make it possible to
reduce the HV ESD protection circuit significantly without significantly increasing the
risk of defective devices.

The output filter is the second largest component of the HV CP, where the large size
is due to the amount of capacitance used in the filter. The filter is not only implemented
to attenuate the noise generated by the implemented voltage regulation scheme, but
also to remove noise introduced by charge injection and clock feedthrough from the
switches in the last stage of the HV CP. It may be possible to design a smaller filter
if a less noisy voltage regulation scheme was used and dummy transistors were used to
reduce charge injection. The topic of the output filter is also addressed later in this
section in the sub-section on voltage regulation.

The size of the LV CP, HV CP, and HV CP output filter, could be reduced if
capacitors with higher capacitance density were used. With the used process options
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Table 9.1: Area of LV CP blocks

Percent Percent
Block Area [mm2] of block area [%] of total area [%]
LV CP* 0.284 100.0 40.0
CP 1 0.169 59.5 23.8
CP 2 0.016 5.6 2.3
CP 3 0.009 3.2 1.3
CP 4 0.005 1.8 0.7
Cdecoup 0.085 29.9 12.0

HV CP 0.417 100.0 58.7
CP core 0.153 36.7 21.5
HV ESD 0.119 28.5 16.8
Filter 0.145 34.8 20.4

IADC 0.009 100.0 1.3
Modulator 0.007 77.8 1.0
Logic** 0.002 22.2 0.3

Servo-loop total 0.710 N/A 100.0

* Does not include logic required for SD modulator
** Estimated based on size of digital standard cells

there were four metal layers available to implement capacitors, but with different pro-
cess options a higher number of metal layers become available. The extra metal layers
can be used to increase the capacitance density of MOM-capacitors and be used to
reduce the bottom plate parasitic capacitance MOM-capacitors by moving the capac-
itors up into higher metal layers. A higher capacitance density can directly reduce
the size of both the HV CP and the HV CP output filter, as their implementation
area is dominated by capacitors and a higher capacitance density reduces the required
implementation area. By moving the HV MOM-capacitors up into higher metal layers
the bottom-plate parasitic capacitance can be reduced, which can be used to reduce
the power consumption of the HV CP. If the HV CP consumes less power the power
requirements to the LV CP is reduced and the LV CP implementation can be reduced
in size. In addition to extra metal-layers, it is also possible to configure the process
with triple-layer MIM-capacitors, which increases the capacitance density by a factor
of three. If the MIM-capacitor density is increased by a factor of three, the implemen-
tation area of the LV CP can be reduced by a factor of more than two. Furthermore,
by clocking the LV CP at a higher clock frequency the pumping capacitance required
to maintain the equivalent output resistance is reduced, which can further reduce the
implementation area of the LV CP.

Using the capacitance densities achievable with the used process options and the
achievable capacitance densities when all process options are available, enables a rough
estimate of area reduction that could be achieved by utilising the extra process options.
The following rough estimate is based on the blocks being reduced in size inversely
proportional to the increase in capacitance density, as the majority of the area of those
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blocks are occupied by capacitors. With all process options the LV CP area could be
reduced by 66 %, and the CP core and output filter of the HV CP could be reduced by
20 %, for a total servo-loop area of 0.461 mm2. Furthermore, if the HV ESD is reduced
by 80 % due to lower ESD requirements, the total servo-loop area could be reduced
to 0.366 mm2, which is almost half of the implementation area achieved in the project.
This is a rough estimate, but it still indicates how the size of the servo-loop could be
reduced significantly by paying for extra process options, and if just 60 % of the area
reduction is achieved the servo-loop implementation area is reduced to 0.5 mm2.

9.1.2 Power consumption

With regard to power consumption of the servo-loop, the power consumption of the
implemented circuits in LP mode is heavily dominated by the power consumption of
the HV bias generator, hence reducing the power consumption of the IADC does not
decrease the total power significantly. The HV CP consumes 15-20 µW when clocked
at 100 kHz, which together with the LV CP power efficiency of ∼74 % results in a
HV bias generator power consumption of 20 - 30 µW. The HV bias generator power
consumption can be reduced by designing the LV CP for a higher power efficiency,
which requires more area and a higher clock frequency to achieve, where a higher clock
frequency increases the switching losses. Reducing the power consumption of the HV
CP can be achieved by decreasing the switching frequency, the parasitic capacitance,
and the supply voltage. Decreasing the frequency increases the risk of interference with
the audio band. Reducing the parasitic capacitance can be achieved by only using the
upper metal layers to implement the switched HV capacitors in the HV CP, as these
capacitors are the primary contributor of switched parasitic capacitance in the HV CP.
Moving the capacitors to higher metal layers reduces their large bottom-plate parasitic
capacitance, but the reduced parasitic capacitance would come at the cost of paying
the foundry for more metal layers or at the cost of a reduced capacitance density and an
increased implementation area. The power consumption can be significantly reduced by
decreasing the supply voltage, as the losses scales squared with the supply voltage and
only proportionally with the switching frequency or parasitic capacitance. Reducing the
supply voltage will require additional area to add additional CP stages to compensate
for the decreased output voltage and it will decrease the equivalent output resistance
of the CP.

In summary, the power consumption of the servo-loop is dominated by the power
consumption of the HV bias generator, whose power consumption is dominated by
switching of parasitic capacitances, which is also explained in the related publication
[18] (Appendix C) where not including the extracted parasitic capacitances in simu-
lations decreases the power consumption of the HV CP on IC 1 by 67 %. There are
multiple approaches that can be used to decrease the power losses to parasitic capac-
itance in the HV CP, but at the cost of using additional area or paying the foundry
for additional metal layers. As an alternative to paying for extra process layers, it
may be that there are other HV process technologies where the capacitors have less
parasitic capacitance. Finally, there may be topology approaches that can be used to
decrease the power consumption without increasing the area, but no such approach was
identified during the project.
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9.1.3 Voltage regulation and output filter

The implemented voltage regulation approach is capable of achieving a large-signal
bandwidth that is high enough to fulfil the target specifications of the servo-loop, but
with the used output filter the small-signal bandwidth is too low in HP mode. Even
though there is no lower bandwidth requirement to the servo-loop in LP mode, the
small-signal bandwidth is likely too small to properly compensate for changes in ambient
pressure.

The filter design used in this work is used in MEMS microphones with a fixed
bias voltage, where it is fine that the small-signal bandwidth is extremely low, but for
the next generation MEMS microphone it is not suitable. A minimum and maximum
bandwidth should be specified for the low-power mode of the servo-loop to properly
design the output filter for the HV CP. The minimum bandwidth for the servo-loop LP
mode would likely have to be in the range of a few 100 mHz, to respond adequately
fast in response to a car entering a tunnel or a plane taking off. The higher cut-off
frequency increases the difficulty of reducing noise on the HV CP output, as the output
filter small-signal cut-off frequency no longer can be placed in the low mHz range. If the
cut-off frequency of a RC-filter is increased from 50 mHz to 500 mHz the attenuation
at 5 Hz is reduced by 20 dB, meaning that those 20 dB of attenuation must be achieved
elsewhere, for example by increasing the filter order. Additionally the filter must still
feature a large-signal bandwidth in the range of +52 Hz to accommodate the servo-loop
HP mode.

The used sigma-delta based voltage regulation approach should likely be exchanged
for a different voltage regulation approach that does not require an output filter to
attenuate low-frequency aliased noise. The straight-forward approach would be a linear
regulator between the LV CP and HV CP. This would require that an 18-bit DAC
is implemented to generate a reference signal or that the servo-loop configuration is
redesigned. A benefit of the implemented approach is that the HV bias voltage can
be predicted relatively precise from the reference for the SD modulator for the LV CP,
which can be used to adjust the gain of a signal chain and enables the microphone to
be used as a pressure sensor as well. The approach based on a linear regulator and an
18-bit DAC is shown in Fig. 9.1.

Two alternative approaches to implement the servo-loop is shown in Fig. 9.2, where
the requirement for an 18-bit DAC is removed. Instead the approach in Fig. 9.2a utilise
a 10-bit DAC to convert the digital error signal to an analogue error signal that can
be processed by an analogue controller. The approach in Fig. 9.2b utilise a digital
controller and a Phase Lock Loop (PLL) type charge pump to create a bias voltage
for the linear regulator. The LV CP is in both instances clocked at a fixed rate, but
may be implemented with its own control-loop to achieve a high efficiency based on the
power requirements from the HV CP.

A downside to the approaches in Fig. 9.2 is that there is no digital value that can
be used to determine the voltage of Vbias as Vreference and Vmid are analogue voltages.
However, it is possible to utilise the flexibility of the IADC and implement multiplexing
circuits that enable the IADC to read Vreference or Vmid, thereby achieving a digital
signal that can be used to determine the approximate Vbias voltage. Multiplexing of
the input to the CDC version of the IADC can be implemented as shown in Fig. 9.3,
where the capacitor C1 is used to measure Vin that is either Vmid or Vreference, and
MSEL is the multiplexing control signal that determines whether the circuit reads the
capacitance CMEMS or the voltage Vin. In addition to multiplexing of the input, it
may be necessary to multiplex the output, such that the servo-loop does not respond
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Figure 9.1: Voltage regulation based on a linear regulator and 18-bit DAC

to a measurement of Vmid or Vreference.
With voltage regulation based on a linear regulator, there should be minimal aliased

noise on Vpump,out and the two primary noise contributions would be from charge-
injection from the transistors in the last CP stage, and from the drop in Vmid that
occurs when the HV CP is clocked, which is passed to the output via AC paths from
the clock signals ClkA and ClkB to the output in the last CP stage. The direct AC
path can be avoided by adding a SC resistor to the output of the last CP stage in
the HV CP, where the gate signals to the SC resistor can be taken from the last CP
stage. This is also depicted in Fig. 9.4, where the direct AC paths from ClkA and ClkB
through C1 and C2 are eliminated by the SC resistor that samples the voltages on C1

and C2. Attaching the gates of the transistors in the SC resistor to the last CP stage
does increase the parasitic capacitance in node A and B, which reduces the voltage gain
of the last CP stage slightly, but the capacitors C1 and C2 can be increased in size to
compensate.

In addition to the SC resistor, the output filter is slightly modified to increase the
filter bandwidth. In the modified output filter the gate-voltage of the PMOS transistors
Vfilter is provided by a filter voltage reference circuit, which enables a higher gate-source-
voltage magnitude and thereby enables a lower on-resistance to be implemented. The
filter voltage reference circuit is essentially a CP stage that is in parallel with the last
CP stage, but with the added capacitors C7 and C9 that decreases the voltage gain
of the filter voltage reference circuit, and thereby makes Vfilter a lower voltage than
Vpump,out. The filter voltage reference circuit can use the same clock signals as the last
CP stage, but simulations show that if ClkC and ClkD are overlapping clock signals
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(a) Voltage regulation based on an analogue servo-loop controller

(b) Voltage regulation based on a PLL-type CP

Figure 9.2: Linear regulator based voltage regulation without an 18-bit DAC
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then the voltage spikes on Vfilter at clock transitions are smaller than if crossing or
non-overlapping clocks were used. The smaller voltage spikes will translate to less
charge injection from Vfilter to Vbias through the output filter transistors M1 and M2.
If necessary, a filter similar to the output filter can be applied to Vfilter using Vpump,out

to bias NMOS transistors. The diodes in the output filter are maintained for ESD
purposes, the HV ESD circuit is not drawn in the figure, and to enable a higher large-
signal bandwidth of the HV CP.

ClkA

ClkB

Vin

C1

C2

C7 C8

C9 C10

ClkC

ClkD

A

B

C

D

Vfilter

Vpump,out
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Output filter

Filter voltage reference

Last CP stage

Figure 9.4: CP with a SC resistor on the output that eliminates AC paths from ClkA
and ClkB, followed by a filter that utilise RDS of a transistor to implement a large
filter resistance.

In summary, the HV bias generator implemented in this work has areas that could
be improved by changing the system-level topology for voltage regulation and by re-
designing the output filter, as the used voltage regulation approach suffers from aliasing
and the implemented filter has a too low small-signal bandwidth. The area of the HV
bias generator can be reduced by paying for more process layers, and alternatively it
may be possible to reduce the implementation area by porting the design to a different
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HV process technology.

9.2 Discussion on emulated MEMS HIL platform
The implemented HIL platform is capable of emulating a lumped-element MEMS model
with a refresh rate of 200 kHz, which is sufficient for the servo-loop application of this
project, but other aspects of MEMS-oriented ASIC design may benefit from higher
refresh rates. With the used MEMS model the current implementation has been pushed
to its limit and more powerful hardware or a more efficient implementation would be
required to increase the refresh rate. When DSPs were considered to implement the
HIL platform it was primarily audio DSPs that were considered, where a lot of the
audio DSPs does not feature sufficient floating point precision, but some digital media
DSPs features multiple double precision arithmetic units [224], which should be capable
of executing time-steps at a much higher refresh-rate or at the 200 kHz rate for more
complex MEMS models.

One of the larger downsides of the HIL platform is its interfaces with the ASIC,
which is voltage-based where it ideally should be a capacitance. The programmable
capacitors that are commercially available are typically based on a capacitor array
where the charge is not constant when the capacitance is changed [225], but there is
a commercial tunable capacitor STPTIC-82G2 where an analogue voltage tune the
capacitance [226] and the charge on the capacitor should be maintained. Controlling
the tunable capacitor with a DAC could be used to implement a capacitance that a
CDC could measure. The capacitor is only rated for 24 V and has a too high leakage
to be used used as a load for the HV bias generator.

A better HIL platform would improve evaluation of the ICs, but the physical MEMS
of the next generation microphone is required for complete assessment of the servo-loop
performance.

9.3 Future Work
The implemented circuits must be further improved to meet the target specifications
of the servo-loop and be configured to measure capacitance instead of voltage for the
feedback. Furthermore, it should be investigated which approaches that are most eco-
nomically feasible, such as area reduction versus the cost of extra layers in the fabri-
cated ICs. To reach the targeted specifications of the servo-loop and to investigate the
feasibility of different approaches the following future work is proposed:

• Construction of a measurement setup capable of measuring the noise on the out-
put of the HV bias, to enable complete evaluation of the implemented circuits. It
should also be considered whether a focused ion beam can be used to cut away
the ESD protection from the pads where ESD protection introduces excessive
leakage, to improve the output voltage and power consumption measurements.

• A cost-benefit analysis of paying for extra metal and MIM-capacitor layers should
be carried out, where the cost is the higher wafer price and the benefits is reduced
area and power consumption. To support the analysis it should be investigated
whether additional metal layers are better used to increase capacitance density
or be used to move capacitors up into higher metal layers to reduce parasitic
capacitance. Furthermore, the analysis should not be limited to the used process,
but also look into other HV process technologies.
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• The used voltage regulation method introduces aliasing, which increases the re-
quirements to the HV CP output filter, it should be investigated whether a re-
design of the voltage regulation method can reduce the total implementation
area due to a reduced output filter size. For example with a voltage regulation
approach based on a linear regulator the aliasing issue can be mitigated and the
inherent PSR of the HV CP be utilised to reduce the requirements to the output
filter.

• It should be investigated how much the HV ESD circuit can be reduced in size by
reducing the requirements to the ESD events the ESD protection circuit should
be capable of handling, based on a review of ESD risks in an assembly line for
the next generation MEMS microphone.

• Work should be carried out to implement a better servo-loop controller, as the
one used in this project is simple and it is likely that the servo-loop performance
can be enhanced by a different control implementation. A starting point could
be to create a linearised state-space model of the entire servo-loop and use that
to calculate the parameters for a PID-controller [219]. Afterwards a topic like
optimal control for the servo-loop could be investigated [227].

• The IADC should be redesigned to be a CDC in order to read the displacement
sensing capacitance of the next generation MEMS. Furthermore, supply voltages,
a current reference, and control logic, for the IADC should be implemented on
the IC instead of being supplied by external instruments.

• In terms of the next generation MEMS microphone it would be interesting to
know whether the IADC based CDC can be of value to blocks in the signal chain
for the MEMS microphone, as the IADC when duty-cycled has a lot of unused
conversion capability.

• The bandwidth requirements to the LP mode of the servo-loop should be revisited
to establish a minimum bandwidth for the LP mode, which can then be used as
more precise design criteria for the servo-loop.

• The small-signal bandwidth of the HV CP output filter should be increased to
support the bandwidth requirement of the servo-loop HP specifications. Further-
more, it should be investigated whether the implementation area can be reduced
by a filter redesign, as the filter occupy almost as much area as the CP in the HV
CP block.

• The LV CP design should be revisited to map out the power efficiency versus
implementation area for different CP topologies and for different switching fre-
quencies. In the implementation in this project the CP is clocked at 2 MHz, but
a higher frequency may be used to decrease the implementation area and increase
the power efficiency up to a point of diminishing returns due to switching losses.

• Designing the HIL platform to have a variable capacitance output for a CDC
to read would be greatly beneficial for evaluation of the servo-loop performance
with fabricated integrated circuits before the next generation MEMS is available.
Furthermore, with a variable capacitance as output the HIL platform may have
an increased value for the development of MEMS-application ASICs that are not
related to the next generation MEMS microphone. Finally, using a DSP with
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more computational power than the used MCU would increase the emulation
capabilities significantly.

• Research on charge injection and clock feedthrough in CPs should be carried out
to investigate if a redesign of the last stage in a CP can be used to relax the
output filter requirements. During simulations in the project it was observed
that overlapping clocks resulted in smaller voltage spikes at clock transitions on
the HV CP output.

9.4 Research contributions
This PhD project has contributed with knowledge primarily within the subject of CPs,
but has also provided insight into the components required to implement a pressure-
compensating servo-loop for a MEMS microphone. The contributions can be sum-
marised to three major and four smaller research contributions. Three major research
contributions of this work are:

• A two-part extensive analysis of voltage-boosting CPs, with references to relevant
examples in the literature. Where the first part is an analysis on aspects important
to voltage gain and dynamic power losses in small HV CP implementations, and
the second part is an analysis on voltage regulation methods for CPs and the
applicability of the methods for resistive and capacitive loads.

• The implementation of a state-of-the-art HV bias voltage generator for a capac-
itive MEMS microphone that from a 1.4 V supply can provide a bias voltage in
the range of 41.0 to 188.8 V, with a power consumption of 554.1 µW down to
53.1 µW, and an implementation area of 0.701 mm2.

• An analysis of inherent PSR in SC converters, which introduces the potential
for utilising inherent properties of SC implementations to reduce noise filtering
requirements to upstream and downstream circuits. The analysis also highlights
design considerations that should be made when considering to utilise the inherent
PSR.

Smaller research contributions of this work are:

• A MEMS emulating HIL platform, which can be used to carry out measurements
of MEMS interfacing electronics before a physical MEMS is available, effectively
improving the value of doing short-loops in the ASIC design process.

• A crossing clock-scheme which achieves a higher voltage gain in Pelliconi and
Favrat topology CPs, due to reduced reverse currents achieved by the crossing
clocks.

• A method of operating a Pelliconi and Favrat CPs that achieves a bi-directional
charge transfer capability, which can be used to adjust the output voltage of
capacitively loaded CPs.

• An ambient pressure compensation force-feedback servo-loop configuration for a
next generation MEMS microphone, where the configuration is based on digital
readout of MEMS displacement, digital feedback, and a digital controller imple-
mentation.
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10
Conclusion

This chapter presents conclusions on the work presented in this PhD thesis, where the
goal was to implement a pressure compensating servo-loop required by a next generation
MEMS microphone.

In this PhD project a force-feedback servo-loop configuration was proposed for a
next generation MEMS microphone, which requires a high bias voltage to compensate
for ambient pressure. The proposed servo-loop consist of three components, a HV
bias generator with an adjustable output voltage, a Capacitance-to-Digital Converter
(CDC), and a digital controller. The primary focus in the project has been to implement
the HV bias generator, but a CDC and controller design was proposed as well. Two
ICs named IC 1 and IC 2 were fabricated during the project to evaluate the proposed
circuits for the servo-loop.

The HV bias generator was implemented as two cascaded Charge Pumps (CPs)
where a LV CP provides an adjustable supply voltage for a HV CP. Based on a review
of CPs in the literature it was concluded that there is no state-of-the-art CPs that
could meet the requirements of the servo-loop, and an analysis of voltage-boosting CP
topologies was carried out. Based on the analysis of CPs a Pelliconi topology CP was
implemented on IC 1 with the goal of boosting 5 V to 200 V at a power consumption
of 20 µW or less. The implemented HV CP on IC 1 could boost 5 V to 181.5 V at a
power consumption of 336 µW and boost 5 V to 178.5 V at a power consumption of 21
µW. The HV CP from IC 1 was used to size a HV CP on IC 2, where the HV CP can
boost 4.85 V to 200 V at a dynamic power consumption of 20 to 30 µW.

To provide the adjustable supply for the HV CP, a LV CP was implemented on IC
2, which is capable of boosting 1.4 V to a voltage range of 2 to 5 V. On IC 2 ESD
cells with a too low voltage rating were used, so the static power consumption of the
HV CP is high and the power delivery capability of the LV CP is lower than designed
for. Measurements of the HV bias generator, consisting of the LV CP and HV CP on
IC 2, shows that the bias generator can boost 1.4 to the voltage range 41.0-161.2 V
at a power consumption of up to 53.1 µW and boost 1.4 to 41.0-188.8 V at a power
consumption of up to 554.1 µW. The voltage resolution of the variable output voltage
was limited by noise in the measurement setup, but was measured to 20 mV.

A CDC for the feedback in the servo-loop was designed to be based on an IADC, but
as the next generation MEMS module is not yet available only the IADC component of
the CDC was implemented. The IADC was implemented on IC 2 and was measured to
have a sample rate of 971 S/s, a 10-bit resolution, a DNL and INL of less than 0.5 LSB,
and a power consumption of 9.8 µW. When the IADC is duty-cycled for LP operation
the sample rate is reduced to 1 S/s and the power consumption is reduced to 0.01 µW.

To evaluate the servo-loop performance with the implemented circuits a HIL plat-
form was developed to emulate the next generation MEMS. With the implemented HIL
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platform the servo-loop was measured to have a HP large-signal bandwidth of 25.1 Hz.
The small-signal bandwidth of the servo-loop is < 1 Hz due to the filter implemented
on the output of the HV CP. The based on the HV CP large-signal bandwidth and the
bandwidth limitations of the IADC, the servo-loop large-signal bandwidth should not
be limited to less than 97 Hz. Therefore the measured large-signal bandwidth must be
attributed to the implemented servo-loop controller.

The servo-loop implementation occupies an area of 0.710 mm2, where the HV bias
generator occupies 0.701 mm2 and the IADC occupy 0.009 mm2. The power consump-
tion of the servo-loop in LP mode is 53.1 µW, where the IADC consume 0.01 µW and
the HV bias generator consume 53.1 µW.

The targeted LP specifications for the servo-loop is an implementation area of 0.500
mm2, a power consumption of 20µW, an output voltage range of 80 to 200 V with a
voltage resolution of 0.763 mV, and a servo-loop bandwidth of 52 Hz. The implemented
servo-loop does not meet the targeted specifications.

The large implementation area can be attributed to the HV bias generator as the
IADC only occupy 0.009 mm2 versus the 0.701 mm2 of the HV bias generator. The
implementation size can be reduced in various ways, first of the HV ESD structure for
the HV CP can be reduced in size if the ESD specifications are relaxed, the area can
also be reduced by clocking the LV CP at a higher clock frequencies and using smaller
capacitors for the implementation, and finally the area can be decreased by paying for
more process options to increase the capacitance density of the capacitors in the HV
bias generator.

The low output voltage and high power consumption of the servo-loop can in part
be attributed to the ESD design flaw on IC 2, where the ESD structure increases the
power consumption and decreases the achievable output voltage. This can be mitigated
by using the correct ESD cells in a future IC.

The measured voltage resolution of the HV bias generator was limited by noise in
the measurement setup. To evaluate the actual voltage resolution a new measurement
approach must be used, where it might be necessary to mount a buffer within the same
IC-package that a die of IC 2 is mounted in, to minimise the noise that is picked up
by high impedance nodes.

The low large-signal servo-loop bandwidth is likely a product of the implemented
servo-loop controller, whereas the small-signal servo-loop bandwidth is limited by the
output filter in the HV CP. The large-signal bandwidth can be mitigated by implement-
ing another controller and the small-signal bandwidth requires that the output filter
for the HV CP is redesigned. In a redesign of the output filter it could be favourable
to redesign the HV bias generator to use a different voltage regulation method, as the
implemented cycle skipping causes aliasing, which increases the requirements to the
HV CP output filter. Without aliasing, the measured inherent PSR in the HV CP may
also be utilised better to relax the design requirements to the HV CP output filter.

In conclusion, the implemented circuits do not meet the targeted specifications of
the servo-loop for the next generation MEMS microphone, but pursuing the proposed
future work may result in a servo-loop implementation that meets the targeted specifi-
cations. Interpolation of measurements of the HV CP and LV CP did indicate that the
implemented designs may be closer to the targeted output voltage and power consump-
tion than measured, but this would have to be verified by measurements of a future
IC.
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1Abstract—This paper presents a novel analysis of charge 

pump topologies for very high voltage capacitive drive micro 

electro-mechanical system microphones. For the application, 

the size and power consumption are sought to be minimized, 

and a voltage gain of 36 is achieved from a 5 V supply. The 

analysis compares known charge pump topologies, taking into 

consideration on resistance of transistors and parasitic 

capacitances of transistors and capacitors in a 180 nm silicon-

on-insulator process. The analysis finds that the Pelliconi 

charge pump topology is optimal for generating very high bias 

voltages for micro electro-mechanical system microphones 

from a low supply voltage when the power consumption and 

area are limited by the application. 

 
 Index Terms—Charge pumps; High voltage techniques; 

Microelectromechanical systems; Microphones; Silicon-on-

insulator.  

I. INTRODUCTION 

Microphones are used in a wide array of consumer 

products, such as smart phones, smart watches, laptops, 

headsets, and tablets [1]. Today, the most widely used type 

of microphone is the Micro Electro-Mechanical System 

(MEMS) microphone, as this type of microphone may have 

a long range of benefits over the alternatives [2]. Multiple 

applications seek microphones with higher Signal-to-Noise 

Ratio (SNR) performance to improve or add features. One 

application is smart assistants, such as Amazons Alexa and 

Apples Siri [3], where a limitation to the user experience is 

how well the voice command is picked up. Distinguishing 

speech from noise is easier if the SNR of the microphone is 

high.  

The dominant contribution to noise in MEMS 

microphones is the squeezed-film effect [1], [4], which can 

be reduced by increasing the distance between the backplate 

and the diaphragm of the microphone. However, doing this 

will also reduce the signal strength, unless the bias voltage is 

increased as the air gap is increased. Recent studies have 

looked into improving the SNR by increasing the air gap 

and using a bias of a hundred volts or more [5], [6]. 

A limitation to using more than a hundred volts in a 

MEMS microphone is the generation of the high voltage, as 

only a low supply voltage is available in mobile products. 

Furthermore, MEMS microphones can be as small as 

2.5 mm × 1.6 mm × 0.9 mm (Cirrus Logic CS7331P), which 

leaves very little room for electronics to generate high 
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voltages from a low supply voltage. The most viable option 

is to go for a fully integrated solution on an Integrated 

Circuit (IC), as there is no room for discrete components in 

a MEMS microphone package. Inductors in ICs are 

generally unsuitable for power conversion, as integrated 

inductors exhibit poor performance, which leaves switched 

capacitor converters, such as charge pumps, as the most 

viable route. 

A limitation to high voltage in ICs is the breakdown 

voltage of the process technology. This limitation can be 

mitigated by a type of process technology called “Silicon-

On-Insulator” (SOI), which can sustain voltages of up to 

more than 200 V. In this work, a 180 nm SOI process with a 

breakdown voltage higher than 200 V is used as the targeted 

platform, and the device parameters to use in the analysis 

are extracted from the process technology. 

The analysis carried out in this work has a focus on high 

voltage gain, small area, and low power consumption for 

mobile MEMS microphone applications. The specific goal 

is that the charge pump should be capable of reaching an 

output voltage of 180 V from a supply voltage of 5 V, while 

keeping the area less than 0.25 mm2 and the power 

consumption less than 20 µW. As MEMS microphones are 

based on the capacitance between two plates, the only power 

consumption is the current leakage in the MEMS module. 

The current leakage is generally very small, and for a 

MEMS capacitor of 500 µm × 500 µm with an electric field 

of 2 MV/cm, the leakage was measured to be less than 1 nA 

[7]. Hence, the charge pump does not need to deliver 

significant power, as air gaps of multiple µm are common 

[1].  

The remainder of this paper is organized as follows. 

Section II presents an analysis of voltage gain in charge 

pump topologies. In Section III, power loss analysis of 

selected topologies is carried out. Equivalent output 

resistance of selected topologies is calculated in Section IV. 

Settling time is investigated in Section V. Section VI 

provides a discussion on the two most promising topologies, 

and finally, the conclusions are presented in Section VII.  

II. VOLTAGE SCALING OF CHARGE PUMPS 

The most critical design goal for the target application is 

the generation of 180 V from a 5 V supply. Therefore, the 

first part of the analysis focuses on the voltage gain of 

different charge pump topologies. 

Six general charge pump topologies were identified from 
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literature, namely, the Dickson [8], the Cockcroft-Walton 

[9], the Pelliconi [10], Makowski/Fibonacci [11], Doubler 

[12], and heap [13] charge pumps. Many other topologies 

exist, but they are in essence just modified versions of the 

listed topologies, and therefore feature the same voltage 

gains, voltage swings, and device stresses. The six 

topologies are depicted in Fig. 1 and Fig. 2, where the clock 

signals A and B are non-overlapping. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1.  The Dickson, Cockcroft-Walton, and Pelliconi charge pump 

topologies: a) 4-stage Dickson topology; b) 4-stage Cockcroft-Walton 

topology; c) 2-stage Pelliconi topology. 

The voltage gain of all six charge pump topologies can be 

explained using the generic charge pump topology shown in 

Fig. 3(a).  

 
(a) 

 
(b) 

 
(c) 

Fig. 2.  The Fibonacci, Doubler, and Heap charge pump topologies: a) 2-

stage Fibonacci topology; b) 2-stage Doubler topology; c) 3-stage Heap 

topology. 

In one phase, the pump capacitor Cpump is charged to V1, 

as depicted in Fig. 3(b). In the second phase, the capacitor 

bottom plate potential is lifted by V2 and Cpump is pumping 

charge to the output, as depicted in Fig. 3(c), with an ideal 

output voltage of V1 + V2 The generic topology can 

represent one stage of all topologies in Fig. 1 and Fig. 2, the 

only thing that changes is where V1 and V2 is supplied from. 

For example, in the Doubler topology, both V1 and V2 are 

supplied from the previous stage, and in the Dickson 

topology, V1 is supplied from the previous stage and V2 from 

the clock signal. 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.  A generic representation of a charge pump stage and the two 

phase’s stage may be in: a) Charge pump stage; b) Charging phase; c) 

Pumping phase. 

High voltages are achieved with the mentioned charge 

pump topologies by cascading stages. The voltage gain of 

the different topologies as a function of the number of stages 

N is shown in Table I. Note that 1.618   [14]. 
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TABLE I. IDEAL VOLTAGE GAIN FOR A N STAGE CHARGE PUMP 

OF THE DIFFERENT TOPOLOGIES ( 1.618  ). 

Topology Voltage Gain 

Dickson 1N  

Pelliconi 1N  

Heap 1N  

Cockcroft-Walton 1N  

Fibonacci 
  22 1

5

 
  

NN

 

Doubler 2N
 

 

The voltages across, respectively, capacitors and 

transistors/diodes of the different topologies depend in most 

cases on what stage of the charge pump it is. For ideal 

charge pumps, the voltages across the different types of 

devices in stage k of a topology are listed in Table II. 

TABLE II. MAXIMUM VOLTAGE ACROSS STAGES IN STAGE K OF 

THE DIFFERENT CHARGE PUMP TOPOLOGIES ( 1.618  ). 

Topology Transistor maxV  [V] Capacitor maxV  [V] 

Dickson 2 inV   ink V  

Pelliconi inV   ink V  

Heap  ink V  inV  

Cockcroft-Walton 2 inV  2 inV  

Fibonacci 
 

11 1

5

 
  

kk

 
 

11 1

5

 
  

kk

 

Doubler 
12  k

inV  12  k

inV  

 
When parasitic capacitances are introduced in a charge 

pump, the voltage gain changes due to charge sharing. To 

properly evaluate the voltage gain of the charge pump 

topologies, the parasitic capacitances due to devices should 

be included. Hence, the parasitic capacitances of active 

devices and capacitors were extracted from the SOI process. 

Five different parasitic capacitances were extracted for 

the transistors: t gate to source Cgs, gate to drain Cgd, drain to 

source Cds, source to handle wafer Csh, and drain to handle 

wafer Cdh capacitance. For simplification, the bulk was 

connected to the source, which eliminates the source-to-bulk 

capacitance from calculations and combines the drain-to-

bulk and drain-to-source capacitances into the drain-to-

source capacitance. In the SOI process, the bulk is on top of 

an insulating silicon oxide, which is on top of a layer of 

substrate. The layer of substrate is also called the “Handle 

Wafer” (HW). This layering of bulk, insulator, and substrate 

creates a drain to HW capacitance Cdh and a source and bulk 

to HW capacitance Csh. The capacitances are also depicted 

in Fig. 4. 

 
Fig. 4.  Extracted parasitic capacitances of transistors. 

For a HV diode, the anode to cathode capacitance Cac, 

anode to HW capacitance Cah, and cathode to HW 

capacitance Cch were extracted (see Fig. 5). 

 
Fig. 5.  Extracted parasitic capacitances of 10 V diode. 

The parasitic capacitances extracted for a selected range 

of devices are listed in Table III, together with the minimum 

device area. The equivalent PMOS transistors of the process 

have the same voltage ratings and similar parasitic 

capacitances. 

TABLE III. SELECTED SEMICONDUCTOR DEVICES FROM THE SOI PROCESS USED, THEIR SIZE AND PARASITIC CAPACITANCE. 

Device Size [µm2] gdC  [fF] 
gsC  [fF] 

dsC  [fF] dhC  [fF] shC  [fF] 

5 V NMOS 3 0.05 0.05 0.13 0.04 0.04 

10 V NMOS 19 0.53 0.27 0.08 0.02 0.02 

100 V NMOS 510 < 0.01 30.56 12.44 4.04 4.83 

200 V NMOS 1758 < 0.01 63.69 7.97 5.67 8.11 

    acC  [fF] ahC  [fF] chC  [fF] 

10 V diode 121 - - 10.05 5.69 1.05 

Capacitors have parasitic capacitances as well, this is 

depicted in Fig. 6, where the parasitic capacitance on the top 

plate Cpar,top of the capacitor may be different from the 

parasitic capacitance on the bottom plate Cpar,bot of the 

capacitor. For a range of capacitors available in the IC 

process, the parasitic capacitances were extracted. The 

extracted parasitic capacitances are listed in Table IV, along 

with the voltage rating and capacitance density of the 

respective capacitors. The parasitic capacitances for the 

capacitors are based on parasitic extraction from capacitors 

of 100 fF. 

 
Fig. 6.  Extracted parasitic capacitances of capacitors. 

33



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 27, NO. 2, 2021 

TABLE IV. FOUR CAPACITORS AVAILABLE IN THE USED SOI 

PROCESS AND THEIR PARASITIC CAPACITANCES AS A 

PERCENTAGE OF THE CAPACITOR CAPACITANCE. 

Cap # Type 

Density  

 
  2

fF

μm
 

Max 

voltage 

[V] 

par,topC   

[%] 

par,botC   

[%] 

1 MIM 2.4 5.5 0.1 1.7 

2 MIM 2.0 10 0.5 2.7 

3 MOM 0.6 60 3.9 3.9 

4 MOM 0.2 200 0.4 50.0 

 

All transistors in the SOI process have a maximum gate to 

source voltage of 5.5 V, including transistors rated for a 

+100 V drain to source voltage. Due to this limitation on the 

gate-to-source voltage, the Dickson and Cockcroft-Walton 

topologies must be run with a supply voltage of 2.5 V or 

lower, or run from a 5 V supply and utilize HV diodes. For 

the Heap, Fibonacci, and Doubler topologies, it is necessary 

to use 100 V transistors to reach an output voltage of 180 V. 

The voltage scaling in Table I is only correct in the ideal 

case. When parasitic capacitances are introduced, the 

voltage gain is reduced due to charge sharing. In Fig. 7, a 

parasitic capacitance Cpar is introduced on the node, where 

the top plate of the pumping capacitor is connected. With 

the parasitic capacitance present, the output voltage is given 

by 

 
1 2 . 



pump

out

pump par

C
V V V

C C
 (1) 

There is also a parasitic capacitance on the bottom plate, 

but, e.g., V1 and V2 are assumed to be ideal sources, hence 

the bottom plate parasitic would be connected directly to a 

supply, and therefore does not affect the voltage. If V1 or V2 

are supplied from another charge pump stage, the parasitic 

capacitances on S1, S2, S4, and the bottom plate parasitic 

capacitances would affect the voltage gain of the supplying 

stage.  

 
Fig. 7.  Example of a parasitic capacitance affecting the output voltage of a 

charge pump in the pumping phase. 

The capacitance Cpar in Fig. 7 would contain the top plate 

parasitic capacitances of the capacitor, the parasitic 

capacitances of the devices used to realise S1 and S2, and 

wiring capacitance. 

Expressions of the voltage gain in different topologies, 

when parasitic capacitances are considered, have been 

derived and are shown in Table V, where α is given by 

 
,

, ,

, 


pump k

pump k par k

C

C C
 (2) 

where Cpump,k is the effective pumping capacitance in stage k 

and Cpar,k is the combined parasitic capacitance in stage k on 

the top plate of the pumping capacitor. 

TABLE V. OUTPUT VOLTAGE OF STAGE K OF THE DIFFERENT 

CHARGE PUMP TOPOLOGIES WHEN CHARGE SHARING IS 

CONSIDERED. 

Topology Output voltage Vk of stage k 

Dickson 1   k supplyV V  

Pelliconi 1   k supplyV V  

Heap 1  supply kV V  

Cockcroft-Walton  1 2 3     k k kV V V  

Fibonacci 1 2   k kV V  

Doubler 1 1   k kV V  

 

Given a Dickson topology realised using diodes, depicted 

in Fig. 8, which is transitioning from phase A to B, the 

parasitic capacitance in stage 2, denoted Cpar,2, is expressed 

as 

 ,2 , 2 , 3 , 2 , , 2   par ac D ah D ch D par top CC C C C C . (3) 

The pumping capacitance is Cpump,k = C2. In (3), Cac,D2 is 

Cac of D2, Cah,D3 is Cah of D3, Cch,D2 is Cch of D3, and 

Cpar,top,C2 is Cpar,top of C2. Only the Cac of D2 is included in 

the expression, as Cac of D3 is in parallel with the 

conducting diode. Furthermore, it is assumed that the 

capacitance C1 is much larger than the capacitance Cac of 

D2, such that the reduction in parasitic capacitance due to 

the serial connection of capacitors is negligible. 

 
Fig. 8.  Diode-based realisation of 4 stages of the Dickson charge pump 

topology. 

In Table V, V0, V-1, and V-2 are equal to Vsupply the supply 

voltage. For the Heap, Cockcroft-Walton, and Fibonacci 

topologies, the stacking of capacitors lowers the effective 

pumping capacitance, but not the parasitic capacitances. The 

effective pumping capacitance Cpump,k for the Heap, 

Cockcroft-Walton, and Pelliconi topologies is listed in Table 

VI, where Cstage,k is the capacitance of the capacitor used in 

stage k. For subscript values of 0 or less, Cpump,k-1 and Cpump,k-

2 should be omitted from the expressions. For the Dickson, 

Pelliconi, and Doubler topologies, Cpump,k = Cstage,k, as there 

is no stacking of capacitors. 

To compare the voltage gain capability of the different 

topologies, the voltage gains for implementations of 

0.04 mm2 and 0.25 mm2 were calculated using the 

expressions from Table V and Table VI. The 0.25 mm2 is 

the target area, and the 0.04 mm2 was used to investigate if 

the topologies could be implemented on less area. Devices 

used for the calculations were chosen from Table III and 

Table IV, based on the voltage stress of each device in each 

stage of the charge pump, which was identified using the 
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expressions from Table II. 

TABLE VI. EFFECTIVE PUMPING CAPACITANCE OF THE HEAP, 

COCKCROFT-WALTON, AND FIBONACCI TOPOLOGIES. 

Topology Effective Cpump,k of stage k 

Heap 1 1
, , 1

1
 

stage k pump kC C
 

Cockcroft-Walton 1 1
, , 2

1
 

stage k pump kC C
 

Fibonacci 
 

1
1

, , 1 , 2

1



  stage k pump k pump kC C C

 

 

The calculations of voltage gain only consider the 

reduced voltage gain that is due to charge sharing between 

pumping capacitors and parasitic capacitances. Voltage 

drops across diodes and transistors, the area to implement 

level shifters, the power required to drive level shifters, and 

leakage were not included in the calculations. The 

calculations were carried out numerically. First, the area for 

active devices was allocated based on the used devices and 

the number of stages, then the remaining area was allocated 

to capacitors. For each topology, the number of stages was 

optimized towards achieving the lowest number of stages 

required to reach a voltage gain of 36, or to the highest 

attainable voltage gain if a gain of 36 could not be reached.  

For all calculated implementations, devices of sufficient 

voltage rating were used where necessary to save area and 

maximize pumping capacitance. For example, in the first 

stage of the Doubler topology, 5 V transistors are used, and 

in the last stage, 100 V transistors are used. Furthermore, for 

the Doubler topology, only half of the area was used to yield 

the area for the capacitors between stages [12]. In 

topologies, where capacitors are stacked, a higher voltage 

gain may be achieved by tapering of capacitor sizes [15], 

this has not been done in the calculations of this paper. 

Instead, each stage has been allocated an equal amount of 

area for pumping capacitors. A tapered Heap topology may 

achieve a 30 % higher voltage gain than a non-tapered Heap 

topology [15]. For all of the Pelliconi topology, 5 V 

transistors were used, and for all Cockcroft-Walton and 

Dickson topologies, 10 V diodes were used. 

The calculated voltage gains for the charge pump 

implementations on a 0.04 mm2 and 0.25 mm2 area can be 

read from the plots in Fig. 9 and Fig. 10. 

The Dickson, Fibonacci, Pelliconi, and Doubler 

topologies were in calculations, all able to reach a voltage 

gain of 36, both with the 0.04 mm2 and the 0.25 mm2 area 

constraint. From Fig. 9 and Fig. 10, it can be observed that 

the Pelliconi topology requires fewer stages than the 

Dickson topology when the area is constrained to 0.04 mm2. 

This is due to less parasitic capacitance in each stage and the 

smaller size of devices used in the Pelliconi topology, both 

enabled by the lower voltage stress on the transistors. 

The Heap and Cockcroft-Walton topologies were not able 

to reach a voltage gain of 36 at the given area constraints 

when parasitic capacitances were included. To obtain a 

voltage gain of 36 with the Heap topology, the area needed 

to be approximately 11 mm2. This area could be lower if 

tapering was used, but even with tapering, the 0.04 mm2 or 

0.25 mm2 implementations would not reach a voltage gain 

of 36. No matter how much the area was increased, the 

Cockcroft-Walton could not reach a voltage gain beyond 

approximately 14 due to the parasitic capacitances of the 

capacitors and diodes available in the process. If the input 

voltage is reduced to 2.5 V to allow the use of diode-

coupled 5 V transistors, the voltage gain increases to 

approximately 18, but the required voltage gain to reach 

180 V increases to 72. 

As the Heap and Cockcroft-Walton topologies are not 

able to obtain a voltage gain of 36 with a supply voltage of 

5 V, the two topologies are not feasible for the target 

application on the used platform. In the following section, a 

further analysis of the Dickson, Pelliconi, Fibonacci, and 

Doubler topologies is carried out. 

 
Fig. 9.  Voltage gain of charge pumps on a 0.04 mm2 area with parasitic 

capacitances present. 

 
Fig. 10.  Voltage gain of charge pumps on a 0.25 mm2 area with parasitic 

capacitances present. 

III. DYNAMIC POWER LOSSES IN CHARGE PUMPS 

As the target application is a capacitive load, the output 

power is low. At 2 nA and 180 V, the output power is only 

360 nW. It is therefore very likely that the power 

consumption of the charge pump is dominated by switching 

losses to parasitic capacitances. To determine the most 

viable charge pump topology, the selected power losses to 

parasitic capacitances were estimated. Given an ideal 
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voltage gain for each of the four topologies, the node 

voltages and the associated voltage swings were determined 

for each topology. 

Switching losses were estimated using (4) 

 2 ,loss clk par swingP f C V  (4) 

where fclk is the switching frequency of the charge pump, 

Cpar is the combined parasitic capacitance connected to the 

node in the topology with the highest voltage swing and the 

most parasitic capacitance, and Vswing is the voltage swing at 

the identified node.  

For the Fibonacci and Doubler topologies, the two nodes 

in each charge pump with the highest voltage swing were 

chosen for power loss estimation. The voltage swings of the 

last stages of the Fibonacci are depicted in Fig. 11, and for 

the last stages of the Doubler, in Fig. 12, along with the 

nodes A and B, which represent the nodes with the highest 

voltage swing. The capacitor C2 in Fig. 11 will have a 

potential of 111 V, thus the capacitor used for C2 in the 

Fibonacci topology must be the 200 V capacitor from Table 

IV, which has a very large bottom plate parasitic 

capacitance. For the Doubler topology, the capacitor C3 in 

Fig. 12 will have a voltage of 90 V, and it must also be a 

200 V capacitor. 

 
Fig. 11.  Voltage swing in the last stages of an ideal Fibonacci charge 

pump.  

 
Fig. 12.  Voltage swing in the last stages of an ideal Doubler charge pump. 

The Dickson and Pelliconi topologies are different from 

the Fibonacci and Doubler topologies in terms of voltage 

swing, as the entire charge pumps have the same voltage 

swing of 5 V in every node. Instead of calculating the power 

loss in a single node, the parasitic capacitances, including 

the bottom plate parasitic of the capacitors, of all stages in 

the charge pumps were determined and used for power loss 

estimation. 

The transistor realization of the Pelliconi topology is 

depicted in Fig. 13, as it can be observed that there are more 

than twice as many devices per stage as in the Dickson 

topology. However, due to the transistors having low 

voltage stresses, the topology can be implemented using 5 V 

transistors, which achieves that the Pelliconi topology has 

less parasitic capacitance than the Dickson topology. 

For the four topologies, the parasitic capacitances were 

estimated by the device sizes found for the 0.04 mm2 

implementations to keep the parasitic capacitances and 

thereby the switching losses small. For the Doubler and 

Fibonacci topologies, the switching power loss was also 

calculated for implementations where the pumping 

capacitance of the last stage was reduced to 50 fF to 

minimize the parasitic capacitance. It was calculated that the 

pumps would maintain a voltage gain of at least 36. 

The power losses were calculated using a 100 kHz 

switching frequency, and the results are listed in Table VII 

along with the identified voltage swings, pumping 

capacitance of the last stage in each pump, and the 

determined amount of parasitic capacitance used for power 

loss estimation. For the Dickson and Pelliconi topologies, 

Cpump is the pumping capacitance used in every stage of the 

charge pump. 

 
Fig. 13.  Transistor realisation of two stages of the Pelliconi topology. 

TABLE VII. ESTIMATED SWITCHING LOSSES IN HIGHEST SWING 

NODE IN CHARGE PUMPS @ 100 KHZ. 

Topology Cpump,N [fF] Cpar [fF] Vswing [V] Ploss [µW] 

Dickson  

41 stages 
171 4021.77 5 10.55 

Pelliconi  

36 stages 
220 4221.20 5 10.05 

Fibonacci  

2 nodes 
775 456.52 67 217.35 

Fibonacci  

2 nodes 
50 91.12 67 43.38 

Doubler  

2 nodes 
267 200.49 90 162.40 

Doubler  

2 nodes 
50 91.12 90 73.81 

 

Based on the estimated switching power losses, it can be 

observed that the Doubler and Fibonacci topologies cannot 

meet the power consumption criteria set in this work. If 

charge recycling was to be utilized to reduce power 

consumption, it would require HV transistors to implement, 

which would likely negate the benefit due to further added 

parasitic capacitances. This leaves the Dickson and Pelliconi 

charge pump topologies as the better choices to meet the 

design goals of this work, and they are therefore the only 

two topologies investigated in the following section. 

IV. SWITCH CAPACITOR CONVERTER EQUIVALENT MODEL 

The analysis so far has not considered the power that is to 

be delivered to the load. In [16], switched capacitor 

converters are modelled as the circuit depicted in Fig. 14, 

where the output voltage Vout of the converter is the voltage 
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division of the converter ideal output voltage. The ideal 

output voltage is defined by the ratio of m/n in the 

transformer, and the voltage division is defined by Rout and 

Rload. The output voltage is expressed by  

 ,


load

out supply

load out

Rm
V V

n R R
 (5) 

where Rout is the equivalent output resistance of the 

converter (in this work, the equivalent output resistance of 

the charge pump) and Rload is the load resistance. 

 
Fig. 14.  Switched capacitor converter model as in [16]. 

The load resistance for this work is 90 GΩ, as this results 

in 2 nA at 180 V. In [16], the equivalent output resistance is 

estimated by 

 
2 2 , out FSL SSLR R R  (6) 

where RFSL defines the Fast Switching Limit (FSL) of the 

converter. RFSL is a function of the on resistance of the 

switches used to realise the switched capacitor converter, 

and how the charge is transferred in the converter. In [16], 

FSL is defined by 

  
2

,

1 1

1
,

 

  
phases switches

r

FSL j i i

j i j

R a r
D

 (7) 

where ar
j,i is a vector that defines how much charge is 

transferred by switches in each of the converter’s phases, ri 

is the on resistance of the different switches, and Dj is the 

duty cycle of each phase. 

In (6), the RSSL component defines the Slow Switching 

Limit (SSL), and is a function of the switching frequency, 

capacitor size, and how the charge is transferred by the 

capacitors in the converter in each phase. In [16], RSSL is 

defined by 

  
2

,

1 1

1
,

2 

  
phases capacitors

SSL j i

j i i clk

R a
C f

 (8) 

where aj,i describe the charge transfer by capacitors, Ci is the 

size of the various capacitors, and fclk is the switching 

frequency of the converter. Details on how to define ar
j,i and 

aj,i can be found in [16]. 

The equivalent output resistance was calculated for 36 

and 37 stage Pelliconi implementation, and for 41 and 42 

stage Dickson implementation, all based on component 

values from a 0.04 mm2 area restriction. The ideal voltage 

gain of the charge pump was based on the gain when 

parasitic capacitances are present. For the transistors in the 

Pelliconi topology, an on resistance of approximately 8 kΩ 

and 37 kΩ was extracted from the PDK for, respectively, 

minimum sized NMOS and PMOS transistors in the triode 

region. For the Dickson implementation, an equivalent on 

resistance of 8 kΩ was assumed for the diodes to be used in 

the calculations. 

The calculated resistances and resulting output voltages 

for a 90 GΩ load are listed in Table VIII. 

TABLE VIII. EQUIVALENT OUTPUT RESISTANCE AND OUTPUT 

VOLTAGE OF THE 0.04 MM2 CHARGE PUMPS. 

Topology 
Ideal 

gain 

RFSL 

[kΩ] 

RSSL 

[GΩ] 

Rout 

[GΩ] 

Vout  

[V] 

Dickson - 41 

stages 
36.32 1620.0 2.412 2.412 176.9 

Dickson - 42 

stages 
37.05 1665.0 2.470 2.470 180.0 

Pelliconi - 36 

stages 
36.45 656.0 1.636 1.636 179.0 

Pelliconi - 37 

stages 
37.43 672.0 1.729 1.729 181.5 

 

From Table VIII, it can be observed that the output 

resistance reduces the output voltage of the 36 stage 

Pelliconi and the 41 stage Dickson such that they do not 

reach an output voltage of 180 V. For the 37 stage Pelliconi 

and 42 stage Dickson charge pumps, the capacitor sizes 

were reduced to make room for another stage on the 

0.04 mm2. The additional stage increased the voltage gain 

and the equivalent output resistance, but the increase in 

voltage gain was higher than the increased reduction in 

output voltage, making it possible to reach 180 V. Even 

though the output resistance of the charge pump is high, the 

output voltage only diminishes a few percent due to the load 

being 90 GΩ. From the table, it can also be observed that the 

output resistance is dominated by the RSSL component of 

Rout. For charge pump implementations with larger 

capacitors or higher switching frequency, RSSL would be 

lower, and so would the equivalent output resistance. 

As the Dickson and Pelliconi topologies still have 

comparable performance, the settling time performance will 

be analysed in the next section. 

V. SETTLING TIME 

Settling time for the charge pumps is also a significant 

parameter, as microphones often are turned on and off in 

mobile devices to save power. The equivalent output 

resistance of the converter and the capacitive load of the 

microphone will basically work as a capacitor charged 

through a resistor. The time constants and 95 % settling time 

were calculated for the Dickson and Pelliconi charge pumps 

based on a load of 10 pF and the equivalent output 

resistance from Table VIII. The resulting time constants and 

settling times are listed in Table IX. 

TABLE IX. TIME CONSTANTS AND TIME TO REACH 95 % OF THE 

OUTPUT VOLTAGE WITH A LOAD OF 10 PF. 

Topology 
Time constant 

[ms] 

95 % settling time 

[ms] 

Dickson - 41 stages 24.12 72.26 

Pelliconi - 36 stages 16.36 49.01 

 

Based on the equivalent output resistance, the Dickson 

topology takes almost 50 % longer to reach 95 % of the 

maximum output voltage. Furthermore, this was based on 
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the Dickson being implemented with switches that had an on 

resistance of 8 kΩ. The Dickson topology is usually realised 

using diode-coupled transistors or diodes, as depicted in Fig. 

8. When the Dickson charge pump approaches its maximum 

output voltage, the voltage across the diodes or diode-

coupled transistors is reduced.  

When the Pelliconi and Dickson charge pumps reach 

90 % of their output voltage from a 5 V supply, there is 

approximately 0.25 V across each transistor in the Pelliconi 

topology, assuming equal voltage distribution and 0.439 V 

across each diode in the Dickson topology. For the Pelliconi 

topology, the transistors will operate in the triode region, 

and the charge pump will have the Rout listed in Table VIII. 

From the PDK, it was extracted that the 10 V diodes used in 

the Dickson topology with a voltage of 0.439 V across each 

conduct 34.62 pA, which is equivalent to a resistance of 

12.7 GΩ.  

The equivalent on resistance of 10 V diodes will dominate 

the equivalent output resistance of the Dickson charge 

pump, as 12.7 GΩ per diode results in an RFSL = 1.04 TΩ. 

The heavily increased output resistance of the Dickson 

charge pump will not only increase the time constant 

significantly, it will also reduce the achievable output 

voltage of the loaded charge pump, which is obvious given 

that the current through the diodes must be 2 nA to satisfy 

the requirement of 180 V for a 90 GΩ load.  

As the Pelliconi topology already exhibits better 

performance than the Dickson on settling time, voltage gain 

per stage, and power consumption parameters, it was 

decided not to investigate the equivalent output resistance of 

the Dickson topology further in this work. In the following 

section, the possible ways to get around the problem of 10 V 

diodes are discussed. 

VI. DISCUSSION 

Given the estimates in Table VII and Table VIII, the 

Dickson and Pelliconi topologies have a comparable 

performance. The lower voltage stress in the Pelliconi 

topology enables the use of 5 V devices, which results in a 

lower amount of parasitic capacitance. The lower amount of 

parasitic capacitance results in a lower power consumption, 

a higher voltage gain per stage, and a lower equivalent 

output resistance for the Pelliconi topology than what is 

achieved in the Dickson topology. 

When the voltage-dependent behaviour of the devices 

used to implement switches in the topologies is taken into 

consideration, it is observed that the performance of the 

Dickson topology is reduced significantly, while the 

performance of the Pelliconi topology is only reduced 

slightly. In the Dickson topology, the performance decreases 

significantly as the charge pump settles and the voltage 

across the diodes is reduced. The reduced voltage across 

diodes leads to a much higher equivalent output resistance, 

which affects both the time constant for settling and the 

achievable output voltage negatively. The supply voltage of 

5 V does not allow diode-coupled transistors to be used in 

place of the 10 V diodes. 10 V transistors in combination 

with level-shifters would mitigate the voltage stress and 

conductivity challenges, but require extra circuitry, leading 

to a higher power consumption and the introduction of 

additional parasitic capacitance. If the supply voltage were 

2.5 V instead of 5 V, the Dickson topology would be able to 

use diode-coupled 5 V transistors instead of 10 V diodes. 

This would improve the performance of the Dickson 

topology, as the conductivity of diode-coupled transistors in 

the SOI process is higher than that of the 10 V diodes when 

small voltages are applied. Additionally, the parasitic 

capacitances in the Dickson topology would become less 

than the parasitic capacitances in the Pelliconi topology, and 

thereby improve the performance of the Dickson topology. 

In the calculations estimating the implementations on 

0.25 mm2 and 0.04 mm2, the area required for wiring and for 

the distance between devices were not included. If the 

capacitor sizes from those estimates were used for a physical 

implementation, the implementation would be larger than 

the area used for the calculations. As the estimate of a 

Pelliconi implementation of 0.04 mm2 was able to reach 

180 V, it should be possible to implement physically on less 

than the goal of 0.25 mm2. 

VII. CONCLUSIONS 

In this paper, an analysis of known charge pump 

topologies was carried out to determine the optimal 

topology for a mobile microphone application. The goal of 

the analysis was to determine which charge pump topology 

is optimal for reaching 180 V from a 5 V supply, while 

keeping the area of an IC implementation below 0.25 mm2 

and the power consumption below 20 µW. It was 

determined that the two most suitable topologies are the 

Dickson and Pelliconi topologies, and that the Pelliconi 

outperforms the Dickson topology given the devices 

available in the SOI process used for device parameters. The 

Pelliconi topology is predicted to have a significantly 

shorter settling time than the Dickson topology due to the 

devices used. Dependent on the devices available, other 

charge pump topologies may exhibit better performance in 

other applications. Finally, the estimations of the Pelliconi 

topology indicate that the charge pump can be implemented 

on a chip area of less than 0.25 mm2, as the 0.04 mm2 

estimations meet the output voltage and power consumption 

goals. 
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Abstract—This paper presents a novel clocking scheme for
the Favrat charge pump topology. The proposed clock scheme
achieves an 8 % higher maximum power output and a 12 %
higher maximum output voltage than the prior-art clock scheme.
The novel clock scheme is part of the development of a very high
voltage charge pump for MEMS applications. In this work a 46-
stage charge pump based on the Favrat charge pump topology
has been fabricated in a 180-nm SOI process with a > 200 V
breakdown voltage. With an input voltage of 5 V the fabricated
charge pump reach an output voltage of 185 V when driven by
the proposed clock scheme and loaded with a 2 nA load, the
prior-art clock scheme can only reach an output voltage of 165
V with a 2 nA load.

I. INTRODUCTION

Micro Electro-Mechanical Systems (MEMS) can be found
in applications used by most people every day, applications
such as sensors, projectors, and radio-frequency communica-
tion. Especially the use of MEMS based sensors is wide-spread
as these sensors are extensively used in mobile electronics and
cars.

One topic of research in the field of MEMS is micromanipu-
lation where MEMS motors, actuators, and grippers are used to
handle microparticles and fluids. Examples of microparticles
are cells and bacteria. MEMS based motors are commonly
driven by an actuator as they are easy to implement in a
MEMS module. A popular way of achieving actuation is using
comb-drives where electrostatic force is used to actuate a
MEMS structure [1]. The comb-drives usually require a high
driving voltage to generate the required force. The driving
voltage for comb drives are usually in the range of 10s to
100s of volts dependent on the application [1], [2], [3].

Comb-drives behave as a capacitive load and usually have
a very small leakage current. Because the comb-drives behave
as a capacitive load they do not require a large static driving
current. The capacitive behaviour of the comb-drives makes
it necessary to use a bi-directional driver if it is desired that
the voltage on the drive, and thereby the force exerted by the
drive, is lowered.

Reducing the cost of MEMS based microgrippers and other
mechanical structures will aid with commercialization and
enable a more widespread use of micro-manipulation MEMS
modules.

MEMS sensors are often developed with all the necessary
assisting electronics such as drivers and read-out circuits,

microgripper modules however, are typically developed with
only a read-out circuit [1], [2], [3] as it is non-trivial to
implement a low to High-Voltage (HV) converter in a small
Application Specific Integrated Circuit (ASIC). If the high
voltage required to drive the MEMS comb-drives could be
generated by a circuit in a small ASIC it would help with
reducing the price and implementation complexity of MEMS
microgripper modules.

Multiple approaches for low to high voltage conversion
exists. For example inductor based boost converters, piezo-
electric transformers, and charge pumps. But out of all those,
only the charge pump approach is suitable for full imple-
mentation in an ASIC. It is possible to implement the other
converters in an ASIC but for good performance it would
require advanced process technologies to achieve good quality
factor inductors or have Piezo material implemented into the
ASIC.

Generating a high voltage in an ASIC is limited by the
breakdown voltage of the process technology. Multiple ap-
proaches to design around the N- and P-well breakdown
voltages in CMOS processes exist. One approach is to use
devices that can be implemented on top of the field oxide
as the field oxide has a high breakdown voltage [4], another
approach is to use multiple ASICs [5]. It is also possible to use
processes that are designed for HV applications such as Silicon
On Insulator (SOI) processes which has been the approach in
[6], [7], [8].

In this work a 46-stage charge pump consisting of cascaded
Favrat charge pump [9] topologies was fabricated in a 180-
nm SOI process. The intended application for the developed
charge pump is to drive a MEMS comb-drive with a voltage of
up to 180 V. The leakage in the comb-drive is conservatively
estimated to be 2 nA.

The Favrat charge pump topology was chosen due to its
linear scaling, low voltage stress on transistors, and a voltage
gain per stage that is better compared to the Dickson charge
pump [10]. The Favrat topology is similar to the Pelliconi
charge pump topology [11] but it has fewer challenges with
keeping the parasitic bi-polars in an off-state.

The remainder of this paper is organized as follows. Section
II gives a short presentation of the implemented charge pump.
The proposed clock scheme is presented together with an
analysis of the reverse currents in the Favrat charge pump

978-1-7281-2769-9/19/$31.00 c©2019 IEEE
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Fig. 1. Two cascaded Favrat charge pump stages.

topology in section III. Section IV presents measurement
results of the fabricated charge pump driven by different clock
schemes and compare the results with simulations, finally the
conclusion is presented in section V.

II. CHARGE PUMP IMPLEMENTATION

The 46-stage charge pump of this work consist of cascaded
Favrat charge pump stages; a depiction of two cascaded stages
are shown in Fig. 1. The charge pump capacitors C1-C4 and
Cbias are in this work implemented as 300 fF HV metal-
insulator-metal capacitors. Due to the small capacitance the
voltage gain per stage is very sensitive to parasitic capaci-
tances.

The transistors in the implemented charge pump are all
implemented with minimum width and minimum length (W/L
= 220 nm / 500 nm) as larger transistors reduce the charge
pump voltage gain. The voltage gain is reduced by increased
transistors sizes due to increased parasitic capacitance and the
increased reverse currents during clock transitions.

On the fabricated ASIC the output of the charge pump
is filtered by the low-pass filter shown in Fig. 2 to reduce
the ripple at the output voltage for the MEMS module. The
capacitors C5, C6, and C7 are respectively 1.7 pF, 6.9 pF, and
14.8 pF. The simulated −3 dB cutoff frequency when settled,
with parasitic extraction capacitances included, is 0.052 Hz.

The described charge pump was implemented in two ver-
sions, one without and one with an integrated clock generator.
A die photo of the fabricated charge pumps is shown in Fig. 3
with the charge pumps and low-pass filters high-lighted. The
area of each charge pump is 0.260 mm2, the area of each filter

D1

D2

D3

D4

Vin Vout

C5 C6 C7

M13 M14

Fig. 2. Topology of output filter.

is 0.145 mm2, and the clock generator had an area of 0.004
mm2.

III. PROPOSED CLOCK SCHEME

In prior-art [12], [9], [13] the Favrat charge pump is driven
by two non-overlapping clocks which leads to significant
reverse currents. We propose to use a crossing clock scheme as
this reduce the reverse currents and thereby achieve a higher
voltage gain and output power capability.

The most significant reverse current paths in the Favrat
topology are highlighted as the paths I1-I4 in Fig. 1. These
reverse currents are the most significant for both the non-
overlapping and crossing clock schemes. The relative magni-



Fig. 3. Die photograph of the fabricated charge pump and output filter.

tude of the reverse currents in Fig. 1 with the different clock
schemes are depicted in Fig. 4.

For the non-overlapping clock scheme the causes for the
reverse currents with reference to Fig. 1 and Fig. 4a are:

• Phase A:
– The charge pump has settled and charge is no longer

being transferred
– V2 = V3 = Vbulk,1

– M4, M6, and M7 are saturated and ON as V1 < V2

and V4 > V3

• Phase B:
– ϕ2 transitioning towards 0 lowers V2 leading to V2 <

V3 and V2 < Vbulk,1

– M4, M6, and M7 are still saturated and ON
– The current I3 is running from C3 to C2

– The current I2 is running from Cbulk,1 to C2

• Phase C:
– As ϕ2 approaches 0, M3 and M5 are becoming

saturated as their gate voltage V2 is lowered and
currents I1 and I4 become non-zero

– M7 is entering its cut-off region, hence I3 → 0

• Phase D:
– ϕ1 is transitioning to Vdd

– ϕ2 is 0, M7 is OFF, and the current I3 is 0
– The increasing ϕ1 is turning off M6, and M4, hence

I2 → 0
– As ϕ1 → Vdd, V1 becomes larger than V4 and Vbulk,1

leading to forward currents in the charge pump
• Phase E:

– Charge is being transferred from C1 to C4 and to
Cbulk,1

– After enough time the charge pump will reach equi-
librium leading to V1 = V4 = Vbulk,1

All in all the reverse currents occurring during the phases
described above results in a reduced voltage gain of the charge
pump.

For the crossing clock scheme the causes for the reverse
currents are more or less the same, the duration and magnitude
of the reverse currents, however, are significantly different
though and with a smaller sum. See Fig. 4b. With crossing
clocks, ϕ1 transition towards Vdd earlier, compared to the
non-overlapping clock scheme, hence M4 and M6 enter their
cut-off region earlier; this reduces the duration of I2 and
I3; the magnitude of I2 is also smaller as M6 does not
reach full saturation. For the crossing clock scheme I3 has
a higher magnitude as the increasing ϕ1 increases V3 while
the decreasing ϕ2 decreases V2 leading to a larger potential
difference between V3 and V2 thereby causing a larger current
I3.

The reverse current I1 is also reduced as there is less time
where M5 is saturated and V1 < Vbulk,1.

The reverse current I4 is increased in magnitude as the
increasing ϕ1 saturate M8 while the decreasing ϕ2 saturate
M3 leading to better conduction from C4 to C1. The duration
of the reverse current I4 is reduced as the voltage on V1 is close
to be larger than V4 by the time M3 and M8 are saturated.

Visually comparing the area under the curves for the reverse
currents, I1-I4, in the plot of Fig. 4 indicate that the crossing
clock scheme should achieve less net reverse currents and
hence be able to achieve a higher voltage gain and output
power capability; as there would be a reduced amount of
charge transfer losses.

If an overlapping clock scheme were to be used, reverse
currents similar to those in Fig. 4a would occur but the causes
for reverse currents would be slightly different. We will not
go through this in detail but from measurements it can be
observed that the output voltage with the overlapping clock
scheme is similar to the output voltage of the non-overlapping
clock scheme.

IV. RESULTS

A. Measurement setup

For measurements, the fabricated charge pump was driven
by a two-channel function generator (Keysight 33622A) with a
50 Ω load near the pins of the packaged ASIC; the rise and fall
time of the clock signals are 5 ns; unless otherwise specified
the clock signals used for the measurements has a 5 V swing
and a frequency of 2 MHz. The output of the charge pump
was loaded with 2 nA by a source-meter (Keithley 2450); the
source-meter was also used to measure the output voltage of
the charge pump. An oscilloscope (Rigol DS4024) was used
to verify the waveforms of the clock signals fed to the charge
pump. A picture of the measurement setup is shown in Fig.
5 and measurements of the two clock signals at 2 MHz and
different amounts of overlap (also presented in terms of duty
cycles) are presented in Fig. 6.

The fabricated charge pump was bonded in a ceramic
package with very low leakage. The measured leakage in the



(a) Non-overlapping clock

(b) Crossing clock

Fig. 4. Principal plot of reverse currents in the Favrat charge pump when
driven by non-overlapping and crossing clocks.

Fig. 5. Picture of measurement setup.

package is less than 20 pA at a potential difference of 200 V
between pins.

(a) Non-overlapping clock with toverlap=0.0 ns (49 % duty-cycle for
a 2 MHz clock)

(b) Crossing clock with toverlap=2.5 ns (50 % duty-cycle for a 2
MHz clock)

(c) Overlapping clock with toverlap=5.0 ns (51 % duty-cycle for a 2
MHz clock)

Fig. 6. Measured waveforms of clock signals @ 2 MHz fed to the fabricated
charge pump. The rail-to-rail voltage is 5 V and the rise/fall time is 5 ns.

B. Output Voltage vs Clocking Scheme

For measurements 3 dies with the charge pump were bonded
and used for measurement of the charge pump output voltage
at different clock schemes; for the rest of the measurements
the a single bonded charge pump was used.

In Fig. 7 the charge pump output voltage is plotted as a
function of duty cycle; The 49 % duty cycle correspond to
non-overlapping clock signals, 50 % to crossing clocks, and
51 % to overlapping clocks; this is also depicted in Fig. 6.

As it can be observed from Fig. 7 the output voltage is very



40 42 44 46 48 50 52 54 56 58 60

Duty cycle [%]

130

140

150

160

170

180

190

O
ut

pu
t v

ol
ta

ge
 [V

]

IC 1
IC 2
IC 3

Fig. 7. Measured charge pump output voltage versus clock duty cycle for the
three bonded charge pumps.

dependent on the clock scheme, where the crossing clocks (@
50 % duty cycle) achieve an output voltage of 185 V versus
the 165 V and 161 V at respectively 49 % and 51 % duty
cycle. This was the same for all three charge pumps.

C. Output Voltage vs Clock Frequency

The output voltage at different duty cycles was also mea-
sured at different clock frequencies; the measurement results
are shown in Fig. 8 and Fig. 9.

The plot in Fig. 8 show a difference based on the clock
frequency, however, this is due to 49 % duty cycle of a 1 MHz
clock result in a wider gap between the two non-overlapping
clock signals than if it was a 2 MHz clock signal. For a 1
MHz clock, 1 % of the duty cycle equals 10 ns, for a 2 MHz
clock, 1 % of the duty cycle equals 5 ns. The measurements
in Fig. 8 are also presented in Fig. 9 but with output voltage
as a function of the amount of overlap. From the plot in Fig.
9 it can be observed that the performance of the proposed
clock scheme does not depend on the clock frequency only
the overlap.

D. Impact of Pumping Voltage

The benefit of using the crossing clock scheme is affected
by the supply voltage as it can be observed in Fig. 10 where the
charge pump voltage gain at different supply voltages is plot-
ted, however, the crossing clock scheme still achieve a higher
output voltage than the overlapping and non-overlapping clock
schemes.

E. Output Power vs Clocking Scheme

The crossing clock scheme is not only able to deliver a
higher output voltage but also a higher output power. Observ-
ing the output power curve in Fig 11 it can be observed that
a charge pump driven with crossing clocks has a peak output
power that is around 8-12 % higher than the peak power output
of the other clock schemes.
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Fig. 8. Measured charge pump output voltage versus clock duty cycle for
different frequencies.
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Fig. 9. Measured charge pump output voltage versus clock overlap for
different frequencies.

F. Comparison with Simulation

In Table I the measured and simulated (with all extracted
parasitic capacitances included) output voltages for the three
clock schemes are listed together. A significant difference
in output voltage between simulation and measurements is
observable, but, percentagewise the performance of the cross-
ing clock scheme compared to the overlapping and non-
overlapping clock schemes is similar.

In the measurements the crossing clock scheme yield an
output voltage that is 14.5 % higher than when the charge
pump is driven by overlapping clocks, in simulation the num-
ber is 14.0 %. For the crossing clocks versus non-overlapping
clocks the percentages are 12.0 % for measurements and 9.5
% for simulations.

The significant difference in output voltage between mea-
surements and simulations are most likely caused by non-
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Fig. 11. Measured charge pump output power versus output voltage for the
three clock schemes.

perfect modelling of parasitic capacitances as the fabricated
charge pump is very sensitive to parasitics due to the use of
minimum sized components.

G. Measurement Summary

A summary of the charge pump specifications with the
different clock schemes is listed in Table II together with the
specifications for a charge pump version with a fully integrated
crossing clock generator. The specifications are listed for a
clock voltage of 5 V, a clock frequency of 2 MHz, and a load
of 2 nA for the peak output voltage.

V. CONCLUSION

In this paper a novel clock scheme was proposed for the
Favrat charge pump topology. The proposed clock scheme of
using crossing clocks achieve a 12 % higher output voltage and

TABLE I
MEASURED AND SIMULATED OUTPUT VOLTAGES

Measured Simulated
Clock scheme output voltage [V] output voltage [V]

Overlapping 161.5 175.6
Crossing 184.9 200.2
Non-overlapping 165.1 182.8

TABLE II
CHARGE PUMP SPECIFICATIONS FOR DIFFERENT CLOCK SCHEMES

Peak Peak
Clock scheme output voltage [V] Peak output power [µW]

Overlapping 161.5 202.2
Crossing 184.9 226.9
Non-overlapping 165.1 209.3
Integrated clock gen. 182.5 243.0

a 8 % higher peak output power than the prior-art approach
of using non-overlapping clocks to drive the charge pump.
The performance of the proposed clock scheme was verified
through measurements on a 46-stage charge pump that was
fabricated in a 180-nm SOI process. The performance of the
charge pump driven by overlapping clocks was also measured
and the overlapping clock scheme led to a worse performance
than both the crossing and non-overlapping clock schemes.
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1Abstract—This paper presents two variants of a high step-

up ratio charge pump for high voltage micro electro-

mechanical system and condenser microphones. The 

implementations are based on an additive charge pump 

topology where respectively 46 and 57 cascaded stages are used 

to generate an output voltage of 182 V from a supply voltage of 

5 V. The two charge pumps have been fabricated in a 180 nm 

SOI process with a breakdown voltage of more than 200 V and 

respectively occupy an area of 0.52 mm2 and 0.39 mm2. The 

charge pumps can output up to 182.5 V and 181.7 V and are 

designed to drive a capacitive load with a leakage of 2 nA. 

When driven with a 100 kHz clock, their power consumption is 

respectively 40 µW and 20 µW. The rise time of the charge 

pumps output from 0 V to 182 V is less than 5 ms. The 

implemented charge pumps exhibit state-of-the-art 

performance for very high voltage dc-dc capacitive drive 

applications.  

 
 Index Terms—Charge pumps; High voltage techniques; 

Microelectromechanical systems; Microphones; Silicon-on-

insulator.  

I. INTRODUCTION 

Micro Electro-Mechanical System (MEMS) based 

microphones are found in a wide range of consumer 

products, such as smart-phones, tablets, and smart assistants 

[1]. Since the first commercialized MEMS microphone was 

introduced into the market, MEMS microphones went to 

dominate the market for mobile devices. Before MEMS 

microphones, electret condenser microphones were used, 

but as the electret could not tolerate reflow soldering, 

MEMS became much more popular [2]. Non-electret 

condenser microphones were not used as they required 

hundreds of volts for bias voltage [3]. 

The introduction of smart assistants, e.g., Google Home 

and Apple Siri, has pushed for higher Signal to Noise Ratio 

(SNR) performance in microphones [1]. The higher 

performance is desired at no extra cost in terms of 

microphone package size nor power consumption. A MEMS 

microphone package can be less than 2 mm × 3 mm × 

1 mm, leaving little volume for the MEMS module and 

Integrated Circuit (IC) inside the package. Often 

approximately 1 mm2 is available for the IC. 

The performance of MEMS microphones is limited by the 

air gap due to the thermal noise from the squeeze film 

damping effect. The noise can be reduced by increasing the 
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air gap between the two plates in the capacitive microphone, 

[4] but it will require a higher bias voltage to maintain the 

sensitivity of the microphone [5]. A recent study 

investigated using voltages of several hundreds of volts [6] 

to improve the MEMS SNR. 

Several approaches can be used to generate the high 

voltages desired. However, the only suitable approach for a 

MEMS microphone is a Charge Pump (CP) that is fully 

implemented in an IC, as discrete components occupy too 

much volume. The breakdown voltage of devices in 

technology processes pose a limitation to fully implemented 

high voltage charge pumps. In [7], the breakdown limitation 

is sought circumvented through placing devices on top of 

the field oxide. In other literature, multi-chip solutions are 

proposed [8], and a range of studies [9]–[11] have used 

Silicon-On-Insulator (SOI) processes which feature high 

breakdown voltages. In this work, a 180 nm SOI process 

with devices having a breakdown voltage up to more than 

200 V is used. The intended application for the charge 

pumps developed in this work is to supply a bias voltage of 

180 V to a MEMS microphone from a 5 V supply, but they 

may be applicable to condenser microphones as well. 

Because the load of the charge pump will be capacitive, the 

charge pump will only need to supply a current equal to the 

leakage current of the load at 180 V. Condenser 

microphones can feature insulation resistances of > 1015 Ω 

[12]. A conservative estimate is that the insulation resistance 

is only 1011 Ω, which results in a current of 1.8 nA when 

180 V is applied, which when rounded up becomes a current 

of 2 nA. 

A review of the prior art showed that in no other work 

something with sufficient voltage gain given the area and 

power restrictions of mobile applications has been 

implemented. In [10] and [13], high voltage gains were 

achieved, but at the cost of using an extremely large area. In 

[14], a small area was used for a charge pump, but the 

voltage gain was much lower than the required voltage gain 

of this work. This paper presents our implementation of 

multiple charge pumps that exhibit very high voltage gain 

and low area. 

The remainder of this paper is organized as follows. 

Section II presents the used charge pump topology. Section 

III describes the implementation. Section IV presents 

simulations and measurements. Section V discusses and 

compares the results of this work with the prior art. The 

conclusions are presented in section VI.  

A 5 V to 180 V Charge Pump for Capacitive 
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II. CHARGE PUMP TOPOLOGY  

The goal for the charge pumps in this work is to supply 

180 V to a microphone from a 5 V supply, while 

maintaining the implementation small with a low power 

consumption. The target specifications were an 

implementation smaller than 0.5 mm2 for the charge pump, 

Electro Static Discharge (ESD) protection, and output filter, 

and a power consumption below 20 µW. In addition to the 

area and power consumption goals, the 0 V to 180 V rise 

time should be less than 10 ms. A limitation to the 

implementation is that the clock frequency should not be 

less than 100 kHz to avoid leakage into the audio band 

20 Hz–20 kHz. 

In [10], a voltage gain of 80.0 was achieved using a 

modified Pelliconi topology [15], where a 4-phase clock 

scheme was implemented to control the 4 transistors of the 

Pelliconi topology individually. This results in a 

significantly more complicated topology compared to [15], 

where the number of transistors and capacitors is more than 

doubled. The increased number of transistors results in more 

parasitic capacitance, which affects the voltage gain and 

power consumption. The reduced voltage gain due to 

parasitic capacitance can be compensated in two ways, 

either the pumping capacitance can be increased in size, or 

more charge pump stages can be added, both approaches 

increase the area. The ideal output voltage Vout of the 

Pelliconi topology, when parasitic capacitances are 

included, is given by 

 (1out supplyV V N       (1) 

where N is the number of stages, Vsupply is the supply 

voltage, and α is given by 

 ,
pump

pump par

C

C C
 


 (2) 

in which Cpump is the pumping capacitance and Cpar is the 

parasitic capacitance. The parasitic capacitance is a 

combination of top plate parasitics on the pumping capacitor 

and the parasitic capacitances of the transistors connected to 

the top plate of the capacitor. To maximize the voltage gain, 

α must be maximized, which is done by minimizing Cpar or 

maximizing Cpump. Maximizing Cpump will increase the area, 

whereas minimizing Cpar is a question of topology and 

available devices. 

The topology with fewest active devices connected to the 

top plate of the pumping capacitor is the Dickson topology 

[16]. A shortcoming of the Dickson topology is that the 

voltage stress on the active devices is two times the supply 

voltage. Higher voltage rated devices can be used, but the 

10 V transistors featured in the used process technology can 

sustain 10 V only between drain and source, from gate to 

source the voltage cannot be more than 5.5 V. To control the 

gate voltage, additional circuitry is needed, and the parasitic 

capacitances on the top plate of the pumping capacitor will 

be increased. Alternatively, 10 V diodes from the process 

could be used, but these have a parasitic capacitance which 

is 20 times higher than that of 5 V and 10 V transistors. 

Furthermore, the Dickson topology will suffer from a 

relatively longer settling time compared to the Pelliconi 

topology. As when the output voltage nears its maximum in 

the Dickson topology, the voltage across diodes becomes 

small, reducing the current passing through the diode. The 

transistors in the Pelliconi topology will be in the triode 

region when the drain source voltage is low, which maintain 

decent conductivity. Alternatively, the Dickson topology 

could be driven by a 2.5 V supply and implemented using 

5 V devices with less parasitic capacitance, but this would 

increase the required voltage gain by a factor of two, 

increasing the charge pump size by the same factor. 

Furthermore, thereby increase the rise time significantly. 

A review of the Pelliconi topology revealed that the 

topology is often modified to overcome latch-up challenges 

[10], [17], [18]. These modifications require a significant 

amount of extra transistors and capacitors, which increase 

the parasitics and the area of the implementation. The added 

cost of modifications is small when the charge pumps are 

designed for higher power applications where hundreds of 

µW or mW are to be supplied by the charge pump. To 

supply these power levels, the pumping capacitors must be 

large, which means Cpump is maximized instead of Cpar 

minimized. For the application in this work, the output 

power to be supplied is 360 nW, which can be supplied by 

very small capacitors, which means that maximizing the 

pumping capacitance will cost an unacceptable amount of 

area. 

By adding a single capacitor and two transistors to the 

Pelliconi topology, the Favrat [19] topology, as illustrated in 

[20], Fig. 1, can be realised. In the Favrat topology the 

capacitor Cbulk is used to keep the bulk voltage high during 

transitions and thereby avoid latch-up. The Favrat topology 

has the same voltage scaling as the Pelliconi (1), and a 

minimum of added devices to avoid latch-up. The Favrat 

topology is the topology we use for the charge pump 

implementations presented in this work. 

 
Fig. 1.  The Pelliconi based Favrat charge pump topology as illustrated in 

[20]. 

III. IMPLEMENTATION OF CHARGE PUMP  

In Fig. 2, a block diagram of the charge pump 

implementation is depicted, illustrating the connection of the 

different blocks of the charge pump. The ESD protection is 
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located before the output filter such that charge pump output 

ripple due to leakage in the ESD is filtered. Not depicted in 

Fig. 2 is the low voltage ESD protection on Clkin, Vdd, and 

ground. 

 
Fig. 2.  System overview of charge pump implementation with assisting 

circuitry. 

A. Charge Pump Core 

Two charge pump variants were implemented in this 

work: one variant has a pumping capacitor of 75 fF and the 

other variant has a capacitor of 300 fF. The 75 fF variant 

was implemented to achieve a minimum area and minimum 

power implementation, and the 300 fF variant was 

implemented for comparison and to have a variant that is 

less sensitive to parasitic capacitances. 

As the Favrat topology features low voltage stress across 

every transistor, a stress of Vsupply, the charge pumps were 

implemented using 5 V transistors given the 5 V supply. The 

transistors were chosen to be minimum size, as the on 

resistance of minimum size transistors was low enough for 

complete charge transfer, which is also a contribution of the 

small pumping capacitors. Larger transistors would 

introduce more parasitic capacitance, decreasing the voltage 

gain. 

The 75 fF pumping capacitor size was chosen based on 

the available capacitor cells in the used technology process 

and Process Design Kit (PDK). The capacitor unit cells of 

sufficient voltage rating had a capacitance of 37.5 fF, which 

proved to be too small with regard to the parasitic 

capacitances of the transistors. Two unit cells had to be used 

to form capacitors of 75 fF to minimize the area of the 

charge pump. Using larger capacitances, increased the 

voltage gain, which reduced the number of stages required 

to reach 180 V, but increased the area of the charge pump. 

The size of the bulk-biasing capacitor was chosen based on 

the simulation results, with a goal of making it as small as 

possible. 

The 75 fF variant was implemented as 57 cascaded charge 

pump stages, and the 300 fF variant - as 46 stages. The final 

number of stages to use for each variant was determined 

through simulations. The charge pump chains were sized 

such that the simulated output voltage is approximately 

190 V with parasitic capacitances included in the simulation. 

The 190 V goal was used to achieve some margin. The 

300 fF variant requires less stages as the larger pumping 

capacitance achieve a higher α, see (2). The pumping 

capacitors themselves have parasitic capacitances that scale 

with the size of the capacitor, so it is not possible to achieve 

α = 1, but the parasitic capacitances of the transistors are 

smaller relative to the pumping capacitor of 300 fF than to 

the capacitor of 75 fF. 

Due to the sensitivity to parasitic capacitances, a lot of 

effort was spent during layout on minimizing the parasitic 

capacitances between nodes and metal routed in higher 

metal layers to avoid coupling with the substrate and 

ground. 

B. Clock Generator 

The charge pump is clocked using a crossing clock 

scheme, instead of the non-overlapping clock scheme used 

in literature [15], [19], as the crossing clocks, ClkA and ClkB 

in Figs. 1–3, reduce the reverse currents and thereby achieve 

a higher voltage gain [20].  

To generate the crossing clock signals, the clock 

generator depicted in Fig. 3 was used. The last inverter in 

each lane is larger than the other inverters to achieve the 

drive capability. The clock signals were verified in 

simulations to cross at half supply voltage across process 

corners. 

 
Fig. 3.  Clock generator topology. 

C. Charge Pump Output Filter 

To reduce ripple on the output of the charge pump, an 

output filter was implemented as depicted in Fig. 4 as 

illustrated in [20], Fig. 2. The filter was implemented as two 

shunted RC-filters in series, where the resistors are realized 

as diode coupled PMOS transistors. An inherent property of 

the filter is that voltages across the diodes that are larger 

than the forward voltage of the diodes will result in a small 

filter time constant, which enables faster settling. The diodes 

serve as a path for Electro Static Discharge (ESD) 

protection. 

The capacitors C1, C2, and C3 in Fig. 4 are 200 V 

capacitors and their sizes are respectively 1.7 pF, 6.9 pF, 

and 14.8 pF, which results in a -3 dB cut-off frequency of 

0.052 Hz. 

 
Fig. 4.  Schematic of charge pump output filter as illustrated in [20], Fig. 2. 

D. ESD Protection on Charge Pump Output 

Because the minimum sized 5 V transistors are used for 
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the implementation of the charge pump, the ESD protection 

is required. The used ESD protection was implemented 

using modules from the PDK. The modules are based on 

stacked PMOS transistors as depicted in Fig. 5 and are rated 

for a maximum voltage, at which the leakage is 

approximately 10 pA. 

 
Fig. 5.  Stacked PMOS transistors for HV ESD protection. 

The multiple ESD versions were implemented to 

investigate the effect of the ESD protection. Both the 75 fF 

and 300 fF variants were implemented with ESD rated for a 

maximum voltage of 210 V and 285 V, furthermore the 

75 fF variant was also implemented in a version without 

ESD. 

IV. SIMULATION AND MEASUREMENT RESULTS 

A. Implementation Area 

The area of the charge pump variants implemented in this 

work is listed in Table I with a breakdown of the size of the 

different modules. The clock generator area is included in 

the area of the charge pump core. A micrograph of the 

physical IC is shown in Fig. 6, where four of the charge 

pump implementations are highlighted in colour. 

TABLE I. AREA OF IMPLEMENTED CHARGE PUMP VARIANTS. 

Pump 

variant 

ESD 

version 

Core area 

[mm2] 

ESD area 

[mm2] 

Filter area 

[mm2] 

Total area 

[mm2] 

300 fF 210 V 0.260 0.093 0.145 0.498 

300 fF 285 V 0.260 0.119 0.145 0.524 

75 fF None 0.125 - 0.145 0.270 

75 fF 210 V 0.125 0.093 0.145 0.363 

75 fF 285 V 0.125 0.119 0.145 0.389 

 
Fig. 6.  Micrograph of IC with charge pumps highlighted. 

B. Measurement Setup 

For the measurements, each of the charge pump variants 

and versions were bonded in three samples, referred to as 

IC1, IC2, and IC3. More samples were not bonded due to a 

limited availability of silicon dies. The silicon dies were 

bonded in ceramic packages where leakage was measured to 

be less than 20 pA at a 200 V potential difference between 

two pins. 

The measurements were carried out using a test-board 

with a voltage follower such that instruments would not 

unintentionally load the charge pump output. The 

operational amplifier used for the voltage follower is an 

OPA129 by Texas Instruments, and it features an input bias 

current of less than 250 fA. Leakage in the test-board was 

measured to be less than 30 pA at a potential differences of 

200 V. 

The instruments used for the measurements of the charge 

pumps are listed in Table II along with the application of the 

instrument. The Keithley 2450 SourceMeter was used as an 

electronic load for the charge pump to ensure consistent 

loading of the charge pumps in all measurements. The test-

board along with the instruments is depicted in Fig. 7, not 

including the oscilloscope. 

TABLE II. INSTRUMENTS USED FOR MEASUREMENTS. 

Instrument Application 

Keithley 2450 Power supply for charge pump 

Keithley 2450 Electronic load for charge pump 

Keysight 33622A Clock generator for charge pump 

Rigol DP832 Power supply for test-board 

SM400-AR-4 HV power supply for test-board 

Rigol DS 4024 Oscilloscope 

 
Fig. 7.  Test setup used for measurements of the bonded charge pumps. 

C. Output Voltage and Power Consumption 

The steady-state output voltage and power consumption 

of the charge pump variants and their ESD versions were 

measured on each sample at an output load of 2 nA, the 

measurement results are listed in Table III. From the table, a 

maximum of 0.7 % variation in output voltage and 1.8 % in 

power consumption across the samples can be observed. 

Across the temperature range of -20 °C–70 °C, the output 

voltage of each chip varied by a maximum of 0.8 %. 

Due to the low variation in measurements, it was decided 

to use only the 285 V ESD versions of the two charge pump 

variants for the remainder of the measurements. 

In Table IV, the measured output voltages and power 

consumption of the two charge pump variants are listed 

together with simulation results. Three samples of each 

variant were measured and averaged. 
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TABLE III. MEASURED STEADY-STATE OUTPUT VOLTAGE AND 

POWER CONSUMPTION FOR IC1, IC2, AND IC3 OF THE 

DIFFERENT CHARGE PUMP VARIANTS AND VERSIONS @ 2 MHZ 

AND 5 V SUPPLY. 

Pump 

variant 

ESD 

version 

Output voltage [V] Power consumption [µW] 

IC1 IC2 IC3 IC1 IC2 IC3 

300 fF 210 V 182.5 182.8 182.4 624.9 629.0 628.1 

300 fF 285 V 182.4 182.8 182.4 616.1 621.0 618.3 

75 fF None 182.6 182.1 181.7 324.5 322.7 324.1 

75 fF 210 V 182.4 181.8 181.5 338.2 337.9 334.1 

75 fF 285 V 181.6 181.9 181.5 325.3 328.7 323.0 

TABLE IV. OUTPUT VOLTAGE AND POWER CONSUMPTION OF 

MEASURED AND SIMULATED CHARGE PUMPS WITH 285 V ESD 

@ 2 MHZ AND 5 V SUPPLY. 

 Output voltage [V] 
Power consumption 

[µW] 

300 fF charge pump:   

Measured (average) 182.5 618.5 

Simulation w/PEX (+3.1 %) 188.2 (+8.7 %) 672.5 

Simulation w/o PEX (+20.3 %) 219.5 (- 83.3 %) 103.3 

75 fF charge pump:   

Measured (average) 181.7 325.7 

Simulation w/PEX (+5.7 %) 192.1 (+1.0 %) 328.8 

Simulation w/o PEX (+30.3 %) 236.8 (-67.9 %) 104.5 

 

As it can be observed from Table IV, there are significant 

differences between the measurement and the simulation. It 

can also be observed that Parasitic Extraction (PEX) has a 

large impact on output voltage and power consumption, up 

to an 83.3 % difference. It can also be seen that the output 

voltage of the 75 fF variant is more heavily impacted by 

parasitics. The charge pumps are very susceptible to 

parasitics and a slight deviation between PEX and reality 

might have a significant impact. Therefore, the difference 

between PEX simulations and measurements is deemed 

reasonable. 

In Fig. 8, the output current as a function of output 

voltage is plotted for the 75 fF and 300 fF charge pump 

variants. From Fig. 8, it can be observed that the 300 fF 

charge pump variant has a significantly higher supply 

capability at lower voltages than the 75 fF variant, 

approximately 3 to 4 times higher, as expected given the 

pump capacitor sizes. An interesting point is that the 300 fF 

variant is not able to reach a significantly higher output 

voltage than the 75 fF charge pump, which indicates that the 

output voltage is limited by the parasitic capacitances in the 

charge pumps. 

 
Fig. 8.  Measured IV-curve and output power of charge pump outputs @ 

2 MHz and 5 V supply. 

In Fig. 8, the output power is plotted as a function of the 

output voltage, and the maximum power delivery at output 

voltages is around 98 V–102 V. The maximum output 

power is respectively 243 µW and 78 µW for the 300 fF and 

75 fF variant. If the charge pumps were run at higher 

frequencies, they would be able to deliver more power, but 

that is not the intended application of this work. 

When the charge pumps are run with a 2 MHz clock and 

the output voltage is approximately 182 V, the output power 

is around 364 nW, and the power efficiency of the charge 

pumps is 0.06 % for the 300 fF variant and 0.11 % for the 

75 fF variant. This is a low output power and low efficiency, 

but high output power and high efficiency is not the focus of 

the charge pumps implemented in this work. 

D. Rise Time 

The 0 % to 95 % rise time was measured for the charge 

pumps across multiple frequencies. The start-up transient for 

the 75 fF variant with 285 V ESD is shown in Fig. 9, and the 

measured rise times are listed in Table V. 

 
Fig. 9.  Measured start-up transient of 75 fF charge pump @ 2 MHz and 

5 V supply. 

TABLE V. MEASURED RISE TIMES OF THE 75 FF AND 300 FF 

CHARGE PUMPS WITH 285 V ESD AND 5 V SUPPLY. 

Charge pump variant 1 MHz 2 MHz 4 MHz 

300 fF 4.94 ms 2.47 ms 1.29 ms 

75 fF 15.0 ms 7.44 ms 3.67 ms 

 

From Table V, it can be observed that the 300 fF charge 

pump variant has a faster rise time than the 75 fF variant, 

which is due to the higher pumping capability of the 300 fF 

variant. It can be observed that a faster clock reduces the 

rise time, and for the measured range, the rise time and the 

clock frequency are close to being directly proportional. 

E. Voltage and Current Scaling with the Clock 

Frequency 

In Fig. 10, the output voltage as a function of the clock 

frequency is depicted for the 75 fF and 300 fF charge pumps 

at a load of 2 nA. The output voltage for the 300 fF charge 

pump can maintain an output voltage of over 180 V down to 

a frequency of 50 kHz, where the 75 fF charge pump around 

200 kHz is beginning to drop below 180 V. 

Additionally, the measurements show the same trend as 

the simulations, although with the same difference 

(approximately 6 V–10 V) observed in other measurements. 

The measurements of the input current across different 

clock frequencies were carried out, and it was observed that 

the input current, and thereby the power consumption, are 
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directly proportional to the clock frequency in the frequency 

range of 500 kHz–16 MHz. 

 
Fig. 10.  Measured and simulated output voltage vs charge pump clock 

frequency. 

F. Output Ripple 

The measurements of the output ripple from the 300 fF 

charge pump are depicted in Fig. 11, where the ripple is not 

detectable as it is below the noise floor of the used 

instrument setup. The measurements were carried out for the 

75 fF charge pump as well, and no ripple was detectable 

there either. 

 
Fig. 11.  Measured ripple on the output of the 300 fF charge pump running 

at 2 MHz and 5 V supply. 

In the simulations, small voltage spikes of 100 µV were 

present at clock transitions for the 300 fF charge pump 

variant, and spikes of 25 µV were present for the 75 fF 

charge pump variant. 

V. DISCUSSION 

A. Area and Power Consumption 

The charge pumps presented in this work were developed 

for MEMS and condenser microphones with a target 

specification of a 180 V output voltage from a 5 V supply, 

an area smaller than 0.5 mm2, a power consumption of less 

than 20 µW, and a secondary goal of a rise time less than 

10 ms. 

The 75 fF charge pump was implemented on less than the 

0.5 mm2, use 20.8 µW, and reach 178.5 V when running at a 

clock frequency of 100 kHz. To summarize, the 75 fF 

variant charge pump is very close to meet the target 

specifications. The 300 fF variant is a bit further from the 

target, as it is larger than 0.5 mm2 and use almost 40 µW 

when run at 100 kHz. The 300 fF variant could be run at 

lower frequencies, but at the risk its switching frequency 

will be more likely to leak into the audio band. 

None of the variants can reach a rise time of less than 

10 ms when run with a 100 kHz clock. However, since the 

start-up time is short compared to the operating time of the 

microphones in mobile applications, a 2 MHz clock can be 

used during the start-up, and the system can then change to a 

100 kHz clock to save power. 

B. Comparison with Prior Art 

Table VI presents a summary of the specifications of the 

presented charge pumps and the specifications of the 

relevant prior art for the comparison. 

If the size of the ESD protection and output filter is not 

considered, the implementations in [9], [14], [20] are of 

similar area as the charge pump cores of this work, but only 

achieve step-up ratios of respectively 3.2, 19, and 13.1, 

while also having a significantly higher input power. In [9], 

where no input power or efficiency specification was 

available, it must be assumed that the input power is at least 

the same as the output power, which is up to 44 times higher 

than the input power in this work. 

The implementations in [10] and [13] achieve step-up 

ratios of 80.0 and 32.4 compared to the step-up ratio of 36.4 

achieved in this work, however, those implementations use 

an area that is respectively 286 and 61 times larger, and an 

input power which is up to 17,690 and 5,225 times higher.  

TABLE VI. COMPARISON WITH FULLY INTEGRATED STEP-UP CONVERTERS IN PRIOR ART. 

Specification Unit [21] [9] [10] [13] [22] [14] 
This work 

300 fF 75 fF 

Technology  
0.18 um 

bulk CMOS 

0.6 um SOI 

w/MEMS 
1 um SOI 

0.35 um 

HV CMOS 

130 nm 

bulk CMOS 

65 nm bulk 

CMOS 

180-nm  

SOI 

180-nm  

SOI 

Topology  Boost CP CP CP CP CP CP CP 

Vsupply [V] 1.0 5.0 5.0 3.7 0.4 2.75 5.0 5.0 

Vout [V] 3.2 95.2 400 120 1.5 36 182.5 181.5 181.7 178.5 

Clock freq. [MHz] 118 20 - 10 0.01 4 2 0.1 2 0.1 

Voltage gain [V/V] 3.2 19 80 32.4 3.75 13.1 36.5 36.3 36.3 35.7 

Efficiency  56 % - 2.5 % 12.6 % 2.56 % 22 % 0.06 % 0.9 % 0.11 % 1.7 % 

Output power  64 mW 906 µW 9.2 mW 13.7 mW - 144 µW 365 nW 363 nW 363 nW 357 nW 

Input power  114 mW - 368 mW 108.7 mW - 655 µW 618.5 µW 39.7 µW 325.7 µW 20.8 µW 

Area [mm2] 0.52 0.29 103.06 21.84 0.005 0.18 0.52 0.39 

 



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 27, NO. X, 2021 

 

In [22], a very small implementation is achieved, but the 

operating voltage and voltage gain is also small compared to 

what is achieved in this work, and the used topology does 

not scale well. 

As stated in Section II, if the topologies of prior art with 

high voltage gain are used, the capacitors and transistors can 

be scaled down in size due to the low output power 

requirement of MEMS microphones. But the topologies 

contain more parasitic elements, requiring more area to 

compensate, and thereby result in implementations that 

would be larger than the ones presented in this work. The 

exception is the Dickson charge pump topology used in [9], 

which may be possible to implement on less area, but it has 

the downside of larger voltage stresses and settling time. If a 

Dickson topology with a 2.5 V supply was implemented, it 

could be smaller while keeping voltage stresses within 

device ratings, but it would require twice as many stages as 

the charge pump implemented in this work, thereby 

resulting in a settling time which is much longer. 

VI. CONCLUSIONS 

In this paper, the implementation of two charge pumps for 

high voltage biasing of microphones in mobile applications 

were presented. The implemented charge pumps are able to 

generate bias voltages of approximately 182 V, for 

capacitive loads with a leakage of 2 nA. Both charge pumps 

exhibit a state-of-the-art performance for high voltage 

capacitive drive charge pumps, as the 182 V is generated 

from a supply voltage of 5 V. This results in a step-up ratio 

of 36.4, which is unprecedented compared to charge pumps 

with comparable size and power consumption in prior art.  

Furthermore, the two charge pump variants illustrated the 

impact of parasitic capacitances, as the implementation with 

larger pumping capacitors achieved a higher voltage gain 

per stage. The 300 fF charge pump variant only required 46 

cascaded stages to output 182.5 V from a 5 V supply, 

whereas the 75 fF variant required 57 cascaded stages to 

output 181.7 V.  
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1Abstract— This paper presents a novel analysis of power 

supply rejection in non-regulated switched capacitor converters. 

Power supply rejection is a widely utilized concept when 

discussing dc/dc converters but no prior art has investigated the 

inherent power supply rejection of non-regulated switched 

capacitor dc/dc converters. In the conducted analysis the cause 

of inherent power supply rejection is shown along with factors 

that limit the achievable power supply rejection. It is found that 

the power supply rejection is not only dependent on the 

equivalent output resistance and decoupling capacitance of the 

converter, but also on ac paths and sampling rates which are 

topology dependent. The analysis is supported by circuit 

simulations of multiple switched capacitor converter topologies, 

where the simulation results illustrate the impact of ac paths and 

sampling rate.  

 
 Index Terms— DC-DC power converters; Power supply 

rejection; Switched capacitor circuits.  

I. INTRODUCTION 

Switched Capacitor (SC) dc/dc converters are widely used 

in integrated circuits for power conversion. The power 

conversion is used in a variety of applications, in some 

applications the supply voltage is lowered to achieve a better 

power efficiency, in other applications the supply voltage is 

increased to achieve a higher performance or manipulate 

memory [1]. Applications where higher or negative voltages 

are created by SC converters the output power of the 

converters may be low, as the goal can be to bias the bulk of 

transistors or to bias external micro electromechanical 

systems [2].  

In literature SC converters have been modelled as a 

transformer with an output resistance [3], as depicted in Fig. 

1. Where the transformer has a ratio equal to the ideal voltage 

gain of the SC converter, and the output voltage is determined 

by the voltage division between the equivalent output 

resistance 𝑅𝑜𝑢𝑡 and the load resistance 𝑅𝑙𝑜𝑎𝑑 . 

Given the model in Fig. 1, noise on the supply will be 

amplified by the voltage gain and attenuated by the voltage 

division. If a circuit driven by a SC converter is noise 

sensitive, the input noise to the SC converter or the noise 

passed to the output must be attenuated accordingly. 

Therefore, when SC dc/dc converters are used in integrated 

circuits they are often supplied by a Low Dropout regulator 

 
Manuscript received XX October, 20XX; accepted XX April, 20XX.  

(LDO regulator) or the output of the SC converter may be 

regulated by a LDO regulator [4]. Independent of whether the 

LDO regulator is on the input or output of the SC converter, 

the LDO must be designed to attenuate noise sufficiently, 

while it does not use an unacceptable amount of power nor 

area. 

 
Fig. 1. SC converter model as in [3]. 

Prior to this work there has been no analysis of inherent 

Power Supply Rejection (PSR) in non-regulated SC dc/dc 

converters, which means that designers may have 

overdesigned the PSR of LDO regulators. The inherent PSR 

in a SC converter may relax design requirements to LDO 

regulators or filters that are connected to the SC converter. 

In this paper an analysis of inherent PSR in non-regulated 

SC converters is presented. The focus of the analysis is SC 

converters for bias voltage generation. This application 

typically has a low output power requirement to the SC 

converter, which means that it can be acceptable that the SC 

converter has a high equivalent output impedance [1]. The 

analysis is applicable to SC converters for other applications, 

but a different performance is expected for those cases. 

The remainder of this paper is organized as follows. 

Section II presents the analysis of PSR and limitations to PSR 

in SC converters. In section III simulation results are shown. 

Section IV contain a discussion on the findings, and finally 

the conclusion is presented in section V. 

II. INHERENT POWER SUPPLY REJECTION ANALYSIS  

The equivalent output resistance of the converter model in 

Fig. 1 is estimated by the root sum square of two components, 

the Slow Switching Limit (SSL) resistance component 𝑅𝑆𝑆𝐿, 

This research was supported by the <Funding Agency #1> under Grant 

No. [number xxxx]; <Funding Agency #2> under Grant No. [number xxxx]; 

and <Funding Agency #3> under Grant No. [number xxxx]. 
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and the Fast Switching Limit resistance component 𝑅𝐹𝑆𝐿.  

The output resistance is in [3] approximated to be 

 

𝑅𝑜𝑢𝑡 = √𝑅𝐹𝑆𝐿
2 + 𝑅𝑆𝑆𝐿

2 .     (1) 

 

Where 𝑅𝐹𝑆𝐿 and 𝑅𝑆𝑆𝐿 are given by 

 

𝑅𝐹𝑆𝐿 = ∑ ∑
1

𝐷𝑗

𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑠

𝑖=1

(𝑎𝑗,𝑖
𝑟 )

2
𝑟𝑖

𝑝ℎ𝑎𝑠𝑒𝑠

𝑗=1

    (2) 

 

𝑅𝑆𝑆𝐿 = ∑ ∑ (𝑎𝑗,𝑖)
2 1

2𝐶𝑖𝑓𝑠𝑤

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟𝑠

𝑖=1

𝑝ℎ𝑎𝑠𝑒𝑠

𝑗=1

.     (3) 

 

In (2) and (3), 𝐷𝑗  is the duty cycle of each of the j phases, 

𝐶𝑖 is the capacitance of the i capacitors, and 𝑓𝑠𝑤 is the 

switching frequency of the converter. The vectors 𝑎𝑗,𝑖 and 𝑎𝑗,𝑖
𝑟  

describe charge transfer in the switched capacitor circuit, and 

thereby describe the topology. The FSL expression (2) 

represent the resistance of the switches in the SC converter, 

and thus the lower limit of the output resistance of the SC 

converter. The SSL expression (3) represent the equivalent 

resistance of the switched capacitors. 

The expressions (1), (2), and (3), estimates the average 

output resistance, and does not consider aspects such as non-

linearity of switches and the time it takes to transfer charge to 

and from capacitors. More precise modelling has been done 

in [5]. However, the model based on (1)-(3) will be used for 

the remainder of this work, due to its simplicity.  

It is common for switched capacitor converters to have a 

smoothing capacitor connected to the output, to reduce ripple 

and noise on the output of the converter. If an output capacitor 

is added to the model in figure 1, as in figure 2, it creates a 

low-pass filter. 

 
Fig. 2. SC converter model with output capacitor. 

The cut-off frequency of the resistor capacitor low-pass 

filter is given by 

 

𝑓𝑐 =
1

2𝜋𝑅𝑜𝑢𝑡𝐶𝑜𝑢𝑡

.     (4) 

 

Where 𝑅𝑜𝑢𝑡 is dependent on 𝑅𝐹𝑆𝐿 and 𝑅𝑆𝑆𝐿, and thereby 

dependent on the SC converter topology, devices, and 

switching frequency. The result is that the cut-off-frequency 

of the low-pass filter in Fig. 2 is dependent on those factors 

as well. The low-pass behaviour will result in PSR at 

frequencies at and above the cut-off frequency. The PSR is, 

however, also affected by the voltage gain of the SC 

converter. If the voltage gain of the converter is less than 1, 

the converter will have an inherent positive PSR Ratio 

(PSRR), calculated as 

 

𝑃𝑆𝑅𝑅 = 20𝑙𝑜𝑔10 (
𝑉𝑝𝑝,𝑠𝑜𝑢𝑟𝑐𝑒

𝑉𝑝𝑝,𝑜𝑢𝑡𝑝𝑢𝑡

).     (5) 

 

In (5) 𝑉𝑝𝑝,𝑠𝑜𝑢𝑟𝑐𝑒 is the peak-to-peak voltage on the supply, 

and 𝑉𝑝𝑝,𝑜𝑢𝑡𝑝𝑢𝑡 is the peak-to-peak voltage on the output. If the 

voltage gain of a SC converter is larger than 1, the converter 

will have an inherent negative PSR at frequencies lower than 

the cut-off frequency of the low-pass filter. The low-

frequency voltage gain of the switch cap converter model in 

Fig. 1 and 2 is: 

 

𝐴𝑉 =
𝑚

𝑛

𝑅𝑙𝑜𝑎𝑑

𝑅𝑙𝑜𝑎𝑑 + 𝑅𝑜𝑢𝑡

.     (6) 

 

The validity of the low pass behaviour of the model in Fig. 

2 is dependent on the frequency of tones on the supply and 

the sampling rate of the converter. Furthermore, the lowpass 

behaviour may be cancelled out by a high pass behaviour, not 

visible in the shown SC converter model. The high pass 

behaviour and sampling rate topics will be discussed in the 

following subsections. 

A. Switching Frequency Limited PSR 

SC circuits are used widely in signal processing 

applications due to a range of benefits, including but not 

limited to, good matching of capacitors, parameters that can 

be adjusted by switching frequency, and the ability to 

implement large equivalent resistances on a small area. 

However, a requirement of using SC circuits for signal 

processing is that the switching frequency must be 

significantly larger than the frequency of the signal to be 

processed. If the sampling rate is less than twice the 

maximum processed frequency, aliasing occurs. 

The same is valid for SC dc/dc converters. Noise or signals 

on the supply that has a higher frequency than half the 

sampling rate of the SC converter, will alias down into lower 

frequencies. 

In SC converters, signals on the supply will be band-limited 

by switch resistance and capacitance of flying capacitors. The 

resistance of switches and the flying capacitor is depicted in 

Fig. 3, where a two-phase voltage Doubler SC topology [6] is 

depicted along with the equivalent circuits in the two clock 

phases. In phase A the switch resistance and the switched 

capacitance create a low-pass filter, which band-limits signals 

on the supply 𝑉𝑖𝑛. The band-limited supply is then sampled at 

the transition from phase A to B. In phase B the sampled 

voltage is lifted by the supply voltage, and the supply voltage 

is in this instance both low-pass and high-pass filtered. High-

pass filtered by the flying capacitor and the load and low-pass 

filtered by the switch-resistance and the output capacitance 

𝐶𝑜𝑢𝑡. The voltage difference between the top plate of the 

flying capacitor and the output capacitor, is attenuated by the 

charge sharing between the two capacitors. In the transition 

from phase A to B, at time 0, the charge sharing is as follows 

 

𝑉𝑜𝑢𝑡(𝑡) =
(𝑉𝑖𝑛(0) + 𝑉𝑖𝑛(𝑡))𝐶𝑓𝑙𝑦 + 𝑉𝑜𝑢𝑡(0)𝐶𝑜𝑢𝑡

𝐶𝑓𝑙𝑦 + 𝐶𝑜𝑢𝑡

.     (7) 
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(a) Voltage Doubler SC converter. 

 
(b) Phase A - 𝑆1 and 𝑆4 closed. 

 
(c) Phase B - 𝑆2 and 𝑆3 closed 

Fig. 3.  A voltage Doubler SC converter and the equivalent circuit of its two 

phases. 

Band-limiting due to on resistance and flying capacitors is 

often at frequencies higher than the switching frequency, as 

a lower cut-off frequency equals a larger resistor capacitor 

time constant τ. To maximize power delivery, most possible 

charge must be transferred in every clock cycle, and for 

complete charge transfer, the time for transferring charge 

should be at least 5τ. For a duty-cycle of 0.5 and a switching 

frequency of 1 MHz, τ can at most be 0.1 µs to ensure good 

charge transfer. With τ=0.1 µs the low-pass cut-off frequency 

is 𝑓−3𝑑𝐵 = 1 (2𝜋𝜏)⁄ = 1.6 MHz, which is higher than the 

switching frequency. 

If tones on the supply have a higher frequency than the 

Nyquist rate of a SC converter, they are aliased into lower 

frequencies where the low-pass filter attenuation is less. 

Some SC topologies feature a sampling rate which is higher 

than the switching frequency of the clock. In the Doubler 

topology in Fig. 3, the supply is first sampled on the flying 

capacitor in phase A, in phase B the capacitor holding the 

sample is lifted by the supply, which effectively samples the 

supply on top of the held previous sample. This result in a 

sampling rate that is two times the switching frequency. 

Thereby it is possible to both have 5τ for charge transfer and 

perform some anti-aliasing filtering. However, the filtering 

will not be very effective as the cut-off frequency will be 

higher than the Nyquist frequency. 

In applications where power efficiency or power delivery is 

not the goal, the time constant of switch resistance and flying 

capacitor may be increased to provide better antialiasing 

filtering. Thereby, the higher frequency PSR of the SC 

converter could be improved. 

B. AC Path Limited PSR 

The PSR performance of SC converters is not only limited 

by aliasing, it can also be limited due to ac paths from the 

supply to the output. Considering the two-phase voltage 

doubler in Fig. 3. When the topology is in phase B, the supply 

is connected to the output through the flying capacitor, which 

together with a load resistance create a high-pass filter. 

Dependent on the flying capacitor and the load, the cut-off 

frequency of the high pass filter will pass signals on the 

supply to the output. Signals passed through this ac path will 

be attenuated due to capacitive voltage division as in (7). 

The limitation due to ac paths are dependent on the SC 

converter topology. Some SC converters are implemented 

with two capacitors that operate in opposite phase, as this can 

reduce the ripple on the output without using extra area for 

capacitors. An example of a two-phase SC converter topology 

that transfers charge to the output in both clock phases is the 

Pelliconi topology [7], depicted in Fig. 4a. As it can be 

observed from Fig. 4b and 4c, the SC topology is 

simultaneously charging one capacitor and lifting another 

capacitor, in each phase. The result is that there always is an 

ac path from the supply to the output, where the Doubler 

topology only had an ac path in phase B. 

 
(a) Pelliconi SC converter. 

 
(b) Phase A - 𝑆1 and 𝑆4 closed. 

 
(c) Phase B - 𝑆2 and 𝑆3 closed. 

Fig. 4.  The Pelliconi SC converter and equivalent circuit in its two phases. 
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As the Doubler topology only transfers charge to the output 

in one of the two phases, it must in one phase transfer twice 

as much charge as the Pelliconi topology does. This means 

that 𝐶𝑓𝑙𝑦 of the doubler topology must be equal to the sum of 

𝐶1 and 𝐶2 of the Pelliconi topology. The twice as large 

capacitor in the ac path of the Doubler topology result in the 

attenuation of the ac path to be half the attenuation of the 

Pelliconi topology. For two Doubler and Pelliconi SC 

converters with the same equivalent output resistance a sine 

wave on the supply would result in the outputs depicted in 

Fig. 5. 

 
Fig. 5. Simulated feedthrough of a 400 kHz sine wave on the supply to output 

of the Pelliconi and Doubler topologies.  

From Fig. 5 it can be observed how the sine wave on the 

output of the Doubler topology has an amplitude which is 

twice the amplitude of the output of the Pelliconi topology. 

Additionally, the sampling and hold phases of the Doubler 

topology can be observed. The energy content of the sine 

waves is the same for the two, as the sine wave is only passed 

to the output half of the time in the doubler topology, 

assuming a clock duty cycle of 0.5. The shown direct ac paths 

are high-pass filters when the SC converter is loaded. If the 

converter in Fig. 4a is loaded by a resistance 𝑅𝑙𝑜𝑎𝑑  that is 

much larger than the switch resistances, then the high-pass 

−3 dB frequency in phase A is given by 

 

𝑓−3𝑑𝐵 =
1

2𝜋𝐶2𝑅𝑙𝑜𝑎𝑑

.     (1) 

 

There are also SC converter topologies without direct ac 

paths from the supply to the output. In the instance of a 2- 

stage Doubler topology the second stage is supplied by the 

output of the first stage. By configuring the clock signals 

correctly there is no direct ac path from supply to the output 

in any phase. For the topology in Fig. 6a, when the converter 

is in phase B, there is an ac path from the supply through 𝐶1 

and 𝐶3. For the converter in Fig. 6b, which is the same 

topology but with a different clocking scheme, when the 

converter is in phase A the second stage is transferring charge 

to the output, but the supply is disconnected from the bottom 

plate of 𝐶3, resulting in no direct ac paths. 

Other SC converter topologies can also be configured to 

have no direct ac paths. For example, the two-stage Heap  

 
(a) Two-stage Doubler SC converter. 

 
(b) Two-stage Doubler SC converter operated on opposite clocks in the 

second stage. 

Fig. 6.  Two-stage voltage Doublers with different clock schemes. 

 

topology [8] in Fig. 7a has a direct ac path through 𝐶1 and 𝐶2 

when the topology is in phase B, while the two-stage Heap 

topology in Fig. 7b has no direct ac path, because the 

capacitor 𝐶1 is not lifted by the supply in phase B. The 

topology in Fig. 7b do only have a voltage gain of 2, while 

the one in Fig. 7a has a voltage gain of 3. 

 
(a) Two-stage Heap topology. 

 
(b) Two-stage Heap topology with no ac path. 

Fig. 7.  Two-stage Heap SC converters, with and without an ac path. 

III. SIMULATION RESULTS 

As part of the PSR analysis, simulations were carried out 

to illustrate the effect of ac paths and aliasing. In this section 

the simulation results for different configurations of the 

already introduced topologies are presented. 

To illustrate how different topologies can feature the same 

voltage gain and equivalent output resistance, but have 

different PSR performance due to topology, the three 

topologies in Fig. 8 were simulated. The topologies were 

designed to each have an equivalent output resistance of 50 

MΩ, and to be loaded with a 100 GΩ resistor. The output 

capacitor on all three topologies were 10 pF, and the on 

resistance of switches was 10 kΩ for all switches. Flying 

capacitors in the Heap and Doubler topologies are 200 fF 

each, and flying capacitors in the Pelliconi topology are 100 

fF each. Finally, the used switching frequency was 100 kHz. 
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The parallel Heap topology in Fig. 8c was implemented with 

opposite clocking of each branch to increase the sampling rate 

to twice the switching frequency. 

 
(a) Single-stage Pelliconi topology 

 
(b) Single-stage Doubler topology 

 
(c) Parallel two-stage Heap topologies with no ac paths 

Fig. 8.  Simulated SC converter topologies with component values. 

With the equivalent output resistance of 50 MΩ and the 10 

pF output capacitor, the resulting cut-off frequency of the 

low-pass filter in Fig. 2 is 318 Hz. The PSR of the topologies 

was simulated using a sinusoidal voltage source as supply and 

evaluated as the PSRR (5). The used sine wave was 1 V peak-

to-peak and offset by 5 V DC.  

In the plot in Fig. 9 the dc PSRR is -6 dB which correspond 

to the voltage gain of 2 for the topologies. Around 300 Hz it 

can be observed that the PSRR has been increased by 3 dB, 

due to the -3 dB cut-off of the low-pass filter. The PSRR 

continue to rise with 20 dB/decade until 10 kHz where the 

increasing PSRR begin to roll off for the Doubler and 

Pelliconi topology. The Doubler and Pelliconi topologies are 

limited due to the ac path, where the Doubler is limited to a 

PSRR of 34 dB due to the 200 fF flying capacitor, and the 

Pelliconi is limited to 40 dB due to the 100 fF flying 

capacitor. The 6 dB difference is due to the Doubler having a 

twice as large flying capacitor in the ac path. As the frequency 

approach 100 kHz all the topologies begin to be limited by 

aliasing, as the sampling rate of the topologies is only 200 

kHz. 

 
Fig. 9. Simulated PSRR of the three SC converters in Fig. 8. 

In Fig. 10 the simulated PSRR of the two-stage Doubler 

SC converters in Fig. 6a is shown. Here it can be observed 

how an ac path can limit PSRR performance, even for two 

identical SC topologies where the only difference is the 

clocking scheme. 

 
Fig. 10. Simulated PSRR of the two Doubler SC converters in Fig. 6. 

The effect of the ac path can also be observed in the output 

waveforms of the two Doubler SC converters. The 

waveforms are shown in Fig. 11, where the waveforms of the 

topology with an ac path show the sine wave of the supply 

being fed through, resulting in a higher amplitude.  

The limitations due to aliasing of the three topologies in 

Fig. 8 is also illustrated in Fig. 12 where the x-axis is linear. 

As it can be observed, the PSRR peaks at 100 kHz, 300 kHz, 

and 500 kHz, and has minimums at multiples of the sampling 

rate 200 kHz and 400 kHz. At 500 kHz the tone is aliased 

down into 100 kHz where the PSR is highest, and at 200 kHz 

the tone is aliased down into 0 Hz where the PSR is lowest.  



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. XX, NO. X, 20XX 

 
Fig. 11. Output waveforms of the Doubler SC converter in Fig. 6, with an 81 

kHz tone on the supply. 

 
Fig. 12. Effect of aliasing on PSRR of four different SC converters. 

In addition to the three topologies in Fig. 8, a single two 

stage Heap topology with an equivalent output resistance of 

50 MΩ was simulated, where it can be observed that it has 

half the sampling rate of the other topologies, which limits its 

performance compared to the parallel Heap implementation. 

Band-limiting of the SC converter topologies is not visible in 

the plot, as the switch on-resistance and flying capacitors 

result in -3 dB frequencies of 40-160 MHz. 

IV. DISCUSSION  

The SC converter topologies simulated in this work all 

have an equivalent output resistance of 50 MΩ or higher, 

which for low power or biasing applications can be 

acceptable but in higher power applications may be too high. 

In power applications where the acceptable output resistance 

is lower, the cut-off frequency will be proportionally higher, 

unless the output capacitor is sized accordingly. 

For example, if a single-stage voltage Doubler, with an 

ideal voltage gain of 2 V/V, is designed to deliver 9 V into a 

900 kΩ load from a 5 V supply, the equivalent output 

resistance would have to be 100 kΩ. The resulting low-pass 

cut-off frequency of 10 pF and 100 kΩ is 160 kHz, which for 

a switching frequency of 100 kHz is higher than the Nyquist 

frequency of the Doubler topology. With the low-pass cut-off 

frequency higher than the Nyquist frequency, aliasing would 

eliminate the low-pass behaviour and thereby eliminate any 

inherent PSR. 

The cut-off frequency can be lowered by increasing the 

size of the output capacitor, at the cost of an increased area. 

Alternatively, if the cut-off frequency is at a suitable 

frequency but aliasing eliminates the effect, the switching 

frequency could be increased to increase the Nyquist 

frequency. To maintain the cut-off frequency, the equivalent 

output resistance should be maintained by decreasing the size 

of the flying capacitors. A cost of increasing the switching 

frequency is increased switching losses in the SC converter. 

Even if a SC converter is not designed for it, there may be 

an inherent PSR which can relax specifications for other 

system components. Furthermore, the PSR may be improved 

significantly by a range of design decisions, ranging from 

choosing a different topology, to resizing of components, to 

simply changing the clocking scheme. For example, the 

PSRR difference in Fig. 10 of the two converters in Fig. 6 was 

achieved by simply operating the second stage with opposite 

clock signals. 

V. CONCLUSION 

In this paper a novel analysis of inherent PSR in SC 

converters was presented. The analysis illustrated how SC 

converters have an inherent PSR, which may relax design 

requirements of filters and LDO regulators in systems 

connected to the SC converter. It was shown that the PSR 

performance of SC converters is limited by ac paths and 

sampling rates, and how the ac paths and sampling rates are 

topology dependent. Furthermore, it was shown how simply 

changing the clocking scheme of a SC converter could 

increase the PSR significantly. In conclusion, inherent PSR 

of SC converters should be considered by designers, as it may 

relax bandwidth specifications of connected filters or LDO 

regulators by orders of magnitude. 
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Patent - Microphone assembly having a direct current bias circuit with

deep trench isolation



F
Charge sharing model of HV bias

generator in LP mode

The Matlab code used to implement the HV bias generator in LP mode where CP 2-4 is
active and the HV CP is clocked with a 100 kHz clock. The LV CP is only implemented
with 3 stages so the model cannot be used for the HP mode of the HV bias generator
where CP 1 is active.

1 clear all;
2 close all;
3
4 %Number of clock cycles of the 4 MHz clock to run for each simulation
5 iterations = 2^27;
6
7 %###########################%
8 %### HV CP OUTPUT FILTER ###%
9 %###########################%

10 %HV CP output RC-filter constants
11 %Capacitance and resistance is chosen to represent the -3 dB frequencies
12 %from transistor -level simulations
13 C_filt1 = 1e-6;
14 C_filt2 = 1e-6;
15
16 f_filt1 = 0.035;
17 f_filt2 = 0.028;
18
19 R_filt1 = 1/(2*pi*f_filt1*C_filt1);
20 R_filt2 = 1/(2*pi*f_filt2*C_filt2);
21
22
23 %###########################%
24 %### HV CP CAPACITORS ###%
25 %###########################%
26 C_1 = 75e-15; %Pumping capacitance
27 C_2 = 1.78e-12; %Output capacitance
28 C_3 = 117e-15; %C_bulk
29
30 %Capacitor state vectors
31 vec_2a = (zeros(65,1));
32 vec_2b = (zeros(65,1));
33 vec_2c = (zeros(65,1));
34 vout_vec_2 = (0);
35
36
37 %###########################%
38 %### LV CP CAPACITORS ###%
39 %###########################%
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40 %C_pump = (27.36e-12)/6+(27.36e-12)/6/2; % CP 2 + 3
41 C_pump = ((27.36e-12)/6); % CP 2
42 %C_pump = (27.36e-12)/6/2; % CP 3
43 %C_pump = (27.36e-12)/6/4; % CP 4
44
45 % The parasitic capacitance that is charged when the HV CP is clocked
46 C_load = (1/(4e6 * 73e3));
47
48 % LV CP output decoupling capacitance
49 C_out = (178e-12);
50
51 %Supply voltage
52 V_in = 1.4;
53
54
55 %Vectors used to save clock signals and voltages
56 Clocked_LV = zeros(iterations ,1); %Sampled LV CP output voltage
57 mod_out_vec = zeros(iterations ,1); %SD modulator output
58 khz100_vec = zeros(iterations ,1); %100 kHz clock
59 int_vec = zeros(iterations ,1);
60 average_v_sampled = zeros(iterations ,1);
61 HV_out = zeros(iterations ,1);
62 average_HV = zeros(iterations ,1);
63 Filtered_HV_1 = zeros(iterations ,1);
64 Filtered_HV_2 = zeros(iterations ,1);
65 HV_out_pk_pk = zeros(262144,1);
66 pk_pk_vs_ref = zeros(262144,1);
67 pk_pk_LV = zeros(ceil(iterations/20),1);
68 filtered_out_pk_pk_vs_ref1 = zeros(262144,1);
69 filtered_out_pk_pk_vs_ref2 = zeros(262144,1);
70
71 %SD modulator references to cycle through
72 ref_vector = 1:1:2^18;
73
74 ref = 0;
75 q = 0;
76 i = 0;
77 pk_pk_max = 0;
78 ref = 0;
79 int_1 = 0;
80 cnt_100khz = 0;
81 mod_clock = 0;
82 clock_100khz_trigger = 0;
83
84 %Outer loop that cycles through SD modulator reference values
85 for p = 1:length(ref_vector)
86
87 %Set SD modulator reference
88 x = ref_vector(p);
89 ref = x;
90
91 V_1 = 0.0;
92 V_2 = 0.0;
93 V_3 = 0.0;
94 V_4 = 0.0;
95 V_5 = 0.0;
96 V_6 = 0.0;
97 V_LV = 0.0;
98
99 V_LV_vec = zeros(iterations ,1);

100 Clocked_LV = zeros(iterations ,1);
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101 cnt_100khz = 0;
102 int_1 = 0;
103 mod_clock = 0;
104 hv_cp_phase = 0;
105 HV_out = zeros(iterations ,1);
106
107 vec_2a = zeros(65,1);
108 vec_2b = zeros(65,1);
109 vout_vec_2 = 0;
110
111 %Simulation loop
112 for n = 2:iterations
113 %SD modulator implementation for generation of LV CP clock
114 int_1 = int_1 + ref;
115 int_vec(n) = int_1; %Save integrator value
116 if int_1 > 2^18
117 int_1 = int_1 - 2^18;
118 if mod_clock == 1
119 mod_clock = 0;
120 else
121 mod_clock = 1;
122 end
123 end
124
125 %Save modulator output
126 mod_out_vec(n) = mod_clock;
127
128
129 %Create 100 kHz clock for HV CP
130 cnt_100khz = cnt_100khz + 1;
131 if cnt_100khz == 20;
132 cnt_100khz = 0;
133 clock_100khz_trigger = 1;
134 end
135 khz100_vec(n) = clock_100khz_trigger;
136
137
138 %Change clock phase of the HV CP
139 if clock_100khz_trigger == 1
140 Clocked_LV(n) = V_LV;
141 if hv_cp_phase == 1
142 hv_cp_phase = 0;
143 else
144 hv_cp_phase = 1;
145 end
146 else
147 Clocked_LV(n) = 0;
148 end
149
150 %Dependent on modulator output update the CPs
151 if mod_clock == 0
152
153 %Update HV CP
154 if(hv_cp_phase == 1)
155 vec_2a(1) = V_LV;
156 for j = 1:2:63 %Vec 1 to 63 + 1
157 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3 )/(C_1+C_1+C_3);
158 vec_2c(j) = vec_2b(j+1);
159 vec_2b(j) = vec_2b(j+1) - V_LV;
160 end
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161 for j = 2:2:64 %Vec 2 to 64+1
162 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
163 vec_2c(j) = vec_2a(j+1);
164 vec_2a(j) = vec_2a(j+1) - V_LV;
165 end
166 vout_vec_2 = (vec_2b(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
167 vec_2c(65) = vout_vec_2;
168 vec_2b(65) = vout_vec_2 - V_LV;
169 elseif(hv_cp_phase == 0)
170 %hv_cp_phase = 1;
171 %65 stage CP
172 vec_2b(1) = V_LV;
173 for j = 2:2:64 %Vec 1 to 64 + 1
174 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
175 vec_2c(j) = vec_2b(j+1);
176 vec_2b(j) = vec_2b(j+1) - V_LV;
177 end
178 for j = 1:2:63 %Vec 2 to 63+1
179 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
180 vec_2c(j) = vec_2a(j+1);
181 vec_2a(j) = vec_2a(j+1) - V_LV;
182 end
183 vout_vec_2 = (vec_2a(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
184 vec_2c(65) = vout_vec_2;
185 vec_2a(65) = vout_vec_2 - V_LV;
186 end
187
188
189 %Update LV CP
190 if clock_100khz_trigger == 1
191 V_1 = V_in;
192 V_3 = ((V_2 + 1.4) * C_pump + V_3 * C_pump)/(C_pump + C_pump

);
193 V_5 = ((V_4 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump

);
194 V_LV = ((V_6 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

+ C_load);
195 V_2 = V_3 - V_in;
196 V_4 = V_5 - V_in;
197 V_6 = V_LV - V_in;
198 else
199 V_1 = V_in;
200 V_3 = ((V_2 + 1.4) * C_pump + V_3 * C_pump)/(C_pump + C_pump

);
201 V_5 = ((V_4 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump

);
202 V_LV = ((V_6 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

);
203 V_2 = V_3 - V_in;
204 V_4 = V_5 - V_in;
205 V_6 = V_LV - V_in;
206 end
207 else
208
209 %Update HV CP if clocked
210 if(hv_cp_phase == 1)
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211 vec_2a(1) = V_LV;
212 for j = 1:2:63 %Vec 1 to 63 + 1
213 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3 )/(C_1+C_1+C_3);
214 vec_2c(j) = vec_2b(j+1);
215 vec_2b(j) = vec_2b(j+1) - V_LV;
216 end
217 for j = 2:2:64 %Vec 2 to 64+1
218 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
219 vec_2c(j) = vec_2a(j+1);
220 vec_2a(j) = vec_2a(j+1) - V_LV;
221 end
222 vout_vec_2 = (vec_2b(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
223 vec_2c(65) = vout_vec_2;
224 vec_2b(65) = vout_vec_2 - V_LV;
225 elseif(hv_cp_phase == 0)
226 vec_2b(1) = V_LV;
227 for j = 2:2:64 %Vec 1 to 64 + 1
228 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
229 vec_2c(j) = vec_2b(j+1);
230 vec_2b(j) = vec_2b(j+1) - V_LV;
231 end
232 for j = 1:2:63 %Vec 2 to 63+1
233 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
234 vec_2c(j) = vec_2a(j+1);
235 vec_2a(j) = vec_2a(j+1) - V_LV;
236 end
237 vout_vec_2 = (vec_2a(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
238 vec_2c(65) = vout_vec_2;
239 vec_2a(65) = vout_vec_2 - V_LV;
240 end
241
242 %Update the LV CP
243 if clock_100khz_trigger == 1
244 V_2 = V_in;
245 V_4 = ((V_1 + 1.4) * C_pump + V_4 * C_pump)/(C_pump + C_pump

);
246 V_6 = ((V_3 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump

);
247 V_LV = ((V_5 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

+ C_load);
248 V_1 = V_4 - V_in;
249 V_3 = V_6 - V_in;
250 V_5 = V_LV - V_in;
251 else
252 V_2 = V_in;
253 V_4 = ((V_1 + 1.4) * C_pump + V_4 * C_pump)/(C_pump + C_pump

);
254 V_6 = ((V_3 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump

);
255 V_LV = ((V_5 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

);
256 V_1 = V_4 - V_in;
257 V_3 = V_6 - V_in;
258 V_5 = V_LV - V_in;
259 end
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260 end
261
262 %Update state of the HV CP output filter
263 if n == 2^19
264 Filtered_HV_1(n-1) = vout_vec_2;
265 Filtered_HV_2(n-1) = vout_vec_2;
266 end
267 Filtered_HV_1(n) = Filtered_HV_1(n-1) + (vout_vec_2 - Filtered_HV_1(

n-1))/R_filt1*1/4e6/C_filt1;
268 Filtered_HV_2(n) = Filtered_HV_2(n-1) + (Filtered_HV_1(n) -

Filtered_HV_2(n-1))/R_filt2*1/4e6/C_filt2;
269
270 %Reset 100 kHz clock trigger used to clock the HV CP
271 if clock_100khz_trigger == 1
272 clock_100khz_trigger = 0;
273 end
274
275 %Save HV CP output voltage
276 HV_out(n) = vout_vec_2;
277
278 %Save LV CP output voltage
279 V_LV_vec(n) = V_LV;
280
281 end
282
283 % Extract the sampled voltage of V_mid
284 for n = 1 : iterations
285 if Clocked_LV(n) == 0
286 else
287 q = q + 1;
288 pk_pk_LV(q) = Clocked_LV(n);
289 end
290 end
291 q = 0;
292
293 % Find pk-pk voltages from simulation
294 [Max,I] = max(pk_pk_LV(ceil(0.25*(2^18)/20):ceil((1.25*(2^18))/20)));
295 [Min,I] = min(pk_pk_LV(ceil(0.25*(2^18)/20):ceil((1.25*(2^18))/20)));
296 [Max_HV,I] = max(HV_out(end-2^19:end,1));
297 [Min_HV,I] = min(HV_out(end-2^19:end,1));
298
299 %Save pk-pk voltages from simulation of each SD modulator reference
300 HV_out_pk_pk(x) = Max_HV - Min_HV;
301 pk_pk_vs_ref(x) = Max-Min;
302 average_v_sampled(x) = mean(V_LV_vec);
303 average_HV(x) = mean(HV_out);
304
305 %Save pk-pk voltages of the filtered output V_bias
306 filtered_out_pk_pk_vs_ref1(x) = max(Filtered_HV_1(end-2^19:end,1)) - min

(Filtered_HV_1(end-2^19:end,1));
307 filtered_out_pk_pk_vs_ref2(x) = max(Filtered_HV_2(end-2^19:end,1)) - min

(Filtered_HV_2(end-2^19:end,1));
308
309 end
310
311 figure(1)
312 plot(pk_pk_vs_ref)
313 title('Pk-pk voltage of V_mid versus Ref_MOD')
314
315 figure(2)
316 plot(HV_out_pk_pk)
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317 title('Pk-pk voltage of V_pump,out versus Ref_MOD')
318
319 figure(3)
320 plot(filtered_out_pk_pk_vs_ref2)
321 title('Pk-pk voltage of V_bias versus Ref_MOD')

: appendices/LV_CP_simulation_code.m
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G
Charge sharing model of HV bias

generator in HP mode

The Matlab code used to implement the HV bias generator in HP mode where CP 1 is
active and the HV CP is clocked with a 2 MHz clock. The LV CP is implemented with
4 stages so the model cannot be used for the LP mode of the HV bias generator where
CP 2-4 are active.

1 clear all;
2 close all;
3
4 %Number of clock cycles of the 4 MHz clock to run for each simulation
5 iterations = 2^27;
6
7 %###########################%
8 %### HV CP OUTPUT FILTER ###%
9 %###########################%

10 %HV CP output RC-filter constants
11 %Capacitance and resistance is chosen to represent the -3 dB frequencies
12 %from transistor -level simulations
13 C_filt1 = 1e-6;
14 C_filt2 = 1e-6;
15
16 f_filt1 = 0.035;
17 f_filt2 = 0.028;
18
19 R_filt1 = 1/(2*pi*f_filt1*C_filt1);
20 R_filt2 = 1/(2*pi*f_filt2*C_filt2);
21
22
23 %###########################%
24 %### HV CP CAPACITORS ###%
25 %###########################%
26 C_1 = 75e-15; %Pumping capacitance
27 C_2 = 1.78e-12; %Output capacitance
28 C_3 = 117e-15; %C_bulk
29
30 %Capacitor state vectors
31 vec_2a = (zeros(65,1));
32 vec_2b = (zeros(65,1));
33 vec_2c = (zeros(65,1));
34 vout_vec_2 = (0);
35
36
37 %###########################%
38 %### LV CP CAPACITORS ###%
39 %###########################%
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40 C_pump = 317.36e-12/8;
41
42 % The parasitic capacitance that is charged when the HV CP is clocked
43 C_load = (1/(4e6 * 73e3));
44
45 % LV CP output decoupling capacitance
46 C_out = (178e-12);
47
48 %Supply voltage
49 V_in = 1.4;
50
51
52 %Vectors used to save clock signals and voltages
53 Clocked_LV = zeros(iterations ,1); %Sampled LV CP output voltage
54 mod_out_vec = zeros(iterations ,1); %SD modulator output
55 mhz2_vec = zeros(iterations ,1); %100 kHz clock
56 int_vec = zeros(iterations ,1);
57 average_v_sampled = zeros(iterations ,1);
58 HV_out = zeros(iterations ,1);
59 average_HV = zeros(iterations ,1);
60 Filtered_HV_1 = zeros(iterations ,1);
61 Filtered_HV_2 = zeros(iterations ,1);
62 HV_out_pk_pk = zeros(262144,1);
63 pk_pk_vs_ref = zeros(262144,1);
64 pk_pk_LV = zeros(ceil(iterations/20),1);
65 filtered_out_pk_pk_vs_ref1 = zeros(262144,1);
66 filtered_out_pk_pk_vs_ref2 = zeros(262144,1);
67
68 %SD modulator references to cycle through
69 ref_vector = 1:1:2^18;
70
71 ref = 0;
72 q = 0;
73 i = 0;
74 pk_pk_max = 0;
75 ref = 0;
76 int_1 = 0;
77 cnt_2mhz = 0;
78 mod_clock = 0;
79 clock_2mhz_trigger = 0;
80
81 %Outer loop that cycles through SD modulator reference values
82 for p = 1:length(ref_vector)
83
84 %Set SD modulator reference
85 x = ref_vector(p);
86 ref = x;
87
88 V_1 = 0.0;
89 V_2 = 0.0;
90 V_3 = 0.0;
91 V_4 = 0.0;
92 V_5 = 0.0;
93 V_6 = 0.0;
94 V_7 = 0.0;
95 V_8 = 0.0;
96 V_LV = 0.0;
97
98 V_LV_vec = zeros(iterations ,1);
99 Clocked_LV = zeros(iterations ,1);

100 cnt_2mhz = 0;
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101 int_1 = 0;
102 mod_clock = 0;
103 hv_cp_phase = 0;
104 HV_out = zeros(iterations ,1);
105
106 vec_2a = zeros(65,1);
107 vec_2b = zeros(65,1);
108 vout_vec_2 = 0;
109
110 %Simulation loop
111 for n = 2:iterations
112 %SD modulator implementation for generation of LV CP clock
113 int_1 = int_1 + ref;
114 int_vec(n) = int_1; %Save integrator value
115 if int_1 > 2^18
116 int_1 = int_1 - 2^18;
117 if mod_clock == 1
118 mod_clock = 0;
119 else
120 mod_clock = 1;
121 end
122 end
123
124 %Save modulator output
125 mod_out_vec(n) = mod_clock;
126
127
128 %Create 2 MHz clock for HV CP
129 cnt_2mhz = cnt_2mhz + 1;
130 if cnt_2mhz == 1;
131 cnt_2mhz = 0;
132 clock_2mhz_trigger = 1;
133 end
134 mhz2_vec(n) = clock_2mhz_trigger;
135
136
137 %Change clock phase of the HV CP
138 if clock_2mhz_trigger == 1
139 Clocked_LV(n) = V_LV;
140 if hv_cp_phase == 1
141 hv_cp_phase = 0;
142 else
143 hv_cp_phase = 1;
144 end
145 else
146 Clocked_LV(n) = 0;
147 end
148
149 %Dependent on modulator output update the CPs
150 if mod_clock == 0
151
152 %Update HV CP
153 if(hv_cp_phase == 1)
154 vec_2a(1) = V_LV;
155 for j = 1:2:63 %Vec 1 to 63 + 1
156 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3 )/(C_1+C_1+C_3);
157 vec_2c(j) = vec_2b(j+1);
158 vec_2b(j) = vec_2b(j+1) - V_LV;
159 end
160 for j = 2:2:64 %Vec 2 to 64+1
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161 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*
C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);

162 vec_2c(j) = vec_2a(j+1);
163 vec_2a(j) = vec_2a(j+1) - V_LV;
164 end
165 vout_vec_2 = (vec_2b(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
166 vec_2c(65) = vout_vec_2;
167 vec_2b(65) = vout_vec_2 - V_LV;
168 elseif(hv_cp_phase == 0)
169 vec_2b(1) = V_LV;
170 for j = 2:2:64 %Vec 1 to 64 + 1
171 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
172 vec_2c(j) = vec_2b(j+1);
173 vec_2b(j) = vec_2b(j+1) - V_LV;
174 end
175 for j = 1:2:63 %Vec 2 to 63+1
176 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
177 vec_2c(j) = vec_2a(j+1);
178 vec_2a(j) = vec_2a(j+1) - V_LV;
179 end
180 vout_vec_2 = (vec_2a(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
181 vec_2c(65) = vout_vec_2;
182 vec_2a(65) = vout_vec_2 - V_LV;
183 end
184
185
186 %Update LV CP
187 if clock_2mhz_trigger == 1
188 V_1 = V_in;
189 V_3 = ((V_2 + 1.4) * C_pump + V_3 * C_pump)/(C_pump + C_pump

);
190 V_5 = ((V_4 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump

);
191 V_7 = ((V_6 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump);
192 V_LV = ((V_8 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

+ C_load);
193 V_2 = V_3 - V_in;
194 V_4 = V_5 - V_in;
195 V_6 = V_7 - V_in;
196 V_8 = V_LV - V_in;
197 else
198 V_1 = V_in;
199 V_3 = ((V_2 + 1.4) * C_pump + V_3 * C_pump)/(C_pump + C_pump

);
200 V_5 = ((V_4 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump

);
201 V_7 = ((V_6 + 1.4) * C_pump + V_5 * C_pump)/(C_pump + C_pump);
202 V_LV = ((V_8 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

);
203 V_2 = V_3 - V_in;
204 V_4 = V_5 - V_in;
205 V_6 = V_7 - V_in;
206 V_8 = V_LV - V_in;
207 end
208 else
209 %Update HV CP if clocked
210 if(hv_cp_phase == 1)
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211 vec_2a(1) = V_LV;
212 for j = 1:2:63 %Vec 1 to 63 + 1
213 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3 )/(C_1+C_1+C_3);
214 vec_2c(j) = vec_2b(j+1);
215 vec_2b(j) = vec_2b(j+1) - V_LV;
216 end
217 for j = 2:2:64 %Vec 2 to 64+1
218 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
219 vec_2c(j) = vec_2a(j+1);
220 vec_2a(j) = vec_2a(j+1) - V_LV;
221 end
222 vout_vec_2 = (vec_2b(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
223 vec_2c(65) = vout_vec_2;
224 vec_2b(65) = vout_vec_2 - V_LV;
225 elseif(hv_cp_phase == 0)
226 vec_2b(1) = V_LV;
227 for j = 2:2:64 %Vec 1 to 64 + 1
228 vec_2b(j+1) = (vec_2b(j)*C_1 + vec_2b(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
229 vec_2c(j) = vec_2b(j+1);
230 vec_2b(j) = vec_2b(j+1) - V_LV;
231 end
232 for j = 1:2:63 %Vec 2 to 63+1
233 vec_2a(j+1) = (vec_2a(j)*C_1 + vec_2a(j+1)*C_1 + V_LV*

C_1 + vec_2c(j)*C_3)/(C_1+C_1+C_3);
234 vec_2c(j) = vec_2a(j+1);
235 vec_2a(j) = vec_2a(j+1) - V_LV;
236 end
237 vout_vec_2 = (vec_2a(65)*C_1 + V_LV*C_1 + vout_vec_2*C_2 +

vec_2c(65)*C_3)/(C_1+C_2+C_3);
238 vec_2c(65) = vout_vec_2;
239 vec_2a(65) = vout_vec_2 - V_LV;
240 end
241
242 %Update the LV CP
243 if clock_2mhz_trigger == 1
244 V_2 = V_in;
245 V_4 = ((V_1 + 1.4) * C_pump + V_4 * C_pump)/(C_pump + C_pump

);
246 V_6 = ((V_3 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump

);
247 V_8 = ((V_5 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump);
248 V_LV = ((V_7 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

+ C_load);
249 V_1 = V_4 - V_in;
250 V_3 = V_6 - V_in;
251 V_5 = V_8 - V_in;
252 V_7 = V_LV - V_in;
253 else
254 V_2 = V_in;
255 V_4 = ((V_1 + 1.4) * C_pump + V_4 * C_pump)/(C_pump + C_pump

);
256 V_6 = ((V_3 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump

);
257 V_8 = ((V_5 + 1.4) * C_pump + V_6 * C_pump)/(C_pump + C_pump);
258 V_LV = ((V_7 + 1.4) * C_pump + V_LV * C_out)/(C_pump + C_out

);
259 V_1 = V_4 - V_in;
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260 V_3 = V_6 - V_in;
261 V_5 = V_8 - V_in;
262 V_7 = V_LV - V_in;
263 end
264 end
265
266 %Update state of the HV CP output filter
267 if n == 2^19
268 Filtered_HV_1(n-1) = vout_vec_2;
269 Filtered_HV_2(n-1) = vout_vec_2;
270 end
271 Filtered_HV_1(n) = Filtered_HV_1(n-1) + (vout_vec_2 - Filtered_HV_1(

n-1))/R_filt1*1/4e6/C_filt1;
272 Filtered_HV_2(n) = Filtered_HV_2(n-1) + (Filtered_HV_1(n) -

Filtered_HV_2(n-1))/R_filt2*1/4e6/C_filt2;
273
274 %Reset 100 kHz clock trigger used to clock the HV CP
275 if clock_2mhz_trigger == 1
276 clock_2mhz_trigger = 0;
277 end
278
279 %Save HV CP output voltage
280 HV_out(n) = vout_vec_2;
281
282 %Save LV CP output voltage
283 V_LV_vec(n) = V_LV;
284
285 end
286
287 % Extract the sampled voltage of V_mid
288 for n = 1 : iterations
289 if Clocked_LV(n) == 0
290 else
291 q = q + 1;
292 pk_pk_LV(q) = Clocked_LV(n);
293 end
294 end
295 q = 0;
296
297 % Find pk-pk voltages from simulation
298 [Max,I] = max(pk_pk_LV(ceil(0.25*(2^18)/20):ceil((1.25*(2^18))/20)));
299 [Min,I] = min(pk_pk_LV(ceil(0.25*(2^18)/20):ceil((1.25*(2^18))/20)));
300 [Max_HV,I] = max(HV_out(end-2^19:end,1));
301 [Min_HV,I] = min(HV_out(end-2^19:end,1));
302
303 %Save pk-pk voltages from simulation of each SD modulator reference
304 HV_out_pk_pk(x) = Max_HV - Min_HV;
305 pk_pk_vs_ref(x) = Max-Min;
306 average_v_sampled(x) = mean(V_LV_vec);
307 average_HV(x) = mean(HV_out);
308
309 %Save pk-pk voltages of the filtered output V_bias
310 filtered_out_pk_pk_vs_ref1(x) = max(Filtered_HV_1(end-2^19:end,1)) - min

(Filtered_HV_1(end-2^19:end,1));
311 filtered_out_pk_pk_vs_ref2(x) = max(Filtered_HV_2(end-2^19:end,1)) - min

(Filtered_HV_2(end-2^19:end,1));
312
313 end
314
315 figure(1)
316 plot(pk_pk_vs_ref)
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317 title('Pk-pk voltage of V_mid versus Ref_MOD')
318
319 figure(2)
320 plot(HV_out_pk_pk)
321 title('Pk-pk voltage of V_pump,out versus Ref_MOD')
322
323 figure(3)
324 plot(filtered_out_pk_pk_vs_ref2)
325 title('Pk-pk voltage of V_bias versus Ref_MOD')

: appendices/LV_CP_simulation_code_HP.m
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