EREE NANYANG
TECHNOLOGICAL
UNIVERSITY

SINGAPORE

DESIGN OF A POWER MANAGEMENT UNIT FOR A
WIRELESS-POWER-TRANSFER-ENABLED WIRELESS
SENSOR NODE

LUO HAO

SCHOOL OF ELECTRICAL & ELECTRONIC ENGINEERING
2019



DESIGN OF A POWER MANAGEMENT UNIT FOR A
WIRELESS-POWER-TRANSFER-ENABLED WIRELESS
SENSOR NODE

LUO HAO

School of Electrical & Electronic Engineering

A thesis submitted to the Nanyang Technological University
in partial fulfillment of the requirement for the degree of

Doctor of Philosophy

2019



Statement of Originality

| hereby certify that the work embodied in this thesis is the result of
original research, is free of plagiarised materials, and has not been

submitted for a higher degree to any other University or Institution.

VARV sall %@2

[Date Here] Student s Signature Here]

PHOPRONE. i e vemreiass UG HEA0. oo

Date [Student’'s Name Here]



Supervisor Declaration Statement

| have reviewed the content and presentation style of this thesis and
declare it is free of plagiarism and of sufficient grammatical clarity to be
examined. To the best of my knowledge, the research and writing are
those of the candidate except as acknowledged in the Author Attribution
Statement. | confirm that the investigations were conducted in accord
with the ethics policies and integrity standards of Nanyang Technological
University and that the research data are presented honestly and without

prejudice.

7
Q
\
w
%)
((»]
- |
)
—*
=
c
(4}
-
(14]
o |
o,

[Date Here] [Supervi

Date [Supervisor's Name Here]



Authorship Attribution Statement

This thesis contains material from 3 paper(s) published or to be published in
the following peer-reviewed journal(s) where | was the first and/or

corresponding author.

Chapter 3 is submitted for publication as H. Luo, and L. Siek, “A 0.7-V Supply-
insensitive AVin-based CMOS Voltage Reference with Proposed Trimming and
Curvature-Compensation Techniques”, IEEE J. Solid-State Circuits, 2019
(submitted)

The contributions of the co-authors are as follows:

e A/Prof Siek Liter provided the initial project direction and edited the
manuscript drafts.

e | prepared the manuscript drafts. The manuscript was revised by Dr
Siek Liter.

e | designed the study and performed all the laboratory work at the School
of Electrical and Electronic Engineering. | also analyzed the data.

e All topology development, schematic drawing, simulation, layout
drawing, PCB design and testing were conducted by me in VIRTUS, IC
Design Centre of Excellence.

Chapter 4 is to be submitted for publication as H. Luo, and L. Siek, “A 0.8-V
Output-Capacitor-less Low Dropout Voltage Regulator Based on Load-
Adaptive Negative-Resistance”, IEEE J. Solid-State Circuits, 2020 (to submit

after all measurement results collected).

The contributions of the co-authors are as follows:
e A/Prof Siek Liter provided the initial project direction and edited the
manuscript drafts.
e | prepared the manuscript drafts. The manuscript was revised by Dr
Siek Liter.



| designed the study and performed all the laboratory work at the School
of Electrical and Electronic Engineering. | also analyzed the data.

All topology development, schematic drawing, simulation, layout
drawing, PCB design and testing were conducted by me in VIRTUS, IC

Design Centre of Excellence.

Chapter 5 is published as H. Luo and L. Siek, "A 0.9-V input PWM DCM boost

converter with low output ripples and fast load transient response based on a

novel square-root voltage mode (SRVM) control approach,” IEEE International

Symposium on Circuits and Systems (ISCAS), 2017

The contributions of the co-authors are as follows:

A/Prof Siek Liter provided the initial project direction and edited the
manuscript drafts.

| prepared the manuscript drafts. The manuscript was revised by Dr
Siek Liter.

| designed the study and performed all the laboratory work at the School
of Electrical and Electronic Engineering. | also analyzed the data.

All topology development, schematic drawing, simulation were

conducted by me in VIRTUS, IC Design Centre of Excellence.

A3 /20 2

[Date Here] [Student's Signature Here]
R L e I e UG HBO. - - oo v
Date [Student’s Name Here]



Acknowledgements

| would like to express my gratitude to A/Prof Siek Liter for offering me the
opportunities of this PhD studies as well as the sponsorship from Broadcom Inc.
for supporting my expenses and monthly stipends during the studies. The initial
direction offered by A/Prof Siek Liter helped me to find the inspiration on the
work developed in this thesis and interested me in conducting the work despite
various obstacles encountered through the process. A/Prof Siek’s support in
component procurement, PCB fabrication and PCB assembly also help me set
up the testing environment smoothly for the IC chips that | designed. In addition,
yearly consultation and review of my research process by Broadcom colleagues

also helped me refine my idea and let the concept mature.

Also, | would also thank our laboratory managers Ms Lim-Tan Gek Eng,
Mr David Robert Neubronner, and Ms Quek-Gan Siew Kim for their consistent
support and patience in helping me secure the testing equipment, processing
POs and accepting deliveries while | was absence from the laboratory due to
work. Without their help, much more time and effort will have to be spent in

dealing with these works on my own.

vi



Table of Contents

Statement of Originality
Supervisor Declaration Statement
Authorship Attribution Statement
Acknowledgements
Table of Contents
Abstract
List of Figures
List of Tables
Chapter 1 Introduction
1.1 Motivation
1.2 Objectives
1.3 Major Contribution of the Thesis
1.4 Organization of the Thesis
Chapter 2 Literature Review
2.1 Power Assessment on a WSN Sensor Node
2.1.1 Microprocessor
2.1.2 RF Transceiver
2.1.3 Sensor and ADC
2.1.4 Rectenna
215 PMU
2.1.6  WSN Sensor Node Overall

2.2 Power Assessment on Omnidirectional-EM-Radiation WPT

2.2.1 Safety Restrictions

2.2.2 WPT-powered WSN Sensor Node Structure
2.2.3 Performance Specifications on PMU Design

2.3 Voltage Reference
2.3.1 Bandgap Voltage Reference
2.3.2 Vgs-based CMOS Voltage Reference
2.3.3 AVwn-based CMOS Voltage Reference
2.3.4 Concluding Remarks
2.4 Low Drop-Out Voltage Regulator
2.4.1 PPF-incorporated Input-stage
2.4.2 Cross-coupled Input-stage
2.4.3 Frequency Compensation
2.4.4 Concluding Remarks

Vii

Xii
XV

10
10
13
13
13
15
16
16
21
23
24
25
27
27
29
29
34
38
40
41
42
46
49
54

Vii



2.5 Boost DC-DC Converter 55

2.5.1 Adaptive-Capacitance-based Transient Enhancement 56
2.5.2 Overshoot Suppression (OSS) Transient Enhancement 59
2.5.3 Dual-loop Compensator-less Control 59
2.5.4 Concluding Remarks 60

2.6 Summary 61
Chapter 3 A CMOS VR with Proposed Trimming Circuits and Curvature
Compensation Techniques 63
3.1 Derivation of Zero-TC Based on AV 64
3.2 Proposed AVi-based CMOS VR 66
3.2.1 Derivation of the Zero-TC with Proposed 5-V NMOS 67
3.2.2 Proposed Trimming Networks for R1 69
3.2.3 Proposed Trimming Network for Ro 73
3.2.4 Trimming Procedure 76
3.2.5 Proposed Curvature-compensation Circuits 76
3.2.6  Error Amplifier 78
3.2.7 Start-up Circuits 78

3.3 Results and Discussions 79
3.4 Concluding Remarks 86

Chapter 4 A Fast-settling OCL-LDO Based on Load-Adaptive Negative-
Resistance 89

4.1 Overview of Previous Gm-cell-based OCL-LDO 90
4.2 Challenges in Incorporating PPF in OCL-LDOs 93
4.3 Proposed PPF-incorporated Gm-cell-based OCL-LDO 96
4.3.1 Proposed Load-adaptive Negative Resistance 97
4.3.2 Proposed Pass-Transistor Bulk-biasing 102
4.3.3 Proposed Process-Tracking Current-Sink 104
4.3.4 Frequency Stability 106
4.3.5 Load Transient Response 108
4.4 Results and Discussions 109
4.5 Concluding Remarks 113

Chapter5 A PWM DCM Boost Converter with Low Output Ripples and Fast
Load Transient Response Based on Square-Root Voltage Mode (SRVM)

Control Approach [90] 117
5.1 Proposed Control Techniques 118
5.1.1 Proposed Two-phase Dual-purpose Start-up Control 119
5.1.2 Proposed SRVM Controller 120
5.1.3 Decision on Key Parameters 123

viii



5.1.3.1  Switching Frequency fs and Inductor-related Parameters
5.1.3.2 Output Capacitance Cout and ESR
5.1.4 Proposed Signal-boosting Gate Drive Circuit
5.2 Small-signal Model of the Proposed SRVM Controller
5.3 Simulation Results and Discussions
5.3.1 Proposed Start-up Control
5.3.2 Proposed SRVM Controller
5.3.3 Proposed Signal-boosting Gate Drive Circuit
5.4 Concluding Remarks
Chapter 6 Conclusions and Recommendations
6.1 Conclusion
6.2 Recommendations for Future Research
Glossary of Abbreviated Terms
Author’s Publications
Bibliography

123
125
125
126
127
127
128
129
130
131
131
133
135
139
140



Abstract

Wireless Sensor Network (WSN) is one of the supporting technologies for the
Internet of Things (loT). However, a large-scale deployment of the WSN faces
multifarious challenges. WSN node size and maintenance cost incurred by
periodic energy source replacement are among them. From the perspectives of
energy sources, these two challenges can be better addressed by Wireless
Power Transfer (WPT) technologies in comparison with energy-scavengers or
traditional energy-storages. Omnidirectional-Electro-Magnetic (EM)-Radiation
WPT-technology appears to be a viable choice. Hence, this work proposes
various circuit design techniques in developing the dedicated Power
Management Integrated Circuit (PMIC) structures to facilitate implementation of

such WPT technology.

In detail, this thesis describes (i) a sub-1-V CMOS Voltage Reference
(VR) with novel trimming networks, (ii) a Capacitor-Less (OCL) Low Drop-Out
Voltage Regulator (LDO) with load-adaptive negative-resistance at the input
stage of an Operational Transconductance Amplifier (OTA), and (iii) a
compensator-less Square Root Voltage Mode (SRVM) controller for a Pulse
Width Modulation (PWM) Discontinuous Current Mode (DCM) Boost DC-DC
Converter. To elaborate, the trimming networks aim at minimizing Temperature
Coefficient (TC) against process variations and the finite resistance of the
CMOS trimming switches in a CMOS Voltage Reference (VR). The load-
adaptive negative-resistance helps to boost the DC-gain of the proposed OCL-
LDO while improving the current efficiency and ensuring fast-settling and
frequency stability. Lastly, the compensator-less SRVM controller is designed
to minimize power and area from the discrete compensator circuits in

conventional DC-DC converters.

Subsequently, structures of three key PMIC building blocks, such as a
VR, an OCL-LDO and a boost DC-DC switching converter, are proposed with
the aforementioned circuit design techniques. Trimming networks are proposed
for a sub-1-volt CMOS VR implemented using the threshold-voltage-difference
(AV) approach. Fabricated in 0.18-um CMOS-technology, the trimmed CMOS
VR consumes 0.4 pA with a supply voltage of 0.7 V. A TC of 45 ppm/°C and a

X



Power Supply Rejection (PSR) greater than -55 dB up to 10 MHz. The trimmed
VR can also operate under supply voltages from 0.7 V to 1.5 V and operating

temperature range from -40 °C to 80 °C.

A fast-setting OCL-LDO enhanced by a load-adaptive negative-
resistance is proposed. Such load-adaptive negative-resistance resides at the
EA input-stage, which incorporates a Partial-Positive-Feedback (PPF). No
compensation capacitors is needed for frequency stability as a result. The
overall OCL-LDO is manufactured in 0.18-um CMOS-technology. It achieves a
fast settling-time of 2.99 us and 2.05 ps against a load step-up and —down
respectively between 30 mA and 80 mA in 100 ns. The OCL LDO functions
under supply voltages from 0.8 V to 1.5V. It consumes quiescent current of no
more than 21 yA under no-load condition; it can source as much as 80 mA to

the loading ICs.

In addition, a compensator-less PWM Boost DC-DC converter in DCM
based on a SRVM controller is also proposed. The SRVM controller achieves
voltage regulation by implementing analog-signal-processing unit to sense the
load current and convert it into a PWM voltage-control-signals to drive the power
switches. The block-level design of the proposed Boost DC-DC converter is
simulated in MATLAB. It achieves output ripples of 0.42% of its steady-state
output of 3 V. Output overshoots of 3 mV with 4-us recovery-time are observed
during step-down load-transients from 40 mA to O mA in 100 ns.
Correspondingly, output undershoots during step-up load-transients are less
than 10.8 mV with recovery-time of 8.9 ys. The boost converter can start up
from a 0.9-V input autonomously based on a proposed two-phase start-up
control-scheme. On top of this, a novel signal-boosting-technique is presented
to ensure gate-driving voltages for MOSFET switches as high as attainable to
minimize conduction losses. At the steady-state, the boost converter operates
with a fixed 1-MHz switching-frequency with a 1-yH inductor and a 10-uF

capacitor to source load current up to 40 mA.

All the proposed designs achieve supply- and load-independence as well
as power- and area-efficiency in addressing the unique PMIC design challenges

dedicated to the Omnidirectional-EM-Radiation WPT.
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Chapter 1 Introduction

The Internet of Things (IoT) emerged from the need to share information in real
time among computers for logistics management in 1999 [1]. The word “Internet”
means the network to link autonomous objects or “Things”, such as computers,
which share real-time information; and “things” refers to the elements that build
up the information infrastructure. These elements are uniquely addressable; and
they communicate among one another. In turn, such communication is
supported by standards and protocols established by a network infrastructure.
Simply put, IoT is an incorporation of the information and the network

infrastructure.

During the implementation, the concept have evolved and described in
various versions [2, 3]. It is also assessed from various perspectives [4-6].
Nonetheless, the consensus on IoT paradigm, at present, is an Internet-enabled
network that facilitates knowledge integration by linking any objects in the
physical, virtual and digital world. Alternatively speaking, knowledge from each
linked objected is integrated via the Internet through interactions, which involve
“identification, sensing, storage, actuating and other interfacing activities”. [2] To
materialize these activities for practical use, supporting technologies have to be

explored and studied.

1.1 Motivation

Wireless Sensor Network (WSN) is one of the supporting technologies for IoT
implementation. It facilitates loT by forming a constellation of wirelessly
interconnected nodes. As a network of smart “things” with various dedicated
functionalities, these nodes become the IoT information infrastructure.
Specifically, a node that senses is a sensor node; a node that exchanges data
with external networks is a sink node; a node that relays data is a router [2]. In
this manner, this network of wireless nodes can realize multifarious loT-related

applications through peer-to-peer interactions.

The many fields of WSN applications are summarized in a tree diagram in

1



Figure 1.1. They can be categorized as either remote-tracking or remote-
monitoring by functionalities. To differentiate the two categories from one
another, remote-tracking relies on real-time interaction among the nodes, while
remote-monitoring interrogates environment information periodically when
invoked and stays in the standby mode otherwise. In either category, the WSN
applications can be classified even further based on their indoor or outdoor

implementations. [2]

WSN Appli(‘Tations

[
remote tracking remote monitoring
| |
I I I I
Indoor Outdoor Indoor Qutdoor

: —Human — Traffic — Building fire

i Public safety . . Lo |

S tracking | tracking | monitoring

o —Enemy
Military tracking |
— Patient — Patient 1
Health . L
S tracking | | monitoring
: —Animal — Forest fire
Environment . L |
... tackng | | monitoring
77 7 B —— ey Ry
Industrial . . I
I tracking | | monitoring
‘ — Warehouse — Logistics

Business . o |
___monitoring ________monitoring

Figure 1.1 Summary of WSN applications [2].

To support the various applications summarized in Figure 1.1, the WSN
sensor node is often built exclusively for its dedicated application. Nonetheless,
it usually includes functional blocks, such as sensor, Analog-to-Digital Converter
(ADC), microprocessor (UP), memory and Radio Frequency (RF) Transceivers,
as grouped and labelled as “load” in Figure 1.2. In detail, a sensor acquires data
from the environment. Depending on each application, it can be a light sensor,
a temperature sensor, an accelerometer and so on. The sensor data is then
digitalized through ADC and fed to the pP for analysis. The puP then formats the
data and sends the data through the RF transceiver to a router or a sink node
(also called base station). Alternatively, the RF transceiver also receives
commands or data from a router or sink node and passes them to the puP. Such

commands can be instructions to activate or deactivate the sensor for power
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conservation purposes. They can also be request for data to the sensor node
from its peers of the same WSN. Memories often operate together with the puP

for arithmetic operations or data storage.

Such functional blocks within a sensor nodes are often considered loads
to the Power Management Unit (PMU), which includes the Low Drop-Out
voltage regulator (LDO), the Voltage Reference (VR) and the DC-DC Converter
(DC-DC), as shown in Figure 1.2. The PMU functions to regulate its output
voltage to meet the supply demand from its loads, such as sensor, P, RF
transceiver and memory. The PMU is often fed by the energy source, which can
be energy harvesters, batteries and so on.

However, to deploy WSN applications, it is not without challenges. Major
challenges can be summed up in the following as: 1) energy efficiency, 2)
interference, 3) security, 4) data management, and 5) large-scale deployment.
Detailed elaboration on each of these challenges can be found in [2]. Take the
large-scale deployment for an instance. To effectuate WSN applications, a large
amount of WSN sensor nodes over a large region are often inevitable. Consider
the WSN deployed to monitor forest fire or earthquake. Wirelessly-networked
sensors have to be spread out over a large geographical area as far as 1 km
[7], for temperature or seismic data collection. Besides, relatively high node-
density is required to ensure concerned events being detected with a suitable
probability of success while maintaining a low probability of false alarm [8].

Yet, contradictions between node-size and cost hinders the large-scale
deployment of WSN. On the one hand, small node-size demands small batteries
to deploy sensor nodes in a large volume, but also ends up with low energy-
capacity and short lifetime. This results in frequent battery-replacement,
increased maintenance-cost and human-effort. On the other hand, to cut cost,
a bulky battery may be desirable as it promises a long lifetime and avoids the
costly maintenance. However, the large node-size resulted forbids the sensor

nodes from being mounted at awkward locations, making it less ubiquitous [9].

In search of feasible power sources to enable WSN applications, [10]

compares various power-source options in TABLE 1.1. Detailed descriptions on
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these power sources are described in [10]. Primary and secondary batteries are

exemplified by batteries for their relatively-large energy-densities.

TABLE 1.1 COMPARISON AMONG POWER SOURCES FOR WSN [10, 11]

Powz_ar Energy Need for | Need for Commercial
Power Source | Density | Density |Secondary Voltag_e Availability
(MW/ecm3)| (J/cm?®) | Storage |Regulation
© Primary Battery - 2880 No No Yes
? Secondary Battery - 1080 - No Yes
*(,9, Micro-Fuel cell - 3500 Maybe Maybe No
é Ultra-capacitor - 50-100 No Yes Yes
E Heat Engine - 3346 Yes Yes No
W | Radioactive (53Ni) - 1640 Yes Yes No
> Solar Light 15000 2 - Usually Maybe Yes
£ | Luminance Light 10¢@ - Usually Maybe Yes
g Thermal 40 ab - Usually Maybe Soon
§ Human Power 330 - Yes Yes No
n Wind / Air Flow 380°¢ - Yes Yes No
§ Pressure Variation 17 d - Yes Yes No
L%) Vibration 300 - Yes Yes No
Electro-Magnetism| <60 - Yes Yes No

The fundamental metric is yW/cm? rather than pW/cm3.
The test result is based on a 5°C temperature differential.

Air velocity of 5 m/s and 5% conversion efficiency is assumed.

a0 o

The test result is based on a 1 cm? closed volume of helium undergoing a 10 °C temperature change once per day.

Note that power-densities for energy-storage power-sources are
deliberately ignored as they vary over time and offer little insights when relating
their lifetime to their physical dimensions. Instead, energy-densities are quoted
in TABLE 1.1. Apparently, high energy-densities are preferred under size-
constraints as they increase the lifetime and extend replacement cycles. Hence,
maintenance cost is lowered. Conversely, given identical energy-demand, they
result in small node-sizes by assuming a fixed replacement-frequency. For an
instance, micro-fuel cells and heat engines exhibit higher energy-densities than
batteries. Such advantages render them seemingly more favorable than
batteries. However, the complex conversion-process from thermal energy to
electricity makes neither of them feasible energy-sources in small scales.
Neither do radioactive materials, such as 83Ni. They still require further research

work to become available commercially. Moreover, the low energy-density of



typical ultra-capacitors makes them less attractive either. Despite recent
development in compact and long-lifetime supercapacitors, such as Maxwell
BCAP350 reported in [12], implementations for practical use is still rare due to

the absence of dedicated and complex charging circuits. [12]

Alternatively, power sources generated by energy-scavengers in TABLE
1.1 reduce replacement cost when complemented with secondary or
rechargeable batteries. Secondary batteries are generally required to store the
harvested energy to budget for future consumption. This is due to the fact that
energy scavenged from the environment is not always adequate
instantaneously to drive node operations. This is due to the unpredictability from
the environment. For an instance, the power harvested by solar-energy
scavengers or solar panels, despite their high power-density, varies in daytime,
weather, climate or even at the location where they are installed. Such variations
can bring down the average power-density to be substantially lower than 15000
W/cm? shown in TABLE 1.1. In addition, the solar-energy-scavenger approach

is suitable for outdoor implementations only.

Other types of energy-scavengers in TABLE 1.1 usually derive very low
power-densities. Consider the electro-magnetism scavenger or Radio
Frequency (RF) energy-scavenger. In between 25 m to 100 m, power densities
derived by scavenging RF energy from a base station for Global System for
Mobile communications (GSM) 900 are between 0.001 to 0.1 W/cm?2. Within the
same distance, power densities integrated over the downlink band (935 to 960
MHz) are between 0.01 to 0.3 W/cm?. Similarly, power densities obtained from
GSM1800 are as low as those from GSM900. As a result, an antenna-area of
330 to 1000 cm? will be necessary to obtain incident RF-power of 0.1 mW based
on measurement results. By taking into account the antenna-to-rectifier
impedance-mismatch, the RF-to-dc conversion, and the rectifier-to-load
impedance-mismatch, the predictable net-RF-power scavenged will be even
smaller. [13] The relatively large antenna-size with limited RF-power scavenged
makes such techniques incompetent. This is the case for the rest of the energy-

scavengers listed in TABLE 1.1 also.

Fortunately, the deficiency in the RF-energy scavenged from the
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environment may be improved by employing a dedicated RF-energy-radiator to
power up the nearby sensor-node based on the same working principle of RF-
energy scavengers. Such is the idea of Wireless Power Transfer (WPT). Indeed,
the idea of WPT had been proposed and proved by Nicolas Tesla since 1900s.
Since 1980s, several methods have been demonstrated [14], such as: 1)
Inductive coupling, 2) Electro-Magnetic (EM) radiation, 3) magnetic resonant
coupling, and 4) laser beam [15]. At present, WPT technologies [15] that support
WSN applications can be summarized in TABLE 1.2.

TABLE 1.2 COMPARISON BETWEEN WSN-FRIENDLY WPT TECHNOLOGIES

[15]
WPT Strengths Weaknesses Application
Technology Examples
e : : Decrease in efficiency WSN for
Omnidirectional- | Tiny receiver . : .
L . over distance resulting environmental
EM-Radiation size . . o
in low-power reception monitoring
Maanetic High Chargers for mobile
Resgonant efficiency High efficiency only devices and cars,
Couplin over several within several meters implantable devices
ping meters and WSNs

Despite the fact that both WPT technologies listed in TABLE 1.2 suffer
from low-power reception due to efficiency drop over distances, the RF-power
attainable via WPT is still considered more reliable than it being attained by
energy scavenging. This is mostly attributed to the predictability and
controllability of the power beamed to the node via WPT. In comparison with the
RF-power scavenger, WPT approach can derive higher power-densities.
Furthermore, it applies to a wider range of WSN applications when compared

with solar scavengers as it facilitates both indoor and outdoor implementations.

In addition, the “tiny receiver size” enabled by the Omnidirectional-EM-
Radiation WPT technology reduces manufacturing cost and makes it ideal to
implement sensor nodes in a large volume. Specifically, the effective Receiving
Antenna (Rx Antenna) area is estimated to be in the range of 10 to 50 cm?
according to [13]. Such area-size corresponds to the Industrial, Scientific,
Medical (ISM) operating-frequency-band of 2.45 GHz. The 2.45-GHz frequency-
band is opted for EM-radiation WPT [16] as such frequency-band is

internationally usable when compared with the regionally-usable lower ISM
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frequency-bands, such as 868 MHz or 915 MHz [7]. In addition, higher
frequencies also indicate higher data-rate and less frame-transmission time,
less microcontroller idle-time, resulting in decreased overall energy

consumption by the node [7].

Shown in Figure 1.2 is a hypothetical structure of a WSN sensor node
powered through Omnidirectional-EM-Radiation WPT. A power source drives
the Transmitting Antenna (Tx Antenna) that radiates EM power
omnidirectionally. In case WSN applications are to be deployed over a large
outdoor area, one or more of such power sources can be equipped with solar
panels according to [17]. The rectenna, which is the acronym for “rectifying
antenna”, at the front end of the WSN sensor node captures the radiated EM
power and rectifies it from Alternating Current (AC) to Direct Current (DC). By
following the definition in [13], the rectenna involves an Rx Antenna, an
impedance matching network, and a rectifier. For the convenience of addressing
design challenges in the DC domain as a whole, the boundary of the PMU in
this research is delimited by grouping LDO, DC-DC and VR together while

excluding the rectenna, the rechargeable battery and the charging circuit.

EM-Radiation WPT PMU Load

EM Tx Power o
Wave Antenna Source _ﬁ-;? [ v v ¥
(@) —

(@)
- - @ Se 5> LDO Sensor [#ADC >
\4 25 c 0 o
_I g 8 o = 7'y [&]
5—& & 1T 10 Y&
_L) (ONE} X m 3
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Rx Impedance Rectifier Route 1 | Microprocessor
Antenna Matching : v g‘
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2p
DC 2
WSN Sensor Node Route 2 | 4 4

Figure 1.2 Block diagram of a WSN sensor node powered through
Omnidirectional-EM-radiation WPT [12, 13].

Subject to the amount of power received, rectified power from the rectenna
may be directed through Route 1 or Route 2 as shown in Figure 1.2. Route 1 is
configured for a battery-equipped WSN sensor node, where incident RF power
acquired through WPT is insufficient to support all node operations; whereas
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Route 2 is for a battery-less WSN sensor node, where incident RF power
acquired is sufficient or all intended node operations. Factors that determine

whether Route 1 or 2 should be adopted will be reviewed in detail in Chapter 2.

From the hardware-design perspective, various performance
requirements arise in developing PMU components for the two different types
of node structures. In a battery-equipped node, the secondary battery exists to
store the captured power and budget for future use. Indeed, such node-structure
is similar to that adopted in the case of the RF-energy-scavenger power-source.
Such structure may find its applications in patient- or logistics-monitoring listed
in Figure 1.1. Under such scenario, the Dynamic Power Management (DPM)
scheme [18] has to be employed to conserve energy. The main design
challenge upon the PMU components, such as the LDO and the DC-DC
converter, lies in the load-transient performance. To avoid malfunctions from
loading ICs, it is critical to maintain stable supplies from the PMU with fast
recovery to their nominal values upon sudden surge and decline of the load
currents. The sudden load changes occur during mode-switching activities
dictated by the DPM scheme.

On the contrary, a battery-less node can be necessitated by WSN
applications for environmental monitoring on forest fire or seismic events, where
periodic battery replacement is inconvenient or costly. By removing the battery,
the PMU now have to regulate and condition the rectifier output directly to drive
the loading ICs. In this case, good line-regulation and PSR performances are
essential. This is due to: 1) the noisy and rippled rectifier output that is fed as
the PMU input; 2) the noise-sensitive mixed-signal load, such as ADC, as well
as the RF load, such as the RF transceiver, which all demand clean power

supply to function properly.

1.2 Objectives

This work focuses on investigating the feasibilities to design a PMU that enables
a WSN sensor node, be it battery-less or battery-equipped, powered by the
Omnidirectional-EM-Radiation WPT. Objectives of the design work should

involve the following features in specific.



1) Line Regulation

Supply independence is needed for both VR and LDO, be it battery-less or
battery-equipped node. In case of a battery-less node, both VR and LDO are to
maintain a steady supply or reference voltage when driven by the rectenna

output that is fluctuating in both frequency and time domains.

For a battery-equipped node, the output of the secondary battery
declines while it is being depleted. Besides, to ensure consistent performance,
sub-1-V operability is desirable as the battery output might continue to drop
below 1 V before enough wireless energy is received to charge it up.

Overall, good line regulation and fast line transient response down to
sub-1-V are critical for both VR and LDO to regulate a fluctuating rectenna
output or declining battery output. In addition, high PSR is also beneficial to the

noise-sensitive loading-ICs, such as ADC and RF transceivers.

2) Load Regulation

Moreover, good load regulation and fast load transient response is critical to
ensure steady performances for the LDO and the boost DC-DC converter in
case of a battery-equipped node. This is due the DPM scheme that selectively
turns on or off load components to conserve power. Known as mode switching,
it causes the overall load current at the output of the PMU to vary in a very short

instant.

It is essential to clarify that this research work concentrates on hardware
technology to deploy WSNs by addressing power-management-related
challenges. Also, it is assumed that challenges are very well addressed from
other aspects, such as DPM scheme, physical layer design, signal processing
algorithm, Medium Access Control (MAC), network structure, and

communication protocol [8, 19-22].
3) Area and Power Efficiency

Furthermore, to facilitate large-scale deployment of WSN sensor nodes, a small



node size is advantageous. Within a PMU, the DC-DC converter often occupies
the largest physical size. The compensator-based Pulse Width Modulation
(PWM) controller is one of the main area- and power-consumers in a
conventional DC-DC converter. Hence, a compensator-less boost DC-DC
converter that offers comparable performance with its conventional counterparts

can improve both power- and area- efficiency.

Moreover, by focusing on removing the compensator in the boost DC-DC,
this work aims at addressing one of the main power and area consumers.
Despite that a compensator-less boost DC-DC converter alone is sufficient to
drive loads within a battery-less node, it will be incomplete for a battery-
equipped node due to the lack of battery charging circuitries. A complete boost
DC-DC converter for a battery-equipped WSN sensor node should embody a
Multiple Inputs and Multiple Output (MIMO) structure. However, such structure

will digress from the focus of this work.

1.3 Major Contribution of the Thesis

In this manner, the contributions of this research work revolve around the
development of the PMU for a WSN sensor node that is powered through
Omnidirectional-EM-Radiation WPT. Specifically, it is arranged in the following

steps:

1) investigation and development of the circuit structure of a sub-1-V supply-
independent low-power VR that is powered by a fluctuating rectenna output,

2) investigation and development of the circuit structure of a sub-1-V LDO that
exhibits fast-settling load-transient-responses in addition to supply-
independence and high current-efficiency, and

3) investigation and development of the circuit structure of a boost DC-DC that
is compensator-less with fast-settling load-transient-responses and small

output-ripples.

1.4 Organization of the Thesis

The thesis is organized in six chapters. With background and motivation listed

in Chapter 1. Chapter 2 covers the relevant literature reviews in developing the
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design work proposed. The literature review is laid out based on the IC
components designed in this work, such as VR, LDO and DC-DC converters. A
short conclusion is given after reviewing each of these IC components with
directions on the proposed work. At the end of Chapter 2, all literature reviewed

are summarized.

Chapter 3 concentrates on the development of the proposed CMOS VR.
Theoretical background on the AVw-based BVR-like CMOS VR is first
introduced. It is followed by further investigation into the deficiencies of the
original theories. Practical solutions, such as trimming networks, curvature-
compensation circuits and start-up circuits, are proposed afterwards. They are
listed and explained sequentially. Discussions on simulation and measurement
results ensue. Performances of the proposed design are also compared against
previous works to highlight strengths and weakness of the proposed work.

Conclusion is drawn at the end of the chapter.

Chapter 4 explores the proposed OCL-LDO in detail. Relevant works
conducted previously on PPF-incorporated Gm-cell-based OTA are first
introduced. This is followed by impeding challenges when such OTA is
implemented as the EA for an OCL LDO. Proposed solutions, such as load-
adaptive negative resistance, process-tracking circuits and bulk-biasing
techniques, are given afterwards. They are listed and illustrated sequentially.
Simulation and measurement results are presented afterwards with discussions
attached. The chapter is concluded by comparing the performance of the

proposed OCL-LDO against previously reported counterparts.

The proposed concept of a compensator-less boost converter is
presented in Chapter 5. Based on the literature review done previously in
Chapter 2, the proposed control technique is listed on the block level. In-depth
mathematical analyses on the proposed SRVM controller is conducted as well.
Due to time constraint, the concept is simulated on the block level with MATLAB
only. The simulated performances of the proposed SRVM controller are

illustrated in waveforms and discussed.

Chapter 6 concludes the thesis by reviewing briefly all proposed designs
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to develop a WPT-powered PMU for WSN sensor nodes. Relevant future work
are also suggested for continual development and refinement of the proposed

designs.
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Chapter 2 Literature Review

Preliminary investigations on the adequacy of the RF-power acquired via
Omnidirectional-EM-Radiation WPT to support WSN node operations are first
conducted. A thorough power assessment is conducted on each typical load
components within the node individually as well as on the overall performance
of various popular WSN sensor nodes. Subsequently, metrics derived from the
overall power assessment is compared against the estimated RF-power
attainable. This is done by observing the international safety standards on EM
radiation and it is to justify the adequacy of the amount of RF-power acquired
through Omnidirectional-EM-Radiation WPT. Moreover, metrics derived from
individual power assessment is utilized to specify performance targets on the
PMU design, which includes a VR, an LDO, and a boost DC-DC. These are
followed by detailed studies on relevant circuit structures of the three PMU
components from previous works. The chapter concludes by a discussion on
the pros and cons of previous designs on VR, LDO and DC-DC in developing a
dedicated PMU for WSN sensor nodes.

2.1 Power Assessment on a WSN Sensor Node

Be it battery-less or battery-equipped, a typical WSN sensor node entails four
subsystems [2] to realize its dedicated application. They are, namely: 1)
computation subsystem, 2) communication subsystem, 3) sensing subsystem,
and 4) power supply subsystems. The yP and memories constitute the
computing subsystem; RF transceivers, which are an acronym for RF
transmitter and receiver, form the communication subsystem; sensor and ADC
make up the sensing subsystem; the rectenna and PMU become the power-
supply subsystem. This section looks into each of these key components as well

as the overall WSN sensor node for power assessment.

2.1.1 Microprocessor

Assisted by its peripheral components, such as memories, the pyP carries out
two major tasks: 1) hardware control and coordination of sensing and
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communication subsystems, 2) execution of various power management
schemes, signal processing algorithms as well as network protocols [19]. It is
the most power-hungry element in the computation subsystem [2] as well as
one of the most power-hungry components among all loads within a WSN

sensor node.

DPM scheme is usually implemented to conserve power. Under DPM,
more than one operating modes are scheduled by uPs. They often include
active, idle, and sleep modes [19]. According to [19], a popular high-end uP,
such as Intel's StrongARM pP consumes around 400 mW when active and 50
mW when idle; and a low-end pP, such as Atmel's AVR microcontroller,
consumes around 16.5 mW when active and 0.16 mW when asleep. In addition,
current consumption by Atmel’'s AVR microcontroller is 8 mA when active, 3.2

mA when idle, and 0.103 mA when powered down according to [23].

Other methods to conserve power involve lowering the operating voltage
[2] or the operating frequency [19] of the uP by trading the computation
performance. For an instance, 32-bit or 64-bit yPs that run conventional
Operating Systems (OS) in hundreds or thousands of MHz with MBs or GBs of
memory is often reduced into 16-bit or 8-bit with tailored OS as listed in TABLE

2.1. Their operating frequencies are reduced to tens of a few MHz.

TABLE 2.1 SOME POPULAR WSN SENSOR NODES WITH THEIR
MICROPROCESSORS [7]

Data Operating Operating

Node uP Path Frequency Voltage
MICA2 ATmegal28L 16-bit 8 MHz 27V ~55V
Telos TI MSP430 16-bit 8 MHz 25V-~55V
MICAz ATmegal28L 16-bit 8 MHz 27V~55V
ez430-RF2500 TI MSP430 16-bit 16 MHz 25V~55V
WSN430 TI MSP430 16-bit 8 MHz 25V~55V
VirtualSense TI MSP430 16-bit 25 MHz 25V-~55V
Pinoccio ATmegal28RFAl 8-bit 16 MHz 1.8V~36V

Moreover, as [24] suggests, higher operating voltages result in higher
power consumptions, whereas reduced operating voltages will decrease the
maximum allowable operating frequencies and, subsequently, slow down

computations. Thus, a compromise exists between power consumption and
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computation performance when selecting optimum operating voltages. By
observing the operating voltages of the popular uPs listed in TABLE 2.1, 3 V
can be a reasonable choice for setting the DC-DC converter output, which
powers up the pP.

2.1.2 RF Transceiver

The RF transceivers of the communication subsystem facilitate information
sharing between the neighbouring WSN nodes and the physical world. [2] The
preferred frequency band is 2.4 GHz as it is internationally available. This is
exemplified by RF transceivers in WSN nodes, such as Telos, MICAz, ez430-
RF250, VirtualSense, and Pinoccio in TABLE 2.1. A communication protocol,
ZigBee, which is built upon the IEEE 802.15.4 physical and Media Access
Control (MAC) layers [7], supports such information sharing.

When in operation, the RF transceivers drain the largest amount of
current among all loads within a WSN node [8]. Various factors can be adjusted
to reduce power consumption. They involve: 1) modulation scheme, 2) data rate
or bandwidth, 3) transmitting power or transmission range, and 4) operating duty
cycle divided and allocated into transmit, receive, idle, and sleep modes of
operations. [2] By leveraging on the shrinking transistor geometries, recent
developments have demonstrated Ultra-Low-Power (ULP) RF transceivers [25]
that operates under sub-1-V supplies to support operations within WSN nodes.
Some are compiled in TABLE 2.2. Thus, 0.7 V can be a reasonable supply
voltage to operate such RF transceivers when setting the LDO output within the
PMU.

TABLE 2.2 SOME RECENT WORKS ON SUB-1-V RF TRANSCEIVER

Transceiver \?glrsgglg){a Frce:g U(Ieircy Data Rate Conzzvr;%rtion
[26] Receiver 0.7V 2.4 GHz 1.0 Mb/s 180 pJ/b
[27] | Transmitter 0.7V 2.4 GHz 1.0 Mb/s 440 pd/b
[28] | Transceiver 0.6V 5.8 GHz 2.5 Mb/s 45.2 pJ/ib
[29] | Transceiver 0.8V 2.4 GHz 5.0 Mb/s 1.22 nd/b
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2.1.3 Sensor and ADC

The sensing subsystem constitutes the “eyes and ears” of a WSN sensor node.
Generally, three main power consumers are involved: 1) the sensor itself, which
samples and transduces physical signals to electrical signals, 2) the signal
conditioning circuits, 3) and the ADC. Nonetheless, power consumption of
various sensors varies significantly as listed in TABLE 2.3. For an instance, a
temperature sensor reported in [30] consumes current of 1.1 mA during transmit

mode under supply voltage of 1 V.

TABLE 2.3 POWER CONSUMPTION COMPARISON AMONG SENSORS [19]

. . Amount of Power
Type of Sensor Typical Application Consumed
Passive sensor Temperature, seismic Negligible
sensing
Active sensor Sonar ranger
Array sensor Imager Large
Narrow field-of-view sensor | Cameras with pan-zoom-tilt

Moreover, as illustrated in [31], most energy-efficient ADCs of low to
moderate resolution operate under sub-1-V supplies. They are typical choices
for low-power WSN sensor nodes [25]. Some recent works on sub-1-V ADCs
are compiled in TABLE 2.4. Again, 0.7 V can be chosen as the supply voltage
to operate such ADCs.

TABLE 2.4 SOME RECENT WORKS ON SUB-1-V ADC

Type | Resolution Speed \?glfgé)é Conzzvéegtion
[32] | Pipeline 8 bits 10 MS/s 05V 2.4 mW
[33] | Pipeline 12 bits 5to 50 MS/s 05t01V | 0.2371t04.07 mW
[34] | SAR 8 bits 0.2to40MS/s | 0.3t0 0.8V -
[35] | SAR 12 bits 10 MS/s 0.6V 83 uWw
[36] | SAR 11 bits 100 KS/s 0.7V 0.6 uW

2.1.4 Rectenna

A rectenna resides at the front end of a WSN sensor node. It is one of the key
element in the power supply subsystem. It functions to capture the incident EM-
power through WPT. Structurally, it is usually made of an Rx Antenna, an
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impedance matching network and a rectifier.

1) Rx Antenna

As a result of EM radiation from the Tx Antenna, power density S at a charging
distance r is derived by [13, 37]

_ PrGr _ EIRP (2.1)
4mr? 4mr?’

where Py is the transmitted power, Gy is the Tx Antenna gain and EIRP = P;Gy

stands for Effective Isotropic Radiated Power (EIRP) from the Tx Antenna.

Moreover, effective aperture A, of the Rx Antenna can be given as [37]

A? 2.2
Ae :a T ( )

where 1 is the wavelength of the 2.45 GHz EM wave, D, stands for the directivity
of the Rx Antenna. As a result, the incident power B. at the Rx Antenna can be

obtained by combing Equations (2.1) and (2.2) as [37]

P=5-4,=EIRP- () D, (2.3)

4712

Furthermore, by considering the efficiency of the receiving antenna n,,,
the captured power by the Rx Antenna can be derived as the Friis transmission

formula as [37]

Pr=S-Ae=EIRP-( A )Z-Gr, (2.4)

4mr?

where G, = n,,D, is the gain of the Rx Antenna.
2) Impedance Matching Network

The impedance matching network within a rectenna is to match the output
impedance of the Rx Antenna to the input impedance of the rectifier. [37] It is to
improve the matching efficiency n, between the Rx Antenna and the Rectifier
and, subsequently, to improve the RF-to-DC conversion efficiency ngg.pc of the

rectenna. With the impedance matching network implemented, the matching
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efficiency n, can be expressed as [13]

nz=1—T?, (2.5)

where T is the power wave reflection coefficient and can be expressed as [13]

F _ ZIN_rec_Zth (26)

- 1
ZIN_Tec"'Zant

where Z;,. = Ziy rec IS the matched impedance of the Rx Antenna, Z,,, is the

impedance of Rx Antenna (, with the typical impedance R,,; being 50 Q), and

Zin_rec 1S the input impedance of the rectifier as shown in Figure 2.1.

Zant:Rant+]th I DOt ifior f— 1 [o_rec
T H»—]
+ Impedance] | Output : +
Vant Matching | ! Low Pass | Vo rec
- Network : Filter [, -
I— . —a—ay—

Figure 2.1 Block diagram of a typical rectenna [38].

Under the matched condition when Z;,, = Z;y .., by considering the
antenna as a load to a transmission line [37], the received power B. from the
antenna delivered to the rectifier can be derived as

2
P —1(___ Vane ‘R — Vint (27)
T 2\z 4z ant = gt
antT4IN_rec ant

Hence, the output voltage of the Rx antenna under the matched condition can

be computed as

2.8
Vane = 2\/ 2Rty ( )

The accepted power by the rectifier at the rectifier input ports can be computed

as

Pacc_rec =1nzPr. (2.9)
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3) Rectifier

As demonstrated in [13], RF-to-DC conversion efficiency of a rectifier varies with

respect to the load impedance of the rectifier is

Pcap_rec _ Vozjec (2 10)

Pacc_rec RL_recPacc_rec

NRF-DC =

where F.q;, rec is the captured EM power by the rectenna, V, ... is the rectifier
output and R, .. is the load impedance to the rectifier. As the rectifier output is
often too low to drive loads, such as uPs or memories, a DC-DC converter is
entailed to boost it to drive such loads. As nge.pc varies with R, ..., an optimal
R, rec that derives the highest ngr_pc is advantageous. To do so, R; .. Needs

to be matched to the output of the rectifier.

Impedance matching for r, ,.. has to be achieved based on following
considerations: 1) only slight variation exists in the amount of the incident EM
power received at the Rx Antenna; 2) the captured EM power is relatively low
and Discontinuous Conduction Mode (DCM) PWM control is sufficient for the
DC-DC boost converter to drive the loads; 3) the rectenna can be modelled as
an ideal DC source with a series resistance by designing it to operate within the
first I-V quadrant shown in Figure 2.2 following the I-V relation as [38]

T w2 (2.11)

Vb_rec = ZVant - ?Zantlo_reca

where V, . is the rectifier output voltage, I, ... is the rectifier output current,
and v, is the antenna output voltage shown in Figure 2.1. In this manner, the
Maximum Power Point (MPP) or the highest ngr_pc OCcurs at the optimal load

impedance [38]

2 2.12
RL_rec,OP = 7%Ramt- ( )

In Figure 2.2, the I-V characteristics of a patch antenna is measured at
three different incident EM power densities, as illustrated by the legends,
against the corresponding emulated curves in the Cartesian coordinate

guadrants. In the first quadrant, all measured curves exhibit relatively linear

19



relations between I, .. and V, .., such that R; .. = 7‘”“. Thus, by matching

O_rec

the rectenna load resistance to Ry .. op, the allowed load current consumption
I, roc @and the resulted rectenna output V, ... can be automatically derived by
Equation (2.11). However, as R, .. is represented differently in the battery-less
sensor node from that in the battery-equipped sensor nodes, two possible
matching implementations have to be considered at the rectenna output; and

they have to be analyzed separately.

2.0 T
==5uWlcm?
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""" 25 uW/lem?
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Figure 2.2 Experimentally measured I-V characteristics of a patch antenna [38].

For a battery-less sensor node, R, ,.. is the total input impedance of the
DC-DC converter, LDO and VR. Two cases have to be considered for

impedance matching at the rectenna output to maximize ngg_pc:

- Case . if the incident EM power B. is kept constant by the power source
driving the Tx antenna, V,,; will be constant with the impedance matching
network implemented based on Equation (2.8). With Z, ... op determined by
Ran: following Equation (2.12), V, ... and I, ... are both fixed based on
Equation (2.11) and Ohm’s law. To ensure constant load current
consumption, power management schemes, such as DPM, can be
employed and executed to turn on or off certain load components selectively
upon various node operations. In case V, ,.. becomes too low to drive the
PMU, voltage multiplication circuits can be implemented for the rectifier

design to boost V, ... This can be done by having several diodes connected
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in cascade as demonstrated in [13]. Subsequently, dictated by Equations
(2.11) and (2.12), Ry, and R, .. Will have to be increased as well to ensure
impedance matching at the rectenna output.

- Case ll:ifincident EM power B. is adjustable by the power source that drives
the Tx antenna, V,,, will vary according to Equation (2.8). With R, .. 0p
determined by R, following Equation (2.12) and fixed, V, .. and I, ;.. will
vary according to Equation (2.11) and Ohm’s law. Such adjustability can be
beneficial in terms of power saving such that /,,.. can be lowered by
lowering B. when the node is idling. Additionally, it is worthwhile to note that
a varying rectenna output voltage, V,,.., as determined by V, ,. =

Iy recR1 recop, Will entail a PMU with a good line regulation.

Next, for a battery-equipped WSN sensor node, R,, ... becomes the input
impedance of the charging circuit as illustrated in Figure 2.2. In this case, the
incident EM power can be assumed constant since the captured EM power is
too low to support node operation directly anyway. Therefore, ngr_pc can be
maximized by keeping constant the charging current to the secondary battery.
However, with the secondary battery being the sole load component of the
rectenna, the constant I, ,... to maximize nzr_pc can be in contradiction to the
optimal charging current to maximize the charging efficiency of the secondary
battery. Thus, a compromise between the charging efficiency and nzz_p¢ will be
inevitable. However, this is beyond the research scope of this work; and it will

not be investigated in detail here.

2.1.5 PMU

In this work, the PMU consists of a DC-DC converter, an LDO, and a VR. It loads
the rectenna; and it is another key component of the power supply subsystem.
This section only assesses the power consumption of the PMU, whereas
detailed circuit structures of each PMU component, such as DC-DC converter,

LDO or VR, will be reviewed in the next sections.
1) DC-DC Converter
The power efficiency npc_pc Of the DC-to-DC conversion varies with its input
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power P, pcpc, Which is a part of P, ... Hence, the output power P,,; pepe Of

the DC-DC converter can be computed as

2.1
Pout_DCDC = nDC—DCPin_DCDC = VO_DCDCIO_DCDC, ( 3)

where V, pcpe and I, pepe are the output voltage and current of the DC-DC
converter respectively. As a result, the load current I, ¢p facilitated by the DC-
DC converter can be determined reversely by finding npc_pc and the available
Pin pepe- With V, peope predetermined, it can be found that

I _ Mpc-pcPin_bepc (2_14)
o_DCDC — v .
0.DCDC

Subsequently, for the case of a battery-less node, I, ,cpc constitutes part of
I, rec; for the case of a battery-equipped node, I, pcpc IS supplied by the

secondary battery.
2) LDO
Power efficiency n,po of the LDO can be expressed as [39]

_ IoLpoVo LDO (2.15)

Mo = (Io.Lpo+g)Vin'

where I, ;0 is the LDO load current; V, ;. is the LDO output voltage; I, is the
quiescent current dissipated within the LDO; and V,; is the input voltage to the
LDO. Therefore, for a WSN sensor node powered through WPT, Viy =V, ..
Similar to DC-DC converter, 1, ;po constitutes part of I, ... for a battery-less
node, whereas I, ;p, is supplied by the secondary battery for a battery-equipped

node.

As I, is usually kept small to minimize power loss, 1,5, can be simplified

as

Vin-Vbo (2.16)

NLbo Vin

where Vpo =Viy =V, 1po IS the dropout voltage. Hence, a small V,, will be

beneficial to obtain a high n,,, according to Equation (2.16).
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Another parameter that is often considered is the current efficiency n; ;po,
especially when minimum power consumption has to be determined. The
minimum power consumption usually occurs when the loads are idling. Hence,
it is useful in predicting battery lifetime for a battery-equipped node or the
minimum power to be transferred through WPT for a battery-less node. Current

efficiency n; ;po 0f an LDO can be expressed as [39]

lo_LDO (2_17)

N1 Lpo To 100 +1g"

Moreover, in case of a battery-equipped node, the battery lifetime can be

computed as [39]

. Capacity[Ah Capacity[Ah
Life[h] = S2paduyan] _ pacitylab] (2.18)
IDRAIN(ave) Io_potlg+Io_pepctlvr

where I, is the total current consumption of a VR and is usually constant under
a given input voltage. As it is observable, when the node is idling and both 1, ;50
and I, pcpc are close to zero, I, becomes the total current drawn by the LDO.

Hence, a smaller I, indicates a longer battery lifetime.
3) VR

As VR is usually not designed to drive loads, its total current consumption I is
the quiescent current consumed within the VR itself. Moreover, I, increases

with the input voltage; and it is often minimized to save power.

2.1.6 WSN Sensor Node Overall

Due to the high cost of existing Commercial-Off-The-Shelf (COTS) solutions,
WSNs are often developed in tailored version based on their dedicated
applications. As a result, no standard solution to build a WSN sensor node as

explained in [7].

Power profiles of various WSN sensor nodes are compiled in TABLE 2.5.
Dictated by the DPM scheme, the node is only fully operational during the active
mode when both yP and RF transceivers are on; during idle mode, power-

hungry components, such as RF transmitters and the majority of uP operations,
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are off to conserve power.

TABLE 2.5 POWER PROFILES OF VARIOUS WSN SENSOR NODES

S\évnss'\cl)r MP RF Active ldle Application
Transceiver | Mode? | Mode®
Node
Intel .
\I/?V?;ilkwells StrongARM Conexant 64mwW |1.08mw Acoqstlc an_d
S [19] SA-1100 Systems seismic sensing
UCLA
MEDUSA-II| Atmel AVR |Low-end RFM|24.58 mW |0.02 mW | SmartDust project
[19]
WSN ¢4 [19] - - 13 mW -
2.4 GHz
Everlast [12]| PIC16LF747 |GFSK Nordic|52.4 mW ¢|0.68 mW MPPT for solar cells
nRF2401
T
f.d -
WSN ' [40] MSP430E1611 MRF24J40MB| 63.6 mW | 1.48 uW
WSN ¢ [13] i i 174mw | ~ow | remperature and
humidity sensing
Temperature and
d - -
WSN [9] 15.5mW | 1.55 \W humidity sensing 9

The Active Mode refers to the DPM mode, when highest power is consumed by the WSN node.

The Idle Mode refers to the DPM mode, when lowest power is consumed by the WSN node.

The node was to demonstrate the benefits of 4-QAM scheme in energy-aware wireless communication.
The names of these WSNs were not given in the cited work.

The uP PIC16LF747 operates in 4 MHz during the active mode.

Component-aware Dynamic Voltage Scaling (DVS) is implemented in this WSN sensor node.

@ =0 oo o p

A COTS temperature and humidity sensor SHT21 is implemented for the application.

Take a WSN node demonstrated in [13], also listed in TABLE 2.5, for an
instance. It is embodied by a battery-equipped configuration powered through
WPT. The node is implemented to measure temperature and humidity. Its
rectenna is made up of a 2.45 GHz rectangular micro-strip patch antenna (27.7
x 30.8 mm?) that is 0-dBm-matched to a rectifier of an Avago HSMS-2852
Schottky diode voltage doubler. It is equipped with a rechargeable 3-V Lithium-

ion battery and a COTS temperature and humidity sensor.

2.2 Power Assessment on Omnidirectional-EM-Radiation WPT

To determine the adequacy of the incident RF power with respect to the power
consumption to execute operations, several factors have to be examined from
the hardware technology perspective. From the transmitting end, the power

density of the RF power being transferred is of main concern. It is restricted by
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international safety standards on radiation. From the receiving end, various
factors affect the adequacy of the RF power. They involve size of the Rx
Antenna, charging distance r, conversion efficiencies of rectenna and PMU,
size of the secondary battery (, if present), as well as the load consumption
within the node. Consequently, the adequacy of the RF-power is determined by

considering these factors holistically.

2.2.1 Safety Restrictions

Before adequacy of the RF-power can be determined, maximum RF-power that
is allowed to be transmitted has to be determined. This is often limited by safety
restrictions. Microwave radiation causes heating. It is due to dipole rotation. In
the alternating EM field generated by the EM wave, molecules with electrical
dipole moment will consistently reverse directions to stay aligned as EM field
alternates. In the process, such molecules distribute energy to the adjacent
ones in the form of heat. Though RF radiation is nonionizing and cannot cause
cancer, long-term effects are still under research. [13] As a result, public
concerns over potential health hazards due to the microwave heating of human
tissues have initiated international commissions to set exposure limits under
microwave radiation. The maximum power density from an intentional radiator
operating at a frequency of 2.4 GHz is set by both U.S. Federal Communication
Commission (FCC) standard for Maximum Permissible Exposure (MPE) (as
averaged over 30 min) and International Commission on Non-lonizing Radiation
Protection (ICNIRP) standard for General Public Exposure [13, 41]; and both
specify it as 10 W/m?Z.

In addition, to prevent interference problems, FCC and European Radio-
communications Commission (ERC) have also set restrictions on transmitting
power. When transmitting 2.4 GHz EM energy, the currently most relaxed EIRP
restrictions on the Tx Antenna is 4 W in North America and France (, where it is
limited to indoor environment and cannot last for more than 15% of the duty
cycle). [13]

TABLE 2.6 calculates maximum power reception at the Rx Antenna by

assuming no path loss. To highlight the change of power reception with respect
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to the charging distance and antenna size, the received power is integrated over

difference effective antenna areas at different charging distances.

TABLE 2.6 MAXIMUM POWER AVAILABLE AT RX ANTENNA BASED ON
INTERNALTIONAL SAFETY RESTRICTION ON EIRP [13]

c M P Maximum Received Power
2 EIaRXF; Charging Dgr:,;(iatr Based on Rx Antenna Effective Aperture,
o Distance y Ac
x| W (mWim’ 50 x 50 cm? 6 x 6 cm?
o | 050 1m 39.79 9.98dBm| 9.9 mW| -8.44dBm| 0.14 mW
e ' 10m 0.40 |-10.02dBm| 0.1 mW| -28.44dBm| 1.43 uW
L% b 1m 318.31 | 19.01dBm|79.6 mW| 0.59dBm| 1.15mW
10m 3.18 -0.99 dBm| 0.8 mW| -19.41dBm| 11.5 uW
< s 1m 318.31 | 19.01 dBm|79.6 mW| 0.59dBm| 1.15mW
e 4
-8 10 m 3.18 -0.99 dBm| 0.8 mW| -19.41dBm| 11.5 uW
s5S 1m 0.80 -7.01dBm| 0.2 mW/| -25.43 dBm| 0.003 mW
9 5| 0.01
S x 10 m 0.0080 |-27.01dBm| 0 mW| -45.43dBm| 0.03 uW

a. This is the maximum outdoor EIRP allowed in France.

b. This is the maximum indoor EIRP allowed in France; and the maximum duty cycle for it to last is 15%.

From Equation (2.1), it is noticed that, beyond 20-cm charging distance,
maximum received power by an Rx Antenna is 250 mW with 4, = 50 X 50 cm?
and 3.6 mW with A, = 6 x 6 cm? when following the ICNIRP safety standards.
These values are much larger than that of the maximum received power
restricted by the ERC EIRP restrictions. For safety concerns, smaller values
have to be chosen. As WSNs are usually widespread, separations wider than
20 cm are expected. Therefore, one should follow the ERC EIRP restrictions

when determining the maximum power reception at Rx Antenna.

By comparing power consumption of popular WSN sensor nodes in
TABLE 2.5 and the maximum power reception in TABLE 2.6, the RF power
transferred through Omnidirectional-EM-Radiation WPT can be expected to be
on the same level, i.e. tens of milliwatts, as the power consumption by WSN
sensor nodes. Nonetheless, to ensure that sufficient RF power is captured to
support node operations, several design parameters can trade with one another
to achieve the dedicated WSN applications. These parameters include Rx

Antenna size, charging distance r, conversion efficiencies within the rectenna
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and the PMU, and the size of the secondary battery.

2.2.2 WPT-powered WSN Sensor Node Structure

Limited by ERC EIRP restrictions, a fixed amount of RF power can be predicted
by Equation (2.1) with the given charging distance r. Thus, according to
Equation (2.3), by building the Rx Antenna with a Micro-Strip Antenna (MSA)
array, the RF power captured could be inadequate if r is large or the
implemented MSA array is small. Other factors that will cause inadequacies are
low conversion efficiencies of the rectenna and PMU components as well as the
high power demand by the loads, such as the uP, RF transceivers, ADCs or so
on. Under such scenario, a battery-equipped node is mandatory to budget the
captured RF power for future use; and DPM has to be implemented. Therefore,
good load regulation and fast load transient performance are the key concerns
in PMU design as the load current consistently varies under DPM. In addition,
good line regulation or Line Sensitivity (LS) is also necessary as the battery

output voltage will slowly decline when it is dissipated.

In contrast, if the MSA array is sufficiently large or r is relatively small,
the instantaneous RF power captured can be high enough to support all node
operations. In a similar manner, high conversion efficiencies of the rectenna and
PMU components or low power demand by the node loads will make the
captured RF power adequate to satisfy power demand from loads. In this case,
a battery-less node is sufficient to support the dedicated WSN application.
Under such scenario, small output-ripples are the key concerns as the rectenna
DC output is often fluctuating and noise-coupled. In VR and LDO design, such
requirements are translated into good performances in line regulation and PSR.
In boost DC-DC converter design, they are translated into noise-robustness and

small output-ripples.

2.2.3 Performance Specifications on PMU Design

Despite diverse performance specifications on power management in the
battery-equipped and battery-less node structures, this work aims at designing
a PMU that is adoptable to both node structures. In other words, the PMU
developed in this work are to encompass performance specifications demanded
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by both node structures as much as possible. In this manner, the targeted
performance specifications on the VR, LDO and boost DC-DC converter can be
summarized in TABLE 2.7, TABLE 2.8, and TABLE 2.9 respectively.

TABLE 2.7 PERFORMANCE SPECIFICATIONS ON VR

Voo,min (V) <0.9

TC (ppm/°C) <50
Temp (°C) -40 ~ 80
LS < 0.2 %/V

PSR (up to 10 MHz) (dB) <-50

TABLE 2.8 PERFORMANCE SPECIFICATIONS ON LDO

Voo.min (V) <0.9
Voo (V) 0.1
Vour (V) 0.7
ILmax (MA) 50
Load Reg. (mV/mA) <05
Line Reg. (mV/V) <1
Settling time, Ats (us) <3
Alout (MA) 50
Step time, t; (ns) 100
PSR (up to 1 kHz) (dB) <-40

TABLE 2.9 PERFORMANCE SPECIFICATIONS ON BOOST CONVERTER

Voo (V) 0.9

Vour (V) 3
Load Reg. (mV/mA) <0.5
Output Ripple (%) <1
Tos (us) <10
Overshoot (mV) <10
Tus (us) <10
Undershoot (mV) <10
Alout (MA) 40
Step time, t; (ns) 100
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2.3 Voltage Reference

Thanks to the controllability of the transmitting power-source and the presence
of a rechargeable battery, the power constraint posed by a WPT-powered WSN
sensor node can be more relaxed in comparison with that posed by energy-
scavengers. Nonetheless, design challenges of a VR for a WPT-powered WSN
sensor node still exist. They lie in the robustness of the design against variations
in process parameters, supply voltage and temperature. More specifically, such
robustness means low Temperature Coefficient (TC) over a wide temperature
range, good LS over a wide supply range down to sub-1 V, and repeatable TC

despite process deviations.

To achieve such robustness, process variations can be addressed by
dedicated process-tracking or process-tolerance circuit structures [42, 43], or
trimming circuitries when more precise TC is to be obtained [44]. Self-biased
circuits and long-channel-length Metal Oxide Semiconductor Field Effect
Transistors (MOSFET) are commonly used to overcome supply variations [45]
S0 as to ensure a good LS.

Moreover, low TC can obtained by nullifying a Proportional-To-Absolute-
Temperature (PTAT) term with a Complementary-To-Absolute-Temperature
(CTAT) term derived by dedicated VR circuitries. In this manner, a VR output
with a nearly-zero TC can be obtained. Various circuit topologies have been
developed to implement such design principle. They include Bandgap Voltage
Reference (BVR), CMOS VR derived from the Gate-Source Voltages (Vgs) or
the weighted Difference between Threshold Voltages (AVw) of two MOSFETS.
To determine a viable VR structure dedicated to WPT-powered WSN sensor

nodes, this section reviews each of these VR circuitries sequentially.

2.3.1 Bandgap Voltage Reference

The PTAT term derived from a BVR is AVgg, which denotes the voltage
difference between the base-emitter junctions of two Bipolar Junction
Transistors (BJTs); the CTAT term is realized by Vg, which denotes the BJT

base-emitter voltage.
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To illustrate, Figure 2.3 presents a typical BVR circuit topology. By
assuming an ideal Error Amplifier (EA) in the BVR, it is inferred that V,(= Vgg,) =
Vg, where Vgg, is the base-emitter voltage of NPN BJT Qi. Hence, apply
Kirchhoff Current Law (KCL) at /5 to obtain

Vs | Vo—Ver2 _ VBE1 | AVEE (2.19)

Ry Ry Ry Ro

12=

where AVgg = Vgg1 — Vggz @nd Vg, is the base-emitter voltage of NPN BJT Q2.
Alternatively, PNP BJTs can be used for Q1 and Q: instead as well to serve the

same design requirements.

Voo
Ve
SN rn‘_JMs
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Figure 2.3 Circuit diagram of a typical current-mode BVR [46].

In Figure 2.3, R; = R, and P-channel MOSFETs (PMOS) M1, M2 and M3
are identical by design. Resistors R,, R;, R, and R; are of the same material to

ensure identical TCs of their resistance. In this manner,
R R
Vrer = VpE1 R_3 + AVpg R_3- (2.20)
1,2 0

Moreover, by having both NPN BJT Q1 and Q2 operating in their active region,

VBE1 2 VBE1
Lo = leje Vr = 2E19DnT Ty, (2.21)
c1 = Is1 N W '

VBE2 2 VBE2
o=l e VT = Ag29Dnnj e Vr (2.22)
Cc2 52 NaW '

where Is1, are the saturation currents of Q1 and Qz; Vr =';—T is the thermal

voltage; k is the Boltzmann constant; q is the electronic charge; T is the absolute

temperature; D,, is the minority-carrier diffusion constant within the quasi-neutral
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base region; N, is the dopant concentration in the base; Wy is the width of the
quasi-neutral base region; n; is the intrinsic carrier density; Ag, , are the area of

emitter-base junction of Q1 and Q2 respectively. [47] In addition, Ag, = nAg;.

Furthermore, by combing Equation (2.21) and (2.22),
kT
AVpg = Vpp1 — Vpg2 = 71n(n). (2.23)

In addition, according to [45], saturation current I of BJT can also be expressed

as

E
Iy = bTHme it (2.24)

where b is a proportionality factor, m ~ —1.5 and E; = 1.12 eV is the bandgap

energy of silicon. Thus, Vg, in Equation (2.20) can be expressed as

I
Vger = Vrln ( Zl) Vrln(————=)- (2.25)

b1T4+me kT

Consequently, from Equation (2.23) and (2.25),

d(AVgg) _ k .
- = qln(n), (2.26)

1% (4+m)Vp-29
d(Vpg1) _ 'BE1 mVr

4~ _15mV (2.27)
T - ~ =15 ™ [op,

where it is estimated that Vzz, = 750 mV and T = 300 °K. In this manner, based
on Equation (2.20), by setting

TC = dVrer _ dVpE1 R n d(AVpe)Rs _ 0, (2.28)
dr dT Ry, dT R,

R, Rz and n can be derived.

As it is observable that sub-1-V supply, such as V,, = 0.9V, is sufficient
to ensure all BJT and PMOS transistors to operate in their active regions. Take
the 180-nm CMOS process for example. This can be done by allocating V. =
Vg = 0.7V and Vs, 53 = 0.2 V. The main challenge to realize sub-1-V operations

lies in the design of a sub-1-V EA. Topologies based on two distinct circuit
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structures are investigated to bring down the affordable Vpp to sub-1 V.

1) Resistive-divider-based Topology

To ensure proper functionalities of a sub-1-V EA, [48] replaces R1 and Rz in
Figure 2.3 with resistive dividers so as to bring down the input voltage to the
PMOS input-pair within the EA. The circuit diagram is shown in Figure 2.4. In a
similar fashion, Vzgr can be computed using Equation (2.20), where R, = R 4 +

RlB and Rz = RZA +RZB'

However, input voltages to the EA in Figure 2.4 has dropped to %B |Vgg1l

from |Vgg1| @s in Figure 2.3. By implementing PMOS input-pair in the EA, the
gate-source voltages, Vs, of the PMOS input-pair increase. Subsequently, the

input transconductance g, ;,, increases following

w
= MpCox(T)(VSGp - |Vthp|)l (2.29)

g m_in
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Figure 2.4 Circuit diagram of a current-mode BVR with resistive dividers [48].

where y, is the mobility of holes in PMOS; W is the channel width of the PMOS;
L is the effective channel length of the PMOS; ¢, is the gate-oxide capacitance
per unit area; V., is the threshold voltage of the PMOS. As a result, a high DC-
gain |Ag| = gm inRour Of the EA can be obtained, where R, is the output

impedance of the EA. A high DC-gain ensures that V, = V3.

Quantitatively, the minimum supply, Vpp min, Can be derived by ensuring

that the PMOS input-pair of the EA operates in the saturation region from [48]
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Vbpmin = (%) Veg + |Venp| + 2[Vpsl, (2.30)

where V)¢ refers to the drain-source voltages of the PMOS input-pair, M4 and
Ms, and the PMOS, Mgp, as the biasing current-source to the PMOS input-pair
in the EA. Nonetheless, Vpp i, IS limited by Vg, (= 0.7 V).

Vg 0=~ Mep

VIN-°_| I_OVIN+

Figure 2.5 Circuit diagram of the EA input-stage for BVR with resistive dividers.
2) Grounded-input-pair-based Topology

Instead of a conventional PMOS input-pair sourced by a tail current-source, an
EA with a grounded input-pair is introduced in [46]. The overall BVR in [46]
follows exactly the same topology as that shown in Figure 2.3. In the same
manner, Vzzr can be computed by Equation (2.20) as well. The detailed circuit-

diagram is displayed in Figure 2.6.

} ! ! Voo
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Figure 2.6 Circuit diagram of a BVR with grounded input-pair in its EA.

By implementing a grounded BJT input-pair Qs and Qas, the resulted EA
omits the tail current-sink. As a result, the current in the input stage of the EA
can be controlled by the PTAT current of the BVR itself. This is achieved through
current mirrors formed through diode-connected BJT, such as Qi, and Qa

instead of a tail current-sink conventionally. In addition, the biasing voltage for
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the active loads, Ms and M4, of the EA’s input-stage comes from the BVR circuit
as well. Similar to any self-biased BVR design, a start-up circuit is needed in

this design to initiate intended BVR operations.

It is apparent that there are maximally two transistors stacked along each
branch of the EA. Hence, the minimum V,, achievable is limited by the
grounded input-pair only. In comparison with the PMOS input-pair in [48], the

grounded input-pair reduces the minimum V,, into the sub-1-V range as

Vopmin = Vee1 + [Vpsl. (2.31)

By assuming a 180-nm CMOS process, Vpp min Canreach aslowas 0.9V
by allocating Vg = Vg1 = 0.7V for Q1 and Vs = 0.2V for M1 to have both
transistors operating in their active regions. Again, the large Vg, to turn on the
BJT is the main limiting factor to lower V;,,, further. Besides, both the grounded
input-pair and the push-pull second-stage formed by Ms - M11 in the EA display
inherent symmetry. It helps to minimize systematic offset of the EA and
improves the BVR output-accuracy.

2.3.2 Ves-based CMOS Voltage Reference
1) AVes-based Topology

To overcome the limitation on Vpp 1, imposed by Vg (= 0.7 V) to ensure that
BJT operates in its active region, CMOS VRs are developed in attempts to lower
Vpp,min further. One type of them, such as the AVes-based VR derives the
reference voltage, Vzzr, based on the difference between the gate-source
voltages of two MOSFETSs operating in saturation regions. [49] Conventionally,
this can be expressed in Equation (2.32) based on the circuit topology in Figure
2.7a:

o 2.32
Veer = Visaa — Vaosia = Venza — Vinia + V21 (\lk_za  kia )’ &

where V;,,, and V1, refer to the threshold voltages of Mia and Mza; I equals

Wia2a

the drain current through Mia and Mza; k1424 = tnCox( ) with u,, being the

Ligz2a

mobility of electrons in NMOS, W, ,, as the channel width of the Mia and Mza,
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L1424 as the effective channel length of Mia and Maa.
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Figure 2.7 Circuit diagrams of AVgs-based CMOS VRs.

Alternatively, Vzgr can be derived by the weighted difference between
the gate-source voltages of the two MOSFETs in saturation regions as
expressed in Equation (2.33):

— Ry _ R R /L_ /L (2.33)
Vrer = (1 + Rz) Vesan = Vosip = 3 Ven + V21 [(1 + Rz) Yo klb]’

where V., = Vinip = Vinap. Subsequently, a zero TC can be derived by designing
I < u(T)T? and neglecting non-ideal effects, such as channel-length modulation
or body effects. The circuit structure to obtain I in (2.33) will be presented later
as it is not the major concern in minimizing TC. The corresponding circuit

topology is shown in Figure 2.7b. [49]

To minimize TC further by suppressing TC dependence on channel-
length modulation and body effect, a circuit structure that replaces the passive
resistive divider R1-R2 in Figure 2.7b with an active resistive divider Msc-Mec is
shown in Figure 2.7c. By having all MOSFETS in saturation regions, it can be
first derived that

v [y [Pl 1 (2.39)
Verer = Ven + [m(l + W;,C/Lsc) Jk_sw] val

— _ _ _ . _ Wicacy .
Where Vth - Vth3c - Vth4c - VthSc - Vth6c ) k3c,4c - //lnCox(L3C4C) ) WSC,6C and

Ls. 6. are the channel width and channel length of Msc and Mec respectively [49,

50]. Therefore, TC dependence on channel length modulation and body effect
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can be obtained respectively as in Equation (2.35) and Equation (2.36)

da
dr ' REF

~

A
7 K12V — Vrer); (2.35)

channel_length_modulation

d

dor 1 1
o7 VREF

=Y (_) ( _ ) (2.36)
body_effect 2\dT J\Jér—Vpssc ®r—Vpsac/'

where A is the channel-length-modulation coefficient; K;; is the BSIM3v3
threshold-voltage temperature-coefficient; y is the body-effect coefficient; ¢ is
the work function of the silicon substrate; Vgg3. 5. is the bulk-source voltage of
Msc and Msc. Hence, by designing Vizgr = 2V, and ensuring source terminals of
Msc and Msc at the same voltage potentials, i.e., Vgg3. = Vpss.. Despite a TC of
10 ppm/°C achieved [49], a minimum of 1.5 V is required as Vpp i to turn on

such VR. This makes it not suitable for sub-1-V operations.

3) Ves-based Topology

To bring down Vpp i below 1V, a Ves-based CMOS VR topology derived from
the AVgs-based CMOS VRs is shown in Figure 2.8. In this topology, M1 and Ms
operate in the subthreshold region; whereas M2 and M4 operate in the saturation
region. Ms and Ms are identical to form a set of current-mirror. M7, Ms and Mo
are identical to form another set of current-mirror. By having Mo in the saturation

region, it can be given that

21
Vrer = Vis10 = Vinio + ’k_: (2:37)
10
where V10 IS the threshold voltage of Mio when Vgg19 = 0V; ko = uncox(%).
10

Current I in Equation (2.37) retains the same characteristic of I o< u(T)T?
as it is in Figure 2.7. By ignoring the non-ideal effects, such as channel-length
modulation and body effect, it is given that

_ BCoxWa/Ls 21,21 2 Wa/Ls (2.38)
I = 2(N-1)? msV7 In (W1/L1)'

where N =,/(W,/L,)/(W,/L,) and m, is the subthreshold slope-parameter. In

addition, with
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Ven10(T) = Vin10(To) = Ken(T = To), (2.39)

where K, is the threshold-voltage temperature-coefficient of a NMOS. Hence,
TC can be derived as

dVRer _ ms (k Wa/Ly W3 /L3 (240)
ar Ken + N-1 (q) \/ Wio/L1o In (Wl/Ll)'
! ! Voo
Mzsljl— Msl:“ :EIMG l | l |

VREF

Mis o M 5 M M I me '-|_|.:Mm

-

Figure 2.8 Circuit diagram of a Vgs-based CMOS VR.

Hence, by setting TC = 0, only following condition needs to be satisfied

’ Wa/Ly _ _ Ken(N-1) . (2.41)
Wio/L1o ms(g) ln(wiﬁi)

Despite the absence of body effect in such topology, channel-length modulation

does exist and I in Equation (2.38) has to be re-computed as

= m2VEk, ( 1 )2 In2 (W3/L3) (2.42)
~ 2 \N-1//1+AVps, wy/Ly)’

where k4=unC0x(%) and Vpg, is the drain-source voltage of Ma. By
4

considering the effect of channel-length modulation and substitute I from
Equation (2.42) into Equation (2.37), TC of Vg derived by the circuit in Figure

2.8 can be derived through the first-order Taylor series approximation as

av AKen Wio/L K 2.43
— = T0Vop — Vensl — (Vrero — Vinio) X (2 /ﬁ - K—:)] (2.43)

From Equation (2.43), it is apparent that TC can be set as zero for a

specific Vpp only. As V,, deviates from the specific value, TC will become
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nonzero. In other words, TC of V,zr obtained by the circuit topology in Figure
2.8 is supply-dependent. LS can be as large as 0.27%/V. Therefore, in spite of
the sub-1-V operation achieved by this structure, supply-dependence is not a
desirable trait for a VR powered by a fluctuating DC output from the rectifier
through WPT.

2.3.3 AVin-based CMOS Voltage Reference
1) 2-Transistor-based Topology

Another type of CMOS VR based on AV is introduced in Figure 2.9 [51]. Itis in
a simple form of a 2-Transistor topology. Both M1 and M2 operate in the
subthreshold region. M1 is a native NMOS whereas M2 is a NMOS with thick
gate-oxide for 1/0O applications. Hence, the threshold voltage, V;, of M1 and M2
are inherently different from one another. In this manner, drain currents of M1

and Mz can be expressed as

w. 0-Vger-V
I'=1 = p1Coxq (L—ll) (mg; — DVF exp(—r’::fVT thiy. (2.44)
w, VREF-V
I=1,=p,Coxr (L_ZZ) (msz - 1)[/72 exp(%vihz), (245)

where mg, , is the subthreshold slope-parameter. Further, by assuming that
Vpsi12 > 5Vr(= 5kT/q) and equating Equation (2.44) and Equation (2.45),

Ms1Msp M1 My U1Cox1Wila (2 46)
% == Vi =V, + 2=V In(—=—">=). :
REF m$1+m52( th2 thl) Mgy +Ms, T U2Cox2WaLy
Vop
"l
VRer
M.

Figure 2.9 Circuit diagram of AV-based 2-Transistor CMOS VR.

Subsequently, by setting TC = dVzgr/dT = 0 and with reference to Equation
(2.39), it is given that
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(B2) = tefombzeyp[d (g, — K,y))| (2.47)

W2/ opt  H1Coxila

The main drawback of this CMOS VR topology is the TC derived being highly
sensitive to process variation. Even after trimming, the TC can vary from 5.3
ppm/°C to 47.4 ppm/°C across -20°C to 80°C over 25 dies.

2) BVR-like Topology

Alternatively, AV can be leveraged as shown in Figure 2.10 to derive Vzgr. [52]
Here, M2 is implemented as a special high-Vi (hvt) NMOS provided by the
foundry whereas its counterpart M1 remains as a NMOS with normal-Vi (nvt).

Similar to the conventional current-mode BVR, Vg is derived as

Vv Vv
Vs = Gsle 651 Ry, + Rop), (2.48)

where R,, Ry, and R, are implemented with the same material.

oo oo oo oo oo 2-stage Op Amp------------------- L0 B VR Core--------- >i

e ; v

1 1 1

i M14Ll:l|__| Mis _lr_]Ml? Me I_i' J[:“__”:IM3 'HI:IMS

| 1A ! '

‘ S e

1 C c | |

to.54, [ o5 | Mio Z| M My rHIE Mo

! , 054, || 054, ! A IS

: MlZ M13 | : . : V.

i ! | =154 1) ERu L OVeer
L :’ 0a

i \/BIASI L| : :

i Mz, 'J Mz I__”.: Mig : M, : 3 Roo

! 1 (hvt) (nvt)I

1 1 1

1 1

Figure 2.10 Circuit diagram of AVi-based CMOS VR in a BVR-like topology.

In this manner, TC of this VR is linearly proportional to that of
(Vgs2 — Vgs1) - By having Ma and M2 operate in subthreshold region and

assuming that Vs, , > 5Vr with I, = 1.51, it can be shown that

12#n1cox1(W1/L1)] Vr, (249)

Vic, — Vg = Vip nor — Voo +In [
GS2 GS1 th,hvt t,nvt 11 Un2Coxz (WZ/LZ)

where V, ¢ is the threshold voltage of Mz2; V, 5., is the threshold voltage of Mz;
mg = mg; = Mmg,. With reference to Equation (2.39) and by substituting Equation
(2.49) into Equation (2.48),
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AVREF _
dT

k

%{(Kt,nvt - Kt,hvt) + mg (E) In [

I20n1Cox1 (W1/L1)]}
I1n2Cox2(W2/L2)1)’

(2.50)

where K; e < K¢ pye. HeNce, by setting dVpgr/dT = 0, an optimal ratio between

W, /L, and W, /L, can be derived. Moreover, it is found out that, Vpp i, fOr the

VR core,

Vopmin,core = Ves2 + Vpsa + Vpss.

(2.51)

Hence, by choosing an EA whose Vpp i, IS l€Ss than Vpp pin core, @ SUD-

1-V CMOS VR can be obtained. The VR reported in [52] can operate with
VDD,min = 065 V

2.3.4 Concluding Remarks

TABLE 2.10 compares all VR topologies reviewed in this section, where Ig refers

to the quiescent current consumption by the VR. As explained earlier, the main

drawback of BVRs lie in their difficulties to achieve sub-1-V operations in spite

of their relatively low TCs [48].

TABLE 2.10 PERFORMANCE COMPARISON AMONG VR TOPOLOGIES

[48] [46] [50] [49] [51] [52]
Topology Rgisv'%“e"re ﬁr&‘:g:i? AVes Vas | AV, 2-T |AVi, BVR-like
0.6pum | 0.8pm | 0.35pm | 0.35um | 0.13 ym
Tech. CMOS | BICMOS | CMOS | cmos | mos |65 nm CMOS
VR Type BVR BVR | CMOS | CMOS | CMOS CMOS
Voo (V) 098~15| 1~2 |15-~43| 09-~4 |05~35]| 062~2
o (UA) <18 92 0.08 0.04 | 9.50E-05 0.04
@1V | @15V | @09V | @05V | @0.62V
0.11 0.055
@43V | @4V
Veer (V) 0.63 0.54 0.891 0.67 0.175 0.39
\ 12 10
TC (ppm/°C) | 15~ 25 75 @3V | @245y |B3-4T4| 44-248
Trimming yes yes no no yes no
Temp (°C) | 0~100 | 0~80 | 0~80 | 0~80 | -20~80 | -25~110
LS 0.73%/V | 0.021%/V | 0.46%/V | 0.27%/N | 0.036%/V | 0.07%/V
100t | 44 dB ] 59dB | -47dB | -750B -62 dB
o @ 0.98 V @15V | @09V | @05V | @0.62V
2 1oz | -7 9B ] 52dB | -40dB | -122dB ]
@ 0.98 V @15V | @09V | @05V
Area (mm?) 0.24 3 0.015 0.045 | 0.0093 0.266
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However, it is desirable to ensure good LS and line regulation for proper
operation of the WSN node in case the output of its secondary battery slips into
the sub-1-V region. In comparison with BVRs, CMOS VRs, free from limitations
imposed by the bandgap voltage and Vg, offer the potential to lower Vpp 1in

further [49, 51, 52].

Nevertheless, due to non-ideal effects, such as channel-length
modulation, TC of the Ves-based CMOS VR is supply sensitive. The low TC
derived is meaningful only under a specified V,, [49]. In addition, CMOS VRs
are process-sensitive in general. This results in bad repeatability in TC across
dies [51, 52].

In contrast, the BVR-like topology implemented by the AVw-based CMOS
VR in [52] bridges the CMOS VR design with BVR design. As a result, various
curvature-compensation techniques previously developed for BVRs are readily
adoptable into a BVR-like CMOS VR as well. Such an advantage offers hope to
reduce TC further in such CMOS VR. Moreover, with comprehensive trimming
networks to address process variations and improve TC repeatability, such
CMOS VR could be a viable solution to render stable reference voltages in a
WPT-powered WSN sensor node.

2.4 Low Drop-Out Voltage Regulator

Twofold are the requirements on a supply-independent LDO to fit into a WPT-
powered PMU for a WSN sensor node: namely, a low LS and a high PSR. To
achieve both, a current-efficient sub-1-V structure with a high DC-gain is
necessary. The Partial Positive Feedback (PPF) structure introduced in [53]
displays potential. Variations of PPF are numerated and analyzed in the DC
domain in [54] and, more recently, in [55, 56]. The amplifier incorporated with
the PPF is current-efficient in boosting the input-transconductance (input-gm)
and the DC-gain. It does so by deriving source-degenerating negative-
resistance at the input stage of the amplifier.

Moreover, fast load-transient-responses are to be assured upon sudden

switching on or off the loading ICs orchestrated by the DPM scheme. Cross-
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coupled input-structures are looked into in search of an effective approach to
ensure fast-settling. [57] presents a fast-settling OCL-LDO with a pair of cross-
coupled transconductance cells (Gm-cells) at the input stage of its EA. Similarly,
a cross-coupled structure that makes use of Flipped Voltage Follower (FVF) is

implemented in an OTA in [58] for the same purpose of transient acceleration.

Furthermore, various frequency compensation techniques to ensure
stability are also explored in this section. These involve techniques, such as
miller compensation and its derivatives as well as damping-factor-control

compensation.

2.4.1 PPF-incorporated Input-stage
1) PPF Incorporated at the Source Terminals

Circuits in Figure 2.11a implements a PPF structure, consisting of identical
transistors Mz and M4, as the Source Degenerating Resistance (SDR) to the
input transistors M1 and M2 of an OTA [53]. To compute the resistance of the
SDR, small-signal analysis is performed based on Figure 2.11b. By assuming i
as the current going through Ms and M4 under voltage, vq, across the PPF and
attributing vq¢/2 at the drain terminal of M3 and —vg/2 at the drain terminal of Ma,
one may obtain

L= Ggm3 (—% - vm) = —9ma (172_01 - vm) (2.52)

Subsequently, the PPF can be treated as two SDRs, such as rz and ra,

connected in series with M1 and Mz respectively with their value given below

v
T34 = (761 - Vm)/i =—1/9m34 (2.53)

The overall input-gm of the OTA in Figure 2.11a can be computed based on the

source-degenerated M1 and M2 [45, 53] as

Im,in = ng/(l - ng/.gml) (2'54)

Moreover, Ms and Ms in Figure 2.11a are necessary in preventing latch-

up of the input stage. Specifically, Ms helps to clamp the source voltage of M4
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to a sufficiently-high voltage to prevent Mis from shutting-off [53]. Furthermore,
the ratio « of drain currents in M1 or M2 versus Ms and Me is set as 3:1. Such
value ensures good input-gm boosting by a factor of 3 without additional current
consumption. However, further increase in a can be prohibitive as it may

sabotage the frequency stability of the OTA [53].
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Vm
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Figure 2.11 PPF incorporated as negative SDR in (a) the circuit diagram of an
OTA [53] with (b) its small-signal diagram.

Therefore, despite a current-effective approach to raise input-gm and DC-
gain, the PPF-incorporated OTA in Figure 2.11a exhibits two disadvantages to
gualify as a viable structure to build an LDO within a WPT-powered PMU. Firstly,
the circuit structure is heavily stacked with transistors, which make it difficult to
operate under a sub-1-V Vpp. Secondly, the frequency stability of the OTA is
sensitive to the current ratio a. Indeed, such disadvantage affects the
effectiveness of the PPF-incorporated structure reversely in boosting the input-

gm and DC-gain.

2) PPF Incorporated at the Drain Terminals

Variations in the PPF structure are listed in [54] and later implemented as
negative load-resistance in both PMOS [55] and NMOS [56] at the input stage
of an OTA for the same purpose as to boost input-gm and DC-gain. Despite bulk-

driven approach is implemented for input signals in both OTAs as shown in
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Figure 2.12, the rationale to derive the input-gm stays the same as the PPF-
incorporated OTA in Figure 2.11. Take the OTA in Figure 2.12b for an instance.
The input-gm of the OTA can be derived through (2.53) and (2.54) [56] as

Imin = 2 Gmp1,39m9/ (Gm7 — 9ms + Yas1 + Gass + as7 + Jass), (2.55)

where gmb1,3 IS the bulk transconductance of identical transistors Mia, Mig, Mza
and Mss; gm7, Oms, gmo are the transconductance of transistors Mza, M7, Msa,
Mss, Moa and Mos respectively; Qdsi, QJds3, QJds7 and gdss are the output
conductance of transistors Maia, Mig, Msza, Msg, M7a, M7e, Msa and Mss
respectively.

Vb
Msza  Mga Mss  Mas Mia  Moa Mp M
21 N - S I
V, O O Voo Vi © O Vi

bl \ ¥ lb
B inarys
EI——I |——||;‘|'.
Moa Mega M7a Mzg Mgz Mos

(b)

Figure 2.12 Circuit diagrams of PPF-incorporated as negative load-resistance (a)
in PMOS in the OTA presented in [55] and (b) in NMOS in the OTA presented in
[56].

In comparison with the OTA with PPF incorporated as the negative SDR
in Figure 2.11, OTAs in Figure 2.12, especially in case of Figure 2.12b, offer
potential to operate under sub-1-V Vpp. Consider 180-nm CMOS process

technology, with Vpp,min = [Vas| + [Vbs|, it is promising to obtain Vpp,min <1V as
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the gate-source voltage, |Ves| , heeded to turn on the MOSFETS is likely to be
less than 0.7 V, and the drain-source voltage, |Vbs|, can be set as around 0.2
V.

However, employing such OTAs as the EA for an LDO still face
obstacles. Trade-off between the boosted input-gm and deteriorated frequency-
stability across loads is impeding. This is illustrated in Figure 2.13, where the
dashed line refers to the bode plot of the OTA at zero load-current (1), i.e., I =
0, whereas the solid line refers to the bode plot at heavy load, such as I. = 100
mA. p; =—1/(r,1C,1) IS the Left-Hand-Plane (LHP) dominant-pole, which
appears at the gate of Mpt, where ro1 is the effective resistance at the node and
Co1 is the lumped parasitic-capacitance at the node. Moreover, p, =
—1/(routCoue) 1S ONe of the non-dominant LHP-pole at the output node of the
LDO, where rou is the total resistance of the LDO itself in parallel with the
effective load resistance derived from I; Cout is the lumped capacitance of the
parasitic capacitance and the load capacitance, C.. Furthermore, by adopting
the PPF structure in Figure 2.13b, the non-dominant LHP-pole attributed by the
PPF structure can be expressed as in (2.56) to be

2.
v = — (Gms — Im7 + Gas1 + Gass t+ Gas7 + ass)/Cn» (2.56)

where Cy refers to the lumped parasitic-capacitance at the drain terminal of Msa

or Mss. And pn stays relatively stationary as the load varies.
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Figure 2.13 Bode plot of a PPF-incorporated LDO at no-load and 100-mA heavy-
load.
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At the heavy load, where the LDO is stable, it is inferable that po,100-ma

locates at relatively high-frequency or even beyond the cut-off frequency, f;, as
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shown in Figure 2.13. Under such scenario, po,100-ma €xerts negligible influence
on the frequency stability, leaving pn the first non-dominant-pole. Thus, it is
relatively easy to ensure stability as the LDO can be approximated as a one-
pole system. However, as the load decreases, the LDO become less stable.
This is resulted from the emergence of the load-dependent pooma at low
frequencies. In other words, poo-ma draws near to pn. Essentially, the Phase
Margin (PM) reduces to be close or even lower than zero, pushing the LDO to
the verge of oscillation or instability. Therefore, effective approach to address
the deteriorated frequency-stability while boosting input-gm is still to be explored

to make the PPF a useful element in an LDO design.

2.4.2 Cross-coupled Input-stage
1) FVF-based Topology

An OCL-LDO based on a pair of cross-coupled differential FVF [59] as the input
stage of the EA [58] is listed in Figure 2.14. Such configuration is advantageous
in accelerating the load transient response of an LDO. In other words, in
comparison with conventional input-stage of an OTA without the cross-coupled
configuration, such OTA achieves more-efficient pulling-down or pushing-up of
the gate voltage, Vg p1, Of MpT. This is due to the mutual enhancement between

the two FVFs in the cross-coupled pair upon load transients.
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Figure 2.14 Circuit diagram of a FVF-based OCL-LDO [58].

To illustrate, assume a sudden increase of I_ at the LDO output-node. A

drop in the gate voltage, Ve a3 and Ve a4 0f Mas and Maz1 is immediately reflected
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due to the undershoot of Vour. The drop in Vour is expected upon sudden
increase in I. as the OTA needs time to respond to the change in IL by
decreasing the gate voltage, Vgp1, Of MpT t0 Source more current to the load.
As a result, I discharges the parasitic capacitances at the LDO output-node,
resulting in a Vou-undershoot. The drop in Vg a3 increases the on-resistance of
Masz and raises the gate voltage, Vg as, of Mas subsequently as the current
through Mas is kept constant by a constant biasing voltage Vgs. The rise in Vg as
increases current through Maio-Maz and, in turn, increases current through Maais.
This helps to pull down Vgpr by discharging the parasitic capacitance at the
gate of Me1. Meanwhile, the drop in Vg a1 helps to lower the current through Mag
and, subsequently, the current in Ma11. As a result, less current will be sourced
to Vg,pr to facilitate pulling-down of it by the current in Maz1s. In this manner, Mai1

enhances Mazis to shorten the undershoot-recovery time.

Similar mechanism can be derived upon a sudden decrease in I.. The
push-pull output-stage of the OTA operates to charge up Vet under such
scenario to accelerate recovery from Vour-overshoot. In this manner, Mais

enhances Mau11 in shortening the overshoot-recovery time.

Despite the fast-settling transient response, the OCL-LDO structure in
Figure 2.14 can demand a relatively-high Vpp that makes it challenging to
operate under sub-1 V. By assuming a 180-nm CMOS process, Vop,min = Vgs +
2*Vps ~ 0.9 V, where Vgs 2 0.5 V and Vps = 0.2 V. This is necessary to ensure
all transistors operating in the saturation region. The LDO reported in [58]
operates under Vpp no lower than 1V despite a fast-settling time of 2.7 us during

load transient responses.

2) Gm-cell-based Topology

The cross-coupled differential-input transconductance cell (Gm-cell) presented
in [57] operates in a similar manner to the FVF-based cross-coupled structure.

The circuit diagram is shown in Figure 2.15.

To illustrate, upon a sudden increase in I, Vout undershoots due to the
response delay of the OTA. The drop in Vout reduces the source voltage, Vs pLa,

and, subsequently, reduces the gate voltage, Vg pLb, Of MpLb. This increases the
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current through Mns through the current-mirror Mn3-Mns to discharge the
parasitic capacitance and pulls down Vgpr. Meanwhile, the drop in VspHo
causes current through Mps to decrease via current-mirrors, Mns-Mne and Mpe-
Mps as Ve pHo is fixed by the biasing condition. This enhances the pulling-down

effort of the current through Mns to ensure fast recovery.

Mpe
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Figure 2.15 Circuit diagram of a Gm-cell-based OCL-LDO [57].

Likewise, a sudden drop in I raises Vour and Vsprp. Subsequently,
current through Mps increases via current-mirrors, Mna-Mns and Mpe-Mps. Such
current charges up Vg,p1. Meanwhile, the rise in Vs pia raises Ve pip and reduces
current through Mns via the current-mirror Mns-Mns. Reduction in current through

Mns enhances the pushing-up effort by the current through Mes.

In comparison with the OCL-LDO shown in Figure 2.14, Vppmin for the
LDO in Figure 2.15 is lower as Vpp,min = |Ves| + Vbs = 0.7 V, where Vgs 2 0.5 V
and Vps = 0.2 V for a 180-nm CMOS process. The reported LDO based on this
structure [57] ensures a fast-settling of 4 ps upon a 50-pA-to-50-mA load
transient with a low quiescent-current of 1.2 yA. However, the measurement
result reported is obtained under 1.2-V Vpp, whereas performance under sub-1-
V Vpp is not indicated. Modifications on such structure is shown in [60]. By
enhancing the dynamic biasing current obtained from the Gm-cell, such
modification boosts the load-transient-response further. A 20-ns settling time
upon a 9-mA-to-40-mA load-transient is achieved. Nonetheless, the overall LDO

is current-hungry and draws 158-pyA quiescent current; and the reported
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performance is not under sub-1-V Vpp, either. Moreover, the current-sourcing
voltage reference required by [60] is unconventional but left unaddressed. Thus,
to validate the Gm-cell-based OTA structure for a sub-1-V LDO, more

investigation is necessary. This falls into the scope of this work.

2.4.3 Frequency Compensation

The stability analysis of an LDO usually includes the evaluation of two important
poles in the frequency domain of the LDO loop-gain. One of the two poles, po,
comes from the output node of the LDO; and the other, pq, is from the gate of

the pass transistor, Mer.
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O
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Figure 2.16 Block diagram of an LDO.

Typically, for a conventional LDO, which requires an output compensation
capacitor at the output node, Vour, to guarantee frequency stability, po turns out
to be its dominant pole and pq the first non-dominant one. In contrast, for an
Output-Capacitor-Less (OCL) LDO which relies on the internal on-chip
compensation capacitors or no capacitor at all to ensure stability, ps normally

becomes the dominant pole and po the first non-dominant pole [61].

1) Equivalent Series Resistance (ESR) Approach

Dominant-pole compensation is one of the most straightforward compensations
for a conventional LDO. It can be done by adding a shunt capacitor C_ at the
output node, Vour. Besides, an additional LHP zero is created by C. and its ESR
as shown in Figure 2.17. The LHP zero is normally less than the cut-off
frequency, fi; and it helps to mitigate the effect of the first non-dominant-pole

and improves the PM to maintain frequency stability.

Such approach suffers several weaknesses. Firstly, the inherent ESR of
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Cv is not sufficiently large to create a strong LHP zero to achieve sufficient PM
for stability. Secondly, even if the ESR becomes large enough, the load-
transient responses can be sabotaged as the overshoot and overshoot at the
LDO output will increases drastically [61, 62]. Thirdly, PSR is degraded with a
large ESR also. In addition, the ESR varies with temperature. This will result in
shifting of poles and zeros in the frequency domain such that the original

objective of pole cancellation by the ESR can be forfeited [63].
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Figure 2.17 Dominant-pole compensation in (a) block diagram and (b) bode plot.
2) Gain-boosting Compensation

In an effort to derive sufficient open-loop DC-gain, a gain stage, Az, can be
inserted as the second-stage of the EA, consisting of stages A1 and A2, shown
in Figure 2.18. Such frequency-compensation scheme is referred as the gain-
boosting compensation. With a boosted open-loop DC-gain from the EA, Mpt

can now be biased in the triode region without worries on DC-gain reduction at

large I.. As a result, a smaller transistor size of Mprt is allowed. [62]
VOUT

VDD
r_TMPT
Gain Stage R:3 _K
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! ICL
=

Figure 2.18 Gain-boosting Compensation in block diagram.

The gain-boosting compensation helps to reduce further Vg pr to lower

the effective resistance and pq at the gate of Mpt under a given I.. PM can be
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increased in this manner. Conversely, when PM becomes too large and slows
down the transient responses, such compensation scheme can help to reduce
PM to derive critically-damped response. This is achieved by increasing the DC
gain to enlarge fi, which can be estimated as the product of DC gain and the

dominant-pole frequency for a single-pole system.

3) Nested-Miller-based Compensations

NMC shown in Figure 2.19a generally works fine in a closed-loop system when
I is high. This is due to the large transconductance, gm.pt, of MpT and the high-
frequency Right-Hand-Plane (RHP) zeros at heavy loads. However, as I
decreases, gm,pt Will decrease, which causes the RHP zeros shifting to lower

frequencies to sabotage the stability.

To maintain stability at a low I, NMC with Null Resistor (NMCNR) is
introduced first by inserting a null resistor to push the RHP zeros to high
frequencies at the low IL. In comparison with NMC, NMCNR allows smaller
compensation capacitors to ensure stability, a higher voltage gain at high
frequencies as well as a better PSR thanks to the null resistor [64]. The block

diagram of NMCNR is similar to that shown in Figure 2.19a.
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Figure 2.19 Block diagrams of NMC (a) in its original configuration and (b) with
nulling resistor and feedforward transconductance stage.

To further enlarge f;, NMCNR with the Feedforward Transconductance
Stage (FTS), i.e., NMCNREF, is introduced by inserting FTS as shown in Figure

2.19b. The transconductance of FTS is designed larger than that of the second
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gain-stage of the EA according to [64]. It is basically an integration of two stand-
alone compensation techniques, namely, NMCNR and NMC with Feedforward

Transconductance Stage (NMCF), both of which can be found in [64].

According to [63], the LDO is compensated when I. = O; as lout increases,
the LDO stays stable as its first non-dominant-pole always stays beyond f.. The
ESR zero coming from the output capacitor C. does not affect the stability as it
locates beyond the f; as well. This is the case because the C. does not need to
be large with NMCNRF being implemented and so does its ESR. In addition, as
all critical poles solely depend on the transconductance of the gain stages,
which share the same temperature coefficient, stability of the LDO can be

maintained across a wide range of temperatures.

Alternatively, the cut-off frequency, fi of the LDO can be widened by
removing the bandwidth-limiting compensation capacitor Cm2 in the NMC.
However, eliminating Cm2 leads to the damping factor of the complex poles left
uncontrolled since "complex-pole approach” [64] is adopted in the NMC.
Subsequently, frequency peaking would occur due to the low damping factor or,
equivalently, the high quality factor Q, which harms the frequency stability.
Therefore, the Damping Factor Control (DFC) compensation approach is
developed to lower the frequency peaking so as to retain the effectiveness of
Miller compensation without Cm2. One way of doing so is by putting in a DFC

block in the LDO structure as displayed in Figure 2.20.

ol OVour
Cm1 I
Cm3
‘D
RZ :: ~ CFB ACL
‘D <
Ri3 S Resr
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Figure 2.20 Block diagram of DFC compensation.
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Now, the damping factor of the complex poles are effectively controlled by
the transconductance of the negative gain stage of the DFC block and Cma.
Further, the damping factor should be properly controlled to be neither too small
nor too large. In detail, when the damping factor is too small, the existing
frequency peaking will still harm the stability; yet, when it is too high, the complex
poles will become two separate poles to degrade the fi. Thus, an optimum
damping factor is typically set as 1/v/2. In addition, capacitive feedback Crg is
also incorporated into the structure to introduce an LHP zero, zrg, for the

purpose of PM improvement at medium-frequencies [65].

To further elaborate the DFC compensation approach, four cases are
investigated in detail [65]. As it is noticed, frequency peaking due to complex
poles only comes into play when I is low regardless of the presence of C_ at

node Vour.

i) Conventional LDO (i.e., CL > 0), I. = 0 or I. > 0 slightly only: As shown in
Figure 2.21a, the resulted complex poles pcowp are cancelled by zrs and
the zesr collectively. All other non-dominant-poles and the additional
pole, prs, introduced by the capacitive feedback are beyond fi and,
hence, negligible.

i) Conventional LDO (i.e., C. > 0), IL >> 0: The resulted complex poles are
pushed beyond f; and, hence, negligible. The first non-dominant-pole is
cancelled by zrg. All other non-dominant-poles are beyond f; and, hence,
negligible.

i) OCL-LDO (i.e., CL = 0), I = 0: As shown in Figure 2.21b, the LDO is
unstable. It requires a minimum quiescent current to keep it stable.

iv) OCL-LDO (i.e., CL = 0), I. > 0: As shown in Figure 2.21c, it is similar to

case 2) except that f; is wider than that in case ii).
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Figure 2.21 Bode plot of DFC compensation [65].
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2.4.4 Concluding Remarks

TABLE 2.11 compares key performances of various LDO topologies with an
emphasis on the load-transient responses. K-factor refers to the ratio between
the measured settling-time over the smallest settling-time among all topologies
in the table. In this manner, a load-transient-focused FOM is computed

according to [60] as

FWWzK@%W@xL ! ) (2.57)

2
Al technology

where AVour is the maximum overshoot/undershoot during the load-transient
response; Al is the transient step of I; Ltechnology IS the minimum channel-length

of the process technology adopted to fabricate the reported LDO; K is the K-

factor in the table.

TABLE 2.11 PERFORMANCE COMPARISON AMONG LDO TOPOLOGIES

[66] [67] [57] [58] [60]
Technology (pm) 0.13 0.35 0.35 0.35 0.18
Active Area (mm?) - 0.055 - - 0.21
Voo,min (V) 1.15 1.6 1 1 1.6
Voo (V) 0.15 0.4 0.1 0.2 0.2
Vour (V) 1 1.2 0.9 1 1.4
I max (MA) 50 12 50 100 50
Cout.max (PF) 20 100 - - 50
lo (@ no load) (UA) 37.32 28.6 1.2 1.4 130
Load Reg. (mV/mA) 0.0556 0.39 - - -
Line Reg. (mV/V) 8.1 0.31 - - -
Settling time (ps) 0.4 8 4 2.7 0.02
AVour (MV) 56 ~70 500 250 158
Al (mA) 50 12 50 100 31
PSR @ 1 kHz (dB) < -40 <-60 i ) > 70
Full load
K-factor 20 400 200 135 1
FOM (mV/um?) 49 778 20 4 20

The FVF-based LDO topology in [58] displays the best FOM among all

topologies. However, its Vppmin IS too high to make it operate under sub-1 V as
a viable solution for a WPT-powered WSN sensor node. So is the case with the
LDO reported in [60]. Moreover, Gm-cell-based LDO topologies in [57] and [60]
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offers equally good load-transient-responses according to their FOMs, but sub-
1-V performances of [57] is left unknown whereas lq in [60] is too large to ensure
a good current-efficiency. Notwithstanding relatively bad FOMs in [66] and [67],
their performances are listed as a baseline for comparison only. Both topologies

focus on PSR improvements with load-transient-responses left unaddressed.

As a result, the research work on LDO are prioritized in the following
manner: 1) load-transient response, 2) current-efficiency, and 3) PSR. This is
based on the consideration that trade-offs among fast-settling, PSR and current-
efficiency is inevitable according to TABLE 2.11. On the one hand, to achieve
both PSR and fast-settling, current-efficiency will drop significantly as in [60]; On
the other hand, to guarantee fast-settling and current-efficiency, PSR of the LDO
will be left unattended as in [57] and [58].

The load-transient response becomes the main focus to facilitate
implementation of DPM, which aims at conserving power on the system-level.
As DPM tends to switch on and off the loading ICs at various operation modes,
fast-settling outputs from the PMU will be critical to ensure stable supplies to the
loading ICs. Current-efficiency of the LDO becomes supplementary as it
addresses power conservation on the component-level within the PMU. In
addition, research on PSR performance only focus on low-frequency PSR,
PSR, which can be equally addressed by improving the DC-gain, Apc, of the
LDO [39] as

dvdd 1
= i = — 2.58
PSR, f fl}(gl}-lz [ZOlog <dvout)] 201log <ADC) ( )

In other words, this work chooses to investigate the feasibility of incorporating
PPF into an LDO to boost Apc, while enhancing PSR.r at the same time. In
contrast, the high-frequency PSR, PSRur, is left unaddressed. After all, by
considering the possibility to implement a noise-free rechargeable-battery as the
power source to the LDO, high-frequency noise input to the LDO can be largely

neglected.

2.5 Boost DC-DC Converter

When dedicated to drive digital loads, such as memories and pPs, from a
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rectifier output, a boost converter often entails fast-settling load-transient-
responses and small output-ripples. Firstly, a fast-settling load-transient-
response ensures a stable supply to the loading memories and the PP upon
sudden load-change as orchestrated by DPM. Moreover, small output-ripples
ensure minimum supply-noises to the digital ICs. This helps in generating error-
free outputs from the digital ICs. Furthermore, a low-output-ripple feature also
serve as a safeguard in case of a fluctuating rectifier output in case such boost
converter is powered by a rectifier directly under the scenario of a WPT-powered

WSN sensor node.

Besides, area-efficiency will be preferred when the sensor node-size is
concerned for the large-volume deployment of the WSN. This can be facilitated
by minimizing the number of area-consuming discrete-components, such as
capacitors and resistors that build the compensator within a conventional boost
converter. In other words, a compensator-less design, such as the design
rationale introduced in [68] is worth exploring.

2.5.1 Adaptive-Capacitance-based Transient Enhancement

Boost Converters reported in both [69] and [70] implement adaptive capacitance
upon detection of a load-transient. In both cases, the load-transient is detected
by a window comparator composed of COMP1 and COMP2 as shown in Figure
2.22. Such window comparator can be found in the Adaptive Capacitor Control
(ACC) block in the boost converter in Figure 2.23.

In case of the WTE-based boost converter from [69], the load-transient-
response is enhanced by turning off Mpsa shown in Figure 2.24 upon the load-
transient detection. In this manner, the effective capacitance in series with Ry is
reduced to two times of C; from six times of Ci to boost the slew rate of the
output voltage, Vea, from the EA. Besides, during a light-to-heavy load-transient
response, frequency stability of the boost converter is maintained by the WTE
controller to increase the switching frequency, fs. In a similar fashion, fs is
reduced by WTE controller upon a heavy-to-light load-transient for stability

considerations.
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Figure 2.22 Block diagram of a current-mode boost converter with transient

improvement by Window Transient

Suppression (OSS) technique [69].
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Figure 2.24 Block diagram of WTE controller [69].

In case of the ACC-based boost converter from [70], the adaptive
capacitance Cci1 shown in Figure 2.23 and Figure 2.25 is reduced to 2.1 pF
within the duration of “Transient 1” labelled in Figure 2.25 upon detection of a
load-transient. Subsequently, as Vour recovers, Cci is increased to 6.4 pF

during “Transient 2” to ensure enough PM and stability.
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Figure 2.25 Working mechanism of the ACC controller [70].
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2.5.2 Overshoot Suppression (OSS) Transient Enhancement

Other than adjusting the slew rate of Vea to enhance load-transient-response,
overshoot is also suppressed in [69] through the introduced OSS technique as

shown in Figure 2.26.

Figure 2.26 Working mechanism of OSS technique [69].

Upon detection of a Vout-overshoot during a heavy-to-light load transient,
the OSS technique operates during the first time-interval as per conventional
design based on the upper diagram in Figure 2.26. Here, input voltage, Vi,
ramps up the inductor current, ling, through M1 and stores energy in the inductor
L. This is followed by the second time-interval based on the middle diagram,
when all switches are off and L releases energy and extra charge to charge up
the output capacitor, Cour. Different from the conventional approach, the
duration of the second time-interval is fixed and set by design to limit the amount
of extra charge being passed to the Cour. During the third time-interval as
indicated by the lower diagram, the free-wheeling MOS-switch Mp1 is on to
dissipate extra energy within L itself and avoids any extra charge from being
sent to Cour. In this manner, in both the second and the third time-interval, the
OSS functions to limit the amount of extra charge discarded onto Cour to

suppress the Vour-overshoot.

2.5.3 Dual-loop Compensator-less Control

To speed up the load-transient-response, the boost converter in [68] decouples
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the current loop and the voltage loop by sensing ind and vour separately as
shown in Figure 2.27a. The high-bandwidth current-loop implements peak-
current-control by comparing the voltage across the inductor, iing*R, with the
reference voltage, Virer, Which often equals Vipk as long as vs < Vrer1 as shown
in Figure 2.27b, where R is the sensing resistance. In this manner, the output
from comparator Qz derives the control signal, vem, to Sw. In fact, the undershoot
recovery during the load-transient-response is carried out in the same manner,

the speed of which solely relies on the bandwidth of the current-loop.
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Figure 2.27 Block diagram of dual-loop control [68].

In comparison, the low-bandwidth voltage-loop only comes into play when
vs > Vgrer1 according to Figure 2.27b, which illustrates how “-virer/da” is
implemented in Figure 2.27a. Upon such instance, it switches on Sa through vga
to avoid further increase in vour. Hence, the condition of vs > Vrer1 can be
treated as a boundary condition to detect overshoot during the load-transient-
response as well. And it functions in a similar fashion to the OSS technique
illustrated in the lower diagram in Figure 2.26. Thus, the low-bandwidth voltage-
loop allows the inductor current, ing, to react quickly against sudden overshoot

and independently from current-loop.

2.5.4 Concluding Remarks

Both the WTE technique [69] and the ACC controller [70] implement adaptive
capacitors in their Pl compensators to boost the slew rate of Vea from the EA

output momentarily upon load transients. However, the capacitor-multiplication-
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ratio-reduction method in [69] appears ineffective to speed up the overshoot
recovery which still takes more than 100 us, and the boost converter with ACC
controller in [70] leads to a large 1.6% output ripple of its nominal value at the

steady state.

On the one hand, addressing the EA output response upon transients
help to speed up load-transient-responses. On the other hand, compensator-
based design approaches do suffer a few disadvantages, such as: 1) trade-offs
among recovery time, overshoot and undershoot ripples, and stability during
load transients, and 2) potential large static power losses when high-speed

circuits are involved.

As a result, compensator-less control approaches are investigated. The
boost converter in [68] removes compensators by decoupling the inductor
current and output voltage via two independent control loops instead. By
eliminating bulky and power-consuming compensators, such approach offers a
feasible framework to design boost converters for WSN PMUs considering the
area constraints of WSN as well as the light-load power efficiency requirements.
Nonetheless, output ripples as large as 1.7% of the nominal output-voltage are

still observed.

Therefore, a compensator-less control approach with low output ripples
is still in need while ensuring fast-settling load-transient-responses. In addition,
a more effective approach to address the slew rate of Vea is desirable to

enhance the fast-settling.

2.6 Summary

Be it a battery-equipped or battery-less WSN node, an accurate and Process-
Vpp-Temperature (PVT)-invariant VR is crucial. In this chapter, investigations on
previous works have revealed that a BVR-like CMOS VR structure introduced
in [52] is a good candidate. Firstly, in comparison with a BVR, a CMOS VR is
more flexible and functional under a sub-1-V Vpp, which is inevitable for a WPT-
powered WSN sensor node. Also, the BVR-like structure makes such CMOS

VR feasible to adopt various curvature-compensation-techniques previously
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developed for BVRs to minimize the relatively-large TC of CMOS VRs. In this
manner, the only main obstacle that is left to overcome will be the process
variations. Nonetheless, it is speculated that such process-induced inaccuracies
can be effectively improved by dedicated trimming-networks. And this can be

the design focus worth delving into.

Moreover, as power conservation measures, such as DPM, is often
employed in a WSN sensor, fast-settling load-transient-response as well as
steady load regulation are necessary requirements in PMICs, such as LDOs
and DC-DC converters. Various studies on transient-enhancement structures
and techniques for LDOs and boost DC-DC converters have been presented in
this chapter. A Gm-cell-based OCL-LDO structure [57] is considered as the
fundamental topology to ensure fast-settling behavior in an LDO. This is due to
its capability to work under sub-1-V Vpp as well as the mutual-enhancing cross-
coupled input stage and the class-AB output stage of its EA. However, to ensure
good line and load regulations under sub-1 V, such structure alone is
insufficient. Incorporating PPF into the Gm-cell-based structure is found to be
current-efficient in boosting the DC-gain under low supplies. However, to make
the stability-threatening PPF useful, frequency stability has to be maintained
across the wide load-range. To solve such trade-off, a load-adaptive controller
on the PPF-structure may be needed. And this can be a meaningful focus on
the LDO design in this work.

Furthermore, in search of transient-enhancement controllers for boost
converters, it is found out that the slew rate of Vea from the EA output plays a
critical role. Indeed, by temporarily increasing the slew rate of Vea, the transient
recoveries can be effectively enhanced as demonstrated in [69] and [70]. On
top of this, a compensator-less controller [68] is also investigated by considering
the node-size constraints in WSN to facilitate the wide-spread deployment. A
compensator-less boost converter is attractive as the number of discrete
components to build such a boost converter is reduced. Thus, the concept of a
compensator-less controller that enhances the Vea slew-rate can be
advantageous to a WPT-powered WSN sensor node, if developed successfully

in this work.
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Chapter 3 A CMOS VR with Proposed Trimming
Circuits and Curvature Compensation Techniques

Conventional BVR topologies are robust against process variations with
relatively low TC. However, the Base-Emitter Voltage (Vge) to turn on the BJT
has to be no less than 0.7 V. It becomes a bottleneck to lower Vpp further below
1V. A BVR with resistive dividers [48] can realize sub-1-V operations but with a
Vpp no lower than 0.98 V. In comparison, CMOS VRs, free from limitations
imposed by Vgg, enable a much lower Vpp from 0.5 to 0.9 V [49, 51, 52]. Yet,
deficiencies in CMOS VRs are still to be addressed to reach its full potential.
The TC of a sub-1-V Vgs-based CMOS VR reported in [49] is Vop-dependent. A
TC of 10 ppm/°C is attainable only at Vpp = 2.45 V. Its LS is as high as 0.27%
over Vpp = 0.9 ~ 4 V. Moreover, TCs of CMOS VRs are usually large, ranging
from 44 to 248 ppm/°C in case of AVw-based CMOS VRs [52].

Notwithstanding large variations in TC, AVw-based circuit structure in [52],
shown in Figure 3.1b, displays potential for practical implementations. This is
due to its BVR-like topology which allows reuse of curvature-compensation
techniques previously developed for BVRs to minimize TC by addressing non-

idealities due to second-order effects, such as channel-length modulation.
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Figure 3.1 Circuit topologies of (a) conventional BVR and (b) AVi,-based BVR-like
CMOS VR [52].

The main challenge, however, lies in achieving a stable TC over process
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variations. Such is the case for most CMOS VRs. To address this, dedicated
trimming-networks are proposed in this chapter. To improve TC further against
secondary effects, such as channel-length modulation, curvature compensation
techniques is proposed also. This chapter goes on to explain operations of the
EA and start-up circuits adopted in the proposed design. In addition, a cost-
effective implementation of the high-Vix NMOS is introduced in deriving the
proposed BVR-like AVin-based CMOS VR. Discussions on the simulation and
measurement results of the design is covered afterwards. A conclusion is drawn

towards the end of the chapter.

3.1 Derivation of Zero-TC Based on AV

As shown in Figure 3.1b, the AVw-based CMOS VR derives a temperature-
independent voltage across R: through the two NMOS transistors M1 and Mz,
both of which operate in the subthreshold region. However, Mz is implemented

with a high Vin, Vinn,nvt, Whereas Mz is with a normal Vin, Vinn,nwt.

Moreover, by assuming the drain-source voltage, Vps, larger than 4V,
where V1 = kT/q is the thermal voltage, the drain current, Ip, of subthreshold

conduction can be calculated by (3.1) according to [52, 71]

Ip = Ip,(W/L)eWVes=Venn)/(msVr) (3.1)

where Ipo = nCox(Ms-1)V12 [52]; un is the electron mobility; Cox is the gate-oxide
capacitance per unit area; ms is the subthreshold slope parameter; W and L are
the channel width and length of the MOSFET respectively; Vgs is the gate-
source voltage; k is the Boltzmann constant; T is the absolute temperature; q is
the electronic charge. Subsequently, with the EA, EAL, to ensure that V- = V.
as shown in Figure 3.1b, the voltage across Ri, Vr1 (= Ves2 — Ves1), can be

derived from (3.1) as

1D2Mn1cox1W1Lz) (32)

Vey = (V, —V +mgV, 1n(
R1 ( thn,hvt thn,nvt) sVT Ip1tn2CoxaWal1

To verify the feasibility to achieve d(AVr1)/dT = 0, we first examine the first
term, (Vinn,nvt — Vihnnvt), in (3.2). Conventionally, a high-Vin NMOS can be derived
by implanting excessive acceptor dopants into the substrate to increase Na,
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which is the acceptor concentration in the p-type substrate of a normal-Vi
NMOS. In this manner, the majority dopant concentration profile near the
substrate surface becomes Nai(x), where x denotes the distance from the
substrate surface [72]. This is illustrated in Figure 3.2, where the vertical axis

denotes the dopant density; whereas the horizontal axis denotes the depth of

the implant.
N(x) N(x)
0 5 X 0 Y x
Nai(x)
() (b)

Figure 3.2 lllustration of dopant concentration profiles of (a) normal-Vin NMOS
and (b) high-Vin NMOS. [72].

By ruling out body effect since source terminals of both M1 and M2z are
grounded, the threshold voltage, Vinn, can be expressed according to [45] as

Q e _Q
Vinn = Vinno = |®Pus| + 2|Pp| + —dé) =, (3-3)

ox

where |®,| =Vﬂn(%) is the work-function difference between the n+-

polysilicon gate and the silicon substrate [71]; Qss is surface-state charge
density per unit area [71]; Npeak IS the peak electron concentration in the channel
at threshold [72]; Npeak = Na for an un-doped NMOS, and it equals Na for an

implanted NMOS with Na being the average acceptor dopant concentration of

the implanted NMOS; n; is the intrinsic concentration of silicon; |®;| = V;In (%)

is the Fermi potential of the substrate [73]; Quep, = 2/ q€s:|P£|N, is the charge per
unit area in the surface depletion-region; €s; is the dielectric constant of silicon.

As a result, the first term on the right side of (3.2) becomes

AQge .
AVin = Vinnot — Vinnoe = Al ®Pys| + —dee, (3.4)

COX

where
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ADys = Pyshve — Pusnvts (3.5)
AQdep = Qdep,hvt - Qdep,nvt =—-q f;(hvt[Nai (x) — Na]dx +q foxnvt N,dx, (3.6)
where Xnt and Xnvt denote the edge locations of the implanted high-Vin NMOS

and normal-Vin NMOS. In this manner, the TC of AV can be given by (3.7)
based on [72]

d(AVen) _ esi qNg |[ 1-! (dCDMS,TLVt) (3.7)
ar Cox ZESL'(CI:'MS,th) I qN x I ar ,
1 WNaiXi
l ZESLCDMSnvt J
AP msnvt

where —> =%(¢M5_m,t—1.21)z—2.2mV/°C at 300 K [72]. Hence,

d(AVin)/dT <0, i.e. CTAT. As the second term in (3.2) remains the same as it is
in [2106] and it is PTAT, a zero d(AVRr1)/dT can be obtained by adjusting Ip2/lpz
and W1lL2/(W2L1) in (3.2) [52].

3.2 Proposed AVin-based CMOS VR

The overall circuit-diagram of the improved VR is displayed in Figure 3.3b. The
feasibility of the new high-Vin NMOS, such as Mz, in achieving the zero-TC
reference output is first justified in this section. This is followed by a detailed
illustration on the proposed R: and Ro trimming networks as well as the
curvature-compensation technique to minimize TC against PVT variation. The
trimming networks are not only compatible with sub-1-V operations, but TCs of
MOS switches involved also have to be minimized and compensated for not
sabotaging the TC of the overall VR. The curvature-compensation technique,
realized by EA2 and Ms, overcomes the channel-length-modulation effect in Ms
to guarantee that Ips/lps = WsLs/(WsL3). Besides, the EA structure shown in
Figure 3.3a is also explained. It is implemented by both EA1 and EA2. Start-up

circuits are presented towards the end of this section.
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Figure 3.3 Circuit diagrams of (a) the EA implemented and (b) the proposed AV-
based CMOS VR.

3.2.1 Derivation of the Zero-TC with Proposed 5-V NMOS

Other than the dopant implantation, a high Vi can also be derived by reducing
Cox In (3.3). This is achieved through increasing the gate-oxide thickness, tox,
according to (8)

3.8
Cox = €r€o/tox (3.8)

where €, = 8.85 x 10718 F/um is the absolute permittivity; e = 3.97 is the
relative permittivity of SiOz; tox is the gate-oxide thickness. In this work, a NMOS
with a higher voltage-rating such as a standard 5-V NMOS is proposed and
implemented as the high-Vin NMOS. It is with a thicker tox than its standard 1.8-
V counterpart, which is implemented as the normal-Vi» NMOS in this work. The
standard 5-V NMOS offers a more cost-saving solution in comparison with a
high-Vin 1.8-V NMOS implemented in the previous work [52]. A high-Vi 1.8-V
NMOS can be less desirable as it entails more expensive process steps, such

as dopant implantation, to fabricate.

However, different from the high-Vi, 1.8-V NMOS, a standard 5-V NMOS
is usually derived by growing a thicker tox than that of a standard 1.8-V NMOS.
This results in a higher V. Thus, it is necessary to re-evaluate (3.4) in a more
general form by including the change in tox, Atox, as shown in (3.9)

Qdep,hvt _ Qdep,nvt (39)

C(;X COX !

! —
AV'in = Pys e — Pusnve +
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where C,, = €€,/ (tox + At,y) < C,y; Atox IS the rise in the gate-oxide thickness.
The meaning for the rest of the terms remain unchanged. Rearrange (3.9) to
find the equivalent high-Vi 1.8-V NMOS counterpart (with the same tox as the
standard 1.8-V NMOS but a higher V) for the standard 5-V NMOS to obtain

(3.10)

i
Q dep,hvt Qdep,nvt

I 1
AV'in = @ yshvt — Pusnve + + Pyrsnve — P s hve

COX COX

where the equivalent surface-charge density in the depletion region is given as

Q' depnvt = 2+/qEsi|PrINg; = Qdep'hvt(t"”“"x), which removes Atox and mathematically

tox

incorporates it into the acceptor dopant concentration, Na, to derive an equivalent Ny’

o toxtAtox)? M ith ’ =Vl NgiNay i
as Ng; = Nog (-*7—) . Moreover, wi |9 M5 noe| = VrIn(=4*) given,
L
N,
d|VyIn( &
d(Pps,hvt=Phsnot) _ T n(zv(’li> _ 2k, ( tox ) <0 (3.11)
ar ar q tox+tAtoy .

Subsequently, the TC of AV = Vinnt — Vinowt, Where Vinnt denotes the
threshold voltage of the 5-V NMOS, becomes

d@vren) _ st qNa ) [ 1 _ 1] (d‘I’MS,nut) n d(Pumsnot=2 Msnvt) <0 (3.12)
ar Cox | 2€si(PMsnvt) | aN’ X% | ar dr :
“2e5iPMsnvt J

Therefore, it can be proved, in a more general form, that the threshold
voltage difference between a high-Vin NMOS and a normal-Vin NMOS is CTAT.
It is regardless of how a high-Vi is obtained, be it dopant implantation or gate-
oxide thickening. Hence, d(AVr1)/dT = 0 can be achieved based on (3.2) by
adjusting Ip2/Ip1 and W1lLo/(W2L1) [52]. This is proved by simulation results of VR
at the typical corner (in grey color) across the temperature range shown in
Figure 3.4b. Subsequently, d(AVrer)/dT = 0 can also be obtained through the
current-mirror formed by Ms and Ms in Figure 3.3b according to

Vrer = s (ID_l) Ry = (&) (ID_S) (Vesz — Ves1), (3.13)

R; \ps R1/ \ps

where Ipz = Ipz1 is the drain current through Ms; Ips is the drain current through

Ms. Ro and R1 are resistors implemented with the same type of material to cancel
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out their inherent TCs.
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Figure 3.4 Zero-TC derivation in (a) circuit setup, where Iv/lx = 3:2, Ix = 66 nA and
Iy =99 nA with (b) simulation results across all MOSFET process corners.

3.2.2 Proposed Trimming Networks for R1

Failure caused by process variations in Rz are twofold. On the one hand, thermal
characteristics of MOSFET varies significantly as reflected in Figure 3.4b. By
considering process variations in Ry itself, it will result in a Ry that is much larger
than the drain-source resistance of M1 at process corners with ‘fast NMOS’; a
large portion of Vpp along the branch of M3-R1-M1 can be taken by Rj. It will
squeeze down Vpsz till Vps: < 4VT, rendering the assumption to establish (3.1)
invalid. Under such scenarios, (3.2) does not hold any more. This is due to the
fact that Vps1 has to be included in (3.1) and (3.1) has to take a more general

form [74] to become

(VGs1-Venn) Vps1 (3.14)
w; .
Ipy = Ipo (L_ll) e ™'t (1—e Vr)

where Vit refers to the threshold voltage of the standard 5-V NMOS. By
merely assuming 2Vt < Vps1 < 4Vt with Vps1 = Vegs1 since Vg1 and Vps of the

NMOS are shorted, Ip1 can be approximated as

(1+0.06M)V 51~V ihn 3.15
Ip, = 0.78 X I, ('2’—11) e mr 329

_VD51 0.06Vpgq

This is due to the fact that <1 —e 't ) ~0.78¢ Vvr for2 <Vpsi/VT<4

derived through MATLAB® approximation and plotted in Figure 3.5, where the
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dotted line in grey color plots ‘1 - exp(-Vos/VT)', whereas the solid line plots
‘0.78exp(-0.06Vps1/VT)'.
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Figure 3.5 Approximation of ‘1 - exp(-Vps1/V1)’ through MATLAB®.

As it is likely to maintain Vps2 = Ves2 > 4V+ for M2 due to the absence of
a large resistor between M4 and Mz, (3.1) is valid for computing Vegs2. Thus, (3.2)

can be recalculated to become

ro_ !
VRl - VGSZ - VGSl

= [(Venn_nwt — Vennnve) + 0.06mgVipn noe]/(1 + 0.06mg) + (3.16)
0.78xe1*006Ms 11 111 Coxa WLy
[mSVT/(l + 006"15)] ln( Ip1n2Cox2W2ly ) '

Since dViyy poe/dT = —Sln(Npeak/NA) < 0[71], it is inferable that the first

term on the right side in (3.16) is CTAT whereas the second term can be made

PTAT through proper ratio-setting. With reference to (3.2) and (3.16),

AVe, _ k__my (2-e°-°6mSNA) (3.17)
dT q 1+0.06mg ’

Ng;

Thus, unless dedicated implantation processes are implemented to have N,; =

o : av Rolp3 dV; :
2-e%0msN, it is more likely that TC = == = (ﬂ)i # 0 in general. In other
dT Rylps/ dT

words, to ensure that (3.2) still holds, it will be more reasonable to trim R to have Vps:
> 4Vt than to control accurately the costly dopant-implantation to achieve N; = 2 -
e%0ms N, This is particularly critical under sub-1-V operations as Vps: tends to

be squeezed below 4Vt due to the low Vpp.
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On the other hand, R that becomes too small at certain process corners
can result in a large drain current through M1 and drive M1 out of the
subthreshold region into saturation region. Under such scenario, R1 needs to be

trimmed also to increase R1 to validate (3.2) for M1 and Ma.

In this work, Ip1/lp2 = 1.5 is chosen. Subsequently, M1 and M: are sized
accordingly to nullify TC for Vrer. They are implemented in large sizes to ensure
good matching [52]. To compensate process variations, the proposed VR is

simulated at 15 process corners.

TABLE 3.1 LIST OF OPTIMAL Ri1 AND Ro ACROSS PROCESS CORNERS

Process Corners
Resistor @ 1.8-V MOSFET® | 5-V MOSFET ® Ri (kQ) Ro (kQ)
SS FF FF 792 332
TYP FF FF 820 332
FF FF FF 877 360
SS FS FS 1018 445
TYP FS FS 1075 473
FF FS FS 1103 502
SS TYP TYP 2263 1294
TYP TYP TYP 2518 1407
FF TYP TYP 2942 1690
SS SF SF 2942 2029
SS SS SS 3169 2171
TYP SF SF 3395 2312
TYP SS SS 3536 2425
FF SF SF 3961 2680
FF SS SS 4102 2793

a. For resistor process corners, SS and FF refers to resistor slow case and fast case models accordingly; TYP refers to resistor
typical case models.

b. FF, SS, FS, and SF refer to the process corner with fast NMOS and fast PMOS, slow NMOS and slow PMOS, fast NMOS and
slow PMOS, and slow NMOS and fast PMOS accordingly; TYP refers to the typical NMOS and PMOS performances.

At each process-corner, the optimal Ri that minimizes d(AVri)dT is
recorded as shown in TABLE 3.1. Subsequently, the Least Significant Bit (LSB)
resistance for R1, R1_1ss = 1%R1 typical IS derived. Ry wypical IS the optimal Ry at the
typical process-corner. In addition, by considering the large R1 variation across
process corners and the area cost of a large trimming-network, this work

implements the bit-dependent incremental resistance to trim Ri. Such
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incremental resistance is to increase proportionally with the total resistance

based on

ARy; =ARy;_1(Ry;/R1i-1), (3.18)

where Rii = Rii1 + AR11. i 2 1 and it refers to the it bit of incremental
resistance; and ARy = Ry 1sg when i = 1. Thus, the number of trimming bits, m,
can be derived by solving (3.19)
Rimax = Rumin + 5703 BRy 5 (3.19)

where Rymin = 792 kQ and Rimax = 4102 kQ in this work. Subsequently, m = 6
is chosen. Hence, (2™ = 26 =) 64 segments of incremental resistances are
connected in series to trim Ry as shown in Fig. 4. Vp: refers to the drain of M,
whereas Vps refers to the drain of Ms. To illustrate, assume that (R1,min + AR1,1)
is the desired Ri. In Figure 3.4, Mta1,2 and Mrs1,2 will be switched on by setting
Vtiim1,2 = 0. In this manner, Ip1 flows from Vps through Mraz1,2, AR1,1, and Ry min tO
Vp1. Moreover, through Mts1,2, Vp3 is passed to V+, which is Vin+ of EAL. For
matching purposes, additional PMOS transistors are inserted between V_ and
Vin- of EAL to match Mrs1,i as well as between Vps and V- to match Mra1,i. They

are not shown in Figure 3.3 for simplification.

VD3 VD3
VTriml,GA ‘_7-0
M+gy,64 Mraiss 1
Mrese : - -/._J :
Vrrim2 | AR 64 - s i ARimz
: M ' Mras2 : Mrg1, \ Mra12
WViTB1I2 TR
Vrrime,1 ARy 2 , AR;1 F S—
o " T = Mta11 Mgt \ Mrar1
V., 0 TBL1T & . V, o .
Rl,mini! Rl,mini:
oVDl OVDl

(@) (b)

Figure 3.6 Resistance trimming networks for Ry in (a) actual circuitries and (b) its
conceptual diagram.

Trimming voltages Vrtrim,1 t0 VTrime4 In Figure 3.6 are generated by the

digital circuits in Figure 3.7. Altogether, Nine 3-to-8 ‘tree’ decoders [71] are
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implemented for this purpose. The decoder is enabled upon logic ‘0’. Vr1 N1 tO
VRr1 INs are the input trimming bits, among which Vr1 ina to VRr1 ine function to
select one of the eight cascading 3-t0-8 decoders, whereas Vri_in1 t0 VR1 N3

turn on or off of the particular trimming voltage based on the decoder selected.

VR1 N1 © o — e e f——= ?melyl
VR17IN2 [ —— R e :
| X 0 Vrrim18
VR1_INg N S : |
VR1_INg S e - N .
| 1 (<) Dl O Sl (5] ) Dl _OVTriml,57
VR1_INs § B I § § Sk
VRi_iNe S» 8 Dg — S, a 2 Dslo Virimt 64
@ o =
S3 ,CT,) Sg g "?
%) pry by
ENB ENB ENB
VR1 EN o—— Y +

8x 3-t0-8 Decoders

Figure 3.7 Digital circuits to derive Vriim1,1 t0 Vrim1,64.

3.2.3 Proposed Trimming Network for Ro

The main purpose to trim Ro is to match R1 as well as (Ves2 — Vesi) in (3.13) to
maintain Vger at its nominal value, which is set to be 0.2 V in this work. To
minimize effectively the undesired TC introduced by the resistance of MOS
switches, the trimming network for Ro is divided into upper and lower portions
as shown in Figure 3.8. Moreover, the incremental resistance, ARo4;j, of the
upper portion is deliberately made large, whereas the incremental resistance,

ARo 1k, iIs made small.

To illustrate, take Ro = ARon1 + Romin + ARo 16 as the desired Ro for
example. Only Mtgo,H2 and MraoH2 needs to be on with VrimoH2 = 0 V. The rest
of trimming voltages in the upper portion are set as logic ‘1’ to turn off their
corresponding P-MOS switches. However, the resulted TC of Vrer could be
corrupted if ARoj is not large enough. This is especially the case under sub-1-
V operations. Since MOSFET as a switch operates in the triode region when

turned on, the on-resistance, Ron-sw,H2, Of MTB0,H2 Can be expressed as

1 (3.20)

tpCox(Wr2/Luz2)(Vps—|Vinp|—Vsp,u2)"

Ron—SW,HZ =
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As Vps is relatively low under sub-1-V operations, a low VsgteoH2 IS
resulted in, leading to a large Ron-sw,H2 cOmparable with the total off-resistance,
Roft.sw, of all higher branches that consist of Mtso,H3 till Mteo,H7 in Figure 3.8a.
Subsequently, significant amount of Ips could flow through Rof-sw. As a result,
(3.13) becomes

i _ [(Romin+ARs 1 +ARo L16) (ID—S)V (3.21)
REF — Ry Ips R1»

where ARbH1 = ARoH1 + Ron-sw.H2||[Rof-sw. Since Ro is implemented with
unsalicided n*-poly resistor, which displays different TC from the MOS switches,
d(AROH1YAT # d(ARoH1)dT. To minimize the effect of on-resistance, it is
necessary to have ARon1 > Ron-swHz||Rof-sw such that ARoH1 = ARoH1.
Subsequently, ARo, .k of the lower portion in Figure 3.8c has to be small to

increase the trimming resolution for Ro.
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Figure 3.8 Resistance trimming networks for Ro that consists of (a) the upper
portion with (b) its conceptual diagram and (c) the lower portion with (d) its
conceptual diagram.

Conversely, note that implementing the lower portion in Figure 3.8c alone
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to trim Ro is not feasible either. This is due to the situation when the desired Ro
becomes large enough and comparable with the off-resistance of the trimming
MOS switches, such as Mrao.Lk. Significant amount of current will flow through
the off-resistances to sabotage the overall TC again following the same principle
in (3.21).

By adopting Ro s = R1_LsB, a trimming resolution of Ro_Lse/Ro typical = 2%
can be obtained. Roypical refers to the optimal Ro at typical process corners for
all components in TABLE 3.1. Thus, the trimming bits, n, for Ro trimming-
networks can be obtained as

n= ln(RO,max/RO L.S‘B)/ln(z) ~7, (3.22)
where Romax = 2793 kQ shown in TABLE 3.1. In Figure 3.8, ARo,k = Ro_LsB,
where k = 1 to 16. ARonj = 15%Ro 1ss, where j = 1 to 7. Trimming voltages
VTrimo,H1 10 VTrimo,He @and Vrrimo,L1 tO VTrimo,L16 @re generated by the digital circuits
in Figure 3.9. The digital circuits are made up of three 3-t0-8 decoders. The
seven trimming-bits are Vron,in1 t0 VRoH,IN3, VRoL N1 tO VRouinz and Vwrorenz. All

decoders are enabled upon logic ‘0.
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© V1rimo H1
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© V1rimo Lo
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Sy g Do | s g Dgfe| 1S & Dgf° Vmimis
8 . . 8 . . : 8 . .
S @ Ditod s @ Ditod reds @ Dilovqy,
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Figure 3.9 Dlgltal circuits to derive VTrimO,Hl to VTrimO,H8 and VTrimO,l_]_ to VTrimO,LlG-
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3.2.4 Trimming Procedure

Making use of the proposed trimming networks, the CMOS VR is trimmed in the
following manner. To start with, the Ri trimming network is configured by
assuming the typical process corners. Accordingly, Ro trimming network is

configured to derive a 200-mV Vger.

In this manner, Vrer is recorded at -40 °C, 25 °C and 80 °C to derive an
estimated trend of Vrer over temperatures. Similarly, another two trends of Vrer
will be recorded at R1 values that is smaller and larger than its typical one. Thus,
by comparing the slope of the three trends, the trimming direction can be
determined, such as trimming R1 up or down, to minimize the TC from -40 °C to
80 °C. Once R is determined, Ro can be trimmed proportionally to ensure that
Vrer = 200 mV.

3.2.5 Proposed Curvature-compensation Circuits

The proposed curvature-compensation serves two objectives. Primarily, it is to
improve TC of the VR. Specifically, by considering the second-order effect of
channel-length modulation, the drain current of a PMOS in the saturation region

can be expressed according to [75] as

Ip = 31pCox (7) Vs [1 + 25 (Vs = Verp)), (323)
where Vet = Vsc - [Vinp|. Substitute (3.23) into (3.13) to obtain
_ (R W3L5[1+1p(VSD3—Veff,c)]) (3.24)
Veer = (R1) (W5L3[1+1p(VSDs—Veff,c)] Vr1,

1+lp (V5D3 _Veff,C)
14+Ap (Vsps—Verr,c)'

dy/dT # 0 as y # 0 since Vsps # Vsps and dAp/dT # 0, where A is the output

where Vett,c = Vpp — Ve - |Vinp|. By having y =

it is apparent that

impedance constant [75]. It can be shown that

- () () v+ 2582 0 62

where Rons is the on-resistance of Ms in the saturation region. As Ro is

temperature-dependent, this indicates that dVrer/dT # 0 with reference to (3.24)
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due to the 2"-order TC introduced by the temperature-dependent Vsps even if
dVr1/dT can be nullified. To restore (3.23) to (3.13), a curvature compensation
network that consists of EA2 and Ms is proposed as shown in Figure 3.3b. With
V_sensed by Vin+ of EA2, the negative feedback from Vin- of EA2 to Vse ensures
that Vps = V_ always. Subsequently, it guarantees that Vsps = Vsps = Vspz and
Ips/los = WsL3/(WsLs). Significant improvements on TC is illustrated by the
simulation results shown in Figure 3.10 by the proposed curvature
compensation techniques. The simulation setup is under Vpp = 0.7 V at typical
process corners. TC improves by 68% from 19.3 ppm/°C (without curvature

compensation) to 6.2 ppm/°C (with curvature compensation).

0.204 - -
0.204 |, —with curvature compensation

0.203 |* - -without curvature compensation

0.203
0.202
0.202
0.201
0.201
0.200

0.200
-50.0 -25.0 0.0 25.0 50.0 75.0 100.0125.0
Temperature (°C)

VREF (V)

Figure 3.10 Effect of proposed curvature-compensation circuits on TC.

In addition, the curvature-compensation circuits also helps to improve the
PSR of the proposed CMOS VR as verified by simulation results in Figure 3.11.
The simulation setup is under Vpp = 0.7 V at typical process corners. No output
capacitor is loaded at node Vrer to reveal the true PSR characteristics of the
VR alone. PSR.r improves by 28.5% from -48.9 dB (without curvature-

compensation) to -62.8 dB (with curvature-compensation).

Improvements in PSR by curvature-compensation circuits are twofold.
Firstly, the supply noise is weakened due to the additional impedance
contributed by Me along the VR output branch. In detail, the low-frequency PSR,
PSRLF, is improved based on the impedance-division principle [76] as in

PSRy = 201og (2£) = 20 log [z ———| < 20 log [ (3.26)

Ro+1Z5(s)1+1Z6 ()] Ro+1Zs ()|’
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where Zs(s) and Zs(s) are the impedance of Ms and Ms accordingly. Secondly,
the compensation capacitor Ccz, which is inserted to constitute a dominant-pole
compensation to ensure frequency stability, also improves the high-frequency
PSR, PSRue. This is due to the fact that, at high frequency, vss = vgs Since

L — 0. This leads to igs = 0. Thus,

llm ZCCZ = llm

w—0 w—-oo Jwlcy
PSRyp = 2010g (L) = 20log (%2242) ~ —a, (3.27)
10.0
0.0 Z-~

-10.0
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Figure 3.11 Effect of proposed curvature-compensation circuits on PSR.

3.2.6 Error Amplifier

The EA implemented in this work shown in Figure 3.3a adopts the amplifier
structure introduced in [46] by replacing the grounded BJT input-pair with a
grounded NMOS input-pair [77]. In this manner, no additional bias control is
needed for the input currents of the EA since they are the exact replica of Ip2
thanks to the current-mirror formed between Mz and Maz within the EA. Note
that both Ma1 and Maz are 5-V NMOS’ to match M2. In addition, the inherent
symmetrical structure ensures low input offset. Besides, the absences of a tail
current-sink also facilitates sub-1-V operations. Cci constitutes a miller

compensation to ensure frequency stability of the proposed VR.

3.2.7 Start-up Circuits

To ensure that the proposed CMOS VR is functioning with designated amount
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of current flowing through its core circuits to derive the targeted Vrer, a start-up

circuit shown in Figure 3.12 is necessitated.

Voo
M
Mss | = H I i[s, Msz
F
Ms; |;||——|l:| Ms;

Figure 3.12 Start-up circuits for the proposed CMOS VR.

Upon power-up, no current flows through Mss and Msi. All transistors in
the start-up circuits are off. However, the gate voltage of Mss is designed in such
a manner that, upon power-up, Vsc,sg biases Msg in the subthreshold region with
a small amount of current leaking through Mss from Vpp. Subsequently, the gate
capacitances at V- is slowly charged up. Thus, V- is slowly raised. This leads to
an increase in the drain current through Mz. Through the positive feedback from
Vin- of EAL through M4, V- continues to increase and causing Vc to decrease
accordingly through EA1. Subsequently, V. starts to get charged up through Ms
due to the lowering Vc. The complete VR will reach its stable state as long as
the gain of the negative loop from Vin+ through Ms to V- is larger than the gain
of the positive loop from Vin- through Ma to V_. As current in Ms3 and Msz
increases, so does current through Ms7 as well as Mses, causing the on-
resistance of Mses to reduce and pushing the gate voltage of Mss close to Vpp to

turn off Mss.

3.3 Results and Discussions

A micrograph of the proposed VR is shown below in Figure 3.13. The whole L-
shaped chip, which involves both the main circuitries and the trimming networks

occupies an area of 1.4 mm?.

Figure 3.14 lists the TC of the proposed VR after trimming at the typical
process corners. In comparison with previous works, such as the VR in [52], the
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proposed VR exhibits relatively low TC 39.6 ppm/°C, 41.7 ppm/°C and 39.7
ppm/°C are obtained under Vpp at 0.7 V, 1.1 V and 1.5 V respectively. The
resulted average Vrer across the temperature is 199.8 mV, 199.6 mV and 199.5
mV under Vpp at 0.7 V, 1.1 V and 1.5 V respectively.

CMOS VR
Core Circuitries

R &R,

Trimming

Networks

Figure 3.13 Micrograph of the proposed VR.
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Figure 3.14 Measurement results of a typical Vrer versus temperature from one
sample under Vppat 0.7V, 1.1V and 1.5 V.

Moreover, TC repeatability is investigated in Figure 3.15, where Vrer oOf
10 samples under Vpp at 0.7 V, 1.1 V and 1.5 V are measured from —40 °C to
+80 °C. Altogether, 30 (= 3x10) sets of measurement data based on the 10
samples 3 supply inputs are collected. In Figure 3.15, all solid lines represent
data collected under Vpp = 0.7 V; all dashed lines represent data collected under

Vpp = 1.1V, all dotted lines represent data collected under Vpp =1.5 V.

Statistical distributions of the 30 sets of data are analyzed in Figure 3.16.
In Figure 3.16a, Gaussian distribution are plotted for the measured Vrer of the
10 samples under the 3 supply inputs accordingly. In general, the spread of Vrer
is the narrowest under Vpp = 0.7 V with the smallest standard deviation (o)
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among the 3 sets of data under 3 supply inputs. The mean value () of Vrer
over temperature increases slightly by 0.2 mV as Vpp increases from 0.7 V to
1.5 V. Hence, the average LS for Vger is computed to be 0.13%/V with the
minimum at 0.06%/V and the maximum at 0.37%/V.

2015
201

-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90
Temperature (°C)

Figure 3.15 Measurement results of Vger versus temperature from 10 samples
after trimming.

Moreover, distributions of TC are summarized in Figure 3.16b. Based on
the Gaussian distribution drawn under each Vpp, TC is more concentrated under
Vpp = 0.7 V with the smallest c among all data under the 3 supply inputs. The
averaged TC varies slightly from 42.5 ppm/°C under Vpp = 0.7 V to 48.5 ppm/°C
under Vpp = 1.1 V and 45.5 ppm/°C under Vpp = 1.5 V. In comparison with the
CMOS VR in a similar AVw-based BVR-like topology in [52], the proposed

trimming and curvature compensation techniques improve the TC by 2.54 times.

Furthermore, to reflect better the supply-sensitivity of TC, this work
proposes TC’s LS, LS|rc, by taking the ratio between the largest TC-variation

versus the range of the corresponding supply inputs as shown below:

TCrnax — TCnin (3.28)

LS| e =
TC
V DD ,max ! DD,min

Different from the formula to compute the conventional LS for Vrer Wwhen the
nominal value of Vrer is included in the denominator, the nominal value of TC
is not involved in the denominator of Equation (3.28). Otherwise, a small TC with
a relatively large (TCmax — TCmin) can result in a worse value than a large TC

with the same variation. This will be nonsensical since TC variation around a
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small nominal TC is more desirable than the same amount of variation around
a large one. Hence, LS|tc will be in ‘ppm/°C/V’ rather than ‘%/V’, which is the

case for Vrer's LS.
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Figure 3.16 Distribution of (a) average Vger at various Vpp after trimming, (b) TC,
(c) trimming codes for R, and (d) trimming codes for Re from the 10 measured
samples.

In this manner, LS|rc offers insight in characterizing the TC’s supply-
sensitivity for a given VR. It is a useful index as it is not rare that a VR can derive

a good TC under a specified supply input but not so over its entire range of
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supply inputs. In this work, the best LS|tc is measured as 2.65 ppm/°C/V among
the 10 samples being measured; and its worst-case value is 15.4 ppm/°C/V. In
addition, trimming code for R1 and Ro trimming network are summarized in

Figure 3.16c and Figure 3.16d respectively.

Effectiveness of the proposed trimming networks is illustrated in Figure
3.17, where histograms in grey color represents TCs without trimming. Large
variations in TC are notices over process deviations. They are most prominent
at ‘FF’ and ‘FS’ corners, where TC deviates from its value at ‘TYP’ corner as
much as 3000%! Such deviations are mostly attributed to the ineffectiveness of
(3.1) by approximating Vps > 4Vt for the normal-Vin Mn1 in Figure 3.1b in

previous works.

The simulation results in Figure 3.17 have proved the effectiveness of
proposed trimming networks. The results also implies the inadequacy of the
curvature-compensation circuits alone in correcting TC over process variations
despite its positive effect shown in Figure 3.10. TCs across all process corners
are brought to be lower than 37 ppm/°C and close to their values at ‘TYP’

corners after trimming.

OG 60.0 r  mypp=0.7V (untrimmed) 2000 OG
2 500 | VDD = 1.5 V (untrimmed) 1800 g
g VDD =0.7 V (trimmed) 1 1600 =
= 400 | VDD = 1.5 V (trimmed) 1 1400 =
£ 1 1200
§ 30.0 F \/\_\\ 1 1000 'E
£ 1 800 &
o 200 1 coo
= &
10.0 | I { 400 F
{ 200
0.0 Lo mm m,
TYP SS FF FS SF

Process Corners

Figure 3.17 Simulation results of TC with and without trimming.

Moreover, the PSR reported in this work follows the definition of PSR =
201log(dvyer/dvaq) , Which quantifies “the vulnerability of the circuit to noise
injected through the input supply” [44]. PSR of the proposed CMOS VR under

various supply inputs and with multiple values of output capacitor (C.) is
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measured and plotted in Figure 3.18a and Figure 3.18b respectively. As
observed in Figure 3.18a, across all supply inputs, PSR deteriorates slightly
from 100 Hz onwards with the worst PSR, being approximately -55 dB, occurring
around 1 kHz. Such ‘1 kHz’ corresponds to the -3-dB Band Width (BW) of the
Low Pass Filter (LPF) formed by the 33-nF C_ and Ro. Beyond the ‘1 kHZ’,
supply-induced noises are being filtered out by the LPF. Thus, PSR improves
again. The significance of the -3-dB BW can be better illustrated by Figure
3.18b, where Cy increases from 0, 1 nF, 3.9 nF, 15 nF to 33 nF. As C. increases,
the mid-frequency PSR improves since the -3dB BW of the LPF shifts towards
DC and the LPF filters out more low-frequency noises. Ro is kept unchanged in

this setup to ensure a 200 mV VRger.
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Figure 3.18 Measurement results of (a) PSR under various Vpp from 0.7 Vto 1.5V
with 33-nF C. and (b) PSR under Vpp = 0.7 V with various C, from 0 to 33 nF.

The good supply-noise rejection at low frequencies can be attributed to
the impedance-division principle [76] as the resulted Vrer (= 0.2 V) is relatively

smaller in comparison with Vpp (> 0.7 V). To maintain a high PSR beyond 1
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kHz, an output capacitor of 33 nF can be added at Vrer. In addition, the
proposed curvature-compensation circuits also helps in improving the high-

frequency PSR by forcing vsge ~ O which results in (3.27).

Furthermore, start-up performance is verified as well and shown in Figure
3.19. It takes longer time for the proposed VR to start up at low Vpp, such as
Vpp = 0.7 V, due to the relatively low quiescent current available to charge up

the parasitic capacitances of the internal nodes.
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Figure 3.19 Simulation results of start-up performance.

Also investigated is the minimum supply-input, Vop,min, Of the VR. As it is
shown in Figure 3.20a, the CMOS VR derives meaningful output with Vrer =
198.1 mV under Vpp from 0.63 V till 1.7 V by taking 200 mV as the targeted
output and 1% as the targeted tolerance. Presented in Figure 3.20a is the
guiescent current (Ig) consumption measured across supply inputs. Noticeably,
lo = 400 nA at Vpp = 0.7 V but increases with Vpp and reaches 3.25 pA at Vpp
= 1.5 V. This is due to the increased current consumption of the digital logics
that build the trimming networks under a higher Vpp. Temperature dependence
of Ig is listed in Figure 3.20b. As observed, lqg is stable under sub-1-V Vpp and
exhibits a slight decrease along the rising temperature under large supply
inputs, such as 1.5 V.
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Figure 3.20 Measurement results of (a) Vrer and lg versus Vpp with the proposed
trimming techniques at room temperature and (b) lo across temperature under
Voo 0f 0.7 V, 1.1 Vand 1.5 V.

3.4 Concluding Remarks

Performances of the BVR-like CMOS VR with the proposed techniques are
summarized and compared against prior works in in TABLE 3.2. In comparison
with the AVi-based CMOS VR in [52], the proposed trimming and curvature-
compensation networks improve TC by 1.4 and 4.6 times in terms of the
minimum and maximum TC respectively. In average, the proposed circuitries
improve the TC by 2.54 times from 108 ppm/°C as reported in [52] to 42.5 ppm/°C
as measured in this work. Thus, the proposed trimming and curvature
compensation effectively offset process variations in such type of CMOS VR to

derive a minimized TC.

Moreover, in terms of supply independence, Vrer’'s LS and TC’s LS of
the proposed CMOS VR exhibits the second best performance among all listed

works. This can be attributed to the 4-Transistor EA, shown in Figure 3.3a, which
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inherently matches the VR core circuit as well as the curvature compensation to
ensure accurate current mirroring between Ms and Ms. This can be conducive
when such VR is powered by a declining Vpp derived from a depleting battery

output within a WSN sensor node.

TABLE 3.2 PERFORMANCE COMPARISON AGAINST PREVIOUS WORKS

[48] [51] [52] [78] [79] This Work
Year 2002 2012 2016 2016 2018 2019
Publication JSSC JSSC JSSC JSSC TCASII -
Tec(':j”rgiogy 0.6 0.13 0.065 0.065 0.18 0.18
Type a AVBE AVth AVm Vs AVGS AVth
Voo,min (V) 0.98 0.5 0.62 0.8 0.6 0.7°
lo (MA) @ Vob,min 18 0.000059 | 0.0016 16.25 0.051 0.4
Vrer (MV) 603 175 390 428 218.3 200
Temperature |, _ 14| 0 -~80 |-25~ 110 | -40 ~ 125 |-40 ~ 125 -40 ~ 80
range (°C)
TC (f’/pm/°c) @ | 15 |135-47°| 44~248 | 32~98 |8.4~34(31.2~541
DD, min
TC’s LS d e i ) i .
(DPMIPCIV) 19.2 1.21 2.65
Curvature_ No No No Yes No Yes
Compensation
Vrer's LS (%/V) - 0.036 0.07 0.1 0.4 0.069
Trimming No Yes No Yes Yes Yes
PSR (dB) @
100 Hz - -51 -62 -97 - -60
PSR (dB) @
10 MHz - -65 - -65 -42.3 -97
Area (mm?) 0.24 0.0093 0.077 0.0104 0.075 1.37
a.  Type' refers to the key concept the VR relies on to derive a zero TC by cancelling PTAT and CTAT coefficients.
b. According to measurement results, the actual Vop,min is 0.63 V in this work. However, 0.7 V is taken to make the reported “TC

@ Voo,min” in this table tally with the rest of the works. In addition, 0.7 V is also the targeted Vop,min during design.
This is the TC of the digital trimmable 2T VR in [51].
This is measurement result from one sample according to [48].

This is the best-case measurement result according to [51].

-~ o a o

This is the best-case measurement result. TC’s LS range from 2.65 ppm/°C/V to 15.4 ppm/°C/V with an average at 9.02
ppm/°C/V.
g.  Thisis the best-case measurement result. Vrer's LS range from 0.06%/V to 37%/V with an average at 0.13%/V.

Despite inferior LS to that of the CMOS VR from [51], the proposed VR
outperforms the VR in [51] in both PSR and the feasible temperature range.
Indeed, PSR of the proposed work is much higher than that reported in [51] by
20 dB at low frequencies as listed in TABLE 3.2. This can be attributed to the
effect of the on-resistance of Me and Cc. as explained earlier. The high PSR is

advantageous when the supply input comes from a noisy rectifier-output as in
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WPT-powered applications. Also surpassing the VR in [51], the proposed VR
allows a wider temperature range. Indeed, it allows the widest feasible
temperature range, from -40 °C to 80 °C, among all prior works with an available
LS|rc [48, 51]. The feasible temperature range of the proposed VR is 1.2 times
wider than that of the VRs in [48] and [51].

With comparable TCs, a wider feasible temperature range implies a more
robust Vrer against temperature variations and it is also more desirable. This is
due to the fact that the local temperature gradient, dVger/dT, deteriorates more
radically along the TC curve towards both cold and hot boundaries of the
temperature range. Obviously, by narrowing down the temperature range, TC
can be calculated smaller than it is done otherwise. However, a low TC under a
narrow temperature range will become less meaningful as it will limit the
practicality of the VR when the VR has to cope with large temperature variations.
Therefore, as far as PVT-robustness is concerned, the proposed CMOS VR in

this work still presents the best overall performance.

Admittedly, TCs reported in [78, 79] are low over a wide temperature range,
their low TCs are valid only under specified supply inputs. Since no LS|tc is
available to be deduced from these works, the practicability of these VRs is less
convincing. In other words, the specific values of Vpp entailed to obtain the low
TCs can be hard to guarantee due to inaccuracies and non-ideal setup in

practice. Simply put, variations in Vpp may worsen their TCs considerably.

Nonetheless, the proposed VR is not without shortcomings. For an instance,
the total area is relatively large. This is due to the overly designed trimming
networks and the excessively placed dummies in empty areas to fulfil layout
design rules. Even so, as far as product packaging is concerned, the VR faces
no difficulties to fit into a Small Outline (SO) package, such as a 10.3x7.0x2.1
mm3 SO16 package. This is so even if it has to be packed together with a
voltage regulator fed by its Vrer. Under such scenario, the Ro trimming network
can be replaced by a tunable resistive feedback loop of the regulator to save

space as well.
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Chapter 4 A Fast-settling OCL-LDO Based on Load-
Adaptive Negative-Resistance

Despite the fact that an LDO dedicated to a WPT-powered WSN sensor node
can be powered by a secondary battery, good LS is still necessary under the
battery-output from 1.5 V down to sub-1 V. Moreover, fast-settling load-
transient-response is to be assured upon sudden switching on or off the loading
ICs orchestrated by the DPM scheme. Equally critical is the power efficiency
since the power attainable under such scenario is limited. And the power
efficiency will be translated into low Drop-Out Voltage (Voo) in the range of 100
mV, and current efficiency above 99% in this work. Furthermore, an Output-
Capacitor-Less (OCL) topology is favored as the absence of large and discrete
compensation-capacitors at the LDO output-node saves the PMU package-size
as well as the overall node-size of a WSN sensor.

Prior works in fast-settling sub-1-V OCL-LDOs [80-83] display a Vpo of 200
mV, which still leave room for improvement. An LDO reported in [84] features a
Vpo as low as 50 mV but can source only 10-mA load current, maximum. This
is inadequate when the LDO is loaded with both ADC [31, 32] and RF
transceivers [28]. In contrast, this work develops an OCL LDO enhanced by
load-adaptive negative-resistance at the input stage of its EA. In this manner, it
targets at sourcing current up to 50 mA with high current-efficiency and fast-
settling load-transient-response, even under sub-1-V Vpp.

In this manner, this chapter begins with an in-depth review on the inefficient
power consumption of the original Gm-cell-based OCL-LDO to achieve fast-
settling load-transient-response under sub-1-V input supplies. Benefits of PPF
structure in raising the power efficiency are revealed subsequently. This is
followed by listing obstacles faced when PPF is incorporated into the original
Gm-cell OCL LDO. The chapter goes on by proposing the load-adaptive negative
resistance to address those obstacles. The additional process tracking
circuitries to correct process-deviation-induced errors in the proposed design is

introduced afterwards. As a further improvement, a new bulk-biasing technique
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is also covered in this chapter to accelerate the transient responses and PSR of
the OCL LDO. The functionality of the proposed design is then examined and
verified by small and large signal analyses. Simulation and measurement results

are discussed afterwards with conclusions drawn at the end of the chapter.

4.1 Overview of Previous Gm-cell-based OCL-LDO

Despite a low quiescent-current of 1.2 yA, the load-transient performance of the
original Gm-cell-based OCL-LDO under a sub-1-V Vpp is left unaddressed in
[57]. To adapt its fast-settling feature into a battery-powered LDO implemented
within a WSN sensor node, this work first delves into the sub-1-V performances

of the original Gm-cell-based OCL-LDO in terms of its DC-gain and speed.

Shown in Figure 4.1a is the original OCL-LDO in [57] if removing transistors
Mn1 and Mnz. Transistors MpHa, MpHb, MpLa, and MpLb are identical. So are MnH
and MnL. The current ratio of current-mirror Mps-Mps is 1:n; it is 1.1 for Mna-Mns
and 1:n for Mns3-Mns in [57]. The two Gm-cells are highlighted in dashed
trapezoidal boundaries. Firstly, the total input-gm, gm,in, Of the original OTA in
[57] can be computed by (4.1) following [56]

Gmin = 2NGmp,HL ImN,5&6 4.2
M ™ gmn3ga+ddsHLFIdsN 384"

where gm,nL equals the transconductance shared by MpHa, MpHb, MpLa, and MpLb;
s HL is their output-conductance; gmn ses refers to the transconductance shared
by Mns and Mna; gds,HL equals the output-conductance of Mpna, MpHb, MpLa, and
MpLb; Qdsn,384 refers to the output-conductance of Mns and Mna; all transistors

concerned in (4.1) are operating in the saturation region.

Moreover, the settling time, Ats of an OCL-LDO is given by [39] as

Ate ~ 237 CotAip, _ 0.37Cy Co1Aiy (4.2)
S 7 Bwg ImpPTMSR  9minImPTTout  9ImpTNISR’

where gm,pr is the transconductance of Mer; it is given as

Impr = UpCox (Wpr/ LPT)(VDD —Vepr — |Vthp,PT|)v (4.3)
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Figure 4.1 Gn-cell-based OCL-LDO in (a) its circuit diagram and (b) the small-
signal diagram with (c) the small-signal diagram of the half-circuit of the OTA.

where Vgpt is the gate voltage of Mer; Vinppr is the threshold voltage of Mer;
Wer is the channel-width of Mer; Lpr is the channel-length of Mer; Is; =
nlg[Avoue—/(Vsopra — |Vinpui|) — 1]2 is the discharging current [77] for Ats during
an undershoot recovery upon a step-up load transient, whereas Is; =
nlg[Aours / (Vse pra — |Venpr|) — 1]2 is the charging current [77] for Ats during an
overshoot recovery upon a step-down load transient; Avou- and Avey+ are the
undershoot and overshoot magnitude of Vour during load transient responses
Ig = pnCox Wy nr/Lnus) (Var — Vthn,HL)Z/z is the constant biasing-current through
Mnn and MNL; Vinp,He and Vinnne are threshold voltages of Mprab, MpLa,b, MnH,
and Mnc accordingly; Wn,HL is the channel-widths of Mnn, and M accordingly;
Ln,He is the channel-lengths of MnH, and ML accordingly; Ver is the bias voltage
to generate the constant Is; BWcL = Apcpd is the closed-loop bandwidth; Apc =
Om,info1gm,pTlout IS the open-loop DC-gain; pd = 1/(re1Co1) is the dominant-pole
frequency; ro1 = ras,ps//ras,ns and rout are the output resistance of the OTA and the
LDO accordingly; Co1 is the lumped parasitic capacitance at the gate of Mpet; AiL

is the change of the I during transient response.

The cross-coupled differential-input Gm-cell presented in [57] ensures
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fast settling of 4 us upon a 50-pA-to-50-mA load transient with a low quiescent-
current of 1.2 pA. However, the design requires a minimum of 1.2-V Vpp.
Modifications on such structure is shown in [60]. By enhancing the dynamic
biasing current obtained from the Gm-cell, it boosts the load-transient-response
further. A 20-ns settling time upon a 9-mA-to-40-mA load transient is achieved.
Nonetheless, the overall LDO is current-hungry and draws 158-pA quiescent
current. Moreover, it is not under sub-1-V Vpp, either. In addition, its current-

sourcing voltage reference circuit is unconventional but left unaddressed [60].

Now assume that Vpp falls under sub-1 volt and the output voltage, Vour,
remains as 0.7 V. rout Will drop unavoidably if I, is unchanged. Subsequently, Isr
has to increase to maintain Ats for fast settling based on (4.2). In turn, Is has to
increase if referred back through the current-mirrors. However, this leads to
reduction in Apc despite increase in gm,n. It is SO as the increase in gm,in IS
cancelled out by the corresponding decrease in ro1. Thus, to restore Apc for good
line regulation and LS, gmpt has to increase by raising Wet/Lpt. HOWever, a
large Wpt/Lpt could result in Mpt pushed into triode region and reduce gmpt
unfavorably. Subsequently, Ats will drop further, implying an even-larger Ig
needed to maintain Ats. Such iteration continues till an Iz that is considerably
larger than its original value is allocated. As a result, the current efficiency of the
original Gm-cell structure is reduced by the sub-1-V Vpp. Figure 4.2 shows the
reverse effect of a lowering Voo on Apc and Ats of the original OCL-LDO. This
calculation assumes that current consumption and I is kept constant across Vopp
and Vout = 0.7 V. As itis illustrated, at Vpp = 0.8 V, Apc drops as much as 95%
of its value at Vpp = 1.2 V; besides, Ats also slows down to become 8.9 times of
its value at Vpp = 1.2 V.
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Figure 4.2 Plot of normalized Apc and Ats of the original Gy-cell-based OCL-LDO
from Vpp = 0.8 to 1.5 V with respect to Apc and Ats at Vpp = 1.2 V.

4.2 Challenges in Incorporating PPF in OCL-LDOs

To boost gm,in Without trading the load-transient-response, a cross-coupled pair,
consisting of Mn1 and Mnz is introduced by attaching them to Mns and Mns as
shown in Figure 4.1a [54-56]. Such cross-coupled pair of Mn1-Mn2 forms a PPF
structure. As a result, the boosted input-gm, g'm,in, can be derived through small
signal analysis as in Figure 4.1c and (4.4) [56]. Mathematically, it is as if a

negative-resistance of value ‘-1/gmn,1¢2’ is connected in parallel with Mns or Mna.

2NGmp,HL * ImN,586 (4.4)

~

!
gm,in r '
Imn 384 — Imn,1&2 T JasHL T Gasn 384 T Jdsn,1&2

By keeping current Ig constant and modifying the drain current through Mna
to be I'na = (1 — a)Ing, O'mn,324 = (1 — A)OmN3.4, OmN 182 = AGmn3,4 aNd g'min/Om,in =
1/(1 - 2a), where 0 < a < 0.5 is the current-allocation-factor. Note that gas,HL,
0'dsN,3&4, and gasn,1¢2 are neglected as they are much smaller than (1 - 2a)gmn,3s4.
By adjusting the current ratio for current-mirror Mns-Mns to be 1 : (1 - a), the OTA
output current, lo1, which is through Mps and Mns, remains unchanged. In this
manner, the PPF-incorporated OCL-LDO consumes identical quiescent current
to the original. However, the modified DC-gain, A'bc is boosted and related to

the original DC-gain, Apc, by
Apc/Apc = Giin Gmin = 1/(1 = @), (4.5)
Thus, a larger a leads to a higher A'bc as shown in Figure 4.3. The
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calculation assumes that Vsg,pr = 0.6 V at Vpp = 0.8 V and |Vinppt| = 0.5 V. In
addition, Avoyut is assumed unchanged and Ai, is set as 100 mA. Mpr is assumed

to be operating in the saturation region.

A DC/ADC
o P N W bk~ o1 o

0 005 01 015 02 025 03 035 04
a

Figure 4.3 Plot of normalized A’cc of the PPF-incorporated Gm-cell-based OCL-
LDO with respect to Apc of the original Gn-cell-based OCL-LDO.

In addition, the reduced settling time, At's, can be related to Ats as shown
in Figure 4.4 using (4.2). Assumptions made for calculations to derive plots in
Figure 4.4 follow those made in Figure 4.3. Moreover, the more current diverges
into PPF from Ig, the faster the LDO responds. This becomes even more
prominent under sub-1-V Vpp. Such are the characteristics in need by a battery-
powered PMU within a WSN sensor node. Hence, in comparison with its original
predecessor, the PPF-incorporated Gm-cell-based OCL-LDO is more current-
efficient with better line-regulation due to the increased A'pc and faster load-

transient-response thanks to the reduced At's.
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Figure 4.4 Plot of normalized At’s of the PPF-incorporated Gn-cell-based OCL-
LDO with respect to Ats of the original Gn-cell-based OCL-LDO.
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However, trade-off in developing a PPF-incorporated Gm-cell-based OCL-
LDO does exist. Specifically, the improved DC-gain, A'bc, and settling time, At's,
threaten the frequency stability of the OCL-LDO across a wide load-range. This
is due to the LHP pole associated with the negative load resistance [56]:

! !
_ ImN3ga~9ImN182+ds HLT GdsN 3gatdsN 182 (4.6)

Pni&2 = C
N,1&2

With the dominant-pole, pq4, derived at the gate of Mpr, the conventional first-
non-dominant-pole of an OCL-LDO is the output pole, po = 1/(froutCout), Where
Cout Is the lumped capacitance at the LDO output node. This may still hold at
light load with PPF inserted into the LDO. However, at heavy load, the frequency
of pn,1e2 can become lower than that of po, which shifts towards higher

frequencies and leaves pn,1s2 as the new first-non-dominant-pole instead of po.

This is illustrated by simulation results in Figure 4.5. All dashed lines are
plots under the light load when I = 0 mA; all solid lines are plots under the heavy
load when I =50 mA. The simulation setup is under Vpp = 0.8 V. The OCL-LDO
is based on the proposed design except for the gate-biasing voltage of the active
SDR being fixed at Vsw = 0.55 V to emulate a non-load-adaptive gmn,is2. At
heavy load, PM > 0 as labelled in Figure 4.5a. It indicates that the LDO is stable.
This is due to the fact that po,s0-ma lOcates at relatively high-frequency or even
beyond the cut-off frequency as shown in Figure 4.5b. Under such scenario,
Po,s0-ma exerts negligible influence on the frequency stability, leaving pn,1¢2 as
the first non-dominant-pole; and it is relatively easy to ensure stability as the
LDO can be approximated as a one-pole system. However, as load decreases,
the LDO become less stable. This is resulted from the emergence of the load-
dependent po,o-ma at low frequencies. In other words, po,o-ma draws near to pn,is2.
The two closely-placed LHP poles can deteriorate the phase response
drastically and pull down PM towards zero. Therefore, to leverage on the merits
of PPF structure, the stability issue induced from the structure has to be resolved

across the targeted load-range.
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Figure 4.5 Frequency response of a PPF-incorporated OCL-LDO at heavy and
light load in (a) simulation results and (b) bode-plot diagrams.

4.3 Proposed PPF-incorporated Gm-cell-based OCL-LDO

A conceptual diagram of the overall proposed OCL-LDO is displayed in Figure
4.6, whereas its detailed circuitries are shown in Figure 4.7. OTAl is
incorporated with PPF and cross-coupled Gm-cell at its input stage to boost its
Apc and Ats. The key element of OTAL involves the proposed active load-
adaptive negative-resistance and the control voltage. The control voltage, Vsw,
is generated by the Load-Adaptive Controller (LAC). In addition, a Process-
Tracking Current-Sink (PTCS) is also implemented within the LAC to ensure
process-robustness. Besides, OTA2, Mer, R1, and R2 forms an auxiliary low-
power LDO as an adapter between a conventional VR and the current-sinking
reference-input of OTAL. In this manner, it addresses the need for a current-

sourcing VR from the Gm-cell-based input-stage.
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Figure 4.6 Conceptual diagram of the proposed OCL-LDO.

4.3.1 Proposed Load-adaptive Negative Resistance

The load-adaptive negative-resistance is achieved by attaching two active SDR
at the source terminals of Mn1 and Mnz respectively. Shown in Figure 4.7, the
two SDRs are realized by two identical NMOS, Mn1 p and Mn2 p. By biasing
Mn1_p and Mnz_p in the triode region, their effective resistance, Rn p, can be
estimated as Rn_p = 1/(UnCox(Wn_o/Ln_b)(Vsw - Vin,n_p)) by assuming deep-triode
operation [45]. un is the electron mobility; Cox is the gate-oxide capacitance per
unit area; Wn_p and Ln_p are the channel-width and channel-length of Mni_p and
Mnz_p accordingly; Vsw is the control voltage generated by the proposed LAC;
Vinn_p is the threshold voltage of Mni_p and Mnz_p. In this manner, by viewing
Mn1 and Mn1_p together as an equivalent NMOS itself as well as for Mn2 and
Mnz_p, the effective transconductance of the degenerated Mn1 and Mn2 can be
expressed as g'mn1s2 = gmn,e2/(1 + gmn1e2RN D) [45]. Thus, the resulted

negative resistance can be expressed as

1 __[ 1 1 (4.7)

™1&2 = — = .
1& g’mN,l&Z Imnigz  EnCox(WN p/Ln p)(Vsw—Vern D)

Despite that g'm,in drops due to SDR as gmn,1s2 in (4.3) has to be replaced
with g'mn1s2 derived from (4.6), the negative-resistance rnis2 becomes
adjustable by Vsw. In turn, Vsw is derived by the LAC to achieve load-
adaptability. To derive Vsw, IL is first sensed by the current sensing circuit shown
in Figure 4.7. The current sensing circuit is made of Mps1, Mps2, Mns1 and Mnsz;
it is constructed in a current-conveyor configuration. All MOSEFTSs in the current
sensing circuit operate in the subthreshold region. By ensuring Vps > 4Vt for
Mpsi1, Mpsz2, Mns1 and Mnsz, the current-mirroring can still be guaranteed despite
subthreshold operations as the drain current, Ip, under such scenario is

governed by (4.8) according to [52, 71]
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Figure 4.7 Circuit diagram of the proposed OCL-LDO.



Ip = Ino(W /L) expl(IVes| — Venl)/ (msVr)], (4-8)

where V1 = kT/q is the thermal voltage; k is the Boltzmann constant; T is the
absolute temperature; q is the electronic charge; Ipo = UCox(ms - 1)V1? ; W is the
charge carrier mobility, ms is the subthreshold slope parameter; W and L are the
channel width and length of the given MOSFET respectively. The sensed I is
then converted into voltage Vg p12 at the gate of Mpc2 by the resistive network of
series-connected Rsi-Rss. Rsi-Rss are implemented with four identical
MOSFETSs in diode connections with high resistance, which ensures minimum
current being diverted into the resistive branch with negligible effect on the

current-mirror Mns1-Mnsz2.

The load-dependent Vg pc2 is then compared with a constant reference
biasing voltage, Vg pc1 at the gate of Mpci. Vg pc1 is obtained from Mnci and the
resistive network of series-connected Rci-Rc4, similar to that formed by Rs1-Rsa.
The constant current-source Ic duplicates the current drawn from Vour when Ip
= 0. Mnc1 and Mns: are identical; and by having (Wet/Lpt) : (WeT s/Lpt s) = ai, Ic
= (Io,pHb + Ip,pLa)/ai is a known value, which is also the output current from Met
when I = 0. Subsequently, Vg pc1 = Vgpcz When I = 0. In other words, Ic sets a
reference for comparison. Thus, as I. increases, Vgpc2 increases whereas
Vg pc1 stays constant. The voltage difference, AVg, between Vg pci1 and Ve pc2
is then passed onto the simple OTA formed by Mpc1, Mpc2, Mncs and Mnco.
Transistors Mpc1 and Mpc: are identical, whereas transistors Mncs and Mncz are
identical. The output current of the simple OTA, l4 = Ip,pc1 — Ip,pc2, is then injected
through current-mirrors into the resistive divider formed by two diode-connected
MOSFETS, Mpcs_top and Mpcs bot t0 derive Vsw. ld can be calculated based on
subthreshold-region operations of Mns1 and Mnca via (4.8) as well as saturation-

region operations of Mpc1 and Mpc2 via

Ip = %#pcox(W/L)(VSG - |Vthp|)2- (4.9)

It can be expressed in a quadratic polynomial of the varying parameter ‘In(IL)’ in
(4.10)
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1 w
Ia = 5 1pCox (T)sz msVray - [—aymsVrIn®(1,) + (2Vo-ger — (4.10)
2Vyay)In(l,) — 2Vo_ger — 2Vxay) In(lc) — aymVr lnz(lc)],

where av = % is the fraction of Vgesnst or Vesne: from Rsi-Rsa or Rei-Rca

ajlcWnsiNc1

respectively, Vx = Vipnnsines — MsVr ln( ); VinnnsiNct IS the threshold

Lysi,nc1

voltage of Mns1 and Mnci; Wnsinc: and Lnsinc: are the channel width and

length of identical transistors Mns1 and Mnciu.

Moreover, Mpcs_top and Mpc_pot are identical PMOS transistors in diode-
connected configuration as resistors. Hence, at I = 0, Ig = 0, implying that no
current is injected into Mpcs_top-Mpcs_bot. HeNce, Vsw = Vorer/2. AS IL increases,
la will increase, causing Vsw to increase. By having the same amount of I4 being
mirrored and injected into Mpce_top-Mpce_bot, Vsw can be calculated and
expressed in a quadratic polynomial of the varying parameter ‘In(I.) in (4.11)

VSW = k1 an(IL) + k2 ln(IL) + b, (411)
where, by considering the fact that the threshold voltage of Mpcs_top and Mpce_bot,

Vinpce > 0.4V, k1, ko and b in (4.11) are constants and given below:

( tCox (¥)pc1 , m2VEaf (2Venp,pce — 0.7)
_ ' o ,Vsw € [0.35,Venp.pce)
. 400 (),
1= 1 (y) aim2y2
Peo¥\L/pc1p V70T V.
- W Vsw € [Venp,pcer0.7)
2 [IX - IDO (T)PCG:I (07 - Vthp,PCG)
14
tpCox (T)P 12 msVray(Vo-rer — anv)(ZVthp - 0'7)
c1, = Vs € [0.35, Venppce)
. 2000 ()
, =
MPCOX (%) c mSVTav(O.7 - VXav)
PM}'Z Vsw € [Venp,pcer 0.7)
\ [Ix — Ipo (T) . 66] (0.7 = Venp,pce)
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w
1 Cox (T)pm mgVray[(1.4 — 2Vyay) In(lp) + aymgVe In2(10)](0.7 = 2V, )

Hbo (¥)PC6

Vsw € [0.35, Venp,pcs)
w w
mpCox () moVray [(1.4 = 2Vyay) In(le) + aymyVy In2(U)] = 21po ()
L PC1,2 L PC6

w
[ = oo (), | (14 = 2Venpce)
Vsw € [Vthp,PC(:: 0.7)

+ 0.35,

+ Vinp.pcer

where Iy = % 1y Cox (%)PC6 (0.7 - Vthp,P%)z; Vinp,pce and (W/L)pce are the threshold

voltage and the aspect ratio of identical transistors Mpcs _top and Mpce_bot. Note
that ki1, ko and b are computed differently depending on the magnitude of Vsw
or, alternatively, I.. This is due to the consideration that both Mpcs top and
Mpcs_bot Operate in the subthreshold region when Vo.rer/2 £ Vsw < Vinp,pcs;
Mpce_bot drifts into the saturation region when Vsw 2 Vinp,pce While Mpcs top Stays
in the subthreshold region. In this work, Vo.rer = Vour = 0.7 V. A dedicated
quadratic relation between Vsw and In(l.) is specifically configured to fit the

simulated data on Vsw, shown in Fig 10b, to ensure that PM = 60°.

Furthermore, the current-mirror that mirrors and injects lg into Mpce_top-
Mpce_bot iS formed by Mpcs, Mpca and Mpcs. Mpca and M'pca are identical except
that the bulk terminal of M'pc4 is biased by a Vpp-tracking voltage, Vg pcs. In
other words, such current-mirror is made Vpp-dependent. To facilitate such
feature, Vgpcs is derived from Vsgpcs of the diode-connected Mpcs, where
Vsg,pcs = Vobp — Ve,pcs IS maintained constant by the constant-current-sink, Isc,
based on (4.9). Hence, as Vopp decreases, Vgpcs Will decrease accordingly.

Subsequently, the threshold voltage, V' pcs, Of M'pca decreases based on

Ven = Veno + Y (V125 + Vsl — 12P5|), (4.12)

where Vino is the threshold voltage at Vsg = 0; y is the body-effect coefficient; ®r
is the work function of the silicon substrate; Vsg is the source-to-bulk voltage of
a given MOSFET. In case of M'pcs, Vsg = Vo.rer — Vg,pcs, Where Vorer is
constant and regulated by the auxiliary LDO in Figure 4.6. In this manner, the
Vpp-dependent current-mirror injects more current into Mpces_top-Mpcs _bot tO

derive a higher Vsw at a lower Vpp for a given load condition. This is due to the
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fact that, at sub-1-V Vpp, it is good to increase Vsw especially for heavy load
conditions to ensure a high DC-gain, A"pc by increasing g"m,in according to (4.4).
In this manner, it compensates the inherently low DC-gain at sub-1-V Vpp.
Specifically, the injected current, lgsw (= Ip,pca + I'p,pca), INt0O Mpcs_top-Mpce_bot
can be further computed based on (Wpcs/Lpcs) : (Wpcallpca) : (W'pca/L'pca) = 1 :
0.5:0.5as

V(\/|2¢F+VO—REF_VG,PC5|_\/|2¢’F|> Zldﬂpcox(vfpm) (4.13)

PC3/,

lasw = Iq + 2

where Vg pes = Vop — |Venp,pes| — v/2IscLpcs/tp CoxWhcs.

4.3.2 Proposed Pass-Transistor Bulk-biasing

The proposed bulk-biasing for Mpt serves two purposes: firstly, to boost the DC-
gain, A'pc, further, the bulk voltage of Mpr is reduced and made adaptable with
I. as configured as V'c in Figure 4.7. This is based on the consideration that
gm,pT reduces as Vpp drops down, leading A'bc to decrease according to Figure
4.3. To avoid raising Wet/Lpt, Which increases the chip area, this work proposes
a reduced |Vip,p1| by bulk-biasing. This is achieved by duplicating the output
branch Mes-Mns with M'ps-M'ns to have V'c tracking Vc. Thus, as I increases, Vc
is pulled down by the OTA and V'c decreases accordingly. As a result, gmpt and

A'bc increases.

Such effect is proved by simulation results in Figure 4.8. All dotted lines
are DC-gains without bulk-biasing scheme by shorting the bulk to Vpp, whereas
all solid lines are DC-gains with bulk-biasing implemented. As shown, it is more
effective at moderate and heavy loads and less effective at light loads.
Nonetheless, such improvement is sufficient to avoid a large Wet/Lpt from
catering for heavy loads and increasing chip area as it is conventionally when
the bulk of Mpt is tied to Vpp.

Secondly, the bulk-biasing also speeds up the load-transient-response. It
shortens Ats by increasing gm,pt according to (4.2). Take a low-to-high load
transient for an instance. The Gm-cell-based OTA detects the change, AVg, at

its input and pulls down V¢ and V'c to cater for the heavy load. The decrease in
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Vc increases gmpt based on (4.3). This is similar to conventional cases when
no bulk-biasing is implanted. However, with bulk-biasing, the decrease in V'c
speeds up the increase in gmpt by adding into another factor of flexibility with a
decreasing Vip,pt UpON the load-transient. Similar explanation can be derived

upon a low-to-high transient as well.

90 —=—with bulk-driven @ 0 mA
80 f -=-without bulk-driven @ 0 mA
——with bulk-driven @ 10 mA
70 L JAmELINIANL . without bulk-driven @ 10 mA
—~ 60 N, —Wwith bulk-driven @ 50 mA
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Figure 4.8 Simulation results to show the effect of Mpr bulk-biasing in raising the
DC-gain, A'pc, of the proposed OCL-LDO at I. =0 mA, 10 mA and 50 mA.

The improvements in load-transient-response by the proposed Met bulk-
biasing are proved by simulation results and shown in Figure 4.9. All dashed
lines are results without bulk-biasing scheme by shorting the bulk to Vop,
whereas all solid lines are results with bulk-biasing implemented. Moreover, the
simulation results are collected under Vpp = 0.8 V by having I. stepping up from
0 mA to 50 mA or stepping down from 50 mA to 0 mA. In this manner, by taking
1% deviation from the nominal value of 0.7 V as the settling condition, Ats is
improved by 36.8% and the undershoot magnitude is improved by 30.9% in case
of a 0-to-50-mA load-transient when the proposed bulk-biasing is compared with
the conventional configuration when the bulk is tied to Vpp. It is improved by

29% in case of a 50-mA-to-0 load-transient.
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Figure 4.9 Simulation results to show the effect of Mpr bulk-biasing in speeding
up the load-transient-response with Al. = 50 mA.

4.3.3 Proposed Process-Tracking Current-Sink

A PTCS, denoted as Iy track In Figure 4.7, is integrated into the proposed LAC to
guarantee fast-settling of the proposed OCL-LDO against process variations.
The detailed circuit-diagram of Iy wack is shown in Figure 4.10a. The need for
such circuit is due to the finding that the desired Vsw at a given I varies with
process fluctuations. In this work, the desired Vsw is chosen to ensure PM =
60°, which ensures fast-settling by approximating a critically-damped load-
transient-response in a second-order system. This is indicated by the simulation
data in Figure 4.10b, where lout includes IL and current sunk by OTAL inputs.
The simulation is performed with I = 0 to 100 mA and Vpp = 0.8 V. More
specifically, the desired Vsw increases as process parameters deviate from the

‘typ’ process corner; and such trend becomes more significant at heavy loads.
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Figure 4.10 Proposed PTCS in (a) circuit diagram and (b) plot of Vsw based on

simulation results to ensure PM = 60° across all loads and across all process

corners.
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To compensate process variations, the proposed PTCS sinks additional
process-adaptive Ip track at Vp_track in the LAC in Figure 4.7 to increase Vsw. This
is achieved by implementing the process-tracking NMOS Mnp1 and PMOS Mpep1.
In this manner, upon a process corner with a ‘slow NMOS’, less current will be
through Mnp1-Mnp2; similarly, upon a corner with a ‘slow PMOS’, less current will
be through Mpp2-Mpp1. Moreover, Mpp3-Meps are load-adaptive current-sources
similar to Mp1_s, which senses I.. On top of the increase in Iq by a load-adaptive
Vsw as IL increases, such configuration ensures an increasing lp wrack being
added into g to adjust Vsw. It ensures that Vsw tracks the ‘ss’-corner where
lp_track Will be increased if compared with its magnitude at the ‘typ’-corner.
Furthermore, at ‘sf’-corner, I, wack IS compensated and raised through CM5-6
from Mpp2-Mpp1, CM3, and Mnpz; similarly, Iy wack iS compensated and raised
through CM5-6 from Mnpi-Mnp2, CM1, and Mnps at ‘fs’-corner. Lastly, at ‘ff’-
corner, lp_track IS compensated and raised from CM5-6 through both Mnp2 and
Mnp3 from Mpp2-Mpp1 and Mnpi1-Mnp2 as it does at ‘sf’- and ‘fs’-corner; in addition,
it is also increased from Meps-Mnp4, Which is dedicated to ‘ff’-corner by
considering Vsw entailed is the highest among all corners as illustrated in Figure
4.10b.

4.3.4 Frequency Stability

A small-signal diagram of the proposed OCL-LDO is shown in Figure
4.11, where OTAL1 is circled in dashed line. The three poles concerned are the
dominant-pole, p; = —1/(C,1751), at the gate of Mprt, where Co1 is the lumped
parasitic capacitance, and ro1 is the output resistance of OTAL; the non-
dominant-pole, p;, = — 1/(CouiTous), IS derived from the output node of the LDO,
where Cout is the lumped capacitance involving all parasitic capacitances and
the load capacitance, Ci; rou is the effective resistance derived from the output
of the LDO; py g, = = (gmnz8a — Imw,12 + Jasur + Jdsnzea + Jasnasz2)/ Cnsz 1S
another non-dominant-pole, contributed by the PPF structure with the proposed
load-adaptive negative-resistance; Cn1.2 is the lumped parasitic-capacitances

at drain terminals of Mn2 or Mna.

To ensure frequency stability across the loads, g'mn,12 is adjusted by Vsw
according to I.. Essentially, g'mn,1¢2 IS reduced as I, drops, leading to a reduced
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g"m.,in, according to (4.4), and subsequently, a slightly reduced A"pc as illustrated
by simulation results at I. = 0 mA and Vpp = 0.8 V in Figure 4.12, where dashed

lines refer to the conventional design; dotted lines refer to the proposed design.
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Figure 4.11 A closed-loop small-signal diagram of the proposed OCL-LDO.
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Figure 4.12 Frequency responses of the conventional PPF-incorporated LDO and
the proposed LDO with load-adaptive negative-resistance in (1) simulation
results and (b) bode plots.
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In comparison with Figure 4.5, the cross-over frequency of the gain plot
is lowered for the proposed design when I. drops. As its phase plot stays
relatively unchanged in comparison with the conventional design, a larger PM
can be obtained [45] to ensure frequency stability as shown in Figure 4.12a.This
is done by the proposed LAC to lower Vsw at light load in comparison with its
value at heavy load. Besides A"pc reduction, the reduction in Vsw also pushes
p'n,1&2 tO @ higher frequency. This improves the phase response to increase PM

further as shown in Figure 4.12.

4.3.5 Load Transient Response

The load-transient response is enhanced from three aspects. Firstly, from (4.2),
the settling time, At's, is shortened by a boosted input transconductance, g"m,in.
Such effect is particularly prominent at heavy loads due to the relatively large
Vsw derivable from (4.4), (4.7) and (4.11). In comparison, at light loads, the
effect of g"m,in is mitigated due to the reduced Vsw.

Secondly, the proposed bulk-biasing for Mpt also speeds up the settling
time by raising gm,pt in (4.2) due to the lowered |Vinp,p1| in (4.3) according to
(4.12). The proposed bulk-biasing configuration is more effective than shorting
the bulk terminal to the gate of Mpt as it is in the Dynamic Threshold-voltage
MOS (DTMOS). This is due to the duplicated branch M'ps-M'ns, Which sources
the sinking current to the bulk terminal and lessens the burden from branch Mps-
Mns. In this manner, the branch Mps-Mns which only needs to source and sinks
current to the parasitic capacitance at the gate of Mpt during the load-transient

response.

Thirdly, the proposed PTCS ensures fast-settling despite process
variations. The process-tracking Ip wack derives a larger Vsw in comparison with
its value at ‘typ’ corner to maintain PM of the overall OCL-LDO around 60°
across all loads. The increased Vsw not only helps to boost g"m,in, but also shifts
p'n,1¢2 to lower frequencies at heavy loads to reduce the excessive PM, which
can be higher than 76° for a second-order system and results in slow over-

damped responses.
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4.4 Results and Discussions

A micrograph of the proposed OCL-LDO is shown below in Figure 4.13. The
chip takes an area of 0.16 mm?2. The proposed OCL-LDO can realize line
regulation beyond Vpp = 0.72 V under no-load condition and Vpp = 0.8 V under
full load of 80 mA as indicated in Figure 4.14 by taking 10 mV as the tolerance
around the targeted 0.7 V. An average Line Regulation of 3.07 mV/V and 5.56
mV/V can be achieved under no load and full load respectively. These
correspond to a 0.4%/V and a 0.8%/V in LS.

Voltage Reference

Proposed | ..
OCL LDO o

Figure 4.13 Micrograph of the proposed OCL-LDO.
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Figure 4.14 Measurement results of line regulation.

Moreover, by defining PSR as PSR = 20log(dv,,:/dvsq) to characterize “the
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vulnerability of the circuit to noise injected through the input supply” [39, 44] as
well as “supply-induced variations in reference vrer” [39], the PSR performance
of the proposed OCL-LDO is shown in Figure 4.15 and Figure 4.16.

According to measurement results in Figure 4.15, a PSR around -34 dB
can be achieved up to 1 kHz under no-load and Vpp of 0.8 V. Under Vpp of 1.5
V, PSR at 1 kHz is around -47 dB. These are slightly worse than simulation
results at the typical process corner shown in Figure 4.16. This can be attributed
to process variations. Nevertheless, by considering powering the LDO with a
secondary battery within the WSN sensor node, such PSR can be sufficient to
ensure a quiet supply to the loading ICs within the sensor node.
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Figure 4.15 Measurement results of PSR under no load condition.
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Figure 4.16 Simulation results of PSR at Vpp = 0.8 Vand Vpp =15 V.

The load transient responses are displayed in Figure 4.17. A transient
step up and down of the load current, I, between I =1 mA and I. =51 mA is

measured in 100 ns to derived results in Figure 4.17. Under Vpp = 0.8 V, the
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proposed OCL LDO takes Ats undershoot = 3.1 ps to recover from a 1-mA-to-51-
mA transient and Atsovershoot = 1.51 ps from a 51-mA-to-1-mA transient.
Similarly, from a 30-mA-t0-80-mA transient, Ats undershoot = 2.99 Us is taken for
output recovery and Ats overshoot = 2.05 ps for a 80-mA-to-30-mA output recovery.
All data on the settling time are collected based on the timing difference between
the onset of transient response and the instance when 1% of the nominal value
is reached. The relatively larger overshoot and undershoot amplitude during
load transient between 1 mA and 51 mA is attributed to the slower Vsw response
time in comparison with that during the load transient between 30 mA and 80
mA.

] - — _
V, ::L' *
:;.i_ |‘ 3Apus—— ] g ™ 1.51 ps -
E : S Vour —
@ =t
[=7] . (Y]
™ 3 Vsw 'Y N
| /f . \\_\_ Vsw
51 mA I 51 mA N
—»t+—100 ns —l«—100 ns I
1 mA 1 mA L

(a) (b)

& :'E Lf: -
. - -|<—2.l]5 Hs
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S ' b "
:: Vsw - \ Vsw --
/" .
80mA L] 8somA 160 ; '
30 mA K i ns 30 mA L
—-’-1—100 ns . - -
(c) (d)

Figure 4.17 Measurement results of load transient responses under Vpp = 0.8 V
with AlL =50 mA in (a) undershoot transient from 1 mA to 51 mA, (b) overshoot
transient from 51 mA to 1 mA, (c) undershoot transient from 30 mA to 80 mA and
(d) overshoot transient recovery from 80 mA to 30 mA.

The I.-tracking capability of the proposed load-adaptive LAC is verified
by measurement results in Figure 4.18, indicating approximately a quadratic

relation between the derived Vsw versus I. from 100 uA to 80 mA under various
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Vpp. Moreover, as sought after, the derived Vsw across all IL gets increasing
larger at a higher Vpp. Note that the horizontal axis is plotted in logarithmic scale
to reflect the dimension of In(l.) to demonstrate the intended relation between

Vsw and ..
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Figure 4.18 Measurement results of LAC output, Vsw, across ..

The effectiveness of the derived Vsw to ensure stability and fast-settling
load transient response is displayed in Figure 4.19. Across all loads, PM
between 50 to 80 degree can be achieved at Vpp = 0.8 V and Vpp = 1.5 V. Such
PM is in the vicinity of 76 degree of a second-order control system for critical

damped transient response.

—VDD =08V
80 1 277\ --VDD=15V
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IL (MA)

Figure 4.19 Simulation results of the resulted PM based on Vsw.

In addition, Figure 4.20 the overall quiescent current consumption of the
proposed OCL-LDO involving the current sourcing VR-adapter circuits in Figure

4.6 under no-load conditions. Across the targeted Vpp, the proposed OCL-LDO
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consumes quiescent current lower than 21 pA.

Detailed current distribution into each functional block of the proposed
OCL LDO is illustrated in Figure 4.21. Specifically, the proposed circuitries
consume only 2.6% of the total quiescent current. The majority of the quiescent
current is consumed by the PPF-incorporated Gm-cell based structure. This is
to ensure sufficient charging and discharging current for fast-settling load
transient response according to (4.2) and enough input transconductance and

DC gain for good line regulation according to (4.4).
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Figure 4.21 Current distribution of the proposed OCL LDO.

4.5 Concluding Remarks

TABLE 4.1 compares the overall performances of the proposed OCL-LDO
against prior works, where K-factor refers to the ratio between Ats of the
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particular work versus the best Ats among all works in the table [81] and FOM:

characterize the load-transient behavior alone and follow the definition in (2.57).

Despite that fact that FOM:1 of the proposed OCL-LDO appears less
competitive against some of the previous works, such criteria as FOM: is biased
towards output ripple during transient response and quiescent current
consumption only. Admittedly, such performance indices are critical, they
insufficient to evaluate the strength of an LDO for a dedicated application, such
as a WPT-powered WSN sensor node. In doing so, other critical factors, such
as sub-1-V operations, response speed and power efficiency have to be
considered as well. In this manner, a more dedicated criteria, such as FOM2 has
to be added upon FOMa. In this manner, FOMz: is defined as

FOMZ = FOMlAtSVDOVDD,min (414)

TABLE 4.1 PERFORMANCE COMPARISON AGINST PREVIOUS WORKS

[81] [85] [80] [83] This work
Year 2010 2010 2018 2018 2019
Publication JSSC JSSC TCASI TPE -
Technology (um) 0.09 0.35 0.065 0.13 0.18
Active Area (mm?) 0.019 0.155 0.0021 0.0046 0.16
Voo.min (V) 0.75 0.95 1 1.2 0.8
Vo (V) 0.25 0.2 0.2 0.2 0.1
Vour (V) 0.5 0.7 0.8 1 0.7
I max (MA) 100 100 25 50 80
lo (@ no load) (LA) 8 43 24.2 42 21
Load Reg. (mV/mA) 0.1 0.4 0.28 0.01 0.088
Line Reg. (mV/V) 3.78 - 0.7 0.3 3
Settling time, Ats (Us) 4.9 3 3.6 0.24 2.05
AVour (MmV) 114 70 32 80 110
Alour (MA) 97 99 25 50 50
-50@1kHz -93@1KHz -34@1kHz
PSR (dB) @ freq -44@1kHz - -26@1MHz 64@1MHz -16@1MHz
-11@10MHz -27@10MHz
Edge time (ns) 100 100 100 100 100
K factor 1 1 1 1 1
FOM: (mV/um?) 1.16 0.25 7.33 3.98 1.36
FOM2 (ms-V3/m?2) 0.84 0.14 5.28 0.23 0.22

The proposed design exhibits the second best FOM2 among all works
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listed in TABLE 4.1. Moreover, in spite of a better FOM: in [85], its PSR is
unavailable. This can be problematic under the scenario when the LDO is
powered directly through a fluctuating rectifier input. The lack of good power
rejection will lead to a noisy supply output from the LDO and corrupt signal
outputs of the loading ICs, such as the ADC and RF transceivers. In comparison,
the proposed OCL LDO offers power supply rejection capability up to 10 MHz.
This makes it more desirable in comparison with the LDO in [85].

In addition, despite a relatively large lo of 20 pA, it is the product IqoVpo
that matters when power efficiency is concerned according to Equation (2.15)
and Equation (2.16). With an Vpo as low as 0.1 V, the proposed OCL LDO sitill

exhibits the lowest IgVpo of 2 pA-V when compared with prior works.

Topologically, the proposed OCL-LDO offers a practical approach to
make use of PPF-incorporated Gm-cell-based OTA as an EA for an OCL-LDO
for a wide range of I.. It addresses the trade-off between current-efficiency,
frequency stability and fast-settling transient responses effectively with the

proposed PV-invariant LAC.

Besides, in comparison with digital LDOs, which are well known for
deriving low Vpp, the proposed LDO exceeds its digital counterparts in various
factors, such as power efficiency, transient recovery as well as PSR. The
proposed LDO displays both FOM1 and FOMz2 that are far better than its digital
LDOs listed in TABLE 4.2.

The main advantages of the proposed LDO versus its digital counterparts
are its OCL feature and the low quiescent power consumption. The OCL feature
saves space by eliminating bulky output capacitors, which are large and
indispensable in case of digital LDOs for output ripple reduction. Quiescent
power consumption and dropout voltage are both lower in the proposed design
than the digital LDOs due to the absence of the power-consuming digital circuits.
Also, the PSR of most digital LDOs are also unavailable as indicated in TABLE
4.2. This is also undesirable in case of a WSN sensor node implementations.

Therefore, the proposed LDO still presents the best features overall in
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terms of power efficiency, transient recovery as well as supply noise rejection.
These are the most desirable features to build a WPT-enabled PMU for a WSN

sensor node.

TABLE 4.2 PERFORMANCE COMPARISON AGAINST DIGITAL LDOS

[86] [87] [88] [89] This work
Year 2016 2018 2016 2019 2019
Publication JSSC JSSC TCASII ISCAS -
Technology (um) 0.028 0.065 0.065 0.065 0.18
Active Area (mm?2) 0.021 0.0374 0.01 0.17 0.16
Voo (V) 11 0.6 0.6 0.6 0.8
Voo (V) 0.2 0.2 0.2 0.1 0.1
Vour (V) 0.9 0.4 0.4 0.5 0.7
I max (MA) 200 100 100 100 80
Cout (NF) 23.5 0.04 1 1 ocL
lo (@ no load) (LA) 110 100 82 34.6 21
Load Reg. (mV/mA) 0.1 0.64 0.06 0.11 0.088
Line Reg. (mV/V) 3.78 - 3 - 3
Settling time, Ats (us) 44 1.24 0.7 3 2.05
AVour (MV) 120 108 55 53 110
Alout (MA) 180 50 88 100 50
-34@1kHz
PSR (dB) @ freq : _'1368@?110'\:/'122 i : -16@@1MH2
-27@10MHz
Edge time (ns) 4000 1000 100 1000 100
K factor 40 10 1 10 1
FOM1 (mV/um?) 3741.5 511.24 12.13 43.40 1.36
FOM. (ms-\V3/m?) 36217 76.1 1.02 7.81 0.22
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Chapter 5 A PWM DCM Boost Converter with Low
Output Ripples and Fast Load Transient Response
Based on Square-Root Voltage Mode (SRVM) Control
Approach [90]

In a WPT-powered WSN sensor node, the input of the DC-DC converter for a
battery-equipped WSN sensor node usually expects a rectenna-output of 0.21
V to 1V [13]. Thus, this work assumes a 0.9-V input to the DC-DC converter,
which loads the rectenna. With reference to Figure 2.2 and Equation (2.12),
impedance network can be implemented as demonstrated in Figure 2.1 to
derive the optimal load impedance to the rectenna, RL rec,op, t0 maximize nre-
pc. Nonetheless, with a 0.9-V rectenna-output, the optimal load current to the
rectenna, lo rec,op to derive RL rec,op could be in contradiction with the optimal
charging efficiency for the secondary battery in case of a battery-equipped WSN
sensor node. Hence, an inevitable compromise between nrr-.oc and the charging

efficiency might exist under such scenario as stated previously.

Moreover, based on Figure 1.2 and TABLE 2.1, the output of the DC-DC
converter is specified as 3 V to power up the uP within the WSN sensor node.
Thus, a boost DC-DC converter is heeded to regulate a 0.9-V rectenna-output
into a stable 3-V output as the supply voltage to the loads, such as puP and
memories, within the sensor node. Subsequently, with reference to TABLE 2.5
and the active-mode power consumption of various WSN sensor nodes, the

maximum output current, lomax, Of the boost converter is set to be 40 mA.

Furthermore, the loading pPs often demand such boosted output to exhibit
fast-settling load-transient-recoveries with small voltage ripples. Transient
responses of conventional Continuous-Conduction-Mode (CCM) boost
converters are limited by the RHP zero, the effect of which results in insufficient
energy delivery to the converter output during load-transients. It causes contrary
output responses against the controller expectations [91]. To overcome such
effects, many solutions have been developed, such as WTE techniques [69],
ACC controllers [69, 70], OSS techniques [69] and so on. The rationale of
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boosting Vea at the EA output from [69] and [70] upon load-transients offers
insights in developing a fast-settling controller in this work. Also, the dual-loop
controller for a boost converter introduced in [68] inspired the compensator-less
design in this work. However, the large output ripples resulted from the
aforementioned control techniques are still large. This has to be addressed in
the proposed compensator-less controller in this work without losing the

strength in accelerating the load-transient-responses.

To present such solutions, this chapter begins by proposing the two-phase
dual-purpose start-up control approach. This is followed by the proposed
compensator-free SRVM controller for DCM modulation to enhance load
transient responses while minimizing output ripples. Accordingly, key design
parameters, such as switching frequency fs, inductor L, output capacitor Cour
and so on, are derived afterwards. In addition, a signal booster is also proposed
to minimize conduction losses from the main switches. Small-signal analysis is
conducted afterwards to verify frequency stability of the design. Simulation
results by MATLAB are presented also. A conclusion is drawn at the end of the

chapter.

5.1 Proposed Control Techniques

A block diagram of the proposed boost converter is shown in Figure 5.1. The
free-wheeling MOSFET switch Mrw reduces power losses from voltage
oscillations at the drain nodes of Mp and My; it is on only when both MOSFET
switches Mn and Mp are off. Vmm is the peak amplitude of the saw-tooth

waveform, Vr, for PWM control.

L Vour
]
Mp ~ R
3l g A
( v
. - olll o 0SUSD | F
i a Vsuos Vos Vus < 3 Rs
Vi E E VE peak | IVewm p raw —
> > 2 —T:
PWM Controller o4 (V)
My ]I_ SRVM Controller R /
Vi —— V—c| — L
X Ve |
M vt

Figure 5.1 Block diagram of the proposed boost converter.
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5.1.1 Proposed Two-phase Dual-purpose Start-up Control

The converter output is charged up from 0 V to its nominal steady-state value
Vour through the proposed two phases. 1) In phase I, the output is charged up
through charge sharing with the input. 2) Once the output reaches the vicinity of
Vin, phase 11 will start. In phase I, the controller invokes logics which is also
utilized for transient undershoot recovery to initiate peak-current control in
Boundary Conduction Mode (BCM) mode illustrated in Figure 5.2b. Phase I

ends once the output reaches Vour.

Vourt

Vo,BCM,max
Vo,BCM,end
Vo,BCM,min

ol

iInd

IInd,max

Figure 5.2 lllustrations on peak-current BCM mode start-up control. (a) Waveform
of voltage vour. (b) Waveform of inductor current ing. (b) Waveform of control
signals for Mn. (c) Waveform of control signals for Me.

Thus, the converter operates in a frequency-varying manner with a fixed
upward slope of ding/dt = Vin/L, and a steepening downward slope of (Vin -
VouT)/L due to the ramping vour. Not only invoked during start-up, such control
mechanism is also activated during low-to-high load-transient-recoveries.

Details on transient recovery mechanisms will be explained in the next section.

Note that the boost converter under the proposed start-up controller is
not susceptible to sub-harmonic oscillations. Thus, no closed-loop instability
issue exists during start-up. This is due to the fact that the start-up controller

operates in BCM modulation. In other words, any perturbation at the beginning
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of the Mp on-time results in a phase delay in the inductor current waveform only.
The next cycle is not forced to begin as it is in the case of constant-frequency
modulation [92]. Rather, it only begins till the zero-current crossing is detected
by the high-side Zero Current Detector (ZCD) in Figure 5.1. In doing so, the

start-up controller operates in a frequency varying manner.

5.1.2 Proposed SRVM Controller

Analyses on power consumption in WSN pPs reveal an operational power
interval between 16.5 mW to 400 mW [19], which falls into the light-load range
for uPs under 3-V supply voltage [93]. This enables the use of DCM boost
converters. Empirical studies on PWM DCM boost converters reveal that the
duty ratio D, which is to turn on My, follows a square-root relation with respect

to the load current, I, [94] as shown in (5.1)

D= szSLMV_DC(MV_DC_l) '\/I—L' (5.1

Vour

where the conversion ratio My, p. = Vlﬁﬂ; fs is the switching frequency; R, = @
- IN L

is the equivalent load resistance; L is the inductance and Vour is the nominal
output voltage at steady-state. All these are constants. The proposed SRVM
controller leveraging on such concepts is shown in Figure 5.3, where R1 = Rz =
R3 = R4, Rs = Re, and R7 = Rg. The load current, I, is sensed and converted to
voltage Vsrvm s through the sense amplifier OPsense. It is then conditionally
topped up by Vmargin according to vos by the sum amplifier OPsum. The resulted
Vsr | is fed to the Square-Root (SR) circuit and multiplied by (Rg + R10)/Rg to
obtain vc. Therefore, D in (5.1) can also be expressed correspondingly as

Ro+R
D=D1=(9 10)\/m_\/l_b (5.2)

VrmRo

However, due to power losses, energy delivered to Cour in duty ratio D
given in (5.2) is insufficient and leads to consistent output dipping from Vour at
the steady-state. To compensate such dipping, addition of Vmargin iINt0 VsryMm_ s
serves as a negative feedback to increase vc, which equals DVrm. Such addition
occurs whenever vos = ‘0’, indicating vr < Vr. The increased duty ratio D, can

be computed to be
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(5.3)

Rg+R
D2 — (R9+R10)
VrmRo

J RS_SRVMIL + Vinargin -

Summation
Multiplication

Rs Re OP<x
Rs |~ OP RoF Rio

sum Square
Rooter

MSWL
)—‘ Mswr Digital [° Vsu_os

A g . ro Vv
Logics |ovoe

+
T Vmargin

™ Current Sensor

Figure 5.3 Block diagram of the proposed SRVM controller.

The dipping compensation by Vmargin is illustrated in Figure 5.4. To ensure
that the output is pulled back to Vour, which equals [Vzx(R, + Rg)]/Rg, the

minimum of Vo2, Vozmin, Should satisfy

Vr(R4+Rp)
Vo2,min 2 %;B (= Vour)- (5.4)
By the principle of charge conservation in the time interval taz,
(5.5)

t
CourADVo.up = CourVopz — Vour + nVp1) = (py + IL)% — I taz,

D,T,V 1 —I;)L D, TSViN—ILL t -
where [, =250 ¢ o Uieatldb  DaTVinthil o) — oy (—dSVRM) +1 is the
L Vour—VIn Vour—VIn s

number of cycles elapsed before vco emerging at the EA output. This is due to
the loop delay, tisrvm, between the inception of output-dipping and the
emergence of vco. For simplicity purposes, Figure 5.4 is drawn based on n = 1.
By assuming Vo1max = Vour, the value of Vi1 is calculated as in (5.6) according
to [95]:

3
Voo ~ 1L L} _ Voury2LfsVour (Vour—Vin) (VOUT)_E (5.6)
™™ courfs ' 2Cour(Vour—Vin) CourfsVour—VIn) I,
Similarly, on the time interval (ts2 + tc2 + D1Ts),

It g
CoutAVo,aown = Cour Vopz2 — Vour) = (tgz + tea + D1TOI, — %, (5.7)
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I

where tz, = ﬁ and t, = T, — D,T, — t4, — tz,. Thus, combine (5.3) to (5.7)

while ensuring DCM conduction. Vmargin Can be obtained as

V e D22 VTmZRg _ R
margin — (R9+R10)2 L "*\S_SRVM>»

(5.8)

2 Ts* Vin? (Cour Vr1+D1 I Ts+IL Ts)
L (Vour—Vin)

where p, € [L Vour = Vin) (JILZ Ts* + -1 Ts)/(Ts Vin), (1 = Vin/Vour) |-

V, VOZ,min
Vopz ____________ e _9 1_’T_af ______________________________ s v
i =

»t (a)
0 1 : = : : >t (b)
pr} o | e |
s i B 1 R
OUOT p ] i S—— i ‘ : r >t (C)
Vewm_p i 3 D,Ts E i DqTs i ‘
Vour} ffffffff ‘ S —— I - —
0L ]_ _I 1_[ >t (d)

Figure 5.4 Waveforms at the steady state to determine Vmargin. (&) Waveform of
converter output vour. (b) Waveform of inductor current ing. (¢c) Waveform of
control signals for Mn. (d) Waveform of control signals for Me.

Thus, Vmargin is chosen near the maximum of D> to leverage on the largest
dipping compensation attainable. Further, the output ripple V: can be estimated
from (5.3) and (5.5) as

(R9+R10)TsVIN

2
VemRs JRS_SRVM1L+Vmargin _ILL] . (5.9)

2CourL(Vour—VIn)

Vi =Vopz = Vour + nVp1 =

The transient detection logics are designed to respond one Ts slower
than the loop to avoid fs being varied in case of early activation. As for
undershoot transient recovery by referring to Figure 5.2, the vout jJump, AVo gcwm,

within each cycle can be approximated by combing (5.5) and (5.6),

(Itndmax—=IL=AI)ta Bem—(3tg Bem+2tp pem)IL+AD) 5.10
AV gem = AVO,up - AVO,down = AR T = ) ( )
_ ouTt
1 —I;—AIL I; +ADL 1 L -
where ta Bem =(I"d'max—L) . tB BCM =L . tp BCM — Jndmax> By deno“ng
- Vour—VIn - Vour—VIn - Vin
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tus fan @s the duration when vour falls and tus rise When vour rises, the undershoot

recovery time tys can be estimated as

Vr
tus = tys,fau + tusrise = (M +1) (1 tav, ;CM> Ts (5.11)
Similarly, upon detection of step-down load transients, both Mn and Mp will be
turned off till vour is pulled back down to Vout. The overshoot recovery time tos
can be estimated as

v,
tos = tosrise + tosfau = (N + D(Ts + 120 (5.12)

The maximum undershoot and overshoot ripples both equal (n + 1)Vi1.

5.1.3 Decision on Key Parameters

According to [92], boundary conditions between CCM and DCM modulation

dictates that

I _ VourDPcem(1—Deem)?
0B =

ll , (5.13)

where log is the inductor current at the CCM and DCM boundary; Dccwm is the

duty ratio for CCM modulation by assuming My p¢ =V‘f£=#. Thus,
- IN —vYcem

substitute Vour and V)\; it can be obtained that Dcev = 0.7.

5.1.3.1 Switching Frequency fs and Inductor-related Parameters

To ensure DCM modulation, it requires that Ipp > I}, max. HeNce, from Equation
(5.13), it can be derived that fsL < 2.36 Hz- H. In this work, fsgL = 1Hz-H is
chosen. By considering the size constraint of a WSN sensor node, a small L is
obviously beneficial as it is easier to be accommodated into the node than a

large one.

However, it is unrealistic to reduce L indefinitely as it will result in a high
switching frequency fs = 1/L. This is due to the consideration that t,y = D/fs,
where D is the duty ratio of DCM modulation at steady state. Note that ton is the
on-time of Mn and it is limited by hardware configurations, such as rise and fall
time of the gate drive signals at Mn and Mp, comparator delay in the ramp
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generator and so on. And, with reference to Equation (5.1), ton cannot be
reduced indefinitely with an increasing fs. Therefore, fs cannot be too high. In
this work, fs = 1 MHz is chosen with L =1 pH.

Other parameters to consider when selecting the inductor involve DC
resistance (DCR), Self-Resonant Frequency (SRF), saturation current, and
Electro-Magnetic Interference (EMI). DC resistance measures the wire
resistance of an inductor and contributes to the conduction loss. Lower DCR
typically means larger wire and overall inductor size: it's a trade-off among

power efficiency, allowed voltage drop and size. [96]

SRF refers to the natural resonant frequency of the parallel resonant tank

formed by the inductor and distributed capacitances, Cw, associated to the
inductor winding. Mathematically, SRF = 1/(2n,/LC,,). It is preferable to have
an SRF much higher than fs, such as being 10 times of fs. [96]

Saturation current is the amount of current flowing through an inductor
that causes the inductance to drop due to core saturation. Typically, it is
desirable to operate with current peaks near the saturation rating. Thus, it allows
the smallest possible inductor to be chosen. [96] In this work, the steady-state
peak inductor current, lingp, can be calculated as Ij,qp = VinDipax/(fsL) =
410 mA [92, 97], where D,,,, = 45.5% according to Equation (5.1) at I} ;4 =
40 mA. The maximum inductor current during start-up and undershoot transient
recovery is set to be around 600 mA. Thus, an inductor with a saturation current
that is larger than 600 mA should be chosen.

Any inductor can be a potential source of radiation. EMI radiated from the
inductor can pose additional noise to sensitivity loads in the WSN sensor node.
In detail, ADCs and RF transceivers are the key loading ICs that is noise-
sensitive. Thus, to suppress EMI, it would be preferable to use the inductor with
a toroidal core and a distributed gap, such as the Murata Power Solutions’ 3200

series recommended in [98].
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5.1.3.2 Output Capacitance Cout and ESR

Derivation of Cout and its ESR is based on the output ripple, V:. Mathematically,
Vr can be expressed as V. = Vipy, + Viepp [92], Where Vepp denotes the portion
of V: contributed by Cour itself while Vicpp denotes the portion contributed by the
ESR of the output capacitor. Following [91], this work assumes that Vi, =
20% - V.. Thus,

Vepp = 0.2V, = ——0uTPmax__ (5.14)

1
fsRLminCouT,min

where Ry pin = IVO”T . In this manner, by assuming that V, = 10 mV, the minimum

Lmax

Court required can be derived as

5VourD
Courmin = —ZLM% . 9.11 yF (5.15)

fSRL,minVr
Therefore, this work chooses a 10-yF output capacitor.

Moreover, the ESR of the output capacitor can be derived based on
Equation (5.16) by Equation (5.17)

Vrepp = 0.8V, = ESR - —Lmax_ (5.16)

~ 19.5 mQ (5.17)

5.1.4 Proposed Signal-boosting Gate Drive Circuit

To minimize conduction losses, voltage magnitudes of gate driving signals for
MOSFET switches should be as large as affordable for their triode-mode

operations. Thus, a novel signal boosted is proposed in Figure 5.5.

Take Mn for an instance. Upon logic ‘1’ at Vpwwm_n_vi, Which equals VN as
the control logics are powered from the input, charge sharing occurs between
Vpewm_N_vi and Vewm_n though Mnss to raise Vewmn_n to Vi first. As Vewm N ramps
up to Vi, the gate of Mns2 is charged up through buffer BF2 to turn on Mnsa.

Consequently, through the current mirror Mps1 and Mesz, Vepwm_N_Mm are charged
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up by vour. Meanwhile, Mnsz is switched off to direct current through Mps2 and
Mnss to charge up Vewm_n to Vout. Upon logic ‘0" at Vewwm_n_vi, Mnss is turned on
through inverter IN2 to discharge Vewm_n and Vewm_n_m and prepare the circuit

for the next cycle of charging actions.

Vour © ¢ ¢
§5|—1—||1J§ ?INl
VpwM_N_vI © T 'l>-"
BF, _|_
Vg v
BF, ,_TI' T Muss
O Vpwm N
Mns1 NS4
—IK MNSZ _Do_|K MNSS
IN>

Figure 5.5 Circuit diagram of the proposed signal-boosting gate drive circuit.
5.2 Small-signal Model of the Proposed SRVM Controller

A small signal diagram [94] of the proposed PWM DCM boost converter is
displayed in Figure 5.6. The loop gain of the converter is obtained as

Vf(S)
T(s) = 0 () = Tmp (S)BTcomp (S)Topsum_cl ()T, (S)Topm_cl () (5.18)
e
I [a]
—_ {o
m 410
o ©
~ _Fi
c 1=
'g Il
20} fe=240MHz " T 4T
zé); 0 T T
L 45¢ y
o -90fr 8
@ 1351 .
© —
£ 180 PM =51.05 deg <
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Figure 5.6 Bode plot of loop gain T(s) of the proposed boost converter.

The results are summarized in TABLE 5.1. Frequency responses are

evaluated in Figure 5.7.
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Figure 5.7 Small-signal diagram of the proposed boost converter.

TABLE 5.1 TRANSFER FUNCTIONS, ZEROS AND POLES OF THE CONVERTER

Description Transfer Function Zeros and Poles
Tnp(s) = 1
1+L le =
5(s) Vi ( 2 )\/Mv_oc (My_pc-1)Ry wz1 rcC
—vc(s) _VTm 2Mv_1)c—1 2Lf, 1_}_ws w _ 2Mv_Dc—1 (i)
p1 PL™ My pe-1 ‘R,C
[92, 99]
v s) _ Tc(0)
srvm_s(S) Teomp(8) = Vinargin 5= [94] w,: -3dB pole of CPos
Ve(S) wc
. 2 =
vsr i(S) Topsum._cl (s) = = < Wopsum_cl =
Vsrvm_s(S) TZTopsum(O)Ol)c)sturrL 2Topsum(0)wopsum
v s ~ _ Topsr(o)
sr_o(S) Ty = opsr(s) == Wopsr- -3dB pole of OPsr
Vsr_i(S) Wopsr
Rg+Rq19 w —
v.(s) T (s) = Rg opm_cl —
—c7 opm_cl S) = 1T S (Rg+R1p)
Vsr_o(S) R9;§10Topm(0)wopm Ro TOpm (O)O)Opm

As additional the transient recovery logics are implemented in this work,
load transient responses are not limited by the PM in Figure 5.7 and the
converter is stable at the steady state.

5.3 Simulation Results and Discussions

Due to time constraints, the concept of the proposed boost converter is only
simulated without silicon results. This section lists key performances of the

proposed control techniques based on simulation results in MATLAB.

5.3.1 Proposed Start-up Control

Performances of the start-up control is presented in Figure 5.8. After a brief

charge sharing between the converter input and output initially, iina conducts in
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peak-current BCM mode till Vour is reached, fulfilling the objectives of the

proposed design.

iInd (A)

[o]e]e]e]ole]

Vour (V)

e =N CO0O0O!
OUIRUINUT W ORNWAUID

e tstartup = 228 PS
t;=290s t (ns)

Figure 5.8 Simulated Waveform of in¢ from start-up to steady state.

5.3.2 Proposed SRVM Controller

As shown in Figure 5.9, under the control of proposed SRVM technique, V; at I,
=40 mAis 12.5 mV, which is 0.42% of the nominal Vour. In the lower section of
Figure 5.9, the solid line represents the boosted Vewm n control signal, the
dashed line for EA output vc, and the dotted line for the saw-tooth waveform.
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Figure 5.9 Simulated waveform of SRVM control at steady state.

Upon step-up and step-down load transients, the converter experiences

10.8 mV undershoot with recovery of 8.9 ps and 3.0 mV overshoot with a
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recovery of 4 us according to Figure 5.10.
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Figure 5.10 Simulated waveform of load transient response.

t (ps)

Hence, the transient recovery circuits are efficacious to boost the

transient responses despite a relatively low PM at the steady state. Performance

comparisons of the proposed SVRM controller against previous works are

shown in TABLE 5.2.

TABLE 5.2 PERFORMANCE COMPARISON

Proposed SRVM 2 TA [68] P WTE [69] ¢

fs (MHz) 1 0.6 2
Control Mode DCM DCM CCM
Output Ripple (%) 0.42 1.7 2.0
Tos (us) 4.0 400 120
Overshoot (mV) 3.0 230 54

Tus (us) 8.9 50 ~
Undershoot (mV) 10.8 292 90

a. Load transients: lo switch between 0 and 40 mA in 100 ns.
b.  Load transients: lo switch between 0.1 and 1 Ain 4 ps.
c.  Load transients: lo switch between 0 and 400 mA in 1 ps.

5.3.3 Proposed Signal-boosting Gate Drive Circuit

Performances of the signal boosting is displayed in Fig. 8(d) on the driving signal

at the gate of Mn. The actual driving signal Vewwm_n traces closely with vout during

start-up as well as at the steady state.
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Figure 5.11 Simulated waveform of boosted PWM control signal Veww_n for M.

5.4 Concluding Remarks

In the effort to address the output ripples and load transient responses of boost
converters in WPT PMUs for WSN, this work proposes a novel PWM DCM
control to evade negative effects of the RHP zero. The proposed control
approach 1) enhances steady-state and transient responses with the proposed
SRVM controller, 2) ensures low conduction losses with the proposed signal
booster, 3) and saves chip area with the dual-purpose start-up controller and

analogue-processing-based control technique.
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Chapter 6 Conclusions and Recommendations

To deploy WSN sensor nodes in a large volume and materialize the concept of
loT, various enabling energy-sources have been investigated. However, only
limited options are adoptable due to cost and node-size constraints. WPT-
powered solutions leverage on the advantages of both energy-storages in its
controllability and energy-scavengers in its cost-saving features. Meanwhile,
they avoid the drawbacks, such as frequent maintenance and unpredictability,
of both. In this manner, WPT technologies, such as Omnidirectional EM-
Radiation, emerge as a feasible approach to source energy to WSN sensor
nodes.

As part of the effort to implement the WPT approach, a dedicated PMU
has to be developed. Subsequently, all of key IC components, namely, VRs,
LDOs and DC-DC converters, within such a PMU have to be investigated to
identify design challenges from the perspective of IC design. Such is the scope

of the work presented in this thesis.

6.1 Conclusion

In this work, concepts of a VR, an OCL-LDO and a boost DC-DC converter
dedicated to WPT-powered WSN sensor nodes are developed. A BVR-like
CMOS VR is designed to address the PVT-invariance. To address process
variations, trimming networks on key resistive components within the VR are
developed and proposed. Curvature-compensation circuits are also introduced
to address supply variations from sub-1 V to 1.5 V. To improve its TC, the
mathematical model of such topology is further explored to identify higher-order
non-idealities such as the Vps component of the normal-Vin NMOS in deriving
the temperature-invariant Vrer. In comparison with its precedent counterpart
[52], TC of the proposed VR improves by more than 5.5 times with a slightly-
narrower operating temperature range. The proposed CMOS VR effectively
addresses the unique requirements on a WPT-powered PMU, such as supply-

independency, sub-1-V operations and high PSR.
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Moreover, an OCL-LDO is also proposed to tackle the trade-off among
its output accuracy, frequency stability and fast-settling transient responses due
to the current-efficient PPF structure incorporated into the Gm-cell-based EA. In
doing so, a process-robust LAC is developed. The proposed LAC effectively
addresses the aforementioned trade-off. The resulted OCL-LDO offers superior
overall performances among relevant previous works in terms of current-
efficiency, speed, accuracy, loading capability and PSR as shown in TABLE 4.1.
It renders as the best candidate to exist within a WPT-powered PMU for a WSN

sensor node.

Furthermore, this work also promotes the concept of a compensator-less
boost converter. Similar to the proposed OCL-LDO, such concept on the boost
converter emphasizes the load-transient performances as well due to the DPM
scheme, which is often implemented by the pP within the sensor node to
conserve power. To boost the load-transient responses, the proposed boost
converter adopts the rationale of accelerating Vea response upon load transients
as introduced by previous works. Upon steady state, the proposed design
minimizes the output ripples which are left unaddressed in its previous
counterparts. To do so, a compensator-less SRVM controller is introduced and
developed. The resulted boost converter not only exhibits fast transient
responses, small output ripples when sourcing loaded ICs, it also saves the
node size of a WSN sensor by eliminating space-consuming discrete

components that build the compensator in conventional designs.

By referring back to the WSN sensor node block diagram in Figure 1.2,
the proposed VR, LDO and DC-DC are examined based on the two
configurations, such as the battery-equipped and battery-less. By considering
the high PSR at low frequencies and good LS, the proposed VR and LDO can
be implemented into both configurations directly as illustrated in Figure 1.2. The
feasible supply range of them allows variation from 0.8 V to 1.5 V, be the supply

from the rectifier-output or the battery-output.

In addition, to fit the proposed DC-DC into the WSN sensor node, a few
precautions are noteworthy. Firstly, to fit it into the battery-less WSN sensor

node, DPM needs to be implemented in a manner to ensure that the total load
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current to the rectifier output renders Z._ rec,op following Equation (2.12). This is
to maximize nrr-oc, the power conversion efficiency of the rectifier. It can be
done by turn on or off certain load components selectively upon various node
operations. Secondly, the proposed DC-DC structure can be adopted in the
battery-equipped configuration as well. However, to maximize the charging
efficiency of the secondary battery in the WSN sensor node, charging circuitries
have to be added upon the proposed DC-DC structure. In reality, to achieve an
optimal power efficiency under the battery-equipped configuration, the charging
efficiency and nrr.oc may have to be considered together as maximizing one
might trade-off the other. Thus, a compromise between the two efficiencies

might be inevitable.

Therefore, by comparing the two configurations for a WPT-enabled WSN
sensor node in Figure 1.2, the proposed VR, LDO and DC-DC fit better into the
battery-less configuration. Nevertheless, power management is never sufficient
from the hardware perspective alone. Effective DPM from the system level is

also necessary to ensure an optimal power efficiency for a WSN sensor node.

6.2 Recommendations for Future Research

Future works from various perspectives can be derived based on current
research efforts. To develop a full-CMOS VR, the resistive components within
the proposed CMOS VR can be replaced with their active CMOS counterparts.
Moreover, trimming networks can be further digitized to allow automatic
trimming by involving the pPs within WSN sensor node. Furthermore, continual
efforts can be dedicated on the BVR-like CMOS-VR structure in adapting
curvature-compensation techniques previously developed for BVRs into the
CMOS VR to better the TC. For the same purpose, a low-voltage high-gain EA
can be developed as well.

With the process-tracking LAC clearing the obstacle to implement PPF in
the proposed OCL-LDO, further efforts can be spent in raising the current

efficiency by developing more current-saving VR adaptors and PTCS as well.

Lastly, the concept of the proposed boost converter should be
implemented whenever opportunities allow. Nonetheless, several key
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components that build the boost converter may have to be investigated and
developed first, such as the fast response comparator that drives the control
signal for the high-side main switch and the high-side current-sensor to feed the
proposed SRVM controller. In addition, it will also be helpful to address the input

variations to the boost converter while ensuring a good line-regulation.
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Glossary of Abbreviated Terms

e AC: Alternating Current

e ACC: Adaptive Capacitor Control

e ADC: Analog-to-Digital Converter

e BCM: Boundary Conduction Mode

e BF: Buffer

e BG: Bandgap

e BJT: Bipolar Junction Transistor

e BR: Bias Reference

e BVR: Bandgap Voltage Reference

e BW: Bandwidth

e CCM: Continuous Conduction Mode

e CL: Closed-Loop

e CM: Current Mirror

e CMOS: Complementary Metal Oxide Semiconductor
e COTS: Commercial-Off-The-Shelf

e COMP, CP: Comparator

e DC: Direct Current

e DCM: Discontinuous Conduction Mode

e DFC: Damping Factor Control

e DO: Drop-Out

e DPM: Dynamic Power Management

e DS: Drain-Source

e DTMOS: Dynamic Threshold-voltage MOSFET
e DVS: Dynamic Voltage Scaling

e EA: Error Amplifier

o EIRP: Effective Isotropic Radiated Power
e EM: Electro-Magnetic

e EN, ENB: Enable

e ERC: European Radio-communications Commission
e ESR: Equivalent Series Resistance

e FB: Feedback
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FCC: Federal Communication Commission

FF: Fast NMOS and Fast PMOS (Process Corner)

FOM: Figure Of Merit

FS: Fast NMOS and Slow PMOS (Process Corner)

FTS: Feedforward Transconductance Stage

FVF: Flipped Voltage Follower

FW: Free Wheeling

GB: Gigabyte

GM: Gain Margin

GS: Gate-Source

HF: High Frequency

HYS: Hysteresis

IC: Integrated Circuit

ICNIRP: International Commission on Non-lonizing Radiation Protection
ISM: Industrial, Scientific, Medical

KCL: Kirchhoff Current Law

LAC: Load Adaptive Controller

LDO, LDR: Low Drop-Out Voltage Regulator

LF: Low Frequency

LHP: Left Hand Plane

LS: Line Sensitivity

MB: Megabyte

MHCC: Modified Hysteretic Current Control

MIMO: Multiple Inputs and Multiple Output

MOSFET, MOS: Metal Oxide Semiconductor Field Effect Transistor
MSA: Micro-Strip Antenna

MUX: Multiplexer

NMC: Nested Miller Compensation

NMCF: NMC with Feedforward Transconductance Stage
NMCNR: NMC with Null Resistor

NMCNRF: NMCNR with the Feedforward Transconductance Stage
NMOS: N-type MOSFET
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NPN: Negative-Positive-Negative type (BJT)
OCD: Over Current Detector

OCL: Output Capacitor-Less

OP: Operational Amplifier

OS: Overshoot

OSS: Overshoot Suppression

OTA: Operational Transconductance Amplifier
PCB: Printed Circuit Board

PI. Proportional and Integral (compensation)
PK: Peak

PM: Phase Margin

PMOS: P-type MOSFET

PMU: Power Management Unit

PNP: Positive-Negative-Positive (BJT)

PPF: Partial Positive Feedback

PSR: Power Supply Rejection

PSRR: Power Supply Rejection Ratio

PTCS: Process Tracking Current Source

PVT: Process-Vpp-Temperature

PWM: Pulse Width Modulation

REF: Reference

RF: Radio Frequency

RHP: Right Hand Plane

RX: Receiving (Antenna)

SAR: Successive Approximation Register (ADC)
SC: Switched Capacitor

SD: Source-Drain

SDR: Source Degenerating Resistance

SF: Slow NMOS and Fast PMOS (Process Corner)
SG: Source-Gate

SRVM: Square-Root Voltage Mode

SS: Slow NMOS and Slow PMOS (Process Corner)
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SW: Switch

TC: Temperature Coefficient
TX: Transmitting (Antenna)
TYP: Typical (Process Corner)
ULP: Ultra Low Power

US: Undershoot

UVLO: Under Voltage-Lock Out
VR: Voltage Reference

WPT: Wireless Power Transfer
WSN: Wireless Sensor Network
WTE: Window Transient Enhancement
ZCD: Zero Current Detector
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